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Abstract
Follicular lymphoma (FL) is the most common indolent B-cell lymphoma (BCL) 
globally. Recently, its incidence has increased in Europe, the United States, and 
Asia, with the number of gastrointestinal FL cases expected to increase. Genetic 
abnormalities related to t(14;18) translocation, BCL2 overexpression, NF-κB 
pathway-related factors, histone acetylases, and histone methyltransferases cause 
FL and enhance its proliferation. Meanwhile, microRNAs are commonly used in 
diagnosing FL and predicting patient prognosis. Many clinical trials on novel 
therapeutics targeting these genetic abnormalities and immunomodulatory 
mechanisms have been conducted, resulting in a marked improvement in 
therapeutic outcomes for FL. Although developing these innovative therapeutic 
agents targeting specific genetic mutations and immune pathways has provided 
hope for curative options, FL treatment has become more complex, requiring 
combinatorial therapeutic regimens. However, optimal treatment combinations 
have not yet been achieved, highlighting the importance of a complete under-
standing regarding the pathogenesis of gastrointestinal FL. Accordingly, this 
article reviews key research on the molecular pathogenesis of nodal FL and novel 
therapies targeting the causative genetic mutations. Moreover, the results of 
clinical trials are summarized, with a particular focus on treating nodal and 
gastrointestinal FLs.
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Core Tip: Recently, the incidence of follicular lymphoma (FL) has increased in Asia, Europe, and the United States, with the 
number of gastrointestinal FL cases expected to increase. This article reviews the recent literature on the molecular origins 
of, innovative treatments for, and clinical trial findings on FL, focusing on gastrointestinal FL. Genetic factors [e.g., t(14;18) 
translocation and B-cell lymphoma 2 overexpression] drive FL growth, while microRNAs aid in its diagnosis and prognosis. 
Although recent trials have reported enhanced treatment outcomes, curative therapies remain elusive, and combinatorial 
regimens have not been optimized. Hence, gastroenterologists require a more comprehensive understanding of 
gastrointestinal FL pathogenesis to facilitate improved therapeutic outcomes.

Citation: Watanabe T. Gene targeted and immune therapies for nodal and gastrointestinal follicular lymphomas. World J Gastroenterol 
2023; 29(48): 6179-6197
URL: https://www.wjgnet.com/1007-9327/full/v29/i48/6179.htm
DOI: https://dx.doi.org/10.3748/wjg.v29.i48.6179

INTRODUCTION
Follicular lymphoma (FL) is the most common form of indolent B-cell lymphoma (BCL)[1]. In recent years, FL incidence 
has rapidly increased in Europe, the United States, and Asia[2], and the number of advanced-stage gastrointestinal FL 
cases is expected to increase in the near future. Although it responds well to treatment, it is prone to relapse and is 
refractory; hence, FL is regarded as an incurable disease with a poor prognosis. The NF-κB pathway is an intracellular 
signaling pathway activated by cell surface receptor stimuli in B-cell receptor (BCR)- and Toll-like receptor (TLR)-
expressing cells. Indeed, the constant activation of this pathway contributes to lymphoma development. Histone 
methylation and acetylation of gene promoters regulate gene expression; abnormalities in gene expression can influence 
lymphoma development and proliferation. In addition, the t(14;18) translocation, found in most FLs, causes the overex-
pression of BCL2, eliciting an anti-apoptotic effect that mediates cell immortalization. Recently, genome-wide association 
studies (GWAS) have identified several loci involved in FL development.

Approximately 150 microRNAs (miRNAs) participate in the development of FL via enhanced cell proliferation. These 
include the miR-17-92 cluster, the importance of which has been evaluated in FL diagnosis and prognosis.

Rituximab, a monoclonal antibody against the CD20 surface antigen expressed in more than 90% of BCL-expressing 
cells, was developed approximately 20 years ago, and its combination with cyclophosphamide, doxorubicin, vincristine, 
and prednisolone (CHOP) represents a standard chemotherapy that continues to be the mainstay of treatment. 
Nevertheless, the past decade has witnessed considerable advancements in developing new FL therapeutic agents 
targeting various oncogenes.

This article reviews the latest findings in nodal FL, particularly related to molecular genetic analysis and diagnosis 
while summarizing the progress and future perspectives of novel FL therapeutics targeting various genetic abnormalities. 
The article concludes with a personal view of gastroenterologists' role in treating advanced-stage FL of gastrointestinal 
origin.

INCIDENCE AND EPIDEMIOLOGY
FL is the leading indolent (low-grade) BCL, accounting for 10%-20% of all non-Hodgkin lymphomas[1]. Its incidence is 
increasing rapidly in Western and Asian countries[2]. In particular, the incidence of FL in Japan is increasing[3]. 
Gastrointestinal FL (GI-FL) occurs in the lymphoid tissue of the gastrointestinal tract and is derived from the FL of B-cell 
lymphocytes and primarily arises from the lymph follicles (lymphoid apparatus) in the submucosa of the gastrointestinal 
tract. Histologically, GI-FL contains a folliculocentric lymphoma cell population; FL is categorized histopathologically as 
grade 1, 2, 3a, or 3b, with grade 3b usually identified and treated as an aggressive medium- or high-grade lymphoma. 
Most patients with grade 3b FL present with enlarged lymph nodes, and approximately 70%-85% are diagnosed with an 
advanced-stage III/IV disease, often associated with significant bone marrow involvement. Although the incidence of GI-
FL is low and relatively rare compared with that of other lymphomas, it is more common in middle-aged and older 
adults, with no apparent difference in incidence between men and women; however, the peak incidence in certain age 
groups is not reported.

SYMPTOMS
The symptoms of gastrointestinal FL vary among individuals, ranging from asymptomatic with very mild symptoms 
(most common) to well-defined symptoms, depending on the stage of the disease, degree of disease progression, and 
tumor location. The symptoms of GI-FL include: Discomfort or pain in the upper abdomen, often worsening after meals 
or at night; gastrointestinal symptoms: Nausea, vomiting, loss of appetite, bloating, upset stomach, diarrhea, and 
constipation; weight loss due to anorexia and impaired nutrient absorption; anemia due to intestinal bleeding and tumor 

https://www.wjgnet.com/1007-9327/full/v29/i48/6179.htm
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growth (anemia-induced fatigue and shortness of breath may occur); and edema due to the compression on lymphatic 
vessels and blood vessels, particularly in the abdomen and lower limbs.

Among the 249 GI-FL cases reported in a previous study, 150 with clinical symptoms were asymptomatic at onset 
(43.4%), 9.3% presented with vague gastrointestinal symptoms, including abdominal discomfort or heartburn, 28.7% had 
abdominal pain, 8.0% had symptoms of bowel obstruction, such as nausea and vomiting, and 6.0% had melena, such as 
tar-like black stools, a symptom of upper gastrointestinal bleeding[4].

DIAGNOSIS OF GI-FL
GI-FLs are diagnosed using a combination of methods. The following section details those most commonly used.

