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Abstract
Background

Diffuse large B-cell ymphoma (DLBCL) is the most common aggressive B-cell non-Hodgkin lymphoma worldwide. Although R-
CHOP immunochemotherapy has improved outcomes, relapse and refractory disease remain substantial challenges. Emerging
immunohistochemical and molecular biomarkers may improve risk stratification and precision management. This systematic
review synthesized evidence published between 2021 and 2026 on emerging biomarkers in DLBCL, focusing on their
diagnostic, prognostic, predictive, and therapeutic relevance and whether they provide clinically meaningful information beyond
conventional cell-of-origin classification and the International Prognostic Index.

Methods

PubMed/MEDLINE, Web of Science Core Collection, and Cochrane CENTRAL were systematically searched, supplemented by
Consensus-guided literature discovery, grey-literature searching, and manual reference screening. Forty-three studies were
synthesized narratively using the Synthesis Without Meta-analysis (SWiM) framework.

Results

Cell-of-origin classification remained clinically relevant, but did not consistently outperform the International Prognostic Index.
Loss of BCL6 expression and a Ki-67 proliferation index above 70% showed independent prognostic value. Next-generation
sequencing identified seven molecular subtypes with distinct biological and prognostic profiles. Tumour-microenvironment
markers, including VSIG4- and CD163-positive macrophages, CD8-positive lymphocytes, CD11c-positive dendritic cells, and
immune-checkpoint ligands, were associated with survival. Liquid-biopsy markers, particularly early molecular response
assessed by circulating tumour DNA, demonstrated promising predictive value.

Conclusion

Integrated biomarker profiling combining immunohistochemistry, molecular classification, tumour-microenvironment
characterization, and liquid-biopsy monitoring may enhance risk stratification and precision management of DLBCL.
Prospective validation is required before routine clinical implementation.

1. Background

Diffuse large B-cell ymphoma (DLBCL), the major subtype of non-Hodgkin lymphoma (NHL), is responsible for about 30-40%
of adult cases and the worldwide annual number of new cases is thought to be more than 150,000 (1-4). DLBCL features
involve rapidly dividing large B cells and great clinical and biological heterogeneity (5). While the R-CHOP treatment plan
(consisting of rituximab, cyclophosphamide, doxorubicin, vincristine, and prednisone) results in long-term remission for 60—
65% of patients, about 30—-40% will relapse or be refractory, and their survival outlooks are rather dismal, with a median overall
survival (OS) of less than 12 months for those who are ineligible for transplant (5-8).

The molecular heterogeneity of DLBCL was first elucidated through landmark gene expression profiling (GEP) studies, which
identified the two principal cell-of-origin (COO) subtypes: germinal centre B-cell-like (GCB), associated with a more favourable
prognosis, and activated B-cell-like (ABC), associated with inferior survival following R-CHOP therapy (9, 10). Although these
seminal studies predate the predefined 2021-2026 eligibility window and were therefore not included in the systematic review,
they provide the biological framework upon which subsequent biomarker research has been built. The Hans
immunohistochemistry (IHC) algorithm, relying on CD10, BCL6, BCL2, MYC and MUMT, later became the most popular method
for COO determination (2, 171-19). Nonetheless, its agreement with GEP is only around 78-82% and recent multivariate
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analyses indicate that IHC-based COO has no independent prognostic value beyond the International Prognostic Index (IP1) (13,
20).

Between 2021-2026, we saw significant progress in four major biomarker areas. To begin with, the dark zone signature
(DZsig) which was originally described as the double-hit signature (DHITsig) and subsequently refined into the dark-zone
signature (DZsig), has now been validated through large real-life cohorts and is able to detect a high-risk GCB-DLBCL subset
(about 21% of GCB cases) having very poor prognosis (2-year 0S 57%) which cannot be identified by the standard FISH-based
double-hit test (21, 22). Secondly, the LymphPlex 38-gene NGS panel, which was developed based on the LymphGen algorithm,
currently divides DLBCL into seven molecular subtypes that are distinct from each other MCD, BN2, EZB + MYC, ST2, A53, N1
and TP53-mutant each of which is associated with distinct biological characteristics, prognostic outcomes, and potential
therapeutic vulnerabilities. This classification has been tested on large patient cohorts of over 1,000 individuals (17, 23). Third,
providing detailed profiling of the tumour microenvironment (TME) has led to the discovery that among different immune cells,
only VSIG4* macrophages, CD163* tumour-associated macrophages, CD8* and TIL-B tumour-infiltrating lymphocytes, CD11c*
dendritic cells, and immune checkpoint molecules (PD-L1, LAG3) are separate prognostic factors (13, 18, 24-30). Fourth,
among liquid biopsy techniques ctDNA monitoring using the EuroClonality-NDC panel and extracellular vesicle (EV) profiling
stand out as ways for non-invasive, real-time assessment of tumour load and minimal residual disease (MRD) (31, 32).

