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Split-design approach enhances the
therapeutic efficacy of ligand-based CAR-T
cells against multiple B-cell malignancies

Shuhong Li1, Licai Shi1, Lijun Zhao1, Qiaoru Guo1, Jun Li2, Ze-lin Liu3, Zhi Guo3 &
Yu J. Cao 1,4

To address immune escape, multi-specific CAR-T-cell strategies use natural
ligands that specifically bind multiple receptors on malignant cells. In this
context, we propose a split CAR design comprising a universal receptor
expressed on T cells and ligand-based switch molecules, which preserves the
natural trimeric structure of ligands like APRIL and BAFF. Following optimi-
zation of the hinges and switch labeling sites, the split-design CAR-T cells
ensure the native conformation of ligands, facilitating the optimal formation
of immune synapses between target cancer cells and CAR-T cells. Our CAR-T-
cell strategy demonstrates antitumor activities against various B-cell malig-
nancymodels in femalemice, potentially preventing immune escape following
conventional CAR-T-cell therapies in the case of antigen loss or switching. This
ligand-based split CAR design introduces an idea for optimizing CAR recog-
nition, enhancing efficacy and potentially improving safety in clinical transla-
tion, and may be broadly applicable to cellular therapies based on natural
receptors or ligands.

Despite substantial advances in improving patient outcomes, chimeric
antigen receptor (CAR)-T-cell therapy still faces the challenge of
relapse. A considerable portion of these cases involve the loss of the
target antigen1. Although various bispecific CAR-T-cell strategies, such
as CD19/CD20orCD19/CD22CAR-T-cell therapy for B-cell leukemia (B-
ALL)2,3, and BCMA/CD38 or CS1/BCMA CAR-T-cell therapy for multiple
myeloma (MM)4,5, have been developed, the sequential loss of dual
antigens when coadministering CAR-T cells has also been reported6.
To address this challenge, trispecific CAR-T cells targeting tumor cells
utilizing the duoCAR format with scFvs have been proposed7. How-
ever, these approaches carry the potential risk of chain mispairing,
leading to CAR aggregation and triggering T-cell-exhausting signaling
cascades8.

Alternatively, CAR designs incorporating natural ligands or
receptor ectodomains, which inherently bind to multiple markers on

malignant cells, present a potential solution for antigen escape. A
proliferation-inducing ligand (APRIL) and B-cell activating factor
(BAFF), both of which are members of the TNF ligand superfamily,
have been integrated into CAR designs to target multiple receptors,
including BAFFR, BCMA and TACI9,10, in attempts to prevent antigen
escape. Preclinical studies have demonstrated the effectiveness of
APRIL- or BAFF-based CAR-T-cell approaches in eradicating various
B-cell cancers and maintaining antitumor functions even in response
to the loss of the BCMA or CD19 antigen11–15. Recognizing the essential
trimeric format of both ligands, significant efforts have been directed
toward preserving their natural conformation anchored on the cell
membrane to enhance their binding and efficacy against target
cells13,16. The use of the 4-1BB transmembrane domain to promote
multimerization of the trimeric APRIL ligand on the cellmembrane has
been reported, with superior therapeutic effects compared with the
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monomeric APRIL format14. Nevertheless, researchers have not yet
determined the comparative efficacy of thesemodified ligands relative
to their natural soluble counterparts.

The switchable CAR-T (sCAR-T)-cell platform comprises a uni-
versal receptor expressed on T cells and a tumor-targeting adapter
molecule17–19. This platform features a unique split CAR designwith the
potential to confer strong natural properties on target ligands20. By
expanding the sCAR-T-cell strategy, our group and others have
explored the flexibility of simultaneously designing the sCAR hinge
and switch labeling sites to achieve optimal distance and orientation
for CAR-T-cell activation17,18. The sCAR-T-cell platform modularizes
CAR-T cells, providing enhanced flexibility in clinical oncology treat-
ment.Moreover, this strategy allowsdose-titratable control of sCAR-T-
cell activity, addressing safety concerns associated with conventional
CAR-T cells19. Notably, the risk of normal tissue toxicity increases when
tumor-associated antigens (TAAs) are targeted with APRIL- or BAFF-
based CAR-T cells. Therefore, designing sCAR-T cells utilizing natural
ligands is highly desirable for maintaining their optimal structures and
functionalities while minimizing the potential for serious treatment-
related toxicity.

In this work, we introduce a sCAR strategy for ligand-mediated
CAR-T-cell activation in which split APRIL- or BAFF-based switches are
designed to maintain their native structures, resulting in a highly
sensitive response to multiple targets in B-cell malignancies. Through
the optimization of switch architecture and CAR hinge design, APRIL-
and BAFF-based sCAR-T cells promote optimal synapse formation
between target cells and effector cells, leading to enhanced cytokine
production and excellent antitumor efficacy against various B-cell
malignancies both in vitro and in vivo. Recognizing the potential of
immune escape due to antigen loss, we assess the effectiveness of
ligand-based sCAR-T cells in the context of heterogeneous malig-
nancies lacking multiple B-cell markers and demonstrate overall
enhanced tumor growth inhibition comparedwithpreviously reported
CAR-T-cell approaches. Notably, our sCAR strategy exhibits ther-
apeutic efficacy comparable to FDA-approved therapies. In summary,
we propose a sCAR-T-cell approach based on APRIL and BAFF that is
characterized by an optimal synergistic structural design that enhan-
ces the functionality of natural ligands, potentially overcoming the
limitations of conventional CAR structures with restricted target
specificity.

Results
Design and characterization of APRIL- and BAFF-based switches
Building upon the inherentmultireceptor specificity of natural ligands,
we expanded the sCAR-T-cell platforms introduced previously17,18

using APRIL- or BAFF-based switches. Flow cytometry analysis con-
firmed the expression of BAFFR, BCMA, and TACI in a range of B-cell
malignancies (Supplementary Fig. 1 and Supplementary Table 1).
Subsequently, we introduced a 10-aa peptide derived from Myc
(EQKLISEEDL) at the N- or C-terminus of the extracellular domains of
APRIL and BAFF, creating four constructs: Myc-APRIL, ARPIL-Myc,
Myc-BAFF and BAFF-Myc (Fig. 1a). These proteins were purified to
greater than 95% purity, as confirmed by SDS‒PAGE (Supplementary
Fig. 2). Size exclusion chromatography analysis verified the presence
of four switch fusions in trimeric forms, without any multimeric
aggregation (Supplementary Fig. 3 and Supplementary Table 2–3). The
binding assay revealed that the two APRIL switches exhibited similar
binding profiles to the BCMA and TACI antigens; however, compared
with Myc-BAFF, BAFF-Myc exhibited reduced antigen binding activity
(Fig. 1b).When exposed to 100nM fusionproteins, bothBAFF switches
bound to tumor cells to a similar extent; nonetheless, APRIL-Myc
exhibited nonspecific binding, in contrast to Myc-APRIL (Supplemen-
tary Fig. 4a).

For switch comparison, we used sCAR-T cells harboring the
IgG4m hinge derived from a dimeric mutant (S228P) of the IgG4

hinge18, which we have previously shown to outperform other hinge
designs. The immunological synapse (IS) is a precise structure that is
formed between T cells and target cells through receptor–ligand
interactions to perform the immunological function of T cells21. The
quality of the IS22 serves as a reliable predictor of the efficacy of CAR-
modified cells and can be correlated with clinical outcomes21. PKC-θ,
themost abundant protein kinaseC (PKC) inhematopoietic cells, is the
only PKC isoform that is selectively recruited to the IS in conventional
effector T (Teff) cells

23. Therefore, evaluating the strength of the PKC-θ
polarization signal at immune synapses is helpful for measuring the
strength of immune synapses and identifying the best CAR candidate
molecules. As illustrated in Figs. 1c, d, both Myc-APRIL and Myc-BAFF
promotedmore efficient IS formation, and fluorescence quantification
confirmed their ability to increase downstream signal transduction
(Figs. 1e, f). Cytotoxicity assays (Figs. 1g, h) revealed that placing both
Myc-fusion switches at the N-terminus inducedmore pronounced lysis
of target cells than fusing Myc at the C-terminus across various cell
lines. Analysis of proinflammatory cytokine secretion further sup-
ported these findings (Supplementary Fig. 4b). Therefore, we propose
that APRIL- and BAFF-based switches featuring the Myc fusion site at
the N-terminus provide optimal specificity. These switches exhibit
high-specificity binding to various B-cell malignancies, supporting a
multitargeting approach against two or three antigens.