Endoscopy
Endoscopy represents the most important diagnostic test for GI-FL as it is useful for gross diagnosis and facilitates the 
extraction of biopsies for pathological examination and histological analysis. Gastric malignant lymphomas are divided 
into several gross types[5]. Colorectal malignant lymphomas often present with characteristic polyp-like endoscopic 
findings, termed multiple lymphomatous polyposis (MLP)[6], which are useful for diagnosis. The frequency of GI-FL 
detection has increased rapidly in Japan owing to the widespread and generalized use of small bowel endoscopy, 
advances in endoscopic equipment, improved endoscopist techniques, and increased opportunities for health screening
[7].

Histopathological examination
Tissue samples obtained from biopsies are assessed pathologically using a microscope. GI-FL is diagnosed based on the 
presence of folliculocentric lymphoma cell populations and other histological features characteristic of FLs. Moreover, 
testing for specific proteins through immunostaining is performed. The following is a list of parameters used in the 
pathological diagnosis of FL.

Follicular-like structures: FLs are characterized by the formation of follicular-like structures within the tumor that are B-
cell aggregates forming follicles within tumors. Additional abnormal follicular structures can be present in FL.

Grade: FLs are classified into three grades (1-3) by assessing the degree of formation of follicular-like structures within 
the tumor and the atypia (morphological abnormalities) of lymphoma cells.

Immunohistopathological examinations: Immunostaining findings showing CD20 and CD10 positivity and BCL2 
overexpression are characteristic of FL and essential for the histological diagnosis of FL.

In FLs, lymphoma cells express the CD20 surface protein, a specific B-cell marker and an important indicator for 
diagnosing FL. CD10 is also expressed by FL cells. BCL2 is a protein rarely expressed in normal lymphoid tissues but is 
overexpressed in FLs. It is involved in the regulation of apoptosis (cell death) and is a characteristic immunohistochemical 
marker in FLs.

Chromosomal abnormalities: The t(14;18) translocation is frequently observed in FLs, causing the fusion of BCL2 with 
the immunoglobulin H chain (IGH) gene, leading to overexpression of BCL2. Pathologists confirm IGH reconstruction as 
a basis for a definitive FL diagnosis.

Molecular genetic analyses
Molecular genetic analyses provide important information regarding the pathogenesis and prognosis of FL. This section 
details the molecular genetic analyses of FLs.

Detection of t(14;18) translocation: As mentioned in the section on pathological diagnosis above (section 1.3), t(14;18) 
translocation is a key component of FL diagnosis.

Detection of gene rearrangements using polymerase chain reaction: In FLs, there are rearrangements of IGH and other 
genes. These can be detected via polymerase chain reaction, allowing for the evaluation of the presence and frequency of 
specific gene rearrangements.

Genetic mutation analysis using next-generation sequencing: In FL, specific genetic mutations are associated with 
disease progression and prognosis. Next-generation sequencing (NGS) enables rapid and large-scale DNA sequencing to 
identify such mutations and assess their significance in FL. In particular, numerous genetic abnormalities have been 
characterized for BCL using NGS. These abnormalities in BCL impact proteins involved in tumorigenesis, resulting in: (1) 
Constant activation of the NF-κB signaling pathway; (2) Abnormal functioning of epigenome-related enzymes; (3) 
Abnormal expression of apoptosis-related factors; and (4) Immune system evasion (Figure 1)[8].

Constant activation of the NF-κB signaling pathway: This activation is involved in lymphoma development. Mutations 
in NF-κB pathway-related factors such as CD79B, MYD88, A20/tumor necrosis factor alpha-induced protein 3 
(TNFAIP3), and CARD11 occur in active B-cell (ABC)-type diffuse large BCL (DLBCL).

Functional abnormalities in epigenome-related enzymes: Genetic abnormalities related to histone methyltransferases 
(such as KMT2D and EZH2) and histone acetylases (such as EP300 and CREBBP) occur in FL- and germinal center B-cell 
(GCB)-type DLBCL.
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Figure 1 Follicular lymphoma-related genes involved in follicular lymphoma pathogenesis and proliferation, and the action of novel 
therapeutic agents targeting them. MicroRNAs are secreted from the follicular lymphoma cytoplasm as exosomes, taken up by recipient cells, and regulate 
gene expression (right side of the figure).

Abnormalities in apoptosis-related factors: Chromosome t(14;18) reciprocal translocations, found in most FLs and 20%-
30% of DLBCLs, promote the expression of BCL with anti-apoptotic properties and are involved in cell immortalization.

Immune system evasion: Abnormalities in genes related to immune evasion, such as PDL1/L2, are detected in DCLBL-
like forms, Hodgkin lymphomas, and adult T-cell lymphomas. These abnormalities possibly aid lymphoma cells in 
evading immune attacks. The following findings have recently been reported for each NGS-discovered BCL-related gene 
involved in FL development and proliferation:

Polatuzumab vedotin is a first-in-class anti-CD79B antibody-drug conjugate (ADC) that combines an anti-CD79B 
monoclonal antibody with a tubulin polymerization inhibitor. CD79B is specifically expressed in B-cells. Polatuzumab 
vedotin binds to CD79B to deliver the chemotherapeutic agents and destroy B-cells. Three major clinical trials have 
investigated the efficacy and safety of polatuzumab vedotin. The G029376 trial demonstrated its efficacy in relapsed/
refractory (r/r) FL and DLBCL[9]. The GO29365 trial tested the efficacy of polatuzumab vedotin + bendamustine and 
rituximab (BR) or bendamustine and obinutuzumab therapy in patients with r/r FL or DLBCL[10]. The JO40762 (P-
DRIVE) study evaluated the complete response rate in patients with r/r DLBCL treated with polatuzumab vedotin + BR 
therapy[11]. Comprehensive genetic analyses classified DLBCL into ABC-type DLBCL and GCB-type DLBCL. MYD88 
and CD79B mutations are highly prevalent in ABC-type DLBCL and contribute to the constant activation of the NF-κB 
pathway, resulting in lymphoma development. In addition, ABC types with mutations in MYD88 and CD79B in BCLs 
have a poorer prognosis[12]. These classifications are important for predicting prognosis and treatment response.

