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ABSTRACT

Precision medicine, as defined by individualized therapeutic targeting of oncogenic mutations, has had limited success in treating Multiple Myeloma (MM). FISH cytogenetics and next generation sequencing (NGS) have led to attempts of subtype classification, however this minimally affects treatment decisions to date. Additionally, identifying accurate and clinically available biomarkers to signal drug sensitivities has proven difficult for MM. This review discusses the previous attempts at precision medicine in MM with an in-depth focus on BCL2 inhibition. Next, select ongoing studies are reviewed including discussing relevant biomarkers being utilized in current clinical trials. Finally, we discuss potential future directions for a promising treatment approach.
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INTRODUCTION

Precision medicine harnesses a patientˇs genomic data to identify and attack tumor-specific vulnerabilities with personalized therapies. This strategy requires the right treatment and a reliable biomarker to identify cases that will respond. There is no better example of the success of precision medicine than in hematologic malignancies, e.g., IDH1/2 and FLT3 inhibitors in acute myeloid leukemia (AML), BCR-ABL1 inhibitors for chronic myelogenous leukemia (CML), and BTK inhibitors in non-Hodgkin lymphoma (NHL), to name a few. Multiple myeloma (MM), however, has not shared in such success. To date, effective therapies in MM have targeted vulnerabilities in plasma cell biology, such as high protein turnover or overexpression of specific cell markers. Less success has been had in targeting genetic subtypes of MM.

MM has historically been regarded as a single disease despite  a  variety  of  clinical  presentations  and  treatment
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outcomes. Although many patients with standard-risk myeloma achieve nearly 10 years of event-free survival after frontline therapy, ultra-high-risk patients may relapse within 12 months1. This variation in clinical response suggests that there are subgroups of myeloma that may warrant individualized treatment. The difficulty in developing precision medicine strategies for MM may be due to the extreme heterogeneity between MM cases2,3,4. Even within a single case of MM, molecular events occur in a branching pattern resulting in intra-clonal heterogeneity leading to subclones with novel mutations that may influence drug sensitivity5,6. In the face of such genetic complexity, little progress has been made in the therapeutic targeting of oncogenic mutations in MM. Instead, MM is currently treated like one disease, albeit with some variation due to clinical variables like age and fitness. FISH cytogenetics and next-generation sequencing (NGS) have led to attempts of subtype classification, however this minimally affects treatment decisions to date. Additionally, utilizing biomarkers to signal potential drug sensitivities has proved difficult7.€This narrative review describes the previous attempts, ongoing studies, and future directions of precision medicine with targeted therapies in MM. A literature search was conducted in PubMed and Web of Science for articles using the search terms ˝precision medicine˛ ˝multiple myeloma˛ ˝targeted therapy˛ BCL2˛ ˝NGS˛ and related keywords were used. Findings were synthesized thematically to highlight targeted therapy trends in multiple myeloma drug development.

BCL2 and t(11;14) 

The t(11;14)(q13;q32) is the most common chromosomal translocation in MM occurring in 15-20% of cases8. The translocation juxtaposes the cyclin D1 (CCND1) gene with immunoglobulin heavy chain enhancer elements leading to cyclin D1 overexpression promoting cell cycle progression9.However, an understanding of the full oncogenic functions is incomplete. MM cells with t(11;14) can have unique clinical features such as lymphoplasmacytoid morphology, CD20 expression, and oligosecretory or free light chain only monoclonal protein production10,11,12. MM cells with t(11;14) have also been found to have a unique balance of BCL2 family of proteins13.

The B-cell lymphoma-2 (BCL2) gene was so named from its  original  identification as the portion of chromosome 18    
      

      

    



     


  
     
       

   
      
    
     



      
       
     
     
    
     




 
       

    
     
    

     
   

      
        





involved in the t(14;18)(q32;q21) occurring in over 80% of follicular lymphomas14.€Subsequently multiple proteins were identified in the BCL2 protein family to include both anti-apoptotic and pro-apoptotic proteins. In many hematologic neoplasms, the overexpression of anti-apoptotic BCL2 proteins is an important factor in survival and drug resistance15. The malignant plasma cells of MM express at least 3 anti-apoptotic BCL2 family members: BCL2, B-cell lymphoma extra-large (Bcl-xL), and myeloid cell leukemia-1 (MCL1)16. Most normal plasma cells and most MM cells carry out anti-apoptotic signaling primarily through MCL1 and are occasionally codependent on Bcl-xL or BCL217. However, t(11;14) MM cells tend to have a predominant dependence on BCL2 and a lower MCL1 expression resulting in a high BCL2 to MCL1 ratio, albeit BCL2 dependence may exist in other myeloma subgroups as well Figure 116. In preliminary studies of novel BCL2 inhibitors, cell death was demonstrated in the sub-group of myeloma with a high BCL2/MCL1 ratio18.








Figure 1: Most myeloma cells rely on MCL1 for anti-apoptotic signaling. Myeloma cells harboring a t(11;14) tend to have a predominant€dependence on BCL2 and lower MCL1 expression.