Optimal design of switchable CAR-T cells
It has been reported that using a hinge region of suitable length is
essential for achieving the appropriate intercellular distance for opti-
mal IS formation24,25. Thus, we conducted hinge optimization of Myc-
specific CARs by testing three hinges of different lengths (Fig. 2a). The
lentiviral transduction of the three constructs resulted in similar sur-
face expression efficiencies (Supplementary Fig. 5b). As shown in
Fig. 2b-c, 9E10-IgG4m CAR-T cells promoted significantly stronger IS
formation with RPMI8226 than others in the presence of Myc-APRIL.
Similarly, during IS formation with Nalm6, 9E10-IgG4m CAR-T cells
exhibited notably stronger PKC-θ fluorescence signals in the presence
of Myc-BAFF than the other two CAR-T-cell candidates (Fig. 2d-e).
Moreover, 9E10-IgG4m CAR-T cells with Myc-APRIL induced stronger
cytotoxicity against MM cells (Fig. 2f). Additionally, Myc-BAFF sig-
nificantly enhanced the antigen-specific cytotoxicity of 9E10-IgG4m
CAR-T cells compared to that of other CAR-T cells (Fig. 2g), indicating
its broad potential for targeted killing of B-cell malignancies. Fur-
thermore, 9E10-IgG4m CAR-T cells induced significantly greater cyto-
kine secretion in the presence of either Myc-APRIL or Myc-BAFF
(Fig. 2h-i). We hypothesized that a shorter hinge length would bemore
conducive to the function of sCAR-T cells, possibly because the free
switches ensure an optimal antigen-binding conformation, and the
short hinge length accelerates signaling. To validate this, we assessed
cytotoxicity at lower E:T ratios or switch concentrations. As shown in
Fig. 2j-k, Supplementary Fig. 6a-b, both APRIL- and BAFF-redirected
sCAR-T cells demonstrated excellent and broad-spectrum cytotoxicity
under these conditions, confirming the enormous clinical potential of
this system. Additionally, stable dimerized formation, but not trimer-
ization or aggregation, of CARmolecules was observed in 9E10-IgG4m
CAR-T cells, regardless of the switch concentration (Supplementary
Fig. 7). Taken together, our results indicate that incorporating the
IgG4m hinge into anti-Myc CAR-T cells enhances the ligand-mediated
interaction between the target and effector cells, thereby improving
antigen-specific CAR-T-cell activities.

In vitro comparison of the split-design CAR approach with
ligand-based conventional CAR
Because APRIL and BAFF are both type II transmembrane proteins,
the immobilization of APRIL- or BAFF-based conventional CARs not
only presents challenges in terms of regulating immune strength but
also may impair receptor binding activity26–28. To investigate whether
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the split design can preserve the activities of natural ligands, we
included conventional CAR-T cells as comparative candidates. Con-
ventional CAR-T cells, named APRIL CAR and BAFF CAR, have the
same hinge and transmembrane domains described in previous
reports12,15, and their intracellular domains are consistent with those
of 9E10 CAR-T cells (Fig. 3a and Supplementary Fig. 5a). As shown in
Fig. 3b-e, both types of sCAR-T cells led to significantly increased IS
formation compared to that of their corresponding conventional
CAR-T-cell counterparts. Although therewas a slight difference in the
cytotoxicity of the two APRIL-based CAR-T cells against MM cells
(Fig. 3f and Supplementary Fig. 8a), the assessment of cytokine
production suggested that the structural design of the sCAR-T cells
redirected by Myc-APRIL was superior to that of the APRIL CAR-T
cells for antigen-dependent T-cell activation (Fig. 3h). In the case of
BAFF-based CAR, the sCAR-T cells demonstrated significantly stron-
ger cytotoxicity (Fig. 3g and Supplementary Fig. 8b) and induced
higher pro-inflammatory cytokine production (Fig. 3i) than conven-
tional BAFF CAR-T cells.

As expected, we observed in vitro that sCAR-T cells enhanced
the antitumor activity of APRIL- or BAFF-based conventional CAR-
T cells to varying degrees. This prompted us to further validate
the superiority of our design on primary patient samples. Sub-
sequently, we conducted antigen profiling of primary tumor cells,
including MM, MCL, ALL and CLL/SLL types (Supplementary
Table 4). In addition to the notable expression of the BCMA
antigen in MM patients, other tumor types exhibited high levels
of the BAFFR antigen, and all patients expressed at least one of
these antigens (Supplementary Fig. 9). Two APRIL-specific CAR-
T cells exhibited comparable cytotoxicity, while conventional
BAFF CAR-T cells exhibited poorer activity than split-design CAR-
T cells did (Supplementary Figs. 10a, b). Pro-inflammatory cyto-
kine production analysis revealed significant enhancements in
sCAR-T cells specific to both APRIL and BAFF compared to con-
ventional designs (Supplementary Figs. 11a, b). Following the co-
incubation of primary MM tumor cells with APRIL- or BAFF-based
CAR-T cells, it was observed that sCAR-T cells led to increased
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Fig. 1 | Design and comparison of BAFF- and APRIL-based switches. a Schematic
representationof the ligand-basedCAR-T-cell systemusing a split-design approach.
The system comprises Myc-targeted sCAR-T cells and ligand-Myc-based switch
fusions, allowing redirection to the B-cell malignant tumor antigens BCMA, TACI
and BAFFR. The Myc tag was fused to the N- or C-terminus of the extracellular
domain of APRIL or BAFF ligand with a flexible GGGGS linker. Consequently, four
switches were generated and referred to as Myc-APRIL, APRIL-Myc, Myc-BAFF and
BAFF-Myc. b Binding profiles of APRIL- or BAFF-based switches to antigens BAFFR,
BCMA, and TACI were determined by ELISA in triplicate. c, d Representative con-
focal images of synapses. sCAR-T cells were co-culturedwith RPMI8226-GFP cells in
the presenceof ARPIL-based switches (c) or co-culturedwithNalm6-GFP cells in the
presence of BAFF-based switches (d) for 1 h, and cell‒cell conjugates were imaged

at 100× oil objective magnification using a laser scanning confocal microscope
(Nikon, A1R). Hoechst (blue), anti-PKC-θ (red), GFP (green) and merged images of
all the stains are shown. Scale bar=10μm. e, f Statistical analysis of mean fluores-
cence intensity of PKC-θ at the IS in the panels (c) and (d), respectively. Sample
sizes: APRIL-Myc/Myc-APRIL, n = 39; BAFF-Myc, n = 31; Myc-BAFF, n = 48. All n
values represent individual cells. P values determined by paired two-tailed t-tests.
g, h Cytotoxicity assays of different APRIL- (g) or BAFF-based switches (h) were
performed with sCAR-T cells against the indicated target cells at an E:T ratio of 10:1
for 24h in triplicate. Data in this figure are representative of three independent
experiments. Error bars represent mean ± SD. NS indicates not significant. Source
data are provided in the Source Data file.
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secretion of IL-2 and IFN-γ cytokines (Supplementary Fig. 11c).
Taken together, our findings suggest that simply anchoring a
ligand protein to the cell membrane not only results in con-
formational changes but also carries the risk of disrupting ligand
homotrimerization. This result emphasizes the essential role of
the split-design CAR approach in preserving the original binding
activities of natural ligands without compromising antitumor
activities.

In vitro comparison of the split-design CAR approach with FDA-
approved CAR-T-cell therapies
Tisagenlecleucel (CD19 CAR-T) and Ciltacabtagene autoleucel (BCMA
CAR-T), established as the gold standards for CAR-T-cell therapy, were
included in this study to evaluate the efficacy of the split-design CAR
approach (Supplementary Fig. 5, Figs. 3j and l). Initially, we observed
that the cytotoxicity of APRIL-based sCAR-T cells was comparable to
that of BCMACAR-T cells in a series of BCMA/TACI double-positive cell
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lines with clinically relevant antigen densities (Fig. 3k, Supplementary
Fig. 12a). To further explore APRIL’s potential as a BCMA targeting
domain, we generated BCMA-expressing cell lines with gradient den-
sities (Supplementary Fig. 12b), covering the range observed in patient
samples (Supplementary Fig. 12c). The killing activity of APRIL-
redirected sCAR-T cells was consistent with that of BCMA-CAR-T
cells in cell lines with medium-to-high antigen densities but was
slightly reduced in cell lines with low BCMA expression (Supplemen-
tary Fig. 12d). This differencemay be attributed to the ability of BCMA
CAR-T cells to target two epitopes of the BCMA antigen
simultaneously29. By comparing BAFF-redirected sCAR-T cells with
CD19 CAR-T cells, we observed similar killing activity in the BAFFR/
BCMA/TACI triple-positive IM9 cell line but inferior activity in other
cell lines with clinically relevant antigen densities (Fig. 3m, Supple-
mentary Fig. 12e and g). This disparity is likely due to the significantly
lower density of BAFFR/BCMA/TACI antigens than of CD19 antigens
(Supplementary Fig. 12f). However, it is noteworthy that although the
efficacy of BAFF-specific sCAR-T cells is inferior to that of CD19 CAR-T
cells in these contexts, BAFF-specific sCAR-T cells have advantages in
cell lines lacking CD19 targets (Fig. 3m), highlighting the strength of
BAFF as a targeting domain in hematological tumors, particularly its
ability to overcome CD19 antigen escape. In summary, while sCAR-T
cells show a gap in single-target capability compared with FDA-
approved therapies, the multi-targeting ability and flexibility of the
split-design CAR approach provide advantages and significant clinical
translational potential.

Sensitivity and controllability of split-design ligand-based CAR-
T cells in vivo
To evaluate the in vivo antitumor activity of sCAR-T cells, we utilized
RPMI8226 (MM) and Nalm6 (B-ALL) xenograft models for stress test-
ing. Despite the short half-life of switch fusions in mice, typically
20–30minutes, as previously reported30 (Supplementary Figs. 13a, b),
IRDye800-labeled Myc-APRIL and Myc-BAFF remained detectable in
tumors up to 48 h post-administration in s.c. tumor-bearing mice
(Supplementary Figs. 13c, d). For APRIL-redirected sCAR-T cells,
adjustments in both the CAR-T and switch dosages effectively elimi-
nated or inhibited tumor growth, with higher doses leading to faster
and more complete tumor clearance (Supplementary Figs. 14a–c).
Serum cytokine release was positively correlated with dosage at 24 h
post-administration (Supplementary Fig. 14d). Importantly, no sig-
nificant weight loss was observed in the treated mice throughout the
experiment (Supplementary Fig. 14e), and all the treatment groups
showed significantly prolonged survival (Supplementary Fig. 14f).
Similar outcomeswereobservedwith BAFF-based sCAR-T-cell therapy.
Tumor recurrence rates were influenced by alterations in the sCAR-T
and switch dosages (Supplementary Fig. 15a-c). In vivo cytokine release
was finely regulated in response to dosage adjustments (Supplemen-
tary Fig. 15d), maintaining controllable side effects, with varying
degrees of prolonged mouse survival (Supplementary Fig. 15e-f).
Taken together, the split-design CAR-T strategy demonstrated

sensitive antitumor activity in vivo and provided a mechanism for
finely tuning the regulation of toxic side effects, underscoring its
potential for clinical applications.