A20/TNFAIP3 is a cytoplasmic zinc finger protein that inhibits NF-κB activity mediated by tumor necrosis factor 
(TNF). AIP3 deficiency is observed in ABC-type BCL, MALT lymphoma, and Hodgkin lymphoma. A20, also known as 
TNFAIP3, is involved in the negative regulation of the NF-κB pathway. A20 induces a suppressive inflammatory 
response and exhibits anti-apoptotic effects while affecting immune homeostasis. Mutations and deletions in A20 are 
frequent in non-GCB-typey DLBCL and DLBCL. A20 gene abnormalities are also reported in certain DLBCLs[13]. 
Deletions, inactivating mutations, and methylation of the A20 promoter at 6q23 inactivate A20 in various lymphomas. 
A20 inactivation is a key feature of lymphomas, and loss of A20 expression occurs in FLs[14]. Meanwhile, BCL10 is an 
essential regulator of NF-κB activation and is implicated in B-cell proliferation[15].
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KMT2D is a histone lysine methyltransferase important in suppressing BCLs. Deletion of KMT2D increases the number 
of germinal center B-cells and promotes B-cell proliferation in mice. The overexpression of BCL2 combined with KMT2D 
deletion increases the incidence of lymphomas derived from germinal center B-cells. Therefore, KMT2D can function as a 
tumor suppressor and may be involved in reconstructing epigenetics that promote lymphoma development. Accordingly, 
targeting KMT2D is an effective approach for alleviating the early stages of tumorigenesis[16]. Tazemetostat is an orally 
administered EZH2 inhibitor that selectively inhibits a specific epigenetic-related protein, EZH2, to regulate the 
expression of cancer-related genes and inhibit cancer cell growth[17]. Tazemetostat was approved in Japan based on the 
results of clinical trials in patients with r/r B-cell non-Hodgkin lymphoma with EZH2 mutations[18,19]. Mutations in 
EZH2 occur in 7%-27% of FLs[20,21]; these patients may be eligible for treatment with tazemetostat. However, 
considering that FL is a refractory disease with frequent relapses, new treatment strategies are required. CREBBP, EZH2, 
MEF2B, and EP300 mutations occur in 33%, 27%, 15%, and 9% of FLs, respectively. Genome-wide analysis via NGS has 
shown that EZH2, CREBBP, and MLL2—histone-modifying genes—are frequently mutated in FL with essential roles in 
lymphomagenesis. IGH-BCL2 translocations and CREBBP mutations are early events, whereas MLL2 and TNFSFR14 
mutations are late events during disease evolution. In the 2008 WHO classification, three new variants were included: (1) 
Pediatric FL; (2) Primary intestinal FL; and (3) In situ FL[22].

MiRNAs
MiRNAs are non-coding RNAs involved in regulating gene expression. The aberrant expression of specific miRNAs is 
reported in FL. Hence, analyses of miRNAs provide essential information for predicting disease mechanisms and 
prognoses.

Relationship between exosomes and miRNAs: Exosomes are small vesicles released by cells containing various 
biomolecules (proteins, ribonucleic acids, and lipids) with myriad biological roles, including transmitting information 
between cells and expulsing unwanted intracellular components. MiRNAs are produced intracellularly and regulate gene 
expression by binding to mRNAs and regulating their stability and translation efficiency. The miRNAs produced inside 
cells can be wrapped in exosomes and released to the outside of the cell, facilitating the transport of miRNAs to other 
cells in remote areas, where they participate in information transfer and cell–cell interactions. This interaction is an 
important mechanism of information transfer and disease progression. The transport of miRNAs by exosomes is a form 
of extracellular signal transduction. When a sender cell receives a specific signal or is subjected to pathological conditions, 
the miRNA profile of the released exosomes changes, influencing the effect on recipient cells. Therefore, miRNA 
transduction by exosomes is important in regulating disease progression and cell–cell interactions (Figure 1).

MiRNAs associated with FL: Among the miRNAs related to FL are miR-17, miR-18a, miR19-a, miR-20a, miR-19b-1, and 
miR92a of the miR-17-92 cluster, and others are miR-155, miR-21, miR-155-5p, miR-150, miR-9-3p, miR-29 family, miR-21, 
miR-5008, miR-7e-5p, miR-451, miR-338-5p, miR-142, miR-376 cluster, and approximately 150 others (Table 1).

The miR-17-92 cluster is overexpressed in FLs and contains several miRNAs, including miR-17, miR-18a, miR-19a, 
miR-20a, miR-19b-1, and miR-92a. These are involved in cancer cell proliferation, cell cycle regulation, and apoptosis 
inhibition. The miRNA-17-92 cluster was first identified in malignant BCLs and has important roles in the immune 
system, heart and lung development, and oncogenic events[23]. Overexpression of the miR-17-92 cluster in MCL 
negatively regulates the expression of various BCR suppressor molecules, resulting in the overactivation of BCR signaling
[24]. In a genetic analysis of 33 cases of small intestinal DLBCL and gastrointestinal MALT lymphomas, miRNA levels 
were reduced by more than two-thirds compared with those in normal tissues (13 species in the decreased group) and 
increased by more than 1.5-fold (15 species in the increased group), indicating the existence of miRNAs that were 
upregulated and downregulated[25], in association with FL development and tumor tissue growth. In patients with B-cell 
non-Hodgkin lymphoma (B-NHL), members of the miR-17-92 cluster are differentially expressed among the B-NHL 
subtypes, with the most prominent differences between FL and germinal center B-cell-like (GBC) subtypes[26]. MiR-18, 
miR-19a, and miR-92a were overexpressed in patients with B-NHL with better overall survival (OS), and high levels of 
miR-19a and miR-92a significantly reduced event-free survival (EFS). Meanwhile, miR-17-92 overexpression reduces the 
incubation period required for xenograft tumor visualization, and its knockout reduces tumor formation. MiR-17-92 
expression in FL differs significantly from that in GBC, and miR-19a could have marked effects on OS and EFS in patients 
with B-NHL[26].

MiR-155 is a miRNA encoded by the MIR155 host gene or MIR155HG in humans. MiR-155 is involved in various 
physiological and pathological processes[27,28]. In vivo regulation of miR-155 expression from external molecular sources 
might suppress malignant tumor growth[29] and viral infections[30] while encouraging the advancement of 
cardiovascular diseases[31]. MIR155HG was initially identified as a gene that is transcriptionally activated via promoter 
insertion into a retroviral integration site commonly found in BCLs, earlier known as the B-cell integration cluster. RNA 
polymerase II carries out the transcription of MIR155HG. The resultant RNA is approximately 1500 nucleotides long and 
is capped and polyadenylated; single-stranded miR-155—a 23-nucleotide segment—is retained in exon 3 and undergoes 
processing from the parent RNA molecule[32]. Sequence analysis of small RNA clone libraries compared with those from 
other organ systems shows that miR-155-5p is one of five miRNAs (miR-142, miR-144, miR-150, miR-155, and miR-223) 
specific to hematopoietic cells, including B-cells, T-cells, monocytes, and granulocytes[33].

MiR-155 is transferred from leukemic cells to healthy B-cells via gap junctions and promotes their transformation into 
tumor-like cells. In addition, immature B-cells deficient in miR-155 evade apoptosis due to elevated BCL2 protein levels. 
This protein is involved in B-cell malignancy and is regulated by miR-155. Lawrie et al[34] reported that miR-155, miR-
210, miR-106A, miR-149, and miR-139 are differentially regulated in non-neoplastic lymph nodes and DLBCL/FL. 
Meanwhile, Roehle et al[35] reported that miR-155, miR-21, and miR-221 are more highly expressed in ABC- than GCB-
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Table 1 MicroRNAs involved in follicular lymphoma development and proliferation

MicroRNA(s) Role in FL development Sequence (5’ to 3’) Ref.

