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Abstract
Background Chimeric antigen receptor (CAR)-T cell immunotherapy has
achieved favorable efficacy in multiple myeloma (MM), with B-cell maturation
antigen (BCMA) being the most common target. The disadvantage of single-
target CAR-T cell immunotherapy is that it can lead to disease resistance and
relapse, possibly related to antigen escape. To address this, dual-target CAR-T
cells have been developed for the treatment of relapsed/refractory multiple
myeloma (RRMM), although systematic clinical analysis in this area is still
lacking.

Objective To conduct a meta-analysis of the efficacy and safety of dual-target
CAR-T cell immunotherapy in patients with RRMM.

Methods A computerized search was conducted in seven databases including
PubMed, Embase, Cochrane Library, Web of Science, CNKI, Wanfang Data
Knowledge Service Platform, and VIP for single-group rate studies on dual-
target CAR-T cell therapy for RRMM, with the search period from database
inception to February 6, 2023. Two researchers used a self-designed data form
to extract and collect data, and the Methodological Index for Non-Randomized
Studies (MINORS) was employed for literature quality assessment. Data anal-
ysis was performed using RStudio software.

Results A total of 9 studies involving 200 RRMM patients who had previ-
ously received multiple lines of therapy were included. Dual-target CAR-T
cell therapies could be classified into four categories based on different tar-
gets: BCMA+CD19, BCMA+CD38, BCMA+TACI, and BCMA+CS1, with
BCMA+CD19 being the most frequently studied target. According to dif-
ferent infusion modalities, CAR-T cell therapies could be divided into four
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types: bispecific CAR-T cells, combined or sequential infusion of two different
CAR-T cells, bicistronic constructs, and co-transduction. Meta-analysis showed
that dual-target CAR-T cell therapy for RRMM achieved an overall response
rate (ORR) of 90% (95%CI=0.849~0.943), a complete response rate (CRR)
of 54.6% (95%CI=0.416~0.673), a minimal residual disease (MRD) negativity
rate of 75.6% (95%CI=0.489~0.952), an extramedullary disease (EMD) over-
all response rate of 55.1% (95%CI=0.234~0.851), a relapse rate at last follow-
up of 29.7% (95%CI=0.141~0.454), a survival rate at last follow-up of 75.6%
(95%CI=0.554~0.915), a grade 3-4 cytokine release syndrome (CRS) incidence
of 16.4% (95%CI=0.094~0.245), and a neurotoxicity (ICANS) incidence of 4%
(95%CI=0.040~0.120). Sensitivity analysis indicated stable results. Egger’s test
showed that ORR (P=0.03) and EMD overall response rate (P=0.02) suggested
a certain risk of bias; CRR (P=0.53), MRD negativity rate (P=0.79), relapse
rate at last follow-up (P=0.71), survival rate at last follow-up (P=0.98), grade
3-4 CRS incidence (P=0.90), and ICANS incidence (P=0.30) indicated no pub-
lication bias.

Conclusion Dual-target CAR-T cell immunotherapy demonstrates favorable ef-
ficacy and safety in RRMM, and future multi-center, large-sample studies with
longer follow-up periods are needed to further evaluate its efficacy and safety.
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Abstract

Background: Chimeric antigen receptor (CAR)-T cell immunotherapy has
achieved promising therapeutic outcomes in multiple myeloma (MM), with B-
cell maturation antigen (BCMA) being the most common target. However,
single-target CAR-T therapy is limited by disease resistance and relapse, likely
due to antigen escape. Dual-targeted CAR-T cell therapy has been developed
to address this limitation in refractory-relapsed multiple myeloma (RRMM),
though systematic clinical analysis remains lacking.

Objective: To conduct a meta-analysis evaluating the efficacy and safety of
dual-targeted CAR-T cell immunotherapy in RRMM patients.
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Methods: We systematically searched PubMed, Embase, Cochrane Library,
Web of Science, CNKI, Wanfang, and VIP databases for single-group rate stud-
ies on dual-targeted CAR-T cell therapy in RRMM from inception to February 6,
2023. Two investigators independently extracted data using a customized form
and assessed study quality using the Methodological Index for Non-Randomized
Studies (MINORS). Data analysis was performed using RStudio software.

