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Background: Chimeric antigen receptor T cells treatment targeting B cell maturation antigen (BCMA) is an emerging treatment option for relapsed/refractory multiple myeloma (RRMM) and has demonstrated outstanding outcomes in clinical studies.
Objective: The aim of this comprehensive review and meta-analysis was to summarize the effectiveness and safety of anti-BCMA CAR-T treatment for patients with relapsed/refractory multiple myeloma (RRMM). Our research identifies variables influencing outcome measures to provide additional evidence for CAR-T product updates, clinical trial design, and clinical treatment guidance.
Methods: The Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) standard was followed for conducting this comprehensive review and meta-analysis, which was submitted to PROSPERO (CRD42023390037). From the inception of the study until 10 September 2022, PubMed, Web of Science, EMBASE, the Cochrane Library, CNKI, and WanFang databases were searched for eligible studies. Stata software (version 16.0) was used to assess effectiveness and safety outcomes.
Results: Out of 875 papers, we found 21 relevant trials with 761 patients diagnosed as RRMM and were given anti-BCMA CAR-T treatment. The overall response rate (ORR) for the entire sample was 87% (95% CI: 80–93%) complete response rate (CRR) was 44% (95% CI: 34–54%). The minimal residual disease (MRD) negativity rate within responders was 78% (95% CI: 65–89%). The combined incidence of cytokine release syndrome was 82% (95% CI: 72–91%) and neurotoxicity was 10% (95% CI: 5%–17%). The median progression-free survival (PFS) was 8.77 months (95% CI: 7.48–10.06), the median overall survival (OS) was 18.87 months (95% CI: 17.20–20.54) and the median duration of response (DOR) was 10.32 months (95% CI: 9.34–11.31).
Conclusion: According to this meta-analysis, RRMM patients who received anti-BCMA CAR-T treatment have demonstrated both effectiveness and safety. Subgroup analysis confirmed the anticipated inter-study heterogeneity and pinpointed potential factors contributing to safety and efficacy, which may help with the development of CAR-T cell studies and lead to optimized BCMA CAR-T-cell products.
Systematic Review Registration: Clinicaltrials.gov, PROSPERO, CRD42023390037.
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1 INTRODUCTION
With a frequency of 6.5 per 100,000 people annually, multiple myeloma (MM) is the second most prevalent hematological malignancy after non-lymphoma (Lipe et al., 2016). During the past decades, RRMM remains an incurable condition despite considerable advancements in therapies, such as autologous stem cell transplantation (ASCT), new generations of proteasome inhibitors (PIs), immunomodulatory drugs (IMiDs), monoclonal antibodies (mAbs), bispecific antibodies (BsAbs) and antibody-drug conjugates (ADCs) (Manier et al., 2022). Compared with the methods of treatment mentioned above, the therapeutic effect of chimeric antigen receptor T-cell treatment appears to be more optimistic.
CAR-T cell therapy is a form of immunotherapy that modifies T cells with chimeric antigen receptors, which typically have an intracellular domain, a functional transmembrane domain, a target-recognition ectodomain, and a hinge region. The production of CAR-T cells can be obtained by transduction of T cells with either lentiviral or retroviral vectors carrying CAR-encoding genes or virus-free CRISPR CAR (VFC-CAR) (Mueller et al., 2022). The recombinant T cells occur to expand in vitro to produce tumor-specific chimeric antigen receptors (CAR). Additionally, by releasing soluble molecules that can alter stromal or immune cell function, CAR-T cells can also change the tumor microenvironment (Manier et al., 2022). The effectiveness of CAR-T treatment depends on the choice of targets. Currently, BCMA, CD19, CD22, CD138, SLAM7, and FHVH are targets of CAR-T cells investigated for RRMM (Sun et al., 2010; Drent et al., 2016; Schmidts et al., 2019; Lam et al., 2020; Golubovskaya et al., 2021; Luanpitpong et al., 2021; Zhao W H et al., 2022). When BCMA, also known as TNF receptor superfamily 17 (TNFRSF17), binds to its ligands (B cell activator of the TNF family [BAFF] and a proliferation-inducing ligand [April]), it releases pro-survival signaling those aids in the survival and growth of MM cells. Considering how strongly it exhibits its expression on the surface of malignant myeloma cells, BCMA is the most frequently chosen target (Madry et al., 1998). This article discusses the effectiveness and safety of anti-BCMA CAR-T products in the treatment of relapsed/refractory multiple myeloma. The strengths of our study are the large study population, the complete variety of anti-BCMA CAR-T products, the rich evaluation indicators, and the comprehensive subgroup analyses, which provide an evidence-based reference for the development of a new generation of CAR-T treatment regimens and optimization of the structure. It is important for the clinical application of BCMA-targeted CAR-T therapy in the treatment of relapsed/refractory multiple myeloma.