The split-design CAR approach improves in vivo efficacy against
MM, NHL and B-ALL
We then examined the antitumor efficacy of split-design and con-
ventional ligand-based CAR-T cells in vivo. The experimental time-
line is shown in Fig. 4a. As illustrated in Figs. 4b, d, compared with
the two types of conventional CAR-T cells, the sCAR-T cells exhib-
ited superior tumor control. Notably, APRIL-redirected sCAR-T-cell
therapy resulted in rapid and complete tumor clearance, with no
tumor recurrence observed up to day 66. Furthermore, we noted a
significant increase in the serum cytokine levels in the mice treated
with sCAR-T cells compared to those in the conventional CAR-T-cell
group (Fig. 4e). Throughout the experiment, the mice did not
exhibit significant weight loss (Supplementary Fig. 16). In the BAFF-
redirected sCAR group, one animal died on day 53, possibly caused
by graft-versus-host disease (GVHD). Although there was no sig-
nificant difference in the survival of the mice between the two
designed BAFF-specific CAR-T-cell groups, likely due to the low
affinity of BAFF for BCMA inMM, 60% of the mice in the split-design
APRIL-redirected sCAR-T-cell group were still alive at 200 days, in
contrast to only 20% of the mice treated with conventional APRIL
CAR-T cells (P = 0.0269) (Fig. 4f-g). In conclusion, the split-design
approach, which preserves the original properties of natural
ligands, demonstrated significantly higher therapeutic efficacy in
tumor control compared to conventional CAR designs.

It has been reported that every B-cell malignancy expresses at
least one of the antigens, BAFFR, BCMA and TACI31,32. To further vali-
date the efficacy of BAFF-based sCAR-T cells, we extended our study to
non-Hodgkin’s lymphoma (NHL) models33. As indicated in Supple-
mentary Fig. 17a-c, conventional BAFFCAR-T cells exhibited ineffective
tumor control due to their poor targeting ability, whereas BAFF-
redirected sCAR-T cells effectively suppressed Raji tumor growth
during drug administration in both dose groups. This finding under-
scores the significant improvement in treatment effectiveness
achieved with the split-design approach. Serum pro-inflammatory
cytokines secreted by sCAR-T cellswere significantly higher than those
secreted by conventional CAR-T cells (Supplementary Fig. 17d). In
terms of safety, there was no significant weight loss (Supplementary
Fig. 17e). Although the tumors recurred soon after drug withdrawal,
the survival of the mice in the sCAR-T-cell group was significantly
longer than that of the mice treated with conventional CAR-T cells
(Supplementary Fig. 17f). In summary, BAFF-mediated sCAR-T cells can
effectively control the growth of NHL in vivo, broaden the scope of
disease treatment, and achieve significantly enhanced therapeutic
effects compared to conventional BAFF CAR-T cells, once again high-
lighting the superiority of the split-design approach.

To assess the potential of ligand-based sCAR-T cells for
treating heterogeneous B-ALL patients, we selected CD19/CD22

Fig. 2 | Characterizationof sCAR-T hinge designs. a Schematic representations of
different ligand-based sCAR structures. Second-generation sCARs were engineered
comprising a Myc-targeted scFv (clone 9E10), a hinge-transmembrane domain
(CD8-CD8, CD28-CD28 or IgG4m-CD8) and an intracellular domain (41BB-CD3ζ),
designated as 9E10-CD8, 9E10-CD28 and 9E10-IgG4m, respectively.
b, d Representative images of cell‒cell conjugates were acquired at 100 × oil
objective magnification under a laser scanning confocal microscope (Nikon, A1R).
sCAR-T cells, as indicated, were pre-incubatedwithMyc-APRIL orMyc-BAFF and co-
cultured with their respective target cells for 1 h. Fluorescent labeling included
Hoechst (blue), anti-PKC-θ (red), and GFP (green) and a merged view of all stains.
Scale bar = 10μm. c, e Statistical analysis of themean fluorescence intensity of PKC-
θ at the IS in panels b and d, respectively. In panel c, samples sizes: 9E10-CD8,
n = 28; 9E10-CD28, n = 38; 9E10-IgG4m, n = 43. In panel e, 9E10-CD8, n = 23; 9E10-

CD28, n = 22; 9E10-IgG4m, n = 32. All n values represent individual cells. P values
were determined by paired two-tailed t-tests. f, g Cytotoxicity assays of different
sCAR-T cells against the indicated target cellswithMyc-APRIL (f) orMyc-BAFF (g) at
an E:T ratio of 10:1 for 24 h in triplicate. h, i Inflammatory cytokine release assay.
sCAR-T cells were co-cultured with the specified target cells in the presence of 100
pMMyc-APRIL (h) orMyc-BAFF (i) for 24h at anE:T ratio of 1:1 in triplicate. Two-way
ANOVA multiple comparisons in Dunnett correction were used to assess sig-
nificance. j, k Cytotoxicity assays of 9E10-IgG4m CAR-T cells against the indicated
target cells with Myc-APRIL (j) or Myc-BAFF (k) at an E:T ratio of 1:1 for 24h in
triplicate. Data in this figure are representative of three independent experiments.
Error bars represent mean ± SD. NS indicates not significant. Source data are pro-
vided in the Source Data file.
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Fig. 3 | In vitro comparison of the split-design CAR approach with
conventional CAR. a Schematic representations of ligand-based conventional and
split-design CAR approaches. The extracellular domains of BAFF and APRIL were
used as target moieties to generate conventional CAR-T cells, referred to as APRIL
CARand BAFFCAR, respectively.b, dRepresentative images of cell‒cell conjugates
captured at 100× oil objective magnification using a laser scanning confocal
microscope (Nikon, A1R). APRIL or 9E10-IgG4m (pre-incubated with Myc-APRIL)
CAR-T cells were co-cultured with RPMI8226-GFP cells (b), while BAFF or 9E10-
IgG4m (pre-incubated with Myc-BAFF) CAR-T cells were co-cultured with IM9-GFP
cells (d). Fluorescent labels included Hoechst (blue), anti-PKC-θ (red), and GFP
(green) and amerged view of all stains. Scale bar = 10 μm. c, e Statistical analysis of
themeanfluorescence intensity of PKC-θ at the IS in panels b and d, respectively. In
panel c, sample sizes: APRIL CAR, n = 37; 9E10-IgG4m, n = 39. In panel e, BAFF CAR,

n = 34; 9E10-IgG4m, n = 44. All n values represent individual cells. P values were
determinedby paired two-tailed t-tests. f,gCytotoxicity assays of conventional and
split-design CAR-T cells against the indicated target cells at various E:T ratios for
24h in triplicate.h, i Inflammatory cytokine release assay. Conventional CAR-T cells
or sCAR-T cells along with 1 nM corresponding switches were co-cultured with the
specific target cells for 24 h at an E:T ratio of 1:1 in triplicate. Two-way ANOVA
multiple comparisons in Dunnett correction were used to assess significance.
j, l Schematic representations of ligand-based split-design CAR and FDA-approved
CAR, referred to as BCMACAR (j) and CD19 CAR (l), respectively. k,m Cytotoxicity
assays of FDA-approved CAR-T cells and split-design CAR-T cells against the indi-
cated target cells at various E:T ratios for 24h in triplicate. Data in this figure are
representative of three independent experiments. Error bars represent mean ± SD.
NS indicates not significant. Source data are provided in the Source Data file.
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CAR-T cells, which have demonstrated clinical efficacy in B-ALL
patients, as controls (Supplementary Fig. 19a)3,34. Having achieved
similar CAR transduction efficacy (Supplementary Fig. 5b), we
evaluated the cytotoxicity and cytokine production of CAR-T cells
in response to different Nalm6 variants, validated by flow cyto-
metry and western blotting (Supplementary Figs. 18a–c)35. While

all CAR-T cells exhibited relevant cytotoxic effects on CD19+ and/
or CD22+ Nalm6 cells, treatment with dual-antigen-knockout
Nalm6 cells did not result in cross-resistance to APRIL- or BAFF-
based sCAR-T cells, in contrast to the resistance that developed to
CD19/CD22 CAR-T cells (Supplementary Fig. 19b). Additionally, all
the CAR-T cells induced the release of cytokines in amounts
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correlated with the degree of cytotoxicity (Supplementary
Fig. 19c).

To further explore the therapeutic potential of BAFF-redirected
sCAR-T cells in heterogeneous leukemia with antigen escape variants,
we established a xenograft model of B-ALL using the four types of
Nalm6 variants mentioned above (Fig. 4h). As illustrated in Fig. 4i-j,
BAFF-based sCAR-T cells exhibited significantly superior disease con-
trol in heterogeneous leukemia compared to conventional BAFF CAR-
T cells. Notably, CD19/CD22 CAR-T cells allowed rapid tumor recur-
rence inmice due to their inability to target CD19/CD22 antigen escape
variants. Following CAR-T-cell infusion, the pro-inflammatory cytokine
levels induced by BAFF-redirected sCAR-T cells were significantly
higher than those in the other groups (Fig. 4k). Twenty-four hours after
CAR-T-cell infusion (Fig. 4l), significantly decreased numbers of BAFF-
redirected sCAR-T cells were detected because sCAR-T cells were
recruited to the early tumor focus18. However, upon the elimination of
tumor cells, sCAR-T cells underwent significant expansion in response
to antigen stimulation, resulting in large numbers of circulating T cells
in the peripheral blood. Throughout the treatment period, no sig-
nificant weight loss was observed in themice (Supplementary Fig. 20).
Survival was significantly prolonged following sCAR-T-cell treatment
compared to all other treatments (Fig. 4m). Collectively, our findings
highlight the superior therapeutic efficacy of the split-design BAFF-
based CAR-T-cell approach over the conventional strategy, especially
in terms of its potential applications in overcoming tumor hetero-
geneity and antigen loss.