Venetoclax was the first selective BCL2 inhibitor utilized in clinical practice. A phase 1 study of venetoclax in relapsed or refractory MM (RRMM) showed that high expression of BCL2 relative to MCL1 was associated with improved response to venetoclax monotherapy19. However, to overcome MCL1 activity, preclinical studies suggested that dexamethasone and proteasome inhibitors could shift the reliance on MCL1 to BCL2 in MM cells without a t(11;14)20,21.€The synergy seen with the combination of venetoclax and bortezomib preclinically provided a rationale to evaluate the combination of venetoclax, bortezomib, and dexamethasone in all MM patients, not just those with high BCL2 expression or t(11;14). The initial phase 1 study evaluated the combination of venetoclax with bortezomib and dexamethasone in 66 RRMM patients. The study showed acceptable safety with an overall  response  rate   (ORR)  of  67%   with   only  14%  of 






   
  

    
    


      

      


 
      


        



        
     
      





      
    


        
     
    
     


      
     
      




patients having a known t(11;14)22.€These encouraging results led to the phase 3 BELLINI trial which randomized RRMM patients in a 2:1 fashion to venetoclax, bortezomib, dexamethasone compared to bortezomib dexamethasone. Patients had 1 to 3 prior lines of therapy and were still sensitive to proteasome inhibitors23. The primary endpoint was progression-free survival (PFS). Median PFS was significantly longer in the venetoclax group (22.4 months 95% CI 15.3 � NE) than in the placebo group (11.5 months 95% CI 9.6 � 15). However, the study was halted early due to increased deaths in the venetoclax arm and a decreased overall survival trend. Such a detriment was not seen in the subgroup of patients harboring a t(11;14) therefore further evaluation of venetoclax was focused on the subgroup of patients with t(11;14)24.

A phase 1/2 study treated only patients with a t(11;14) RRMM with venetoclax and dexamethasone. In the phase 2 cohort, patients had a median of 5 prior lines of therapy and achieved an ORR of 48%25. A phase 3 study was then developed, the CANOVA trial, which enrolled only RRMM patients with a t(11;14) and > 2 prior lines of therapy randomizing patients to venetoclax and dexamethasone or pomalidomide and dexamethasone. Despite selecting only patients with t(11;14), the end results did not demonstrate significant improvement in the venetoclax dexamethasone arm. The prolonged median PFS of 9.9 months in the venetoclax arm was numerically longer than the 5.8 months in the pomalidomide arm but the results did not meet statistical significance (HR 0.823, 95% CI: 0.596 � 1.136, p: 0.237). The ORR was higher in the venetoclax arm (62% vs. 35%) and the median OS was longer in the venetoclax arm (32.4 months vs. 24.5 months)(HR 0.697, 95% CI: 0.472 � 1.029, nominal p 0.067). Cross-over events were not reported. The median time to next treatment was longer in the venetoclax arm (21.2 months vs. 8.3 months)(HR of 0.546 (95% CI: 0.385- 0.776); nominal p-value of 0.001)26. A post-hoc analysis evaluating the responses in patients with BCL2 high gene expression by RNAseq was conducted. The analysis suggested that the ORR was higher in patients with high BCL2 expression (3.7 log2 FPKM cutoff), however the median PFS and median OS did not differ between groups27.

The story of venetoclax in MM identifies a common challenge in precision medicine of requiring an accurate biomarker  to  predict  response.  While  both   t(11;14)  and    


  

      
    
      


       
      

     



        




         
    
    
       
    
      

  
       
         
 
       
       



      

     

      
       


       
      


and BCL2 expression may be a reasonable avenue to identify patients that will respond to BCL2 inhibition, clinical experience has proven to provide inconsistent results. In the case of BCL2 expression, the co-expression of other anti-apoptotic proteins such as MCL1 may limit the utility of BCL2 IHC expression alone28.

However, the attempt at utilizing t(11;14) and/or BCL2 as an avenue for precision medicine in MM is far from over. An ongoing Phase 2 study is investigating the addition of venetoclax to carfilzomib and dex (Kd) in t(11;14) positive patients. An abstract in 2023 reported a 92% ORR in the venetoclax Kd arm compared to 63% in the Kd arm29. Additional selective BCL2 inhibitors are being investigated as well, such as sonrotoclax and lisaftoclax. Sonrotoclax inhibits BCL2 at lower concentrations compared to venetoclax in both biochemical and cellular assays. BGB-11417-105 is an ongoing open-label phase 1b/2 dose escalation study of sonrotoclax in patients with a t(11;14) RRMM. As of March 25th, 2024, a total of 32 patients have been treated at the recommended dose for expansion (RDFE) of 640 mg in combination with dexamethasone. Among 24 evaluable patients, the ORR was 75% (95% CI, 53-90%)30. Lisaftoclax (APG-2575) is another selective BCL2 being evaluated with other treatment combinations in RRMM, not restricted to t(11;14)31. Results from these studies are eagerly awaited.