In addition, multi-omics studies have identified many new molecular biomarkers such as FCRL1, BAFF, SH3GL1/FTH1,
SubSiglLnc-17, RFC5, FLOT2, BEND4, and plasma-protein signatures using Mendelian randomisation (7, 34—44). These are
potential biomarkers but they need to be validated thoroughly before they are used in a clinical setting (18, 34). In light of the
above, significant clinical knowledge gaps remain regarding diagnostic accuracy, prognostic value, and therapeutic relevance.
Accordingly, this systematic review evaluated emerging immunohistochemical and molecular biomarkers in DLBCL and
assessed their diagnostic, prognostic, predictive, and therapeutic relevance. The review addressed three questions:

1. How do emerging biomarkers improve diagnostic accuracy and molecular subtyping compared with conventional
immunohistochemistry?.

2. What additional prognostic information do these biomarkers provide beyond the International Prognostic Index in patients
treated with R-CHOP?.

3. To what extent can biomarker-defined molecular subgroups inform therapeutic stratification and predict response to
standard or targeted therapies?

2. Methods

This systematic review was conducted in accordance with the Preferred Reporting ltems for Systematic Reviews and Meta-
Analyses (PRISMA 2020) statement. The study protocol was registered on PROSPERO with registration no CD420261408617.

2.1 Eligibility Criteria

Eligible studies included:(1) adult patients (= 18 years) who had a histological diagnosis of DLBCL-NOS or variants of DLBCL
recognised by WHO;(2) = 1 immunohistochemical or molecular biomarker (genetic, transcriptomic, proteomic, or liquid biopsy,
based) used for assessment;(3) outcomes of diagnostic (sensitivity, specificity, concordance with GEP), prognostic (0OS, PFS,
EFS), or treatment-response presented. Language and type of publications were limited to peer-reviewed articles in English
(2021-2026). Paediatric-only studies, conference abstracts without a full article, case series < 20 patients, mixed-NHL studies
without DLBCL-specific data, and non-original publications were excluded. Both retrospective and prospective cohort studies
were eligible for inclusion. Systematic reviews and meta-analyses were consulted to identify additional relevant references and
provide contextual background but were not included in the qualitative synthesis.

2.2 Information Sources and Search Strategy

Page 3/18



A comprehensive literature search was conducted in PubMed/MEDLINE, Web of Science Core Collection, and the Cochrane
Central Register of Controlled Trials (CENTRAL) to identify studies evaluating biomarkers in diffuse large B-cell ymphoma
(DLBCL). To maximize identification of potentially relevant evidence, an additional literature discovery process was performed
using the Consensus academic search platform through 28 iterative searches organised into six predefined biomarker
domains: (i) biomarker landscape, (ii) cell of origin, (iii) molecular subtypes, (iv) tumour microenvironment signatures, (v) liquid
biopsy platforms, and (vi) clinical application framework.

To minimize publication bias and identify supplementary evidence, grey literature was searched, including conference
proceedings from the American Society of Hematology (ASH) and the European Hematology Association (EHA) published
between 2021-2026. The reference lists of all included studies and relevant review articles were also screened manually to
identify additional eligible publications not retrieved through the electronic searches. All searches were completed in March,
2026.

The PubMed/MEDLINE search strategy combined controlled vocabulary (Medical Subject Headings [MeSH]) with free-text
keywords related to diffuse large B-cell ymphoma, biomarkers, molecular classification, liquid biopsy, tumour
microenvironment, diagnosis, prognosis, and predictive biomarkers. Searches were restricted to studies published between 1
January, 2021 and March, 2026. The complete PubMed/MEDLINE search strategy is provided in Supplementary Material 1.

Equivalent search strategies were adapted for the Web of Science Core Collection and CENTRAL using database-specific
indexing terms and search syntax while maintaining comparable concepts and eligibility limits. The Consensus platform was
used solely as a supplementary literature discovery tool to identify potentially relevant studies that may not have been captured
through conventional database searching.

2.3 Study Selection and Data Extraction

Two independent reviewers performed duplicate removal, title and abstract screening, and full-text eligibility assessment using
Covidence. Disagreements between reviewers were resolved through discussion and, when necessary, adjudication by a third
reviewer. Inter-reviewer agreement was excellent agreement (Cohen's k = 0.82) Data extraction was performed using a
standardized data collection form, including study characteristics, biomarker type, detection method, reference cut-off values,
treatment regimen, disease stage, follow-up duration, and reported diagnostic, prognostic, or predictive outcomes together
with corresponding 95% confidence intervals. The first reviewer extracted all data, and a second reviewer independently
verified the extracted information