Clinical translational potential of the split-design ligand-based
CAR-T system
To evaluate the clinical application potential of the split-design ligand-
based CAR-T cells, we compared their efficacy against FDA-approved
CAR-T-cell therapies, specificallyCD19CAR-T cells (Tisa-cel) andBCMA
CAR-T cells (Cilta-cel). Consistent with our in vitro findings, APRIL-
redirected sCAR-T showed comparable tumor clearance rates and
serum cytokine release to those of BCMA CAR-T cells (Figs. 5a–d). No
significant weight loss was observed in mice during treatment (Sup-
plementary Fig. 21), and all themice in both treatment groups survived
without disease recurrence at the end of the experiment (Fig. 5e),
highlighting the use of split-design APRIL-based CAR-T cells as a pro-
mising strategy for MM treatment. Given that BAFF-redirected sCAR-
T cells were less effective than CD19 CAR-T cells in vitro, we evaluated
the potential advantages of BAFF-redirected sCAR-T cells in over-
coming CD19 antigen escape in vivo. In the B-ALL immune escape
model established with Nalm6-WT and Nalm6-19KO cells, BAFF-based
sCAR-T cells demonstrated superior tumor clearance, increased cyto-
kine release, improved persistence, and significantly prolonged survi-
val in scenarios involving CD19 antigen escape (Figs. 5f–i, 5k,
Supplementary Figs. 22a, b). By day 18 of the experiment, only CD19-
negative tumor cells weredetected in the peripheral blood of theCD19

CAR-T-treatedmice, but no tumor cells were detectable in the sCAR-T-
treated mice (Fig. 5j, Supplementary Fig. 22c). Notably, while tumor
relapse was observed on day 36 after BAFF-based sCAR-T-cell treat-
ment, we did not detect surface BAFFR loss on leukemic cells, sug-
gesting that recurrence was likely associated with discontinuation of
switch administration but not antigen escape (Supplementary
Fig. 22d). In the B-NHL immune escape model, in which Raji-WT and
Raji-19KO cells were s.c. transplanted into mice (Supplementary
Fig. 23a-b), the results were consistent with those observed in the
leukemia model (Supplementary Fig. 23c-f), underscoring the advan-
tage of BAFF-redirected sCAR-T cells in overcoming antigen escape
after CD19 CAR-T-cell therapy. These results further confirm that the
split-design ligand-based CAR-T-cell system exhibits multitargeting
capabilities, broad-spectrumefficacy, and clinically relevant compared
to FDA-approved CAR-T-cell therapies.

In vivo synergistic effects of the split-design ligand-based CAR-
T-cell system
Combining antigen-specific approaches to achieve precise tumor
identification can significantly enhance therapeutic outcomes36–38.
Directing a single CAR-T-cell toward distinct antigens offers an
alternative to broad-spectrum therapy. However, the conventional
method of designing two separate batches of CAR-T cells with dif-
ferent antigen specificities is prohibitively costly. Hence, a drug-
gated sCAR system in which different drugs are introduced to acti-
vate CARs targeting various antigens could prove invaluable39,40. To
demonstrate the feasibility of using a split-design CAR as a switch-
board (Fig. 6a), we first established an orthotopic RPMI8226 (BCMA+

TACI+ MM) model. After tumor clearance was achieved with Myc-
APRIL, themicewere rechallengedwithNalm6 (BAFFR+ B-ALL) tumor
cells and treated with the alternative switch, Myc-BAFF (Fig. 6b). As
shown in Fig. 6c-d, both tumor burdens were effectively managed by
utilizing different switches with a single CAR, whereas tumor recur-
rence occurred in the mice treated with conventional CAR-T cells
combination. The percentage survival on day 75 was 100% for the
sCAR-T-cell therapy group and 0% for the conventional CAR-T-cell
therapy group (P < 0.0001) (Fig. 6e). Consistent with previous
results, mice with MM single tumors treated with Myc-APRIL exhib-
ited rapid tumor clearance and significantly prolonged survival
(Supplementary Figs. 24a, b). Twenty-four hours after the first dose
of Myc-APRIL and Myc-BAFF, the serum of mice in the sCAR-T-cell
group exhibited significantly higher levels of proinflammatory cyto-
kines than those in the conventional CAR-T-cell group (Fig. 6f, Sup-
plementary Fig. 24c). At the endpoint of the switch treatment (day
18), we detected a substantial number of sCAR-T cells in the per-
ipheral blood of mice, which was significantly higher than the num-
ber of conventional CAR-T cells in the conventional CAR-T-cell group
(Fig. 6g, Supplementary Fig. 24d). As expected, in the absence of
Myc-BAFF, sCAR-T cells failed to control the second tumor, Nalm6,

Fig. 4 | In vivo comparison of the split-design CAR approach with ligand-based
conventional CARs. a Timeline of in vivo experiments. Consistent results were
obtained in two independent experiments (n = 5 mice). b Representative biolumi-
nescence images of mice subjected to different treatments. Colors represent the
luminescence intensity (red, highest; blue, lowest). c, d Quantification of the
average radiance (p/s/cm2/sr) of the luminescence, related to APRIL- (c) and BAFF-
(d)-based CAR-T-cell therapy. Two-way ANOVA multiple comparisons in Dunnett
correction were used to assess significance. e Evaluation of serum inflammatory
cytokine release by ELISA 24h after CAR-T-cell infusion. One-way ANOVA multiple
comparisons in Tukey correction were used to assess significance. f, g Survival
curves of the mice subjected to the indicated treatments. Survival curves were
compared using the log-rank (Mantel‒Cox) test. h Timeline of in vivo experiments.
Consistent results were obtained in two independent experiments (n = 5 mice).
i Representative bioluminescence images of mice subjected to different treat-
ments. Colors represent the luminescence intensity (red, highest; blue, lowest).

jQuantification of the average radiance (p/s/cm2/sr) of the luminescence. Two-way
ANOVA multiple comparisons in Dunnett correction were used to assess sig-
nificance, comparing 9E10-IgG4m CAR-T (with Myc-BAFF) and CD19/CD22 CAR-T.
k Evaluation of serum inflammatory cytokine release by ELISA 24 h after CAR-T-cell
infusion. One-way ANOVA multiple comparisons in Dunnett correction were used
to assess significance. l Assessment of the presence of persistent human CD3+

(hCD3+) T cells in peripheral blood by flow cytometry over a 3-week follow-up
period. Two-way ANOVAmultiple comparisons in Dunnett correction were used to
assess significance, comparing 9E10-IgG4m CAR-T (with Myc-BAFF) with BAFF-
CAR-T at each time point. m Survival curves of mice subjected to the indicated
treatments, compared using the log-rank (Mantel‒Cox) test. All n represents bio-
logical replicates from different mice. Data in this figure are representative of one
of two independent experiments. Error bars represent mean ± SEM. NS indicates
not significant. Source data are provided in the Source Data file.
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and induce cytokine production and T-cell expansion, suggesting the
absence of cross-inhibitory effects between each switch and high-
lighting the necessity of alternative dosing regimens to control B-cell
malignancies via antigen switching.While themice in the sCAR-T-cell
group exhibited slight weight loss during Myc-BAFF administration,
they eventually regained normal weight after treatment was

completed (Supplementary Fig. 25a-b). In summary, compared with
conventional CAR-T-cell therapy, the split-design CAR-T-cell system
enables the use of different switches as regulators to sequentially
modulate T-cell functions, allowing the sequential targeting of dif-
ferent tumor types and driving synergistic in vivo activities to further
reduce tumor burden, with significantly improved results.
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Discussion
Thedevelopment of CAR-T-cell therapy has hada significant impact on
the field of cancer immunotherapy; however, it is concerning
that relapse rates can reach 40–60% in patients with B-cell
malignancies41–44. To address these concerns, compensatory strate-
gies mediated by antibody combinations or multispecific ligands have
been explored successfully in several clinical trials3,4,45,46. While these
studies have demonstrated the feasibility of co-targeting different
neoantigens to prevent antigen escape, these systems generally do not
allow optimal CAR structure design or facile modulation of CAR-T-cell
activity. Importantly, this is a systematic comprehensive investigation
into the importance of ligand-mediated CAR-T cells in a split design to
achieve improved efficacy over conventional CAR approaches.

