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Abstract. Lymphoma is a common malignancy character-
ized by diverse pathological types and marked heterogeneity.
Distinct subtypes of lymphomas are markedly different in
their clinical manifestations, treatment approaches and prog-
nostic outcomes. With the rapid development of molecular
biology techniques, antitumor research has stepped into an
era of precision medicine. Biomarkers, with high sensitivity
and specificity, are expected to function in early diagnosis,
targeted treatment and prognostic estimation for cancer and
enhance the survival rate and life quality of patients. In this
regard, proteomics technology, with the capability to system-
atically identify and quantify the dynamic protein alterations
in tissues or cells, thereby facilitating the discovery of novel
tumor potential candidates, has attracted significant scientific
attention. The present article aimed to review most up-to-date
research progress of lymphoma-related biomarkers discovered
based on proteomics technology, focusing on the potential
application of these markers in the diagnosis, therapy and
prognosis of each lymphoma subtype, and discuss the role
proteomics may serve in future development of lymphoma
research and clinical practice.
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1. Introduction

Lymphoma, a group of common malignant tumors arising
from the lymphohematopoietic system, is broadly classified
into Hodgkin lymphoma (HL) and non-Hodgkin lymphoma
(NHL). HL accounts for ~10% of all lymphoma cases, demon-
strating a low incidence of recurrence and a favorable cure rate,
while NHL constitutes ~90% of lymphomas (1). According to
the 2022 Global Cancer Observatory, lymphoma accounted for
635,858 new cases and 273,412 mortalities worldwide, with
NHL incidence showing a consistent upward trend (2). Given
the variety of lymphoma subtypes, Fig. 1 presents a schematic
diagram of the lymphoma classification framework employed
in the present review.

Indolent lymphoma subtypes frequently present with an
insidious onset and hidden symptoms during their early stages.
Thus, patients lacking palpable lymph node enlargement are
prone to misdiagnosis. While immunochemotherapy-based
combination therapy has increased the survival probability of
patients with lymphoma, a considerable proportion of patients
fail to respond to existing treatments (3). Primary resistance
and cumulative toxicities remain critical barriers of antitumor
treatments. Moreover, in the wake of tumor progression, the
therapeutic difficulty increases and the prognosis deterio-
rates. In addition, heterogeneous biological characteristics of
different lymphoma subtypes pose a challenge for prognostic
assessment. Therefore, a pressing demand for diagnostic indi-
cators, therapeutic targets and prognostic predictors with high
sensitivity and specificity for lymphoma exists.

Advances in molecular biology have shifted cancer research
toward precision medicine, where biomarkers, defined as objec-
tively measurable indicators of normal biological processes,
pathological states or therapeutic responses (4), serves a
central role. Proteins, as the primary functional molecules
in biological systems, offer distinct advantages over nucleic
acid-based biomarkers by more comprehensively reflecting
pathophysiological processes, including post-translational
modifications, protein interactions and microenvironmental
influences (5).

Proteomics is a science that investigates the existence and
function of proteins within cells and tissues (6). This technology
generates clinically actionable insights in disease research by
detecting the variations of proteins under physiological or
pathological conditions and decoding tumor-specific mecha-
nisms inaccessible to genomes and transcriptomes (Fig. 2).
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For instance, differentially expressed proteins (DEPs) between
tumor tissues and benign tissues hold significant potential as
biological targets for diagnosis and therapy.

The core technology platform of proteomics is liquid
chromatography-tandem mass spectrometry (LC-MS), which
enables high-throughput and precise identification, quantifica-
tion and characterization of proteins (7). This field primarily
encompasses three key methodological components: Protein
separation using two-dimensional gel electrophoresis, protein
identification via MS, and final bioinformatic analysis for
functional annotation and data integration. Currently, modern
proteomic workflows employ diverse quantification strategies:
isobaric tagging techniques including tandem mass tag and
isobaric tags for relative and absolute quantitation facilitate
multiplexed analysis of up to 18 samples with high sensi-
tivity (8,9), while label-free approaches offer unlimited sample
comparisons and reduced expenditure at the expense of lower
stability (10). For large-scale studies, data-independent acquisi-
tion (DIA) methods can provide robust reproducibility but rely
on advanced computational pipelines (11). These techniques
are systematically compared in Table I.

2. Proteomic advances in different types of lymphoma

HL. HL predominantly derived from germinal center B
cells (3) and is classified into nodular lymphocyte-predominant
HL and classic HL (CHL), with CHL constituting >90% of HL
diagnoses (12,13) and pathognomonically defined by the pres-
ence of Hodgkin and Reed-Sternberg (HRS) cells in the tumor
microenvironment (TME) (13). Relapse/refractory (R/R)
disease develops in ~20% of patients with CHL, while the vast
majority recover after first-line chemotherapy such as ABVD
(Adriamycin, Bleomycin, Vinblastine and Dacarbazine) (12).

Therapeutic biomarkers. Although HL exhibits a relatively
low overall incidence, CHL represents a frequent cancer in the
pediatric and adolescent populations (14). Despite achieving
favorable cure rates in pediatric patients with CHL , the intensive
use of highly genotoxic chemotherapeutics is associated with
significant treatment-related morbidity and mortality (14,15),
which necessitates the development of safer therapeutic strate-
gies. Consequently, biomarker-targeted therapy has emerged
as an optimal solution to mitigate toxicity while maintaining
efficacy. For instance, in clinical trials, Pembrolizumab, a PD1
inhibitor, and Brentuximab vedotin, a CD30 inhibitor, yielded
an overall response rate of respectively 69 and 75% in patients
with R/R CHL (16,17).

Scientists continue to pursue novel pathogenic factors in
HL, such as autocrine lymphotoxin-alpha (LTA) in HRS cell,
which can constitutively activates NF-kB and JAK-STAT
signaling pathways (18). Also, Segges et al (19) investigated
celastrol, an HSP90 inhibitor, in both KMH2 (celastrol-sensi-
tive) and L428 (Celastrol-resistant) HL cells and observed
suppression of MAPK/ERK signaling in KMH2 cells and
upregulation of Hsp27 in L428 cells.