2.4 Risk of Bias and Evidence Certainty

Risk of bias was assessed independently using the Quality in Prognostic Studies (QUIPS) tool for prognostic biomarker studies
and the Quality Assessment of Diagnostic Accuracy Studies-2 (QUADAS-2) tool for studies evaluating diagnostic performance.
The overall methodological quality of the included studies is summarized in Table 1 and Fig. 1. Owing to substantial
methodological heterogeneity in biomarker platforms, laboratory assays, study populations, outcome definitions, and study
designs, quantitative meta-analysis was considered inappropriate. Findings were therefore synthesized narratively in
accordance with the Synthesis Without Meta-analysis (SWiM) reporting guideline (38). Given the diversity of biomarkers and
outcome measures, formal GRADE assessment of the overall certainty of evidence was not undertaken.
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Table 1
Summary of Risk of Bias Assessment of Included Studies Using the QUIPS

QUIPS Domain Overall Summary of Assessment
Judgment
Study participation = Moderate Most studies enrolled clearly defined DLBCL populations; however, many were
risk retrospective single-centre cohorts with relatively small sample sizes, limiting
representativeness.
Study attrition Low risk Most studies reported complete survival analyses or clearly described follow-up,
with little evidence of substantial loss to follow-up affecting outcome assessment.
Prognostic factor Low risk Biomarkers were generally measured using validated laboratory techniques (e.g.,
measurement immunohistochemistry, molecular profiling, transcriptomics, ctDNA assays, spatial
transcriptomics), although assay standardization varied between studies.
Outcome Low risk Clinical outcomes, including overall survival (0OS), progression-free survival (PFS),
measurement event-free survival (EFS), and treatment response, were generally well defined using
accepted clinical criteria.
Study confounding  Moderate Adjustment for important prognostic variables (e.g., age, stage, IPI, treatment
risk regimen, cell-of-origin) was inconsistent across studies, particularly in retrospective
observational cohorts.
Statistical analysis Moderate Most studies used appropriate survival analyses (Kaplan—Meier and Cox
and reporting risk regression), but several small exploratory and bioinformatics studies lacked
comprehensive multivariable adjustment or external validation.
Overall risk of bias  Low to Overall methodological quality was considered acceptable. Most studies
Moderate demonstrated low risk in biomarker and outcome measurement but moderate risk
risk related to retrospective study design, confounding, and statistical reporting.

2.5 Study Selection Flow

Overall, 2,731 records were identified, including 2,462 records retrieved from the three electronic databases
(PubMed/MEDLINE, Web of Science Core Collection, and Cochrane CENTRAL) and 269 additional records identified through
supplementary searches, comprising the Consensus academic search platform, grey literature, conference proceedings,
manual reference screening, and other supplementary sources. After removal of 1,105 duplicates, 1,626 unique records
underwent title and abstract screening. A total of 1,328 records were excluded at this stage, leaving 298 articles for full-text
eligibility assessment. Following full-text review, 255 articles were excluded for prespecified reasons, and 43 studies fulfilled
the eligibility criteria and were included in the qualitative synthesis (Fig. 2).

3. Results
3.1 Characteristics of Included Studies

A total of 43 studies met the eligibility criteria and were included in the qualitative synthesis. The evidence base was
dominated by retrospective cohort studies (n = 27), alongside six prospective cohort studies and one randomized phase Il
clinical trial. Across these study designs, eight studies incorporated translational molecular analyses, while two primarily used
bioinformatics approaches with subsequent clinical validation. The studies originated from 18 countries, with the largest
contributions from China, followed by the United States, Canada, Japan, and several European nations. Collectively, the primary
clinical cohorts included approximately 11,498 patients with diffuse large B-cell ymphoma (DLBCL), with sample sizes ranging
from 30 to 1,194 participants (median, 157). Most studies evaluated patients treated with R-CHOP or R-CHOP-like
immunochemotherapy, whereas translational investigations incorporated complementary genomic, transcriptomic, spatial
transcriptomic, and liquid biopsy platforms. The biomarkers investigated encompassed immunohistochemical markers,
molecular genetic subtypes, tumour microenvironment signatures, circulating tumour DNA (ctDNA), extracellular vesicles,
gene-expression signatures, artificial intelligence-assisted pathology, and integrated multi-omics approaches (Table 2).
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Reported follow-up durations ranged from 18 months to 8 years, with overall survival (0S) and progression-free survival (PFS)
representing the most frequently reported clinical outcomes.
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Table 2

Novel and Emerging Biomarkers in Diffuse Large B-Cell Lymphoma Reported Between 2021-2026