While scFv-based CAR-T cells have shown great success in the
clinic, they also present problems related to stability, immunogenicity,
and antigen escape, which pose challenges for the further translation
of some CAR-T-cell therapies47,48. As an alternative approach, ligand-
based CAR designs have proven to be advantageous in some circum-
stances compared to scFv-based designs, and several translational
aspects are undergoing clinical testing12,15,49–51. A phase I clinical trial
(NCT05312801) involving BAFF CAR-T cells (LMY-920) is underway,
and the results are pending. Furthermore, both APRIL and BAFF have
been explored as targeting moieties for toxin delivery against various
B-cell malignancies26,52–55. However, a phase I/II clinical trial
(NCT03287804) of BCMA/TACI bispecific CAR-T cells (AUTO2), which
utilize truncated APRIL as the antigen-binding domain, to treat
patients with relapsed/refractory MM was terminated early due to
poor efficacy. While the APRIL CAR was well tolerated, responses were
observed in 45.5% of patients56,57. Compared with those of the BCMA
CARs (Ide-cel and Cilta-cel), the APRIL CAR showed weaker T-cell
activation, cytotoxicity and soluble antigen binding in vitro57. These
deficiencies were likely due to the use of APRIL as an antigen recog-
nition domain. As members of the TNF family, APRIL and BAFF must
assemble as homotrimers to promote optimal binding to receptors. To
achieve greater efficacy, trimeric APRIL- and BAFF-based CARs have
been developed by connecting three ligand monomers via linkers13,14.
However, conventional structures based on TNF ligands, particularly
BAFF, have limitations due to their type II transmembrane protein
structure. In contrast to CARs, which are type I transmembrane pro-
teins whose N-terminus lies in the distal membrane, the inherent
conformation of ligands is inverted for use as the extracellular region
of a CAR construct. This not only compromises ligand efficiency but
also carries the risk of adverse effects since the C-terminus of these
ligands is important for receptor recognition. These findings sug-
gested that T cells expressing APRIL do not bind to the target satis-
factorily, which directly contributes to the limited ability of the APRIL
CAR to achieve clinical remission in clinical trials. Therefore, we sus-
pect that the use of BAFF to construct CAR-T cells may also have
certain limitations. In this context, we explored a split CAR design to
harness themultispecificity of ligands. Surprisingly, conventionalBAFF

CAR exhibited markedly reduced efficacy, particularly against BAFF
single-positive ALL cell lines, which may be due to the strong trimeric
dependence of BAFFR receptor binding to BAFF ligands. Furthermore,
the preparation process did not utilize the transposon system, which
may also contribute to the inferior efficacy of the BAFF CAR. Both
APRIL- and BAFF-based switches retained homotrimer structures, and
the flexibility ofMyc tag fusion site selection guaranteed optimal CAR-
T-cell-redirected activities against various tumor cells.

Efforts to optimize the simultaneous design of sCAR hinges and
switch labeling sites are crucial for enabling efficient IS formation and
optimal sCAR-T-cell activity. Consequently, we refined the optimal
ligand-based sCAR design by fusing the Myc tag to the N-terminus of
ligand ectodomains. These fusions paired with sCAR-T cells with a
shortened 12-aa IgG4m hinge, facilitating the efficient formation of
synapses18,58,59. Among all the candidates, the optimized sCAR-T-cell
construct significantly improved the geometric arrangement of IS
between cancer cells and T cells, leading to efficient tumor clearance
and cytokine production in response to multiple cell lines and patient
samples. Importantly, our structurally optimized sCAR-T cells exhib-
ited desirable breadth and potency in vitro and in vivo against various
B-cell malignancies, overcoming the limited antitumor activity asso-
ciated with conventional ligand-based CAR-T-cell therapy. This high-
lights the promising advantages of split CAR design, particularly when
natural ligands or receptors are utilized as targeting moieties, to meet
functional requirements effectively.

We comprehensively evaluated the relative cytotoxicity of BAFF/
APRIL-based sCAR-T cells in comparison to Tisa-cel (CD19 CAR-T) and
Cilta-cel (BCMACAR-T) across a range of cell lines in vitro, as well as in
various xenograft models in vivo. BAFF-based sCAR-T cells demon-
strated distinct advantages over Tisa-cel, particularly in scenarios
where CD19 antigens had escaped; however, their cytotoxicity against
single and double positive cell lines was slightly lower than that of
CD19 CAR-T cells. This difference may be attributed to significantly
lower target densities of BAFFR/BCMA/TACI compared to CD19 anti-
gens. Conversely, the overall activity of APRIL-based sCAR-T cells
remained comparable to that of Cilta-cel, with reduced efficacy noted
exclusively in cell lines expressingBCMAantigens at very lowdensities.
This reductionmaybe related toCilta-cel’s dualBCMA-targetingVHHs,
which recognize two different epitopes of the BCMA antigens. These
results are promising, though certain aspects fall short when com-
pared to the performance of FDA-approved CAR-T therapies. Never-
theless, the split design CAR approach offers a broader range of
indications, multi-target combinations, and flexibility for modifica-
tions, highlighting its significant potential for clinical translation.

The primary objective of the sCAR-T-cell strategy is to enhance
the versatility for controlling tumor variants by targeting different
antigens with a single CAR60. Therefore, we characterized this
approach in various preclinical animal models with clinical relevance.
We modeled CD19 and CD22 antigen loss by gene knockout in B-ALL
Nalm6 cell lines and observed continued susceptibility to tumor

Fig. 5 | In vivo comparison of the split-design CAR approach with the FDA-
approved CARs. a Timeline of in vivo experiments. Consistent results were
obtained in two independent experiments (n = 5 mice). b Representative biolumi-
nescence images of mice subjected to different treatments. Colors represent the
luminescence intensity (red, highest; blue, lowest). c Evaluation of serum inflam-
matory cytokine release by ELISA 24 h after CAR-T-cell infusion. One-way ANOVA
multiple comparisons in Dunnett correction were used to assess significance.
dQuantificationof the average radiance (p/s/cm2/sr) of the luminescence. Two-way
ANOVAmultiple comparisons in Sidak correction were used to assess significance,
comparing 9E10-IgG4m CAR-T (with Myc-APRIL) with BCMA CAR-T. e Survival
curves ofmice subjected to the indicated treatments, compared using the log-rank
(Mantel‒Cox) test. f Timeline of the in vivo experiments. Consistent results were
obtained in two independent experiments (n = 5 mice). g Representative biolumi-
nescence images of mice subjected to different treatments. Colors represent the

luminescence intensity (red, highest; blue, lowest). h Evaluation of serum inflam-
matory cytokine release by ELISA 24 hours after CAR-T-cell infusion. One-way
ANOVA multiple comparisons in Dunnett correction were used to assess sig-
nificance. iQuantification of the average radiance (p/s/cm2/sr) of the luminescence.
Two-way ANOVA multiple comparisons in Dunnett correction were used to assess
significance, comparing 9E10-IgG4m CAR-T (with Myc-BAFF) with CD19 CAR-T.
j Assessment of the presence of tumor cells (GFP+ CD19+ or GFP+ CD19-) in per-
ipheral blood by flow cytometry on the 18th day of the experiment. One-way
ANOVA multiple comparisons in Dunnett correction were used to assess sig-
nificance. k Survival curves of the mice subjected to the indicated treatments,
compared using the log-rank (Mantel‒Cox) test. All n represents biological repli-
cates with different mice. Data are in this figure representative of one of two
independent experiments. Error bars represent mean± SEM. NS indicates not sig-
nificant. Source data are provided in the Source Data file.
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Fig. 6 | In vivo synergies of the split-design ligand-based CAR-T-cell system.
a Schematic representation of the design utilizing various switches to redirect
sCAR-T cells to specific tumors. b Timeline of the in vivo model illustrating the
synergistic efficacy of sequential tumor control in MM using Myc-APRIL and B-ALL
using Myc-BAFF. Twenty-one days after RPMI8226 tumor engraftment, mice were
i.v. administered 15 × 106 corresponding CAR-T cells. Myc-APRIL was i.p. adminis-
tered daily for 5 days to manage RPMI8226 tumor cells. Following this, Nalm6 cells
(0.25 × 106 cells) were i.v. injected 6 days later, and sCAR-T cells were redirected to
control B-ALL tumors through daily i.p. administration of Myc-BAFF for 10 days.
Conventional APRIL and BAFF CAR-T cells were injected on days 21 and 29,
respectively. Consistent results were obtained in two independent experiments
(n = 5 mice). c Representative bioluminescence images of mice under different
treatment conditions. Colors indicate the luminescence intensity (red, highest;
blue, lowest). d Tumor burden of the MM and B-ALL dual-tumor model over time
following Nalm6 rechallenge, quantified as the average radiance (p/s/cm2/sr) from

the luminescence. Two-wayANOVAmultiple comparisons inTukey correctionwere
used to assess significance, comparing 9E10-IgG4m CAR-T in combination with
Myc-APRIL and Myc-BAFF versus the combination of the APRIL CAR-T and BAFF
CAR-T. e Survival curves depicting the outcomes of the mice subjected to the
indicated treatments, compared using the log-rank (Mantel‒Cox) test. f Serum
inflammatory cytokine release was evaluated by ELISA 24h after the first dose of
Myc-BAFF. One-way ANOVAmultiple comparisons inDunnett correctionwere used
to assess significance. g On the 39th day of the experiment, the presence of per-
sistent human CD3+ (hCD3+) engineered CAR-T cells in the peripheral blood was
assessed in Nalm6-rechallengedmice by flow cytometry. One-way ANOVAmultiple
comparisons in Dunnett correction were used to assess significance. All n repre-
sents biological replicates with differentmice. Data in this figure are representative
of one of two independent experiments. Error bars represent mean ± SEM. Source
data are provided in the Source Data file.
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eradication in vivo by BAFF-based sCAR-T cells but not CD19/CD22
CAR-T cells. Clinically, resistant disease is characterized by tumor
variants that progress following treatment initiation. A split-design
CAR strategy using APRIL- and BAFF-based switches could serve as an
ideal single infusion therapy for various B-cell malignancies. To that
end, we further evaluated the in vivo efficacy of sCAR-T cells with
different switches against sequential challenges with different tumors,
includingMMandB-ALL cells. Themodular design of our ligand-based
sCAR platform allowed convenient redirection and adjustment of the
target specificity using a universal CAR harboring multiple switches.
Through a split-design CAR strategy, we can leverage a single lentiviral
structure to create uniform CAR-T-cell products addressing various
antigen attributes. These features are highly desirable for minimizing
the risk of developing escape variants and simplifying the clinical
implementation of CAR-T-cell therapy.