Results: Nine studies involving 200 heavily pretreated RRMM patients were
included. Dual-targeted CAR-T cell therapies were categorized into four types
based on target combinations: BCMA+CD19, BCMA+CD38, BCMA+TACI,
and BCMA+CS1, with BCMA+CD19 being the most frequently studied.
Based on infusion modalities, they were classified as: bispecific CAR-T cells,
combined or sequential infusion of two different CAR-T cells, bicistronic
constructs, and cotransduction. Meta-analysis showed an overall response
rate (ORR) of 90% (95%CI=0.849–0.943), complete response rate (CRR)
of 54.6% (95%CI=0.416–0.673), minimal residual disease (MRD) negativity
rate of 75.6% (95%CI=0.489–0.952), extramedullary disease (EMD) overall
response rate of 55.1% (95%CI=0.234–0.851), relapse rate at last follow-up
of 29.7% (95%CI=0.141–0.454), survival rate at last follow-up of 75.6%
(95%CI=0.554–0.915), grade 3–4 cytokine release syndrome (CRS) incidence of
16.4% (95%CI=0.094–0.245), and immune effector cell-associated neurotoxicity
syndrome (ICANS) incidence of 4% (95%CI=0.040–0.120). Sensitivity analysis
confirmed stable results. Egger’s test indicated potential publication bias for
ORR (P=0.03) and EMD overall response rate (P=0.02), while no significant
bias was found for CRR (P=0.53), MRD negativity rate (P=0.79), relapse
rate (P=0.71), survival rate (P=0.98), grade 3–4 CRS incidence (P=0.90), or
ICANS incidence (P=0.30).

Conclusion: Dual-targeted CAR-T cell immunotherapy demonstrates favor-
able efficacy and safety in RRMM. Future multicenter, large-sample studies
with longer follow-up are needed to further evaluate its therapeutic potential
and safety profile.

Keywords: Multiple myeloma; Refractory-relapsed multiple myeloma; Dual-
targeted CAR-T cell immunotherapy; Meta-analysis

Introduction
Multiple myeloma (MM) is a malignant neoplasm characterized by clonal
proliferation of plasma cells in the bone marrow, clinically manifesting as
CRAB symptoms (hypercalcemia, renal insufficiency, anemia, and bone
disease). MM accounts for approximately 10% of hematologic malignancies,
ranking second only to lymphoma. While the introduction of proteasome
inhibitors, immunomodulatory agents, autologous hematopoietic stem cell
transplantation, and monoclonal antibodies has significantly improved overall
survival, MM remains incurable. The pathogenesis involves high dependency
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of tumor cells on the bone marrow microenvironment, with T-lymphocyte
immunosuppression playing a crucial role.

Chimeric antigen receptor (CAR)-T cells are genetically modified T lympho-
cytes expressing an artificial CAR molecule composed of a single-chain variable
fragment (scFv) targeting specific tumor antigens, CD3� signaling domain from
T-cell receptors, and costimulatory structures such as CD28 or 4-1BB. This
enables HLA-independent recognition and elimination of tumor cells. CAR-
T cell immunotherapy has evolved through five generations: first-generation
constructs contained only CD3� signaling domains; second-generation added
intracellular costimulatory domains (most commonly CD28 or 4-1BB); third-
generation incorporated combinations of costimulatory domains; while fourth-
and fifth-generation products include intracellular domains of certain cytokine
receptors, such as truncated interleukin-2 (IL-2) 𝛽-chain and STAT3-binding
motifs. These iterative improvements enhance antitumor durability and reduce
relapse.