Biomarker

SH3GL1

FTH1

RFC5

FLOT2

BEND4

BAFF mRNA

FCRLT mRNA

VSIG4

PD-L1*
extracellular
vesicles

Tumour-
informed
ctDNA

ctDNA
molecular
clustering

Classification

Novel

Novel

Novel

Novel

Novel

Novel

Novel

Emerging

Emerging

Emerging

Emerging

Biomarker
Category

Ferroptosis-
related gene

Ferroptosis-
related gene

DNA replication
gene

Membrane
signalling protein

Epigenetic
regulator

Immune
transcriptomic
marker

Immune receptor
transcript

Tumour
microenvironment

Liquid biopsy

Liquid biopsy

Liquid biopsy

Biological/Clinical
Role

Regulates
ferroptosis and
tumour
progression

Iron metabolism
and oxidative
stress

Promotes cell-
cycle progression
and proliferation

Facilitates tumour
growth and
invasion

Chromatin
regulation and
tumour
progression

B-cell activation
and survival
signalling

B-cell receptor
regulation

Tumour-
associated
macrophage
marker mediating
immune
suppression

Reflects systemic
tumour immune
evasion

Dynamic
monitoring of
tumour burden

Molecular
subtype
identification
using plasma

Potential
Clinical
Application

Prognostic
risk
stratification

Prognostic
biomarker

Prognostic
biomarker

Prognostic
biomarker

Prognostic
biomarker

Diagnostic
and

prognostic
biomarker

Diagnostic
and

prognostic
biomarker

Prognostic
biomarker

Diagnostic
and

prognostic
biomarker

MRD
assessment
and
treatment
monitoring

Prognostic
stratification

Level of
Evidence

Moderate

Moderate

Low-
Moderate

Low

Low

Moderate

Moderate

Moderate

Moderate

Moderate

High

Representative
Study

Duan et al.
(2025)

Duan et al.
(2025)

Tian et al.
(2025)

Zhang et al.
(2024)

Wang et al.
(2025)

Al-Amodi et al.
(2025)

Al-Amodi et al.
(2025)

Ma et al.
(2025)

Li et al. (2021)

Narkhede et al.
(2024)

Moia et al.
(2025)

Abbreviations: Al: artificial intelligence; ARID1A: AT-rich interaction domain-containing protein 1A; BAFF: B-cell activating
factor; circulating tumour DNA (ctDNA); double-hit signature (DHITsig); diffuse large B-cell lymphoma (DLBCL); dark-zone
signature (DZsig); extracellular vesicle (EV); FN1: fibronectin-1; FCRL1: Fc receptor-like protein 1; IPI-G, International
Prognostic Index—Genetic; LYZ: lysozyme; MRD: minimal residual disease; PD-L1, programmed death-ligand 1; TIL-B,
tumour-infiltrating B cell; VSIG4, V-set and immunoglobulin domain-containing protein 4.

*Level of evidence reflects the overall strength of evidence within the included studies based on study design, validation,
and consistency and is intended as a narrative synthesis rather than a formal GRADE assessment.
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Biomarker

LymphType

LymphPlex

DZsig /
DHITsig

MacroSig
(Macrophage
spatial
signatures)

Spatial
immune
niches

Spatial
immune-cell
interactions

LYZ+
fibroblasts

FN1+
macrophages

Tumour-
infiltrating B
cells (TIL-Bs)

CCL8

ARID1A-
integrated
signature

Integrated
transcriptomic
signature

Classification

Emerging

Emerging

Emerging

Emerging

Emerging

Emerging

Emerging

Emerging

Emerging

Emerging

Emerging

Emerging

Biomarker
Category

Molecular
subtyping

Molecular

subtyping

Molecular
profiling

Spatial
transcriptomics

Spatial biology

Spatial biology

Spatial
transcriptomics

Spatial
transcriptomics

Tumour
microenvironment

Tumour

microenvironment

Multi-omics

Multi-omics

Biological/Clinical
Role

Refined genetic
classification of
DLBCL

Genetic subtype-
guided precision
classification

Identification of
dark-zone biology
and high-risk
disease

Characterises
macrophage
spatial
organisation

Defines immune-
cell architecture
within the tumour
microenvironment

Evaluates cellular
cross-talk within
the tumour
microenvironment

Stromal
remodelling and
immune
regulation

Macrophage-
mediated
extracellular
matrix
remodelling

Anti-tumour
immune response

Macrophage
recruitment and
immune
modulation

Integrates
genomic and
transcriptomic
alterations

Multi-dimensional
molecular risk
prediction

Potential
Clinical
Application

Prognostic
modelling

Prognostic
and
predictive
biomarker

Risk
stratification

Prognostic
biomarker

Prognostic
biomarker

Prognostic
biomarker

Prognostic
biomarker

Prognostic
biomarker

Prognostic
biomarker

Prognostic
biomarker

Prediction
of early
treatment
failure

Prognostic
biomarker

Level of
Evidence

Moderate

High

High

Moderate

Moderate

Moderate

Low—

Moderate

Low—

Moderate

Moderate

Moderate

High

Moderate

Representative
Study

Mi et al. (2025)

Shen et al.
(2023); Zhang
et al. (2023)

Alduaij et al.
(20232; Urata
et al. (2023)

Liu et al.
(2024)

Dai et al.
(2025)

Autio et al.
(2022, 2025)

Dai et al.
(2025)

Dai et al.
(2025)

Xu-Monette et
al. (2023)

Lou et al.
(2022)

Wenzl et al.
(2024)

Li et al. (2026)

Abbreviations: Al: artificial intelligence; ARIDTA: AT-rich interaction domain-containing protein 1A; BAFF: B-cell activating
factor; circulating tumour DNA (ctDNA); double-hit signature (DHITsig); diffuse large B-cell lymphoma (DLBCL); dark-zone
signature (DZsig); extracellular vesicle (EV); FN1: fibronectin-1; FCRL1: Fc receptor-like protein 1; IPI-G, International
Prognostic Index—Genetic; LYZ: lysozyme; MRD: minimal residual disease; PD-L1, programmed death-ligand 1; TIL-B,
tumour-infiltrating B cell; VSIG4, V-set and immunoglobulin domain-containing protein 4.

