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Introduction:
Mantle cell lymphoma (MCL) is a rare and aggressive form of B-cell non-Hodgkin lymphoma, representing 5%-7% of cases, with a median age at diagnosis around 65 years. Historically, MCL was considered incurable, with chemotherapy offering only temporary remission. Recent advancements in targeted therapies have transformed the treatment landscape, providing better progression-free survival (PFS) and improved quality of life. Despite these innovations, MCL's heterogeneity and high-risk subtypes present ongoing challenges in achieving long-term remission.
Methodology:
This review synthesizes current research on the molecular pathogenesis, prognostic markers, and treatment options for MCL. We explore genetic abnormalities, such as the t(11;14)(q13;q32) translocation and TP53 mutations, and their impact on prognosis. We also evaluate established and emerging biomarkers, including the Ki-67 proliferation index and minimal residual disease (MRD) monitoring, as tools to tailor therapy. Treatment strategies are examined, focusing on the evolution from chemotherapy to targeted agents like Bruton's tyrosine kinase inhibitors.
Results:
Recent studies highlight the role of genetic markers like cyclin D1 overexpression and TP53 mutations in driving MCL's aggressive course. Prognostic tools like the Mantle Cell Lymphoma International Prognostic Index (MIPI) and Ki-67 index are pivotal in patient stratification, guiding therapy choices. First-line treatment regimens, such as R-hyperCVAD and R-DHAP, show improved outcomes, especially when combined with autologous stem cell transplantation (ASCT). New targeted therapies, such as BTK inhibitors, BCL-2 antagonists, and cellular therapies, have shown promising results in clinical trials.
Conclusion:
The treatment landscape of MCL has evolved significantly, with tailored therapies offering better outcomes. Continued research into molecular biomarkers and treatment combinations will refine management strategies and provide further improvements in survival and quality of life for MCL patients. A personalized, precision-based approach remains essential in optimizing care for this challenging malignancy.
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Introduction
Mantle cell lymphoma (MCL) is a rare but aggressive subtype of B-cell non-Hodgkin lymphoma, accounting for approximately 5%–7% of all cases. The disease typically affects older adults, with a median age at diagnosis of around 65 years, and has a marked male predominance, with a male-to-female ratio of approximately 3:1 [1]. Clinically, MCL often presents at an advanced stage with generalized lymphadenopathy, bone marrow involvement, and frequent extranodal disease, particularly in the gastrointestinal tract, spleen, and peripheral blood [2]. Systemic symptoms such as fatigue, weight loss, night sweats, and fevers may also be present, and patients may show signs of cytopenias or splenomegaly.
Historically, MCL was viewed as an incurable lymphoma with a relentlessly progressive course, characterized by repeated relapses despite initial responsiveness to chemotherapy. Standard chemotherapy regimens, including R-CHOP (rituximab, cyclophosphamide, doxorubicin, vincristine, prednisone), often induced remission but failed to yield durable disease control. Median overall survival (OS) historically ranged between 3 to 5 years, with even poorer outcomes for patients with high-risk features [3].
In recent years, the therapeutic landscape for MCL has significantly evolved. The introduction of targeted agents, such as Bruton tyrosine kinase (BTK) inhibitors, BCL-2 antagonists, and cellular therapies, has shifted the treatment paradigm away from purely chemotherapy-based regimens. These novel approaches offer not only improved progression-free survival but also the potential for deep remissions and better quality of life. Nonetheless, MCL remains a biologically and clinically heterogeneous disease, and challenges persist in achieving long-term remission, especially in high-risk patients. As such, ongoing research continues to explore predictive biomarkers, molecular subtypes, and novel therapeutic combinations to refine treatment strategies and improve outcomes [4,5].
Molecular Pathogenesis and Prognostic Markers
The pathogenesis of mantle cell lymphoma is driven by a complex interplay of genetic and molecular abnormalities, with the t(11;14)(q13;q32) translocation as its central initiating event. This rearrangement juxtaposes the CCND1 gene (coding for cyclin D1) with the IGH gene enhancer region, leading to constitutive overexpression of cyclin D1. The resulting dysregulation of the cell cycle promotes uncontrolled proliferation of mature B cells, which underlies the neoplastic transformation seen in MCL [6].
However, cyclin D1 overexpression alone is not sufficient for full transformation or disease progression. Secondary genetic alterations significantly contribute to disease heterogeneity and clinical behavior. One of the most important of these is mutation or deletion of the TP53 gene, found in a subset of patients and associated with resistance to therapy and markedly reduced survival [7]. TP53 aberrations often co-occur with complex karyotypes and high Ki-67 proliferation indices, signaling a more aggressive disease phenotype.