While some of our split designs of ligand-based sCARs have
already demonstrated in vitro and in vivo efficacy, others still require
further optimization. For example, we did not include scFv-based
adapter CARs in the comparison range of the study. Since our initial
intention was to generate ligand-based multitarget CAR-T cells, the
present study aimed to demonstrate the importance of a split design
and proper configuration for ligand-based CAR-T cells. In addition, the
safety data of the split-design ligand-based approach are insufficient,
and more exploration is still needed in the future. Finally, the relative
activities of the sCAR and regular CAR have been validated only on a
second-generation CAR backbone (lentiviral vector), which may
greatly reduce CAR activity56,57, especially that of BAFF CAR.

In conclusion, we developed an optimized split-design CAR-T-cell
strategy based on APRIL and BAFF ligands that faithfully replicates the
natural ligand structure and targeting specificity, offering distinct
advantages over the conventional CAR-T-cell approach, including
optimal IS formation and enhanced antitumor efficacy (Supplemen-
tary Fig. 27). Notably, synergistic ligand-based sCAR-T-cell therapy
represents a significant advance over current CAR-T-cell approaches,
as it addresses clinical challenges such as immune escape while pro-
viding high antitumor potency and persistence against antigenically
heterogeneous tumors. Therefore, our sCAR-T-cell strategy is pro-
mising as a therapeutic option for treating various B-cell malignancies
characterizedbyheterogeneous antigen expression in clinical settings.

Methods
Study approval
All experiments involving human materials were approved by the
Clinical Research Ethics Committee of the Huazhong University of
Science and Technology Union Shenzhen Hospital. Healthy volunteers
provided informed written consent prior to participation.

Animal experiments were approved by the Animal Care and Use
Committee of Peking University Shenzhen Graduate School and were
conducted in accordance with the national and international guide-
lines for the ethical treatment of animals.

Experimental design
The aim of this study was to develop optimal, multitargeted, and
regulatable CAR-T cells.We harnessed themultitargeting properties of
the natural ligands APRIL and BAFF to broadly target most B-cell
malignancies. Currently, conventional APRIL- or BAFF-based CAR-
T cells may not reliably maintain the trimer conformation, which can
lead to nonspecific toxicity or reduced antitumor activity. Our
hypothesis was that by constructing the extracellular domains of
APRIL and BAFF separately from CAR-T cells, we could ensure the
correct conformation of ligand proteins, optimal binding to receptors,
and enhanced antitumor activity. The efficacy of split-design ligand-
based CAR-T cells was evaluated through in vitro immune synapse
formation, cytotoxicity, and cytokine release assays, as well as through
xenograft efficacy studies. In vitro, experiments were conducted in

triplicate, while the sample sizes for in vivo studies were determined
empirically to ensure sufficient statistical power following established
standards for the techniques utilized in the study.Micewere randomly
assigned to treatment groups to avoid statistically significant differ-
ences in the baseline tumor burden. Data analysis was not performed
in a blinded manner.

Cell lines and culture conditions
All human malignant hematologic cell lines, including Nalm6, IM9,
Raji, RPMI8226, MM.1S, K562, were directly obtained from the
American Type Culture Collection (ATCC). These cell lines were
cultured in complete RPMI-1640 media (HyClone, SH30255.01),
supplemented with 10% heat-inactivated FBS (Yoshi, A1015), 1%
penicillin‒streptomycin (P/S), 0.1 mM non-essential amino acids
(NEAA), 6 mM L-glutamine (L-Glu) and 1mM sodium pyruvate (SP).
HEK293T cells were purchased from Thermo Fisher Scientific and
maintained in high-glucose complete DMEM (Gibco, C11995500BT)
supplemented with 10% FBS, 1% P/S, 0.1 mM NEAA, 6 mM L-Glu and
1mM SP. The FreeStyple 293 suspension cell line was obtained from
Sino Biological, Inc., and cultured in SMM293-TII media (Sino Bio-
logical, M293TII-N).

Structure designs of CARs and switch fusions
All CAR structures comprised the following elements in a sequential
arrangement: the EF1α promoter, the CD8 signaling sequence, the
antigen binding domain, the transmembrane domain, the 4-1BB cost-
imulatory domain, and the CD3ζ signal transduction domain. A sche-
matic diagram of the component connections for each CAR is
provided in Supplementary Fig. 5a. The antigen-binding domain for all
three 9E10-basedCARswas the anti-Myc scFv derived fromclone 9E10.
Specifically, the 9E10-CD8 CAR features a CD8 hinge region and
transmembrane domain, the 9E10-CD28 CAR contains a CD28 hinge
region and transmembranedomain, and the 9E10-IgG4mCARcontains
an IgG4m hinge region and a CD8 transmembrane domain. Addition-
ally, conventional APRIL- or BAFF-based CARs employ the extracellular
domain of APRIL or BAFF as their antigen-binding domain, which
features aMyc tagat theN-terminus. Both constructs included the IgG1
hinge region and the CD28 transmembrane domain, with a short
spacer interval inserted between the hinge region and the ligand, fol-
lowing the methods of Wong and Lee12,15. For CD19 CAR-T cells, the
scFv clone FMC63 targeted CD19, which was structured as shown in
the Figure and was consistent with tisagenlecleucel (Tisa-cel). For the
BCMA CAR-T cells, two VHH domains targeted different epitopes of
BCMA,whichwas structured as shown in the Figure andwas consistent
with ciltacabtagene autoleucel (Cilta-cel). For the CD19/CD22 bispe-
cific CAR, the CD19-targeting scFv (clone FMC63) and CD22-targeting
scFv (cloneM971) were utilized, andM971 was connected between the
VL and VH of the FMC63 scFv using flexible GGGGS linkers to create a
loop structure.

The gene sequences of the natural ligands APRIL (TNFSF13,
O75888) and BAFF (TNFSF13B, Q9Y275) were obtained from Uni-
Prot.org. GenScript Biotech, Inc., synthesized the genes, which were
subsequently inserted into the pCAGGS expression vector. Truncated
APRIL ligand (116-250aa) and truncated BAFF ligand (134-285aa) were
used for switch construction. A flexible GGGGS linker was chosen to
attach the Myc tag to either the N- or C-terminus of APRIL and BAFF
ligands. Additionally, a 6×His tag was incorporated as a purification
marker and separated by a thrombin cleavage site.

Expression and purification of switch fusions
Switch fusions were transiently expressed using the FreeStyle HEK293
expression system. Briefly, transfection was initiated when the cell
density of FreeStyle 293 suspension cells reached 3 × 106/mL. Subse-
quently, 100μg of the expression vector plasmid was diluted in Opti-
MEM (Gibco, 31985-070) and mixed with Opti-MEM containing 125μg
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of PEI MAX MW40000 (Polysciences, Inc., 24765-1). After a 30-minute
incubation, the mixture was added to the cell suspension. The cells
were then agitated at 125 rpm in a 5% CO2 environment at 37 °C. The
expression cultures were harvested 72–96 h post-transfection by
centrifugation at 350× g and subjected to purification using Ni
Sepharose 6FF (Solarbio, P2010). The bound protein was eluted using
an elution buffer composed of 150mM imidazole, 300mM NaCl, and
50mM sodium phosphate at pH 7.4. The desired fractions were
combined and dialyzed against PBS overnight. After 16 h of digestion
with thrombin at room temperature, the 6×His tag was removed.
Finally, the 6×His tag and multimeric impurities were eliminated via
size exclusion chromatography utilizing the ӒKTA pure™ chromato-
graphy system (GE HealthCare) equipped with HiLoad 16/600 Super-
dex 200pg (GE Healthcare, 28989335). The identity and purity of the
switches were confirmed through SDS-PAGE analysis. The purified
switches were then aliquoted and stored frozen for long-term
preservation.

Molecular conformation analysis by SEC
The native-state molecular polymer conformation of the switches was
assessed using SEC. The purified proteins were first filtered through a
0.2 μm filter (Millex-GV, SLGVR33RB), then loaded onto a Superdex
200 Increase 10/300GL column (Cytiva, 28990944), and separated
using an AKTA pure system operating at a flow rate of 0.25ml/min at
room temperature. To calibrate the purification system, a protein
mixture comprising bovine serum albumin (ExCell Bio, C-BSA00100),
ovalbumin (Shanghai yuanye Bio-Technology, S12015), carbonic
anhydrase (Shanghai yuanye Bio-Technology, S10157), ribonuclease A
(Shanghai yuanye Bio-Technology, R21097), and aprotinin (Shanghai
yuanye Bio-Technology, S10089) was utilized as a standard. The
retention volume of each elution peak was determined through inte-
gration using UNICORN 6.3 software.

Isolation of peripheral blood mononuclear cells (PBMCs)
Anonymized healthy donor blood was provided by the Department of
Hematology, Huazhong University of Science and Technology Union
Shenzhen Hospital. PBMCs utilized for CAR-T-cell preparation were
isolated from blood using density gradient centrifugation (1000× g,
30min at room temperature without break) with Ficoll-Paque PLUS
(Cytiva, 17144003). Human PBMCs were isolated from the interphase
and washed several times with DPBS. Subsequently, the isolated
PBMCs were cryopreserved at a concentration of 10 × 108/mL in a
solution containing 10% DMSO in FBS.