2 MATERIALS AND METHODS
2.1 Methods
The procedures used in this comprehensive review and meta-analysis adhered to the Preferred Reporting Items for Systematic Reviews and Meta Analyses (PRISMA) criteria and were recorded on PROSPERO (CRD42023390037) (Knobloch et al., 2011).
2.2 Search strategy
The benefits and risks of anti-BCMA CAR-T cell treatment in RRMM are being thoroughly reviewed and meta-analyzed in this study. From the start of the study through 10 September 2022, without regard to language, relevant clinical studies were meticulously searched and screened by PubMed, Web of Science, EMBASE, the Cochrane Library, CNKI, and WanFang databases. We merged Medical Subject Headings (Mesh) phrases with free-text terms including (“B-cell maturation antigen” OR “BCMA”) AND (“chimeric antigen receptor” OR “CAR”) AND “multiple myeloma” to search for eligible studies. The Supplementary Materials provide a thorough search methodology. Additionally, we looked through PROSPERO for any pertinent systematic reviews.
2.3 Inclusion and exclusion criteria
The following studies were eligible for inclusion in this investigation:
1) Study type: Prospective single-arm studies that could be single-center or multicenter, phase 1 or phase 2, were eligible for inclusion. Chinese Clinical Trial Registry (ChiCTR number) or Clinicaltrials.gov (NCT number) clinical studies were taken into consideration.
2) Participants: Patients with relapsed or refractory multiple myeloma were included.
3) Intervention: Patients who received anti-BCMA CAR T-cell treatment were included.
4) Results: At least one of the effectiveness outcomes and one of the safety outcomes were reported by qualified studies. Efficacy outcome measures include the overall response rate (ORR), complete response rate (CRR), minimal residual disease (MRD) negativity within responders who obtained VGPR or better, progression-free survival (PFS), overall survival (OS) and duration of Response (DOR). ORR included strict complete response (sCR), complete response (CR), very good partial response (VGPR), and partial response (PR). CRR included sCR and CR. Safety outcome measures include any grade cytokine-release syndrome (CRS), grade≥3 CRS, CAR-T-related encephalopathy syndrome (CRES), grade≥3 CRES, hematologic toxicity (neutropenia, anemia, thrombocytopenia, leukopenia, lymphopenia), relapse, infection, and fever. (Gagelmann et al., 2020; Roex et al., 2020; Xiang et al., 2020; Yang et al., 2021; Zhang et al., 2021).
Studies that match the following criteria were excluded:
1) Combined use of other treatments;
2) Received dual-target or multiple-target CAR-T treatment;
3) Case reports, observational studies, conference presentations, abstracts, editorials and review articles;
4) Similar and repeated studies.
2.4 Data extraction
The following data was reviewed and extracted by two authors independently: study characteristics, patient characteristics, anti-BCMA CAR-T treatment characteristics, and outcome measures. Any differences of opinion were settled by debate until an agreement was achieved or by contacting a third author.
2.5 Assessment of study quality and publication bias
To rate the methodological excellence of the included studies, the Methodological Index for Non-randomized Studies (MINORS) was employed. (Slim et al., 2003). All of the studies lacked a control group, scores for non-randomized trials were calculated using only eight methodological elements. Each research could receive a maximum score of 16, with the items being evaluated as 0 (not known), 1 (known but insufficient), or 2 (known and adequate). Confirmation of exposure bias was obtained with Egger’s and Begg’s test and analyzed using funnel plots.
2.6 Statistical analysis
Stata software (version 16.0) was utilized to conduct this meta-analysis. We used the extracted data for response and incidence rates of adverse events to conduct meta-analyses on each outcome. All results were presented together with their corresponding 95% confidence intervals (CI). The chi-squared test (χ2 test) and the I-squared test (I2 test) were used to assess the heterogeneity among studies. Analysis was carried out using the random-effect model if there was any chance of heterogeneity (I2> 50%); while the fixed-effect model was used in all other cases.