Prognostication in MCL is multifactorial, and several tools have been developed to stratify risk. The Mantle Cell Lymphoma International Prognostic Index (MIPI) is the most widely used clinical risk model and incorporates age, performance status, lactate dehydrogenase (LDH) levels, and leukocyte count to categorize patients into low-, intermediate-, or high-risk groups [8,9]. A modified version of this index, known as the biological MIPI (MIPI-b), adds the Ki-67 proliferation index as a surrogate for tumor proliferation, thereby enhancing its prognostic power.
The Ki-67 index, a marker of cellular proliferation, is particularly important. A high Ki-67 index (>30%–40%) correlates strongly with poor outcomes and is often seen in aggressive variants of MCL, including blastoid and pleomorphic subtypes [10]. These histological variants display larger cells, irregular nuclei, and higher mitotic rates, and are associated with shorter progression-free and overall survival, even with intensive therapy.
More recently, minimal residual disease (MRD) monitoring has gained attention as a powerful prognostic tool. MRD negativity, assessed by flow cytometry or molecular techniques such as PCR or next-generation sequencing, has been shown to predict longer remissions and may serve as a surrogate endpoint in clinical trials [11]. In some treatment protocols, achieving MRD negativity is being explored as a criterion for de-escalating or stopping therapy, particularly in the context of time-limited regimens involving novel agents.
Collectively, the expanding understanding of molecular drivers and prognostic markers in MCL is refining the way clinicians approach treatment selection and response assessment. As precision medicine continues to evolve, these biomarkers will likely play an increasingly central role in therapeutic decision-making and in guiding the development of future therapies.
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First-Line Treatment Approaches
The management of newly diagnosed mantle cell lymphoma (MCL) has undergone substantial evolution over the past two decades. Historically, outcomes with conventional chemoimmunotherapy were suboptimal, but modern treatment strategies now reflect a more nuanced, risk-adapted approach that considers age, performance status, and biological risk factors.
For younger and fit patients, induction with high-intensity regimens followed by consolidation with autologous stem cell transplantation (ASCT) remains a widely accepted standard. Regimens such as R-hyperCVAD (rituximab with hyperfractionated cyclophosphamide, vincristine, doxorubicin, and dexamethasone, alternating with high-dose methotrexate and cytarabine) have shown high response rates and improved progression-free survival (PFS) in phase II studies, although at the cost of significant hematologic and infectious toxicity [12]. An alternative, more tolerable regimen is R-DHAP (rituximab, dexamethasone, cytarabine, and cisplatin), which has demonstrated comparable efficacy and is often used prior to ASCT [13].
The MCL Younger trial conducted by the European MCL Network was pivotal in demonstrating that cytarabine-containing induction regimens followed by ASCT significantly prolong remission durations compared to conventional R-CHOP chemotherapy. In this study, the median PFS exceeded 90 months in the cytarabine group versus 45 months in the R-CHOP arm [14].
ASCT consolidation, when performed in first remission, improves disease control but is not curative. Long-term follow-up indicates relapse remains common. For this reason, maintenance therapy has become an important component of the treatment paradigm. The LyMa trial showed that rituximab maintenance every two months for three years following ASCT significantly prolonged PFS and overall survival (OS) [15].
In older or less fit patients, intensive chemotherapy and transplantation are generally avoided due to comorbidities and toxicity concerns. The combination of rituximab and bendamustine (BR) has become a preferred frontline regimen in this population. The STiL trial demonstrated that BR had superior PFS and better tolerability than R-CHOP in indolent and mantle cell lymphomas, making it a standard of care for older patients [16].
For elderly patients unable to tolerate bendamustine, regimens such as VR-CAP (bortezomib replacing vincristine in the R-CHOP regimen) offer another effective option. In the LYM-3002 study, VR-CAP significantly improved PFS compared to R-CHOP, though bortezomib-induced neuropathy remains a concern [17].
Importantly, the landscape of frontline treatment is rapidly changing with the incorporation of novel targeted agents into induction or maintenance regimens, blurring the historical dichotomy between younger and older patient approaches. These strategies are discussed in the next section.
Role of Targeted Therapies
The emergence of targeted therapies has reshaped the treatment landscape of MCL, offering new hope for patients who historically faced limited options, particularly in the relapsed or refractory setting. Among these agents, Bruton tyrosine kinase (BTK) inhibitors have had the most transformative impact.
