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Abstract
Background  Pleural mesothelioma (PM) is a rare, asbestos-linked cancer with a long asymptomatic latency, delaying diag-
nosis and limiting treatment options. Identifying blood‐based biomarkers that signal disease before symptoms onset could 
improve surveillance of at‐risk individuals.
Methods  In our work, we conducted a prospective proteomic study of pre-diagnostic serum from 21 PM cases (< 5 years 
before diagnosis) and 21 asbestos‐exposed controls in the EPIC cohort using SWATH‐MS, followed by ELISA validation. 
Findings were tested in an independent MoMar cohort of 32 pre‐diagnostic plasma samples (< 1 year before diagnosis) and 
32 matched controls.
Results  SWATH-MS identified 12 differentially expressed proteins (nominal p < 0.05, fold change > 1.3 or < 0.75). Transfer-
rin and complement C4A were elevated, while beta‐2‐microglobulin and dermcidin were reduced in pre‐diagnostic cases. 
ELISA confirmed a borderline significant rise in beta‐2‐microglobulin within two years of diagnosis in EPIC. Calretinin and 
mesothelin were also detected in both cohorts, with the five‐marker panel achieving an AUC of 0.91 (p = 0.001) in MoMar 
but not reaching significance in EPIC (AUC = 0.88, p = 0.17).
Conclusions  Integrating novel proteomic biomarker candidates with established markers enhances early PM detection in 
high-risk populations. Larger, multi‐cohort validation is warranted to refine this biomarker panel for clinical surveillance.

Keywords  Pleural mesothelioma · Asbestos exposure · Multi-Cohort · Prospective study · Proteomics · Early 
biomarkers.
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PM	� Pleural Mesothelioma
SWATH MS	 �Sequential Window Acquisition of all 

Theoretical Mass Spectra
TF	 �Transferrin
TTD	 �Time to diagnosis

Introduction

Pleural Mesothelioma (PM) is an aggressive, rare malig-
nancy of the pleural cavity with a median survival of approx-
imately 12 months [1, 2]. The primary etiological factor is 
exposure to asbestos fibers, particularly the amphibole sub-
types crocidolite and anthophyllite, which predominate in 
lung tissue, correlate with asbestos fiber burden, and influ-
ence disease prognosis [3, 4]. Despite advances in genomic 
and molecular profiling over the past decade aimed at iden-
tifying therapeutic targets [5–7], and growing clinical inter-
est in immunotherapy [8], patient outcomes remain poor.

Early diagnosis could extend the potential window for 
preventive interventions, yet no reliable screening meth-
ods exist for PM. The long latency period between asbes-
tos exposure and disease onset, combined with nonspecific 
symptoms, renders detection in the pre-clinical phase excep-
tionally challenging [9, 10].

Proteomics offers a promising avenue for discovering 
biomarkers capable of detecting early-stage tumors and 
refining prognostic assessments over time. Cancer detection 
hinges on identifying deviations from normal physiology 
before clinical manifestation, requiring predictive markers 
in readily accessible biological samples that can be obtained 
through minimally invasive procedures [11, 12]. However, 
most proteomic studies in PM have analyzed samples col-
lected at or after diagnosis, potentially capturing disease 
consequences rather than predictive signals, a limitation 
that introduces reverse causality. Whether these biomark-
ers can identify pleural lesions during the latent phase in 
asbestos-exposed individuals remains uncertain [13]. Pro-
teomic profiling has the potential to reveal aberrant protein 
expression patterns at critical timepoints, enabling surveil-
lance of at-risk populations and facilitating early PM diag-
nosis [14]. Proteins occupy a unique position at the interface 
of genotype and phenotype, integrating genetic and envi-
ronmental influences including lifestyle and occupational 
exposures on clinical outcomes [15]. This is particularly 
relevant in heterogeneous malignancies like PM, where pro-
teomics bridges the gap between genomic, transcriptomic, 
and phenotypic data. Although numerous blood-based bio-
markers have been identified across various cancers, few 
have achieved clinical implementation due to insufficient 
specificity and reproducibility. The search for the ultimate 
panel of protein biomarkers continues, necessitating more 

sophisticated analytical approaches to the proteomic habitat. 
Investigating biofluid proteomes in a time sensitive manner 
is therefore critical for enhancing risk stratification in vul-
nerable populations and elucidating the molecular pathways 
underlying disease initiation [16, 17].

Materials and methods

EPIC study design and population (discovery and 
validation)

European Prospective Investigation into Cancer and Nutri-
tion (EPIC) cohort is a multi-center cohort study, conducted 
in 23 centers across 10 European countries, aimed at inves-
tigating the etiological role of biological, lifestyle, and 
environmental factors in cancer and other chronic diseases. 
Overall, 521,468 healthy participants were enrolled in EPIC, 
and followed-up on an ongoing basis [18]. Within the EPIC 
cohort, 135 participants developed PM (EPIC-Meso) after 
a mean follow-up of 8.3 years (range 0.5–18.8 years). The 
disease was classified using ICD-10 diagnosis codes (ICD, 
International Statistical Classification of Diseases, Injuries 
and Causes of Death) as C38.4 (malignant neoplasm of 
pleura) in all participants. Cancer endpoint data (time of PM 
diagnosis) is based on the latest round of follow-up received 
from the EPIC centers and centralized at IARC between 
2014 and 2016. For this specific study we selected those 
participants who were diagnosed with PM within 5 years 
after enrolment in the cohort (n = 21). Pre-diagnostic pro-
teomic profiles of their single blood serum samples, taken 
at enrolment, were compared to those of matched healthy 
controls with no cancer diagnosis or other comorbidities 
present at the time of proteomic profiling. The controls were 
selected to match the cases by sex, age at enrolment (± 1.5 
years), study center, and asbestos-exposure (see “Asbestos-
exposure assessment” section). Blood collection, process-
ing and storage were performed following a strict protocol 
[18, 19].