MCL1 and 1q+

Other studies are attempting to circumvent the intrinsic venetoclax resistance by adding additional inhibitors. As discussed above, most myeloma cells rely on MCL1 for anti-apoptotic properties thus preventing the reliance on BCL2. Additionally, MCL1 dependency increases from diagnosis to relapse as overexpression of MCL1 is detected in 52% of patients at diagnosis and 81% at relapse32. MCL1 is a larger protein than BCL2 (40 kDa vs. 26 kDa) and has been indicated in myeloma development32,33€and venetoclax resistance34. MCL1 resides on chromosome 1q2133,35€which is a common amplification or gain found in MM patients associated with reduced survival36. Therefore, MCL1 has been an interesting potential target for MM. Early studies are starting to look into MCL1 inhibitors such as tapotoclax (AMG176), AZD599137, KS1838€and S63845 however there has been limited clinical success in other hematologic malignancies to date39. A particular challenge has been cardiotoxicity,  however   MCL1 inhibitors  with  a  reduced       
      
     

       







        

 
     
     



      
      

    

       




      
     
       

    
      
        

      
  
     

     
      
       

      
      




half-life are trying to circumvent this issue40,41. Attempts at evading venetoclax resistance have not stopped at the BCL2 family of proteins either. A recent preclinical study by Okamoto et al. showed that an RSK/AKT/S6K inhibitor could induce synergistic apoptosis with venetoclax42. Such novel therapeutic avenues have not made it into clinical studies to date.

NRAS/KRAS Mutations 

Oncogenic RAS signaling is among the most common oncogenic drivers in human cancer and can be found in 40-60% of MM tumors2,3,43. The RAS family, comprised of KRAS, NRAS, HRAS are small GTPases that act as molecular switches regulating downstream signaling such as the mitogen-activated protein kinase (MAPK) pathway, the phosphoinositide 3-kinase (PI3-K) or mTORC1 pathways. Within the MAPK pathway, RAS mutations lead to downstream MEK activation which enhances survival, proliferation, and migration of MM cells. RAS itself has been historically difficult to target, so focus has been made on the downstream effectors. When constitutively active, both pathways may lead to uncontrolled cell growth. The incidence of RAS mutations goes up with more advanced/relapsed disease suggesting a role in clonal evolution and treatment resistance3
      
       

    
       




      
 

       


    

     
       
       
     
      
       
     
    3.. Preclinical evidence suggests that MAPK activation plays a role in IMiD resistance and MEK inhibition may reinstate IMiD sensitivity44.

Single-agent MEK inhibition has been explored in MM in two small trials. One trial evaluated selumetinib in MM patients unselected for RAS mutations and resulted in a 5.6% overall response rate (NCT01085214)45. Another study treated KRAS, NRAS, or BRAF mutant MM patients with trametinib and, despite selecting for RAS mutant disease, only 1 of 12 patients achieved a response (NCT01907815)46. Therefore, even in patients with a known RAS mutation, single-agent activity is minimal at best.

Combination therapy involving MEK inhibitors has also been explored in MM. One trial has evaluated MEK inhibition cobimetinib +/- venetoclax +/- atezolizumab (NCT03312530)47. There were no responses seen in the cobimetinib single agent arm despite having about 50% of the patients with RAS mutations. There were some responses in the cobimetinib + venetoclax arms but in patients  with  t (11;14)  so  the  activity  could  have  been
       
      


 
       
       
    

      
       
     
      


     
       
    


      
       


primarily due to venetoclax. Trametinib is also being explored in combination with mezigdomide in the ongoing Phase 1/2 CA057-003 Trial (cohort C). Preliminary results from the efficacy-evaluable population showed a 75% ORR48.

Recent preclinical data suggests that the inhibition of both MEK and the mammalian Target of Rapamycin (mTORC) pathways is needed to impede RAS-dependent pathogenic signaling in MM cells49. In KRAS or NRAS dependent cell lines, mTORC1 was found to be active downstream of RAS. However, inhibition of mTORC1 alone enhanced reliance on MEK signaling. Therefore, MEK and mTOR inhibition were required to halt oncogenic signaling. A new study will be exploring the efficacy and safety of combining a MEK inhibitor with an mTOR inhibitor (NCT06876142).

In parallel with pathway-targeted approaches, immunotherapeutic strategies have also been explored to directly target RAS-mutated myeloma. TG01, a peptide-based vaccine composed of mutant RAS epitopes, has been evaluated in a phase I/II study in patients with relapsed/refractory MM or high-risk smoldering MM harboring KRAS or NRAS mutations. Preliminary results reported that the vaccination led to increased TG01-specific T-cell responses in approximately one-third of evaluable patients, although no objective clinical responses have yet been observed50.

