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Lymphoma is a highly heterogeneous hematologic malignancy characterized by
intricate molecular and pathological mechanisms. Key mechanisms contributing
to its complexity include malignant clonal evolution driven by somatic mutations,
epigenetic modifications affecting gene regulation and cellular behavior, and
dynamic tumor microenvironment remodeling. These factors collectively
undermine the efficacy of conventional therapeutic strategies. Differences in
the molecular mechanisms of different subtypes lead to heterogeneity in
treatment response and recurrence of drug resistance. Current and future
investigative priorities emphasize molecular stratification, precision diagnosis
and therapeutic strategies, advancement of novel diagnostic tools, and the
implementation of artificial intelligence (Al) for integrative analysis of high-
dimensional biological data. Moreover, emerging areas such as microbiome-
targeted interventions are being explored to improve clinical outcomes and
support the evolution of precision oncology in lymphoma treatment.
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1 Introduction

Lymphoma is one of the most commonly diagnosed malignant neoplasms globally,
with an estimated 89,000 new cases and over 21,000 related deaths reported in 2024.
Pathologically, they are classified into Hodgkin’s lymphoma (HL) and non-Hodgkin
lymphoma (NHL). NHL mainly comprises B-cell lymphomas such as diffuse large B-cell
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lymphoma (DLBCL), follicular lymphoma (FL), metachronous
lymphoma (MCL), and T-cell lymphomas such as peripheral T-
cell lymphoma (PTCL), interstitial large-cell lymphoma (ALCL),
and angio-immunoblastoid T-cell lymphomas (AITL), and NK-cell
lymphomas (1). HL is relatively uncommon and has considerable
regional variability in incidence, with the classical subtype
representing the most frequently observed form (2). The
molecular pathogenesis of lymphoma subtypes is highly
heterogeneous. For example, cell-of-origin (COO)-based
classification of DLBCL distinguishes between germinal center B-
cell-like (GCB) and non-germinal center B-cell-like (non-GCB)
subtypes, each characterized by distinct gene expression profiles,
including differential expression of markers such as BCL6 and MYC
(3). Double-hit lymphoma (DHL), defined by rearrangements
involving MYC and BCL2 and/or BCL6, displays a highly
aggressive clinical phenotype, elevated proliferative potential,
resistance to conventional therapeutic approaches, and very poor
prognosis (4, 5). In-depth analysis of molecular features can provide
a key basis for developing individualized treatment strategies.
Currently, the treatment of lymphoma faces two major
challenges: drug resistance and relapse. Tumor cells may be
resistant to drugs through multiple escape mechanisms, and
invasiveness and drug resistance may increase after relapse.

This paper aims to provide a comprehensive and systematic
analysis of the molecular mechanisms underlying lymphoma and to
examine current therapeutic strategies with particular emphasis on
the contributions of molecular pathology to diagnosis, prognostic
evaluation, and therapeutic decision-making. The study further
addresses limitations in existing treatment modalities. It
highlights future research priorities, including developing next-
generation targeted therapies, optimization of immunotherapy
protocols, investigating combinatorial treatment strategies, and
incorporating nanotechnology and artificial intelligence (AI). The
overarching goal is to advance therapeutic efficacy and improve
patient survival while establishing a theoretical basis for the
continued development of precision medicine in lymphoma care.

2 Molecular pathological mechanisms
of lymphoma

2.1 Genomic diversity and key driving
factors

2.1.1 Genes with high-frequency mutations: MYC,
BCL2, TP53, NOTCH1

Recent advancements in molecular pathology research have
identified recurrent genetic alterations associated with lymphoma.
Frequent mutations such as MYC gene rearrangements, BCL2
translocations, inactivating mutations in TP53, and truncating
mutations in the PEST domain of NOTCHI have been
increasingly recognized. These mutations play a key role in the
occurrence and development of lymphoma. MYC gene
rearrangement disrupts the metabolic homeostasis of oxidative
phosphorylation, leading to uncontrolled tumor proliferation.
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Such cases are often accompanied by genomic instability and
reduced chemosensitivity (6). FL is characterized by an inherited
alteration of IGH-BCL2 translocation, which puts the BCL2 gene
under the control of immunoglobulin enhancers, resulting in
overexpression. BCL2-positive patients typically respond poorly to
chemotherapy and have shorter survival (7). Mutations or
inactivation of the TP53 gene are relatively common in relapsed
and refractory lymphoma. Such gene abnormalities are closely
associated with increased tumor aggressiveness, treatment
tolerance, and a high risk of recurrence, which seriously affect the
prognosis of patients (8). NOTCHLI is a driver of MCL (9). Target
gene networks such as HES1/HEY1 regulate cell proliferation and
differentiation, angiogenesis, and drug resistance development,
becoming key drivers of aggressive disease progression.

2.1.2 Structural variations: chromosomal
translocations and copy number variations

Genomic structural abnormalities can contribute to the
malignant transformation of lymphoma. A prominent example is
chromosomal translocation, with the IGH-BCL2 translocation
being the most frequently observed in follicular lymphoma. This
translocation leads to BCL2 gene overexpression under the control
of the IGH enhancer, therefore inhibiting apoptosis and facilitating
lymphoma initiation and progression. Copy number variations
(CNVs) are also quite common. For instance, the deletion of the
cyclin-dependent kinase inhibitor 2A (CDKN2A) gene is an
independent factor associated with poor progression-free survival
(PFS) and overall survival (OS) (10). Such patients often have a
poor prognosis and reduced responsiveness to chemotherapy (11).
Deletion of the p16INK4a protein encoded by CDKN2A leads to an
uncontrolled cell cycle, which promotes tumor cell proliferation
(12). These structural variants not only reveal the core mechanism
of lymphoma progression but also provide molecular loopholes for
targeted therapy.

2.2 Epigenetic regulatory network

Epigenetic regulatory networks show intricate interactions with
non-coding RNAs via DNA methylation and covalent histone
modifications, thus establishing multilayered modulation of gene
transcription. Among these modifications, DNA methylation and
histone methylation are the most prevalent. They are frequently
associated with the transcriptional silencing of tumor suppressor
genes and the inappropriate activation of proto-oncogenes,
contributing to lymphomagenesis and disease progression.
Dysregulation or mutations in genes related to DNA methylation
(such as DNMTs, TET2, IDH2) and genes associated with histone
methylation (such as EZH2, KMT2D) have been observed, and most
of these alterations are associated with poor prognosis (13). DNA
methyltransferases (DNMTs) are key factors in regulating DNA
methylation. Among the DNMT family, DNMT1, DNMT3A, and
DNMTS3B are associated with tumourigenesis (14). Deficiency of
DNMT1 leads to abnormal self-renewal, niche preservation, and cell
differentiation of hematopoietic stem cells (HSCs), especially to the
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myeloid lineage. Moreover, deficiency of DNMT3A and DNMT3B
impairs the self-renewal ability of HSCs (15). Although DNMT3A is
less frequently overexpressed in lymphoma than DNMTI and
DNMT3B, it shows the highest mutation frequency among the
DNMT family. Its deletion has increased mast cell reactivity and
exacerbated inflammatory responses in vivo (16, 17). Poole CJ et al.
reported that D-MYC induces the overexpression of DNMTI and
DNMT3B, which promotes tumor maintenance (18).

Post-translational modifications of histones, such as acetylation
and methylation, play a key role in regulating the three-dimensional
organization of chromatin. These reversible covalent changes
contribute to the structural flexibility and dynamic remodeling of
higher-order chromatin architecture. Considering histone
acetylation as an example, as the core catalytic component of the
Polycomb Repressive Complex 2 (PRC2) complex, EZH2 protein
mediates epigenetic regulation by catalyzing the trimethylation of
lysine 27 on histone H3 (H3K27me3). This modification can
directly inhibit the transcriptional activity of target genes and
collaborate with DNA methyltransferases to participate in gene
silencing (19, 20). Importantly, gain-of-function mutations at the
Y641 locus are detected in about 40% of B-cell lymphoma patients.
These mutations significantly enhance abnormal silencing of
oncogene-related genes by altering enzymatic kinetics,
representing one of the key molecular mechanisms driving
tumorigenesis (21).

Long noncoding RNAs like Plasmacytoma Variant
Translocation 1 (PVTI) play a key role in epigenetic regulation.
Traversa D et al. found that this RNA molecule is often
overexpressed in lymphomas. It activates the MYC gene via
chromosomal translocations and relieves MYC inhibition by
sponging miRNAs, thus driving tumor proliferation and survival
(22). Moreover, PVTI has linear and circular transcriptional
variants. Simultaneous silencing of linear PVTI and its circular
isoform circPVT1 suppresses Burkitt lymphoma progression,
whereas exogenous circPVT1 overexpression offsets the loss of
endogenous circular transcripts and enhances malignant behavior
in B-cell lymphomas (23). ceRNA competitively binds to miRNAs
with mRNAs by sharing miRNA response elements (MREs),
forming a “ceRNA-miRNA-mRNA” regulatory network. This
network can upregulate MYC and BCL2, restore PTEN
expression, and intervene in the PI3K/AKT pathway, affecting
tumor cell proliferation and chemoresistance (24). PVTI is
located near ¢-MYC. Its circular product, circPVT1, co-localizes
with c-MYC and has a stable circular structure. It can interact with
RNA-binding proteins to regulate cell processes and promote
lymphoma development (25). Since ¢-MYC is highly activated in
Burkitt lymphoma, circPVT1 may rely on ¢-MYC to drive
proliferation. Meanwhile, as a miRNA sponge, circPVTI may
competitively target miR-15/16 and other miRNAs that target
BCL2 through the ceRNA mechanism, relieving the inhibition of
BCL2/c-MYC (26).
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2.3 Tumor microenvironment interactions

The tumor microenvironment (TME) (Figure 1) is a highly
dynamic and intricate biological environment composed of
malignant cells and various stromal elements, with key
components including immune cells (e.g., T cells, macrophages,
regulatory T cells), vascular endothelial cells, and the extracellular
matrix (ECM) (27). Tumor-associated macrophages (TAMs) show
significant functional heterogeneity in the lymphoma
microenvironment. M1-type macrophages activate T-cell immune
responses by secreting pro-inflammatory cytokines like IL-12 and
TNF-o, while M2-type macrophages induce T-cell exhaustion by
releasing inhibitory factors such as IL-10 and TGF-f. The dynamic
balance between these two directly affects tumor progression and
treatment response (28). Specific overexpression of enolase 2
(ENO2) promotes glycolytic metabolic reprogramming via
activating the GSK3[/B-catenin/c-Myc signaling pathway, thus
inducing macrophage polarization toward the M2 phenotype and
creating a tumor-promoting microenvironment (29). When PD-L1
inhibitors are used in combination with lenalidomide, they not only
convert PD-1" M2 TAMs to an M1 phenotype with phagocytosis
through immunometabolic reprogramming but also block the IL-
10-PD-1/PD-L1 immunosuppressive axis and restore the
proliferation of CD4"/CD8" T cells (30). The CTLA-4/CD86
costimulatory signaling axis also represents a PD-1-independent
immune escape pathway, particularly prominent in cHL. Residual
CTLA-4" T cells and CD86" TAMs persist after PD-1 blockade,
suggesting that combining CTLA-4 inhibitors may emerge as a new
strategy to overcome drug resistance (31).

Tumor cells evade immune surveillance via diverse
mechanisms. Antigen escape arises when tumor cells undergo
mutation, downregulation, or loss of target antigens, impairing
CAR-T cell recognition (32, 33). TME contributes to
epigenetically driven T-cell exhaustion, diminishing normal T-cell
activity and limiting durable responses to PD-1 inhibitor therapy
(32, 33). Furthermore, tumors establish a comprehensive
immunosuppressive network by recruiting regulatory T cells
(Tregs), myeloid-derived suppressor cells (MDSCs), and secreting
immunoinhibitory cytokines such as TGF-B and IL-10, which
suppress T-cell function at multiple levels (32, 33). These
processes contribute to therapeutic resistance and disease relapse.

Metabolic competition plays a key role in reshaping the TME.
Tumor cells undergo glycolysis by massively uptaking glucose via
the Warburg effect, leading to lactic acid accumulation and
increased acidity in the microenvironment. This not only directly
inhibits T-cell function but also promotes the expansion of Tregs
and regulatory B cells (Bregs) by activating immunosuppressive
signaling pathways (such as TGF-3 and IL-10) (34). Mishina T et al.
reported that elevated expression levels of TGF-f and IL-10 in
patients with DLBCL were significantly correlated with R-CHOP
treatment failure. These findings indicate that targeting metabolic—
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Schematic representation of cellular components in the tumor microenvironment. Tumor cells express surface markers (CD19 and CD20) and
secrete immunosuppressive factors (IL-10 and VEGF). Tumor-derived PD-L1 binds to PD-1 on CD8" T cells, inhibiting T cells. CD47 interacts with
SIRPa. on macrophages, suppressing phagocytosis and supporting tumor survival. Tregs express FOXP3, while M2 macrophages are marked by
CD163" and contribute to immunosuppression. CAFs release CXCL12, which binds CXCR4 on tumor cells to promote migration and homing and
also secrete TGF-f, which modulates tumor growth and therapeutic resistance. CD31 marks endothelial cells and contributes to aberrant
angiogenesis. ECM releases fibronectin and collagen, promoting fibrosis. M1 macrophages secrete IL-12 and TNF-o to increase T cell-mediated
immunity, whereas M2 macrophages promote tumor growth via IL-10 and TGF-B-induced T cell exhaustion. Mast cells produce IL-6, IL-8, TNF-o,
and VEGF, facilitating tumor proliferation, angiogenesis, and immune suppression.

immune interactions may represent a pivotal strategy for improving
therapeutic outcomes (35).

2.4 Clonal evolution and drug resistance
mechanisms

Adaptive resistance in tumors, driven by clonal evolution, is a
significant challenge in cancer therapy. This phenomenon primarily
arises from the interaction between genomic alterations and
epigenetic reprogramming. Liquid biopsy technology enables real-
time monitoring of spatiotemporal changes in resistant clones by
jointly analyzing circulating tumor DNA (ctDNA) methylomes and
mutation profiles. It can accurately capture adaptive mutations like
BTK-C481S. Furthermore, it allows quantitative analysis of
phenotypic plasticity indices, revealing the process of drug-
resistant phenotype transformation mediated by DNA
methylation and histone modification reprogramming under
chemotherapy pressure (36). Studies analyzed 73 cases of DLBCL
and found that pre-treatment ctDNA levels were an independent
prognostic factor. The dynamic clearance rate of ctDNA has shown
comparable efficacy to PET-CT in assessing therapeutic response.
The presence of residual ctDNA after treatment correlates with a
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high risk of disease recurrence. Moreover, ctDNA testing overcame
the limitations of tumor spatial heterogeneity and enabled the
detection of an additional 170 driver mutations not identified
through conventional tissue biopsy (37).

In single-cell multi-omics research, Tran N et al. used single-cell
chromatin accessibility analysis (scATAC-seq) to study epigenetic
changes in tumor cells during chemotherapy. They found that
subclones acquire stem-like properties through abnormal
activation of the KDM6A demethylase (38, 39). During
chemotherapy, lymphoma cells can acquire chemoresistance by
upregulating drug resistance-related genes through epigenetic
mechanisms such as DNA methylation and histone modification
changes. The development of evolutionary prediction models offers
a strategic approach for optimizing intervention timing and
enabling precise therapeutic targeting before the expansion of
resistant clonal populations.

3 Innovative treatment strategies

Lymphoma treatment strategies are experiencing a paradigm
shift from conventional approaches toward precision medicine.
Based on first-line chemoimmunotherapy, emerging therapeutic
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interventions for relapsed or refractory cases are being developed
across several key dimensions (Figure 2).