Molecular marker (MoMar) cohort 
(Replication)

For the replication of biomarkers discovered in EPIC pre-
diagnostic individuals, we chose participants from the 
MoMar cohort study [20]. All 2.769 participants of the 
MoMar study were former asbestos workers with recog-
nized occupational diseases (benign asbestos-related dis-
eases like asbestosis, pleural plaques etc.) who, between 
2008 and 2018, were invited to annual health examinations 
that included blood sampling and a questionnaire. Most of 
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the participants were men, only 0.7% were women. Recruit-
ment of this high-risk group [21] took place at 26 centers 
across Germany and led to 12,548 examinations with cor-
responding serial plasma and full blood samples that were 
stored in a central biobank at -150 °C. A follow-up in 2019 
resulted in 43 confirmed mesothelioma cases. For the cur-
rent study, we compared the pre-diagnostic blood plasma 
samples of the 43 cases (of each case series the last available 
sample before diagnosis) to those of control participants 
drawn from the same cohort. The controls were carefully 
matched to the cases in terms of sex (all cases were male) 
and age at sampling. The cases were divided into the time 
intervals > 0 to 2 years and > 2 to 5 years before diagnosis 
(39 and 4 cases, respectively) as well as into 1-year intervals 
(Table 3).

It is important to note that both EPIC and MoMar are 
established as prospective cohorts with forward-looking 
enrollment and biobanking protocols, the laboratory pro-
teomic and ELISA analyses were performed retrospectively 
on stored pre-diagnostic samples. However, the critical pro-
spective feature of both cohort’s collection of blood sam-
ples before any cancer diagnosis in participants who later 
developed PM eliminates reverse causality and provides the 
essential temporal relationship for identifying pre-diagnos-
tic biomarkers.

Asbestos-exposure assessment in EPIC 
cohort

Occupational information was available from the baseline 
EPIC questionnaire. It included the occupation at enrolment 
and data on ever working up to the time of enrolment in 52 
at-risk occupations. No information was available on dura-
tion of employment and time of first employment. A semi-
quantitative job-exposure matrix (JEM) was developed by 
expert epidemiologists as previously described [22] assign-
ing an “exposure probability” and an “exposure intensity” 
score to each of the 52 EPIC occupational categories. Both 
scores were expressed over a numerical scale with four lev-
els: 0 “no exposure”, 1 “low”, 2 “intermediate”, 3 “high” 
and multiplied to generate an Exposure Index (EI). For the 
present study, we used a categorical variable with 3 levels 
defined as “no exposure” (EI = 0), “low exposure” (EI = 1), 
and “high exposure” (EI = 2).

Sample Preparation for mass spectrometry

Serum samples from EPIC individuals were depleted of the 
high-abundance proteins (serum albumin (HSA), IgG, IgA, 
IgM, IgD, IgE, kappa and lambda light chains, alpha-1-acid 

glycoprotein, alpha-1-antitrypsin, alpha-2-macroglobulin, 
apolipoprotein A1, fibrinogen, haptoglobin, transferrin) 
using the Seppro IgY14 spin column kit (Sigma-Aldrich 
Inc., St. Louis, MO, USA) according to the manufacturer’s 
procedure. The samples were then subjected to denaturation 
with TFE, to reduction with DTT 200 mM, to alkylation 
with IAM 200mM and to complete protein digestion with 
1 µg of Trypsin (Sigma-Aldrich Inc., St. Louis, MO, USA). 
Next, peptides were desalted on the Discovery® DSC-18 
solid phase extraction (SPE) 96-well plate (25  mg/well) 
(Sigma-Aldrich Inc., St. Louis, MO, USA). A labelled pep-
tide was added to assure the reproducibility of the sample 
preparation and acquisition. Additional quality control sam-
ples were run to ensure the quality of the analysis.

Sequential window acquisition of all 
theoretical mass spectra (SWATH MS/MS) 
analysis of samples

Samples were analysed using a data-dependent acquisi-
tion (DDA) followed by data-independent analysis (DIA) 
through a micro-LC Eksigent Technologies (Eksigent, Dub-
lin, USA) system interfaced with a 5600 + TripleTOF sys-
tem (AB Sciex, Concord, Canada). Digested peptides were 
separated using Halo C18 column (0.5 × 100 mm, 2.7 μm; 
Eksigent Technologies Dublin, USA). The reverse phase 
LC solvents include solvent A (99.9% water + 0.1% formic 
acid) and solvent B (99.9% acetonitrile + 0.1% formic acid). 
A 30 min gradient was used at a flow rate of 15 µL/min with 
an increasing concentration of solvent B from 2% to 40%. 
For DDA acquisition, experiments were set to obtain a high-
resolution TOF-MS scan over a mass range of 100–1500 
m/z, followed by an MS/MS product ion scan from 200 to 
1250 Da (accumulation time of 5.0 ms) with the abundance 
threshold set at 30 cps (35 candidate ions can be monitored 
during every cycle). The ion source parameters in electro-
spray positive mode were set as follows: curtain gas (N2) 
at 25 psig, nebulizer gas GAS1 at 25 psig, and GAS2 at 20 
psig, ion spray voltage floating (ISVF) at 5000 V, source 
temperature at 450 °C and declustering potential at 25 V. 
Using the same conditions as described above, a SWATH 
acquisition using DIA was carried out for the label-free 
quantification process. The mass spectrometer was oper-
ated so that a 50-ms survey scan (TOF-MS) was performed 
and subsequent MS/MS experiments were performed on 
all precursors. These MS/MS experiments were carried 
out in a cyclical manner using an accumulation time of 40 
ms per 25-Da swath (36 swaths in total) for a total cycle 
time of 1.5408 s. The ions were fragmented for each MS/
MS experiment in the collision cell using the rolling col-
lision energy. The MS data were acquired with Analyst TF 
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proteins characterized by Fold change > 1.3 and < 0.75 (52 
proteins, three proteins did not have valid gene IDs. The 
terms with p-value < 0.05 obtained after multiple testing 
correction by Bonferroni’s method were considered as sig-
nificantly enriched in the interrogated libraries.