*Level of evidence reflects the overall strength of evidence within the included studies based on study design, validation,
and consistency and is intended as a narrative synthesis rather than a formal GRADE assessment.
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Biomarker Classification  Biomarker Biological/Clinical Potential Level of Representative

Category Role Clinical Evidence  Study
Application
9-IncRNA Emerging Transcriptomics Long non-coding Prognostic Moderate  Wang et al.
signature RNA-based biomarker (2022)
prognostic model
Al-based PD- Emerging Artificial Automated digital  Diagnostic Moderate  Yan et al.
L1 intelligence pathology for and (2024)
quantification biomarker prognostic
assessment support

Abbreviations: Al: artificial intelligence; ARID1A: AT-rich interaction domain-containing protein 1A; BAFF: B-cell activating
factor; circulating tumour DNA (ctDNA); double-hit signature (DHITsig); diffuse large B-cell lymphoma (DLBCL); dark-zone
signature (DZsig); extracellular vesicle (EV); FN1: fibronectin-1; FCRL1: Fc receptor-like protein 1; IPI-G, International
Prognostic Index—Genetic; LYZ: lysozyme; MRD: minimal residual disease; PD-L1, programmed death-ligand 1; TIL-B,
tumour-infiltrating B cell; VSIG4, V-set and immunoglobulin domain-containing protein 4.

*Level of evidence reflects the overall strength of evidence within the included studies based on study design, validation,
and consistency and is intended as a narrative synthesis rather than a formal GRADE assessment.

3.2 Immunohistochemical Biomarkers and Cell-of-Origin (COO)

The Hans algorithm is still the most widely used IHC method worldwide for the COO classification because it is low-cost and
available in almost all laboratories (15). Across several studies, patients with GCB-DLBCL generally demonstrated modestly
better survival than those with ABC/non-GCB disease.Strong multivariate analyses including a 425-patient population-based
cohort and a 928-patient registry study show that IHC-based COO is not an independent predictor of survival beyond the IPI
which limits its clinical utility without molecular subtyping (29, 39). Of the IHC markers, Only two markers consistently
demonstrated independent prognostic value: loss of BCL6 which predicts worse OS/EFS regardless of COO; Ki-67 > 60, 70%,
linked to worse OS/EFS (2, 13). Other markers have effects depending on the context: MUM1/IRF4 is often but not always
linked to poor outcomes (8, 16, 19). CD5 positivity delineates a very aggressive variant with more extranodal disease, CNS
relapse, and worse survival. As per WHO-HAEMS5 (2022), MYC and BCL2/BCL6 rearrangement testing is required when MYC
IHC is > 40%, in recognition of the fact that IHC is a poor surrogate for molecular classification (45). Although conventional IHC
remains widely used, NanoString Lymph2Cx assay is a method of COO classification by GEP from FFPE samples which is
getting more and more use by academic centers.

3.2.1 Dark Zone Signature (DZsig) : A High-Risk GCB Subgroup

One of the most significant developments from 2021-2026 is the confirmation of the dark zone signature (DZsig) as a
separate, high-risk subgroup within GCB-DLBCL. Originally, described as the double-hit signature (DHITsig) and subsequently
refined as the dark-zone signature (DZsig). to highlight the biological similarity to dark zone germinal centre B cells (21). In a
British Columbia study of 1,149 unselected patients, DZsig was found in 21% of GCB cases and these patients had a two-year
0S of just 57%, whereas the figure was 89% for DZsig-negative GCB and 71% for ABC (21). What's more, = 60% of DZsig-
positive tumours did not have MYC/BCL2 rearrangements by FISH, so conventional double-hit testing would have missed these
high-risk patients. DZsig was linked to MYC/BCL2 protein co-expression and decreased microenvironmental infiltration. The
presence of DZsig was confirmed in a Japanese cohort of 1,050 patients using the NanoString DLBCL 90 assay, who found 6%
DZsig-positive cases with a two-year 0S of 66%, which also supports cross-ethnic reproducibility (22). These discoveries have
set the scene for considering DZsig as a component of future trial stratification and treatment-intensification strategies.