BCMA (B-cell maturation antigen, also known as TNFRSF17) is a transmem-
brane glycoprotein highly expressed on plasma cells with minimal presence in
other tissues, making it the most common target for CAR-T therapy in RRMM.
Clinical trials have reported overall response rates of 80–100%, leading to FDA
approval of idecabtagene and ciltacabtagene for RRMM. However, many pa-
tients still relapse with short progression-free survival, possibly due to poor
CAR-T cell persistence, antigen escape, or alterations in the bone marrow mi-
croenvironment. To overcome antigen escape, expanding target coverage has
been proposed to enhance CAR-T activity and improve response durability.
Currently, evidence for dual-targeted CAR-T therapy in RRMM is limited to
small, non-randomized early-phase trials, making it difficult to clearly under-
stand expected toxicities and efficacy.

Methods
This meta-analysis followed the Preferred Reporting Items for Systematic Re-
views and Meta-Analyses (PRISMA) guidelines and was registered with PROS-
PERO (CRD42023397535).

Literature Search

We searched PubMed, Embase, Cochrane Library, Web of Science, CNKI, Wan-
fang, and VIP databases from inception to February 6, 2023. Chinese search
terms included “多发性骨髓瘤,” “双靶点嵌合抗原受体 T 细胞,” and “双靶点 CAR-T.”
English search terms included “Multiple Myeloma,” “Dual targeted,” “Combina-
tion,” “Sequential,” “bispecific,” and “Chimeric Antigen Receptor.” Reference
lists of included studies were manually reviewed. The complete PubMed search
strategy is shown in .
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Study Selection

Two investigators independently screened literature, extracted data, and cross-
verified results. Disagreements were resolved by a third reviewer. Duplicate
studies were consolidated, prioritizing those with the most recent results or
largest sample sizes. Inclusion criteria were: (1) patients aged >18 years with
RRMM diagnosed per 2016 International Myeloma Working Group criteria;
(2) treatment with dual-targeted CAR-T cells (including bispecific CAR-T or
combined/sequential infusion of single-target CAR-T cells); (3) single-group rate
study design; and (4) reported efficacy and safety outcomes. Exclusion criteria
comprised reviews, case reports, animal studies, and studies involving newly
diagnosed MM or other hematologic malignancies.

Data Extraction

Data were extracted using a customized form, including: (1) publication de-
tails (year, first author, region, DOI); (2) patient characteristics (age, high-risk
cytogenetics, prior autologous stem cell transplantation [ASCT], median prior
treatment lines, extramedullary disease [EMD]); (3) study features (participant
number, follow-up duration); (4) CAR-T cell structural characteristics; and (5)
outcome measures: primary outcomes were ORR and CRR; secondary outcomes
included MRD negativity rate, EMD overall response rate, relapse rate and sur-
vival rate at last follow-up, and toxicities (CRS and ICANS).

Quality Assessment

Study quality was evaluated using the Methodological Index for Non-
Randomized Studies (MINORS), which comprises 12 items (8 applicable
to non-comparative studies). Each item scores 0–2 points (0=not reported,
1=reported but insufficient, 2=complete information), with a maximum score of
16. Two investigators independently performed assessments, with discrepancies
resolved through consultation.

Statistical Analysis

Meta-analysis was conducted using RStudio. Effect sizes were expressed as
pooled rates with 95% confidence intervals (CI) using random-effects models.
Heterogeneity was assessed via subgroup analysis based on costimulatory struc-
ture, target combination, and CAR-T construct type. Sensitivity analysis eval-
uated result stability, and Egger’s test assessed publication bias. Statistical
significance was set at P<0.05.

Results
Literature Screening

The initial search yielded 1,320 records. After removing 463 duplicates, 857
studies remained. Title and abstract screening excluded 803 studies, leaving 54
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for full-text review. Ultimately, 9 studies were included in the meta-analysis
[Figure 1: see original paper]. Quality assessment results are summarized in .

Study Characteristics

All nine included studies were single-group rate studies. Eight were ongoing
clinical trials, while one had been terminated. Published between 2019–2022,
they included 200 participants (range: 11–62 patients per study). Patients
had a median age of 18–72 years, most with high-risk cytogenetics and prior
ASCT. T cells were genetically modified using 𝛾-retroviral or lentiviral vectors.
Dual-targeted CAR-T therapies were categorized into four target combinations
(BCMA/CD19, BCMA/CD38, BCMA/TACI, BCMA/CS1) and two structural
forms (bispecific CAR-T and combined/sequential infusion). All studies used
fludarabine and cyclophosphamide for lymphodepletion. Detailed characteris-
tics are provided in .

