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C A N C E R

Engineered T cells secreting anti-BCMA T cell engagers 
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Multiple myeloma is the second most common hematological malignancy in adults and remains an incurable disease. 
B cell maturation antigen (BCMA)–directed immunotherapy, including T cells bearing chimeric antigen receptors 
(CARs) and systemically injected bispecific T cell engagers (TCEs), has shown remarkable clinical activity, and several 
products have received market approval. However, despite promising results, most patients eventually become 
refractory and relapse, highlighting the need for alternative strategies. Engineered T cells secreting TCE antibodies 
(STAb) represent a promising strategy that combines the advantages of adoptive cell therapies and bispecific anti-
bodies. Here, we undertook a comprehensive preclinical study comparing the therapeutic potential of T cells either 
expressing second-generation anti-BCMA CARs (CAR-T) or secreting BCMAxCD3 TCEs (STAb-T) in a T cell–limiting ex-
perimental setting mimicking the conditions found in patients with relapsed/refractory multiple myeloma. STAb-
T cells recruited T cell activity at extremely low effector-to-target ratios and were resistant to inhibition mediated by 
soluble BCMA released from the cell surface, resulting in enhanced cytotoxic responses and prevention of immune 
escape of multiple myeloma cells in vitro. These advantages led to robust expansion and persistence of STAb-T cells 
in vivo, generating long-lived memory BCMA-specific responses that could control multiple myeloma progression in 
xenograft models, outperforming traditional CAR-T cells. These promising preclinical results encourage clinical testing 
of the BCMA-STAb-T cell approach in relapsed/refractory multiple myeloma.

INTRODUCTION
Multiple myeloma (MM) is the second most common hematological 
malignancy in adults (1, 2), and although recent therapeutic strate-
gies have markedly improved survival (3), relapsed/refractory (R/R) 
MM remains an incurable cancer. Patients who are refractory to five 

treatment lines have a median overall survival of less than 6 months 
(4). Redirecting T cell activity toward cancer cells through targeting 
a cell surface tumor-associated antigen (TAA), such as by membrane-
anchored chimeric antigen receptors (CARs) or soluble bispecific 
(anti-TAA × anti-CD3) T cell–engaging (TCE) antibodies, represents 
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a promising approach for several hematological malignancies (5), 
including MM (6, 7). B cell maturation antigen (BCMA), also 
referred to as CD269 or TNFRSF17, is a member of the tumor 
necrosis factor receptor (TNFR) superfamily, which regulates B cell 
proliferation, survival, and differentiation to plasma cells (PCs) by 
binding to a proliferation-inducing ligand (APRIL) and B cell acti-
vating factor (BAFF) (8, 9). BCMA is an attractive target for T cell–
redirecting strategies because it is almost exclusively expressed on 
plasmablasts and PCs and is overexpressed on malignant PCs (10). 
BCMA is undetectable in naïve and memory B lymphocytes, hema-
topoietic stem cells, and most nonhematological normal tissues (11).

BCMA-targeted T cell–redirecting immunotherapies have been 
extensively evaluated at the preclinical level and are under active 
clinical investigation in R/R MM (12, 13). Adoptive cell therapy 
(ACT) with BCMA-specific CAR-T cells has shown unprecedented 
results with excellent safety profiles, leading to approval by the US 
Food and Drug Administration (FDA) and the European Medicines 
Agency (EMA) of two second-generation CAR-T cell products 
(idecabtagene vicleucel and ciltacabtagene autoleucel) (14, 15). 
These results have also been confirmed in an additional clinical 
study of patients treated with BCMA-specific CAR-T cells (16). 
Moreover, the FDA recently approved the BCMA-specific TCEs 
teclistamab (17) and elranatamab (18). However, despite the encour-
aging results obtained with BCMA-specific immunotherapies, 
most patients eventually relapse or show disease progression (15), 
highlighting the need for refined therapeutic strategies.

In addition to its membrane-anchored form, BCMA has a solu-
ble form (sBCMA) derived from the natural shedding of mem-
brane BCMA through γ-secretase activity, and serum sBCMA 
concentrations correlate with disease progression and poor treat-
ment outcome (19). BCMA shedding is an obstacle to BCMA-
targeted therapies both by reducing cell surface BCMA density 
and by acting as a decoy that neutralizes the activity of redirected 
T cells, as reported for BCMA-specific CAR-T cells (20); however, 
the impact on TCE-based therapies is considerably lower (21). 
CAR-T cells may have some advantages over systemically admin-
istered TCEs, such as the expansion and persistence of adoptively 
transferred CAR-T cells, creating a reservoir of memory cells that 
could provide long-term antitumor response (22). In contrast, the 
efficacy of TCEs would be determined by drug exposure, and it is 
unlikely that a strategy based on their systemic administration 
would generate a pool of long-term memory antitumor T cells 
once the drug is withdrawn (23).

An emerging T cell–redirecting strategy that uses both ACTs 
and bispecific antibodies, which we refer to as STAb (secretion of 
TCE antibodies) (5, 24), relies on the in vivo production of TCEs 
by engineered T cells (25–27). Sustained in vivo TCE secretion 
results in effective serum concentrations of the TCE (28). Further-
more, expansion and persistence of adoptively transferred STAb-T 
cells (29, 30), as well as polyclonal recruitment of both gene-
modified STAb-T cells and unmodified bystander T cells to the 
tumor microenvironment (TME), can lead to substantially in-
creased antitumor responses (29–31). The therapeutic potential of 
STAb-T cells has been demonstrated in B cell (29–32) and T cell 
hematological malignancies (30). Here, we report the generation 
of STAb-T cells secreting an anti-BCMA TCE and demonstrate 
their superior efficacy over BCMA-specific CAR-T cells under T 
cell–limiting conditions simulating those found in patients with 
multitreated MM.