3.1 Breakthroughs in targeted therapy

3.1.1 Small molecule inhibitors: Bruton's Tyrosine
Kinase, BCL2, and Enhancer of Zeste Homolog 2
inhibitors

In cancer treatment, targeted molecular therapies are used not
only as first-line treatments but also often as second-line regimens.
Their mechanism of action involves the selective targeting of
intrinsic molecular susceptibilities within malignant cells. These
therapies include small-molecule inhibitors and protein
degradation technologies. Common small-molecule inhibitors
include BTK inhibitors, BCL2 inhibitors, and EZH2 inhibitors.
The main action of BTK inhibitors has been systematically
described by the teams of Broccoli A and Tian G (40, 41).
Ibrutinib is an oral Bruton’s tyrosine kinase (BTK) inhibitor. It
irreversibly inhibits the B-cell receptor (BCR) signaling pathway by
covalently binding to the cysteine (Cys) 481 site, marking a
milestone in treating B-cell tumors. First-generation drugs, such
as Ibrutinib, have been approved by the European Medicines
Agency (EMA) to treat relapsed or refractory mantle cell
lymphoma (R/R MCL). Clinical evidence indicates that the timing
of therapeutic intervention exerts a substantial influence on patient
prognosis (42, 43). The SYMPATICO study showed that the
combination of Venetoclax can extend the median PES of
relapsed MCL patients to 31.9 months (44). Patients treated with
ibrutinib at the first recurrence had a 2.5-fold improvement in
median PFS compared with late-line use (25.4 vs 10.3 months) (45).
To address the therapeutic limitations of drug resistance, Chen Q
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et al. conducted a study demonstrating that the CDK1 inhibitor
RO-3306 increases sensitivity to BTKi in DLBCL. These findings
propose a novel therapeutic strategy for overcoming resistance
mediated by the C481S mutation (46). For first-generation drugs
like Ibrutinib, clinical response declines due to resistance mutations
such as C481S. Second-generation inhibitors Acalabrutinib and
Zanubrutinib address this by optimizing kinase selectivity to
improve specificity and reduce off-target effects. Zanubrutinib
improves oral bioavailability by 3.9% compared to Ibrutinib,
showing higher ORR and longer PES in relapsed MCL (47, 48).
Chihara et al. reported that the combination of Ibrutinib with PD-1
inhibitors yielded an ORR of 77.8% in patients with primary or
secondary central nervous system (CNS) lymphoma. However,
treatment was associated with grade 3 to 4 hematologic toxicities
(49). In the future, comprehensive molecular profiling of CNS
lymphoma is needed to refine diagnostic criteria and optimize
therapeutic strategies. Furthermore, dynamic monitoring of
ctDNA holds the potential for guiding timely interventions
against resistant subclones, thus enabling more precise
therapeutic targeting. Venetoclax is a highly selective BCL-2
protein antagonist. It works by competitively binding to the BH3
domain of BCL-2. This relieves BCL-2’s inhibition of pro-apoptotic
proteins like BAX/BAK. It also restarts the tumor cell apoptosis
program (50). BCL-2 overexpression often coexists with EZH2
gain-of-function mutations. Targeted combination with
Tazemetostat (an EZH2 inhibitor) can synergistically induce dual
regulation of the epigenetic-apoptotic axis (51, 52).

Coughlin CA et al. revealed that BCLI0 mutations in DLBCL
contribute to treatment resistance via two distinct mechanisms.
First, they activate the NF-kB signaling pathway and establish a
positive feedback loop involving IL-6 and STAT1/2, which increases
the expression of anti-apoptotic BCL-2 family proteins such as
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BCL-xL and BFLI1, thus conferring resistance to Venetoclax
monotherapy. Simultaneously, these mutations alter the BCR
signaling network, suppressing the inhibitory effects of BTK
inhibitors on downstream kinases (53). To address this resistance
mechanism, the combination of non-covalent BTK inhibitors
Pirtobrutinib and Venetoclax reveals significant synergistic effects.
It blocks NF-kB/AP-1 transcriptional activation mediated by
BCLI0 mutations while suppressing the expression of anti-
apoptotic proteins BCL-2 and MCL-1. This significantly inhibits
the growth of BCLIO-mutated lymphoma cells, showing potent
antitumor activity and providing a new strategy to overcome BCLI0
mutation-related drug resistance (53).

The EZH2 inhibitor Tazemetostat targets the catalytic subunit
of the histone methyltransferase PRC2 complex. It competitively
inhibits its binding to the cofactor S-adenosylmethionine (SAM),
thus blocking H3K27me3-mediated epigenetic silencing (54). In FL
and DLBCL, EZH2 gain-of-function mutations (i.e., Y641F) drive
silencing of tumor suppressor genes like CDKN2A by improving
H3K27me3 catalytic efficiency. These mutations are significantly
associated with tumor progression and poor prognosis (55). Izutsu
K et al. used Tazemetostat as monotherapy for EZH2-mutated FL,
yielding 70.6% ORR (56). This demonstrated good long-term
efficacy and safety, supporting its use as a third-line treatment
option. The ongoing SYMPHONY-1 Phase III trial (NCT04224493)
for relapsed/refractory FL evaluates its synergistic effects when
combined with lenalidomide-rituximab. Importantly, the EZH2
resistance mutation profile reveals dynamic evolutionary
characteristics. A recent study identified that the W113C
mutation within the SET domain increases the binding affinity of
SAM, thus attenuating the inhibitory potency of Tazemetostat by
altering the positioning and structural stability of residue R685 (55).
This resistance mechanism shows molecular heterogeneity
compared to the classic Y641F mutation. This finding highlights
the need for systematic screening of non-hotspot EZH2 mutations
in clinical practice and drives the development of new-generation
PRC2 inhibitors. Currently, MAK683, CPI-1205, SHR2554, PF-
06821497, and other agents are in Phase 2 or 3 antitumor trials.
Efficacy validation of Tazemetostat combination regimens in
DLBCL (NCT05618366 and NCT05604417) and analysis of
resistance mechanisms will provide critical evidence-based
support for targeted therapy.

3.1.2 Protein degradation technologies
Proteolysis-Targeting Chimera (PROTAC) technology
constructs bifunctional molecules composed of a target protein-
ligand and an E3 ligase ligand. These molecules form a ternary
complex of target protein-PROTAC-E3 ligase, triggering
ubiquitination of the target protein and proteasome-mediated
specific degradation (57). This technology has demonstrated
significant advantages in targeting oncoproteins (BCL6 and MYC)
refractory to traditional therapies (58). Malarvannan M et al.
comprehensively evaluated the design protocols and optimization
strategies employed in developing PROTACs (59). As a
representative example, the BCL6-specific degrader DZ-837 was
rationally designed based on the N-phenyl-4-pyrimidineamine
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scaffold. It can effectively reduce BCL6 protein levels in DLBCL
cells. It can also be used in combination with Ibrutinib to overcome
resistance mutations. PROTAC molecules directed against MYC
have shown dual therapeutic efficacy in mouse models: prolonging
survival and inhibiting tumor growth (60). Compared with gene
editing technologies like CRISPR-Cas9, the PROTAC system has
unique, reversible regulatory properties. Its mechanism of action
does not rely on permanent genomic modifications. It provides
more clinical application potential in terms of operational cycle,
cost control, and off-target risk (61). Fu et al. further expanded this
platform and successfully constructed an EZH2-targeted molecular
library. Among these agents, the bifunctional degrader ZJ-20
induces the degradation of the EZH2 enhancer, thus facilitating
the disassembly of the entire PRC2. It shows excellent
antiproliferative activity and favorable pharmacokinetic properties
(62). Studies have developed new PROTAC molecules based on the
reversible non-covalent BTK inhibitor ARQ531. These molecules
can effectively circumvent resistance mechanisms mediated by
C481S mutations. Their efficacy is significantly higher than
traditional covalent BTK-PROTACs (63). Particularly, the
innovative STAT3D PROTAC series molecules conjugate a
STAT3-specific decoy with thalidomide. This not only efficiently
reduces STAT3 protein levels but also precisely inhibits the
expression of key oncogenes regulated by STAT3, such as
BCL2L1, CCND2, and MYC. As a result, it suppresses lymphoma
cell proliferation while inducing cell apoptosis (64). This targeted
degradation strategy showed minimal off-target activity against
other members of the STAT family, such as STATI and STATS5,
thus contributing to improved therapeutic specificity and
reinforcing the direct anti-tumor efficacy in B-cell lymphoma.
Together, these developments have validated the important
application value of PROTAC technology in cancer therapy (64).

3.2 Frontiers in immunotherapy

3.2.1 Era of cell therapy 2.0

Recently, CD20-directed therapy has been the core strategy in
managing B-cell lymphoma. The following section provides a
systematic overview of conventional therapeutic approaches
targeting CD20, CD30, and CD52 antigens in treating
lymphoma (Table 1).

Advancements in multi-targeted therapeutic strategies are
driving significant innovation in the clinical management of
lymphoma. In this context, Esquinas et al. engineered novel
chimeric CD79b-targeted CAR-T cells. They found that these
CAR-T cells can induce CD79b and CD19 co-downregulation in
NHL cells. Among them, CARLY3 has become an advantageous
candidate for NHL treatment. It has excellent targeting specificity,
durable tumor clearance ability, and minimal antigen loss rate (71).

Traditional single-target CAR-T has an antigen escape defect.
Dual-target CAR-T (CD19/CD22) addresses this by significantly
reducing recurrence risk through a synergistic targeting
mechanism. It shows improved efficacy in relapsed/refractory B-
cell lymphoma (72). CD20xCD3 bispecific antibodies are novel T
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cell-engaging antibodies (such as glofitamab and epcoritamab).
They are approved by the FDA/EMA for treating DLBCL and FL.
However, approximately half of the patients exhibit primary
resistance (73, 74). A retrospective analysis by Kyvsgaard ER et al.
identified NOTCHI1 mutation-induced loss of CD20 antigen
expression as a critical mechanism contributing to therapeutic
resistance, highlighting the role of genetic alterations in
modulating treatment efficacy (74). The novel bispecific antibody
TG-1801 targets both the CD47-SIRPa. axis and CD19. This
improves the ADCC/ADCP effects of anti-CD20 antibodies. It
also achieves multi-dimensional antitumor activity by regulating
the GPR183-PI3K§ pathway (75). Kolbe C et al. proposed a
combinatorial therapeutic strategy involving anti-CD20 bispecific
antibodies with CD39/CD73 inhibition. This regimen improves
therapeutic efficacy by counteracting adenosine-mediated
immunosuppression, restoring immune effector function within
the TME. It increases tumor killing rates by 2.1-3.5 fold, CD8" T
cell expansion by 3.8 fold, and IFN-vy secretion by 4.2 fold. Patients
with high CD39-expressing effector memory T cells (TEM) show a
67% higher response rate. This suggests that CD39 may serve as a
predictive biomarker for efficacy (76). Resistance to BTK inhibitors
(BTKi) and CAR-T is closely related to Myc pathway activation,
with HSP9OAB1 and CDKO9 as key regulatory nodes (77). Jiang V
et al. reported that the CDK9 inhibitor enitociclib effectively inhibits
protein synthesis and induces apoptosis, successfully overcoming
resistance to sequential therapies in a MCL model (78). A combined
inhibition approach targeting both HSP90 and CDK9 offers a
promising strategy for addressing therapeutic resistance.
Moreover, CD19/CD70 dual-target CAR-T therapy achieved
complete remission in patients with relapsed/refractory primary
central nervous system DLBCL, sustaining 17 months of disease-
free survival without neurotoxicity, highlighting the potential of
multi-targeted immunotherapies (79). These advances, comprising
targeted therapies, immune modulation, and resistance reversal,
have significantly enhanced the precision treatment landscape for
lymphoma and laid a solid foundation for future clinical translation.

Clinical trials for novel monoclonal antibodies, bispecific
antibodies, and CAR-T therapies are currently being conducted
globally. The following table (Table 2) summarizes some
representative ongoing trials (March 2025).

10.3389/fimmu.2025.1620895

Recent breakthroughs in universal CAR-T (UCAR-T)
technology drive cell therapy toward an “off-the-shelf” model.
This therapeutic strategy utilizes gene editing to ablate
endogenous TCR and MHC molecules in T cells, generating
universal cellular products compatible with multiple patients.
Preliminary clinical trials have demonstrated both the efficacy and
safety of this approach in treating lymphoma. Based on this
foundation, research groups have engineered a modular universal
chimeric antigen receptor T-cell (MU-CAR-T) platform
incorporating an Sd/Gv covalent linkage system. This system
enables the modular assembly of diverse single-chain variable
fragments, facilitating flexible and precise multi-antigen targeting.
MU-CAR-T cells have shown potent cytotoxic activity against HIV-
infected and T-cell lymphoma cells, while also suppressing tumor
progression in vivo through enhanced immune infiltration and
cytokine release (80). This modular framework streamlines
manufacturing processes and quality control protocols and
establishes a comprehensive therapeutic paradigm with broad
applicability to oncological and viral pathologies.

To optimize immunocompatibility, Zhu S and his team used
lentiviral transduction technology. They developed CD38-targeted
UCAR-T cells overexpressing LLTI1. The introduction of LLT]I
promotes CAR-T cell proliferation and antitumor activity. It also
effectively defends against rejection by allogeneic NK and T cells.
This improved UCAR-T demonstrates higher survival rates and
tumor clearance capacity. It reduces inflammatory responses,
providing a key solution to the immune rejection problem in
universal therapies (81). Deep mechanistic studies on host
immune rejection have led to Dasatinib-resistant UCAR-T (KM
UCAR-T) development. This involves introducing the T3161
mutation in the LCK gene and knocking out the TRAC and B2M
genes. When combined with a Dasatinib administration strategy,
this approach has led to the development of a novel cell therapy
with both anti-rejection and anti-tumor properties (82). In vitro
studies have demonstrated that KM UCAR-T cells retain their
activation and functional capacity in the presence of Dasatinib.
Furthermore, in xenograft mouse models, these cells show effective
tumor clearance and resistance to host immune responses (82). The
integration of multiple strategies (multiplex antigen recognition,
immune modulation, and optimization of manufacturing

TABLE 1 Advantages and disadvantages of conventional CD20/CD30/CD52-targeted therapy for lymphoma.

Target Representative drugs Indications Advantages and disadvantages Notes
CD20 Rituximab DLBCL, FL, CLL, MCL Advantages: Broad applicability; Disadvantages: High rate of drug resistance, (65)
risk of HBV reactivation.
Ofatumumab FL Advantages: Effective for low CD20 expression. (66, 67)
Disadvantages: High risk of infection.
Obinutuzumab CLL, FL Advantages: PFS compared to rituximab. (68)
Disadvantages: More frequent infusion reactions.
CD30 Brentuximab vedotin cHL, ALCL Advantages: High targeting specificity, significantly prolongs the survival (69)
period.
Disadvantages: Neuropathy, myelosuppression.
CD52 Alemtuzumab Cutaneous T-Cell Advantages: Potently clears malignant lymphocytes. (70)
Lymphoma (CTCL) Disadvantages: Extremely high risk of infection.
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TABLE 2 All data are sourced from ClinicalTrials.gov.

10.3389/fimmu.2025.1620895

Trial ID Intervention Target Primary Estimated Location
population = endpoint completion
time
NCT06824701 = Tazemetostat 1b r/r B-NHL Maximum Recruiting | 2032-01 United States
+Zanubrutinib + anti-CD20 Tolerated (Not yet
monoclonal antibody Dose (MTD) recruiting)
NCT06565689 = YKO012 1 r/r B-NHL Adverse Event Recruiting 2026-06-30 Beijing, China
(Targeting CD19xCD3) (AE), Dose-
Limiting Toxicity
(DLT), MTD
NCT06563596 = Epcoritamab,+Zanubrutinib = 1I R/RFL Complete Recruiting | 2027-03-01 United States
+ Rituximab Metabolic
Response
(CMR) Rate
NCT06532643 | Anti-CD20/CD30 CAR-T R/R Lymphoma | Safety and Recruiting | 2025-09-01 Anhui, China
Tolerability,
Manufacturing
Feasibility
NCT06464185 | CD3-CD20 Bispecific B-NHL Incidence and Recruiting | 2026-04-30 Tianjin, China
Antibody in Combination Severity of AEs
with CD19 CAR-T
NCT06284122 = Mosunetuzumab+ 1 FL PES Recruiting 2028-11 Belgium, France, Germany,
Lenalidomide+ Rituximab Portugal, Spain
NCT06026319 = CD79b xCD19 CAR T I r/r NHL Incidence of AEs Recruiting 2027-01-01 Massachusetts, United States
and Incidence of
DLTs
NCT06014762 = P-CD19CD20-ALLO1 I r/r B-Cell DLT Recruiting 2029-03 United States
(Targeting CD19 CD20) Malignancies
NCT05990465 = LV20.19 CAR-T I 1/t B-Cell Number of AEs Recruiting 2026-07 ‘Wisconsin, United States
+ Pirtobrutinib Malignancies
NCT05607420 & UCART20x22 r/r B-NHL Dose Exploration Recruiting | 2027-11 United States, France, Spain
and DLT
NCT05421663 | JNJ-90014496 (Targeting b B-NHL AE Recruiting 2026-05-29 United States, Canada,
CD19 x CD20) Australia, Denmark, South
Korea, Netherlands, Spain,
United Kingdom
NCT04802590 | Ibrutinib + CD20 Antibody | 1II MCL Minimal Residual Recruiting | 2026-03-31 Belgium, France,
+ Venetoclax Disease (MRD) United Kingdom
Rate

processes) has significantly expanded the clinical potential of
UCAR-T therapies.

3.2.2 Expansion of immune checkpoint inhibitors
Immune checkpoint therapy has introduced a transformative
approach to cancer treatment by modulating T cell activation
pathways and reshaping the anti-tumor immune response.
Beyond the established targets of CTLA-4 and PD-1/PD-L1,
identifying emerging immune checkpoints such as LAG-3, TIM-3,
and TIGIT offers promising avenues to overcome current
therapeutic limitations and improve clinical efficacy (83). LAG-3
acts as a key co-inhibitory receptor that inhibits T-cell function by
binding to MHC-II molecules (84, 85). LAG-3 and PD-1 work

Frontiers in Immunology

synergistically to drive the exhaustion of CD8" T cells, suppressing
the IFN-y-dependent anti-tumor immunity. Blocking both
pathways simultaneously can promote IFN-y release. It reduces
T-cell exhaustion and enhances tumor clearance (86). Relatlimab is
the first FDA-approved LAG-3 inhibitor. It is combined with a PD-
1 antibody to improve efficacy (87). In R/R HL patients who failed
PD-1 treatment, the combination of Relatlimab and
Pembrolizumab achieved an ORR of 31%, and the PFS at 12
months reached 39%. Dual blockade of the LAG-3/PD-1 pathway
can reverse the exhaustion of CD8" T cells, promote the release of
IFN-v, and enhance the tumor clearance ability (88).