Prognostic biomarkers. Given the distinct epidemiology of
HL, identifying robust prognostic biomarkers for pediatric
and adolescent patients with CHL is critical for optimizing
risk-adapted clinical management. To address this need,

two plasma proteomic profiles comparing relapsed and
non-relapsed pediatric CHL cohorts were conducted by
Repetto er al (14,20), where five of the DEPs (AAT, FGA,
FGB, C4BPA and CLU) were specifically validated. In a
parallel study, Honoré et al (21) performed a comparative
proteomic analysis between pretherapy tumor biopsies
from ABVD-responsive and refractory patients with CHL,
reporting that the pathological activation of the CXCR4
pathway accounted for the failure of ABVD. CXCR4 inhibi-
tors such as Plerixafor, which is clinically used for treating
NHL and multiple myeloma, may serve as a supplementary
therapeutic approach for patients with ABVD-insensitive
CHL.

Diagnostic biomarkers. Proteomics can also provide several
diagnostic biomarkers for HL, for which researchers often
consider inflammatory and immune-related proteins that
interact with HRS cells as candidates.

In 2011, chemical proteomics was used to compare
CHL tissues with reactive lymphoid hyperplasia (RLH)
by Kischel et al (22), who reported the increased expres-
sion of certain extracellular matrix proteins in CHL tissues.
Subsequently, using glycoproteomics, Powlesland er al (23)
identified the glycoproteins CD98hc, ICAM-1 and DEC-205
as carriers of CD15, a characteristic marker of CHL. In 2021,
Gholiha et al (24) carried out a proteomic analysis similar
to Kischel er al (22), using the Proximity Ligation Assay
with attention to the plasma protein despite tumor lysates,
and reported increased levels of PD-L1 alongside several
PD-L1-associated proteins in both tissues and plasma.

Epstein-Barr virus (EBV) was first isolated from an
African patient with Burkitt lymphoma (BL) (25) and was
the first oncogenic virus causally linked to human cancers.
Amongst the four subtypes of CHL [mixed cellularity (MC),
nodular sclerosis, lymphocyte-depleted (LD) and lympho-
cyte-rich] (12), it has been reported that the EBV positivity
rate is 70% in MC and 95% in LD (26).

Since it has been shown that EBV infection may affect the
survival of elderly patients with HL. (27,28), EBV-associated
proteins may offer novel targets for proteomic interroga-
tion in HL. For instance, by proteome-wide microarray
technology, Sarathkumara et al (29) constructed antibody
profiles of patients with EBV-positive CHL in European
and East Asian populations and found that LMP1-IgG was
markedly increased in both cohorts, compared with patients
with EBV-negative CHL. Liu et al (30) performed a similar
experiment with samples obtained from patients in the UK
and BdRF1 (VCAp40)-IgG and BZLF1 (Zta)-IgG have been
identified as serological markers for EBV-positive CHL.
All the details of experimental findings are presented in
Table II, while Fig. 3 provides a schematic representation of
the proposed functional relationships and interactions among
candidate proteins identified through part of HL proteomic
experiments.

NHL

B cell NHL (B-NHL). B-NHL encompasses a heterogeneous
group of malignancies characterized by distinct molecular
pathogenesis and clinical trajectories, representing 85-90% of
NHL cases (31).
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Figure 1. Schematic representation of the classification framework for lymphomas.
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Figure 2. Workflow and methodological pipeline for clinical proteomics analysis. CSF, Cerebrospinal Fluid, a key biofluid used in clinical proteomics studies.

Diffuse large B cell lymphoma (DLBCL). DLBCL is
the most common B-NHL (32), constituting ~35% of NHL
cases with an estimated global annual incidence of 150,000
cases (33). According to the cellular origin, DLBCL can be
classified into three subtypes, namely germinal center B
cell-like (GCB) DLBCL, activated B cell-like (ABC) DLBCL
and unclassified DLBCL (34). Based on immunophenotype,
ABC DLBCL can also be categorized as non-germinal center
B-cell like (non-GCB) DLBCL (35), which demonstrates

inferior treatment outcomes compared with GCB DLBCL
following R-CHOP treatment (36). While R-CHOP treatment,
the incorporation of anti-CD20 monoclonal antibodies ritux-
imab with CHOP-based chemotherapy (Cyclophosphamide,
Hydroxydaunorubicin, Oncovin and Prednisone), can cure
60% of patients with DLBCL, those with R/R disease exhibit a
median overall survival (OS) of only 6 months (37). Currently,
no novel targeted agents have demonstrated sufficient clinical
efficacy against DLBCL.
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Table I. Common proteomic technologies for lymphoma analysis.

Technique Advantages Disadvantages Validation approaches
iTRAQ/TMT Suitable for multiple sample Only 8-18 samples can be Western blotting ELISA
types. labeled at one time. Immunohistochemistry
Good sensitivity and High cost of labeling reagents. PRM/MRM
repeatability. Flow Cytometry qPCR
Functional validation
SILAC 100% labelling efficiency. Limitations exist for sample
Real-time and authenticity. types other than cells.
Available for minimal proteins. Long experimental period.
Label-free No labelling required. Quantitative accuracy is low
Relatively low cost. and affected by mass spectro-
metry stability.
Complex data analysis and poor
reproducibility.
DIA/SWATH Suitable for large-scale studies. Data processing complexity.

Recognizing low abundance
proteins.

Good accuracy and repeatability.

Higher costs and equipment
requirements.

iTRAQ, isobaric tags for relative and absolute quantitation; TMT, tandem mass tag; SILAC, Stable Isotope Labeling by Amino acids in Cell
culture; ELISA, Enzyme-linked immunosorbent assay; PRM, Parallel reaction monitoring; MRM, Multiple reaction monitoring; qPCR, quan-
titative polymerase chain reaction ; DIA, data-independent acquisition; SWATH, sequential window acquisition of all theoretical mass spectra.

Diagnostic biomarkers. In 2019, two proteomic
experiments were conducted by Gao et al (38) and van der
Meeren et al (39), respectively comparing the proteomic profiles
of ABC DLBCL with RLH and non-GCB DLBCL with GCB
DLBCL. In 2021, Reinders et al (40) performed proteomic
analysis on formalin-fixed paraffin-embedded tumor tissues
from the three subtypes of DLBCL and reported that CD44,
PTNI1 and IGHM were upregulated in ABC DLBCL, while
TOM?22 showed higher expression in GCB DLBCL.

Therapeutic biomarkers. Recognizing DEPs between
CHOP-sensitive and CHOP-resistant DLBCL helps to seek
out new therapeutic targets and biomarkers indicating a
high risk of relapse for R/R DLBCL, as demonstrated by
Fornecker et al (41). Furthermore, Zhou et al (42) reported that
the knock down of KLHL6 can upregulate its downstream
molecule NOTCH2 and lead to DLBCL resistance to R-CHOP.