RESULTS
STAb-T cells efficiently secrete anti-BCMA TCEs and promote 
the formation of canonical immunological synapses
We generated a tandem anti-BCMA × anti-CD3 bispecific antibody 
(BCMA-TCE) by fusing the clinically validated anti-BCMA J22.9 
scFv (33) and the anti-CD3 OKT3 scFv through a G4S sequence 
(Fig. 1, A and B), which was cloned under the control of the EF1α 
promoter into a T2A-based bicistronic lentiviral vector expressing 
the tdTomato (tdTo) reporter protein (Fig.  1C) (29). The vector 
encoding an anti-BCMA second-generation (4-1BB–CD3ζ) CAR 
(Fig. 1D) using the same anti-BCMA scFv (BCMA-CAR) (Fig. 1, E 
and F) has been described previously (20). Comparable transduc-
tion efficiencies were observed according to the percentage of tdTo+ 
cells in Jurkat T cells transduced with BCMA-TCE– or BCMA-
CAR–encoding lentiviral vectors (J-STAb-T and J-CAR-T, respec-
tively) (fig. S1A). The intracellular expression of BCMA-TCE and its 
interaction with CD3 on the surface of Jurkat T cells (a process 
called “CD3 decoration”) were verified with an anti–His-tag mono-
clonal antibody (mAb) (fig. S1B), and the cell surface expression of 
BCMA-CAR was confirmed after staining with BCMA-Fc (fig. S1C). 
The intracellular expression of both BCMA-CAR and BCMA-TCE 
(fig.  S1, D and E) and the extracellular secretion of BCMA-TCE 
(fig. S1F) were further confirmed by Western blotting. The secreted 
BCMA-TCE specifically recognized plastic-immobilized BCMA-Fc 
(fig.  S1G) and induced CD69 expression in cocultures of J-
STAb-T cells with BCMA+ U266 cells (fig.  S1H) at frequencies 
similar to those obtained in cocultures with J-CAR-T cells (fig. S1I). 
The secretion of BCMA-TCE by J-STAb-T cells is not reduced 
in  situations of persistent activation and up-regulation of exhaus-
tion markers (fig. S1, J and K).

Immunofluorescence assays were performed to study the assem-
bly of the immunological synapse and early signaling by staining for 
filamentous actin (F-actin), as a marker of the distal supramolecular 
activation clusters, and phosphotyrosine (pTyr), respectively. CAR-T 
and STAb-T Jurkat cells were cocultured with U266 cells for 15 min 
to allow the assembly of the immunological synapse, and superanti-
gen-E (SEE)–loaded Raji cells cocultured with nontransduced (NT) 
Jurkat T cells were used as a positive control. Confocal microscopy 
images showed that both J-CAR-T and J-STAb-T cells induced the 
assembly of the immunological synapse with U266 cells (Fig. 1G). 
F-actin and pTyr were observed to polarize toward the immuno-
logical synapse (Fig. 1G). Although the pTyr ratio did not vary, the 
F-actin polarization ratio was slightly lower in BCMA-CAR–
mediated immunological synapse than in BCMA-TCE–mediated 
immunological synapse (fig. S2, A to D). Consistent with previous 
reports (29–34), the typical central actin-cleared area of the immu-
nological synapse was not properly organized in J-CAR-T in com-
parison with J-STAb-T cells (Fig. 1G and fig. S2E).