TIM-3 acts as a transmembrane immunomodulatory molecule.
It drives T cell function exhaustion by binding ligands such as
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Galectin-9. Its inhibitor, sabatolimab, has shown significant
potential in the treatment of myeloid tumors (89-91). The
recently developed small-molecule compound ML-T7 effectively
disrupts PtdSer/CEACAMI1 signaling, thus enhancing the
functional activity of CAR-T cells. Moreover, by targeting the FG-
CCO cleft of TIM-3, ML-T7 contributes to remodeling the immune
microenvironment. Its therapeutic efficacy as a monotherapy is
comparable to that of TIM-3-targeting antibodies, highlighting its
potential as a promising immunomodulatory agent. The
combination of PD-1 inhibitors can significantly improve the
tumor suppression rate. It has the advantage of oral
administration (92). It has been further found that the TIM-3/
Galectin-9 signaling axis forms a negative feedback loop. This
occurs through IFN-y-mediated upregulation of Galectin-9. This
finding provides theoretical support for developing combination
immunotherapy (93).

TIGIT, a co-inhibitory receptor that interacts with CD155 and
CD112, plays a critical role in immune evasion by suppressing the
activity of NK cells and T lymphocytes. Its underlying mechanisms
and therapeutic potential in lymphoma have increasingly attracted
research interest, positioning it as an emerging focus in tumor
immunology (94, 95).In FL, TIGIT is significantly overexpressed in
tumor-infiltrating T cell subsets. These include Treg, follicular
helper T cells, and exhausted T cells. It is closely related to a poor
survival prognosis. Importantly, anti-PD-1 therapy can specifically
regulate TIGIT" depleted T cell subsets. This suggests the potential
value of a dual-target blockade strategy (96). The mechanism of
recurrence after CAR-T therapy in mantle cell lymphoma showed
that TIGIT expression was significantly upregulated on depleted T
cells and cytotoxic T cells (CTLs). Tumor cells use monocyte-
expressed CD155/PVR to promote immunosuppressive signaling
by upregulating TIGIT expression. This interaction is associated
with the accumulation of MDSCs, collectively contributing to an
immunosuppressive TME. These findings underscore the pivotal
role of TIGIT in mediating resistance to CAR-T therapy (97). In
DLBCL, the co-expression of TIGIT and PD-1 in tumor-infiltrating
T cells (TILs) is particularly prominent. These TILs not only have
close contact with malignant B cells but also reveal functional
defects in cytokine secretion. Combined blockade of TIGIT and
PD-1 can completely clear A20 lymphoma and significantly prolong
survival in most mice. This highlights the clinical translation
prospect of synergistic immune checkpoint inhibition (98).
Further analysis of TME revealed that TIGIT was highly
frequently expressed in TME cells from small B-cell lymphoma
and ALCL, and its expression levels were significantly correlated
with OS and PFS (99). In chronic lymphocytic leukemia/small
lymphocytic lymphoma (CLL/SLL), negative expression of TME
cells is associated with shorter OS. Subtype-specific differences exist
in the co-expression patterns of TIGIT and PD-LI1. These
differences provide a molecular basis for accurately screening the
beneficiary population for TIGIT inhibitor combined with PD-1/
PD-L1 blockade (99).

These novel immune checkpoints and the classic PD - 1/CTLA -
4 form a multi-dimensional regulatory network. Their combined
blockade strategies have demonstrated the potential to enhance the
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anti-tumor immune response in pre-clinical models. Current
research centers on precisely identifying predictive biomarkers,
developing novel combinatorial strategies, such as co-
administration of TIM-3 inhibitors with PD-1 blockade, and
exploring new drug modalities, including the small-molecule
agent ML-T7. These efforts aim to address the clinical limitation
of suboptimal response rates associated with existing immune
checkpoint inhibitors and to establish a foundation for next-
generation tumor immunotherapy paradigms.

3.3 Combination therapy strategies

The innovation of combination therapy strategies in lymphoma
has significantly improved clinical outcomes. The synergistic
integration of immune checkpoint inhibitors (ICIs) and antibody-
drug conjugates (ADCs) has shown significant therapeutic benefits.
ADCs enable targeted delivery of cytotoxic agents, facilitating
precise tumor cell elimination and increased antigen exposure,
while anti-PD-L1 antibodies alleviate tumor-induced
immunosuppression. This combination significantly amplifies
anti-tumor efficacy compared to monotherapies. However, the
underlying mechanisms of immunogenic cell death and the
potential toxicity risks associated with such regimens require
further comprehensive investigation.

In epigenetic regulation, the histone deacetylase (HDAC)
inhibitor Romidepsin is combined with PD-1 antibodies. This
combination can upregulate chemokines to promote T-cell
infiltration. It significantly activates CD4"/CD8" TILs. The
combination achieves synergistic tumor inhibition in B-cell
lymphoma models (100). Ruan J et al. achieved an ORR of 65.2%
in patients with previously untreated PTCL using a chemotherapy-
free regimen of Romidepsin and Lenalidomide. In the AITL
subtype, the ORR increased to 78.6%. The two-year PFS and OS
outcomes were comparable to those of the standard CHOP
chemotherapy regimen. These findings suggest a viable
therapeutic alternative for elderly patients or those unsuitable for
conventional chemotherapy (101). In a phase I/II study, the PD-1
antibody Sintilimab was combined with the histone deacetylase
inhibitor Chidamide. This combination was used to treat relapsed/
refractory NK/T-cell lymphoma. It resulted in an increased ORR of
59.5% and a CR rate of 48.6%. These results were significantly better
than historical single-agent data (102).

Metabolic intervention strategies focus on reversing the
immunosuppressive microenvironment. The IDO inhibitor
Epacadostat restores T/NK cell functionality by disrupting the
tryptophan-kynurenine metabolic axis, reducing plasma
kynurenine levels by up to 90% (103-105). Moreover, IL4II-
mediated oxidative metabolism of tryptophan has been shown to
induce the expression of immunosuppressive molecules, including
PD-L1, by activating aryl hydrocarbon receptor (AHR) signaling.
Silencing of IL4I1 expression significantly enhances the synergistic
antitumor efficacy of PD-1 blockade in combination with CD19-
directed CAR-T therapy (106, 107). Furthermore, in a study
evaluating the combination of Rituximab and Lenalidomide in
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treatment-naive FL, resistance was mediated by the transcription
factor PD-1 through modulation of the PD-L1/4-1BBL signaling
axis. Dual targeting of PD-L1/4-1BB antibodies can reverse drug
resistance and promote dendritic cell maturation. This provides a
new direction for FL therapy (108). Chamorro-Jorganes et al. found
that combining EZH2 and BRD4 inhibitors showed significant
antiproliferative effects. They achieve this by synergistically
blocking MYC transcription and inducing G1 phase arrest.
YPEL2 was identified as a key factor influencing the efficacy of
dual targeting (109).

Significant advances have been made in developing innovative
treatment models through integrating physiotherapeutic
approaches with immunotherapy. This combination has yielded
promising breakthroughs, enhancing therapeutic outcomes. In a
CAR-T bridging study for patients with R/R DLBCL, the one-year
PES (51.2%) and OS (86.7%) in the radiotherapy bridging group
were significantly better than those in the chemotherapy bridging
group (28.2%/52.7%). The treatment withdrawal and toxicity rates
were also lower in the radiotherapy group. These findings suggest
the unique value of local radiotherapy in optimizing the sequential
regimen of CAR-T therapy (110). These multi-dimensional
combination strategies, from immune activation to metabolic
regulation to developing innovative therapies, have made
substantial breakthroughs in individualized lymphoma treatment.

3.4 Emerging fields

3.4.1 Microbiome - tumor axis

Growing insights into the TME have increased focus on the
mechanistic interaction between microbial populations and tumor
dynamics. The intestinal microbiota has emerged as a key
modulator in the onset, progression, and therapeutic
responsiveness of lymphoma. Its influence on tumor immune
microenvironment homeostasis is exerted through several
regulatory pathways, including modulation of host immune
responses, metabolic output, and pro-inflammatory signaling
networks (111).

Routy B et al. found that fecal microbial transplantation (FMT)
could enhance immunotherapy sensitivity. It does so by remodeling
the microbiota structure. FMT intervention increased the response
rate of PD-1 inhibitors in tumor-bearing mice by 2.3 times. The
mechanism involved an increase in intestinal microbiota-mediated
infiltration of CD8" T cells. It also involved downregulating
immunosuppressive factors such as IL-10 (112). The abundance
of specific probiotics, such as Bifidobacteria and Akkermansia
muciniphila, is positively correlated with the sensitivity of
immunotherapy. Microbial metabolites such as short-chain fatty
acids affect the progression of lymphoma by regulating the
inflammatory pathway (113-115). In a clinical study
(NCT04567446) involving 33 patients with B-cell lymphoma, the
objective response rate of the Akkermansia muciniphila (Akk
bacteria) high-abundance group (;1%) reached 78% after 6
months of CAR-T therapy. This rate was significantly higher than
that of the low-abundance group. The abundance of Akk bacteria
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was positively correlated with CD8" T cell infiltration and IFN-y
release in tumors/bone marrow. In the mouse model, the tumor
volume of the Akk bacteria-supplemented group was reduced by
58%, 72%, and 65% on days 10, 34, and 46, respectively. Survival
was also significantly prolonged in this group. Clinical translational
studies have further verified the clinical value of microbiota
regulation. In a multicenter cohort analysis, the diversity of the
gut microbiota in patients with allogeneic hematopoietic cell
transplantation (allo-HCT) was significantly correlated with
survival. The high microbial diversity group showed a 29% to
51% reduction in mortality risk. Microbiota disruption was
characterized by a significant loss of diversity accompanied by
single-genus dominance. This pattern was a predictive indicator
for developing graft-versus-host disease (116). Mendelian
randomization studies have revealed species-specific effects from
the perspective of causal associations. Faecalibacterium prausnitzii
reduces the risk of Hodgkin lymphoma. Coprococcus antagonizes
follicular lymphoma. Ruminococcaceae UCG-002 increases the risk
of DLBCL by upregulating the inflammatory factor MIG (117, 118).
Moreover, prospective studies of patients with DLBCL have shown
the following. Dynamic changes in the abundance of
Enterobacteriaceae during R-CHOP treatment are significantly
associated with the risk of bacterial infection. An initial
Enterobacteriaceae abundance greater than 4.5% is an
independent prognostic indicator of infection risk. This
observation supports the clinical adoption of early intervention
strategies to preempt infection onset (119). These findings reveal
the molecular mechanism by which the gut microbiota regulates the
immune system against malignant tumors, which provides an
important scientific basis for formulating personalized lymphoma
treatment plans by adjusting the microbial community.

3.4.2 Nanotechnology

Recent advancements in nanotechnology are paving the way
toward personalized therapeutic strategies for malignant tumors.
Among these innovations, nucleic acid-based drug delivery systems,
particularly mRNA vaccines, have emerged as a prominent area of
investigation. A main challenge in this domain is overcoming
intracellular delivery barriers associated with nucleic acid
molecules while achieving targeted accumulation within the
tumor immune microenvironment.

Kranz LM et al. developed charge-optimized RNA lipid
complexes (RNA-LPX) for delivery system optimization. These
complexes trigger an immune response to virus-like infections
through ligand-independent DC-targeting mechanisms (120).
Sasaki K’s team manipulated the size of mRNA lipid
nanoparticles (LNPs) to 200-500 nm by microfluidic technology,
and the optimal formulation A-11-LNP was screened to
significantly enhance the RNA uptake and antigen presentation
efficiency of spleen DCs (121). Mannose-modified lipid
nanoparticles (STLNPs-Man) can increase mRNA delivery
efficiency by a factor of 4. This is achieved through the DC
mannose receptor-mediated endocytosis pathway. They also
enhance the synergistic effect with immune checkpoint inhibitors
by downregulating T cell CTLA-4 expression. This downregulation
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of CTLA-4 expression improves the combined efficacy (122).
Moreover, a research group has engineered biomimetic
nanoparticles cloaked with dendritic cell membranes (DPNs).
They can enhance lysosomal escape efficiency through membrane
fusion mechanisms (123). A team innovatively integrated a
nanoplatform of CRISPR/Cas9 gene editing and photothermal
therapy. It induces immunogenic cell death through PD-LI
knockout synergistically with sub-high temperature. This
significantly promotes DC maturation and cytotoxic lymphocyte
infiltration (124).

For the mechanism of drug resistance, a research team has
developed an RGD-targeted peptide nanoplatform. This
nanoplatform can specifically deliver Bcl-2 antisense
oligonucleotides to ovf3 integrin-high expression tumor cells. It
achieves efficient gene silencing and adapts to various nucleic acid
drugs (125). The nucleolin-targeted nanodrug PA-HM@DOX/ICG
was functionalized with the AS1411 aptamer. This aptamer-based
modification enables precise targeting of DLBCL cells by exploiting
the overexpression of nucleolin on their surface. The combination
therapy using this nanodrug resulted in a tumor inhibition rate of
91.5%. It also caused a significant reduction in toxicity (126).
Carvalho S.M. and others integrated ZnS quantum dot imaging
and CD20/CD19 double antibody targeting. This integration was
based on a chitosan-functionalized nanoplatform. It made the
apoptosis rate of NHL cells reach 82.4%. Meanwhile, the damage
to normal B cells was less than 15% (127). Technological
advancements, including improved drug delivery efficiency,
integration of combinatorial therapeutic modalities, and the
realization of synchronous diagnostic and therapeutic functions,
have significantly expanded the application potential of
nanomedicine in treating malignant tumors of the
lymphatic system.

3.4.3 Artificial intelligence-driven strategies

The rapid development of Al-assisted diagnosis and treatment
platforms has pushed lymphoma to a new stage. AI technology
integrates multi-omics data, such as genomics and transcriptomics,
with deep learning algorithms. AI technology has achieved
systematic innovation from molecular typing to treatment
decision-making. Considering the EcoTyper framework as an
example, a high-resolution TME map was constructed for the first
time. This map contains 13 cell types and 44 cell states. It was
created by collaboratively analyzing the bulk and single-cell RNA-
seq data of hundreds of DLBCL cases. This breakthrough
overcomes the limitations of traditional classification. It also
reveals the dynamic interaction network between malignant B
cells and TME (128). In therapeutic development, the Auto-
RapTAC platform has significantly reduced the screening cycle
for PROTAC molecules to just eight days by employing a modular,
automated design. Using this high-throughput system, six potent
degraders targeting CDK2, CDK12, and BCL6 have been
successfully developed, thus substantially expediting the discovery
and optimization of heterobifunctional drugs (129). Al can improve
the efficiency of PROTAC development in the following ways. It
uses machine learning to analyze structure-effect data and build
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predictive models. It performs virtual screening of potentially
efficient candidates. It generates and evaluates the optimal design
of new structures. It mines and analyzes experimental data to reveal
key influencing factors. It assists in optimizing the synthesis route
and improving preparation efficiency. For example, AlphaFold uses
deep residual convolutional neural networks to efficiently capture
complex patterns in protein data for accurate structure prediction.
This provides key information for PROTAC design (130).

A deep learning-based whole-slide analysis tool for H&E
staining demonstrated an overall accuracy of 0.932 in
differentiating between FL, DLBCL, and CHL. Its multi-class
diagnostic performance was comparable to that of expert
pathologists and offered enhanced interpretability through heat
map visualization. Virtual H&E staining technology achieved a
staining quality pass rate of 92%, with diagnostic concordance
closely matching that of conventional chemical staining (90% vs.
92%). These advancements collectively lay a robust foundation for
the transition toward digital pathology (131, 132). (https://
xulymphoma.shinyapps.io/PCDI_pred/) (127).

In terms of prognosis prediction, researchers integrated multi-
omics data from 339 DLBCL patients. They aimed to construct a
PCD index model. This model dynamically correlates ctDNA
burden, minimal residual disease (MRD) status, and immune
microenvironment characteristics. It does so through an online
tool. The tool is designed to accurately identify patients with
chemotherapy resistance to R-CHOP. It also guides targeted
therapy selection (https://xulymphoma.shinyapps.io/PCDI_pred/)
(133). Ferrandez M.C. et al. developed a deep learning PET/CT
prognostic model. This model demonstrated an area under the
characteristic curve (AUC) of 0.71 in 1132 patients. The
performance was significantly better than the International
Prognostic Index (IPI). The model can predict treatment response
without tumor segmentation (134). Song C’s team built a
multimodal model based on 2.5D transfer learning. The
integration of clinical features with radiomics data has enabled
the development of a predictive model capable of accurately
differentiating lymphoma from tuberculous lymphadenitis in
patients with HIV/AIDS, achieving an AUC of 0.920 (135). Al
has driven transformative progress in multiple pivotal areas,
including elucidating molecular pathogenesis, accelerating drug
discovery pipelines, and optimizing clinical decision-making
processes. These advancements are progressively shaping a
comprehensive precision medicine paradigm for lymphoma, thus
promoting individualized diagnostic and therapeutic interventions
from early detection through post-treatment monitoring.