BRAF V600E Mutation

BRAF mutations are another targetable mutation found in myeloma. While less frequent than RAS, BRAF V600E mutations can be found in 4 to 8% of RRMM patients51. In melanoma and hairy cell leukemia targeting BRAF V600E with a combination of a MEK inhibitor and BRAF inhibitor is more effective than using a BRAF inhibitor alone. Stemming from that principal, a combination approach with a MEK inhibitor (binimetinib) and a BRAF inhibitor (encorafenib) was evaluated in a Phase 2 study for patients with RRMM and BRAF V600E mutations (NCT02834364)52. Out of 12 patients treated, the ORR was 83.3%, suggesting merit in a targeted precision medicine approach in MM. Interestingly in this study, the authors note that despite the high ORR, patients relapsed quickly, and emerging resistance to therapy was driven by RAS mutations.€
      


     




    
       
       




      


   

     
      
        
    
     
      
     
    





      



      
     
       
       
     
      
      







t(4;14): MMSET and FGFR3

The t(4;14) is the second most common translocation found in 10-15% of patients with MM53,54. This translocation can result in the simultaneous stimulation of two oncogenes: the fibroblast growth factor receptor 3 (FGFR3) gene and the multiple myeloma SET domain containing protein (MMSET) (also known as the nuclearreceptor SET domain protein 2 � NSD2) gene. This is a unique example of an IgH translocation stimulating two oncogenic genes on reciprocal translocations55. On the derivative chromosome 4 [der(4)], the transcription of the MMSET domain comes under the control of the IgH super enhancer. On the derivative chromosome 14 [der(14)], an IgH enhancer stimulates the transcription of the FGFR3 locus (Figure 2).









Figure 2: The t(4;14) translocation results in stimulating two oncogenic genes on reciprocal translocations. On the derivative chromosome 4 {der(4)], the transcription of the MMSET domain becomes under control of the IgH super enhancer. On the derivative chromosome 14 [der(14)], an IgH enhancer stimulates the transcription of the FGFR3 locus. FGFR3 (fibroblast growth factor receptor 3), MMSET (multiple myeloma SET domain containing protein) Eu (IgH enhancer)

MMSET is a histone 3 lysine 36 methyltransferase which becomes overexpressed and leads to the transcription of pro-cancer genes. KTX1001 is an oral inhibitor of MMSET (multiple myeloma SET domain containing protein) that is under investigation for patients with t(4;14) (NCT05651932).

FGFR-3 is a growth factor receptor that can activate RAS signaling and is frequently overexpressed in MM due to t(4;14) and rarely gene amplifications54,56. Erdafitinib is a small molecule inhibitor of the fibroblast growth factor receptor (FGFR) which is a tyrosine kinase. Erdafitinib is currently FDA approved for bladder cancer with an FGFR3 or FGFR2 alteration.€A trial was initiated evaluating

      
      

      
      
     


     



      


      




      
     
    






    



   
      
      
   



erdafitinib with dexamethasone in RRMM but was terminated due to low patient accrual (NCT02952573). The study investigators did report on one patient with IgA lambda t(4:14) positive RRMM who, despite clinically progressing, was found to have elimination of the FGFR3-mutant subclone after treatment. The patientˇs clinical progression was due to the expansion of a preexisting clone with loss of chromosome 17p57. A story that once again emphasizes the challenging heterogenous sub-clonal nature of MM.

Utilizing an Umbrella Trial for Genomically Guided Therapies 

The Myeloma Developing Regimens Using Genomics (MyDRUG) study is a multicenter, umbrella-style precision medicine trial designed to evaluate genomically guided therapies in patients with functionally high-risk multiple myeloma (MM) (NCT03732703). Functionally high-risk disease is defined by early relapse following frontline therapy, occurring within three years after autologous stem cell transplantation or within eighteen months in patients who did not undergo transplantation. The study aims to determine whether targeting dominant genomic alterations earlier in the disease course can improve outcomes in this high-risk population.

MyDRUG assigns patients to molecularly defined treatment arms based on the presence of a e30% mutational burden in predefined genomic alterations. Each arm combines a targeted agent with a common myeloma backbone of ixazomib, pomalidomide, and dexamethasone. The six investigational cohorts include: CDKN2C deletion treated with abemaciclib; FGFR3 alterations treated with erdafitinib; KRAS or NRAS mutations treated with cobimetinib; BRAF V600E mutations treated with cobimetinib; IDH2 mutations treated with enasidenib; and t(11;14) translocation treated with venetoclax (Table 1).

Preliminary clinical activity has been reported from the RAS-mutated cohort. An abstract presented at the 2022 ASCO Annual Meeting described outcomes in seven patients with a median of one prior line of therapy58. Six patients achieved a response, including four partial responses and two very good partial responses. While these findings suggest promising activity, interpretation is limited by the small sample size and single-arm design, making it difficult to isolate the contribution of the targeted     
     

     

     
       
 
    


   


    

     
     
   
      
     
      

     
      


    
       


   
    
    
     
    
    



      

     

     
      

       




agent beyond the active backbone regimen. Nonetheless, these early efficacy and safety signals support continued investigation and provide a rationale for future randomized studies.