Enzyme-linked immunosorbent assays 
(ELISA)

The level of human B2M, TF, CO4 and DCD proteins was 
quantified blinded in serum (EPIC) or plasma (MoMar) 
samples using the following ELISA kits: Cat# Ab181423 
for B2M, Cat# Ab1108911 for TF, Cat# Ab108824 for CO4 
(Abcam, UK), Cat# EKX-T5NSZG-96 for DCD (Nordic 
BioSite, Denmark). The assays were performed accord-
ing to the manufacturer’s instructions, with the following 
sample dilutions (as determined by internal trials when not 
indicated in the kit instructions): B2M serum 1:400; B2M 
plasma 1:3200; CO4 serum 1:400; CO4 plasma 1:400; 
DCD serum 1:16; TF serum 1:2000; TF plasma 1:4000. 
The measurements of serum calretinin and mesothelin were 
determined by ELISA assays in the EPIC samples using the 
Calretinin ELISA kit (DLD Diagnostika, Hamburg, Ger-
many) and Human Mesothelin ELISA kit (R&D systems 
Inc.) as previously described [26]. In the MoMar samples, 
plasma calretinin was also determined by ELISA assay 
using the Calretinin ELISA kit (DLD Diagnostika, Ham-
burg, Germany), plasma mesothelin (SMRP) was measured 
with the Lumipulse G Mesothelin assays (Fujirebio, Tokyo, 
Japan) using the CLEIA analyzer LUMIPULSE G600II 
(Fujirebio), according to the manufacturers’ instructions 
[26]. Standard curve analysis for EPIC serum samples and 
MoMar plasma samples were constructed using the linear 
and 4-parameter logistic fit respectively as it was the most 
efficient setting to include the points at the low and high end 
of the curve.

Statistical analyses

All statistical analyses were conducted using the open 
source software R (version 4.2.1). Differentially expressed 
proteins in the EPIC Cohort, obtained by SWATH LC-MS/
MS technique, were tested by a multiple regression model 
(R GLM function), controlling for age at blood collection, 
sex and level of asbestos exposure (no exposure, low or 
high); the selection for markers of interest was based on 
fold change (outside the interval [0.75; 1.3]) and nominal 
p-value (< 0.05). The markers that were further validated by 
ELISA assay were used to conduct t-tests, Pearson’s cor-
relation analyses and multiple regressions in pre-diagnostic 
cases with respect to controls in the EPIC Cohort (TTD of 

1.7 (AB SCIEX, Concord, Canada). Peptides (and proteins) 
were identified using DDA followed by database search, 
while the quantification was obtained by integrating the area 
under the chromatographic peak for each ion fragment of 
identified peptides by using the DIA file [23].

Spectral library generation and quantification

The DDA files were searched against the UniProt Swiss-
Prot reviewed database containing human proteins (version 
01.02.2018, containing 42,271 sequence entries) using Pro-
tein Pilot software v. 4.2 (SCIEX, Concord, Canada) and 
Mascot v. 2.4 (Matrix Science Inc., Boston, USA). Samples 
were put as input in the Protein Pilot software with the fol-
lowing parameters: cysteine alkylation, digestion by tryp-
sin, no special factors and False Discovery Rate (FDR) at 
1%. For Mascot search, we selected Trypsin as digestion 
enzyme with 2 missed cleavages, set the instrument to ESI-
QUAD-TOF and specified the following modifications for 
the assay: carbamidomethyl cysteine as fixed modification 
and oxidized methionine as variable modification. An assay 
tolerance of 50 ppm was specified for peptide mass toler-
ance, and 0.1 Da for MS/MS tolerance. The charges of the 
peptides to search for were set to 2 +, 3 + and 4 +, and the 
search was set to monoisotopic. A target-decoy database 
search was performed, and FDR was fixed at 1%. SwathX-
tend was employed to build an integrated assay library with 
the DDA acquisitions to use as the ion library file for all 
SWATH analysis and quantification.

Quantification was performed by integrating the extracted 
ion chromatogram of all the unique ions for a given pep-
tide. Spectral alignment of the SWATH samples (DIA run) 
was carried out with PeakView 2.2 (ABSCIEX, Concord, 
Canada) using the spectral library generated above and 
the following parameters: 6 peptides per protein, 6 transi-
tions per peptide, XIC extraction window of 5 min and a 
width of 15 ppm. Shared peptides were excluded as well 
as peptides with modifications. Peptides with FDR lower 
than 1.0% were exported in MarkerView 1.2 (ABSCIEX, 
Concord, Canada) for the t-test [24]. The mass spectrometry 
proteomics data have been deposited in an internal reposi-
tory at our institution.