STAb-T cells induce specific cytotoxic responses at low 
effector:target ratios
Primary T cells were transduced with BCMA-CAR– or BCMA-
TCE–encoding lentiviral vectors with comparable transduction 
efficiencies, ranging from 17 to 30% (average 22.7 and 21%, respec-
tively) (Fig. 1H and fig. S3A). No differences were observed in 
the CD4:CD8 ratio between BCMA-CAR+ and BCMA-TCE+ cells 
(fig. S3B), with comparable proportions of naïve, central memory, 
effector memory, and effector subsets among NT-T, CAR-T, and 
STAb-T cells, and an overall prevalence of effector T cells (fig. S3C). 
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Fig. 1. BCMA-specific STAb-T cells show enhanced cytotoxic activity in vitro and promote canonical immunological synapses compared to CAR-T cells. 
(A and B) Schematic diagrams showing the genetic (A) and domain structure (B) of the bispecific anti-BCMA × anti-CD3 antibody (BCMA-TCE), bearing a signal peptide 
from the human k light chain signal peptide (white box), the anti-BCMA (J22.9) scFv gene (orange boxes), the anti-CD3 (OKT3) scFv gene (blue boxes), and a His tag (brown 
box). (C) BCMA-TCE–encoding lentiviral vector, containing the tdTo gene after the 2A sequence from Thosea asigna virus. (D) A similar lentiviral vector containing the tdTo 
gene and the 2A sequence was designed for cloning the anti-BCMA CAR (BCMA-CAR). (E and F) Genetic (E) and domain structure (F) of the second-generation CAR-BCMA 
used in this study. (G) Topology of the immunological synapse induced by Jurkat CAR-T and STAb-T cells incubated with BCMA+ U266 cells. Representative conjugates are 
shown. Conjugates of NT Jurkat T cells (NT-T) and SEE-loaded Raji cells are used to show the organization of actin at a canonical immunological synapse. pTyr and F-actin 
distribution to the immunological synapse of a confocal section are displayed in pseudocolor. Red pTyr or F-actin merged with blue CMAC (7-amino-4-chlorometh-
ylcoumarin) or green fluorescent protein (for target cell identification) are shown. Scale bar, 5 μm. The surface interface of the interaction (identified by a white rectangle) 
obtained by 3D-confocal microscopy is shown for F-actin as pseudocolor. (H) Percentage of reporter protein expression (tdTo) in primary CAR-T and STAb-T cells. One 
representative transduction out of eight independent transductions performed is shown. (I) Schematic representation of the E:T ratios used in cytotoxicity experiments 
using U266Luc as target, showing the proportion of transduced (CAR-T or STAb-T) and NT effector T cells. (J) Cytotoxicity induced at decreasing E:T ratios of NT-T, CAR-T, or 
STAb-T cells from the same donor cocultured with U266Luc target cells for 48 hours, measured by adding d-luciferin to detect bioluminescence. (K and L) IFN-γ secretion 
(K) and sBCMA concentrations (L) were determined by ELISA. Data in (J) to (L) are mean ± SD of one experiment performed in triplicate (n = 3). Significance was calcu-
lated by two-way ANOVA test corrected with a Tukey’s multiple comparisons test. (M) Real-time cell cytotoxicity assay with HEK293BCMA target cells cocultured with NT-T, 
CAR-T, or STAb-T cells at the indicated E:T ratios. Cell index values were determined every 15 min for 78 hours using an impedance-based method. One representative 
experiment performed in duplicate is shown. (N) Cytotoxicity induced by NT-T, CAR-T, or STAb-T cells from the same donor cocultured in triplicates at the indicated E:T 
ratios with primary human BM cells from a patient with MM and PBMCs from a patient with PCL. The number of alive (DAPI−) target MM or PCL cells was determined after 
24 hours. Significance in (N) was calculated by two-way ANOVA test corrected with a Tukey’s multiple comparisons test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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To study their specificity and killing efficiency, CAR-T and STAb-T 
effector cells were cocultured with BCMA+ (U266Luc) or BCMA− 
(K562Luc) target cells at different effector:target (E:T) ratios. To 
better understand the contribution of transduced (tdTo+) effector T 
cells (CAR-T+ and STAb-T+), and NT (tdTo−) effector T cells (CAR-
T− and STAb-T−) in the functional responses, both total E:T and the 
transduced E:T ratios are depicted in Fig. 1I. CAR-T cells exhibited 
substantial cytotoxicity (≥80%) at higher ratios, which was reduced 
at E:T ratios below 1:1 (transduced E:T 0.2:1) (Fig. 1, I and J). In 
contrast, STAb-T cells induced, on average, ≥80% specific cytotox-
icity at all ratios tested, even at the lowest ratio corresponding to 1 
T cell per 10 target cells (Fig. 1, I and J). In both CAR-T and STAb-T 
cell cocultures, interferon-γ (IFN-γ) secretion was detected at E:T 
ratios above 1:1. In CAR-T cell cocultures, there was a correspon-
dence between cytotoxic activity and IFN-γ secretion; however, in 
STAb-T cell cocultures at very low E:T ratios, maximal cytotoxicity 
was reached without detectable production of IFN-γ (Fig. 1K). No 
cytotoxicity or IFN-γ secretion was observed when K562 cells were 
used as targets (fig.  S4, A and B). U266 cells produce substantial 
amounts of sBCMA under basal conditions (fig. S5), and as shown 
in Fig. 1L, in cocultures with CAR-T cells, sBCMA concentrations 
were reduced only at the higher E:T ratios. In contrast, in cocultures 
with STAb-T cells, sBCMA concentrations were nearly undetectable 
in all conditions studied (Fig. 1L). sBCMA concentrations were not 
modified in cocultures with NT-T cells (Fig. 1L).

We next assessed the cytotoxic activity under stressed conditions 
(≤1:1 E:T) in an impedance-based real-time assay against nontrans-
fected and BCMA-transfected human embryonic kidney (HEK) 293 
cells (HEK293 and HEK293BCMA, respectively). In cocultures with 
HEK293BCMA cells, which express substantial amounts of cell sur-
face BCMA and sBCMA secretion (fig. S6, A and B), STAb-T cells 
were found to reduce BCMA+ target cell viability even at 0.25:1 E:T 
ratio, whereas CAR-T cells showed no cytotoxic effect at any of the 
analyzed ratios (Fig. 1M). HEK293BCMA cells cocultured with NT-T 
cells (Fig. 1M) or HEK293 cells cocultured with NT-T, CAR-T, or 
STAb-T cells displayed similar viability kinetics to those of target 
cells cultured alone (fig. S7, A and B). To study the activity of CAR-T 
and STAb-T cells under stressed conditions (≤1:1 E:T) in a clini-
cally relevant context, we designed ex  vivo cytotoxicity assays 
using bone marrow (BM) cells of a patient with MM (fig. S8A) 
and peripheral blood mononuclear cells (PBMCs) of a patient with 
plasma cell leukemia (PCL) (fig. S8B) as target cells. After 24 hours 
of coculture, STAb-T cells were able to eliminate 70% of the MM-
derived target cells (CD38+CD138+) in all analyzed E:T ratios (from 
1:1 to 0.1:1) (Fig. 1N). CAR-T cells were less effective, with 30% of 
MM cell lysis at the higher E:T ratios (Fig. 1N). Against PCL-derived 
target cells, STAb-T cells were similarly more effective than CAR-
T cells and were able to eliminate nearly 100% of the PCL cells at the 
0.5:1 and 1:1 E:T ratios (Fig. 1N).