3.2.2 Double-Expressor Lymphoma (DEL) and Double-Hit/Triple-Hit
Disease

The co-expression of MYC (> 40-75%) and BCL2 (> 50-85%) identifies double-expressor lymphoma (DEL), which occurs in
about 25-30% of newly diagnosed DLBCL. DEL is a strong predictor of worse survival after R-CHOP, with HR around 1.5-2.0
based on strict IHC cutoffs (22). DEL is more common in ABC/non-GCB tumours and genetic backgrounds resembling MCD.
Using IHC for rapid screening of cases suitable for FISH is a practical strategy: MYC IHC > 40% level has about 80% sensitivity
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for MYC rearrangements. The cases confirmed by FISH as double-hit (HGBCL-DH-BCL2) and triple-hit lymphomas are the
groups with the worst prognosis among DLBCL, with median OS of 12-18 months under R-CHOP (47, 48). The latest important
breakthrough is a decision-tree model that combines MYC/BCL2 IHC with CD11c+ dendritic cell density, which yields 84%
sensitivity and 79% specificity for predicting the DH/TH genotype, much better than IHC alone (27). This represents a feasible,
cost-efficient strategy for laboratories without routine FISH capability.

3.3 Molecular Classification Using Next-Generation Sequencing (NGS)

Recent NGS studies have enabled classification of DLBCL into biologically defined molecular subtypes that extend beyond
conventional cell-of-origin (COO) classification. Two major approaches, LymphGen/LymphPlex and the Haematological
Malignancy Research Network (HMRN) classifier, show reasonable concordance across independent datasets and molecular
panels (23).

3.3.1 LymphGen/LymphPlex: Seven Genetic Subtypes

The LymphPlex 38-gene classifier, developed using whole-exome/whole-genome and RNA-sequencing data from 337 newly
diagnosed DLBCL cases and subsequently validated in 1,001 additional cases, identified seven reproducible genetic subtypes
(23). The TP53-mutant subtype was characterized by disruption of the p53 pathway, PI3K activation, and immune-deficiency
signatures and exhibited the poorest survival, with a reported 5-year overall survival (OS) of approximately 30-35%. The MCD-
like subtype, defined by MYD88*L265P, CD79B, PIM1, and IRF4 alterations, accounted for approximately 14% of cases and was
characterized by chronic active B-cell receptor signalling and NF-kB activation. It was predominantly derived from the activated
B-cell (ABC) group and was frequently associated with extranodal disease, particularly primary central nervous system and
sinonasal DLBCL. MYD88 mutations occur in up to 74% of such cases, frequently with concurrent CD79B mutations (23). This
biological profile provides a rationale for the development of Bruton tyrosine kinase (BTK) inhibitor-based regimens. The MCD-
like subtype had a reported 5-year OS of approximately 35-40%.

The BN2-like subtype, characterized by BCL6 fusions and NOTCH2, CD70, and TNFAIP3 mutations, accounted for
approximately 22% of cases. Its biological features resemble those of marginal-zone lymphoma, and it is largely ABC-derived;
within the ABC group, it has been associated with relatively favorable outcomes (23). The EZB-like subtype, characterized by
BCL2 fusions and EZH2, TNFRSF14, and KMT2D alterations, accounted for approximately 19% of cases and was
predominantly GCB-derived, including many cases of HGBCL-DH-BCL2. EZB-MYC-positive tumours have been associated with
an immunosuppressive microenvironment characterized by increased PD-L1 expression and reduced tumour-infiltrating
lymphocyte density, suggesting a potential rationale for checkpoint-inhibitor combinations. Conversely, EZH2-mutant, MYC-
negative EZB tumours may represent candidates for tazemetostat-based strategies (23).

The ST2-like subtype, characterized by SGK1, TET2, SOCS1, and DDX3X alterations, accounted for approximately 8% of cases
and was GCB-derived, associated with a stromal-1 programme, and characterized by the most favourable prognosis, with a
reported 5-year OS of approximately 80—-85%. The N1-like subtype, defined primarily by NOTCH1 alterations, accounted for
approximately 3% of cases, was predominantly ABC-derived, and was associated with poor prognosis. Cases that could not be
genetically classified were designated molecular NOS and represented up to approximately 50% in some series.

Subtype-specific therapeutic strategies represent an important potential application of molecular classification because
tumour genotype may influence biological phenotype and treatment sensitivity. Supporting this approach, the GUIDANCE-01
trial (NCT04025593) evaluated subtype-matched targeted agents combined with R-CHOP and reported improved antitumour
activity in MCD and EZB cohorts using the predecessor 20-gene GenClass algorithm (23, 47). The HMRN classification
independently identified clinically distinct groups, including MYD88-mutant groups associated with poor prognosis, NOTCH2-
mutant groups with intermediate prognosis, BCL2-rearranged groups with favourable prognosis, and a SOCS1/SGK1 group with
PMBCL-like features and excellent outcomes (39). However, some smaller studies have not demonstrated prognostic value of
genetic subtype independent of the IPI, reinforcing the need for adequately powered, uniformly treated cohorts for biomarker
validation.