3.4.4 Liquid biopsy: ctDNA mutation profiling to
guide treatment decisions

ctDNA can be an important indicator for liquid biopsy.
Analysis of the ctDNA mutational spectrum enables clinical
target identification, dynamic monitoring of therapeutic efficacy,
and early detection of disease recurrence. The ctDNA-based
assessment of MRD has shown substantial advantages in
individualized lymphoma treatment. Due to its high-sensitivity
detection capabilities, this approach allows real-time tracking of
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tumor dynamics, thus providing timely and reliable data to inform
and refine clinical decision-making.

In FL, high-sensitivity droplet digital PCR (ddPCR) revealed an
EZH2 mutation frequency of 41.5%, significantly higher than the
27% detected through conventional single-point tissue biopsy.
Liquid biopsy further identified undetected mutations in an
additional 14 tissue samples. Dynamic monitoring showed that
ctDNA levels in treatment-responsive patients declined by over
100-fold. Mutations could be detected and reproduced 6 months
before recurrence, and EZH2 wild-type clones were more likely to
infiltrate the bone marrow. This has expanded the scope of benefit
for the precise use of inhibitors such as tazemetostat (136). In
different lymphoma subtypes, ctDNA has distinct application
values in disease monitoring and efficacy evaluation. For
extranodal NK/T-cell lymphoma (ENKTL), ctDNA sequencing
has identified BCOR, TP53, and DDX3X mutations associated
with prognosis. The dynamics of these mutations can distinguish
between remission and relapse (137). Intravascular large B-cell
lymphoma (IVLBCL) is characterized by significantly elevated
ctDNA concentrations compared to DLBCL. High-frequency
mutations are frequently observed in MYD88 (56%) and CD79B
(44%), with BCL6 mutations significantly enriched in cases with
CNS involvement (138). In PTCL, ctDNA was detected in 95.7%,
one-year PFS and OS were significantly reduced in the high-
concentration group, and dynamic monitoring was consistent
with imaging evaluation in 81.9% (139). ctDNA also plays a key
role in predicting treatment response. Chen et al. developed a
detection system for 29 TP53 mutation probes in patients with
CAR-T-treated NHL. They found that the median PES in the high
ctDNA group was only 1.4 months. This was significantly shorter
than that in the low ctDNA group (140). In cHL and DLBCL,
ctDNA plasma concentrations were significantly negatively
correlated with tumor mutational burden. Continuous monitoring
of ctDNA could track clonal evolutionary trajectories in these
malignancies. However, the threshold for ctDNA detection in FL
needed to be optimized to improve clinical applicability (141, 142).
Despite the limitations of some studies, such as small sample sizes
and a constrained scope of detectable genetic alterations, blood-
based ctDNA analysis has successfully addressed several inherent
drawbacks of conventional tissue biopsies. In DLBCL, ctDNA
technology enables simultaneous guidance of therapeutic regimen
selection, dynamic monitoring of treatment responses, and early
detection of disease recurrence. These capabilities substantially
enhance the precision and continuity of clinical management,
spanning the entire course from initial diagnosis to post-
therapeutic surveillance.

3.4.5 Dynamic risk stratification: real-time
monitoring system based on ctDNA-MRD

The ctDNA-based assessment of MRD has shown substantial
advantages in personalizing lymphoma treatment. Due to its high
sensitivity and high-specificity detection capabilities, this modality
enables real-time surveillance of tumor dynamics, thus providing
timely and reliable molecular data to inform precise clinical
adjustments to therapeutic strategies. The ctDNA-MRD real-time
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monitoring system can evaluate the treatment effect and predict
recurrence by detecting changes in ctDNA levels, and guide the
adjustment of treatment strategies. For patients with CAR-T-
treated R/R LBCL, the median OS of ctDNA-positive patients at
day 28 was only 6.7 months. None of the ctDNA-negative patients
experienced disease progression. The sensitivity and specificity of
MRD detection reached 83%-100%. This systematically verified the
early warning value of ctDNA in evaluating CAR-T efficacy.
Compared with traditional PET/CT, ctDNA can identify
individuals at high risk of recurrence in advance and enable
timely adjustment of treatment strategies (143). Soscia R et al.
analyzed 73 patients with DLBCL. The analysis was based on MRD
monitoring using immunoglobulin (IG) gene rearrangements in
ctDNA. It further demonstrated the prognostic stratification
efficacy of this monitoring method. MRD-negative patients had
significantly better PFS than positive patients at mid-treatment and
treatment end (144). This non-invasive detection technology not
only enables effective stratification of patient groups based on
prognostic risk but also facilitates clinical trial design
incorporating dynamic risk adjustment. It holds significant
promise as a foundational tool for developing personalized
diagnostic and therapeutic strategies in clinical practice.

ctDNA mutation profiling and ctDNA-MRD real-time
monitoring systems are essential technologies within liquid
biopsy. Both methods are non-invasive and enable dynamic
disease assessment. ctDNA mutation profiling is primarily used
for early detection and prediction of treatment response, while
ctDNA-MRD monitoring is applied during therapy to track disease
progression and provide early relapse warnings. Despite their
application at distinct clinical stages, these methodologies jointly
contribute to advancing personalized medicine.

3.4.6 Radiomics: PET/CT texture analysis to
predict CAR-T efficacy

Positron emission tomography/computed tomography (PET/
CT) is an image-based biomarker development method that enables
accurate assessment based on the Lugano criteria through fusion
imaging of metabolic activity (PET) and anatomical structure (CT)
(145). However, traditional PET/CT detects lesions based on
macroscopic tumor burden. This approach may miss microscopic
residual lesions and lead to a false negative risk. It also has
limitations such as radiation exposure and high economic costs.
With the development of radiomics technology, in-depth analysis
based on texture features is breaking through the traditional
evaluation framework. The radiomics model established by Kim
J] et al. showed improved predictive accuracy relative to traditional
parameters, such as metabolic tumor volume (MTV), in evaluating
the therapeutic response to axi-cel CAR-T therapy in patients with
relapsed or refractory DLBCL. The high shape complexity (PC
value) of non-round/irregular nodules is strongly associated with
poor prognosis. This provides a new dimension for non-invasive
evaluation of immunotherapy response (137). In another study of
mediastinal lymphoma subtypes (GZL/PMBCL/cHL), FDG-PET
texture analysis was performed. It revealed that the metabolic
activity of primary mediastinal large B-cell lymphoma (PMBCL)
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was significantly higher than that of other subtypes. The random
forest model showed a dichotomous AUC of 0.87 for this analysis.
The heterogeneous characteristics of PMBCL identified through
this analysis could assist in pathological typing and puncture
localization (146). These innovative methods transform medical
imaging information into quantifiable diagnostic indicators by
analyzing the differential characteristics of tumor cell metabolism.
Although these technologies require further large-scale clinical
validation and fundamental research, their application in disease
stratification, treatment response assessment, and the development
of personalized therapeutic strategies is driving innovation in
clinical management models for lymphoma.

3.5 Others

3.5.1 Design of the lymphoma cohort in the NCI-
MATCH trial

The National Cancer Institute’s (NCI) Molecular Analysis
Therapy Selection (MATCH) trial uses an adaptive design model.
It detects gene mutations, copy number variations, and fusion
events in tumor tissues based on next-generation sequencing
(NGS) technology. The trial combines gain-of-function/deletion
mutations to accurately match lymphoma patients with specific
molecular markers to the corresponding targeted therapy group
(147). The establishment of a nationwide network of clinical
laboratories has enabled the standardization of testing protocols
across institutional samples, thus validating the feasibility of large-
scale molecular subtyping in clinical translational settings (148).

The NCI-MATCH trial has demonstrated substantial clinical
value in managing various solid tumors, including breast and
colorectal cancers. Based on the molecular classification expertise
developed through this platform, research efforts are now focused
on establishing a gene-guided therapeutic framework for
lymphoma. This approach aims to identify more individualized
treatment strategies for patients with relapsed or refractory disease
by analyzing tumor-specific molecular alterations. In the NCI-
MATCH trial, Mansfield AS et al. reported cross-tumor efficacy
in rare malignancies harboring ALK or ROSI rearrangements.
Among patients with ALK rearrangements, an objective response
rate of 50% and a median PFS of 3.8 months were observed,
outcomes that significantly surpassed those achieved with
conventional chemotherapy regimens (149). Treatment with
tazemetostat targeting EZH2/SMARCBI mutant subsets in
pediatric lymphoma resulted in disease control for six months or
more. One patient experienced a sustained objective response. This
demonstrates the therapeutic potential of epigenetic regulators in
specific molecular subtypes (150). The trial uses a multi-arm design
and integrates experts from different fields to simultaneously verify
the effectiveness of other therapies. It accelerates the scientific
research process and enhances the adaptability of treatment
options, helping lymphoma patients obtain more personalized
disease management strategies.
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3.5.2 Real-world evidence: application of the
flatiron health database in efficacy validation

The incorporation of real-world evidence (RWE) into clinical
research on lymphoma has emerged as a critical paradigm for
validating therapeutic efficacy. The Flatiron Health database, an
advanced platform integrating electronic health records (EHRs)
with structured diagnostic and treatment data, offers distinct
advantages. Its robust data mining capabilities enable
comprehensive, multi-dimensional analyses, thus enhancing the
evaluation of the clinical value and effectiveness of lymphoma
treatment strategies. In a real-world cohort study involving 4336
patients with MCL, the median real-world overall survival (rwOS)
was 35 months. This rwOS was significantly better than that
observed with conventional chemotherapy. A high-risk subgroup
(5% of the cohort) harboring a 17p deletion/TP53 mutation had a
poor prognosis. BTK inhibitors have shown the capacity to partially
reverse adverse outcomes in this subgroup, providing an evidence-
based treatment option for older patients or those unable to tolerate
intensive chemotherapy (151). In primary DLBCL, Breinholt et al.
demonstrated that the prognostic relevance of TP53 mutations is
consistent across cohorts. However, the clinical significance of
PRDM1 and NOTCH2 mutations remains to be validated in larger
patient populations (152). These findings highlight the need for
dynamic optimization of molecular classification systems based on
real-world data and evolving biological insights. Similarly, studies of
FL and histological transformation (HT) have revealed a significant
increase in the heterogeneity of tumor mutational burden and driver
genes (such as EZH2, and CREBBP) as the disease progresses. This
increased heterogeneity may affect the use of targeted drugs (such as
EZH2 inhibitors). It highlights the need for dynamic monitoring of
molecular profiles before treatment (153). The research method
based on actual diagnosis and treatment records can use massive
case information to evaluate the efficacy and safety of drugs and
combine genetic testing results with patient recovery data to
promote the discovery of new disease surveillance indicators.

4 Challenges and future directions

Currently, the precision diagnosis and treatment system of
lymphoma still faces multiple challenges. The molecular markers
used to diagnose lymphoma are not comprehensive, and some rare
subtypes and complex cases still have blind spots. The CD20
marker, commonly used in diagnosing and treating B-cell
lymphomas, demonstrates reduced discriminatory efficacy in
certain pathological subtypes, such as double-expression and
triple-hit lymphomas. For instance, in approximately one-third of
MCL patients receiving BTK inhibitors, acquired resistance
contributes to disease progression. This resistance is often
associated with mutations at the C481S locus of the BTK protein,
which impair drug binding and therapeutic efficacy. It also includes
VLA-4 integrin-mediated cell adhesion escape (154). These drugs
can cause life-threatening side effects, such as severe cardiotoxicity
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(155). Moreover, the dynamic remodeling of the tumor
microenvironment further exacerbates treatment resistance, such
as inadequate CD8" T cell infiltration, which is significantly
associated with chemotherapy resistance to CHL (156). There are
also bottlenecks in the field of immunotherapy, with objective
response rates of only 60%-70% with ICIs in CHL and secondary
resistance in approximately 40% of patients (157, 158). Despite the
transformative efficacy of CAR-T cell therapy, its personalized
manufacturing process is complex and economically demanding.
Although approved and implemented in clinical settings across
various developed countries, the widespread adoption of CAR-T
therapy in developing regions remains limited due to financial and
infrastructural barriers. In technological accessibility, NGS is an
important tool for molecular typing; however, its routine clinical
application is still restricted by challenges including sample
integrity, detection sensitivity, and high associated costs. For
example, traditional fluorescence in situ hybridization (FISH)
technology requires high-quality samples. Flow cytometry is
limited in identifying low-abundance abnormal cells. The demand
for data storage and analysis of single-cell sequencing technology
has increased exponentially (159-161). Moreover, clinical research
is limited by data fragmentation. It is difficult to integrate cross-
institutional case data and biological samples, especially for rare
subtypes with an incidence rate of less than 1%. The insufficient
sample size seriously limits the analysis of molecular characteristics
and the optimization of treatment strategies. The advancement of
precision diagnostics and therapeutics for lymphoma requires
integrative, multi-dimensional innovation. A key strategy involves
systematically exploring novel molecular biomarkers in parallel
with an in-depth characterization of the metabolic phenotypes of
lymphoma cells. This approach may enable the identification of
distinct metabolic molecules, thus providing valuable insights and
novel targets to improve diagnostic precision. For example, Gobel C
et al. found that dual inhibition of the epigenetic regulators DOT1L
and EZH2 reversed the MYC-driven germinal center B cell
malignant phenotype, providing a new differentiation therapeutic
pathway for DLBCL (GCB subtype) (162). Garcia-Lacarte M et al.
found that the dual mechanism of action of the IL-10 signaling
pathway in the microenvironment (maintaining malignant B cell
survival and inducing T cell exhaustion) revealed a novel predictor
of PD-1 inhibitor resistance (163).

Besides, optimizing detection methodologies and advancing
more sensitive and specific genetic analysis technologies, such as
digital polymerase chain reaction (digital PCR), can improve the
accuracy of low-frequency mutation identification by enabling
absolute quantitative detection (164). Improve flow cytometry
and other diagnostic techniques, such as improving the ability to
identify abnormal cell populations by optimizing antibody
combinations and detection parameters. However, Al-based DNA
methylation marker panels (MDMs) can identify over 80% of NHL
cases, including early-stage lesions, while maintaining 90%
specificity (165). Simultaneously, new therapies, such as PROTAC
technology, can degrade the BTK protein and circumvent the
impact of the C481S mutation. It has been found that DNMT3A
promotes oxidative phosphorylation (OXPHOS) by activating the
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MEF2B/MYC axis, driving Ibrutinib resistance. Low-dose
Decitabine targeting DNMT3A can restore drug sensitivity and
provide a new strategy for reversing drug resistance (166).
Construct a microenvironment regulation network to reverse the
polarization state of TAMs. Targeting key glycolytic enzymes (e.g.,
LDHA, ENO2) offers a strategy to remodel the metabolic
microenvironment of lymphoma. Pharmacological interventions
aimed at stromal and immune cells within the tumor
microenvironment may attenuate their protective influence on
malignant cells. Similarly, the identification of novel
immunotherapeutic targets and strategies is essential. Advancing
the development of dual- or multi-target CAR-T and UCAR-T
therapies holds promise for improving efficacy while reducing
manufacturing costs. Furthermore, efforts to develop personalized
lymphoma vaccines represent a pivotal direction for achieving
individualized and cost-effective therapeutic solutions. China has
established a leukemia diagnosis and treatment registry system.
China has also established the Chinese Lymphoma Standard
Dataset (2021 Edition). The Japanese Society of Hematology has
published the Guidelines for Data Collection of Hematological
Tumors. These efforts have laid the foundation for building a
cross-institutional lymphoma diagnosis and treatment data
platform (167). The establishment of a multi-institutional
database, underpinned by the standardization of clinical
diagnostic data, therapeutic interventions, and molecular testing
as per the internationally recognized protocols, constitutes a
foundational element in advancing precision medicine. This
structured integration of diverse diagnostic, therapeutic, and
multi-omics datasets enables coherent data aggregation across
institutions, facilitating large-scale translational research and
informing individualized clinical decision-making with improved
accuracy and consistency. Next, a dynamic data quality control
mechanism will be set up. Programs will be written to regularly
check the completeness of the data, and statistical methods will be
used to ensure consistency between data from different medical
institutions. The establishment of a polycentric governance
framework is essential to ensure regulatory compliance,
operational efficiency, and clearly defined data ownership and
collaboration protocols across institutions. Concurrently,
developing advanced analytical tools is necessary to convert
unstructured data, such as clinical text and imaging, into
structured, analyzable formats. These tools will contribute to an
open-source, reusable lymphoma data standardization toolkit,
promoting broader applicability. A multi-center database,
modeled after The European LeukemiaNet, should integrate
pathological, molecular, genetic, therapeutic, and long-term
follow-up data. Such a platform would enable high-resolution
data analysis to support treatment response prediction and the
identification of novel lymphoma subtypes. Under strict adherence
to patient privacy protections, international research collaborations
between academic institutions and industry may be formalized
through cooperative agreements. These partnerships will facilitate
advancing precision medicine initiatives for lymphoma, promote
global academic exchange, and accelerate the collective
development of personalized therapeutic strategies worldwide.