McCrury etal (43) demonstrated thatelevated NEK 2 expres-
sion serves as a predictor of poor prognosis in DLBCL and
developed a novel NEK?2 inhibitor, NBI-961, which is currently
in preclinical development. Bram Ednersson et al (44), using
quantitative proteomics of a large group of patients with
DLBCL, identified the upregulation of CD64 in non-GCB
DLBCL and the increase of IRF8 in GCB DLBCL. Moreover,
enrichment analyses showed that most DEPs were associated
with the TME and immune system regulation, suggesting
potential therapeutic strategies for non-GCB DLBCL.

CD37 is a transmembrane protein highly expressed on
mature B cells. Elfrink et al (45) reported increased expression
of IRF8 in nuclear extracts from CD37+ DLBCL compared
with CD37- DLBCL, suggesting that IRF8 acts as a transcrip-
tional regulator for CD37. A Phase II study has demonstrated

that the anti-CD37 antibody-drug naratuximab emtansine
(Debiopharm) in combination with rituximab markedly
improved objective response rate (ORR;44.7%) and complete
response rate (31.6%) in patients with R/R DLBCL, with a
manageable safety profile (46).

Prognostic biomarkers. Recent advances in proteomic-
numerous have uncovered a variety of prognostically relevant
proteins to DLBCL. Gao et al (47) and Lou et al (48) both
conducted large-cohort proteomic profiling of patients with
DLBCL and respectively established TCL1 and TIMP1
as predictors of survival. Through interactome analysis,
Jiang et al (49) demonstrated that high HGAL expression
attenuates DLBCL tumor cell motility by binding to certain
cytoskeletal regulators. Furthermore, a series of comparative
proteomic experiments have delineated molecular differences
between patients with DLBCL and healthy subjects (50),
R-CHOP resistant and R-CHOP sensitive DLBCL (51,52),
GCB DLBCL and non-GCB DLBCL (53), CD5+DLBCL and
CD5-DLBCL (54) and DLBCL with higher survival and with
lower survival (55) (Table III).

Mantle cell lymphoma (MCL). MCL exhibits a clinical spec-
trum from indolent to highly aggressive and is responsible for
~7% of NHL cases (56). Despite substantial advances in cancer
therapy such as chimeric antigen receptor-T cells (CAR-T)
treatment, MCL remains largely incurable.

Research has focused on identifying new therapeutic
targets related to known oncoproteins overexpressing in MCL,
such as SOX11, which was shown to upregulate PDGFA thus
promote angiogenesis (57) and SEA1/2, the activating enzyme
in SUMO pathway (58). Notably, SEA inhibitor TAK-981 can
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Table II. HL-related biomarkers based on proteomics technology.

First author/s, Sample Type of Proteomic Number of
year nature Protein biomarker biomarker technology sample (Refs.)
Von Hoff et al, Cell lines LTA Therapeutic / L1236 cell (18)
2019
Segges et al, Cell lines RAS, ERK1, Therapeutic Label-free L428 cell and (19)
2018 ERK?2, p90RSK1, KMH?2 cell
Hsp70
Repetto et al, Plasma AAT, FGA, FGB Prognostic / 15 relapsing HL, (14)
2018 14 non-relapsing
HL
Repetto et al, Plasma C3BPA,CLU Prognostic Label-free 14 relapsing HL,, (20)
2022 28 non-relapsing
HL
Honoré et al, Tissue GNAI2, GNBI1, Prognostic Label-free 15 treatment- 2n
2022 RALB, PAK?2, refractory CHL,
CRK, GNAQ, 21 treatment-
ARPCS5 sensitive CHL
Kischel et al, Tissue VCAN, FBLNI1, Diagnostic Chemical 4 HL, 3 reactive 22)
2011 POSTN, S100A8 proteomics lymphoid
hyperplasia
Powlesland et al, Cell lines CD98hc, ICAM-1, Diagnostic Glyproteomics L-428, KMH-2, 23)
2011 DEC-205 L-1236, L-540,
HDLM-2 and
U-HO1 cell lines
Gholiha et al, Tissue and PD-L1,IL-6, Diagnostic Immune- 27 CHL tissues 24)
2021 plasma CCL17,CCL3, proteomics vs. 30 reactive
IL13, MMP12, lymph node
TNFRS4, LAG3 lysates; plasma
from 26 CHL
patients and 27
healthy controls
Sarathkumara et al, Plasma LMP1-IgG, Diagnostic EBYV proteome 35 EBV+ CHL, 29)
2024 TK-IgG, BALF2- microarray 92 EBV- CHL,
IgG, BDLF3-1gG, 60 controls
BBLF1-IgG
Liu er al, 2020 Serum BdRF1-IgG, Diagnostic EBYV proteome 139 EBV+ CHL, (30)
Zta-1gG microarray 70 EBV- CHL,

141 controls

HL, Hodgkin lymphoma; CHL, classical Hodgkin lymphoma.

significantly reduce the proteins involved in transcription such
as MAX, MGA,ARID4A/B and PML in MCL (58).

Lokhande et al (59) investigated the TME in MCL and
proposed CD47, IDOI1 and CTLA-4 as potential biotargets for
MCL presenting with high levels of T cell infiltration, while
GITR, TIGIT, LAG 3, PD-L1 and PD-L2 may be promising
targets for MCL with low levels of T cell infiltration.

BL. BL is a highly aggressive B-NHL and primarily
occurs in children, which comprises three clinicopathological
subtypes: Sporadic BL (sBL), immunodeficiency-associated

BL and endemic BL (eBL), the latter exhibiting near-ubiquitous
EBV infection.

EBV-encoded proteins can promote lymphomagenesis in
BL. Recent proteomic researches have revealed that Zta binds
the cellular protein NFATcs, suppressing its expression to
circumvent cytotoxic and apoptosis (60). EBV can overcome
replication stress in B lymphocytes through the regulation of
replisome-associated proteins such as ZFP91, ZNF503 and
ZC3H18 (61). Additionally, El-Mallawany et al (62) initiated
the first proteomic comparative report on cell lines from
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Figure 3. Schematic representation of the functions and interactions
of some candidate proteins related to HL proteomic experiments. HL,
Hodgkin lymphoma; HRS cell, Hodgkin-Reed-Sternberg cell; TME, tumor
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EBV+/- sBL, EBV+ eBL and EB- normal B lymphocytes and
observed several co-upregulated proteins (TUBB2C, UCHLI1
and HSP90ABI) in both eBL and sBL as well as protein
elevated specifically in eBL (C1QBP and ENOI1) and sBL
(PCNA and SLC3A2).