Efficacy Outcomes

Overall Response Rate: Nine studies reported ORR with low heterogeneity
(I2=26%, P=0.22). The pooled ORR was 90% (95%CI=0.849–0.943) [Figure 2:
see original paper].

Complete Response Rate: Nine studies reported CRR with moderate hetero-
geneity (I2=61%, P<0.01). The pooled CRR was 54.6% (95%CI=0.416–0.673)
[Figure 3: see original paper].

MRD Negativity Rate: Five studies reported MRD negativity with high
heterogeneity (I2=85%, P<0.01). The pooled rate was 75.6% (95%CI=0.489–
0.952) [Figure 4: see original paper].

EMD Overall Response Rate: Four studies reported EMD response
with moderate heterogeneity (I2=62%, P=0.05). The pooled rate was 55.1%
(95%CI=0.234–0.851) [Figure 5: see original paper].

Relapse Rate at Last Follow-up: Five studies reported relapse rates with
high heterogeneity (I2=76%, P<0.01). The pooled relapse rate was 29.7%
(95%CI=0.141–0.454) [Figure 6: see original paper].

Survival Rate at Last Follow-up: Six studies reported survival rates with
high heterogeneity (I2=79%, P<0.01). The pooled survival rate was 75.6%
(95%CI=0.554–0.915) [Figure 7: see original paper].

Safety Outcomes

Grade 3–4 CRS: Nine studies reported grade 3–4 CRS incidence with low het-
erogeneity (I2=40%, P=0.10). The pooled incidence was 16.4% (95%CI=0.094–
0.245) [Figure 8: see original paper].
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ICANS: Five studies reported ICANS incidence with low heterogeneity
(I2=43%, P=0.15). The pooled incidence was 4% (95%CI=0.040–0.120) [Figure
9: see original paper].

Other common adverse events included hematologic toxicities (anemia, leukope-
nia), infections, and hypogammaglobulinemia. Notably, 5 of 200 patients devel-
oped hemophagocytic lymphohistiocytosis (HLH), with one HLH-related death.

Subgroup Analysis

Subgroup analyses of ORR, CRR, and grade 3–4 CRS incidence were performed
based on costimulatory structure, target combination, and CAR-T construct
type . Results showed that 4-1BB CAR-T cells had higher ORR and CRR com-
pared to CD28+OX40 constructs, while CD28+OX40 showed lower grade 3–4
CRS rates. Among target combinations, BCMA+CD38 demonstrated the high-
est CRR, while BCMA+CD19 showed the highest ORR. Combined/sequential
infusion modalities exhibited higher ORR than bispecific CAR-T cells, though
bispecific constructs demonstrated higher CRR and better safety profiles.

Sensitivity Analysis and Publication Bias

Sensitivity analysis confirmed the stability of all outcomes. Egger’s test revealed
potential publication bias for ORR (P=0.03) and EMD overall response rate
(P=0.02), but no significant bias for other endpoints.

Discussion
BCMA is the most common and effective target for CAR-T therapy in MM.
A previous meta-analysis by Zhang et al. reported pooled ORR of 85.2%
(95%CI=0.797–0.910), CRR of 47.0% (95%CI=0.378–0.583), and MRD neg-
ativity rate of 97.8% (95%CI=0.935–1.022) for single-target BCMA CAR-T
therapy, with grade 3–4 CRS incidence of 6.6% (95%CI=0.036–0.096) and
ICANS incidence of 2.2% (95%CI=0.006–0.030). However, BCMA down-
regulation can lead to relapse, making antigen escape a critical resistance
mechanism.