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1620895
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Wang et al.

Author contributions

ZW: Data curation, Validation, Writing - original draft. SF:
Methodology, Supervision, Writing - original draft. XY:
Visualization, Writing - original draft. RZ: Supervision, Writing -
original draft. YL: Project administration, Writing - original draft.
MZ: Formal Analysis, Writing - original draft. ZL: Funding
acquisition, Writing - review & editing. YW: Data curation,
Writing - review & editing.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This work was supported by
grants from The Open Project of Yunnan Blood Clinical Medical
Center (2022LCZXKF-XY01). Yunnan Provincial Department of
Science and Technology—Kunming Medical University Joint Special
Project on Applied Basic Research (202301AY070001-064). The
Medical Leading Talent Program of Yunnan Province (L-201618).
Yunnan Fundamental Research Projects (202501AS070009, and
202501AT070046). Thousand Talents Plan for Yunnan Province
(KH-SQR-QNRC-2020-001). Science and Technology Plan Project of
the First People's Hospital of Yunnan Province (KHBS-2024-025).
Health Commission of Yunnan Province (2023-KHRCBZ-09).
National Natural Science Foundation of China (82304945). Hu Yu
expert workstation (202305AF150149). Yunnan Province major
difficult diseases of Chinese and Western clinical cooperation pilot
project — leukemia.

References

1. Ferry JA, Hill B, Hsi ED. Correction: mature B, T and NK-cell, plasma cell and
histiocytic/dendritic cell neoplasms: classification according to the world health
organization and international consensus classification. J Hematol Oncol. (2024)
17:75. doi: 10.1186/s13045-024-01585-y

2. Eichenauer DA, Aleman BMP, Andre M, Federico M, Hutchings M, Illidge T,
et al. Hodgkin lymphoma: ESMO clinical practice guidelines for diagnosis, treatment
and follow-up. Ann Oncol. (2018) 29:iv19-29. doi: 10.1093/annonc/mdy080

3. Alizadeh AA, Eisen MB, Davis RE, Ma C, Lossos IS, Rosenwald A, et al. Distinct
types of diffuse large B-cell lymphoma identified by gene expression profiling. Nature.
(2000) 403:503-11. doi: 10.1038/35000501

4. Alaggio R, Amador C, Anagnostopoulos I, Attygalle AD, De Oliveira Araujo IB,
Berti E, et al. Correction: “The 5th edition of the world health organization
classification of haematolymphoid tumours: lymphoid neoplasms” Leukemia.
Leukemia. (2023) 37:1944-51. doi: 10.1038/s41375-023-01962-5

5. Falini B, Martino G, Lazzi SA. Comparison of the international consensus and 5th
world health organization classifications of mature B-cell lymphomas. Leukemia.
(2023) 37:18-34. doi: 10.1038/s41375-022-01764-1

6. Ott G, Rosenwald A, Campo E. Understanding MYC-driven aggressive B-cell
lymphomas: pathogenesis and classification. Hematology. (2013) 2013:575-83.
doi: 10.1182/asheducation-2013.1.575

7. Bolen CR, Klanova M, Trneny M, Sehn LH, He J, Tong J, et al. Prognostic impact
of somatic mutations in diffuse large B-cell lymphoma and relationship to cell-of-
origin: data from the phase III GOYA study. Haematologica. (2019) 105:2298-307.
doi: 10.3324/haematol.2019.227892

8. Voropaeva EN, Pospelova TI, Voevoda MI, Maksimov VN, Orlov YL, Seregina
OB. Clinical aspects of TP53 gene inactivation in diffuse large B-cell lymphoma. BMC
Med Genomics. (2019) 12:35. doi: 10.1186/5s12920-019-0484-9

9. Pararajalingam P, Coyle KM, Arthur SE, Thomas N, Alcaide M, Meissner B, et al.
Coding and noncoding drivers of mantle cell lymphoma identified through exome and
genome sequencing. Blood. (2020) 136:572-84. doi: 10.1182/blood.2019002385

Frontiers in Immunology

15

10.3389/fimmu.2025.1620895

Acknowledgments

We thank everyone involved for their efforts in the writing and
critical review of this manuscript. All figures were created
with BioRender.com.

Conflict of interest

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

10. Maura F, Dodero A, Carniti C, Bolli N, Magni M, Monti V, et al. CDKN2A deletion
is a frequent event associated with poor outcome in patients with peripheral T-cell
lymphoma not otherwise specified (PTCL-NOS). Haematologica. (2020) 106:2918-26.
doi: 10.3324/haematol.2020.262659

11. Malarikova D, Berkova A, Obr A, Blahovcova P, Svaton M, Forsterova K, et al.
Concurrent TP53 and CDKN2A gene aberrations in newly diagnosed mantle cell
lymphoma correlate with chemoresistance and call for innovative upfront therapy.
Cancers. (2020) 12:2120. doi: 10.3390/cancers12082120

12. Tu Z, Wang X, Cai H, Sheng Y, Wu L, Huang K, et al. The cell senescence
regulator P16 is a promising cancer prognostic and immune check-point inhibitor
(ICI) therapy biomarker. Aging (Milano). (2023) 15:2136-57. doi: 10.18632/
aging.204601

13. Hojjatipour T, Ajeli M, Maali A, Azad M. Epigenetic-modifying agents: the
potential game changers in the treatment of hematologic Malignancies. Crit Rev Oncol
Hematol. (2024) 204:104498. doi: 10.1016/j.critrevonc.2024.104498

14. Liu M-K, Sun X-J, Gao X-D, Qian Y, Wang L, Zhao W-L. Methylation
alterations and advance of treatment in lymphoma. Front Biosci. (2021) 26:602.
doi: 10.52586/4970

15. Tadokoro Y, Ema H, Okano M, Li E, Nakauchi H. De novo DNA
methyltransferase is essential for self-renewal, but not for differentiation, in
hematopoietic stem cells. J Exp Med. (2007) 204:715-22. doi: 10.1084/
jem.20060750

16. Venugopal K, Feng Y, Shabashvili D, Guryanova OA. Alterations to DNMT3A
in hematologic Malignancies. Cancer Res. (2021) 81:254-63. doi: 10.1158/0008-
5472.CAN-20-3033

17. Leoni C, Montagner S, Rinaldi A, Bertoni F, Polletti S, Balestrieri C, et al.
Dnmt3a restrains mast cell inflammatory responses. Proc Natl Acad Sci. (2017) 114:
E1490-9. doi: 10.1073/pnas.1616420114

18. Poole CJ, Zheng W, Lodh A, Yevtodiyenko A, Liefwalker D, Li H, et al.
DNMT3B overexpression contributes to aberrant DNA methylation and MYC-

frontiersin.org


http://www.BioRender.com
https://doi.org/10.1186/s13045-024-01585-y
https://doi.org/10.1093/annonc/mdy080
https://doi.org/10.1038/35000501
https://doi.org/10.1038/s41375-023-01962-5
https://doi.org/10.1038/s41375-022-01764-1
https://doi.org/10.1182/asheducation-2013.1.575
https://doi.org/10.3324/haematol.2019.227892
https://doi.org/10.1186/s12920-019-0484-9
https://doi.org/10.1182/blood.2019002385
https://doi.org/10.3324/haematol.2020.262659
https://doi.org/10.3390/cancers12082120
https://doi.org/10.18632/aging.204601
https://doi.org/10.18632/aging.204601
https://doi.org/10.1016/j.critrevonc.2024.104498
https://doi.org/10.52586/4970
https://doi.org/10.1084/jem.20060750
https://doi.org/10.1084/jem.20060750
https://doi.org/10.1158/0008-5472.CAN-20-3033
https://doi.org/10.1158/0008-5472.CAN-20-3033
https://doi.org/10.1073/pnas.1616420114
https://doi.org/10.3389/fimmu.2025.1620895
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Wang et al.

driven tumor maintenance in T-ALL and burkitt’s lymphoma. Oncotarget. (2017)
8:76898-920. doi: 10.18632/oncotarget.20176

19. Xu H, Ye W, Shi B. LncRNA MALAT1 regulates USP22 expression through
EZH2-mediated H3K27me3 modification to accentuate sepsis-induced myocardial
dysfunction. Cardiovasc Toxicol. (2022) 22:813-30. doi: 10.1007/s12012-022-09758-2

20. Romero P, Richart L, Aflaki S, Petitalot A, Burton M, Michaud A, et al. EZH2 mutations
in follicular lymphoma distort H3K27me3 profiles and alter transcriptional responses to PRC2
inhibition. Nat Commun. (2024) 15:3452. doi: 10.1038/s41467-024-47701-x

21. Bodor C, O’Riain C, Wrench D, Matthews J, Iyengar S, Tayyib H, et al. EZH2
Y641 mutations in follicular lymphoma. Leukemia. (2011) 25:726-9. doi: 10.1038/
leu.2010.311

22. Traversa D, Simonetti G, Tolomeo D, Visci G, Macchia G, Ghetti M, et al.
Unravelling similarities and differences in the role of circular and linear PVT1 in cancer
and human disease. Br ] Cancer. (2022) 126:835-50. doi: 10.1038/s41416-021-01584-7

23. Zhao X, Van Den Berg A, Winkle M, Koerts J, Seitz A, De Jong D, et al.
Proliferation-promoting roles of linear and circular PVTI1 are independent of their
ability to bind miRNAs in B-cell lymphoma. Int ] Biol Macromol. (2023) 253:126744.
doi: 10.1016/j.ijbiomac.2023.126744

24. Fernandes M, Marques H, Teixeira AL, Medeiros R. ceRNA network of IncRNA/
miRNA as circulating prognostic biomarkers in non-hodgkin lymphomas:
bioinformatic analysis and assessment of their prognostic value in an NHL cohort.
Int ] Mol Sci. (2021) 23:201. doi: 10.3390/ijms23010201

25. Palcau AC, Canu V, Donzelli S, Strano S, Pulito C, Blandino G. CircPVT1: a
pivotal circular node intersecting Long Non-Coding-PVT1 and ¢-MYC oncogenic
signals. Mol Cancer. (2022) 21:33. doi: 10.1186/s12943-022-01514-y

26. Kamali MJ, Salehi M, Mostafavi M, Morovatshoar R, Akbari M, Latifi N, et al.
Hijacking and rewiring of host CircRNA/miRNA/mRNA competitive endogenous
RNA (ceRNA) regulatory networks by oncoviruses during development of viral
cancers. Rev Med Virol. (2024) 34:e2530. doi: 10.1002/rmv.2530

27. Frankiw L, Li G. The tumor microenvironment’s role in Malignant progression
and treatment response. Cancer Lett. (2022) 548:215888. doi: 10.1016/
j.canlet.2022.215888

28. Mantovani A, Allavena P, Marchesi F, Garlanda C. Macrophages as tools and
targets in cancer therapy. Nat Rev Drug Discov. (2022) 21:799-820. doi: 10.1038/
$41573-022-00520-5

29. Shao R, Liu C, Xue R, Deng X, Liu L, Song C, et al. Tumor-derived exosomal
ENO2 modulates polarization of tumor-associated macrophages through
reprogramming glycolysis to promote progression of diffuse large B-cell lymphoma.
Int J Biol Sci. (2024) 20:848-63. doi: 10.7150/ijbs.91154

30. Han Z, Wu X, Qin H, Yuan Y-C, Schmolze D, Su C, et al. Reprogramming of
PD-1+ M2-like tumor-associated macrophages with anti-PD-L1 and lenalidomide in
cutaneous T cell lymphoma. JCI Insight. (2023) 8:e163518. doi: 10.1172/
jci.insight.163518

31. Patel SS, Weirather JL, Lipschitz M, Lako A, Chen P-H, Griffin GK, et al. The
microenvironmental niche in classic hodgkin lymphoma is enriched for CTLA-4-
positive T cells that are PD-1-negative. Blood. (2019) 134:2059-2069. doi: 10.1182/
blood.2019002206

32. Ruella M, Korell F, Porazzi P, Maus MV. Mechanisms of resistance to chimeric
antigen receptor-T cells in haematological Malignancies. Nat Rev Drug Discov. (2023)
22:976-95. doi: 10.1038/s41573-023-00807-1

33. Said SS, Ibrahim WN. Cancer resistance to immunotherapy: comprehensive
insights with future perspectives. Pharmaceutics. (2023) 15:1143. doi: 10.3390/
pharmaceutics15041143

34. Choi SYC, Collins CC, Gout PW, Wang Y. Cancer-generated lactic acid: A
regulatory, immunosuppressive metabolite? J Pathol. (2013) 230:350-5. doi: 10.1002/
path.4218

35. Mishina T, Miyoshi H, Takeuchi M, Miyawaki K, Nakashima K, Yamada K, et al.
Co-expression of regulatory B-cell markers, transforming growth factor B and
interleukin-10 as a prognostic factor in diffuse large B-cell lymphoma. Pathol - Res
Pract. (2024) 254:155117. doi: 10.1016/j.prp.2024.155117

36. Reilley MJ, McCoon P, Cook C, Lyne P, Kurzrock R, Kim Y, et al. STAT3
antisense oligonucleotide AZD9150 in a subset of patients with heavily pretreated
lymphoma: results of a phase 1b trial. ] ImmunoTher. Cancer. (2018) 6:119.
doi: 10.1186/s40425-018-0436-5

37. Li M, Mi L, Wang C, Wang X, Zhu J, Qi F, et al. Clinical implications of
circulating tumor DNA in predicting the outcome of diffuse large B cell lymphoma
patients receiving first-line therapy. BMC Med. (2022) 20:369. doi: 10.1186/512916-
022-02562-3

38. Satpathy AT, Granja JM, Yost KE, Qi Y, Meschi F, McDermott GP, et al.
Massively parallel single-cell chromatin landscapes of human immune cell
development and intratumoral T cell exhaustion. Nat Biotechnol. (2019) 37:925-36.
doi: 10.1038/s41587-019-0206-z

39. Tran N, Broun A, Ge K. Lysine demethylase KDM6A in differentiation,
development, and cancer. Mol Cell Biol. (2020) 40:e00341-20. doi: 10.1128/
MCB.00341-20

40. Broccoli A, Del Re M, Danesi R, Zinzani PL. Covalent Bruton tyrosine kinase
inhibitors across generations: A focus on zanubrutinib. J Cell Mol Med. (2025) 29:
€70170. doi: 10.1111/jcmm.70170

Frontiers in Immunology

10.3389/fimmu.2025.1620895

41. Tian G, Chen Z, Wang B, Chen G, Xie L. Small-molecule BTK inhibitors: From
discovery to clinical application. Bioorganic Chem. (2025) 157:108242. doi: 10.1016/
j.bioorg.2025.108242

42. Eyre TA, Cheah CY, Wang ML. Therapeutic options for relapsed/refractory
mantle cell lymphoma. Blood. (2022) 139:666-77. doi: 10.1182/blood.2021013326

43. Gaudio F, Dicataldo M, Di Giovanni F, Cazzato G, d’Amati A, Perrone T, et al.
Prognostic role of CDKN2A deletion and P53 expression and association with MIPIb
in mantle cell lymphoma. Clin Lymphoma Myeloma Leuk. (2023) 23:599-605.
doi: 10.1016/j.clm1.2023.04.004

44. Wang M, Jurczak W, Trneny M, Belada D, Wrobel T, Ghosh N, et al. Ibrutinib
plus venetoclax in relapsed or refractory mantle cell lymphoma (SYMPATICO): A
multicentre, randomised, double-blind, placebo-controlled, phase 3 study. Lancet
Oncol. (2025) 26:200-13. doi: 10.1016/S1470-2045(24)00682-X

45. Dreyling M, Goy A, Hess G, Kahl BS, Hernandez-Rivas J, Schuier N, et al. Long-
term outcomes with ibrutinib treatment for patients with relapsed/refractory mantle
cell lymphoma: A pooled analysis of 3 clinical trials with nearly 10 years of follow-up.
HemaSphere. (2022) 6:¢712. doi: 10.1097/HS9.0000000000000712

46. Chen Q, Lu C, Li D, Xu L, Wang C, Yu L. CDK1 inhibitor RO-3306 enhances
BTKi potency in diffuse large B-cell lymphoma by suppressing JAK2/STAT3 signaling.
Int ] Biol Macromol. (2025) 297:139893. doi: 10.1016/j.ijjbiomac.2025.139893

47. Tam CS, Ou YC, Trotman ], Opat S. Clinical pharmacology and PK/PD
translation of the second-generation bruton’s tyrosine kinase inhibitor, zanubrutinib.
Expert Rev Clin Pharmacol. (2021) 14:1329-44. doi: 10.1080/17512433.2021.1978288