Currently, BL demonstrates sensitivity to intensive
chemoimmunotherapy. However, patients with R/R BL,
which accounts for 20-40% of cases, continue to face a poor
prognosis (46). Emerging precision therapeutic regimens, such
as histone deacetylase inhibitors, may offer promising thera-
peutic potential.

Chronic lymphocytin leukemia (CLL)/small lymphocytic
lymphoma (SLL). CLL/SLL are indolent B-cell neoplasms
characterized by a CD19+/CD5+/CE23+ immunophenotype
and account for 7-10% of NHL (63). Despite differences in
anatomic distribution, SLL and CLL are considered a single
disease entity. Epidemiologically, CLL predominantly affects
older males, with an annual incidence in the Western world of
4.2/100,000 per year (64).

CLL is uniquely identifiable among B-NHL due to its
distinctive immunophenotype of peripheral blood, rendering
extensive proteomic biomarker studies less prioritized for
CLL diagnosis. However, Ikhlef ef al (65) highlighted the role
of tumor-associated macrophage-derived extracellular vesicle
(EVs) in CLL-B cells in vitro, reducing apoptosis, increasing
proliferation and generating BTK inhibitor (BTKi) resistance.
Furthermore, EVs transported various oncogenic proteins that
mediated the upregulation of IGFBP2 in CLL-B cells.

Therapeutic biomarkers. BTK, a pivotal node in the B-cell
receptor (BCR) signaling cascade, is a therapeutic target for
CLL. However, clinical limitations persist, particularly in indi-
viduals with BTK mutations. Consequently, recent efforts have
focused on identifying alternative biological targets within the
BCR axis. Aslan et al (66) performed proteomic profiling
of BTK-mutant compared with BTK-wild-type CLL at the
baseline level and demonstrated PCK upregulation in both
cohorts after a course of pirtobrutinib (a BTKi) treatment.

Griffen et al (67) identified LYN, MEF2C and NUMB as
prognostic biomarkers through comparative proteomics of
CLL compared with normal B cells of BTKi-treated patients
with CLL. These candidates may function as BTK-cooperative
targets, with HSP90 demonstrating a synergistic potential
by stabilizing RORI1, a tumor-promoting protein in CLL,
as reported by Liu er al (68). Among ROR1-targeted thera-
pies, two distinct strategies have emerged with promising
but differential activity profiles: Zilovertamab vedotin, a
RORI1-directed antibody-drug conjugate (ADC), was evalu-
ated in a first-in-human Phase I dose-escalation study (69).
The trial demonstrated encouraging preliminary activity
in MCL (ORR=46.7%) and DLBCL (ORR=60%); however,
no significant antitumor response was observed in the CLL
cohort, underscoring potential disease-specific variations in
therapeutic response. By contrast, the anti-ROR1 monoclonal
antibody cirmtuzumab showed clinically meaningful activity
in CLL patients during a Phase I trial, with 17 of 22 evalu-
able patients (77.3%) achieving stable disease (70). As well
as suppressing ROR1 signaling, cirmtuzumab attenuated
stemness-related gene expression in CLL patients, further
validating RORI1 as a viable therapeutic target. Notably,
Merck Sharp & Dohme is poised to initiate a Phase III trial
for DLBCL in December 2025. If successful, this could posi-
tion ROR1-ADC as the first approved ROR1-targeted therapy,
marking a significant milestone in the field.

Beyond the hyperactivation of the BCR signaling pathway,
RNA splicing dysregulation is also a hallmark of molecular
aberration in CLL. Johnston ef al (71) identified the indepen-
dent overexpression of RNA spliceosome components and
other potential therapeutic targets such as CKAP4 in CLL.
Additionally, Bagacean et al (72) demonstrated the prognostic
capability of RNA splice proteins in a clinical cohort study
and Wu et al (73) further indicated that the dysregulation is
linked to overexpression of METTL3.

Furthermore, Subramaniam et al (74) conducted a compar-
ative quantitative proteomic profiling of neutrophils from
Uropathogenic Escherichia coli (UPEC)-infected CLL mouse
models compared with UPEC-challenged wild-type controls,
demonstrating that CLL were more susceptible to UPEC,
which could be explained by neutrophil toxic dysfunction and
migratory function impairment. Therapeutic restoration of
CDG62L and CXCR4 may help to mitigate bacterial infection
risk in CLL. In parallel, Ecker et al (75) proposed another
therapeutic option to activate the DNA damage response
(DDR) and apoptosis by inhibiting DUSP1/6 to relieve its
suppression on the MAPK pathway.