miR-17 Involved in cell proliferation and apoptosis UAAAGUGCUUACAGUGCAGGUAG [23-26]

miR-18a Role in angiogenesis and tumorigenesis UAAGGUGCAUCUAGUGCAGAUAG [26]

miR-19a Promotes cell survival UGUGCAAAUCUAUGCAAAACUGA [26]

miR-20a Involved in cell cycle regulation UAAAGUGCUCAUAGUGCAGGUAG

miR-19b-1 Promotes cell survival UGUGCAAAUCCAUGCAAAUCUGA

miR-92a Role in angiogenesis UAUUGCACUUGUCCCGGCCUGU [26]

miR-155 B-cell transformation in follicular lymphoma UUAAUGCUAAUUGUGAUAGGGGU [27-35]

miR-21 Overexpressed and promotes tumor progression UAGCUUAUCAGACUGAUGUUGA [35]

miR-155-5p Role for diagnosis of FL UUAAUGCUAAUCGUGAUAGGGGU [33,36]

miR-150 Influences B-cell differentiation UCUCACAUUGGUCUACAAUCU [33,36,41]

miR-9-3p Role for diagnosis of FL and in B-cell malignancies UCUUUGGUUAUCUAGCUGUAUGA [36-40]

miR-29 family Epigenetic regulation and tumorigenesis Varies by family member [42]

miR-5008 Regulation of endogenous mRNA levels Sequence is not available [43]

miR-7e-5p Downregulation by c-MYC over-expression arise poor prognosis of FL UGAGGUAGGAGGUUGUAUAGUU [44]

miR-451 Involved in cell cycle progression AAACCGUUACCAUUACUGAGUU [45]

miR-338-5p Possible role in cellular proliferation UAAUGACUGCACUGACCUUUGA [45]

miR-142 Role in hematopoiesis and B-cell function UGUAGUGUUUCCUACUUUAUGGA [46]

miR-376 cluster Involvement in cellular differentiation Varies by cluster member [42]

FL: Follicular lymphoma.

type cell lines. Notably, the expression levels of miR-155 and miR-21 were higher in non-malignant ABC cells than in 
GCB cells. Moreover, Arzuaga-Mendez et al[36] reported that miR-155 expression is a valuable biomarker for the 
diagnosis and differentiation of lymphoma subtypes, specifically miR-155-5p and miR-9-3p for the diagnosis of FL, and 
miR-150 and miR-17-92 cluster for the differential diagnosis of FL and DLBCL. Additionally, miR-9-3p is associated with 
tumorigenesis, functioning as an oncogene in papillary thyroid cancer[37,38] and a tumor suppressor in gastric cancer[38,
39]. It also modulates breast cancer by influencing growth and drug resistance[38,40]. Lower levels of miR-150 and higher 
levels of its target, FOXP1, are associated with reduced OS, indicating that miR-150 might be an effective biomarker that 
can be quantified in formalin-fixed paraffin-embedded tissue. In addition, the MYC/miR-150/FOXP1 axis in malignant 
B-cells helps determine the aggressiveness and high-grade transformation of FL[41].

An array-based assay including 76 non-Hodgkin B-cell mixed lymphomas was performed to investigate the etiology of 
different BCLs using miRNAs. The miR-29 family and miR-17-92 cluster are regulated by MYC genes associated with 
MYC proteins in BCLs. A network analysis was used to demonstrate that a small set of differentially expressed miRNAs 
associated with MYC can either upregulate or downregulate a select group of hub proteins, including BCL2, CDK6, MYB, 
ZEB1, CTNNB1, BAX, and XBP1 in BCLs[42]. MiR-21 is associated with cancer progression and metastasis; it is also 
highly expressed in FLs and has been implicated in the regulation of cell proliferation and apoptosis.

Larrea et al[43] identified 21 genes with altered miRNA-binding sites in transformed FL (tFL), that is, FL that is 
transformed to have more aggressive tumor cells. More than 40% of these mutations are present only in patients with tFL. 
Mutations in BCL2 and EZH2 reduce the binding efficiency of miR-5008 and miR-5008, regulating endogenous mRNA 
levels[43].

Additionally, the downregulation of miR-7e-5p by c-MYC overexpression is associated with a poor prognosis in 
patients with FL[44]. Furthermore, a study reported several abnormally altered miRNAs in FL, specifically, 39 
significantly downregulated and 27 significantly upregulated miRNAs. MiR-451 was the most downregulated (345-fold 
decrease), while miR-338-5p was the most upregulated (172-fold increase) compared with those in healthy donors[45].

Recurrent mutations in hsa-miR-142 and editing of the hsa-miR-376 cluster were observed in diffuse large B-cell and 
FLs. A direct physical interaction between miRNA and mRNA was observed using argonaute-2 photoactivated ribonuc-
leoside-enhanced cross-linking and immunoprecipitation experiments. This integrated analysis revealed several 
regulatory pathways associated with lymphoma pathogenesis, including the Ras, PI3K-Akt, and MAPK signaling 
pathways affected by lymphoma mutations. The regulation of mRNAs via miRNAs is highly relevant to lymphoma 
pathogenesis[46]. The onset of malignant tumors, such as malignant lymphomas and other cancers, as well as the prolif-
eration of tumor cells, is regulated quantitatively by miRNAs, not qualitatively. The intricate mechanisms regulating 
expression are balanced through elaborate and judicious positive and negative regulation.
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MiRNAs exhibit duplicity among subgroups of malignant lymphomas. Many miRNAs regulating tumor cell growth 
overlap between DLBCL and FL. Aberrantly expressed miRNAs have been identified in patients with hematological 
malignancies, suggesting that they may be novel clinical diagnostic and prognostic biomarkers. Hershkovitz-Rokah et al
[47] experimentally validated miRNA expression signatures in DLBCL and FL. The authors identified unique miRNA 
expression patterns for each disease, with some overlap and abnormal expression of miRNAs between them. Their 
analysis also led to the discovery of several relevant miRNA–mRNA pairs in each disease. Furthermore, potential 
regulatory pathways were highlighted via gene ontology analysis. Specific miRNAs (miR-15a, miR-16, miR-17, miR-106, 
miR-21, miR-155, and miR-34a-5p) were aberrantly expressed in DLBCL tumor tissues; their specific expression patterns 
proved useful for DLBCL diagnosis. The overexpression of these miRNAs influences FL pathogenesis. However, given 
the highly complex functions and interactions of miRNAs, various aspects remain to be elucidated. Understanding how 
these specific miRNAs are involved in the development and progression of FL is essential. In particular, genes and 
signaling pathways targeted by these miRNAs should be identified, as their regulation can alter cancer cell behavior[47].

MiRNAs are promising biomarkers for FL diagnosis and prognosis and are relatively stable in the blood and tissues. 
Hence, they can be measured using relatively simple experimental techniques. This could have potential applications for 
non-invasive diagnosis and prognosis of FL. Notably, the functions of individual miRNAs are complex and can each 
affect numerous genes and signaling pathways, requiring comprehensive and cumulative interpretation of research 
results to enable the development of effective treatments and new biomarkers.

Indeed, miRNAs represent potential new treatment targets for FL as they can be easily produced with simple 20-30 
nucleotide sequences. Hence, if they can be administered at high concentrations to tumors via intravascular infusion, 
transarterial injection, or direct injection, miRNAs can elicit therapeutic effects by upregulating or downregulating 
relevant oncogenes.