Preplanned subgroup analysis was conducted according to age (<55 vs. ≥55 years), dose (high dose group ≥200 × 10^6cells or 5 × 10^6 cells/kg vs. low dose group <200 × 10^6cells or 5 × 10^6 cells/kg), antigen-recognition domain origin (Human vs. Murine vs. Llama), costimulatory molecule (4-1BB vs. others), loading (Lentiviral vs. Retrovirus), the median time from diagnosis (<4 vs. ≥4 years), lines of prior treatment (<8 vs. ≥8), percentage of previous ASCT (<75% vs. ≥75%), percentage of high-risk cytogenetics (<48% vs. ≥48%), percentage of extramedullary disease (<29% vs. ≥29%), the proportion of ECOG≥3 level (<25% vs. ≥25%), the proportion of ISS≥3 level (<28% vs. ≥28%), the proportion of mAb exposed (<39% vs. ≥39%) to investigate the sources of heterogeneity. Statistics were considered significant for P values under 0.05. Sensitivity analysis was used to calculate the effect when the included study with the greatest sample size was excluded.
3 RESULTS
3.1 Study selection and characteristics
The PRISMA flow diagram depicts the search method used to identify the pertinent publications (Figure 1). Through the comprehensive search of six databases, 875 records were found overall. Considering the title and abstract, we omitted 542 items after deleting 255 duplicates. The whole text of the remaining 78 possibly pertinent papers was examined. Only the most recent findings for the identical study were shown. After a detailed evaluation of these reports, 21 studies enrolling a total of 761 participants, were considered for analysis (Alsina et al., 2020; Berdeja et al., 2021; Brudno et al., 2018; Chen et al., 2020; C. L. Costello et al., 2020; Wang et al., 2021; Du et al., 2022; Frigault et al., 2020; Green et al., 2018; Hao et al., 2020; Hu et al., 2019; S. K. Kumar et al., 2020; Li et al., 2021; Lin et al., 2020; Mailankody, Ghosh, et al., 2018; Mailankody, Htut, et al., 2018; Manjunath et al., 2021; Munshi et al., 2021; Qu et al., 2022; Xiao-Yuan et al., 2022; Zhao A et al., 2022). The characteristics of the included studies and the enrolled patients who were diagnosed as RRMM and treated with BCMA CAR-T therapy were displayed in Tables 1, 2, respectively.
[image: Figure 1]FIGURE 1 | PRISMA flow diagram for the record selection process.
TABLE 1 | Characteristics of included studies.
[image: Table 1]TABLE 2 | Characteristics of included patients.
[image: Table 2]3.2 Evaluation of study quality and bias risk
The median MINORS score was 13 for the twenty-one non-comparative studies (ranging from 6 to 16). Evaluation results demonstrated the high quality of the included research (Table 3). According to the sensitivity analysis of ORR, the effect size of the outcome index did not change considerably after any of the studies were excluded. As shown in the funnel diagram no evidence of potential publication bias was revealed for the overall response, proving that the findings of our meta-analysis were robust and consistent. (Figure 2). The studies with a significant risk of bias were left in due to the limited number of included research.
TABLE 3 | The scores of MINORS.
[image: Table 3][image: Figure 2]FIGURE 2 | The funnel diagram of included studies.
3.3 Effectiveness outcomes
The meta-analysis based on twenty-one included studies that evaluated the rate of favorable outcomes to anti-BCMA CAR-T-cell treatment in RRMM patients. ORR was reported in 751 patients from 21 studies, and the combined ORR was 87% (95% CI: 80%–93%; Figure 3A). CRR was reported in 699 patients from 18 studies, and the pooled CRR was 44% (95% CI: 34%–54%; Figure 3B). The combined MRD negativity rate among responders was 78% (95% CI: 65%–89%) among eighteen trials that assessed the minimal residual disease (Figure 3C). There were 28% (95% CI: 17%–41%), 28% (95% CI: 13%–44%), 23% (95% CI: 17%–30%), and 18% (95% CI: 13%–24%) for the sCR, CR, VGPR, and PR, respectively. The median progression-free survival (PFS) was 8.77 months (95% CI: 7.48–10.06), the median overall survival (OS) was 18.87 months (95% CI: 17.20–20.54) and the median duration of response (DOR) was 10.32 months (95% CI: 9.34–11.31).
[image: Figure 3]FIGURE 3 | Pooled rate of (A) objective response, (B) complete response, and (C) minimal residual disease negativity among RRMM.