Prognostic biomarkers. Immunoglobulin heavy chain vari-
able region (IGHV) mutation status remains the gold standard
prognostic biomarker in CLL, since CLL patients with unmu-
tated IGHV (UM-CLL) have a markedly shorter OS compared
with those with mutated IGHV (M-CLL) (64). However, the
IGHV mutation status does not alter with CLL progres-
sion. Therefore, studies have tried to decipher the protein
mechanisms by which IGHV mutation status drives clinical
heterogeneity. In this regard, Beckmann et al (76) reported that
MARCKS exhibits both high expression and hyperphosphory-
lation in UM-CLL cells, while and Stachelscheid et al (77)
identified that proto-oncoprotein TCLI1A is highly expressed
and CD20 is downregulated in these cells.
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Table III. DLBCL-related biomarkers based on proteomics technology.
First author/s, Sample Type of Proteomic Number of
year nature Protein biomarker biomarker technology sample (Refs.)
Gao et al, 2019 Tissue HSP90AB1, GNA13, Diagnostic, iTRAQ 7 ABC DLBCL, (38)
LAMB2,LAMAS, therapy 8 control
YWHAZ
van der Cell RPL23, GLMN Diagnostic SILAC 7 non-GCB, 39)
Meeren et al, lines 5 GCB DLBCL
2019
Reinders et al, Tissue CD44,PTN1, Diagnostic SWATH 18ABC, (40)
2020 IGHM, TOM?22 4 unclassified,
and 20 GBC
DLBCL
Fornecker et al, Tissue HK3,1DO1, Therapeutic Label-free 8 chemorefractory and 41
2019 CXCL13, 12 chemosensitive
S100A4,-8,-9, DLBCL
-11,CD79B
Zhou et al, Cell NOTCH2, KLHL6 Therapeutic Unbiased 9 DLBCL cell lines 42)
2023 lines proteomic
McCrury et al, Cell NEK2 Therapeutic TMT and 3 DLBCL cell lines 43)
2024 lines Phospho-
Proteomics
Bram Ednersson Tissue CD64, CD85A, Therapeutic TMT 202 adult DLBCL 44)
etal,2021 IFIT2, GBP1,
MLKL, MNDA,
IRF8, SWAP70,
WEEI1
Elfrink et al, Cell IRF8 Therapeutic Unbiased CD37+,CD37- DLBCL (45)
2022 lines proteomic cell lines
Gao et al, 2020 Tissue TCLI1 Prognostic iTRAQ 137 DLBCL A7
Lou et al, 2023 Plasma TIMP1 Prognostic DIA 147 DLBCL 48)
Jiang et al, Cell HGAL Prognostic Unbiased GCB DLBCL 49)
2021 lines proteomic cell lines
Zhu et al, 2020 Plasma SAA, CRP Prognostic DIA 19 DLBCL, (50)
18 healthy control
Ludvigsen et al, Tissue, SAA, DKK3, Prognostic Label-free 53 treatment- (28]
2023 plasma  FCN3 sensitive and
11 relapsing;
24 treatment-
sensitive and
7 relapsing
Feng et al, Serum CAl Prognostic TMT 81 chemo- (52)
2020 sensitive,
31 chemo-
resistant
Kwiecinska et al, Tissue Hsp90, Prognostic / 3 non-GCB, (53)
2018 BiP/Grp 78, 3 GCB DLBCL
cyclin B2
Hiratsuka et al, Tissue DNAJBI, Prognostic Label-free 5 CD5+DLBCL, (54)
2023 DDX3X 6 CD5-DLBCL
Zhu et al, Tissue MPO Prognostic SWATH 52 DLBCL (55)

DLBCL, diffuse large B cell lymphoma; GCB DLBCL, germinal center B cell-like DLBCL; ABC DLBCL, activated B cell-like DLBCL;
iTRAQ), isobaric tags for relative and absolute quantitation; DIA, data-independent acquisition; TMT, tandem mass tag; SILAC, Stable Isotope
Labeling by Amino acids in Cell culture; SWATH, sequential window acquisition of all theoretical mass spectra.
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Meanwhile, efforts to circumvent the expense and
difficulty of genetic testing have yielded novel prog-
nostic indicators independent from IGHV. For instance,
Griffen et al (78) investigated the expression pattern of DDR
in CLL and Saberi Hosnijeh et al (79) performed a proteomic
analysis on baseline sera sampling from patients with CLL
being treated with chemoimmunotherapy. Furthermore,
Lu et al (80) proposed a novel concept of CLL cell prolif-
eration drive (CLL-PD) as a CLL prognostic determinant and
confirmed that high expression of mTOR-MYC-OXPHOS
pathway-associated proteins were positively associated with
the intensity of CLL-PD. Furthermore, Griffen et al (67) and
van Dijk et al (81) both validated the prognostic significance of
H3K27Me3 and respectively proposed several other potential
prognostic markers.

Given the wait-and-watch strategy for CLL, the aforemen-
tioned prognostic markers focus on evaluating therapeutic
responses. Hence, there are few markers that exist for asymp-
tomatic CLL. To fill this gap, by comparing the proteomic
profilings of CLL with time-to-first treatment thresholds <24
and >24 months, Hengeveld (82) concluded that THEMIS2
may be an IGHV mutation independent predictor of early
progression.

A detailed account of CLL-related biomarkers identified
through proteomics technology is provided in Table I'V.

Follicular lymphoma (FL). FL, one of the most prevalent indo-
lent NHL, accounts for ~35% of NHL cases and up to 70%
of inert lymphomas in Western populations (83). FL typically
follows a relapsing-remitting clinical course (84). To overcome
the therapeutic and prognostic evaluation bottlenecks in FL,
high-resolution proteomic approaches are revolutionizing
therapeutic and prognostic biomarkers discovery for FL.

Prognostic biomarkers. Histological transformation (HT)
to aggressive DLBCL occurs in 10-70% of FL cases, repre-
senting the primary cause of FL mortality. Notably, most
patients with FL remain asymptomatic until HT develop-
ment. Consequently, a large proportion of FL diagnoses are
established at advanced stages with a median diagnosis age of
65 years (83). These clinical realities underscore a critical need
for reliable prognostic biomarkers to enable early intervention
and improve survival outcomes for FL.

In this context, comparative proteomic analyses of FL with
or without subsequent HT have identified candidate protein
biomarkers associated with disease progression. Specifically,
Enemark e al (85) demonstrated upregulated apoptotic proteins
such as CASP3 and Monrad et al (86) and Ludvigsen et al (87)
reported enhanced expression of glycolytic enzymes such as
ALDOA and GAPDH in FL with HT. Notably, PFK158, a
novel glycolysis inhibitor has entered clinical evaluation for its
antitumor efficacy in FL.

Recent proteomic advances have markedly enhanced
the identification of prognostic biomarkers in FL. In 2023,
Deng et al (88) performed comparative profiling of patients with
FL and stratified cohorts into long-lasting remission and early
progression within 2 years (POD24), revealing the increased
expression of GLUT1, immunosuppressive markers and related
chemokines along with the decreased expression of inflam-
matory cytokines in POD24 FL. In 2024, Radtke et al (89)
performed single-cell proteomic analysis on lymphoid follicles

from healthy individuals and patients with FL and showed that
an increased proportion of DC-SIGN+ cells and the existence
of IRF4+ tumor B lymphocytes were associated with early
relapse and low survival in FL, respectively.

Therapeutic biomarkers. Radiotherapy and chemotherapy
combined with immunotherapy such as rituximab are the
mainstream treatments for FL (83). However, current therapies
fail to prevent relapse in most patients with FL and early
progression after initial treatment is associated with shorter
survival (90). However, emerging therapies do not consistently
meet current safety standards, but suggest that the selec-
tion of therapeutic targets is shifting towards protein-based
biomarkers. In 2021, a large-scale proteomic comparison
between FL and normal B cells was performed using the total
protein approach by Du§-Szachniewicz et al (91), demon-
strating that DEPs were mostly enriched in BCR signaling
pathways and cellular adhesion molecules interactions. These
findings, along with other key proteomics-based discoveries in
FL, are summarized in Table V.