GWAS
GWAS examine the association between genetic polymorphisms (SNPs) and specific diseases. In FL, GWAS have 
identified genetic variants associated with the risk of disease development. For example, Skibola et al[48] conducted a 
large GWAS comprising 4523 cases and 13344 controls of European descent and identified five non-human leukocyte 
antigen (HLA) FL susceptibility loci and mutations in the HLA gene associated with FL risk: 11q23.3 near CXCR5, 11q24.3 
near ETS1, 3q28 at LPP, 18q21.33 near BCL2, and 8q24.21 near PVT1. In addition, four HLA-DRβ1 multichain amino acids 
and independent signals of HLA class II rs17203612 and HLA class I rs3130437 were associated with FL risk. Therefore, 
mutations at several common loci outside the HLA region significantly contribute to FL risk[48]. Indeed, mutations at 
specific gene loci other than HLA have been identified for each of the five subtypes of non-Hodgkin lymphoma, namely, 
DLBCL, FL, chronic lymphocytic leukemia (CLL), MZL, and primary central nervous system lymphoma (PCNSL)[45]. 
The WEE1 Locus is a "potential therapeutic marker"[49]. Moore et al[50] estimated the odds ratios (ORs) and 95% 
confidence intervals (CIs) using logistic regression for the subjects' height and the risk  of developing the four non-
Hodgkin lymphoma subtypes. A slight significant difference was observed in an increased risk of developing CLL (OR = 
1.08, 95%CI: 1.00-1.17, P = 0.049), whereas no significant association was observed with DLBCL, FL, or MZL[50].

Epidemiological studies have shown that the risk of non-Hodgkin lymphoma, including FL, is higher in patients with 
autoimmune disease. This association has been analyzed in a GWAS[51,52]. No association was reported between B-cell-
mediated autoimmune diseases and the risk of FL or MZL[51]. Moreover, there was no association between autoimmune 
diseases and the risk of developing non-Hodgkin lymphoma; however, non-Hodgkin lymphoma shared more genetic 
etiologies with autoimmune diseases (P = 0.0041) than solid tumors[52]. In particular, genes involved in apoptosis and 
telomere length are associated with autoimmune diseases and non-Hodgkin lymphoma[52]. Additionally, Choi et al[53] 
constructed a site-specific polygenic risk score (PRS) using GWAS and identified risk variants for nine tumor types, 
including FL. They also estimated the hazard ratio for each tumor type in relation to the PRS in 400807 people of 
European descent from the United Kingdom Biobank; significant capacity reactivity was observed, with a two-fold higher 
risk in FL[53].

An association between other tumor types and blood lipid levels was reported by Kleinstern et al[54]. The authors 
analyzed the association between each non-Hodgkin lymphoma subtype and lipid traits using GWAS. High-density 
lipoprotein (HDL) cholesterol positively correlated with FL, DLBCL, and MZL, whereas triglyceride (TG) negatively 
correlated with MZL. There was no strong correlation between the OR and P value. Meanwhile, Wang et al[55] analyzed 
2686 cases of FL through GWAS using SNP2HLA; the risk of developing FL increased with an increasing number of 
homozygous HLA class II loci. This supports the role of HLA zygosity in non-Hodgkin lymphoma cases and indicates 
that different immune pathways could underlie the etiology of non-Hodgkin lymphoma[55].

The association between prognostic predictors of FL and various loci has also been evaluated using a GWAS[56]. In a 
multicenter meta-analysis of 586 patients diagnosed with FL in Denmark, Sweden, and the United States, loci strongly 
associated with lymphoma-specific mortality were observed at SNPs on 17q24 (rs10491178)[56]. In addition, two high-
binding SNPs in interleukin-8 (rs4073) were associated with OS[56]. Conde et al[57] showed that multiple independent 
loci on the X chromosome could be involved in the etiology of FL. The Xq21.1 signal was also observed in DLBCL, 
indicating the sharing of a susceptibility locus with FL[57]. Multiple loci involved in the development of B-cell non-
Hodgkin lymphoma, including FL, have been identified. For example, several loci, beyond the five loci reported by 
Waller et al[58], are associated with developing non-Hodgkin lymphoma; a GWAS identified approximately 150 Loci 
associated with non-Hodgkin lymphoma development[58]. However, these loci have been identified in fragments; 
therefore, several other important loci could remain unknown. Further GWAS studies and advances in analysis methods 
will lead to the discovery of more new loci associated with the development of FL, elucidation of the mechanisms 
underlying the interactions that lead to lymphoma development, development of new therapeutic agents targeting these 
loci, and the era of FL cure (Figure 2).
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Figure 2 Genetic mutations that cause follicular lymphoma development and microRNAs that regulate onset and tumor cell growth. Novel 
therapeutic agents have been developed to target FL-associated gene mutations involved in follicular lymphoma (FL) pathogenesis and proliferation. MicroRNAs are 
secreted from the FL cytoplasm as exosomes and internalized into recipient cells where they are transduced and regulate gene expression via upregulation or 
downregulation. FL: Follicular lymphoma; BCR: B-cell receptor; BTE(i): Bispecific T-cell binding antibodies (inhibitor); PD-L1(i): Programmed death ligand 1 antibody 
(inhibitor); miRNA: MicroRNA; mRNA: Messenger RNA; PI3K(i): Phosphatidylinositol-3 kinase (inhibitor); BTK(i): Bruton’s tyrosine kinase (inhibitor); AKT: Protein 
kinase B; mTOR: Mechanistic target of rapamycin; EZH2(i): Enhancer of zeste homolog 2 (inhibitor).

Imaging studies
Imaging studies are used to assess the disease stage. Common imaging modalities include chest radiography, ultrasono-
graphy, computed tomography, and magnetic resonance imaging. These assess the lymph node and visceral 
enlargement, presence of metastases, and location and size of the lesion.

Additional tests
Additional tests could be required in advanced stages or under certain circumstances. Bone marrow biopsies and 
cerebrospinal fluid tests help confirm the extent of the disease and the sites involved. Several diagnostic specialists 
(pathologists, hematologists, and radiologists) are involved in the diagnosis process to increase accuracy. Once the 
diagnosis is confirmed, an appropriate treatment strategy (chemotherapy, radiotherapy, immunotherapy, or surgery) is 
selected based on the disease stage and general health of the patient.

CHOICE OF TREATMENTS
The following factors influence treatment selection for GI-FL[59,60]: (1) Lesion characteristics and progression: The 
lesions' location, size, and spread are assessed to determine the characteristics and progression of the disease. This 
provides a basis for determining disease risk and prognosis; (2) Establishing a pathological diagnosis: The pathological 
diagnosis of FL should be based on appropriate laboratory and histological evaluations. A pathological diagnosis forms 
the basis for choosing the most appropriate treatment[61]; and (3) Accurate staging assessment: Staging of the disease is 
based on accurate diagnosis and evaluation. The stage is important for assessing disease progression and developing a 
proper treatment plan[59]. Treatment decisions are determined by histological subtype and the extent of the disease[62], 
that is, stage (Lugano classification) (Table 2)[60]. Although histological grade is a good predictor of prognosis in nodal 
FL, this alone cannot determine the treatment. Stage, which indicates the extent and spread of the disease, determines the 
treatment; both stage and histological grade can be used concurrently. In primary GI-FL, personalized treatment choices 
are determined based on the individual circumstances of each case and the changes over time, in addition to the Lugano 
classification and histological grade[7].