3.4 Tumour Microenvironment (TME) Biomarkers
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The tumour microenvironment (TME) in DLBCL influences prognosis through mechanisms that extend beyond COO
classification and genetic subtyping. The composition of stromal and immune-cell populations has been associated with
patient survival across several independent cohorts. A conserved stromal/fibroblast-associated gene signature has been
associated with better OS and may reveal intratumoural heterogeneity not captured by existing classifiers, while high densities
of CD8 + and CD4 + tumour-infiltrating lymphocytes (TILs) have been associated with improved survival at both the protein and
transcript levels (49-51).

Conversely, a predominance of CD163 + tumour-associated macrophages (TAMs) has been consistently associated with
poorer outcomes and has subsequently been characterized using spatial transcriptomics, which has identified distinct
macrophage gene-expression programmes (MacroSigs) with independent prognostic significance for OS (52). Immune-
checkpoint interactions further modulate the TME. Autio et al. identified a lymphoma microenvironment subtype characterized
by increased PD-L1 and TIM-3 expression on CD163 - macrophages at the macrophage—-T-cell interface and associated with
poor prognosis, suggesting that spatial context, rather than marker positivity alone, contributes to checkpoint-associated
prognostic effects (53).

Multimodal spatial transcriptomic analyses have further identified spatially distinct immune niches with different T-cell and
macrophage compositions, whose organization independently predicts survival in ways that may not be detected by bulk
transcriptomic approaches (54). Collectively, these findings suggest that an immune-hot, stromal-preserved TME may be
associated with more favourable outcomes, whereas macrophage-dominant, checkpoint-engaged, and spatially disorganized
immune microenvironments characterize higher-risk DLBCL.

3.5 Circulating Biomarkers (ctDNA and Liquid Biopsy)

Circulating tumour DNA (ctDNA) has emerged as one of the most promising non-tissue prognostic biomarkers in DLBCL. High
baseline ctDNA concentration (= 2.5 log hGE/mL) was associated with shorter progression-free survival (PFS) and 0S
independently of IPI, COO, and genetic subtype (55). Early molecular response (EMR), defined by ctDNA clearance after the first
treatment cycle, was independently associated with improved event-free survival (EFS) and OS and outperformed the revised
IPlin multivariable analysis. EMR also predicted complete response approximately 97 days earlier than standard imaging
assessment (56).

End-of-treatment minimal residual disease (MRD) detected by PhasED-Seq in a cohort of 150 patients was strongly associated
with inferior 2-year PFS (28% vs 88%; HR, 9.7; p < 0.0001) and OS (50% vs 97%; HR, 10.6; p < 0.0001) (57). Similarly, combining
ctDNA molecular remission (MMR; =2.5-log reduction) after cycle 2 with interim PET/CT produced a three-tier risk stratification
with 2-year PFS rates of 84%, 17%, and 0%, respectively (p < 0.001), significantly outperforming either approach alone (41).

3.6 Integrated Prognostic Models

Many researchers have suggested a combined model that includes clinical, molecular, and tumour microenvironment (TME)
markers. Models holding ctDNA + genetic subtype, DZsig + microenvironmental signature, or NGS subtype + MTV had the
greatest prognostic accuracy and surpassed IPI and COO in all the comparative analyses (55). Refining COO with the DZsig and
integrating genomic, clinical models (molecular subtype + IPI) can better differentiate risk and pinpoint high-risk GCB-DLBCL
cases that standard DEL/FISH definitions miss (58, 59). Integrated models are still being recommended more and more for
future trials but they are not yet incorporated into standard practice due to issues of cost and availability.

4. Discussion

This systematic review of 43 studies published between 2021 and 2026 demonstrates a major shift in DLBCL biomarker
research from a predominantly binary immunohistochemistry (IHC)-based GCB/ABC classification toward an integrated
framework incorporating dark-zone signature (DZsig), NGS-based LymphGen/LymphPlex molecular subtyping, quantitative
tumour microenvironment (TME) profiling, and circulating tumour DNA (ctDNA)-based minimal residual disease (MRD)
monitoring. Five principal findings emerged from the four major biomarker domains evaluated. First, multivariate studies
consistently showed that IHC-based cell-of-origin (COO) determination using the Hans algorithm does not provide prognostic
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information beyond the International Prognostic Index (IPI), whereas BCL6 and Ki-67 remain among the more consistently
informative IHC markers (2, 13). Therefore, COO classification may be more appropriately considered alongside molecular and
TME characteristics rather than used as a sole prognostic biomarker.