Marginal zone lymphoma (MZL). Accounting for ~7% of NHL,
MZL represents the second most common indolent lymphoma.
MZL originates from B lymphocytes in the marginal zone and
is classified into three subtypes based on anatomical involve-
ment: extranodal MZL (EMZL), splenic MZL (SMZL) and
nodal MZL (NMZL). While the tumor progresses slowly, with
a median OS >10 years, the advanced-stage disease remains
incurable, similar to FL (92).

EZML. EMZL accounts for 70% of MZL (92), which
arises in diverse mucosal tissues, such as the stomach, lungs,
ocular adnexa (OA) and skin (93), rendering highly heteroge-
neous (95). Therefore, current research often concentrates on
tissue-specific EMZL variants.

OA-EMZL constitutes the most frequent subtype of
OA lymphoma (94). Studies during 2022 and 2023 by
Shi et al (95-97) validated the diagnostic potential of IgM and
DNAIJC9 and the prognostic potential of PCNA, MCM6 and
MCM4 in OA-EMZL.

Additionally, it is common for EMZL to develop from
chronic inflammation, including autoimmune disorders such
as primary Sjogren's syndrome (PSS) and infections such as
Helicobacter pylori (HP) (98,99). Protein markers enabling the
differentiation between lymphoid hyperplasia and malignant
transformation will help to reduce unnecessary interventions.

PSS is an autoimmune disorder characterized by lympho-
cyte hyperplasia and exocrine gland dysfunction (100). PSS
is associated with a 1,000-fold increased risk of parotid
lymphoma compared with the general population (101);
however, the underlying mechanisms remain poorly under-
stood. Jazzar et al (101) and Cui et al (102) reported a series of
diagnostic protein markers capable of distinguishing patients
with PSS from healthy individuals and patients with PSS with
EMZL from patients with PSS without lymphoma.

Additionally, gastric EMZL (GML) is the most common
subtype of digestive MZL, presenting HP infection in most
of these cases (103). There is a close association between HP
eradication and a favorable remission rate in EMZL (99). By
exploring the molecular mechanisms by which HP induces
GML, candidate biomarkers can be detected for timely
diagnosis and effective remedies:
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Table IV. CLL-related biomarkers based on proteomics technology.
First authot/s, Sample Protein Type of Proteomic Number of
year nature biomarker biomarker technology sample (Refs.)
Ikhlef et al, Blood IGFBP2, CD40, Diagnostic, / CLL-B-cell (65)
2024 P53, BCL2 therapeutic,
prognostic
Aslan et al, Blood FAS, CD29, Therapeutic Reverse Phase 11 BTK- (66)
2024 CAV1,MCL-1, Protein Array mutated
BBC3, CLL, 7 BTK-
INK, UBQLN4, wide-type
CDKN2A, MIF, CLL
VDACI1, BAK,
CCNEl1, LCK,
SGK3,TAZ,
OCT4, PAICS,
LCN2, CD20,
HLADQATI,
TFR1, PCK
Griffen et al, Blood and CHEK1, GAB2, Therapeutic Reverse Phase 871 CLL (67)
2022 bone IGFBP2, Protein Array
marrow S100A4,WEEI1,
ZAP90,LYN,
MEF2C, NUMB
Liu et al, 2020 Cell lines ROR1 Therapeutic iTRAQ CLL cells (68)
Ecker et al, Cell lines DUSP6, DUSP1 Therapeutic Phospho- B cells (75)
2023 proteome from healthy
donors and
CLL patients
Johnston et al, Blood CKAP4, PIGR, Therapeutic / B cells from 71)
2018 TMCC3, CD75, healthy donors
LAX1, and CLL
CLECI7A, patients
ATP2B4, WEEI,
HMOXI1,
HMOX2,
HDAC7, INPP5SF
Wu et al, Blood METTL3 Therapeutic T™T B cells from (73)
2023 healthy donors
and CLL
patients
Subramaniam et al, Blood MPO, CP, Therapeutic / CLL mice (74)
2021 CXCR4, CD62L
Beckmann et al, Blood MARCKS, AK1, Prognostic Phospho- B cells from (76)
2021 COX5B proteome CLL patients
Stachelscheid et al, Blood TCL1A, CDC20 Prognostic / B cells from ()
2023 healthy donors
and CLL
patients
Griffen et al, 2023 Blood and CHEK1, CHEK2. Prognostic Reverse Phase 727 frozen, (78)
bone pT68, DDBI, Protein Array 68 fresh,
marrow PDCD1,RADS51, 743 blood,

SSBP2, CHEK1

52 bone marrow
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Table IV. Continued.

First authot/s, Sample Protein Type of Proteomic Number of
year nature biomarker biomarker technology sample (Refs.)
pS296, RPA32, samples from
VCP CLL patients,
5 controls
Hosnijeh et al, Serum SPINT1,LY9 Prognostic Proximity 51 CLL (79)
2020 Extension
Assay
Lu et al, 2021 Blood NMEI, MCM4, Prognostic / 46 CLL (80)
PAICS, VDACI,
HSPD1
Griffen et al, 2022 Blood and H3K27Me3, Prognostic Reverse Phase 871 CLL 67)
bone MCL1, Protein Array
marrow BCL2L11,
NCSTN, SGK3,
HSPDI1, VTCNI,
TRAPI1, SODI1,
TAZ
van Dijk et al, Blood EZH2, HDACG6, Prognostic Single-cell 547 CLL (81)
2022 H3K27Me3 proteomics
Hengeveld et al, Blood THEMIS2 Prognostic TMT 40 CLL with (82)
2023 TTFT <24,
40 CLL with
TTFT >24

CLL, chronic lymphocytin leukemia; iTRAQ, isobaric tags for relative and absolute quantitation; TMT, tandem mass tag; TTFT, time-to-first

treatment.

In 2020, Zou et al (103) infected BGC823 human gastric
cancer cells and GES-1 human healthy gastric epithelial cells
with HP 26695 and HP isolated from GML, respectively, and
conducted proteomics comparison between HP 26695-infected
BGC823 and GML originated HP infected-BGC823.
GML-related DEPs and GML-specific DEPs were subsequently
identified, with the former referring to DEPs associated with
GML-isolated HP infection and the latter referring to proteins
that were only associated with GML-isolated HP infection but
did not differentially express or were not expressed after HP
26695 infection. Most GML-specific DEPs served roles in
cancer pathways.