Functional enrichment analysis of DEPs

Functional Enrichment analysis was performed using the 
R interface of the clusterProfiler package available in Bio-
conductor (version 3.21) [25]. The libraries considered for 
the functional analysis were GO Biological Process and GO 
Molecular Function. The genes codifying for the differen-
tially expressed proteins were used as input data, selecting 
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pROC R packages), excluding matching variables (age, sex 
and exposure).

Results

Study population

The EPIC discovery cohort comprised 21 pre-clinical indi-
viduals who developed pleural mesothelioma (PM) within 
five years and 21 asbestos-exposed controls who remained 
disease-free over the same interval. Both groups were well 
matched for demographic and asbestos-exposure charac-
teristics: the mean age was 58.4 ± 7.3 years in pre-clinical 
cases versus 58.4 ± 7.4 years in controls. Asbestos exposure 
levels were similarly distributed, with 19% reporting no 
known exposure, 38% low exposure, and 43% high expo-
sure in both cases and controls.

Among the pre-clinical cases who developed PM, the 
average time from blood draw to clinical diagnosis was 
2.4 ± 1.4 years. Nearly half of cases (48%) were diagnosed 
within two years of sampling, while the remaining 52% 
were diagnosed between two and five years later.

The baseline characteristics of the participants and the 
experimental setup of the study are displayed in Table  1; 
Fig. 1.

2 years or 2–5 years) and in the MoMar replication cohort 
(TTD < 1 year). ROC curve analyses were then employed 
in both the cohorts in order to evaluate the improvement 
in discrimination between pre-diagnostic PM and controls 
when adding the significant biomarkers to a base initial 
discrimination model including B2M protein (ROCR and 

Table 1   Baseline characteristics of pre-diagnostic PM cases and 
matched non-cancer controls in the EPIC cohort

Cases Non-Can-
cer controls

Number, n 21 21
Mean Age ± SD 58.4 ± 7.29 58.44 ± 7.35
Male/Female, n 18/3 18/3
Exposure, n (frequency)
 No Exposure 4 (19%) 4 (19%)
 Low 8 (38%) 8 (38%)
 High 9 (43%) 9 (43%)
Time to Diagnosis(TTD) (Years) 
- Mean / SD

2.4/ 1.38

Interval, n (frequency)
 0–2 years 10 (48%)
 2–5 years 11 (52%)
Demographics include mean age (± SD) and sex distribution. Asbes-
tos exposure is categorized as none, low, or high grade. Time to diag-
nosis (TTD) represents years from blood draw to clinical diagnosis 
(mean, SD). Cases are further stratified by TTD interval (0–2 years, 
2–5 years) with corresponding frequencies

Fig. 1  Proteomics Workflow in EPIC and MoMar Cohorts. Left 
(EPIC): SWATH LC-MS/MS profiled 323 plasma proteins from 21 
asbestos-exposed cases (PM within 5 years) and 21 matched controls. 
A GLM identified 12 DEPs (p ≤ 0.05, fold change ≥ 1.3 ≤ 0.75); four 
were ELISA-validated. Calretinin and mesothelin benchmark ELISA 

assays were performed. Combined markers underwent ROC analysis 
Right (MoMar): Three DEPs from EPIC were quantified by ELISA 
alongside calretinin and mesothelin. ROC analysis of the combined 
protein panel assessed reproducibility and predictive accuracy in the 
pre-diagnosis cohort
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38 down-regulated (Table S1). A generalized linear model 
incorporating both magnitude (FC > 1.3 or < 0.75) and sta-
tistical significance (nominal p < 0.05) narrowed this list to 
12 DEPs (Table 2; Fig. 2).

Among the up-regulated markers, complement C4 (C4, 
FC = 1.4, p-value = 0.009, FDR = 0.62) and transferrin (TF, 
FC = 1.4, p-value = 0.008, FDR = 0.62) exhibited elevated 

Differential proteomic signature in Pre-diagnostic 
PM Sera in the EPIC cohort

Proteomic profiling of pre-diagnostic EPIC sera versus 
matched controls quantified 323 proteins by LC-MS/MS. 
Using a fold-change threshold alone (FC > 1.3 or < 0.75), 55 
proteins were differentially expressed: 17 up-regulated and 

Table 2  Differentially expressed proteins identified by generalized linear model in pre-diagnostic PM Sera
Protein ID UniProt entry Gene name Protein name Mean_cases Mean_controls p-value FC
TF P02787 TF Transferrin 900329.95 628733.07 0.008 1.43
CO4A P0C0L4 CO4 Complement C4-A 1143125.73 817472.39 0.009 1.40
B2MG P61769 B2M Beta-2-microglobulin 78389.73 106166.28 0.035 0.74
IGLL1 P15814 IGLL1 Immunoglobulin lambda-like polypeptide 1 (CD179b) 225090.02 307226.08 0.042 0.73
PHLD P80108 GPLD1 Phosphatidylinositol-glycan-specific phospholipase D 61371.62 84574.80 0.026 0.73
IGLC3 P0DOY3 IGLC3 Immunoglobulin lambda constant 3 1069195.63 1505007.19 0.006 0.71
IGL1 P0DOX8 Immunoglobulin lambda-1 light chain 446957.84 674012.11 0.020 0.66
MAST2 Q6P0Q8 MAST2 Microtubule-associated serine/threonine-protein kinase 2 21040.46 31315.69 0.054 0.67
LV325 P01717 IGLV3-25 Immunoglobulin lambda variable 3–25 54779.20 85143.21 0.012 0.64
DCD P81605 DCD Dermcidin 6912.96 10933.02 0.029 0.63
F217A Q8IXS0 FAM217A Protein FAM217A 10299.09 20247.61 0.029 0.51
TM156 Q8N614 TMEM156 Transmembrane protein 156 26167.84 79165.85 0.045 0.33
FC: fold change (cases/controls); p-value: nominal significance from GLM were calculated in the EPIC cohort