Second, DZsig identifies approximately 21% of GCB-DLBCL patients who are FISH-negative but have outcomes comparable to
those of patients with HGBCL-DH-BCL2, with a reported 2-year overall survival (0S) of 57% (21, 22). These findings suggest
that a clinically important subset of patients classified as standard-risk GCB-DLBCL by conventional approaches may harbour
biologically high-risk disease and could potentially be considered for biomarker-guided clinical trials. Third,
LymphGen/LymphPlex molecular subtyping provides biological and potentially therapeutic information that cannot be
adequately captured by conventional IHC or FISH. MCD-like disease may identify patients who could benefit from BTK inhibitor-
containing regimens, whereas EZB-MYC-positive tumours may be candidates for immune-checkpoint-based strategies, and
EZH2-mutant EZB tumours may represent potential candidates for tazemetostat-based approaches. TP53-mutated/A53
disease may similarly warrant evaluation of novel targeted or combination therapies. Evidence from multiple cohorts, including
the GUIDANCE-01 trial, supports the potential value of genetic subtype-guided treatment selection and clinical-trial
stratification (23, 39, 47).

Fourth, ctDNA-based molecular MRD assessment after two cycles of R-CHOP emerged as one of the strongest prognostic
biomarkers identified in this review. Molecular response was associated with marked differences in 2-year progression-free
survival (PFS), with reported rates of 76% versus 0% according to molecular response status (41). Integration of ctDNA
molecular response with interim PET/CT further improved risk discrimination, producing three distinct risk groups with 2-year
PFS rates of 84%, 17%, and 0% (41). These findings support the incorporation of ctDNA into prospective biomarker-adaptive
treatment strategies. Fifth, VSIG4-positive tumour-associated macrophages emerged as a consistently adverse biomarker and
a potential macrophage-directed therapeutic target (18). In addition, PD-L1-positive extracellular vesicles may provide a
functional surrogate of checkpoint activity in patients with negative tissue IHC, potentially expanding the population
identifiable through circulating checkpoint-related biomarkers (31). However, the clinical utility of these approaches requires
further prospective validation. Overall, the findings indicate that no single biomarker adequately captures the biological and
clinical heterogeneity of DLBCL. Instead, integration of conventional IHC, molecular classification, TME characteristics, and
dynamic liquid-biopsy biomarkers may provide a more informative framework for risk stratification and treatment selection.

The principal limitation of the evidence base was the predominance of retrospective and observational studies, which limits
causal inference. Considerable heterogeneity in biomarker assays, antibody clones, IHC cut-offs, molecular platforms, outcome
definitions, and statistical modelling approaches also prevented quantitative meta-analysis for most biomarker-outcome
relationships. Consequently, the findings were synthesized narratively in accordance with the SWiM framework. Publication
and language restrictions may have introduced bias and potentially resulted in overestimation of biomarker effects. In addition,
changes associated with the WHO-HAEMS5 classification during the review period may have contributed to diagnostic and
classification heterogeneity. The generalizability of the evidence is also limited because most included studies were conducted
in academic centres in high-income countries. This may restrict the applicability of emerging biomarker strategies to resource-
constrained settings where access to NGS, advanced IHC panels, ctDNA testing, and other molecular platforms remains
limited. Several emerging biomarkers, including VSIG4, FCRL1, SubSigLnc-17, SH3GL1/FTH1, RFC5, FLOT2, and BEND4, were
primarily evaluated in single-centre or relatively small studies and have not yet undergone sufficient independent multicentre
validation. Accordingly, these biomarkers should currently be regarded as hypothesis-generating rather than practice-changing.

Five major priorities should guide future research. Prospective ctDNA-adaptive trials, including SAKK 38/19, SHORTEN-ctDNA,
and LymphPlex-guided GUIDANCE-02, are needed to establish whether biomarker-informed treatment improves outcomes.
International harmonization of IHC cut-offs, NGS panels, DZsig platforms, and ctDNA methods is essential for reproducibility.
Research in low- and middle-income countries should identify biomarker combinations that are clinically meaningful and
feasible in resource-constrained settings. Integrated models combining IHC, molecular subtyping, TME profiling, and ctDNA
should be evaluated for improved clinical decision-making. Finally, emerging targets, particularly VSIG4-associated
macrophage pathways and SH3GL1/FTHT1 ferroptosis, require further investigation to establish their biological relevance and
therapeutic potential.
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Evidence reviewed from 2021 to 2026 indicates that DLBCL biomarker research is moving toward a hierarchical, multimodal
approach. COO classification provides limited prognostic information beyond IPI but may be complemented by BCL6, Ki-67,
DZsig, and LymphGen/LymphPlex subtyping. DZsig identifies high-risk GCB-DLBCL subsets missed by FISH, while MCD and
TP53-mutant subtypes may support targeted therapy. VSIG4-positive tumour-associated macrophages represent an adverse
biomarker and potential therapeutic target, whereas ctDNA response after two R-CHOP cycles provides prognostic value and
may facilitate adaptive treatment. PD-L1-positive extracellular vesicles may extend circulating biomarker utility beyond IHC.
Standardization, prospective validation, improved access, and multimodal integration are essential for precision DLBCL care.
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Figure 2

PRISMA flow diagram illustrating the study selection process. Systematic searches were conducted across PubMed/MEDLINE,
Web of Science Core Collection, CENTRAL, supplemented by grey literature and manual screening. PRISMA=Preferred
Reporting items for Systematic reviews and Meta-Analyses.
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