CAR-encoding lentivirus production
To generate lentivirus, 1.5 × 106 293 T cells were seeded in 6-well plates
24 h prior to transfection. When the cell density reached 80%–90%,
Lipofectamine 2000 (Invitrogen, 11668-019) was used to transfect
each well with 0.75μg of VSVG envelope plasmid, 1.8μg of pMDL
packaging plasmid, 1.8μg of pRSV-Rev packaging plasmid, and 2.25μg
of CAR plasmid, all of which were mixed in OPTI-MEM. The medium
was replaced with fresh media 6 h later, and the lentiviral supernatant
was collected at 48 h post-transfection. The viral supernatant was ali-
quoted and stored at −80 °C for future use.

Transduction and culture of CAR-T cells
The isolated T cellswere thawed and activatedwithDynaBeadsHuman
T-Activator CD3/CD28 (Gibco, 11141D) for 48 hours in X-VIVO 15 med-
ium (LONZA, 04-418Q) supplemented with 5% FBS and 300 IU/mL IL-2
(GenScript, Z00368-50). Subsequently, the cells were infected with
lentivirus using a centrifugation protocol (1000 × g, 30min, 25 °C).
CAR-T cells were expanded in X-VIVO15 medium (5% FBS) supple-
mented with 10 ng/mL IL-7 (GenScript, Z02704) and 5 ng/mL IL-15
(GenScript, Z03308). CAR-T cells were expanded to 10 days post-
activation for subsequent experiments.

B-cell malignancy patients and clinical data
Peripheral blood or bone marrow samples were collected from
patients diagnosed with B-cell malignancies after providing informed
consent. Patient samples were provided by the Department of Hema-
tology, Huazhong University of Science and Technology Union
Shenzhen Hospital. Peripheral bloodmononuclear cells (PBMCs) were
isolated from these patient samples using established protocols, and
the selection of samples was guided to study reports. Clinical and
laboratory data were extracted from electronic medical records.
Informedconsent hasbeenobtained fromall studyparticipants for the
publication of clinical information.

Generation of CD19- or/and CD22-knockout cell lines
We employed CRISPR/Cas9 gene editing techniques to generate CD19-
or/and CD22-knockout Nalm6-GL cell lines. Lenti-CRISPR plasmids
were designed to deliver Cas9 along with specific guide RNA (gRNA)
sequences targeting the CD19 antigen (AAGCGGGGACTCCCGAGACC
on exon 3) or the CD22 antigen (GGATCATCAGAAGACCCCCConexon
6). The construction process followed established protocols. Mono-
clonal cell lines were sorted and screened to ensure purity and con-
sistent antigen density. To confirm genotypic alterations, all KO cell
lines underwent assessment for CD19 and CD22 surface expression
using flow cytometry and western blotting. For western blot, anti-
human CD19 antibody (Boster, BM4935) and anti-human CD22 anti-
body (Boster, BM4178) were used to verify the KO efficiency35.

Generation of K562 cell variants with gradient expression
of BCMA
Genes encoding the full-length BCMA antigen were synthesized by
GenScript and cloned into the pLV lentiviral plasmid. To prepare len-
tivirus, 1.5 × 106 293 T cells were seeded in 6-well plates 24 h prior to
transfection. Lipofectamine 2000 (ThermoFisher Scientific, 11668019)
wasused to co-transfect third-generation lentiviral packagingplasmids
(pMDL, pRSV-REV, and pVSV-G) with the pLV plasmid into 293 T cells,
following the manufacturer’s instructions for lentivirus preparation.
After 48 h, the virus-containing medium was collected. The lentiviral
supernatant was used to transduce the wild-type K562 cell line, and
monoclonal clones with varying densities of BCMA antigen were sor-
ted using flow cytometry.

Flow cytometry analysis
The following antibodies were used for staining: APC anti-human
BAFFR (BioLegend, 316916), PE anti-human BCMA (BioLegend,
357504), PE anti-human TACI (BioLegend, 311906), APC anti-human
CD3 (BioLegend, 300312), Pacific Blue anti-human CD3 (BioLegend,
300329), FITC anti-human CD45 (BioLegend, 304038), PE anti-human
CD22 (BioLegend, 302506), APC anti-human CD19 (BioLegend,
302212), Alexa Fluor 647 goat anti-mouse IgG (H + L) (Invitrogen,
A21235), Alexa Fluor 647 F(ab’)2 fragment of goat anti-mouse IgG
(Invitrogen, A21237), and FITC goat pAb to Myc tag (Abcam, ab1263).
These antibodies were diluted to a concentration of 1μg/ml for
staining the cell samples in PBS. The transduction efficiency of 9E10-
based CAR-T cells and CD19/CD22 bispecific CAR-T cells was assessed
by staining with anti-mouse IgG (H + L) F(ab’)2 fragment-Alexa Fluor
647. The transduction efficiency of APRIL- and BAFF-based conven-
tional CAR-T cells was determined using FITC anti-Myc tag staining.
The surfaceexpressionof BAFFR, BCMAandTACI antigens onmultiple
B-cell malignant cell lines or primary patient samples was analyzed
using APC-conjugated anti-human BAFFR, PE-conjugated anti-human
BCMAandPE-conjugated anti-humanTACI. For T cells in in vivo assays,
samples were stained with FITC-conjugated anti-human CD45 and
APC-conjugated anti-human CD3. Tumor cells in vivo were identified
as GFP+ and further analyzed using APC-conjugated anti-human BAFFR
or APC-conjugated anti-human CD19 antibodies. To exclude dead cells
from the analysis, all samples were stained with 7-AAD staining (BD

Article https://doi.org/10.1038/s41467-024-54150-z

Nature Communications |         (2024) 15:9751 13

www.nature.com/naturecommunications


BioSciences, 51-68981E) prior to quantitative analysis. The flow cyto-
metry gating strategy is shown in Supplementary Fig. 26. Flow cyto-
metry analysis was performed using a flow cytometer (Attune NxT,
Thermo Fisher Scientific), and FlowJo software was used for the ana-
lysis of all flow cytometry data.

Flow cytometry-based binding assay
Flow cytometry-based binding assays were performed to assess the
relative fluorescence intensity. Tumor cells were incubated with dif-
ferent concentrations of ligand-based switches in the diluent for 1.5 h
on ice. After being washed, the cells were stained with anti-Myc tag-
FITC for 1 h on ice before data acquisition on a flow cytometer.

ELISA-based binding assay
Thebinding affinity of various switches toBAFFR/BCMA/TACI antigens
was evaluated by ELISA. First, 100 nM of various switches were
immobilized on a 96-well ELISA plate at 4 °C, followedby blockingwith
5% BSA in Tris-NaCl (pH 8.0) for 2 h at room temperature. After
washing with 0.1% Tween-20 in PBS, antigens (BAFFR, BCMA or TACI)
at various concentrations were added and incubated for 2 h at 37 °C.
The plate was subsequently incubated with HRP-conjugated goat anti-
human IgG (BBI, D110150-0100) for 1 h at 37 °C. Following another
wash, a substrate solution containing 2,2’-azinobis(3-ethylbenzthiazo-
line-6-sulfonate) (ABTS) was added, and the reaction was terminated
with 2M H2SO4. Color intensity was measured using a Cytation 5 Cell
Imaging Multi-Mode Reader (Agilent Technologies) with excitation at
450nm. Data analysis was conducted via nonlinear regression using
the logarithm (agonist) vs. response model in GraphPad Prism
software.

Immunofluorescence analysis of immune synapse formation
A total of 1 × 105 indicated 9E10 CAR-T cells were incubated with var-
ious switches (100 nM) for 1 hour at 4 °C. After being washedwith 1mL
of cold PBS, the CAR-T cells were resuspended with 5 × 104 indicated
tumor cells in RPMI1640 complete media. The samples were then
incubated on poly-D-lysine-coated coverslips in an incubator for
1 hour. APRIL- and BAFF-based conventional CAR-T cells were directly
co-incubated with tumor cells. Subsequently, the following steps were
performed for staining: fixation with 4% neutral formaldehyde to
preserve cell morphology, permeabilization with 0.2% Triton X-100 to
allow antibody penetration, and blocking with 3% BSA to prevent
nonspecific binding. For immunofluorescence, the cells were stained
with a primary rabbit anti-human PKC-θ biotin-conjugated antibody
(Signalway Antibody, C33151). After being gently washed, the cells
were stainedwith PE-Streptavidin (BioLegend, 405204). To identify the
nucleus, the cells were stained with Hoechst (Solarbio, C0031). In the
final step, a fluoroshield quencher (Sigma‒Aldrich, F6182) was used to
prevent fluorescence quenching. The cell‒cell conjugates were
observed via a laser scanning confocal microscope (A1R, Nikon) with
an oil immersionobjective (100×). The conjugateswere analyzed using
ImageJ software, and the red region between the tumor and CAR-T
cells was identified using a gating strategy.

In vitro cytotoxicity assay
Tumor cells were labeled with the CFSE cell division tracker kit (Bio-
Legend, 423801) following the manufacturer’s protocol. To determine
the optimal CAR and switch structure, CAR-T cells were co-incubated
with target cells at an E:T ratio of 10:1 or 1:1 while maintaining a total
cell concentration of 1 × 106/mL. Different concentrations of switches
were added to each well, and the cells were incubated at 37 °C for 24 h
in complete RPMI 1640 medium. In the comparison assay, either
conventional CAR-T cells or sCAR-T cells with 1 nM switches, were co-
cultured with target cells at varying E:T ratios. After incubation, dead
cells were excluded by 7-AAD staining. Switch-mediated cytotoxicity
was assessed using a flow cytometry by counting the remaining live

target cells, which were identified as 7-AAD–CFSE+. For the primary
patient samples, after incubation, the cells were stained with Pacific
Blue anti-human CD3, APC anti-human CD19 and 7-AAD, and live
patient tumor cells were identified as 7-AAD–hCD3–hCD19+ cells.