48. Song Y, Zhou K, Zou D, Li D, Hu J, Yang H, et al. Long-term outcomes of
second-line versus later-line zanubrutinib treatment in patients with relapsed/
refractory mantle cell lymphoma: an updated pooled analysis. Cancer Med. (2023)
12:18643-53. doi: 10.1002/cam4.6473

49. Chihara D, Steiner RE, Nair R, Feng L, Ahmed S, Strati P, et al. Phase II trial of
ibrutinib and nivolumab in patients with relapsed CNS lymphomas. Blood Adv. (2025)
9:1485-1491. doi: 10.1182/bloodadvances.2024014635

50. Vervloessem T, Ivanova H, Luyten T, Parys JB, Bultynck G. The selective bcl-2
inhibitor venetoclax, a BH3 mimetic, does not dysregulate intracellular ca2+ Signaling.
Biochim Biophys Acta (BBA) - Mol Cell Res. (2017) 1864:968-76. doi: 10.1016/
j.bbamcr.2016.11.024

51. Schmitz R, Wright GW, Huang DW, Johnson CA, Phelan JD, Wang JQ, et al.
Genetics and pathogenesis of diffuse large B-cell lymphoma. N Engl ] Med. (2018)
378:1396-407. doi: 10.1056/NEJMoal1801445

52. Scholze H, Stephenson RE, Reynolds R, Shah S, Puri R, Butler SD, et al.
Combined EZH2 and bcl-2 inhibitors as precision therapy for genetically defined
DLBCL subtypes. Blood Adv. (2020) 4:5226-31. doi: 10.1182/
bloodadvances.2020002580

53. Coughlin CA, Chahar D, Lekakis M, Youssfi AA, Li L, Roberts E, et al. Bruton’s
tyrosine kinase inhibition re-sensitizes multidrug-resistant DLBCL tumors driven by
BCL10 gain-of-function mutants to venetoclax. Blood Cancer ]. (2025) 15:9.
doi: 10.1038/s41408-025-01214-y

54. Knutson SK, Kawano S, Minoshima Y, Warholic NM, Huang K-C, Xiao Y, et al.
Selective inhibition of EZH2 by EPZ-6438 leads to potent antitumor activity in EZH2-
mutant non-hodgkin lymphoma. Mol Cancer Ther. (2014) 13:842-54. doi: 10.1158/
1535-7163.MCT-13-0773

55. Chu L, Tan D, Zhu M, Qu Y, Ma X, Song B-L, et al. EZH2 W113C is a gain-of-
function mutation in B-cell lymphoma enabling both PRC2 methyltransferase
activation and tazemetostat resistance. J Biol Chem. (2023) 299:103073. doi: 10.1016/
jjbc.2023.103073

56. Izutsu K, Ando K, Nishikori M, Shibayama H, Goto H, Kuroda J, et al.
Tazemetostat for relapsed/refractory B-cell non-hodgkin lymphoma with EZH2
mutation in Japan: 3-year follow-up for a phase II study. Int J Hematol. (2024)
120:621-30. doi: 10.1007/s12185-024-03834-9

57. Chamberlain PP, Hamann LG. Development of targeted protein degradation
therapeutics. Nat Chem Biol. (2019) 15:937-44. doi: 10.1038/s41589-019-0362-y

58. Stabicki M, Yoon H, Koeppel J, Nitsch L, Roy Burman SS, Di Genua C, et al.
Small-molecule-induced polymerization triggers degradation of BCL6. Nature. (2020)
588:164-8. doi: 10.1038/541586-020-2925-1

59. Malarvannan M, Unnikrishnan S, Monohar S, Ravichandiran V, Paul D. Design
and optimization strategies of PROTACs and its Application, Comparisons to other
targeted protein degradation for multiple oncology therapies. Bioorganic Chem. (2025)
154:107984. doi: 10.1016/j.bioorg.2024.107984

60. MiD, LiC, LiY, Yao M, Li Y, Hong K, et al. Discovery of novel BCL6-targeting
PROTAC:s with effective antitumor activities against DLBCL in vitro and in vivo. Eur |
Med Chem. (2024) 277:116789. doi: 10.1016/j.ejmech.2024.116789

61. MaY, Zhang L, Huang X. Genome modification by CRISPR/cas9. FEBS J. (2014)
281:5186-93. doi: 10.1111/febs.13110

62. Fu M, Wang Y, Ge M, Hu C, Xiao Y, Ma Y, et al. Chemically induced
degradation of PRC2 complex by EZH2-targeted PROTACs via a ubiquitin-
proteasome pathway. Bioorg. Med Chem Lett. (2024) 113:129968. doi: 10.1016/
j.bmcl.2024.129968

63. Zhao Y, Shu Y, Lin J, Chen Z, Xie Q, Bao Y, et al. Discovery of novel BTK
PROTAC:s for B-cell lymphomas. Eur ] Med Chem. (2021) 225:113820. doi: 10.1016/
j.ejmech.2021.113820

frontiersin.org


https://doi.org/10.18632/oncotarget.20176
https://doi.org/10.1007/s12012-022-09758-2
https://doi.org/10.1038/s41467-024-47701-x
https://doi.org/10.1038/leu.2010.311
https://doi.org/10.1038/leu.2010.311
https://doi.org/10.1038/s41416-021-01584-7
https://doi.org/10.1016/j.ijbiomac.2023.126744
https://doi.org/10.3390/ijms23010201
https://doi.org/10.1186/s12943-022-01514-y
https://doi.org/10.1002/rmv.2530
https://doi.org/10.1016/j.canlet.2022.215888
https://doi.org/10.1016/j.canlet.2022.215888
https://doi.org/10.1038/s41573-022-00520-5
https://doi.org/10.1038/s41573-022-00520-5
https://doi.org/10.7150/ijbs.91154
https://doi.org/10.1172/jci.insight.163518
https://doi.org/10.1172/jci.insight.163518
https://doi.org/10.1182/blood.2019002206
https://doi.org/10.1182/blood.2019002206
https://doi.org/10.1038/s41573-023-00807-1
https://doi.org/10.3390/pharmaceutics15041143
https://doi.org/10.3390/pharmaceutics15041143
https://doi.org/10.1002/path.4218
https://doi.org/10.1002/path.4218
https://doi.org/10.1016/j.prp.2024.155117
https://doi.org/10.1186/s40425-018-0436-5
https://doi.org/10.1186/s12916-022-02562-3
https://doi.org/10.1186/s12916-022-02562-3
https://doi.org/10.1038/s41587-019-0206-z
https://doi.org/10.1128/MCB.00341-20
https://doi.org/10.1128/MCB.00341-20
https://doi.org/10.1111/jcmm.70170
https://doi.org/10.1016/j.bioorg.2025.108242
https://doi.org/10.1016/j.bioorg.2025.108242
https://doi.org/10.1182/blood.2021013326
https://doi.org/10.1016/j.clml.2023.04.004
https://doi.org/10.1016/S1470-2045(24)00682-X
https://doi.org/10.1097/HS9.0000000000000712
https://doi.org/10.1016/j.ijbiomac.2025.139893
https://doi.org/10.1080/17512433.2021.1978288
https://doi.org/10.1002/cam4.6473
https://doi.org/10.1182/bloodadvances.2024014635
https://doi.org/10.1016/j.bbamcr.2016.11.024
https://doi.org/10.1016/j.bbamcr.2016.11.024
https://doi.org/10.1056/NEJMoa1801445
https://doi.org/10.1182/bloodadvances.2020002580
https://doi.org/10.1182/bloodadvances.2020002580
https://doi.org/10.1038/s41408-025-01214-y
https://doi.org/10.1158/1535-7163.MCT-13-0773
https://doi.org/10.1158/1535-7163.MCT-13-0773
https://doi.org/10.1016/j.jbc.2023.103073
https://doi.org/10.1016/j.jbc.2023.103073
https://doi.org/10.1007/s12185-024-03834-9
https://doi.org/10.1038/s41589-019-0362-y
https://doi.org/10.1038/s41586-020-2925-1
https://doi.org/10.1016/j.bioorg.2024.107984
https://doi.org/10.1016/j.ejmech.2024.116789
https://doi.org/10.1111/febs.13110
https://doi.org/10.1016/j.bmcl.2024.129968
https://doi.org/10.1016/j.bmcl.2024.129968
https://doi.org/10.1016/j.ejmech.2021.113820
https://doi.org/10.1016/j.ejmech.2021.113820
https://doi.org/10.3389/fimmu.2025.1620895
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Wang et al.

64. Hall ], Zhang Z, Bhattacharya S, Wang D, Alcantara M, Liang Y, et al. Oligo-
PROTAC strategy for cell-selective and targeted degradation of activated STAT3. Mol
Ther - Nucleic Acids. (2024) 35:102137. doi: 10.1016/j.omtn.2024.102137

65. Diirig J, Uhlig J, Gerhardt A, Ritter M, Hapke G, Heflling J, et al. Subcutaneous
rituximab in patients with diffuse large B cell lymphoma and follicular lymphoma: Final
results of the non-interventional study MabSCale. Cancer Med. (2023) 12:2739-51.
doi: 10.1002/cam4.5160

66. Rosenbaum CA, Jung SH, Pitcher B, Bartlett NL, Smith SM, Hsi E, et al. Phase 2
multicentre study of single-agent ofatumumab in previously untreated follicular
lymphoma: CALGB 50901 (Alliance). Br J haematology. (2019) 185:53-64.
doi: 10.1111/bjh.15768

67. Soe ZN, Allsup D. The use of ofatumumab in the treatment of B-cell
Malignancies. Future Oncol (London England). (2017) 13:2611-28. doi: 10.2217/fon-
2017-0275

68. ChuY, LiuY, YuZ, Zhan L, Lu T, Jiang Y, et al. Maintenance and consolidation
strategies for patients with untreated advanced follicular lymphoma: A systematic
review and network meta-analysis of randomized trials. Cancer. (2024) 130:1072-82.
doi: 10.1002/cncr.35137

69. Bartlett NL, Chen R, Fanale MA, Brice P, Gopal A, Smith SE, et al. Retreatment
with brentuximab vedotin in patients with CD30-positive hematologic Malignancies. J
Hematol Oncol. (2014) 7:24. doi: 10.1186/1756-8722-7-24

70. de Masson A, Guitera P, Brice P, Moulonguet I, Mouly F, Bouaziz JD, et al. Long-
term efficacy and safety of alemtuzumab in advanced primary cutaneous T-cell
lymphomas. Br ] Dermatol. (2014) 170:720-4. doi: 10.1111/bjd.12690

71. Esquinas E, Moreno-Sanz A, Sanda V, Stodulski-Ciesla D, Borregon J, Pefia-
Blanque V, et al. Preclinical development of three novel CARs targeting CD79b for the
treatment of non-hodgkin’s lymphoma and characterization of the loss of the target
antigen. J ImmunoTher. Cancer. (2024) 12:€009485. doi: 10.1136/jitc-2024-009485

72. Thieblemont C, Phillips T, Ghesquieres H, Cheah CY, Clausen MR,
Cunningham D, et al. Epcoritamab, a novel, subcutaneous CD3xCD20 bispecific T-
cell-engaging antibody, in relapsed or refractory large B-cell lymphoma: dose
expansion in a phase I/II trial. J Clin Oncol. (2023) 41:2238-47. doi: 10.1200/
JCO.22.01725

73. Hutchings M, Morschhauser F, Iacoboni G, Carlo-Stella C, Offner FC, Sureda A,
et al. Glofitamab, a novel, bivalent CD20-targeting T-cell-engaging bispecific antibody,
induces durable complete remissions in relapsed or refractory B-cell lymphoma: A
phase I trial. J Clin Oncol. (2021) 39:1959-70. doi: 10.1200/JC0O.20.03175

74. Kyvsgaard ER, Grauslund M, Sjo L, Melchior LC, Grantzau TL, Gjerdrum LMR,
et al. NOTCH1 mutations are associated with therapy-resistance in patients with B-cell
lymphoma treated with CD20xCD3 bispecific antibodies. Am ] Hematol. (2025)
100:712-6. doi: 10.1002/ajh.27601

75. Chauchet X, Cons L, Chatel L, Daubeuf B, Didelot G, Moine V, et al.
CD47xCD19 bispecific antibody triggers recruitment and activation of innate
immune effector cells in a B-cell lymphoma xenograft model. Exp Hematol Oncol.
(2022) 11:26. doi: 10.1186/540164-022-00279-w

76. Kolbe C, Kauer J, Brinkmann B, Dreger P, Huber W, Miiller-Tidow C, et al.
Blocking the CD39/CD73 pathway synergizes with anti-CD20 bispecific antibody in
nodal B-cell lymphoma. J ImmunoTher. Cancer. (2025) 13:€009245. doi: 10.1136/jitc-
2024-009245

77. Yan F, Jiang V, Jordan A, Che Y, Liu Y, Cai Q, et al. The HSP90-MYC-CDK9
network drives therapeutic resistance in mantle cell lymphoma. Exp Hematol Oncol.
(2024) 13:14. doi: 10.1186/540164-024-00484-9

78. Jiang V, Lee W, Zhang T, Jordan A, Yan F, Cai Q, et al. The CDK9 inhibitor
enitociclib overcomes resistance to BTK inhibition and CAR-T therapy in mantle cell
lymphoma. biomark Res. (2024) 12:62. doi: 10.1186/s40364-024-00589-7

79. Tu S, Zhou X, Guo Z, Huang R, Yue C, He Y, et al. CD19 and CD70 dual-target
chimeric antigen receptor T-cell therapy for the treatment of relapsed and refractory
primary central nervous system diffuse large B-cell lymphoma. Front Oncol. (2019)
9:1350. doi: 10.3389/fonc.2019.01350

80. Chen T, Deng]J, Zhang Y, Liu B, Liu R, Zhu Y, et al. The construction of modular
universal chimeric antigen receptor T (MU-CAR-T) cells by covalent linkage of
allogeneic T cells and various antibody fragments. Mol Cancer. (2024) 23:53.
doi: 10.1186/s12943-024-01938-8

81. Zhu S, Zuo S, Li C, You X, Jiang E, Feng X, et al. LLT1 overexpression renders
allogeneic-NK resistance and facilitates the generation of enhanced universal CAR-T
cells. J Exp Clin Canc. Res. (2025) 44:25. doi: 10.1186/5s13046-025-03273-2

82. Cheng Y, Zhang J, Mu W, Ye S, Cheng J, Zhu L, et al. Dasatinib-resistant
universal CAR-T cells proliferate in the presence of host immune cells and exhibit
antitumor activity. Mol Ther. (2025) 33:1535-51. doi: 10.1016/j.ymthe.2025.02.012

83. Rotte A, Jin JY, Lemaire V. Mechanistic overview of immune checkpoints to
support the rational design of their combinations in cancer immunotherapy. Ann
Oncol. (2018) 29:71-83. doi: 10.1093/annonc/mdx686

84. Hemon P, Jean-Louis F, Ramgolam K, Brignone C, Viguier M, Bachelez H, et al.
MHC class II engagement by its ligand LAG-3 (CD223) contributes to melanoma
resistance to apoptosis. J Immunol. (2011) 186:5173-83. doi: 10.4049/
jimmunol.1002050

Frontiers in Immunology

17

10.3389/fimmu.2025.1620895

85. Chocarro L, Blanco E, Zuazo M, Arasanz H, Bocanegra A, Fernandez-Rubio L,
et al. Understanding LAG-3 signaling. Int ] Mol Sci. (2021) 22:5282. doi: 10.3390/
ijms22105282

86. Andrews LP, Butler SC, Cui J, Cillo AR, Cardello C, Liu C, et al. LAG-3 and PD-1
synergize on CD8+ T cells to drive T cell exhaustion and hinder autocrine IFN-y-
dependent anti-tumor immunity. Cell. (2024) 187:4355-4372.e22. doi: 10.1016/
j.cell.2024.07.016

87. Graydon CG, Mohideen S, Fowke KR. LAG3’s enigmatic mechanism of action.
Front Immunol. (2021) 11:615317. doi: 10.3389/fimmu.2020.615317

88. Johnson N, Lavie D, Borchmann P, Gregory G, Herrera A, Minuk L, et al.
Favezelimab (Anti-LAG-3) plus Pembrolizumab in Patients with Relapsed or
Refractory (R/R) Classical Hodgkin Lymphoma (cHL) after Anti-PD-1 Treatment:
An Open-Label Phase 1/2 Study. J Clin Oncol. 40:7545. doi: 10.1200/
JCO.2022.40.16_suppl.7545

89. Sakuishi K, Jayaraman P, Behar SM, Anderson AC, Kuchroo VK. Emerging tim-
3 functions in antimicrobial and tumor immunity. Trends Immunol. (2011) 32:345-9.
doi: 10.1016/4.it.2011.05.003

90. Sauer N, Janicka N, Szlasa W, Skinderowicz B, Kotodzinska K, Dwernicka W,
et al. TIM-3 as a promising target for cancer immunotherapy in a wide range of tumors.
Cancer Immunol Immunother. (2023) 72:3405-25. doi: 10.1007/s00262-023-03516-1