CONCLUSION

Despite many valiant efforts, currently there are no FDA approved therapies for molecularly defined subsets of multiple myeloma. Numerous precision medicine strategies have been evaluated in the relapsed and refractory setting as discussed above, and their limited success underscores the biological complexity and clonal heterogeneity of advanced disease. Precision medicine strategies may ultimately prove more effective when deployed earlier in the disease course, before extensive clonal evolution and therapeutic resistance have occurred. This review focused on targeted therapies as precision medicine, however other strategies, such as tailoring treatment to disease response or minimal residual disease, is another such example of precision medicine in MM5    
     






 
   
      

    
    

      
    
     
    
     
      
     59.. Nevertheless, encouraging signals, such as the improved PFS with venetoclax in t(11;14) patients or the high ORR with encorafenib and binimetinib in BRAF V600E mutated myeloma provide a glimmer of hope that molecularly targeted approaches may yet play a role in selected patients. Potentially the correct biomarker is not genetically based but found via gene expression or proteomic profiling. Evaluating protein expression and signaling states can distinguish MM subtypes that look similar genomically but behave very differently clinically.
      
       
     
      
       
     
      
    



Tools like phosphoproteomics can identify active kinases even when no obvious mutation is present6
      60.. This may help explain why patients with the same cytogenetic risk can respond very differently to the same therapy. Regardless of the biomarker discovered,we need to find ways to overcome the resistance that can quickly occur to targeted therapy. MM remains incurable and there remains a need for novel treatment approaches. Precision medicine may hold the key to cure, but success will likely require the correct combination of multiple targeted agents and ability to select the right patient at the right time. Undoubtedly, for targeted therapies to work in relapsed refractory MM, a multi-agent personalized approach will be needed.
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Table 1: Outcome by Risk Group (n=130)

Table 1: Most myeloma cells rely on MCL1 for anti-apoptotic signaling. Myeloma cells harboring a t(11;14) tend to have a predominant€dependence on BCL2 and lower MCL1 expression.
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of these once-isolated domains into a cohesive, closed-loop system that enables predictive, reproducible, and patient-specific cellular therapy design.

Advanced Experimental Models

Traditional murine and xenograft systems, though indispensable for initial validation, inadequately replicate the complexity of the human tumor�immune interface5
     




    
    
    
56,,557.. Recent innovations seek to overcome these limitations through models that more faithfully emulate human immunobiology. Humanized mouse platforms reconstituted with complete hematopoietic and myeloid lineages now enable more accurate evaluation of T-cell persistence, exhaustion trajectories, and toxicity under a human-like immune context. Complementary to these in vivo systems, perfused microfluidic tumor-on-chip technologies provide dynamic representations of tumor physiology, incorporating vascular flow, oxygen and nutrient gradients, stromal barriers, and cytokine-driven immunosuppression4    
     
   


    
     
     
    

    
46.. These microphysiological systems allow real-time imaging of T-cell infiltration, killing efficiency, and immune evasion within controlled, physiologically relevant environments.

In parallel, long-term co-culture systems combining engineered T cells with tumor organoids and stromal components are emerging as valuable tools for investigating chronic activation, exhaustion kinetics, and the formation of durable memory subsets5
     
    


    
      
     
    
     58.. Nevertheless, no existing platform effectively captures the temporal coevolution between tumors and immune effectors. Processes such as tumor immunoediting, antigen escape, and metabolic adaptation remain poorly represented in static or short-term models5

    
    

     59.. Future efforts should therefore aim to develop integrative, longitudinal frameworks that combine humanized in vivo systems with in vitro microfluidic co-cultures. In effect, these models would evolve from validation tools into predictive simulators of immune adaptation, allowing experimental data to guide next-generation receptor designs with improved translational reliability.

Computational and Systems-Biology Modeling

The synthesis of computational modeling with experimental biology is redefining the conceptual foundation of adoptive cell therapy. Multi-scale systems models now link receptor-level signaling events to cellular
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promote metastasis.

Beyond physical infiltration, sustained T-cell persistence is essential for durable tumor control. Genetic modulation of exhaustion pathways and metabolic reprogramming can reinforce cell survival and effector function. Incorporation of cytokine support systems, such as IL-15 or IL-7 transgenes, enhances memory differentiation and long-term activity, while silencing inhibitory receptors like PD-1 or transcription factors such as TOX mitigates exhaustion. Additionally, metabolic enhancement strategies, such as overexpressing PGC1± to boost mitochondrial biogenesis, improve energy utilization and resilience within nutrient-depleted tumor niches. Together, these approaches promote functional persistence and prevent premature T-cell attrition in the TME.

Despite these promising advances, a key limitation persists: existing preclinical models often fail to replicate the spatial and molecular heterogeneity of human tumors. Conventional two-dimensional cultures oversimplify stromal architecture and do not capture the dynamic gradients that govern chemokine signaling and matrix density5



    

       
    


    

     
    



     
  

  
      
     
 . Moreover, murine models differ from human tumors in vascular organization, stromal stiffness, and chemokine repertoire, limiting translational predictability. Future directions point toward integrating three-dimensional bioprinted tumor constructs that incorporate stromal, vascular, and immune compartments, allowing for high-fidelity evaluation of T-cell infiltration and retention under physiologically relevant conditions. Complementarily, computational agent-based and multiscale models can simulate CAR/TCR cell migration, antigen encounters, and cytotoxic dynamics within patient-specific tumor geometries. These digital reconstructions, or ˝immune digital twins˛, could guide personalized receptor designs and dosing regimens that maximize infiltration while minimizing off-target effects5     
     
   
    


     
  
  
     
    
   
    

 . By integrating experimental and computational modeling, next-generation adoptive T-cell therapies can be rationally engineered not only for antigen recognition and signal potency but also for efficient spatial navigation and durable persistence within the complex architecture of solid tumors.
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of these once-isolated domains into a cohesive, closed-loop system that enables predictive, reproducible, and patient-specific cellular therapy design.