Fig. 2  Differential relative abundance of top serum proteins in pre-
diagnostic PM cases versus controls. Box plots show relative LC-MS/
MS intensities for each DEP grouped by time to diagnosis (0–2 years, 
2–5 years) and matched controls. Up-regulated proteins include Com-

plement C4A (C4; FC = 1.4, p = 0.009) and Transferrin (TF; FC = 1.4, 
p = 0.008). Down-regulated proteins comprise Beta-2-Microglobulin 
(B2M; FC = 0.7, p = 0.035), and Dermcidin (DCD; FC = 0.6, p = 0.029). 
Asterisks indicate nominal p < 0.05 by GLM
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did not reach statistical significance. TTD subgroup anal-
ysis revealed that the B2M reduced levels was specific to 
cases within two years of diagnosis (t-test p < 0.05), whereas 
samples collected 2–5 years prior showed no significant 
difference from controls (t-test p-value = 0.26) (Fig.  3). 
Correlation analysis between proteomic and ELISA mea-
surements demonstrated a modest but significant associa-
tion for B2M (Pearson r = 0.320, p = 0.04), supporting its 
reproducible quantification across platforms.

Replication of candidate deps in the MoMar cohort

To assess reproducibility, ELISAs for B2M, TF, and C4 
were performed on plasma from the MoMar replication 
cohort (n = 86). This set included 32 asbestos-exposed indi-
viduals sampled within one year before PM diagnosis (pre-
diagnostic cases) and 32 age- and sex-matched controls 
with non-cancer asbestos-related conditions (Table 3). None 
of the three proteins showed significant differences between 
pre-diagnostic cases and controls (Fig. 4).

Calretinin and mesothelin profiling in Pre-
diagnostic EPIC and MoMar samples

Calretinin and mesothelin, key immunohistochemical mark-
ers in PM diagnosis, were quantified by ELISA to evaluate 
their blood-based diagnostic potential. A combined plasma 
panel of these markers previously detected 44% of meso-
thelioma cases at 98% specificity in pre-diagnostic samples 
[31]. ​ In the MoMar cohort, calretinin levels in plasma col-
lected 0–2 years before diagnosis were markedly elevated 
in pre-diagnostic cases versus non-cancer controls (p < 
0.01). In contrast, calretinin in EPIC serum samples dur-
ing the same interval showed only a modest, non-significant 
increase (Fig. 4). Mesothelin concentrations rose in the 0–2 
years window in both cohorts but achieved statistical sig-
nificance only in MoMar (p < 0.0001) (Fig. 5). Subdivid-
ing MoMar cases into one-year intervals (Table 3) revealed 
peak marker elevations within 0–1 year pre-diagnosis group 
using established thresholds (calretinin ≥ 0.6 ng/mL; meso-
thelin ≥ 2.26 nM), as shown in Supplementary Figure S2.

Combined biomarker panel from EPIC and MoMar 
enhances Pre-diagnostic PM detection

To evaluate the risk-discriminatory power, a generalized lin-
ear model (GLM) combination of five markers B2M, TF, C4, 
Calretinin, and Mesothelin was considered in pre-diagnostic 
cases sampled < 2 years before diagnosis across both EPIC 
and MoMar cohorts. In the MoMar cohort, the full five-
marker panel achieved an AUC of 0.91 (p-value = 0.001), 
driven primarily by calretinin and mesothelin contributions 

levels in pre-diagnostic PM cases. Despite immunodeple-
tion of high-abundance proteins, reproducible depletion 
across all samples validates TF as a true hit. Ten proteins 
were down-regulated, predominantly immunoglobulin 
family members including Immunoglobulin lambda-like 
polypeptide 1, CD179b (IGLL1), Immunoglobulin lambda 
constant 3 (IGLC3), Immunoglobulin lambda-1 light chain 
(IGL1), Immunoglobulin lambda variable 3–25 (IGLV3-25) 
as well as beta-2-microglobulin (B2M, FC = 0.7, p-value = 
0.035) and dermcidin (DCD, FC = 0.6, p-value = 0.029), 
both previously implicated in cancer biology [27–30]. Box 
plots in Fig. 2 depict the relative abundance of these 12 
DEPs across pre-clinical PM cases and controls.

Enrichment analysis and functional annotation of 
the deps

Functional enrichment analyses were performed to explore 
common biological processes regulated by the DEPs 
(FC > 1.3 and < 0.75) set in GO Biological Process and GO 
Molecular Function libraries (Supplementary fig. S1). The 
most significantly enriched pathways in GO Biological 
Process included wound healing, coagulation, hemostasis 
and regulation of body fluid levels (p < 0.001), collectively 
pointing to aberrant hemostatic activation prior to clini-
cal diagnosis. Additional enriched processes encompassed 
complement activation (fibrinolysis, platelet activation) 
and immune regulation (negative regulation of coagulation, 
lymphocyte-mediated immunity) (p < 0.05).

Protein functional annotations were dominated by 
antigen binding (p < 0.001), glycosaminoglycan binding 
(p < 0.01), alongside multiple complement-related activities 
(complement binding, proteoglycan binding, serine-type 
endopeptidase activity). These findings suggest dysregu-
lated extracellular matrix interactions, immune recognition 
processes, and proteolytic cascades in the pre-clinical phase.