Dual-targeted CAR-T therapy offers a novel strategy to overcome this challenge.
Since Yan et al. first reported BCMA+CD19 dual-targeted CAR-T therapy in
2017, nine clinical trials have published results, exploring four distinct target
combinations. Our meta-analysis of 200 patients demonstrated an ORR of 89%
(95%CI=0.83–0.94), CRR of 55% (95%CI=0.42–0.67), MRD negativity rate of
76% (95%CI=0.51–0.94), and EMD overall response rate of 55% (95%CI=0.25–
0.85). The relapse rate (29.7% vs. 45%) was lower while the survival rate (74.5%
vs. 84%) was modestly reduced compared to single-target BCMA CAR-T ther-
apy.

Costimulatory structures significantly influence CAR-T cell function. CD28-
based constructs exhibit rapid antitumor activity but limited persistence,
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whereas 4-1BB domains enable slower but sustained expansion. CD28+OX40
costimulation reduces IL-10 release and prevents activation-induced cell death.
Our analysis showed 4-1BB CAR-T cells achieved higher ORR and CRR, while
CD28+OX40 constructs had lower grade 3–4 CRS rates.

Four target combinations have been investigated: BCMA/CD19, BCMA/CD38,
BCMA/TACI, and BCMA/CS1. CD19 plays a crucial role in B-cell lineage dif-
ferentiation, and its low expression on terminal plasma cells may contribute to
resistance. Targeting both BCMA and CD19 broadens antigen coverage, elimi-
nating diverse myeloma clones and potentially reducing BCMA escape-mediated
relapse. CD38 is highly expressed on MM cells but also present on hematopoietic
progenitors, requiring affinity modulation to minimize off-target effects. TACI,
a TNFRSF member, mediates B-cell activation through BAFF/APRIL binding,
though early trials using monomeric APRIL-based constructs showed limited ef-
ficacy. CS1 is highly expressed in MM cells and involved in myeloma-stromal
cell adhesion. GPRC5D represents another promising target, with ongoing trials
(NCT05509530, NCT05325801).

Dual-targeted CAR-T constructs include: (1) combined/sequential infusion, (2)
bicistronic expression, (3) cotransduction, and (4) tandem bispecific CARs.
Combined/sequential infusion allows flexible dosing but increases production
costs, while bispecific CAR-T cells are more complex to manufacture. Our
analysis showed combined/sequential infusion achieved higher ORR, whereas
bispecific constructs demonstrated higher CRR and improved safety.

CRS and ICANS remain the primary toxicities. Subgroup analyses revealed that
costimulatory structure, target combination, and construct type all influence
CRS incidence. HLH, a rare but potentially fatal hyperinflammatory syndrome
observed in approximately 1% of CAR-T recipients, may result from excessive
macrophage and T-lymphocyte activation. Whether dual-targeted CAR-T in-
creases HLH risk requires further investigation.

Beyond RRMM, dual-targeted CAR-T therapy shows promise as consolidation
after ASCT in newly diagnosed MM. One study reported 100% ORR and 80%
CR rate at day 100 post-ASCT, with no median PFS reached at 42 months.
However, direct comparison with single-target BCMA CAR-T is limited by the
single-group design of current studies. A recent trial by Garfall et al. comparing
BCMA CAR-T monotherapy versus BCMA+CD19 combination in early-stage,
low-burden MM found similar efficacy but lower toxicity with the combination,
suggesting CD19 may be less relevant in this setting.

Limitations
First, most included studies were single-center with small samples, potentially
underestimating or overestimating effect sizes. Second, insufficient data pre-
cluded pooled analysis of progression-free and overall survival, as well as sub-
group analyses by risk features, prior ASCT, or CAR-T dosing. Third, eight of
nine trials remain ongoing with only preliminary results reported, and no large-
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scale randomized controlled trials have been published, introducing potential
bias. Fourth, single-group study designs preclude direct comparison with single-
target BCMA CAR-T therapy. Future RCTs are needed to confirm superiority
and evaluate dual-targeted CAR-T in patients refractory to BCMA CAR-T
therapy. Large-scale, high-quality evidence remains essential to support clinical
application.

In conclusion, dual-targeted CAR-T cell immunotherapy demonstrates promis-
ing efficacy and safety in RRMM. Multi-target CAR-T approaches combined
with novel agents may become a cornerstone of MM treatment, potentially ex-
tending survival and achieving cure.
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