3.4 Safety outcomes
The safety of anti-BCMA CAR-T-cell treatment in RRMM patients was assessed in this meta-analysis. CRS was the most commonly reported adverse event (AE). Twenty-one studies reported any CRS grade. Figure 4A shows that the overall incidence of CRS was 82% (95% CI: 72%–91%), and the combined incidence of grade≥3 CRS was 11% (95% CI: 6%–17%). Twelve studies reported the use of tocilizumab for CRS treatment and the pooled usage rate of tocilizumab was 46% (95% CI: 33%–59%). Any grade CRES was recorded in eighteen studies. Figure 4B shows that the cumulative incidence of CRES was 10% (95% CI: 5%–17%), while the cumulative incidence of grade≥3 CRES was 2% (95% CI: 0%–5%). The most frequent grade≥3 adverse events (AE) associated with CAR-T treatment was hematologic toxicity, which included neutropenia (86%, 95% CI: 76%–94%), anemia (66%, 95% CI: 50%–81%), thrombocytopenia (62%, 95% CI: 49%–75%), leukopenia (83%, 95% CI: 66%–96%) and lymphopenia (70%, 95% CI: 45%–90%). The pooled incidences of infection and fever were 39% (95% CI: 21%–58%) and 70% (95% CI: 40%–93%), respectively.
[image: Figure 4]FIGURE 4 | The pooled rate of (A) cytokine release syndrome (CRS) and (B) CAR-T-related encephalopathy syndrome (CRES) among RRMM.
3.5 Recurrence outcomes
The meta-analysis based on seven included studies evaluated the recurrence rate of anti-BCMA CAR-T-cell treatment in patients with RRMM (Green et al., 2018; Frigault et al., 2020; Kumar et al., 2020; Li et al., 2021; Wang et al., 2021; Du et al., 2022; Qu et al., 2022). The pooled recurrence rate within 1 year was 16% (95% CI: 10%–23%; Figure 5).
[image: Figure 5]FIGURE 5 | The pooled rate of recurrence within 1 year among RRMM.
3.6 Subgroup analysis outcomes
We used subgroup analysis to investigate the pertinent factors that possibly affect the effectiveness and safety of anti-BCMA CAR-T-cell treatment in patients with RRMM including mean age of patients, CAR-T cell infusion dosage, CAR structures (antigen-recognition domain origin, costimulatory molecule, loading), midpoint from diagnosis, lines of prior therapy, prior ASCT (%), high-risk cytogenetics (%), extramedullary disease (%), the proportion of patients with ECOG score ≥3 level (%), the proportion of patients with ISS score ≥3 level (%) and the proportion of patients with mAb exposed (%). The results are shown in Table 4.
TABLE 4 | Subgroup analysis results of overall response and cytokine-release syndrome rate.
[image: Table 4]Subgroup analysis conducted with ORR showed that the ORR in younger patients was higher than in older patients (96% vs. 84%, p = 0.016). The ORR subgroup analysis also revealed that patients with better disease status had a considerably greater ORR than others. A substantially greater ORR was attained with patients who received ECOG scores <3 level or ISS score <3 level compared to patients who received worse disease status (94% vs. 78%, p = 0.001; 94% vs. 84%, p = 0.046). Compared to the patients who receive prior ASCT≥75%, a significantly higher ORR was obtained with patients who receive prior ASCT<75% (90% vs. 78%, p = 0.068). Regarding lines of prior treatment, the ORR obtained by lines ≥8 was higher than lines <8 (98% vs. 85%, p = 0.011). Subgroup analysis of Antigen-recognition domain origin (Human, Murine, Llama) suggested that there were notable variations in ORR across these three groups. The highest ORR was found in the Llama group, followed by the Human group and Murine group (92% vs. 91% vs. 76%, p = 0.010; Figure 6). Subgroup analyses were also performed based on CAR-T cell-infused dose. The enrolled patients were separated into the high dose group (≥200 × 10^6cells or 5 × 10^6 cells/kg) and the low dose group (<200 × 10^6cells or 5 × 10^6 cells/kg) to probe into the correlation between CAR-T infused dose and ORR. Compared to the high-dosage group, the low-dosage group achieved a better ORR (82% vs. 92%, p = 0.045). Since seventeen of the twenty-one included studies added 4-1BB costimulatory molecules, ORR subgroup analysis of the costimulatory domain confirmed that CAR-T therapy with 4-1BB in the CAR construct obtained higher ORR than other costimulatory molecules (88% vs. 84%, p = 0.351).