Cytokine release assay
CAR-T cells and target cells were co-cultured at either a 10:1 or 1:1 E:T
ratio at 37 °C for 24 h, and switches were added at a concentration of
100pM. The levels of cytokines secreted into the culturemediumwere
measured using human IL-2 (Thermo Fisher Scientific, 88-7025-88),
IFN-γ (ThermoFisher Scientific, 88-7316-88) andTNF-α (Thermo Fisher
Scientific, 88-7346-88) test kits following the manufacturers’ proto-
cols. All the tests were conducted in triplicate, and the in vitro data are
presented as mean± SDs, while in vivo data are presented as
mean± SEMs.

Western blot
To determine the molecular weight of the CAR, 9E10-IgG4m CAR-
T cells or untransduced T cells were co-cultured with Nalm6 or
RPMI8226 cells at a 1:1 E:T ratio in complete RPMI 1640 medium con-
taining Myc-BAFF orMyc-APRIL at concentrations of 1/10/100 nM. The
co-culture mixture was incubated for 30minutes, followed by rapid
washing twice with ice-cold PBS and lysis with strong lysis buffer
containing a protease inhibitor (Mei5bio, MF182-plus-01). The cell
lysates were centrifuged at 10,000 × g at 4 °C for 10minutes, and the
supernatants were quantified using a BCA protein assay kit
(Elabscience, E-BC-K318-M). Subsequently, 15μg of non-reduced
whole-cell lysates were loaded onto an 8% SDS‒PAGE gel. After the
proteins were transferred onto nitrocellulose membranes, the mem-
branes were blocked with 5% non-fat milk and incubated with primary
antibodies (anti-human CD3ζ, Santa Cruz Biotechnology, sc-1239) and
secondary antibodies (anti-mouse IgG-HRP, TransGen Biotech, HS201-
01) diluted in blocking buffer.

Pharmacokinetics
Female BALB/c mice aged 6 to 8 weeks were purchased from Zhejiang
Vital River Laboratory Animal Technology Co., Ltd. Myc-APRIL and
Myc-BAFF switches were labeled with IRDye800CW (LI-COR, P/N 928-
38040) following the manufacturer’s protocol. Female BALB/c mice
(n = 3/group) received intravenous injections of IRDye800-labeled
Myc-APRIL orMyc-BAFF at a dose of 3 nmol permouse. Blood samples
(30μL) were collected from the retro-orbital venous plexus of each
mouse at 5, 10, and 30minutes and at 1, 2, 4, 8, and 24 h post-injection.
The switch concentrations in the blood samples were determined
using a standard curve. Half-life parameters were analyzed via Graph-
Pad Prism analysis software.

Biodistribution
Female NSG mice aged 6–8 weeks were subcutaneously inoculated
with 10 × 106 RPMI8226 cells or 5 × 106 Raji cells, and the tumors were
allowed to reach 500 mm3 in size before injection. The distribution of
intravenous IRDye800-labeled Myc-APRIL and Myc-BAFF switches
relative to tumor localization was assessed at 30min, 6 h, 24 h, and
48 h post-injection.

In vivo efficacy study
All in vivo experimental procedures were approved by the Peking
University ShenzhenGraduate School AnimalCare andUseCommittee
and performed according to the national and international guidelines
for the ethical treatment of animals. All mice are housed and cared for
by trained personnel in a compliant environment. The feeding para-
meters included ambient temperature 21 °C ± 1 °C, and humidity 40-
70%, dark/light cycle 12/12 (6:00-18:00 light). Female NOD-
PrkdcscidIl2rgem1/Smoc (NSG) mice, aged six to eight weeks, were pur-
chased from Shanghai Model Organisms Center, Inc. For the
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hematologic tumor model, tumor burden was measured by an IVIS
Spectrum (PerkinElmer) and quantified as the average radiance [p/sec/
cm2/sr] in the region of interest. Images were acquired within
10minutes following the intraperitoneal injection of 150mg/kg
D-luciferin (Energy Chemical, E011308). Given the nature of the mod-
els, there were no restrictions on tumor size or burden, making direct
inferences from external measures unfeasible. Since the tumor cells
expressed luciferase, we established a radiance threshold of ≥1010

photons/s/cm²/sr as an upper surrogate limit; however, this was not
attained in this study. Animals that experienced a 20% loss of their
original body weight were euthanized. In subcutaneous (s.c.) tumor
models, tumor volume was measured and calculated using the fol-
lowing formula: Volume= (length ×width2)/2 until it reached a max-
imum of 20mm in either length or width or until the total volume
reached 2000 mm3, at which point the animals were euthanized. In
some cases, this limit has been exceeded by the last day of measure-
ment, and the mice were immediately euthanized.

We initially conducted stress tests inMMandB-ALL tumormodels
with APRIL- and BAFF-redirected sCAR-T cells, respectively. In the MM
model, NSG mice (n = 4/group) received an intravenous (i.v.) inocula-
tion of luciferase-expressing RPMI8226 cells (10 × 106 cells permouse).
Twenty-one days after tumor engraftment, we investigated the dose
stress of CAR-T cells andMyc-APRIL. For the CAR-T-cell stress test, the
micewere i.v. administered 10 × 106, 3 × 106 or 1 × 106 9E10-IgG4mCAR-
T cells, while the dose of Myc-APRIL was fixed at 1mg/kg. For the
switch stress test, the mice received intraperitoneal (i.p.) injections of
3mg/kg, 1mg/kg or 0.3mg/kg Myc-APRIL, with the CAR-T-cell dose
fixed at 10 × 106 cells permouse. For the B-ALLmodel, NSGmice (n = 4/
group) were inoculated i.v. with luciferase-expressing Nalm6 cells
(0.5 × 106 cells permouse). Three days post-engraftment, we tested the
dose-induced stress of CAR-T cells and Myc-BAFF. For the CAR-T-cell
stress test, the mice were i.v. injected with 30 × 106, 10 × 106 or 3 × 106

9E10-IgG4mCAR-T cells, while the doseofMyc-BAFFwas fixed at 1mg/
kg. For the switch stress test, the mice received i.p. injections of 3mg/
kg, 1mg/kg or 0.3mg/kg Myc-BAFF, with the CAR-T-cell dose fixed at
30 × 106 cells per mouse. Additionally, 50μL of blood was drawn two
hours after the first administration to determine the serum cytokine
concentrations using the IL2/TNF-α/IFN-γ kits according to the man-
ufacturer’s standard procedure.

The in vivo efficacy study was designed to compare split-design
CAR-T cells with conventional ligand-based CAR-T cells and FDA-
approved CAR-T-cell therapies. For the MM model, NSG mice were
intravenously (i.v.) inoculated with 1 × 107 luciferized RPMI8226 cells
on day 0. On day 21, 10 × 106 CAR-T cells were i.v. infused, followed by
intraperitoneal (i.p.) administration of the switches 2 h later, with
subsequent dosing every other day for a total of seven doses. In the
heterogeneous B-ALL model, a mixture of tumor cells, including
luciferase-expressing Nalm6WT and Nalm6 KO variant cells, was used
to establish an immune escape model. Each NSG mouse was i.v.
inoculated with 1 × 106 or 0.5 × 106 luciferized Nalm6mixture on day 0.
On day 4, 30 × 106 CAR-T cells were intravenously (i.v.) infused, fol-
lowed by i.p. administration of the switches 2 h later, which was con-
tinued daily for ten doses. For the model of non-Hodgkin lymphoma,
NSG mice were s.c. inoculated with 5 × 106 Raji cells or a variant cell
mixture on day 0. On day 4, 15 or 30 ×106 CAR-T cells were i.v. infused,
followed by i.p. administration of the switches 2 h later, with sub-
sequent dosing every other day for a total of ten doses. To ensure the
sustained activity of CAR-T cells in vivo, human IL-7was injected via the
i.p. route at a dose of 100 ng per mouse for a total of 10 injections61.
Tumor volume was measured every three days until the maximal
tumor burden was reached. Additionally, 50μL of blood was drawn
two hours after the first switch to determine serum cytokine con-
centrations using the IL2/TNF-α/IFN-γ kits, and blood analysis was
continued every 4 days for up to five times to access CAR-T cell per-
sistence in peripheral blood.

In vivo synergistic efficacy study
For the dual tumor model of MM and B-ALL, NSG mice were i.v.
inoculated with 1×107 luciferized RPMI8226 cells on day 0. On day 21,
15×106 CAR-T cells (either 9E10-IgG4m or APRIL CAR) were intrave-
nously (i.v.) infused, followed by i.p. administration of Myc-APRIL
2 hours later, with five doses of Myc-APRIL administered daily. On day
28, each NSG mouse received an i.v. inoculation of 0.25 × 106 lucifer-
ized Nalm6 cells. Three days later, Myc-BAFF was administered intra-
peritoneally (i.p.) every day for ten doses. Similarly, on the same day as
the first dose of Myc-BAFF, the mice in the conventional CAR-T-cell
combination groupwere intravenously (i.v.) infused with 15 × 106 BAFF
CAR-T cells. The tumor burden wasmonitored using bioluminescence
imaging, and peripheral blood was analyzed via flow cytometry at the
indicated time points.

Statistical analysis
All the statistical analyzes were performed using GraphPad Prism
version 8.4.2 software. P values determined by paired two-tailed t-
tests, one-way or two-way ANOVA multiple comparisons in Dunnett
correction, and two-way ANOVA multiple comparisons in Tukey cor-
rection. Survival data were analyzed using the log-rank (Mantel‒Cox)
test. In vitro assay data with experimental replicates are presented as
the mean± SD, while data from in vivo experiments with biological
replicates are presented as the mean ± SEM.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data are available within the Article, Supplementary Information
or Source Data file. Source data are provided with this paper.
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