Ibrutinib, the first-in-class BTK inhibitor, demonstrated remarkable activity in relapsed/refractory MCL. In the pivotal phase II trial by Wang et al., ibrutinib achieved an overall response rate (ORR) of 68% and a complete response (CR) rate of 21%, with a median PFS of 13.9 months [18]. While effective, ibrutinib's off-target effects such as atrial fibrillation, bleeding, and hypertension limit its use in certain populations.
To address these issues, second-generation BTK inhibitors such as acalabrutinib and zanubrutinib were developed with improved selectivity. Acalabrutinib showed a higher CR rate and fewer cardiac toxicities in phase II trials, with a well-tolerated safety profile [19]. Zanubrutinib, evaluated in the BGB-3111-206 study, showed an ORR of 84% and a CR rate of 68% in relapsed MCL, with lower incidence of atrial fibrillation and bleeding [20]. These second-generation agents are increasingly being studied in earlier lines of therapy.
Additional targets under investigation include PI3K inhibitors (such as idelalisib and duvelisib), though their role in MCL remains less defined due to toxicity concerns. Efforts are underway to improve tolerability through intermittent dosing or combination with other agents [21,22,23].
Targeted therapies have also begun to influence frontline strategies. Several trials are now exploring BTK inhibitors in combination with standard regimens (e.g., ibrutinib + BR, ibrutinib + rituximab) as initial therapy for both young and elderly patients. The SHINE trial, a phase III study evaluating ibrutinib in combination with BR in older patients with MCL, showed a significant improvement in PFS compared to BR alone, marking a key step in integrating targeted therapy into first-line treatment [24].
Despite these advancements, targeted therapies are not without challenges. Resistance remains a significant concern, particularly with long-term use of monotherapy. Adverse events, although generally manageable, can lead to treatment discontinuation in some patients. For these reasons, combination therapies and MRD-guided approaches are increasingly being explored to optimize treatment duration and reduce cumulative toxicity.
In summary, the introduction of BTK inhibitors and other targeted agents has significantly extended survival and improved quality of life for many patients with MCL. Ongoing trials will determine the optimal sequencing and combination of these therapies, with the ultimate goal of delivering personalized, durable, and less toxic treatments.
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Fig No 02 - First-Line Treatment Strategies in Mantle Cell Lymphoma: Differentiating Approaches for Younger/Fit Versus Older/Less Fit Patients, Including the Transition from Conventional Chemotherapy to Targeted Therapie
Immunotherapy and Cellular Therapies
Immunotherapy has emerged as a critical component in the treatment of hematologic malignancies, and mantle cell lymphoma (MCL) is no exception. While traditional chemoimmunotherapy regimens incorporating monoclonal antibodies such as rituximab have long formed the backbone of treatment, more advanced and personalized forms of immunotherapy including CAR T-cell therapy, bispecific antibodies, and immune checkpoint inhibitors are now at the forefront of research and clinical application in MCL. These novel approaches are particularly relevant in the relapsed/refractory (R/R) setting, where standard therapies often fail to achieve durable responses.
Chimeric Antigen Receptor (CAR) T-cell Therapy
Among the most transformative advances in immunotherapy is the development of CAR T-cell therapy, which involves engineering a patient's own T cells to express a synthetic receptor targeting a specific antigen most commonly CD19, a surface marker expressed on malignant B cells.
In 2020, the U.S. FDA approved Brexucabtagene Autoleucel (KTE-X19) as the first CAR T-cell therapy for R/R MCL based on the results of the ZUMA-2 trial. This pivotal study enrolled patients who had failed prior therapies, including BTK inhibitors, and demonstrated an overall response rate (ORR) of 93%, with a complete response (CR) rate of 67%. At a median follow-up of 12.3 months, 57% of patients remained in remission, highlighting the potential for long-term disease control [25].
Importantly, responses were observed even in patients with high-risk features, including TP53 mutations and blastoid histology. However, CAR T-cell therapy is not without significant risks. Cytokine release syndrome (CRS) and immune effector cell-associated neurotoxicity syndrome (ICANS) are common adverse events, though most cases are manageable with timely intervention using tocilizumab and corticosteroids [26].
Bispecific Antibodies
Another promising immunotherapeutic approach in MCL is the use of bispecific T-cell engagers (BiTEs) and bispecific monoclonal antibodies, which simultaneously bind to a tumor antigen (typically CD20) and CD3 on T cells, thereby redirecting cytotoxic T cells toward malignant B cells.
Several agents are currently under investigation in MCL and other B-cell malignancies. Glofitamab, a CD20xCD3 bispecific antibody, has demonstrated significant activity in relapsed/refractory B-cell lymphomas and is undergoing trials specifically for MCL. In a phase I/II study, glofitamab produced durable responses, even in patients with prior CAR T-cell exposure, suggesting that bispecifics may be an effective salvage therapy [27].