STAb-T cells recruit bystander T cells and prevent tumor 
escape in vitro more efficiently than CAR-T cells
To investigate the ability of STAb-T cells to recruit bystander T cells, 
we cocultured activated T (A-T) cells (NT-T, CAR-T, or STAb-T) 
or mixtures of A-T and freshly isolated nonactivated T (NA-T) cells 
from the same healthy donor with either BCMA+ (U266Luc or 
ARP1Luc) or BCMA− (K562Luc) targets. The A-T and target cells 
were mixed at decreasing A-T:target ratios (from 1:1 to 0.0001:1) 
but adding NA-T cells to keep a constant 1:1 E:T ratio (Fig. 2A). In 

cocultures with U266Luc cells, STAb-T cells exhibited 100% cyto-
toxicity even at the 0.01:1 A-T:target ratio, whereas CAR-T cells only 
induced 60% cytotoxicity at the 1:1 ratio, which was severely 
reduced at the 0.1:1 ratio (Fig. 2B). No cytotoxicity or IFN-γ secre-
tion was observed when mixtures of A-T and NA-T cells were cocul-
tured with K562Luc cells (fig. S9, A to C). In cocultures with ARP1Luc 
cells, CAR-T cells displayed only 30% cytotoxic activity at the 1:1 
A-T:target ratio, whereas STAb-T cells showed ≥90% specific cyto-
toxicity even at the 0.1:1 ratio (fig.  S10A). In these experimental 
conditions, there was a correspondence between cytotoxic activity 
and IFN-γ secretion (Fig. 2C and fig. S10B). To further demonstrate 
that STAb-T cells were able to recruit bystander NA-T cells, U266 Luc 
or K562Luc target cells were plated with NA-T cells in the bottom 
chamber of a transwell system, and NT-T, STAb-T, or CAR-T cells 
were plated in the insert well (Fig.  2D). Cytotoxicity and IFN-γ 
secretion were fully dependent on the presence of STAb-T cells in 
the insert well and U266 Luc in the bottom chamber, indicating that 
secreted BCMA-TCEs crossed the transwell filter and effectively 
redirected the effector activity of NA-T cells to BCMA+ cells (Fig. 2, 
E and F, and fig. S11). Next, we evaluated the ability of CAR-T and 
STAb-T cells to prevent tumor escape under stressed conditions in 
cocultures with U266 cells at decreasing E:T ratios (from 1:1 to 
0.06:1). CAR-T cells did not control the growth of MM cells at any 
of the ratios studied (Fig. 2G and fig. S12). These results are similar 
to those obtained with ARP1 cells (fig. S13, A and B). The difference 
with respect to that reported in previous works with the same CAR 
construct (20) may be attributable to the lower transduction frequen-
cies achieved in this work (around 20%). However, STAb-T cells were 
able to control the growth of U266 cells even at the 0.25:1 ratio (Fig. 2G 
and fig. S12) and that of ARP1 cells at a 0.5:1 ratio (fig. S13, A and B).

sBCMA has no impact on STAb-T–mediated cytotoxicity
To study the effect of sBCMA on effector functions, we cocultured 
CAR-T and STAb-T cells with U266Luc cells at a 1:1 E:T ratio in 
the presence of increasing concentrations (from 0 to 5 μg/ml) of 
BCMA-Fc chimera (BCMA-Fc). The cytotoxic activity of CAR-T 
cells decreased as the concentration of sBCMA exceeded 0.1 μg/ml 
with total inhibition at concentrations of 5 μg/ml (Fig.  2H). By 
contrast, the cytotoxicity of STAb-T cells was not compromised and 
remained at 100% at all concentrations of BCMA-Fc studied (Fig. 2H). 
IFN-γ secretion was reduced with increasing BCMA-Fc concentra-
tion in both STAb-T and CAR-T cells (Fig. 2I), consistent with the 
lower threshold for cytolysis compared with cytokine production.

STAb-T cells are more effective than CAR-T cells in a murine 
model of MM
To study the in vivo effect of STAb-T cells in a xenograft model 
of MM, nonobese diabetic scid gamma (NSG) mice were intrave-
nously infused with 1 × 106 U266Luc cells, followed 3 days later by 
intravenous injection of phosphate-buffered saline (PBS; control), 
or T cells. Three groups of mice received 5 × 106 NT-T, CAR-T, or 
STAb-T cells, referred to as the standard condition, whereas two 
other groups were inoculated with a limited number (3 × 106) of 
CAR-T or STAb-T cells, referred to as the therapeutic limiting dose 
(TLD) condition. In both conditions, the percentage of transduced 
CAR-BCMA+ or TCE-BCMA+ cells was 20% (Fig.  3A). Biolumi-
nescence imaging (BLI) and body weight measurement were per-
formed at the indicated time points to assess MM progression and 
xenogeneic graft-versus-host disease (Fig. 3, B to E). Control and 
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NT-T–treated mice and those receiv-
ing the lower number of CAR-T cells 
rapidly developed MM (Fig. 3, C to F). 
Mice treated with the higher number of CAR-T cells showed a delay 
in disease progression, with two mice being MM-free at endpoint 
(Fig. 3, C to F). In contrast, both STAb-T–treated groups were able 
to control disease progression, as evidenced by BLI, with only one 
mouse showing some tumor burden at weeks 5 and 6 in the TLD 
condition group (Fig. 3, C to F). Flow cytometry analysis of PB, BM, 
and spleen revealed complete disease control in both STAb-treated 
mice groups, except for one mouse in the TLD group (Fig.  3G), 
whereas a tumor infiltration in BM was observed in mice receiving 
CAR-T cells, especially in the TLD conditions (Fig. 3G). Regarding 