91. Schwartz S, Patel N, Longmire T, Jayaraman P, Jiang X, Lu H, et alCorrection to:
Characterization of Sabatolimab, a Novel Immunotherapy with Immuno-Myeloid
Activity Directed against TIM-3 Receptor. Immunother. Adv. (2023) 3:1tad002.
doi: 10.1093/immadv/Itac019

92. Ma S, Tian Y, Peng J, Chen C, Peng X, Zhao F, et al. Identification of a small-
molecule tim-3 inhibitor to potentiate T cell-mediated antitumor immunotherapy in
preclinical mouse models. Sci Transl Med. (2023) 15:eadg6752. doi: 10.1126/
scitranslmed.adg6752

93. Zhu Q, Yang Y, Chen K, Zhang Q, Huang Y, Jian S. Diffuse large B-cell
lymphoma: the significance of CD8+ Tumor-infiltrating lymphocytes exhaustion
mediated by TIM3/galectin-9 pathway. J Transl Med. (2024) 22:174. doi: 10.1186/
$12967-024-05002-3

94. Busquets O, Ettcheto M, Pallas M, Beas-Zarate C, Verdaguer E, Auladell C, et al.
Corrigendum to “Long-term exposition to a high fat diet favors the appearance of B-
amyloid depositions in the brain of C57BL/6 ] mice. A potential model of sporadic
alzheimer’s disease” [J. Mech. Ageing dev. 162 (March) ;(;2017;); 38-45. Doi: 10.1016/
j.Mad.2016.11.002. Mech Ageing Dev. (2022) 201:111615. doi: 10.1016/
jmad.2021.111615

95. Liu Y, Liu W, Wu T. TIGIT: Will It Be the next Star Therapeutic Target like PD-
1 in Hematological Malignancies? Crit. Rev Oncol Hematol. (2024) 204:104495.
doi: 10.1016/j.critrevonc.2024.104495

96. Yang Z-Z, Kim HJ, Wu H, Jalali S, Tang X, Krull JE, et al. TIGIT expression is
associated with T-cell suppression and exhaustion and predicts clinical outcome and
anti-PD-1 response in follicular lymphoma. Clin Cancer Res. (2020) 26:5217-31.
doi: 10.1158/1078-0432.CCR-20-0558

97. Jiang VC, Hao D, Jain P, Li Y, Cai Q, Yao Y, et al. TIGIT is the central player in
T-cell suppression associated with CAR T-cell relapse in mantle cell lymphoma. Mol
Cancer. (2022) 21:185. doi: 10.1186/s12943-022-01655-0

98. Godfrey J, Chen X, Sunseri N, Cooper A, YuJ, Varlamova A, et al. TIGIT is a key
inhibitory checkpoint receptor in lymphoma. J ImmunoTher. Cancer. (2023) 11:
€006582. doi: 10.1136/jitc-2022-006582

99. Libert D, Zhao S, Younes S, Mosquera AP, Bharadwaj S, Ferreira C, et al. TIGIT
is frequently expressed in the tumor microenvironment of select lymphomas:
implications for targeted therapy. Am J Surg Pathol. (2024) 48:337-52. doi: 10.1097/
PAS.0000000000002168

100. Wang T, Ye X, Jiang H, Gao Y. Histone deacetylase inhibitor and PD-1
blockade synergistically inhibit B—cell lymphoma progression in mice model by
promoting T—cell infiltration and apoptosis. Oncol Rep. (2024) 52:133. doi: 10.3892/
0r.2024.8792

101. RuanJ, Zain J, Palmer B, Jovanovic B, Mi X, Swaroop A, et al. Multicenter phase
2 study of romidepsin plus lenalidomide for previously untreated peripheral T-cell
lymphoma. Blood Adv. (2023) 7:5771-9. doi: 10.1182/bloodadvances.2023009767

102. Gao Y, He H, Li X, Zhang L, Xu W, Feng R, et al. Sintilimab (Anti-PD-1
antibody) plus chidamide (Histone deacetylase inhibitor) in relapsed or refractory
extranodal natural killer T-cell lymphoma (SCENT): A phase ib/II study. Signal
Transduction Targeting Ther. (2024) 9:121. doi: 10.1038/541392-024-01825-0

103. Beatty GL, O’Dwyer PJ, Clark J, Shi JG, Bowman KJ, Scherle PA, et al. First-in-
human phase I study of the oral inhibitor of indoleamine 2,3-dioxygenase-1
epacadostat (INCB024360) in patients with advanced solid Malignancies. Clin
Cancer Res. (2017) 23:3269-76. doi: 10.1158/1078-0432.CCR-16-2272

104. Liu M, Wang X, Wang L, Ma X, Gong Z, Zhang S, et al. Targeting the IDO1
pathway in cancer: from bench to bedside. ] Hematol Oncol. (2018) 11:100.
doi: 10.1186/s13045-018-0644-y

105. Tang K, Wu Y-H, Song Y, Yu B. Indoleamine 2,3-dioxygenase 1 (IDO1)
inhibitors in clinical trials for cancer immunotherapy. J Hematol Oncol. (2021) 14:68.
doi: 10.1186/s13045-021-01080-8

frontiersin.org


https://doi.org/10.1016/j.omtn.2024.102137
https://doi.org/10.1002/cam4.5160
https://doi.org/10.1111/bjh.15768
https://doi.org/10.2217/fon-2017-0275
https://doi.org/10.2217/fon-2017-0275
https://doi.org/10.1002/cncr.35137
https://doi.org/10.1186/1756-8722-7-24
https://doi.org/10.1111/bjd.12690
https://doi.org/10.1136/jitc-2024-009485
https://doi.org/10.1200/JCO.22.01725
https://doi.org/10.1200/JCO.22.01725
https://doi.org/10.1200/JCO.20.03175
https://doi.org/10.1002/ajh.27601
https://doi.org/10.1186/s40164-022-00279-w
https://doi.org/10.1136/jitc-2024-009245
https://doi.org/10.1136/jitc-2024-009245
https://doi.org/10.1186/s40164-024-00484-9
https://doi.org/10.1186/s40364-024-00589-7
https://doi.org/10.3389/fonc.2019.01350
https://doi.org/10.1186/s12943-024-01938-8
https://doi.org/10.1186/s13046-025-03273-2
https://doi.org/10.1016/j.ymthe.2025.02.012
https://doi.org/10.1093/annonc/mdx686
https://doi.org/10.4049/jimmunol.1002050
https://doi.org/10.4049/jimmunol.1002050
https://doi.org/10.3390/ijms22105282
https://doi.org/10.3390/ijms22105282
https://doi.org/10.1016/j.cell.2024.07.016
https://doi.org/10.1016/j.cell.2024.07.016
https://doi.org/10.3389/fimmu.2020.615317
https://doi.org/10.1200/JCO.2022.40.16_suppl.7545
https://doi.org/10.1200/JCO.2022.40.16_suppl.7545
https://doi.org/10.1016/j.it.2011.05.003
https://doi.org/10.1007/s00262-023-03516-1
https://doi.org/10.1093/immadv/ltac019
https://doi.org/10.1126/scitranslmed.adg6752
https://doi.org/10.1126/scitranslmed.adg6752
https://doi.org/10.1186/s12967-024-05002-3
https://doi.org/10.1186/s12967-024-05002-3
https://doi.org/10.1016/j.mad.2021.111615
https://doi.org/10.1016/j.mad.2021.111615
https://doi.org/10.1016/j.critrevonc.2024.104495
https://doi.org/10.1158/1078-0432.CCR-20-0558
https://doi.org/10.1186/s12943-022-01655-0
https://doi.org/10.1136/jitc-2022-006582
https://doi.org/10.1097/PAS.0000000000002168
https://doi.org/10.1097/PAS.0000000000002168
https://doi.org/10.3892/or.2024.8792
https://doi.org/10.3892/or.2024.8792
https://doi.org/10.1182/bloodadvances.2023009767
https://doi.org/10.1038/s41392-024-01825-0
https://doi.org/10.1158/1078-0432.CCR-16-2272
https://doi.org/10.1186/s13045-018-0644-y
https://doi.org/10.1186/s13045-021-01080-8
https://doi.org/10.3389/fimmu.2025.1620895
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Wang et al.

106. Sadik A, Somarribas Patterson LF, Oztiirk S, Mohapatra SR, Panitz V, Secker
PF, et al. IL4I1 is a metabolic immune checkpoint that activates the AHR and promotes
tumor progression. Cell. (2020) 182:1252-1270.e34. doi: 10.1016/j.cell.2020.07.038

107. Zhang R, Zhang Y, Xiao H, Liu Q, Zhao M. Knockout IL4I1 affects
macrophages to improve poor efficacy of CD19 CAR-T combined with PD-1
inhibitor in relapsed/refractory diffuse large B-cell lymphoma. J Transl Med. (2025)
23:105. doi: 10.1186/512967-024-06028-3

108. Zheng Z, Wang J-B, Sun R, Wang N, Weng X-Q, Xu T-Y, et al. Dual targeting
PD-L1 and 4-1BB to overcome dendritic cell-mediated lenalidomide resistance in
follicular lymphoma. Signal Transduction Targeting Ther. (2025) 10:29. doi: 10.1038/
§41392-024-02105-7

109. Chamorro-Jorganes A, Profitos-Peleja N, Recasens-Zorzo C, Valero JG, Reyes-
Garau D, Magnano L, et al. YPEL2 regulates the efficacy of BRD4-EZH2 dual targeting
in EZH2Y641mut germinal center-derived lymphoma. Neoplasia. (2025) 61:101131.
doi: 10.1016/j.ne0.2025.101131

110. Bramanti S, Mannina D, Chiappella A, Casadei B, De Philippis C, Giordano L,
et al. Role of bridging RT in relapsed/refractory diffuse large B-cell lymphoma
undergoing CAR-T therapy: A multicenter study. Bone Marrow Transplant. (2025)
60:32-8. doi: 10.1038/s41409-024-02427-8

111. Lazar V, Ditu L-M, Pircalabioru GG, Gheorghe I, Curutiu C, Holban AM, et al.
Aspects of gut microbiota and immune system interactions in infectious diseases,
immunopathology, and cancer. Front Immunol. (2018) 9:1830. doi: 10.3389/
fimmu.2018.01830

112. Routy B, Le Chatelier E, Derosa L, Duong CPM, Alou MT, Daillére R, et al. Gut
microbiome influences efficacy of PD-1-based immunotherapy against epithelial
tumors. Science. (2018) 359:91-7. doi: 10.1126/science.aan3706

113. Vétizou M, Pitt JM, Daillére R, Lepage P, Waldschmitt N, Flament C, et al.
Anticancer immunotherapy by CTLA-4 blockade relies on the gut microbiota. Science.
(2015) 350:1079-84. doi: 10.1126/science.aad1329

114. Matson V, Fessler J, Bao R, Chongsuwat T, Zha Y, Alegre M-L, et al. The
commensal microbiome is associated with anti-PD-1 efficacy in metastatic melanoma
patients. Science. (2018) 359:104-8. doi: 10.1126/science.aa03290

115. Upadhyay Banskota S, Skupa SA, El-Gamal D, D’Angelo CR. Defining the role
of the gut microbiome in the pathogenesis and treatment of lymphoid Malignancies. Int
J Mol Sci. (2023) 24:2309. doi: 10.3390/ijms24032309

116. Peled JU, Gomes ALC, Devlin SM, Littmann ER, Taur Y, Sung AD, et al.
Microbiota as predictor of mortality in allogeneic hematopoietic-cell transplantation. N
Engl ] Med. (2020) 382:822-34. doi: 10.1056/NEJMo0a1900623

117. Jiang P, Yu F, Zhou X, Shi H, He Q, Song X. Dissecting causal links between gut
microbiota, inflammatory cytokines, and DLBCL: A mendelian randomization study.
Blood Adv. (2024) 8:2268-78. doi: 10.1182/bloodadvances.2023012246

118. Li M, Wang L, Peng Z, Jiang L, Yan Y, Xia Y, et al. Causal associations of gut
microbiota species with lymphoma: A two-sample mendelian randomization study.
Hematol Oncol. (2025) 43:€70046. doi: 10.1002/hon.70046

119. Sun M, Tang D, Jia ], Wu Y, Yu C, Qiu R, et al. The role of the gut microbiota in
infectious complications during immunochemotherapy for diffuse large B-cell
lymphoma. BMC Cancer. (2024) 24:1570. doi: 10.1186/512885-024-13344-w

120. Kranz LM, Diken M, Haas H, Kreiter S, Loquai C, Reuter KC, et al. Systemic
RNA delivery to dendritic cells exploits antiviral defence for cancer immunotherapy.
Nature. (2016) 534:396-401. doi: 10.1038/nature18300

121. Sasaki K, Sato Y, Okuda K, Iwakawa K, Harashima H. mRNA-loaded lipid
nanoparticles targeting dendritic cells for cancer immunotherapy. Pharmaceutics.
(2022) 14:1572. doi: 10.3390/pharmaceutics14081572

122. Lei], Qi S, Yu X, Gao X, Yang K, Zhang X, et al. Development of mannosylated
lipid nanoparticles for mRNA cancer vaccine with high antigen presentation efficiency
and immunomodulatory capability. Angew. Chem - Int Ed. (2024) 63:¢202318515.
doi: 10.1002/anie.202318515

123. Li Q, Byun J, Kim D, Wu Y, Lee J, Oh Y-K. Cell membrane-coated mRNA
nanoparticles for enhanced delivery to dendritic cells and immunotherapy. Asian |
Pharm Sci. (2024) 19:100968. doi: 10.1016/j.ajps.2024.100968

124. Li Z, Cai H, Li Z, Ren L, Ma X, Zhu H, et al. Corrigendum to “A tumor cell
membrane-coated self-amplified nanosystem as a nanovaccine to boost the therapeutic
effect of anti-PD-L1 antibody” [Bioact. Mater. 21 299-312. Bioact. Mater. (2023) 22:74.
doi: 10.1016/j.bioactmat.2022.09.016

125. Song C, Jiang L, Sha X, Jiao Z, Xing Y, Li X, et al. Peptide nanocarriers for
targeted delivery of nucleic acids for cancer therapy. Bioconjugate Chem. (2025) 36:25-
33. doi: 10.1021/acs.bioconjchem.4c00324

126. Wang Y, Zhou Y, Wang J, Zhang L, Liu C, Guo D, et al. Nucleolin-targeted
silicon-based nanoparticles for enhanced chemo-sonodynamic therapy of diffuse
large B-cell lymphoma. Int J Pharm. (2025) 671:125294. doi: 10.1016/
jijpharm.2025.125294

127. Carvalho SM, Mansur AAP, Lobato ZIP, Leite MF, Mansur HS. Bioengineering
chitosan-antibody/fluorescent quantum dot nanoconjugates for targeted
immunotheranostics of non-hodgkin B-cell lymphomas. Int ] Biol Macromol. (2025)
294:139515. doi: 10.1016/j.ijbiomac.2025.139515

128. Steen CB, Luca BA, Esfahani MS, Azizi A, Sworder BJ, Nabet BY, et al. The
landscape of tumor cell states and ecosystems in diffuse large B cell lymphoma. Cancer
Cell. (2021) 39:1422-1437.e10. doi: 10.1016/j.ccell.2021.08.011

Frontiers in Immunology

10.3389/fimmu.2025.1620895

129. Chen J, Wu M, Mo J, Hong J, Wang W, Jin Y, et al. Auto-rapTAC: A versatile
and sustainable platform for the automated rapid synthesis and evaluation of
PROTAC. ] Med Chem. (2025) 68:8010-24. doi: 10.1021/acs.jmedchem.4c02438

130. Jumper J, Evans R, Pritzel A, Green T, Figurnov M, Ronneberger O, et al.
Highly accurate protein structure prediction with AlphaFold. Nature. (2021) 596:583—-
9. doi: 10.1038/541586-021-03819-2

131. Tsakiroglou AM, Bacon CM, Shingleton D, Slavin G, Vogiatzis P, Byers R, et al.
Lymphoma triage from H&E using Al for improved clinical management. J Clin Pathol.
(2023) 78:28-33. doi: 10.1136/jcp-2023-209186

132. Koka R, Wake LM, Ku NK, Rice K, LaRocque A, Vidal EG, et al. Assessment of
Al-based computational H&E staining versus chemical H&E staining for primary
diagnosis in lymphomas: A brief interim report. J Clin Pathol. (2025) 78:208-11.
doi: 10.1136/jcp-2024-209643

133. Hua W, Liu J, Li Y, Yin H, Shen H, Wu J, et al. Revealing the heterogeneity of
treatment resistance in less-defined subtype diffuse large B cell lymphoma patients by
integrating programmed cell death patterns and liquid biopsy. Clin Transl Med. (2025)
15:¢70150. doi: 10.1002/ctm2.70150

134. Ferrandez MC, Golla SSV, Eertink JJ, Wiegers SE, Zwezerijnen GJC, Heymans
MW, et al. Validation of an artificial intelligence-based prediction model using 5
external PET/CT datasets of diffuse large B-cell lymphoma. J Nucl Med. (2024)
65:1802-7. doi: 10.2967/jnumed.124.268191