For advanced stages (III and IV), irradiation is used if the disease is confined to a small number of areas that can be 
irradiated; this is augmented with chemotherapy with or without immunotherapy depending on the extent of organ 
involvement, spread, number of sites, and presence of distant metastases. In stages III and IV, if there are one, two, or 
three fewer lesions and irradiation is feasible in the area, radiation plus the extent of organ-specific invasion, spread, 
number of sites, and presence of distant metastases may be considered. Additionally, chemotherapy, chemotherapy plus 
immunotherapy (or in some cases a triple therapy), and, if appropriate, for example, if the patient has symptoms of 
obstruction of the digestive tract, where resection would improve symptoms and patient quality of life, surgical resection 
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Table 2 Lugano staging of gastrointestinal tract lymphoma[60]

Stage

I Tumor confined to GI tract

Primary site or multiple, non-contiguous lesions

II Tumor extends into the abdomen from primary GI site

Nodal involvement

II1 Local: Paragastric in cases of gastric lymphoma and para-intestinal for intestinal lymphoma

II2 Distant: Mesenteric in case of an intestinal primary lymphoma; otherwise paraaortic, paracaval, pelvic, or inguinal

IIE Penetration of serosa involving adjacent organs or tissues: Enumerate sites of involvement, e.g., IIE (pancreas), IIE (large intestine), IIE (post-
intestinal wall)

Where there is nodal involvement and penetration involving adjacent organs, the stage is denoted using a subscript (1 or 2) and E, e.g., II1E 
(pancreas)

IV Disseminated extra-nodal involvement or a GI tract lesion with supradiaphragmatic nodal involvement

GI: Gastrointestinal.

can be considered. Treatment should be customized to individual cases considering the specific requirements and 
constraints. In GI-FL, the characteristics of the gastrointestinal tract should be considered, and treatment measures are 
tailored to the disease status of each patient[7]. GI-FL treatment should be personalized based on the disease stage and 
patient's general health status. If necessary, the treatment plan should be reviewed regularly and modified based on 
disease progression, treatment efficacy, and patient response.

TREATMENT
"Watch-and-wait" approach
A watch-and-wait approach may be adopted in some patients to treat GI-FL. In this approach, patients diagnosed in the 
early stages of the disease are not immediately administered treatment but are regularly observed and monitored. When 
GI-FL is detected early, patients have a good prognosis. In these cases, a good 10-year prognosis is possible with surgical 
resection alone or with R-CHOP treatment (a combination of chemotherapy and targeted therapy). However, "watch-and-
wait" is often the mainstay of treatment owing to the side effects and reduced patient quality of life. Schmatz et al[63] 
compared 63 patients with stage I GI-FL in treatment and "watch-and-wait" groups; there was no difference in 
progression-free survival (PFS) or OS. In another study, patients with GI-FL and low tumor volume were divided into a 
"watch-and-wait" group (15 patients) and a rituximab combined with chemotherapy group (14 patients); no difference in 
prognosis was observed[64]. Given the broad distribution of GI-FL at the time of diagnosis, localized treatment options 
are often deemed inappropriate. However, certain pathological features, including lower tumor extension and 
invasiveness than those in nodal FL, suggest that “watch-and-wait” is a viable option. This approach is promising in 
some subtypes of GI-FL with a favorable prognosis. Iwamuro et al[65] recently reported a long-term retrospective study 
for localized (stage I or II) GI-FL patients managed with a watch-and-wait strategy, revealing 5-year and 10-year event-
free survival rates of 91.1% and 86.9%, respectively. Hence, this strategy is reasonable for GI-FL patients in early disease 
stages. However, the individual patient’s condition prior to treatment, the overall effect of possible treatments, and their 
side effects should be considered. The “watch-and-wait” approach should be explained to the patient as an option before 
choosing the treatment.

Radiotherapy
Radiotherapy can be used to treat localized lesions, particularly when the lesions are localized or when used in 
combination with other treatment modalities. Radiotherapy uses high-energy radiation to destroy tumor cells. However, 
several factors have led to radiotherapy not being effectively adopted for treating nodal or gastrointestinal FL[66,67].

Wound avoidance: Radiotherapy can affect the surrounding tissues, particularly in the gastrointestinal tract, an area 
prone to wounding; therefore, other treatment options could be chosen to avoid wounding. Wound avoidance can reduce 
treatment-related complications and improve quality of life.

Dose limitation: The gastrointestinal tract is an area where radiation doses must be limited as it is sensitive to radiation 
damage, which could be associated with an increased risk of complications and side effects. Therefore, elective treatments 
may be preferred.

Advances in chemotherapy: Following the introduction of drug combinations and target-directed therapies, 
chemotherapy has proven more effective and selective than radiotherapy.
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Risk of side effects and complications: Radiotherapy risks severe side effects and complications in some patients. Partic-
ularly in treating the gastrointestinal tract, radiotherapy can significantly impact daily activities, such as food intake and 
bowel movements. To minimize these risks, other treatment options are preferred.

These factors tend to reduce the use of radiotherapy in favor of more elective treatments and a multifaceted approach 
centered on chemotherapy. However, the indications of radiotherapy and the balance of benefits and risks must be 
assessed for each case. Radiotherapy could be beneficial for certain conditions to prevent FL progression.

Treatment agents
Several novel FL agents are used primarily for treating nodal FL. This is the mainstay of treatment for advanced primary 
GI-FL, which is expected to show an increased incidence in the near future.

Antibodies: Monoclonal antibodies: Immunotherapy, particularly with rituximab and other anti-CD antibodies, is 
exceedingly effective in managing FL and constitutes a vital and superior component of modern treatment regimens. The 
success rate of rituximab monotherapy is 67% in untreated FL and 46% in patients with relapsed FL[68]. A German low-
grade lymphoma study showed that rituximab plus CHOP was superior to CHOP alone in patients with advanced-stage 
FL and that OS was significantly improved[69]. In addition to rituximab, several other antibody-based agents have been 
developed, including tafatasitamab[70], polatuzumab vedotin[9], loncastiximab tecilin[71], maglorimab[72], and 
obinutumab[73]. Further, the combination of tafacitumab and lenalidomide[70] and polatuzumab vedotin[9] is effective. 
These therapies are promising for treating FL and other lymphomas; hence, clinical trials are ongoing. Additionally, 
biosimilars of rituximab have been approved, including CT-P10, which has shown efficacy and safety comparable to 
those of rituximab[74]. These developments are important for the treatment of FL and could contribute to reducing 
healthcare costs.

Bispecific T-cell-binding antibodies: Bispecific T-cell-binding antibodies (BTEs) are potent therapeutics that target 
specific tissues and cells by binding multiple antigens. They are commonly used to treat FL, with CD3 and CD20 being 
the primary targets. Mosnetuzumab and glofitumab are notable BTEs. Mosnetuzumab, a CD20 × CD3 bispecific antibody, 
demonstrated a high overall response rate (ORR) of 66% and a complete response rate (CRR) of 49% in a phase I study on 
r/r FL[75]. When combined with lenalidomide, an ORR of 92% and a CRR of 77% were achieved. Glofitamab, another 
BTE, showed positive results in a phase I study on r/r B-cell non-Hodgkin lymphoma, including painless lymphoma, 
with an ORR of 65.7% and CRR of 57.1%. Higher response rates were observed when the drug was combined with 
obinutuzumab[76]. The anti-CD3 and anti-CD20 BTE, epcoritamab, showed promising efficacy in phase I/II trials of r/r 
non-Hodgkin lymphoma and FL with a high ORR and CRR[77,78]. Similarly, odronestamab, a CD20 × CD3 bsAb, 
showed impressive results in phase I trials of r/r FL[79,80]. Overall, BTE is an effective immunotherapeutic strategy for 
FL. Further progress is expected from ongoing clinical trials.