Advanced Experimental Models

Traditional murine and xenograft systems, though indispensable for initial validation, inadequately replicate the complexity of the human tumor�immune interface5
     




    
    
    
56,,557.. Recent innovations seek to overcome these limitations through models that more faithfully emulate human immunobiology. Humanized mouse platforms reconstituted with complete hematopoietic and myeloid lineages now enable more accurate evaluation of T-cell persistence, exhaustion trajectories, and toxicity under a human-like immune context. Complementary to these in vivo systems, perfused microfluidic tumor-on-chip technologies provide dynamic representations of tumor physiology, incorporating vascular flow, oxygen and nutrient gradients, stromal barriers, and cytokine-driven immunosuppression4    
     
   


    
     
     
    

    
46.. These microphysiological systems allow real-time imaging of T-cell infiltration, killing efficiency, and immune evasion within controlled, physiologically relevant environments.

In parallel, long-term co-culture systems combining engineered T cells with tumor organoids and stromal components are emerging as valuable tools for investigating chronic activation, exhaustion kinetics, and the formation of durable memory subsets5
     
    


    
      
     
    
     58.. Nevertheless, no existing platform effectively captures the temporal coevolution between tumors and immune effectors. Processes such as tumor immunoediting, antigen escape, and metabolic adaptation remain poorly represented in static or short-term models5

    
    

     59.. Future efforts should therefore aim to develop integrative, longitudinal frameworks that combine humanized in vivo systems with in vitro microfluidic co-cultures. In effect, these models would evolve from validation tools into predictive simulators of immune adaptation, allowing experimental data to guide next-generation receptor designs with improved translational reliability.

Computational and Systems-Biology Modeling

The synthesis of computational modeling with experimental biology is redefining the conceptual foundation of adoptive cell therapy. Multi-scale systems models now link receptor-level signaling events to cellular
     
  
      
      
    
    




    
    
     


decision-making and, ultimately, to tumor-ecosystem behavior, offering a quantitative bridge between molecular design and clinical outcome6   

    .€These mechanistic frameworks allow researchers to simulate how variations in co-stimulatory domains, ligand affinity, or signaling thresholds shape cytotoxicity, persistence, and exhaustion across heterogeneous tumor architectures.

Artificial intelligence (AI) adds a powerful predictive dimension by enabling rapid in-silico design of receptor structures using large sequence�function datasets6

     



     
      
     . Deep learning models trained on experimental libraries can forecast CAR/TCR configurations that optimize affinity, specificity, and safety, compressing years of experimental iteration into computational hours. Parallel developments in digital twins, which are virtual patient avatars constructed from integrated clinical, genomic, and immunologic data, provide a means to simulate personalized therapy outcomes6

    


      
    
     
   . By modeling how an individualˇs tumor microenvironment and immune repertoire interact with a proposed CAR or TCR design, digital twins could predict both efficacy and toxicity before clinical infusion.

Yet, a gap is the lack of standardized, large-scale datasets that correlate in vitro and in silico predictions with in vivo outcomes. Furthermore, most modeling efforts exist in isolation, either mechanistic or AI-based, without feedback integration. The next stage requires hybrid modeling frameworks that unite mechanistic pathway simulations with machine-learning prediction engines, allowing adaptive refinement as new experimental data emerge. Standardized ontologies, interoperable databases, and cross-platform data-sharing agreements will be essential to close the current divide between computational predictions and biological validation. Ultimately, this fusion will enable a self-improving system in which experimental feedback continuously enhances model accuracy, advancing predictive immunotherapy design from theoretical potential to clinical reliability.

Manufacturing and Scalability

Even the most advanced receptor designs depend on efficient, reliable, and economically viable manufacturing systems to achieve clinical translation. The vein-to-vein manufacturing time for autologous CAR-T products can extend up to 30 days, often exceeding the clinical stability window for patients with rapidly advancing disease6   
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of these once-isolated domains into a cohesive, closed-loop system that enables predictive, reproducible, and patient-specific cellular therapy design.

Advanced Experimental Models

Traditional murine and xenograft systems, though indispensable for initial validation, inadequately replicate the complexity of the human tumor�immune interface5
     




    
    
    
56,,557.. Recent innovations seek to overcome these limitations through models that more faithfully emulate human immunobiology. Humanized mouse platforms reconstituted with complete hematopoietic and myeloid lineages now enable more accurate evaluation of T-cell persistence, exhaustion trajectories, and toxicity under a human-like immune context. Complementary to these in vivo systems, perfused microfluidic tumor-on-chip technologies provide dynamic representations of tumor physiology, incorporating vascular flow, oxygen and nutrient gradients, stromal barriers, and cytokine-driven immunosuppression4    
     
   


    
     
     
    

    
46.. These microphysiological systems allow real-time imaging of T-cell infiltration, killing efficiency, and immune evasion within controlled, physiologically relevant environments.