135. Song C, Zhao C-Y, Li K, Lin Y-R, Song S-L, Xu C-Y, et al. A 2.5D transfer deep
learning model based on artificial intelligence for differentiating lymphoma and
tuberculous lymphadenitis in HIV/AIDS patients. J Infect. (2025) 90:106439.
doi: 10.1016/j.jinf.2025.106439

136. Nagy A, Batai B, Kiss L, Grof S, Kiraly PA, Jona A, et al. Parallel testing of liquid
biopsy (ctDNA) and tissue biopsy samples reveals a higher frequency of EZH2
mutations in follicular lymphoma. J Intern Med. (2023) 294:295-313. doi: 10.1111/
joim.13674

137. Kim JJ, Kim H-Y, Choi Z, Hwang SY, Jeong H, Choi JR, et al. In-depth
circulating tumor DNA sequencing for prognostication and monitoring in natural
killer/T-cell lymphomas. Front Oncol. (2023) 13:1109715. doi: 10.3389/
fonc.2023.1109715

138. Chen C, Di Y, Zhuang Z, Cai H, Jia C, Wang W, et al. Plasma circulating
tumour DNA is a better source for diagnosis and mutational analysis of IVLBCL than
tissue DNA. ] Cell Mol Med. (2024) 28:¢18576. doi: 10.1111/jcmm.18576

139. Wei C, Wang W, Zhang Y, Zhao D, Zhang W, Zhou D. Mutation profiling,
tumour burden assessment, outcome prediction and disease monitoring by circulating
tumour DNA in peripheral T-cell lymphoma. Br J Haematol. (2023) 202:86-95.
doi: 10.1111/bjh.18824

140. Chen L, Mu W, Gu J, Xiao M, Huang L, Zheng M, et al. TP53-mutated
circulating tumor DNA for disease monitoring in lymphoma patients after CAR T cell
therapy. Diagnostics. (2021) 11:844. doi: 10.3390/diagnostics11050844

141. Wang H, Wang Z, Zhu S, Li Z, Yang H, Sun P, et al. Circulating tumor DNA
assisting lymphoma genetic feature profiling and identification. Ann Hematol. (2024)
103:4135-44. doi: 10.1007/500277-024-05782-0

142. Yoon SE, Shin S-H, Nam DK, Cho J, Kim WS, Kim S]. Feasibility of circulating
tumor DNA analysis in patients with follicular lymphoma. Cancer Res Treat. (2024)
56:920-35. doi: 10.4143/crt.2023.869

143. Colton M, Purev E, Haverkos B, Bair S, Jasem J, Jacob A, et al. Molecular disease
monitoring in patients with relapsed/refractory B-cell lymphoma receiving anti-CD19
CAR T-cell therapy. Clin Lymphoma Myeloma Leuk. (2024) 24:778-82. doi: 10.1016/
j.clm1.2024.06.006

144. Soscia R, Assanto GM, Starza ID, Moia R, Talotta D, Bellomarino V, et al.
Molecular measurable residual disease by immunoglobulin gene rearrangements on
circulating tumor DNA predicts outcome in diffuse large B-cell lymphoma.
Haematologica. (2024). doi: 10.3324/haematol.2024.286331

145. White LR. Comparison of CT, PET, and PET/CT for staging of patients with
indolent non-hodgkin’s lymphoma: statistical errors in fueger. Mol Imaging Biol.
(2009) 14:397-8. doi: 10.1007/s11307-011-0513-3

146. Abenavoli EM, Barbetti M, Linguanti F, Mungai F, Nassi L, Puccini B, et al.
Characterization of mediastinal bulky lymphomas with FDG-PET-based radiomics and
machine learning techniques. Cancers. (2023) 15:1931. doi: 10.3390/cancers15071931

147. Brower V. NCI-MATCH pairs tumor mutations with matching drugs. Nat
Biotechnol. (2015) 33:790-1. doi: 10.1038/nbt0815-790

148. Murciano-Goroft YR, Drilon A, Stadler ZK. The NCI-MATCH: A national,
collaborative precision oncology trial for diverse tumor histologies. Cancer Cell. (2021)
39:22-4. doi: 10.1016/j.ccell.2020.12.021

149. Mansfield AS, Wei Z, Mehra R, Shaw AT, Lieu CH, Forde PM, et al. Crizotinib
in patients with tumors harboring ALK or ROS1 rearrangements in the NCI-MATCH
trial. NPJ Precis. Oncol. (2022) 6:13. doi: 10.1038/s41698-022-00256-w

150. Chi SN, Yi JS, Williams PM, Roy-Chowdhuri S, Patton DR, Coffey BD, et al.
Tazemetostat for tumors harboring SMARCB1/SMARCA4 or EZH2 alterations: results
from NCI-COG pediatric MATCH APEC1621C. JNCI: J Natl Cancer Inst. (2023)
115:1355-63. doi: 10.1093/jnci/djad085

151. Narkhede M, Goyal G, Shea L, Mehta A, Giri S. Evaluating real-world treatment
patterns and outcomes of mantle cell lymphoma. Blood Adv. (2022) 6:4122-31.
doi: 10.1182/bloodadvances.2022007247

frontiersin.org


https://doi.org/10.1016/j.cell.2020.07.038
https://doi.org/10.1186/s12967-024-06028-3
https://doi.org/10.1038/s41392-024-02105-7
https://doi.org/10.1038/s41392-024-02105-7
https://doi.org/10.1016/j.neo.2025.101131
https://doi.org/10.1038/s41409-024-02427-8
https://doi.org/10.3389/fimmu.2018.01830
https://doi.org/10.3389/fimmu.2018.01830
https://doi.org/10.1126/science.aan3706
https://doi.org/10.1126/science.aad1329
https://doi.org/10.1126/science.aao3290
https://doi.org/10.3390/ijms24032309
https://doi.org/10.1056/NEJMoa1900623
https://doi.org/10.1182/bloodadvances.2023012246
https://doi.org/10.1002/hon.70046
https://doi.org/10.1186/s12885-024-13344-w
https://doi.org/10.1038/nature18300
https://doi.org/10.3390/pharmaceutics14081572
https://doi.org/10.1002/anie.202318515
https://doi.org/10.1016/j.ajps.2024.100968
https://doi.org/10.1016/j.bioactmat.2022.09.016
https://doi.org/10.1021/acs.bioconjchem.4c00324
https://doi.org/10.1016/j.ijpharm.2025.125294
https://doi.org/10.1016/j.ijpharm.2025.125294
https://doi.org/10.1016/j.ijbiomac.2025.139515
https://doi.org/10.1016/j.ccell.2021.08.011
https://doi.org/10.1021/acs.jmedchem.4c02438
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1136/jcp-2023-209186
https://doi.org/10.1136/jcp-2024-209643
https://doi.org/10.1002/ctm2.70150
https://doi.org/10.2967/jnumed.124.268191
https://doi.org/10.1016/j.jinf.2025.106439
https://doi.org/10.1111/joim.13674
https://doi.org/10.1111/joim.13674
https://doi.org/10.3389/fonc.2023.1109715
https://doi.org/10.3389/fonc.2023.1109715
https://doi.org/10.1111/jcmm.18576
https://doi.org/10.1111/bjh.18824
https://doi.org/10.3390/diagnostics11050844
https://doi.org/10.1007/s00277-024-05782-0
https://doi.org/10.4143/crt.2023.869
https://doi.org/10.1016/j.clml.2024.06.006
https://doi.org/10.1016/j.clml.2024.06.006
https://doi.org/10.3324/haematol.2024.286331
https://doi.org/10.1007/s11307-011-0513-3
https://doi.org/10.3390/cancers15071931
https://doi.org/10.1038/nbt0815-790
https://doi.org/10.1016/j.ccell.2020.12.021
https://doi.org/10.1038/s41698-022-00256-w
https://doi.org/10.1093/jnci/djad085
https://doi.org/10.1182/bloodadvances.2022007247
https://doi.org/10.3389/fimmu.2025.1620895
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Wang et al.

152. Breinholt MF, Schejbel L, Gang AO, Christensen IJ, Nielsen TH, Pedersen LM,
et al. TP53 mutation is the only robust mutational biomarker for outcome found in a
consecutive clinical cohort of real-word patients with primary large B-cell lymphoma.
Eur ] Haematol. (2025) 114:573-9. doi: 10.1111/ejh.14364

153. Hesius EAM, Stevens WBC, Stewart JP, Kroeze LI, Spek EVD, Issa D, et al.
Mutational profile dynamics in follicular lymphoma and large cell transformation. J
Clin Pathol. (2025) 78:473-82. doi: 10.1136/jcp-2024-209880

154. Liu X, Lin Y, Zhuang Q, Deng H, Liu A, Sun J. BTK inhibitors resistance in B
cell Malignancies: mechanisms and potential therapeutic strategies. Blood Rev. (2025)
71:101273. doi: 10.1016/j.blre.2025.101273

155. Boriani G, Menna P, Morgagni R, Minotti G, Vitolo M. Ibrutinib and bruton’s
tyrosine kinase inhibitors in chronic lymphocytic leukemia: focus on atrial fibrillation
and ventricular tachyarrhythmias/sudden cardiac death. Chemotherapy. (2023) 68:61-
72. doi: 10.1159/000528019

156. Takahashi H, Ito S, Nakanishi Y, Miura K, Nishimaki H, Nakagawa M, et al.
Topological importance of CD8+ T-cell enrichment in the tumor microenvironment of
classic hodgkin lymphoma. Ann Hematol. (2025) 104:1047-57. doi: 10.1007/s00277-
025-06189-1

157. Younes A, Santoro A, Shipp M, Zinzani PL, Timmerman JM, Ansell S, et al.
Nivolumab for classical hodgkin’s lymphoma after failure of both autologous stem-cell
transplantation and brentuximab vedotin: A multicentre, multicohort, single-arm
phase 2 trial. Lancet Oncol. (2016) 17:1283-94. doi: 10.1016/S1470-2045(16)30167-X

158. Chen R, Zinzani PL, Fanale MA, Armand P, Johnson NA, Brice P, et al. Phase II
study of the efficacy and safety of pembrolizumab for relapsed/refractory classic
hodgkin lymphoma. J Clin Oncol. (2017) 35:2125-32. doi: 10.1200/JC0O.2016.72.1316

159. Swerdlow SH, Campo E, Pileri SA, Harris NL, Stein H, Siebert R, et al. The 2016
revision of the world health organization classification of lymphoid neoplasms. Blood.
(2016) 127:2375-90. doi: 10.1182/blood-2016-01-643569

Frontiers in Immunology

19

10.3389/fimmu.2025.1620895

160. on behalf of the EuroFlow Consortium (EU-FP6, LSHB-CT-2006-018708), Kalina
T, Flores-Montero J, van der Velden VHJ, Martin-Ayuso M, Bottcher S, et al. EuroFlow
standardization of flow cytometer instrument settings and immunophenotyping protocols.
Leukemia. (2012) 26:1986-2010. doi: 10.1038/leu.2012.122

161. Macosko EZ, Basu A, Satija R, Nemesh J, Shekhar K, Goldman M, et al. Highly
parallel genome-wide expression profiling of individual cells using nanoliter droplets.
Cell. (2015) 161:1202-14. doi: 10.1016/j.cell.2015.05.002

162. Gobel C, Niccolai R, De Groot MHP, Jayachandran J, Traets J, Kloosterman D],
et al. Targeting DOT1L and EZH2 synergizes in breaking the germinal center identity
of diffuse large B-cell lymphoma. Blood J. (2025) 145:1802-13. doi: 10.1182/
blood.2024025500

163. Garcia-Lacarte M, Grijalba SC, Melchor Sanchez ], Pascual M, Goni E,
Clemente-Larramendi I, et al. IL-10 from tumoral B cells modulates the diffuse large
B-cell lymphoma microenvironment and response to immunotherapy. Blood J. (2025)
145:2746-61. doi: 10.1182/blood.2024025755

164. Xu J, Duong K, Yang Z, Kaji K, Ou J, Head SR, et al. Real-time digital
polymerase chain reaction (PCR) as a novel technology improves limit of detection for
rare allele assays. Transl Lung Cancer Res. (2021) 10:4336-52. doi: 10.21037/tlcr-21-728

165. Witzig TE, Taylor WR, Mahoney DW, Bamlet WR, Foote PH, Burger KN, et al.
Blood plasma methylated DNA markers in the detection of lymphoma: discovery,
validation, and clinical pilot. Am J Hematol. (2024) 100:218-28. doi: 10.1002/ajh.27533

166. Hoang N-M, Liu Y, Bates PD, Heaton AR, Lopez AF, Liu P, et al. Targeting
DNMT3A-mediated oxidative phosphorylation to overcome ibrutinib resistance in
mantle cell lymphoma. Cell Rep Med. (2024) 5:101484. doi: 10.1016/
jxcrm.2024.101484

167. Ohmachi K. JSH practical guidelines for hematological Malignancies, 2023: II.
lymphoma-overview. Int ] Hematol. (2025) 121:567-576. doi: 10.1007/s12185-025-
03920-6

frontiersin.org


https://doi.org/10.1111/ejh.14364
https://doi.org/10.1136/jcp-2024-209880
https://doi.org/10.1016/j.blre.2025.101273
https://doi.org/10.1159/000528019
https://doi.org/10.1007/s00277-025-06189-1
https://doi.org/10.1007/s00277-025-06189-1
https://doi.org/10.1016/S1470-2045(16)30167-X
https://doi.org/10.1200/JCO.2016.72.1316
https://doi.org/10.1182/blood-2016-01-643569
https://doi.org/10.1038/leu.2012.122
https://doi.org/10.1016/j.cell.2015.05.002
https://doi.org/10.1182/blood.2024025500
https://doi.org/10.1182/blood.2024025500
https://doi.org/10.1182/blood.2024025755
https://doi.org/10.21037/tlcr-21-728
https://doi.org/10.1002/ajh.27533
https://doi.org/10.1016/j.xcrm.2024.101484
https://doi.org/10.1016/j.xcrm.2024.101484
https://doi.org/10.1007/s12185-025-03920-6
https://doi.org/10.1007/s12185-025-03920-6
https://doi.org/10.3389/fimmu.2025.1620895
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Wang et al.

Glossary
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NHL
DLBCL
FL

MCL
PTCL
ALCL
AITL
COO
GCB
DHL
CNV
CDKN2A
PES

oS
DNMTs
HSCs
PRC2
H3K27me3
PVT1
TME
TAMs
IL-10
TGE-B
ENO2
cHL

scATAC-seq

BTK
EZH2
EMA
Cys
ORR
CNS
BCR
NF-xB
SAM

PROTAC

Hodgkin Lymphoma

Non-Hodgkin Lymphoma

Diffuse Large B-Cell Lymphoma
Follicular Lymphoma

Mantle Cell Lymphoma

Peripheral T-Cell Lymphoma
Anaplastic Large Cell Lymphoma
angioimmunoblastic T-cell lymphoma
vell of origin

germinal center b-cell

double-hit lymphoma

copy number variations
cyclin-dependent kinase inhibitor 2A
progression-free survival

overall survival

DNA methyltransferases
hematopoietic stem cells

polycomb repressive complex 2
trimethylation of lysine 27 on histone H3
plasmacytoma variant translocation 1
tumor microenvironment
tumor-associated macrophages
interleukin-10

transforming growth factor-beta
enolase 2

classical Hodgkin lymphoma

single-cell assay for transposase-accessible chromatin
using sequencing

bruton’s tyrosine kinase

zeste homolog 2

european medicines agency

cysteine

objective response rate

central nervous system

B-cell receptor

nuclear factor kappa-light-chain-enhancer of activated B cells
S-adenosylmethionine

protein degrader targeting chimera
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CTCL
FDA
ADCC
ADCP
MTD
AE

DLT
CMR
MRD
UCAR-T
CTLs
MDSCs
TILs
CLL
SLL
ICIs
ADCs
CR
AHR
FMT
allo-HCT
LAG-3
TIM-3
TIGIT
IFN-y
Al

AUC
IPI
ctDNA
ENKTL
IVLBCL
PET/CT
NCI-MATCH
NGS
RWE
HER

10.3389/fimmu.2025.1620895

cutaneous T-cell lymphoma

food and drug administration

antibody-dependent cellular cytotoxicity
antibody-dependent cellular phagocytosis
maximum tolerated dose

adverse event

dose-limiting toxicity

complete metabolic response

minimal residual disease

universal CAR-T

cytotoxic T lymphocytes

myeloid-derived suppressor cells
tumor-infiltrating lymphocytes

chronic lymphocytic leukemia

small lymphocytic lymphoma

immune checkpoint inhibitors

antibody-drug conjugates

complete response

aryl hydrocarbon receptor

fecal microbiota transplantation

allogeneic hematopoietic cell transplantation
lymphocyte activation gene-3

T-cell immunoglobulin and mucin-domain containing-3
T-cell Immunoreceptor with ig and ITIM domains
interferon-gamma

artificial intelligence

area under the curve

international prognostic index

circulating tumor DNA

extranodal NK/T-cell lymphoma

Intravascular large B-cell lymphoma

positron emission tomography/computed tomography
national cancer institute molecular analysis for therapy choice
next-generation sequencing

real-world evidence

electronic health records
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