Anti-PD-L1 antibodies: Anti-PD-L1 antibodies such as atezolizumab and pembrolizumab have shown promising 
efficacy in FL by enhancing T-cell function and antibody-dependent cellular cytotoxicity (ADCC) in NK cells. In a phase I 
study that combined atezolizumab and obinutumab, the ORR was found to be 54% (CRR: 23%) in patients with r/r FL 
and DLBCL, while an ORR of 17% (CRR: 4%) was observed for DLBCL alone. The PFS reached 9 mo for FL and 3 mo for 
DLBCL[81]. Another trial using pembrolizumab in combination with rituximab exhibited an ORR of 67% and a CRR of 
50% in patients with r/r FL. The median PFS and 3-year OS rates were 12.6 mo and 97%, respectively. During the median 
follow-up duration of 35 mo, 23% of the patients maintained remission[82]. By enhancing T-cell function and NK cell 
ADCC, PD-1 blockade represents a fundamental mechanism of action that could further improve the therapeutic efficacy 
of anti-PD-1 antibody therapy in patients with FL.

Immunomodulatory drugs: Lenalidomide is an oral immunomodulatory drug used to treat FL and exhibits tumor-killing 
and immunomodulatory properties[83]. Clinical trials have shown that combining lenalidomide and rituximab (R2) has a 
higher ORR and a longer time to progression than lenalidomide alone[84]. The phase III AUGMENT trial showed a 
significant improvement in PFS with R2 compared with that with rituximab alone[85]. The phase IIIb MAGNIFY trial 
investigated the extension of R2 treatment and confirmed an ORR of 69% and a PFS of 40 mo[86]. The phase II GALEN 
trial tested a single arm of lenalidomide and obinutuzumab and reported an ORR of 95%, 2-year PFS of 65%, and OS of 
87%[87]. Meanwhile, the phase III RELEVANCE trial showed no superiority of R2 over chemoimmunotherapy for 
frontline FL[88]. The phase II E2408 trial assessed the efficacy of three different approaches: Bendamustine/rituximab 
with bortezomib (BR) induction with R2 maintenance, BR induction with rituximab maintenance, and BR induction with 
maintenance using the proteasome inhibitor bortezomib and rituximab. The trial found that all three groups 
demonstrated similar and high CRRs[89]. Separately, a clinical trial utilizing lenalidomide and obinutuzumab, as the 
frontline therapy for patients with advanced untreated FL, reported encouraging results, with an ORR of 98%, CRR of 
92%, and 2-year PFS of 96%[90]. Network meta-analyses of randomized controlled trials comparing treatment efficacy[91] 
were conducted to determine the optimal treatment regimens, sequences, and combination therapies. The evolution and 
diversification of therapeutics for FL have expanded the combinations of drugs with different mechanisms of action and 
treatment sequences; however, further clinical trials are needed to determine the most effective treatment regimen and 
sequence.

Molecular targeted therapies (small-molecule compounds): Bruton’s tyrosine kinase inhibitors: Bruton’s tyrosine kinase 
(BTK) plays a crucial role in regulating B-cell differentiation and activation in immune cells. For blood cancers like B-cell 
non-Hodgkin lymphoma and CLL, including FL, BTK inhibitors (BTKis) are currently under examination for their 
potential therapeutic benefits. First-generation ibrutinib, second-generation acalabrutinib and zanubrutinib, and third-
generation piltobrutinib have demonstrated high effectiveness against B-cell non-Hodgkin lymphoma and CLL[92-96]. 
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However, zanubrutinib monotherapy has limited efficacy in r/r FL[92]. Combination therapy with ibrutinib and 
rituximab resulted in better response rates in patients with r/r FL[95]. Acarabrutinib showed good efficacy and was well-
tolerated by untreated and r/r FL patients[97]. In patients with r/r FL, the combination of zanubrutinib and 
obinutuzumab showed better PFS than obinutuzumab alone[98]. BTKis exhibited superior activity when used in 
combination therapies; hence, future studies should focus on evaluating various combinations of novel BTKis and other 
agents in patients with FL.

Proapoptotic pathway inhibitors (BCL2 inhibitors): Venetoclax, a potent BCL2 inhibitor, exhibits strong binding to 
BCL2, an anti-apoptotic protein often found in high levels in various blood cancers. By releasing apoptosis-promoting 
proteins, venetoclax triggers rapid and irreversible apoptosis in blood cancer cells. In a phase I trial of patients with FL, 
venetoclax monotherapy demonstrated an ORR of 38% and median PFS of 11 mo[99]. The phase II CONTRALTO trial 
compared different treatment groups, with the combination of venetoclax and rituximab presenting a CRR of 17%, 
venetoclax plus BR showing a CRR of 75%, and BR combined with venetoclax having a CRR of 69%[100]. Moreover, a 
phase I/II study reported promising results with the combination therapy of venetoclax and ibrutinib, showing an ORR 
of 69% and CRR of 25%[101]. BCL2 inhibitors have great potential for improving outcomes in patients with FL caused by 
BCL2 overexpression.

Epigenetic regulators: Drugs targeting the epigenetic regulation of gene expression, such as DNA methylation, are 
promising in treating blood cancers. Tazemetostat, an inhibitor of epigenetic regulator (EZH2) and histone methyltrans-
ferase, has shown positive outcomes. In a phase II study, tazemetostat treatment resulted in a higher ORR in patients with 
EZH2 mutations than in wild-type patients[19]. Patients with high-risk FL exhibited particularly favorable responses. The 
combination therapy of tazemetostat with rituximab and R2 is currently under investigation. Treatment with vorinostat, a 
histone deacetylase inhibitor, resulted in an ORR of 49% and median PFS of 20 mo in a phase II study of patients with r/r 
FL[102]. In a phase II study, vorinostat, in combination with rituximab, achieved an ORR of 50% and CRR of 41%[103]. 
Mocetinostat, another histone deacetylase inhibitor, showed limited efficacy, with an ORR of 12% in a phase II trial in 
patients with r/r FL[104].

EZH2 and histone deacetylase inhibitors hold promise as epigenetic regulators for the treatment of FL and are expected 
to yield improved therapeutic outcomes, particularly for tFL.