SMZL.SMZL constitutes 20% of all MZL cases and ~25%
of patients present asymptomatically at initial diagnosis, but
the majority of patients have favorable outcomes, except for
10% of cases progress to DLBCL through HT (92).

Few proteomic studies focus on SMZL pathogenesis.
Notably, in 2022, Tang et al (104) employed CITE-seq
technology to delineate two specific regulatory T cell (Treg)
subgroups in SMZL and deduced that patients with increased
levels of CD161+ Tregs had an improved prognosis, while the
opposite was true for patients with abundant CD26+ Tregs.
Moreover, the activation of the IL2/STATS pathway contrib-
utes to the induction of CD26+ Tregs, which can be reversed
by inhibiting STATS.

NMZL. NMZL is extremely rare and no NMZL-specific
protein biomarkers have been identified to date. All experi-
mental findings about MZL are comprehensively detailed in
Table VI.

T cell lymphoma. T cell lymphoma accounts for 10-15% of
NHL cases and is highly aggressive and heterogeneous. Despite
the research progress on aggressive B-NHLs, reports on T cell
lymphomas lags behind. Although the CHOP regimen is used for
treating T-cell lymphoma, the 5-year OS is only 25-35% (105).

Peripheral T cell lymphoma, non-specific (PTCL-NOS).
PTCL-NOS, the most prevalent and molecularly heteroge-
neous PTCL subtype, is diagnosed through the exclusion of
other defined T cell lymphomas.

Despite its clinical significance, proteomic characteriza-
tion of PTCL-NOS remains limited. A landmark 2018 study
by Ludvigsen et al (106) conducted comprehensive proteomic
profiling of pretreatment biopsies through three comparative
analyses: PTCL-NOS compared with non-neoplastic lymphoid
tissues, PTCL-NOS with poor OS compared with PTCL-NOS
with superior OS and PTCL-NOS with chemotherapy-
sensitive and survival >2 years compared with PTCL-NOS
with primary refractory and survival <100 days. This study
showed that a high abundance of ENOI associated with a poor
outcome in PTCL-NOS.
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First authot/s, Sample Protein Type of Proteomic Number of
year nature biomarker biomarker technology sample (Refs.)
Enemark et al, Tissue CASP3,MCLI1, Prognostic Label-free 20 FL with HT, (85)
2023 BAX, BCL-xL, 34 FL without HT

BCL-Rambo
Monrad et al, Tissue ALDOA, GAPDH Prognostic / 5 FL without HT, (86)
2020 7 FL with HT,

6 secondary DLBCL,
9 de novo DLBCL

Deng et al, Cell GLUTI1, PD-1, Prognostic TMT FL cell lines (88)
2023 lines PD-L1, CD206,

CD163,1L-10,

TGFp, CCL17,

CCL22,CCLS5,

CXCL5, TNF-q,

IFN-vy, IL-12
Radtke et al, Tissue DC-SIGN, IRF4 Prognostic Single-cell FL with early (89)
2024 proteomics relapse, controls
Dus- Cell LYN, CD79B, Therapeutic / 15 FL, 14 controls 91)
Szachniewicz et al, lines VAV1,ICAMI1,
2021 PIK3CA, ITGAV

FL, follicular lymphoma; HT, histological transformation; TMT, tandem mass tag.

Anaplastic large cell lymphoma (ALCL). ALCL, a CD30-
positive subtype of T cell lymphoma, accounts for ~3% of
adult NHL (107) and 10-20% of pediatric lymphomas (108). A
majority of ALCL casesundergo at(2;5)(p23;q35) translocation,
which results in the expression of nucleophosmin-anaplastic
lymphoma kinase (NPM-ALK), a tyrosine kinase (109).

In ALK-positive ALCL, drug addiction emerges following
resistance to ALK tyrosine kinase inhibitors. This phenom-
enon is mechanistically driven by aberrant STAT1 activation,
which triggers a tumor suppressive gene expression program
upon drug withdrawal, leading to toxic hyperactivation of
oncogenic signaling pathways, as noted by Rajan ez al (110).
Furthermore, Lovisa et al (111) demonstrated high expres-
sion levels of HSPO9OA A1, SPP1/OPN and TNC in plasmatic
circulating small EVs from pediatric patients with ALCL
compared with healthy donors. Moreover, Hu et al (112)
showed that ALK upregulated PFKFB3 via its downstream
transcription factor STAT3 in ALCL and ultimately resulted
in the promotion of metabolic reprogramming of tumor cells.
Thus PFKFB3 inhibitors can potentially overcome drug
resistance in patients with TKi-resistant ALCL with an ALK
mutation.

Angioimmunoblastic T cell lymphoma (AITL). AITL, deriving
from mature T follicular helper cells, is relatively uncommon
with a 5-year OS rate of 32-44% (113).

Furthermore, a recent study distinguished AITL from
myeloproliferative neoplasms (MPN) (114). The two diseases
develop from different pathogenetic mechanisms and the

combination of the disease may result in a poorer patient
prognosis. Histomorphometry cannot be used to detect
AITL with or without MPN and there are currently no effec-
tive diagnostic markers. Holst ef al (114) demonstrated the
upregulation of DNAJA2 and downregulation of IDH2 and
CS in MPN-AITL.

Extranodal natural killer/T cell lymphoma (ENKTCL).
ENKTCL is a rare malignancy derived from peripheral
NK/T cells, primarily affecting extranodal sites. Although
the condition is relatively rare in Western populations, it
exhibits a markedly higher prevalence in South America and
Asia (115). EBV is the main causative agent of ENKTCL,
although the precise pathogenic mechanisms remain poorly
understood (116,117).

Extranodal nasal NK/T cell lymphoma (ENKTL), the most
common type of ENKTCL, often presents with symptoms
mimicking ENT disorders, leading to frequent misdiagnosis
and delayed treatment. Consequently, there is a pressing
demand for ENKTL diagnostic markers. Li e al (118) demon-
strated the overexpression of HRG in the cerebrospinal fluid
samples from patients with ENKTL patients compared with
patients without ENKTL, highlighting its potential diagnostic
utility.

Patients with ENKTCL can experience chemotherapy
resistance and relapse, with a median survival of ~4
months post-relapse (119). Due to the limited availability
of prognostic markers, Zhou (120) conducted serum
proteomic analysis on 32 patients with advanced ENKTCL,
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Table VI. MZL-related biomarkers based on proteomics technology.