T cell expansion and persistence in STAb-treated mice, percentages 
of CD3+ cells in PB and spleen were higher than those observed in 
the groups that received CAR-T cells (Fig. 3H). In both groups, the 
percentage of BCMA-CAR+ and BCMA-TCE+, calculated accord-
ing to the expression of tdTo, ranged between 20 and 40% (Fig. 3I). 
Quantitative real-time reverse transcription polymerase chain reac-
tion (qRT-PCR) confirmed the absence of BCMA-encoding tran-
scripts (Tnfrsf17) in the BM of STAb-treated mice (molecular complete 
remission), except in one case, whereas the presence of Tnfrsf17-​
expressing tumor cells was confirmed in most CAR-T–treated mice 
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Fig. 2. STAb-T cells recruit bystander T cells and 
prevent tumor escape in vitro. (A) Schematic 
representation of the direct contact coculture sys-
tem to study the ability of CAR-T and STAb-T cells 
to recruit bystander T cells. (B) Cytotoxic activity 
induced by varying numbers of A-T cells (NT-T, 
CAR-T, or STAb-T) and freshly isolated NA-T cells 
from the same donor cocultured with U266Luc tar-
get cells for 48 hours, maintaining a constant 1:1 
E:T ratio, and measured by adding d-luciferin to 
detect bioluminescence. Data in (B) are mean ± SD 
of three independent experiments with triplicates 
(n = 9). (C) IFN-γ secretion was determined by 
ELISA. Data in (C) are mean ± SD of one experi-
ment with triplicates (n = 3). Significance was cal-
culated by two-way ANOVA test corrected with a 
Tukey’s multiple comparisons test. (D) Schematic 
representation of the noncontacting transwell 
system used. U266Luc target cells and NA-T cells 
were plated in the bottom well and A-T cells (NT-T, 
CAR-T, or STAb-T) in the insert well. (E and F) After 
48 hours, the percentage of cytotoxicity was 
determined by luciferase assay (E), and IFN-γ 
secretion was measured by ELISA (F). Data are 
mean  ±  SD of triplicates from one experiment 
(n  =  3). Significance was calculated by two-way 
ANOVA test corrected with a Tukey’s multiple 
comparisons test. (G) Myeloma escape from 
immune pressure. U266 cells were cocultured 
with NT-T, CAR-T, or STAb-T cells at the indicated 
E:T ratios, and the expression of CD3 and BCMA 
was analyzed by flow cytometry. Graphs show the 
change over time in relative percentages of 
CD3+BCMA−, CD3−BCMA+, CD3−BCMA−, and 
CD3+BCMA+. Data are mean ± SD of two inde-
pendent experiments (n = 2). (H and I) NT-T, CAR-T, 
or STAb-T cells were cocultured with U266Luc tar-
get cells at a 1:1 E:T ratio in the presence of increas-
ing concentrations of purified human BCMA-Fc 
fusion protein; after 48 hours, cytotoxic activity (H) 
and IFN-γ secretion (I) were analyzed. Data in (H) 
are mean ±  SD of three independent experi-
ments with duplicates (n = 6). Data in (I) are 
mean  ±  SD of two independent experiments 
with duplicates (n = 4). Significance was calcu-
lated by two-way ANOVA test corrected with a 
Tukey’s multiple comparisons test. *P < 0.05, 
**P < 0.01, ***P < 0.001, ****P < 0.0001.
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(Fig. 3J). These data were consistent 
with serum sBCMA concentrations, 
which were almost undetectable in 
mice receiving STAb-T cells, where
as concentrations of sBCMA were 
observed in both CAR groups, 
especially in the TLD condition 
(Fig. 3K).

STAb-T cell treatment promotes 
memory T cell formation in a 
murine MM model
To further characterize the in vivo–expanded STAb-T and CAR-T 
cells, we performed additional in  vivo studies under TLD condi-
tions, where NSG mice received intravenous injections of 3 × 106 
NT-T, STAb-T, or CAR-T cells, with 20% of transduced (tdTo+) 
TCE-BCMA+ or CAR-BCMA+ cells (Fig.  4A). NT-T– and CAR-
T–treated mice rapidly developed MM, whereas STAb-T–treated 
mice were able to control disease progression (Fig.  4, B and C), 
which was consistent with the previous in vivo experiments (Fig. 3, 

C to F). At week 4, the mean percentage of CD3+ cells in PB ranged 
from 4% in CAR-T–treated mice to 7% in mice receiving STAb-T 
cells (Fig.  4D). At this point, mice were euthanized, and BM and 
spleen samples were analyzed with a 30-antibody panel adapted for 
the simultaneous measurement of tdTo fluorescence and a fluores-
cein isothiocyanate (FITC)–labeled BCMA-Fc. The composition 
of the STAb-T and CAR-T preinfusion products was very similar, 
with only minor differences, such as higher percentage of effector 
CD4+ T cells and a lower percentage of naïve CD4+ T cells in both 