In parallel, long-term co-culture systems combining engineered T cells with tumor organoids and stromal components are emerging as valuable tools for investigating chronic activation, exhaustion kinetics, and the formation of durable memory subsets5
     
    


    
      
     
    
     58.. Nevertheless, no existing platform effectively captures the temporal coevolution between tumors and immune effectors. Processes such as tumor immunoediting, antigen escape, and metabolic adaptation remain poorly represented in static or short-term models5

    
    

     59.. Future efforts should therefore aim to develop integrative, longitudinal frameworks that combine humanized in vivo systems with in vitro microfluidic co-cultures. In effect, these models would evolve from validation tools into predictive simulators of immune adaptation, allowing experimental data to guide next-generation receptor designs with improved translational reliability.

Computational and Systems-Biology Modeling

The synthesis of computational modeling with experimental biology is redefining the conceptual foundation of adoptive cell therapy. Multi-scale systems models now link receptor-level signaling events to cellular
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promote metastasis.

Beyond physical infiltration, sustained T-cell persistence is essential for durable tumor control. Genetic modulation of exhaustion pathways and metabolic reprogramming can reinforce cell survival and effector function. Incorporation of cytokine support systems, such as IL-15 or IL-7 transgenes, enhances memory differentiation and long-term activity, while silencing inhibitory receptors like PD-1 or transcription factors such as TOX mitigates exhaustion. Additionally, metabolic enhancement strategies, such as overexpressing PGC1± to boost mitochondrial biogenesis, improve energy utilization and resilience within nutrient-depleted tumor niches. Together, these approaches promote functional persistence and prevent premature T-cell attrition in the TME.

Despite these promising advances, a key limitation persists: existing preclinical models often fail to replicate the spatial and molecular heterogeneity of human tumors. Conventional two-dimensional cultures oversimplify stromal architecture and do not capture the dynamic gradients that govern chemokine signaling and matrix density5



    

       
    


    

     
    



     
  

  
      
     
 . Moreover, murine models differ from human tumors in vascular organization, stromal stiffness, and chemokine repertoire, limiting translational predictability. Future directions point toward integrating three-dimensional bioprinted tumor constructs that incorporate stromal, vascular, and immune compartments, allowing for high-fidelity evaluation of T-cell infiltration and retention under physiologically relevant conditions. Complementarily, computational agent-based and multiscale models can simulate CAR/TCR cell migration, antigen encounters, and cytotoxic dynamics within patient-specific tumor geometries. These digital reconstructions, or ˝immune digital twins˛, could guide personalized receptor designs and dosing regimens that maximize infiltration while minimizing off-target effects5     
     
   
    


     
  
  
     
    
   
    

 . By integrating experimental and computational modeling, next-generation adoptive T-cell therapies can be rationally engineered not only for antigen recognition and signal potency but also for efficient spatial navigation and durable persistence within the complex architecture of solid tumors.

Engineering for Controlled Activation and Safety

Achieving a precise balance between potent antitumor
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of these once-isolated domains into a cohesive, closed-loop system that enables predictive, reproducible, and patient-specific cellular therapy design.

Advanced Experimental Models

Traditional murine and xenograft systems, though indispensable for initial validation, inadequately replicate the complexity of the human tumor�immune interface5
     




    
    
    
56,,557.. Recent innovations seek to overcome these limitations through models that more faithfully emulate human immunobiology. Humanized mouse platforms reconstituted with complete hematopoietic and myeloid lineages now enable more accurate evaluation of T-cell persistence, exhaustion trajectories, and toxicity under a human-like immune context. Complementary to these in vivo systems, perfused microfluidic tumor-on-chip technologies provide dynamic representations of tumor physiology, incorporating vascular flow, oxygen and nutrient gradients, stromal barriers, and cytokine-driven immunosuppression4    
     
   


    
     
     
    

    
46.. These microphysiological systems allow real-time imaging of T-cell infiltration, killing efficiency, and immune evasion within controlled, physiologically relevant environments.

In parallel, long-term co-culture systems combining engineered T cells with tumor organoids and stromal components are emerging as valuable tools for investigating chronic activation, exhaustion kinetics, and the formation of durable memory subsets5
     
    


    
      
     
    
     58.. Nevertheless, no existing platform effectively captures the temporal coevolution between tumors and immune effectors. Processes such as tumor immunoediting, antigen escape, and metabolic adaptation remain poorly represented in static or short-term models5

    
    

     59.. Future efforts should therefore aim to develop integrative, longitudinal frameworks that combine humanized in vivo systems with in vitro microfluidic co-cultures. In effect, these models would evolve from validation tools into predictive simulators of immune adaptation, allowing experimental data to guide next-generation receptor designs with improved translational reliability.