First authot/s, Sample Protein Type of Proteomic Number of
year nature biomarker biomarker technology sample (Refs.)
Shi et al, 2023 Serum IgM Diagnostic DIA 28 EMZL, 10 DLBCL, (95)
10 I0I, 10 RLH
Shi et al, 2022 Tissue DNAJC9 Diagnostic TMT 40 EMZL, 12 101, (96)
6 RLH, 13 controls
Zhu et al, 2023 Tissue PCNA, MCM6, Prognostic TMT 6 EMZL with distant o7
MCM4 recurrence, 21 EMZL
without distant recurrence
Jazzar et al, Saliva S100AS8, Diagnostic / 2SS, 2 SS at risk of (101)
2018 S100A9 developing MALT, 2
controls
Cui et al, 2017 Saliva and CFL1, ENOL1, Diagnostic / 6 pSS, 6 pSS/MALT, (102)
tissue RGI2 6 controls
Zou et al, 2020 Cell lines MCM6, RPN2, Diagnostic T™T BGCS823 cell and (103)
ILF2, RPL35A, 26695 cell
EIF3B etc.
Tang et al, 2022 Tissue CD161,CD26 Prognostic Single-cell 24 SMZL., 12 controls (104)

proteomics

MZL, marginal zone lymphoma; DIA, data-independent acquisition; EMZL, extranodal MZL; DLBCL, diffuse large B cell lymphoma; IOI,
idiopathic orbital inflammation; RLH, reactive lymphoid hyperplasia; pSS, primary Sjogren's syndrome; MALT, mucosa-associated lymphoid

tissue; SMZL, splenic MZL; TMT, tandem mass tag.

categorizing them into responders and non-responders
based on predefined criteria. The findings showed upregu-
lation of SI00A9 and ORMI1 in the non-responding group,
suggesting their potential role in predicting treatment
outcomes. Further insights into ENKTCL pathogenesis
and treatment response were provided by Gong et al (121),
who investigated proteomic differences in cerebro-
spinal fluid from patients with NKTCL with ethmoidal
sinus metastasis before and after cytarabine-based
chemotherapy. The authors reported upregulation of
CPE and downregulation of IGFBP2 post-treatment,
indicating potential biomarkers for therapeutic moni-
toring. Additionally, Qiu et al (122) reported elevated
levels of YWHAE in asparaginase-based chemoresistant
patients with ENKTL compared with sensitive patients,
further underscoring the role of proteomic alterations in
chemoresistance.

Mpycosis fugnoides (MF)/Sézary syndrome (SS). MF/SS repre-
sents the most prevalent subtypes of cutaneous T-cell lymphoma
(CTCL), sharing significant overlap in clinical and biological
characteristics. MF accounts for ~60% of CTCL (123) and
typically follows an indolent course, presenting with early
manifestations of cutaneous plaques and lymph node and
visceral metastases at an advanced stage. By contrast, SS,
comprising ~5% of CTCL (124), is rarer and may arise de novo
or evolve from MF. SS is characterized by a more aggressive
clinical course and poorer prognosis. Given the atypical
clinical and histological manifestations along with low tumor

burden in the early phases of MF/SS, the existing means of
diagnosis are relatively ineffective. However, recent proteomic
studies have identified novel diagnostic markers by comparing
MF tissues with benign inflammatory diseases or healthy
controls (125-127). In addition, Lemchak et al (128) identi-
fied DEPs in early-stage biopsies from patients with invasive
compared with non-invasive MF, offering potential prognostic
biomarkers for disease progression. All experimental findings
specific to MF/SS are detailed in Table VII.

3. Conclusions and future prospective

Proteomics, a core discipline of systems biology, is undergoing
a paradigm shift from traditional protein identification to
single-cell resolution and multi-dimensional detection. The
integration of machine learning, particularly in biomarker
screening, protein-protein interaction network construction
and functional prediction, has enhanced the efficiency and
accuracy of proteomic data analysis. Notably, biomarker
group-based diagnostic strategies have emerged as a primary
focus in clinical proteomics due to their superior sensitivity
and specificity compared with single biomarkers.

However, proteomics research faces several challenges:
i) Sample variability caused by tissue heterogeneity, protein
degradation and contamination compromises result reliability;
ii) the wide dynamic range of protein abundance leads to
signal masking, where high-abundance proteins obscure crit-
ical low-abundance regulatory proteins; iii) dynamic protein
expression influenced by microenvironment and cellular
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Table VII. MF/SS-related biomarkers based on proteomics technology.

First authot/s, Sample Protein Type of Proteomic Number of
year nature biomarker biomarker technology sample (Refs.)
Techner et al, Tissue KLKG6, P13, Diagnostic Proximity extension 39 MF, 21 healthy (125)
2023 HMOX1, CSTB assay control
Qureshi et al, Stratum GSDMC, PSMDe6, Diagnostic DIA 28 MF and normal (126)
2023 corneum PDIA4, ERP29, stratum

CDh44
Leng et al, Tissue DYNCI1I2,CD14, Diagnostic ~ DIA 4 early-stage, (127)
2022 COL18A1, 10 advanced-stage

CRABP2 MF,11 healthy

control

Lemchak et al, Tissue PARP1,HSAPIL, Prognostic Global proteomic 4 aggressive, (128)

2018 THSPA1A, DDX17,

LAP2a

4 non-aggressive

MF, mycosis fugnoides; SS, Sézary syndrome; DIA, data-independent acquisition.

states increases experimental standardization complexity;
and iv) despite advances, current mass spectrometry technolo-
gies still lack sufficient sensitivity, resolution and throughput
for comprehensive analysis, particularly in large-scale
post-translational modification studies.

Meanwhile, a substantial proportion of candidate biomarkers
remain confined to preclinical investigation or early-phase clinical
trials. The translation from discovery to clinical application is a
complex, costly and lengthy process, being hindered by: i) The
need for multicenter, large-scale clinical validation to assess
biomarker robustness across populations and disease stages;
ii) stringent regulatory requirements, including analytical valida-
tion, clinical utility verification and clinical validity confirmation;
and iii) additional constraints such as assay standardization,
cost-effectiveness analysis and ethical considerations.

Nevertheless, the integration of single-cell proteomics and
multi-omics technologies offers promising avenues for accel-
erating the discovery and validation of lymphoma-specific
biomarkers. This multi-omics approach overcomes the limita-
tions of single-omics studies through data complementarity,
enhancing result reliability. Such integrated strategies will
facilitate the clinical translation of proteomics research, ulti-
mately enabling precise molecular classification, personalized
treatment and prognostic assessment in lymphoma management.
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