[image: Figure 6]FIGURE 6 | Subgroup analyses of objective response rate by antigen-recognition domain origin (Human vs. Murine vs. Llama) among RRMM.
However, subgroup analysis of other factors performed with ORR suggested no significant differences. Additional details are shown in Table 4.
Subgroup analysis conducted with any-grade CRS in terms of Antigen-recognition domain origin suggested that the highest risk of CRS was found in the Llama group, followed by the Human group and Murine group (94% vs. 83% vs. 77%, interaction p = 0.018; Figure 7). However, the difference in the other subgroup analyses of CRS was not statistically significant.
[image: Figure 7]FIGURE 7 | Subgroup analyses of cytokine release syndrome (CRS) by Antigen-recognition domain origin (Human vs. Murine vs. Llama).
4 DISCUSSION
Modern cancer treatment has already made the switch from traditional chemotherapy to certain immune-based therapeutic approaches. CAR-T treatment, which has undergone substantial development to promote personalized clinical cancer immunotherapy, has shown to be an effective state-of-the-art therapy. This meta-analysis showed that anti-BCMA CAR-T treatment delivered excellent benefits with a manageable safety profile in RRMM patients, looking at 21 prospective trials comprising 761 participants. To improve the effectiveness and safety of a new generation of CAR-T treatment, the findings of this research can serve as a guide for design and optimization. We divided the focus of anti-BCMA CAR-T treatment in relapsed or refractory multiple myeloma into the following parts.
4.1 Pre-treatment before CAR-T therapy
Nineteen of twenty-one included studies used cyclophosphamide/fludarabine (Cy-Flu) combination therapy as a lymphodepletion regimen before CAR-T treatment. Subgroup analyses were not performed in this paper due to different doses. However, up to now, opinions on the effect of conditioning scheme on CAR-T treatment varies a lot according to different studies. Xiang et al. (2020) suggested that the effectiveness of CAR-T treatment appeared to be independent of the conditioning scheme, as the combination of Cy-Flu showed similar cell dynamics to that of cyclophosphamide alone; while Di et al. speculated that higher doses of cyclophosphamide might offer potential benefits on response rate and cell persistence by reducing tumor load and enhancing lymphocytosis before CAR-T infusion. But infectious complications and long-term cytopenia may be related to high doses of cyclophosphamide (Wang et al., 2021). New clinical studies are supposed to be designed to directly contrast various cyclophosphamide lymphodepletion regimen dosages to evaluate these two theories.
4.2 Applicable population for CAR-T therapy
The results of our meta-analysis provide a reference for relapsed or refractory multiple myeloma patient selection for anti-BCMA CAR-T treatment. Subgroup analysis of ORR by characteristics of the included patients showed that patients with a younger age and a better disease status tended to obtain better efficacy. Notably, compared to the proportion of prior autologous stem cell transplants (ASCT)≥75%, a higher ORR was observed with a higher proportion of prior ASCT<75%, which could be explained as apheresis products of fewer pretreated MM patients containing more available and stronger T cells, leading to better clinical outcomes (Dancy et al., 2018).
4.3 Enhance the effectiveness of CAR-T therapy
CAR typically comprises an intracellular domain with co-stimulation and signaling components, a transmembrane domain, and an extracellular antigen-recognition domain (Hao et al., 2020). We performed a subgroup study of ORR based on the antigen-recognition domain origin of the CAR, and the findings revealed that the Llama group had the best effectiveness. However, the prevalence of CRS in the Llama group was noticeably greater, which constrained its potential for use. Patients who received CAR-T cells armored with humanized ScFv had the lowest incidence of CRS and reasonably high rates of remission. The effectiveness and safety profiles of the CAR-T cells generated from murine were comparatively subpar. As a result of the ORR and CRS subgroup analysis of Antigen-recognition domain origin (Human, Murine, Llama), our thorough investigations revealed that humanized CAR-T cells were superior to those produced from Llamas and murine.