Fig. 3. STAb-T cells are more effective 
than CAR-T cells in a murine model of 
MM. (A) Study timeline. NSG mice received 
U266Luc cells intravenously followed 3 days 
after by intravenous infusion of NT-T (5 × 
106), CAR-T, or STAb-T cells [5 × 106 or 3 × 
106, referred as standard and TLD model, 
respectively], accounting for 20% tdTo+ 
T cells. (B) Change in body weight over time 
(%). (C) Radiance quantification (photons 
s−1 cm−2 sr−1) in the standard model (con-
trol, NT-T, CAR-T, and STAb-T) at the indicated 
time points. Significance was calculated 
by two-way ANOVA test corrected with a 
Tukey’s multiple comparisons test. (D and 
E) Bioluminescence images showing dis-
ease progression from ventral (D) and dor-
sal (E) views. (F) Radiance quantification in 
the TLD model (control, CAR-T, and STAb-T) 
at the indicated time points. Significance 
was calculated by two-way ANOVA test cor-
rected with a Tukey’s multiple comparisons 
test. (G) Detection by flow cytometry of MM 
cells (BCMA+) cells in PB at day 28 and in 
PB, BM, and spleen at endpoint (day 42). 
(H) Detection by flow cytometry of CD3+ T 
cells in PB at day 28 and in PB, BM, and 
spleen at endpoint (day 42). (I) Detection by 
flow cytometry of tdTo+CD3+ T cells in PB at 
day 28, and in PB, BM, and spleen at end-
point (day 42). (J) Relative BCMA mRNA ex-
pression in BM (spine/sternum) at endpoint. 
(K) Soluble BCMA (sBCMA) concentrations 
in plasma from mice at endpoint (day 42). 
Significance was calculated by two-way 
ANOVA test corrected with a Tukey’s multi-
ple comparisons test. *P < 0.05, **P < 0.01. 
Data are presented as mean  ±  SD of one 
experiment with six mice for CAR-T– and 
STAb-T–treated groups (n  =  6), and four 
mice for NT-T and control groups (n = 4).

D
ow

nloaded from
 https://w

w
w

.science.org at Fundacion C
N

IO
 Spanish N

ational C
ancer C

enter on February 16, 2024



Díez-Alonso et al., Sci. Transl. Med. 16, eadg7962 (2024)     14 February 2024

S c i e n c e  T r a n s l at i o n a l  M e d i c i n e  |  R e s e a r c h  A r t i c l e

7 of 13

Day 26

0 7 14 21 26–3

Bioluminescence imaging (BLI) 

i.v.
PB
BM

i.v.

A

Therapeutic limiting dose (TLD): 3 × 106 T cells
(6 × 105 BCMA-CAR+ or BCMA-TCE+ cells)

spleen

endpoint

Da
y 
7

NT-T CAR-T STAb-T

Da
y 
14

Da
y 
21

control

NT-T
CAR-T
STAb-T

D
C
D
3+
 c
el
ls
 (
%
)

0

5

10

15

B

3.0

1.0

Lu
m
in
es
ce
nc
e 
(×
10

6 )

2.0

R
ad

ia
n
ce
 (
p
/s
/c
m

2 /
sr
) 109

108

107

106

Days
7 14 21

NT-T
CAR-T
STAb-T

Control

***

C

E

UMAP 1

U
M
A
P
 2

SpleenBM SpleenBM 

tdTo+  tdTo–  

C
A
R
-T

S
T
A
b
-T

TE

Naïve

memory CD27+

EM

TE

Naïve

memory CD27+

EM

CD4+ T cells

CD8+ T cells

TCRαβ CD4-CD8-

TCRγδ

Other T cell subsets

Reference product
STAb-T/CAR-T

1     2     3    4    50.75   0.50    0.25

Major T cell
populations

STAb-T
CAR-T

BM

td
T
o
+

STAb-T
CAR-T
STAb-T
CAR-T
STAb-T
CAR-T

BM

Pre

Spleen

Pre

Spleen

td
T
o
–

STAb-T
CAR-T
STAb-T
CAR-T

Major CD4+

T cell populations

5 0 5 5 0 5 0100     75     50    25      0 5   10  15 25 50 75 100

TCRγδ+

CD4+
CD8+
CD4–CD8–

CD4+CD8+
CD4–CD8–

MAIT 
iNKT 
Naïve 
Treg 
TFH 
TH

CD4+ iNKT CD8+ MAIT

0

CD4+ MAIT CD8+ iNKT 

1.5
0
1.2
5
1.0
0
0.7
5
0.5
0
0.2
5 0

0.0
5

0.1
0

0.1
5

0.2
0

1.50   1.00    0.50   0

CD4+ 4DC Treg + TFH

0 0 0 0 0

CD4+ CD8+

Maturation-associated 
subsets

Relative frequency of T cells (%)

F

0.50   1.00    1.50 80   60   40   20   0 10   20   30   40

Naïve
Memory CD27+
EM 
TE

 U266Luc

(1 × 106)

STAb-T
CAR-T

BM

td
T
o
+

STAb-T
CAR-T
STAb-T
CAR-T
STAb-T
CAR-T

BM

Pre

Spleen

Pre

Spleen

td
T
o
-

STAb-T
CAR-T
STAb-T
CAR-T

Naïve
Memory CD27+
EM 
TE

Naïve
memory CD27+
EM 
TE

Naïve
Memory CD27+
EM 
TE

Naïve
Memory CD27+
EM 
TE

Relative frequency of T cells (%)