Validation of Pre-diagnostic deps in EPIC cohort by 
ELISA

To validate the proteomic findings, four candidate proteins 
beta-2-microglobulin (B2M), transferrin (TF), complement 
C4 (C4), and dermcidin (DCD) were quantified by ELISA 
in the same pre-diagnostic EPIC samples and matched con-
trols. These proteins were selected based on their estab-
lished roles in tumor biology and inflammation.

All four DEPs were detectable in serum by ELISA and 
recapitulated the change of direction observed in SWATH 
LC-MS/MS. However, only B2M exhibited a borderline 
significant decrease in cases sampled 0–2 years before diag-
nosis compared to controls (t-test p < 0.05; GLM p < 0.05). 
TF, C4, and DCD trended similarly to discovery data but 
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(Fig. 6B). In EPIC, the same panel yielded an AUC of 0.88 
(p-value = 0.17), not significantly different from individual 
EPIC markers alone. By contrast, the three EPIC-derived 
proteins (B2M, C4, TF) assessed in isolation displayed 
lower discriminative power in both cohorts (Fig. 6A and B). 
These results demonstrate that integrating tumor-specific 
markers with potential proteomic biomarker candidates sub-
stantially improves early PM detection performance.

Discussion

Pleural mesothelioma (PM) remains a fatal malignancy 
driven by asbestos exposure, and its long latency and non-
specific early symptoms has been a hindrance towards 
timely diagnosis and intervention. The absence of reli-
able pre-tumor biomarkers for risk stratification and early 
detection underscores an urgent clinical need. Over the past 
decade, blood proteomic profiling has emerged as a promis-
ing strategy for identifying early cancer signatures in high-
risk cohorts [32]. We hypothesized that the most pronounced 

Table 3  Baseline characteristics of pre-diagnostic PM cases and 
matched non-cancer controls in the MoMar cohort

Cases Non-
Cancer 
controls

Number, n 43 43
Mean Age ± SD 74 ± 4.85 74 ± 4.95
Male/Female, n 43/0 43/0
Time to Diagnosis, years - Mean 
/ SD

0.8/ 0.73

Interval, n (frequency)
 > 0–1 years 32 (74%)
 > 1–2 years 7 (16%)
 > 2–3 years 3 (7%)
 > 3–4 years 1 (2%)
 > 4–5 years 0
Demographics include number, mean age (± SD), and sex distribu-
tion. Time to diagnosis (TTD) indicates years from blood draw to 
clinical diagnosis (mean ± SD). Cases are further stratified by TTD 
intervals (> 0–1, > 1–2, > 2–3, > 3–4, > 4–5 years) with corresponding 
frequencies

Fig. 3  ELISA validation of candidate DEPs in pre-diagnostic EPIC 
sera. Box plots display serum concentrations of B2M (ng/mL), C4 (µg/
mL), TF (µg/mL), and DCD (µg/mL) in cases sampled 0–2 years and 
2–5 years before PM diagnosis versus matched controls. B2M showed 

a borderline significant increase in the 0–2 year group (t-test and GLM 
p < 0.05); TF, C4, and DCD trended similarly but were not significant. 
Asterisks indicate nominal p < 0.05
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secondary immune activation may normalize or increase 
B2M. The temporal clustering of B2M decrease specifically 
in the 0–2 years pre-diagnostic window with no significant 
difference at 2–5 years (p = 0.26) supports this phase-spe-
cific interpretation forming a distinct PM pre-diagnostic 
signature rather than representing a non-specific inflamma-
tion marker, and may capture PM-specific early immune 
suppression potentially enhancing panel specificity when 
combined with tumor-associated markers. Transferrin (TF) 
on the other hand mediates cellular iron uptake, and iron 
overload is implicated in asbestos-induced carcinogenesis 
through oxidative DNA damage and chronic inflammation. 
Although TF abundance trended higher in cases, serum lev-
els did not reach significance, possibly due to biological 
variability and immuno-depletion effects [38, 39]. ​Comple-
ment component C4 was increased in cases 2–5 years before 
diagnosis, consistent with reports that complement subunits 
C4d and C1q correlate with tumor burden, chemotherapy 
resistance, and poor survival in PM. Aberrant complement 
activation may foster a pro-tumorigenic microenvironment 
through wound-healing pathways and immunomodulation 
[40, 41]. Dermcidin (DCD), a secreted antimicrobial pep-
tide, has been implicated in tumor progression and invasion 
across several cancers was downregulated in pre-clinical 
sera suggesting a complex, context-dependent role in early 
PM pathogenesis that merits further mechanistic study.

Enrichment of complement binding and wound-healing 
pathways parallels reports that non-canonical C1q activa-
tion fosters mesothelioma cell adhesion and migration via 
hyaluronic acid interactions, while coagulation and platelet 
activation signatures reflect tumor‐driven fibrin deposition 
and prothrombotic states that could foretell poor prognosis 
[42]. Concurrent downregulation of immunoglobulin family 
members and enrichment of lymphocyte‐mediated immu-
nity processes mirror the immunosuppressive, “cold” tumor 