Our findings demonstrate that there are inherent limitations in the use of murine scFv-based CARs. The host versus graft (HvG) reaction can be brought on by immunogenic epitopes that are present in non-native scFvs (Huang et al., 2020). The therapeutic index of CAR-T cells was constrained and the repeated dosage was resisted due to immunogenicity against CAR-T cells. The mentioned limitations of murine scFvs can be overcome through antibody humanization (Khan et al., 2022). The first method is to replace murine scFv with a fully human binding domain. To avoid the risks associated with possessing protein sequences of non-human origin, Lam et al. have implemented a complete switch from scFvs originating from murine to scFvs containing fully human binding sequences. They created an anti-BCMA CAR (FHVH33-CD8BBξ) with a fully human heavy-chain variable domain (FHVH) (Mikkilineni et al., 2021). In this study, FHVH33-CD8BBξ showed considerable promise, with reduced immunogenicity and toxicity, greater persistence, and a better clinical outcome when compared to murine anti-BCMA CAR (11D5-3) (Xiao-Yuan et al., 2022). The other method is to humanize Murine scFv (Wagner et al., 2021). Murine CDR sequences are grafted onto the human framework region, thus reducing the foreignness in CAR design without loss of its binding properties. Zhao Y et al. (2022) demonstrated the superiority of humanized selective CAR in recurrent/refractory acute B-lymphocytic leukemia patients. Humanized selective CD19-specific CAR-T cells were then used to treat patients who had relapsed after receiving murine-based CAR-T cell treatments. The repeated dose of murine-based CAR-T treatments proved to be ineffective. In contrast, subsequent humanized selective CAR-T treatments were effective in all patients, achieving complete remission. Conclusions from this trial show that humanized selective CAR-T cells had a lower immunogenicity risk, greater therapeutic effectiveness, and enhanced persistence.
Currently, the majority of CAR-T cells use scFvs as their targeting domains. These scFvs have some disadvantages, including the anti-idiotypic responses against the CAR targeting domain (due to the linker peptide or the murine origin of the scFv), and scFv aggregation (tonic signaling) resulting in antigen-independent CAR-T exhaustion (Safarzadeh Kozani et al., 2022). Nanobodies may therefore be a feasible alternative to scFvs for CAR-T cell antigen recognition domains. On the one hand, nanobodies might not be able to aggregate on the surface of T cells because of their monomeric structure. They could consequently help prevent premature T cell activation and exhaustion (Han et al., 2021). On the other hand, the risk of immunogenicity produced by VHH is lower since nanobodies lack linker peptides in scFv. It is worth mentioning that, all of the FDA-approved CAR-T products were CAR-Ts with scFv-based targeting domains. The first VHH-based CAR-T product, ciltacabtagene autoleucel, had encouraging clinical results (Nasiri et al., 2023). Designing and optimizing costimulatory domains in CAR is an essential step to improve the performance of T cells in response to antigens (Mikkilineni and Kochenderfer, 2017). Typically, the costimulatory molecules originate from either the CD28 receptor family (CD28, ICOS) or the tumor necrosis factor receptor family (4-1BB, OX40, CD27) (Sadelain et al., 2013; van der Stegen et al., 2015; Stoiber et al., 2019). Our subgroup analysis of ORR by costimulatory domains confirmed that the 4-1BB domain produced higher cytokine productivity and anti-tumor activity than other costimulatory molecules.
4.4 Improve the durability of CAR-T therapy
One of the independent prognostic factors for MM patients is MRD negativity. However, the high combined MRD-negative rate of 78% in responders in this study fails to explain the high relapse rate of 16% within 1 year. Our research confirms the limited prognostic value of a single-time point MRD evaluation. In the design of subsequent clinical trials, the dynamic change of MRD status during maintenance should be used as an endpoint to evaluate the prognostic effect (Paiva, et al., 2023). Meanwhile, previous studies showed that the PFS, OS, and DOR time of MRD-positive patients within responders who responded to CAR-T therapy was significantly shorter than that of MRD-negative patients within responders (Kumar et al., 2016; Munshi et al., 2017; Paiva et al., 2017; Li et al., 2021). Therefore, longer follow-ups for MRD dynamics over time will be required to address whether CAR-T cells have the potential to induce long-lasting remission in RRMM (Du et al., 2022).