Fig. 4. STAb-T cell therapy is associated with memory T cell generation in a murine model of MM. (A) Study timeline. NSG mice received U266Luc cells intravenously 
followed 3 days after by intravenous infusion of 3 × 106 NT-T CAR-T or STAb-T cells (TLD model), accounting for 20% tdTo+ T cells. (B) Bioluminescence images showing 
disease progression from the ventral view. (C) Radiance quantification at the indicated time points. Significance was calculated by two-way ANOVA test corrected with a 
Tukey’s multiple comparisons test. ***P < 0.001. (D) Detection by flow cytometry of CD3+ T cells in PB at endpoint (day 26). Data in (C) and (D) are presented as medi-
an ± SD of one experiment with four mice for NT-T–, CAR-T–, and STAb-T–treated groups (n = 4) and two mice for control groups (n = 2). (E and F) UMAP (E) of the different 
T cell subsets identified in preinfusion STAb-T and CAR-T products (gray areas) overlaid with the corresponding (color-coded) BM and spleen from STAb-T– and CAR-T–
treated mice classified according to the presence versus absence of tdTo expression and their relative numerical abundance (F). Data in (F) are presented as median ± SD 
of two independent pooled sample experiments. EM, effector memory; TE, terminal effector; MAIT, mucosal-associated invariant T cell; iNKT, invariant natural killer T cell; 
Treg, regulatory T cell; TFH, follicular helper T cell; TH, (classical) T helper cell.
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transduced (tdTo+) and NT (tdTo−) STAb-T cells (Fig. 4, E and F, 
and fig. S14). Among the tdTo+ T cells recovered from the STAb-
T–treated mice, an expansion of CD4+ T cells, with predominance 
of memory phenotype CD4+ T cells, was observed in both BM and 
spleen, without an increase of CD4+ regulatory T cells (Fig. 4, E and 
F). In the NT tdTo− cells from the STAb-T preparation, a predomi-
nance of effector memory CD4+ T cells was also observed, which 
may be attributable to the bystander effect of the secreted BCMA-
TCE (Fig. 4, E and F). Among the in vivo–expanded CAR-T cells, 
the CD4:CD8 ratio of the preinfusion product was preserved 
because of a lower expansion of CD4+ effector memory T cells 
and a higher percentage of memory CD8+ T cells (Fig. 4, E and F). 
Collectively, this multimodal identification of T cell subsets in 
CAR-T and STAb-T cells expanded in vivo provides insights into 
the diversity of T cell responses after adoptive cell therapy with 
BCMA-specific CAR-T and STAb-T cells in MM.

DISCUSSION
Despite considerable progress, MM remains incurable with poor 
outcomes, particularly in patients with R/R MM, stressing the need 
for additional therapeutic approaches. Here, we demonstrate that 
engineered STAb-T cells secreting anti–BCMA-TCEs are more 
effective than state-of-the-art approved CAR-T cells engineered to 
express a second-generation 4-1BB–based anti-BCMA CAR at 
inducing specific cytotoxicity, preventing tumor escape in vitro, and 
inhibiting MM progression in vivo. CAR-T cells and bispecific TCEs 
are forefront T cell–redirecting strategies for cancer, but they differ 
in several key mechanistic aspects and have clinical pros and cons 
(5). TCE antibodies can recruit bystander T cells already present in 
the TME as effectors to kill MM cells (35). We demonstrated in both 
contact and noncontact coculture systems with BCMA+ cells that 
STAb-T cells redirected bystander T cells, resulting in enhanced cy-
totoxic activity compared with that exhibited by CAR-T cells at very 
low E:T ratios. A further major mechanistic difference that affects 
the effector capacity of redirected T cells is related to the topology of 
the artificial immunological synapse induced by TCE and CAR. Data 
contributed by different publications show a noncanonical topology 
of the immunological synapse established by CAR-T cells (29, 34, 
36, 37). CAR-induced immunological synapses result in more tran-
sient early signaling and faster lymphocyte detachment from the 
target cell, which correlates with efficient repeat killing, at least at a 
high E:T ratio (5:1) (36). The comparison between CAR-T and 
STAb-T presented in this work indicates a proper early signaling, as 
measured by polarized pTyr abundance, slightly reduced F-actin 
polarization, and a lower hypodense area at the central supramo-
lecular activation cluster of the CAR-induced immunological syn-
apse. A lower F-actin polarization might indicate a reduced duration 
of the adhesion in the CAR-T cells. This should be further investi-
gated by using live primary T cell imaging. A central hypodense ac-
tin network at the immunological synapse has been shown to be 
required for proper lytic granule secretion at the immunological 
synapse (38). Inadequate organization of central F-actin network 
might hamper the proper secretion of cytotoxic granules and, con-
sequently, perturb the killing process, rendering therapies less effec-
tive as suggested by the in vitro and in vivo data reported here. 
The early signaling defects that render an inadequate depletion of 
F-actin at the secretory domain of the immunological synapse 
should be investigated.

In the context of systemically administered TCEs, the therapeu-
tic effect is dependent on drug exposure, and it is rather unlikely for 
this T cell–redirecting strategy to generate a population of memory 
T cells responsible for long-term BCMA-specific responses after 
TCE withdrawal (23). In the STAb-T strategy, cells continuously 
secrete the TCE and display a stable quantity of BCMA-TCE deco-
rating CD3 on the surface of T cells. The cis- and trans-decoration 
of CD3 results in specific adhesion to the targeted antigen almost as 
efficient as that observed with CAR-T cells (29), and our data 
demonstrate that this process contributes to the in vivo expan-
sion and persistence of STAb-T cells, generating long-term anti-
tumor responses, as has been reported for CAR-T cells (22, 35). Our 
multimodal immunophenotypic studies with in  vivo–expanded 
STAb-T and CAR-T cells revealed similar patterns with an expan-
sion of memory populations. STAb-T cells showed a similar pheno-
typic profile within the tdTo+ and tdTo− cell fractions, whereas, in 
CAR-T cells, minor changes were observed in tdTo− cells compared 
to tdTo+ cells. This might be due to mechanistic differences between 
the strategies. STAb-T cells can secrete TCE efficiently despite being 
in an exhausted state after continued exposure to BCMA. This 
would ensure the sustained recruitment of nonactivated bystander 
T cells to ensure sustained anti-MM activity.