Computational and Systems-Biology Modeling

The synthesis of computational modeling with experimental biology is redefining the conceptual foundation of adoptive cell therapy. Multi-scale systems models now link receptor-level signaling events to cellular
     
  
      
      
    
    




    
    
     


decision-making and, ultimately, to tumor-ecosystem behavior, offering a quantitative bridge between molecular design and clinical outcome6   

    .€These mechanistic frameworks allow researchers to simulate how variations in co-stimulatory domains, ligand affinity, or signaling thresholds shape cytotoxicity, persistence, and exhaustion across heterogeneous tumor architectures.

Artificial intelligence (AI) adds a powerful predictive dimension by enabling rapid in-silico design of receptor structures using large sequence�function datasets6

     



     
      
     . Deep learning models trained on experimental libraries can forecast CAR/TCR configurations that optimize affinity, specificity, and safety, compressing years of experimental iteration into computational hours. Parallel developments in digital twins, which are virtual patient avatars constructed from integrated clinical, genomic, and immunologic data, provide a means to simulate personalized therapy outcomes6

    


      
    
     
   . By modeling how an individualˇs tumor microenvironment and immune repertoire interact with a proposed CAR or TCR design, digital twins could predict both efficacy and toxicity before clinical infusion.

Yet, a gap is the lack of standardized, large-scale datasets that correlate in vitro and in silico predictions with in vivo outcomes. Furthermore, most modeling efforts exist in isolation, either mechanistic or AI-based, without feedback integration. The next stage requires hybrid modeling frameworks that unite mechanistic pathway simulations with machine-learning prediction engines, allowing adaptive refinement as new experimental data emerge. Standardized ontologies, interoperable databases, and cross-platform data-sharing agreements will be essential to close the current divide between computational predictions and biological validation. Ultimately, this fusion will enable a self-improving system in which experimental feedback continuously enhances model accuracy, advancing predictive immunotherapy design from theoretical potential to clinical reliability.

Manufacturing and Scalability

Even the most advanced receptor designs depend on efficient, reliable, and economically viable manufacturing systems to achieve clinical translation. The vein-to-vein manufacturing time for autologous CAR-T products can extend up to 30 days, often exceeding the clinical stability window for patients with rapidly advancing disease6   
   
       





     
    
     
    
   
     
  
   
       
   

    
   


      
    
     
     



11

https://www.figma.com/design/ZlT9m6PwgTCE7pZGuPvAPA/Untitled?node-id=0-1
https://www.figma.com/design/ZlT9m6PwgTCE7pZGuPvAPA/Untitled?node-id=0-1
https://www.figma.com/design/ZlT9m6PwgTCE7pZGuPvAPA/Untitled?node-id=0-1
https://www.figma.com/design/ZlT9m6PwgTCE7pZGuPvAPA/Untitled?node-id=0-1
https://www.figma.com/design/ZlT9m6PwgTCE7pZGuPvAPA/Untitled?node-id=0-1
https://www.figma.com/design/ZlT9m6PwgTCE7pZGuPvAPA/Untitled?node-id=0-1
https://www.figma.com/design/ZlT9m6PwgTCE7pZGuPvAPA/Untitled?node-id=0-1
https://www.figma.com/design/ZlT9m6PwgTCE7pZGuPvAPA/Untitled?node-id=0-1
https://www.figma.com/design/ZlT9m6PwgTCE7pZGuPvAPA/Untitled?node-id=0-1
https://www.figma.com/design/ZlT9m6PwgTCE7pZGuPvAPA/Untitled?node-id=0-1
https://www.figma.com/design/ZlT9m6PwgTCE7pZGuPvAPA/Untitled?node-id=0-1
https://www.figma.com/design/ZlT9m6PwgTCE7pZGuPvAPA/Untitled?node-id=0-1
https://www.figma.com/design/ZlT9m6PwgTCE7pZGuPvAPA/Untitled?node-id=0-1
https://www.figma.com/design/ZlT9m6PwgTCE7pZGuPvAPA/Untitled?node-id=0-1
https://www.figma.com/design/ZlT9m6PwgTCE7pZGuPvAPA/Untitled?node-id=0-1
https://www.figma.com/design/ZlT9m6PwgTCE7pZGuPvAPA/Untitled?node-id=0-1
https://www.figma.com/design/ZlT9m6PwgTCE7pZGuPvAPA/Untitled?node-id=0-1
https://www.figma.com/design/ZlT9m6PwgTCE7pZGuPvAPA/Untitled?node-id=0-1
https://www.figma.com/design/ZlT9m6PwgTCE7pZGuPvAPA/Untitled?node-id=0-1
https://www.figma.com/design/ZlT9m6PwgTCE7pZGuPvAPA/Untitled?node-id=0-1
https://www.figma.com/design/ZlT9m6PwgTCE7pZGuPvAPA/Untitled?node-id=0-1
https://www.figma.com/design/ZlT9m6PwgTCE7pZGuPvAPA/Untitled?node-id=0-1

	Binder1.pdf
	A4 - 30 (1).pdf
	A4 - 18 (2).pdf
	temp 1 (8).pdf

	A4 - 2 (1).pdf