Phosphatidylinositol-3 kinase inhibitors: The BCR signaling pathway is homeostatically activated in B-cell tumors, 
leading to the development of inhibitors targeting this pathway. Phosphatidylinositol-3 kinase (PI3K) is a lipid kinase 
that mediates the phosphorylation of inositol ring 3 of inositol phospholipids—a membrane component[105]. Class I 
PI3Ks play an important role in signaling and are subdivided into four isoforms, α, β, ϒ, and δ[106]. Idelalisib, which 
selectively inhibits the δ isoform, is used in the treatment of r/r FL; it has shown the highest efficacy among PI3K 
inhibitors[107]. Nevertheless, most patients experience adverse events, and life-threatening adverse events limit the use of 
these agents[108,109]. Duvelisib, a dual inhibitor of PI3K-δ and PI3K-γ, has demonstrated impressive efficacy (70%); 
however, its use is also associated with a relatively high occurrence of adverse events (grade 3 or higher)[110,111]. It is the 
only PI3K inhibitor approved for treating r/r FL. Umbralisib is a selective PI3K-δ and casein kinase-1-ε (CK1ε) inhibitor 
and a fourth-generation PI3Ki with a potential therapeutic role in FL[112,113]. Parsaclisib is a potent PI3K isoform 
inhibitor that effectively treats r/r FL; however, it is also associated with frequent adverse events[114,115]. Zandelisib, a 
novel PI3-Kδ inhibitor, has shown good efficacy in the treatment of r/r indolent non-Hodgkin lymphoma with minimal 
adverse events[116]. However, clinical trials of these inhibitors are ongoing and require careful patient selection and 
implementation owing to the high frequency of adverse events.

PI3K/Akt/mTOR signaling pathway inhibitors: The PI3K/Akt/mTOR signaling pathway promotes abnormal 
regulation of tumor cell growth, metabolism, and survival[117]. Dual inhibitors aimed at this pathway have been 
developed and exhibit encouraging therapeutic effects, including high efficacy at minimal doses and low drug resistance
[118]. Temsirolimus, a TOR inhibitor, when used with lenalidomide, showed synergistic effects in untreated advanced 
lymphomas, particularly in r/r classical Hodgkin lymphoma. However, hematological adverse events were frequent, 
with three grade 5 adverse events reported[119]. Further development of this novel PI3K/Akt/mTOR dual inhibitor and 
additional clinical trial data will enhance therapeutic outcomes and promote its use in FL treatment.

Cell-based therapies: CAR-T cell therapy is an innovative treatment for r/r hematological malignancies involving 
genetically engineered autologous T cells with chimeric antigen receptors (CARs) to target cancer cells. To date, CAR-T 
cell therapy has shown high efficacy; however, it is limited by hematological toxicity, including post-treatment cytore-
duction[120,121]. In addition, several other challenges exist in the development of CAR-T therapies, including complex 
logistics, manufacturing constraints, toxicity concerns, and economic burdens[122]. Clinical trials have contrasted the 
effectiveness and safety of three cellular therapies: Autologous, allogeneic, and CAR-T cell therapies[123]. Recent clinical 
trials have evaluated autologous anti-CD19 CAR-T agents, such as axicabtagene ciloleucel (axi-cell), tisagenlecleucel (tisa-
cell), and lisocabtagene maraleucel (liso-cell), all of which have shown remarkable efficacy against r/r DLBCL and FL. 
Various clinical trials have suggested that axi-cells can achieve an ORR of 94%, CRR of 79%, and sustained remission rate 
of 40%[124,125]. Tisa-cells have also shown substantial efficacy, achieving an ORR of 86% and CRR of 69% after a median 
follow-up of 17 mo[126-128]. Liso-cells, which are autologous anti-CD19 CAR-T cells, displayed high efficacy in r/r 
DLBCL where hematopoietic stem cell transplantation is not planned[129] and may be utilized in r/r FL in the future. 
The TRANSFORM and PILOT studies have also highlighted the potent efficacy of liso-cells in second-line treatment of r/
r large BCL, leading to their approval as a third-line treatment option for aggressive BCL[130]. Despite these challenges, 
CAR-T-cell therapy could be developed as a fundamental treatment modality for FL.

Response-adapted post-induction strategy: The FOLL12 study compared standard rituximab maintenance therapy with 
experimental post-induction therapy for patients with FL. Experimental therapy ranged from observation of patients with 
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the complete metabolic response (CMR) and minimal residual disease (MRD) negativity to administering four doses of 
rituximab to patients with CMR and MRD positivity until MRD became negative, to one dose of ibritumomab tiuxetan for 
non-CMR patients, followed by three doses of the standard treatment with rituximab maintenance. With a median 
follow-up of 53 mo, patients in the standard treatment group had significantly better PFS than those in the experimental 
group (3-year PFS, 86% vs 72%; P < 0.001). However, for patients with FL who responded positively to induction therapy, 
the standard 2-year rituximab maintenance therapy extended PFS following the remission induction[131].

SUMMARY OF GI-FL TREATMENTS
Similar to that for nodal FL, the treatment strategy for GL-FL should be carefully considered based on Lugano stage and 
the histological grade. Furthermore, personalized treatment choices should be made based on the circumstances of 
individual patients and their changes over time[7]. The possibility of gastrointestinal perforation due to tumor reduction 
should always be considered, as this could be a lethal side effect. Moreover, the watch-and-wait strategy has been the 
mainstay option for GI-FL treatment. However, with the current advances in novel therapeutic agents, many advanced 
cases are increasingly being treated aggressively with chemotherapy, immunotherapy, or a combination of the two. 
Surgical resection and postoperative chemotherapy, immunotherapy, or a combination of these, could be an option in 
some instances, such as gastrointestinal obstruction[7]. Therefore, the therapeutic approach should be more individu-
alized in GI-FL. Depending on the site and stage of the lesion and the patient's general health, a combination of surgery, 
chemotherapy, radiotherapy, and immunotherapy may be chosen. Conservative surgical or endoscopic treatment of the 
gastrointestinal tract may be an option depending on the tumor's specific anatomy and histological characteristics.

CONCLUSION
Molecular genetic analysis of FL has revealed overexpression of the BCL2 gene, rearrangement of the IGH gene, and 
genetic mutations in NF-κB pathway-related factors. To this end, genetic abnormalities related to histone methyltrans-
ferases and histone acetylases have been characterized. Approximately 150 miRNAs involved in the development and 
proliferation of FL, including the miR-17-92 cluster, miR-155, miR-155-5p, miR-9-3p, miR-150, miR-155, and miR-5008, 
have been identified. Their role as prognostic predictors has been investigated. Recently, GWAS have identified several 
loci involved in FL development.

There has been significant progress in the development of novel FL therapeutics targeting the genes responsible for FL 
pathogenesis and tumor growth, including anti-CD20, CD79 monoclonal antibodies, BTEs, anti-PD-L1 antibodies, 
lenalidomide, and immunomodulators such as lenalidomide, BTKis, BCL2 inhibitors, EZH2 inhibitors, PI3K inhibitors, 
dual inhibitors of the PI3K/Akt/mTOR signaling pathway, and CAR-T cell therapy. The efficacy of these novel agents is 
demonstrated in numerous clinical trials, not only as single agents but also in combination. Recent research focuses on 
identifying the best combination and the order of treatments in multi-drug therapy. The number of advanced cases of 
primary GI-FL and nodal cases is expected to increase. Gastroenterologists must be trained and offered sufficient practice 
in treating these patients, especially those in advanced stages.
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