Similarly, epcoritamab and mosunetuzumab also targeting CD20 and CD3 have shown encouraging preliminary results in early-phase trials, with manageable toxicity profiles and potential for outpatient administration [28]. These agents are especially attractive due to their off-the-shelf availability, unlike CAR T-cell therapy which requires individualized cell manufacturing.
Checkpoint Inhibitors
Checkpoint inhibitors, such as PD-1/PD-L1 and CTLA-4 blockers, have transformed the treatment of several cancers by enhancing T-cell activity against tumor cells. However, their role in MCL has been limited thus far.
Early studies of nivolumab and pembrolizumab in MCL showed modest activity, with response rates significantly lower than in Hodgkin lymphoma or primary mediastinal B-cell lymphoma. The relatively low mutational burden of MCL and the immunosuppressive tumor microenvironment likely contribute to the limited efficacy [29].
Allogeneic Stem Cell Transplantation (Allo-SCT)
While no longer a mainstay in the era of targeted therapies and CAR T cells, allogeneic stem cell transplantation remains a potentially curative option for a select group of high-risk patients with MCL particularly those who relapse early after autologous transplantation or fail BTK inhibitors.
Allo-SCT offers the benefit of a graft-versus-lymphoma (GVL) effect, but its use is limited by significant non-relapse mortality, especially in older or frail patients. Reduced-intensity conditioning (RIC) regimens have somewhat improved the safety profile, but the decision to proceed with allo-SCT requires careful patient selection and ideally should be performed in the context of clinical trials or in centers with expertise in transplantation [30].
Future Directions in Immunotherapy
The future of immunotherapy in MCL lies in rational combinations, sequencing strategies, and biomarker-guided approaches. Clinical trials are exploring the synergistic potential of combining CAR T-cell therapy with BTK inhibitors, bispecifics with checkpoint blockade, or venetoclax with CD20/CD3 bispecifics, aiming to achieve deeper responses and overcome resistance.
Moreover, efforts are underway to develop next-generation CAR constructs with enhanced persistence, reduced toxicity, or targeting multiple antigens to avoid relapse due to antigen escape. The identification of predictive biomarkers such as tumor mutational burden, T-cell fitness, or expression of immune checkpoints may help optimize patient selection for immunotherapy.
CONCLUSION
In conclusion, immunotherapy has become a cornerstone in the management of relapsed and refractory MCL, offering new avenues for durable remission and potential cure. As ongoing trials mature and new agents become available, these strategies will likely play an increasingly central role, possibly moving into earlier lines of treatment and altering the long-term outlook for patients with these challenging diseases 
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Fig No 03 - Overview of Immunotherapy and Cellular Therapies in Mantle Cell Lymphoma (MCL)
Special Populations and Individualized Therapy
Mantle cell lymphoma (MCL) presents with substantial biological and clinical heterogeneity, necessitating tailored treatment strategies for distinct patient subsets.
Elderly or frail patients often cannot tolerate aggressive regimens, making less toxic therapies such as bendamustine-rituximab or BTK inhibitors preferable. Age-related pharmacodynamics and comorbidities must be carefully weighed. Maintenance rituximab and time-limited targeted therapies offer a balance between efficacy and tolerability in this population [16,24].
Patients with blastoid or pleomorphic variants, TP53 mutations, or high Ki-67 proliferation indices represent high-risk disease with poor outcomes under conventional regimens. These cases often benefit from early integration of novel agents like non-covalent BTK inhibitors, venetoclax, and CAR T-cell therapy, which may overcome chemo-resistance and enhance survival [21,25,31].
TP53-mutated MCL, in particular, is associated with resistance to cytotoxic therapy and poor prognosis. These patients may require BTK inhibitors, CAR T-cell therapy, or clinical trial enrollment at diagnosis to achieve meaningful outcomes. Prospective molecular profiling is essential to identify this subgroup early [31].
In contrast, patients with leukemic non-nodal MCL, typically SOX11-negative with mutated IGHV genes, follow a more indolent course. Observation remains an option in asymptomatic individuals. When treatment is needed, less intensive regimens or targeted agents such as ibrutinib can achieve good disease control [10].
Finally, CNS involvement, although rare, presents a therapeutic challenge with poor prognosis. Risk-adapted CNS prophylaxis is debated but may be considered in patients with blastoid histology or high-risk features. Agents like ibrutinib that cross the blood-brain barrier show promise in managing CNS relapse [32,33].
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