In terms of disease recurrence, one of the primary reasons is the limited effectiveness duration of CAR-T treatment (Marple et al., 2020). To assess the durability of CAR-T treatment, we pooled the expansion of available CAR-BCMA T cell data in the twenty-one included studies, and the results are shown in Table 5. The median time for CAR-BCMA T cells to show initiation expansion was 3.5 days (2–5 days), with peak expansion at 11.1 days (10–18 days) after infusion. And the median time for CAR-BCMA T cells to show persistence was 184 days (172–307.5 days), with the longest CAR-BCMA copies persistence at 341 days (308–550 days). To prolong CAR-T-cell persistence, studies demonstrated the feasibility of two approaches (Guo et al., 2022). Currently, two brand-new anti-BCMA CAR-T cell items, namely, P-BCMA-101 (autologous) and P-BCMA-ALLO1 (allogeneic) manufactured by a non-lentivirus transposon system called PiggyBac (PB) were reported (C. Costello et al., 2021). Research has shown that PB can keep more desired stem cell memory T cells (Tscm), whose percentage was significantly associated with both the manufacturing efficiency and the durability of CAR-T cells (Cohen et al., 2019; McLellan and Ali Hosseini Rad, 2019). Drug combinations have been established to solve the poor persistence of CAR-T treatment in addition to drastically increasing their structural quality (Shah and Fry, 2019). For instance, a combined application of CAR-T cell and NKTR-255, a recombinant human IL-15 receptor agonist, potentially increase the growth of Tscm subsets and memory CD8 T cells in tumor-specific T-cell colonies. (Cohen et al., 2019; McLellan and Ali Hosseini Rad, 2019).
TABLE 5 | The additional measures of anti-BCMA CAR-T therapy.
[image: Table 5]4.5 Increase the safety of CAR-T therapy
Despite the excellent efficacy, toxicities after treatment limited the widespread utilization of anti-BCMA CAR-T treatment in RRMM (Miguel et al., 2013; Lonial et al., 2016; Chen et al., 2018). CAR-T toxicity can result from a multitude of causes, including CAR design, infused dosages, patient disease load, and so on (Brudno and Kochenderfer, 2019). The most common adverse effect after CAR-T infusion is a systemic inflammatory reaction known as CRS, which causes numerous additional disorders such as tachycardia, hypotension, and fever (L. Mikkilineni and Kochenderfer, 2017). The number of cytokines in serum has a direct impact on how severe CRS is. Except for summarizing the kinds of cytokine levels that were elevated in Table 5, we also counted the early appearance and peak time of cytokines. We found that thirteen of the twenty-one included articles reported plasma cytokines positively associated with CRS grade and summarized as follows: CRP, Ferritin, IFN-γ, IL-6, IL-10, GM-CSF, IL-15, IL-2, IL-8, IL-4, TNF-α, and LDH. The median CRS occurred time was 4.80 days (95% CI: 3.92–5.67) after infusion, with a median resolved time of 4.50 days (95% CI: 3.42–5.59). The findings of our study serve as a guide for the time of intervention for CRS toxicity after CAR-T cell infusion and will avoid serious consequences. Supportive care and immunosuppression with tocilizumab and corticosteroids are frequently used in the management of toxicity (Lee et al., 2014; Bonifantet al., 2016; Brudno and Kochenderfer, 2016). The result of 21 articles included suggested that the pooled usage rate of tocilizumab was 46% (95% CI: 33%–59%). However, it is crucial to emphasize that using steroids for longer than 5 days may have a negative impact on the PFS of CAR-T treatment to some extent (Duvalyan E, Lo M, and T., 2021). Consequently, further mechanistic understanding and new treatment strategies for these toxicities are needed to improve the efficacy-to-toxicity ratio of CAR-T treatment.
In terms of Antigen-recognition domain origin, the results of the subgroup analysis with CRS revealed that the human group has a higher risk of CRS than the murine group. The reason may be the direct relationship between the severity of toxicity and the persistence of infused cells. When compared to their murine counterparts, humanized CAR-T cells with higher persistence have a higher risk of toxicity (Safarzadeh Kozani et al., 2021). In addition, CAR-T cells have the potential to trigger humoral and cellular anti-CAR immune responses. Pre-existing antibodies that broadly recognize the scFvs of mouse immunoglobulins are called human anti-mouse antibodies (HAMAs). Antibodies directed towards human or humanized scFvs are known as anti-idiotype antibodies. There is yet no solid proof that such anti-CAR immune responses contribute to adverse events like CRS and CRES. Therefore, head-to-head clinical trials directly comparing the toxicity of mouse-derived and humanized scFvs are warranted.