proteomic alterations would manifest in the years close to 
clinical diagnosis. Utilizing high-throughput SWATH-MS 
in the EPIC discovery cohort, we quantified 323 serum 
proteins and identified 55 candidates (FC > 1.3 or < 0.75), 
of which 12 remained statistically significant after apply-
ing GLM (p < 0.05). Subsequent ELISA validation in the 
discovery cohort confirmed reproducible trends for B2M, 
C4, TF, and DCD, although only B2M demonstrated a bor-
derline significance and association in cases sampled within 
two years of diagnosis. The ELISA validation of proteins 
B2M, CO4 and TF were performed in the MoMar cohort 
but results couldn’t be replicated, a limitation addressed 
later. B2M plays a central role in antigen presentation via 
the MHC class I complex. In the study by Mangiante et al., 
multi-omics profiling of PM tumors revealed that whole-
genome doubling (WGD+) cases frequently downregulate 
B2M, leading to impaired immune surveillance and “cold” 
tumor phenotypes [7]. Our observation of decreased levels 
of circulating B2M shortly before diagnosis in the 0–2 TTD 
group represents a counterintuitive finding that divulges 
from the current established literature where B2M associ-
ates with tumor burden and poor prognosis across multiple 
malignancies [33]. PM’s immunosuppressive tumor micro-
environment, featuring regulatory T cell accumulation, 
and myeloid-derived suppressor cells, globally dampens 
systemic immune responses and the decreased B2M may 
reflect early immune evasion through HLA Class I down-
regulation rather than immune activation, characteristic of 
other tumors. Since B2M is a critical structural component 
of MHC Class I molecules, malignant cells that suppress 
HLA Class I expression would simultaneously reduce B2M 
synthesis and secretion [34–37]. This might represent a 
Phase 1 (pre-diagnostic) immune signature characterized 
by immune suppression during early malignant transforma-
tion, distinct from phase 2 (established PM) dynamics when 

Fig. 4  ELISA replication of candidate DEPs in MoMar plasma. Box plots show concentrations of B2M (ng/mL), TF (µg/mL), and C4 (µg/mL) in 
pre-diagnostic cases versus asbestos-exposed non-cancer controls. No significant differences were observed for any marker
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Mesothelin levels rose in both cohorts in the two-year win-
dow but achieved statistical significance only in plasma. 
While Calretinin and Mesothelin are PM-enriched they 
are not PM-exclusive. Immunohistochemical studies show 
calretinin expression in lung cancer with frequencies vary-
ing by histological subtype, approximately 15% of lung 
adenocarcinomas particularly in advanced-stage, smoker-
associated tumors and in about 54% of squamous cell car-
cinomas [44]. Blood-based calretinin elevation occurs in 
mesothelioma and, at lower frequencies, in lung cancer, 
though systematic comparative data in a pre-diagnostic set-
ting are limited. Lehnert et al. demonstrated that plasma 
calretinin intensity correlates with tumor tissue calretinin 

microenvironment in PM, characterized by exhausted T cells 
and regulatory macrophages, and suggest that early adap-
tive immune dysfunction is detectable in blood years before 
clinical diagnosis [43]. These enrichment patterns provide 
biological context for the observed proteomic changes and 
suggest that complement activation, hemostatic dysregula-
tion, and immune microenvironment alterations are detect-
able years before PM diagnosis.

Calretinin and mesothelin, standard immunohistochemi-
cal markers for PM, demonstrated complementary per-
formance in plasma. In the MoMar cohort, calretinin was 
highly elevated within one year of diagnosis, whereas serum 
measurements in EPIC showed only a modest increase. 

Fig. 5  ELISA quantification of calretinin and mesothelin in pre-diag-
nostic EPIC and MoMar samples. (A) EPIC serum: calretinin (ng/
mL) and mesothelin (nM) levels in cases sampled 0–2 years and 2–5 
years before diagnosis versus controls. (B) MoMar plasma: calretinin 
and mesothelin levels in 0–2 years and 2–5 years pre-diagnostic cases 

compared to asbestos-exposed non-cancer controls. Calretinin was 
significantly elevated in MoMar cases at 0–2 years (p < 0.01), whereas 
EPIC increases were not significant. Mesothelin levels reached signifi-
cance only in MoMar (p < 0.0001). Asterisks indicate significance (** 
p < 0.01; *** p < 0.0001)
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pre-diagnostic PM (TTD < 2 years), with AUCs of 0.88 in 
EPIC and 0.91 in MoMar. This performance surpasses that 
of either the EPIC (B2M, C4, TF) or MoMar (calretinin, 
mesothelin) marker sets alone, underscoring the value of 
combining inflammation/immune dysregulation and tumor-
associated markers for early detection.

Despite limited individual marker specificity, the com-
bined multi-marker panel, within the specific context of 
PM surveillance would be clinically relevant, allowing for 
timely intervention and implementation of more effective 
treatments. Risk stratification in high-risk cohorts repre-
sents the primary application: in asbestos-exposed work-
ers with documented occupational exposure and benign 
asbestos-related disease, elevated calretinin and mesothelin 
particularly within one year of baseline examination could 
trigger intensified CT surveillance protocols, potentially 
enabling earlier mesothelioma detection when curative sur-
gery remains feasible. Our five-marker panel (calretinin, 
mesothelin, B2M, transferrin, complement C4) achieved 
AUC values of 0.91 (MoMar) and 0.88 (EPIC), demonstrat-
ing that combining PM-associated markers with systemic 
inflammation/immune markers improves discrimination 
over individual biomarkers alone. This integrated approach 
captures both direct tumor-derived signals (calretinin, 
mesothelin) and tumor inflammatory/immune-related sig-
natures (B2M, C4, transferrin), providing a more compre-
hensive immunobiological profile. Longitudinal monitoring 
rather than single-threshold assessment may enhance speci-
ficity especially in asbestos-exposed workers undergoing 