4.6 The development trend of CAR-T treatment
In summary, our research indicates that the anti-BCMA CAR-T product has achieved breakthrough effectiveness in the treatment of multiple myeloma, but there are still limitations for improvement. In the future, researchers have the potential to design a series of advanced CAR-T treatment strategies to provide patients in more disease areas with higher effectiveness and safety. Firstly, to solve the problem of antigen escape during disease recurrence, bispecific, dual-target, and multi-target CAR-T were designed and developed. The results of previous studies have shown that LCAR-B38M and combined CD19/BCMA exhibit higher overall response rates and deeper responses compared to specific BCMA (Xiang et al., 2020). Secondly, it was discovered during the manufacturing of CAR-T cells that most of the antigen recognition domain of CAR was a single-chain variable fragment, which was difficult to effectively fold. This led to the development of nano-antibody CAR-T, which has a more straightforward structure, reduced immunogenicity, and greater stability (Li et al., 2022). Thirdly, due to prolonged drug induction therapy, individuals with multiple myeloma frequently have insufficient numbers and quality of T cells. As a result, the fifth-generation universal CAR-T can obtain unlimited allogeneic healthy cells in advance for mass production, which greatly reduces the time and economic cost of the preparation process. Gene editing techniques including CRISPR-Cas9, TALEN, ZFN, and others were employed to solve the allograft rejection caused by universal CAR-T (Dimitri et al., 2022). Finally, the most intriguing discovery shows that CAR-T therapy can potentially be utilized to treat solid tumors when combined with oncolytic viruses. Take the CD19 antigen as an example. The oncolytic virus is first genetically modified to express CD19 protein, which is then utilized to infect and tag tumor cells. Finally, the CD19-targeted CAR-T cells are employed to kill the labeled tumor cells. Precision medicine can be utilized to treat solid tumors owing to the combination of CAR-T therapy and oncolytic viruses (Park et al., 2020). With the continuous update and iteration of cell therapy and its combination with gene editing technology, the treatment of cancer, tumors, organ failure, and other fields will make significant strides in the coming decades.
4.7 Strengths and weaknesses
We acknowledge certain limitations of our study. Firstly, the quality of the included studies was assessed as having considerable risk of bias and statistical heterogeneity. On the one hand, all were early-phase studies without a control group that likely experienced selection bias. On the other hand, there may also be a risk of confounding biases due to variations in the baseline characteristics, performance status, or disease condition after different prior treatments. Secondly, with a limited sample size of the included studies, the estimate of subgroup analysis may underestimate or overstate the pooled proportions. Due to a paucity of information, we also did not assess the data on specific subgroups, such as prior therapies, BCMA expression, and CAR-T persistence. Thirdly, cytokine release syndrome and neurological toxicity were the most common toxicities of CAR-T therapy. It is challenging to compare the safety of different products because the evaluation and grading of these toxicities vary greatly between clinical trials and institutions.
Despite the limitations of our study, the following strengths of this systematic review and meta-analysis should be noted: First of all, the study thoroughly detailed the structure of the CAR-T products (including the costimulatory domains, extracellular antigen-recognition domains, and distinctive features). To visually illustrate the impact of CAR-T composition on outcome indicators, we first did a subgroup analysis in RRMM with CAR-T therapy. Additionally, we systematically evaluated eighteen efficacy and safety outcome measures. In contrast to previous studies, our research focuses on the duration of BCMA-CART cell expansion and the onset of toxic side effects for the first time, which facilitates prolonging CAR-T effects and developing optimal strategies for the management of toxicities. Furthermore, a random-effects model was applied and eleven subgroup analyses were conducted to reduce heterogeneity. Our research first offered the subgroup analysis of both efficacy and safety based on antigen-recognition domain origin, which provides sufficient evidence for designing a fully humanized construct for the following-generation CAR-T. Also, to harmonize the definitions and grading systems for CRS and neurotoxicity, we refer to ASTCT Consensus Grading for Cytokine Release Syndrome and Neurologic Toxicity Associated with Immune Effector Cell (Lee DW et al., 2019). This consensus proposes new definitions and grading for CRS and neurotoxicity that are objective, easy to apply, and ultimately more accurately categorize the severity of these toxicities. Our goal is to provide a uniform consensus grading system for CRS and neurotoxicity associated with immune effector cell therapies, for use across clinical trials and in the post-approval clinical setting. Finally, we offer appropriate improvement measures in response to the limitations of this research and the deficiencies of anti-BCMA CAR-T therapy in RRMM. These approaches will be of great benefit to the future product design, clinical trials, and clinical application of anti-BCMA CAR-T.
5 CONCLUSION
In conclusion, this meta-analysis offers compelling proof of the favorable effectiveness and safety of anti-BCMA CAR-T treatment in RRMM patients and reveals a number of patient-related and treatment-related influence factors. Our research could help with the development of CAR-T treatment regimens for the next-generation and the optimization of clinical applications.
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