immunohistochemical expression in mesothelioma patients, 
validating blood-based calretinin and its reflection at the 
PM tissue-level [45]. Our findings of elevated calretinin and 
mesothelin in pre-diagnostic PM aligns with previous pro-
spective studies showing that calretinin and mesothelin lev-
els tend to rise within a year prior to clinical detection. In the 
first prospective cohort study, Johnen et al. showed that cal-
retinin and mesothelin increase predominantly in the year 
preceding clinical diagnosis, supporting their utility as pre-
diagnostic screening markers in asbestos-exposed workers. 
At 95% specificity, calretinin achieved 71% sensitivity for 
mesothelioma detection; notably, the calretinin-mesothelin 
combination increased mesothelin sensitivity from 66% to 
75%, demonstrating that multi-marker approaches enhance 
diagnostic accuracy [46]. Zupanc et al. further validated 
these findings in 549 subjects, confirming that serum cal-
retinin achieved an AUC of 0.826 for mesothelioma predic-
tion, with calretinin-mesothelin combination providing the 
highest predictive value [47].

These findings mirror prior additional works showing 
a combined plasma panel of calretinin and mesothelin in 
detecting PM cases and support their inclusion in surveil-
lance programs for asbestos-exposed workers [48–50]. 
Nevertheless, direct evidence comparing blood calretinin 
and mesothelin levels between pre-diagnostic lung can-
cer and PM particularly among asbestos-exposed popula-
tions is lacking, representing a key limitation. Integrating 
EPIC and MoMar proteomic biomarker candidates, the 
five-protein GLM model achieved robust discrimination of 

Fig. 6   Receiver operating characteristics (ROC) analysis of com-
bined biomarker panels in pre-diagnostic PM cases. (A) EPIC cohort: 
ROC curves for models using B2M alone (mod1, AUC = 0.71), 
B2M + C4 + TF (mod2, AUC = 0.81), Mesothelin + Calretinin (mod3, 

AUC = 0.65), and all five markers (mod4, AUC = 0.88; p-value = 0.17 
vs. mod1 by DeLong’s test). (B) MoMar cohort: ROC curves for 
the same models (mod1 AUC = 0.55), mod2 (AUC = 0.75), mod3 
(AUC = 0.84), and mod4 (AUC = 0.91; p = 0.001 vs. mod1)
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be different especially for complement proteins and acute-
phase reactants. Third, varying temporal sampling patterns: 
74% of MoMar cases were sampled within one year of diag-
nosis compared to a broader 0-5-year distribution in EPIC. 
The compressed MoMar sampling window may reduce sta-
tistical power while preventing assessment of longer-time-
frame markers. Fourth, it was not possible to account for 
renal function, a major confounder for B2M that couldn’t 
be systematically measured. Fifth, MoMar controls showed 
higher baseline calretinin and mesothelin levels than EPIC 
controls, likely reflecting chronic mesothelial stimulation 
from benign asbestos-related disease, thereby reducing pro-
tein abundance discrimination. Collectively, these factors, 
diseased controls with baseline inflammation, matrix dif-
ferences, compressed temporal sampling, unmeasured renal 
function confounding, and elevated marker baselines could 
explain the reproducibility challenges and prevent detection 
of the biomarkers observed in EPIC [51]. These limitations 
underscore the need for biomarker validation by paying 
careful attention to cohort characteristics, temporal sam-
pling strategies and larger multi center efforts are required 
before clinical implementation.
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serial occupational health examinations, rising trends in 
multi-marker values over time rather than static thresholds 
could provide more specific early warning signals. Clini-
cal integration of biomarkers with imaging and exposure 
data substantially strengthens predictive utility. Rather than 
biomarker interpretation in isolation, a comprehensive risk 
assessment combining elevated multi-marker panel results 
with high-resolution CT findings (pleural thickening, nod-
ules), quantified occupational asbestos exposure intensity, 
and emerging genetic risk scores could generate robust 
personalized risk prediction models for mesothelioma sur-
veillance programs. This kind of a multi-modal approach 
leverages the complementary strengths of molecular, radio-
logical, occupational, and genetic information for enhanced 
early detection in asbestos-exposed populations.

Conclusion

In conclusion, our multi-cohort proteomic approach identi-
fies a novel composite biomarker panel that enhances early 
PM risk discrimination among asbestos-exposed individu-
als. The identification of decreased pre-diagnostic B2M 
as a potential PM-specific immune suppression signature 
represents a novel finding warranting further mechanis-
tic investigation. The five-marker panel outperforms indi-
vidual markers and captures complementary tumor-derived 
and microenvironment signals. Validation in larger, diverse 
prospective cohorts and integration with imaging data or 
genetic risk factors could pave the way towards pre-symp-
tomatic detection and improved patient outcomes.

Limitations

Taken together, both EPIC and MoMar represent prospec-
tive cohorts with pre-diagnostic sampling, while provid-
ing temporal advantages over purely retrospective studies 
and should be acknowledged when interpreting biomarker 
performance. The lack of ELISA marker reproducibility 
observed in MoMar, despite employing identical assay 
platforms likely reflects multiple identifiable inter-cohort 
differences. First, MoMar controls had confirmed benign 
asbestos-related pulmonary diseases (asbestosis, pleural 
plaques) representing chronic inflammatory states, whereas 
EPIC controls were subjects who had varying asbestos-
exposure grades but were clinically healthy. Since C4 and 
TF are elevated in chronic inflammation, this comparison 
might have narrowed detectable differences for markers 
elevated in both pre-diagnostic cases and diseased con-
trols due to shared inflammatory pathology. Second, bio-
specimen matrix differences - EPIC serum versus MoMar 
plasma, affect protein stability, and ELISA performance can 
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