Escape mechanisms to CD19-targeted T cell–redirecting strate-
gies have been documented experimentally and clinically in B cell 
acute lymphoblastic leukemia (B-ALL), leading to relapses with 
poor prognosis. Our previous work in B-ALL demonstrated that 
anti–CD19 STAb-T cells could prevent CD19 down-regulation and 
subsequent tumor escape more efficiently and at lower E:T ratios 
than CD19-specific CAR-T cells (29, 39, 40). As observed with 
CD1a-specific CAR-T and STAb-T cells in T-ALL (30), here, we did 
not observe loss of cell surface BCMA expression on MM cells co-
cultured with CAR-T or STAb-T cells, indicating that the down-
regulation events depend on the targeted antigen and the phenotype 
and development plasticity of tumor cells. However, sBCMA has a 
completely different impact on the effector capacity of CAR-T 
and STAb-T cells. Concentrations ≥100 ng/ml affect the cytotox-
ic activity of CAR-T cells, whereas STAb-T cells do not reduce 
their cytotoxic capacity even at 50-fold higher concentrations of sB-
CMA. An additional advantage of STAb-T cells over CAR-T cells lies 
in the fact that STAb-T–based therapies might require lower doses 
of T cells, reducing the time required for product generation, which 
could be of relevance when sufficient numbers of T cells cannot 
be generated because of the lymphopenic state of some patients with 
R/R MM. The main limitation of our study is associated with the use 
of an immunodeficient mouse model. The use of humanized mice, 
or syngeneic mouse models, will allow better characterization of the 
impact of continuous secretion of BCMA-TCE by STAb-T cells on 
long-term antitumor responses and toxicity. An additional limita-
tion of our studies is that they were conducted with tumor cell lines, 
and the results may not be directly translatable to the clinical setting 
because patients with R/R MM present considerable tumor hetero-
geneity. STAb-T–based immunotherapies could potentially ben-
efit from strategies to overcome resistance to T cell–redirecting 
approaches, such as dual-targeting therapies.

In summary, anti–BCMA STAb-T cells may represent an alterna-
tive to current treatments for patients with R/R MM based on TCEs 
and CAR-T cells because they have certain advantages, such as the 
reduced impact of sBCMA on the BCMA-specific activation of 
STAb-T cells, as well as the continuous secretion of TCEs. This 
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allows for a rapid and efficient recruitment of the endogenous T cell 
pool in the TME and the expansion and persistence in vivo of mem-
ory STAb-T cells to generate long-term BCMA-specific responses.

MATERIALS AND METHODS
Study design
The study was designed to develop and characterize engineered T 
cells secreting BCMAxCD3 TCEs (STAb-T BCMA) and to conduct 
a comprehensive preclinical study comparing their therapeutic 
potential with T cells expressing anti-BCMA CARs (CAR-T BCMA) 
in a T cell–limiting experimental setting mimicking the conditions 
found in patients with R/R MM. We hypothesize that polyclonal re-
cruitment of both genetically modified STAb-T cells and unmodi-
fied bystander T cells can substantially increase the control of MM 
progression. The study was performed with human MM cell lines 
and human primary MM cells and T cells. We used in vitro and 
in vivo models to evaluate the ability of STAb-T BCMA cells to pre-
vent tumor scape and perform potent cytotoxic responses at low E:T 
ratios. Every experiment was performed comparing STAb-T BCMA 
cell activity to CAR-T BCMA. NT T cells were used as negative con-
trol. Sample sizes were determined on the basis of previous experi-
ments and review of the literature. The number of biological (n) 
replicates is indicated in the figure legends. For in vivo experiments 
with NSG mice, animals were randomly assigned to each treatment 
group based on mean luminescent signal. Data analysis was per-
formed in an unblinded manner.

Cell lines and culture conditions
Cell lines used are detailed in table S1. Cells were purchased from 
the American Type Culture Collection. The ARP1 cell line was pro-
vided by the Multiple Myeloma Research Center. Suspension cell 
lines were maintained in RPMI 1640 (catalog no. BE12-167F, Lonza) 
supplemented with 2 mM l-glutamine (catalog no. 25030081, Life 
Technologies), 10% (v/v) heat-inactivated fetal bovine serum (FBS) 
(catalog no. F7524), and penicillin-streptomycin (100 U/ml penicil-
lin, 100 μg/ml streptomycin, catalog no. P4333), both from Sigma-
Aldrich. Adherent cell lines were cultured in Dulbecco’s modified 
Eagle’s medium (DMEM) (catalog no. BE12-709F, Lonza) supple-
mented with 2 mM  l-glutamine, 10% (v/v) heat-inactivated FBS, 
and penicillin/streptomycin. All the cell lines were grown at 37°C 
and 5% CO2 and were routinely screened for mycoplasma con-
tamination by PCR using the Mycoplasma Gel Detection Kit (cata-
log no. 90.021-4542, Biotools).

HEK293BCMA+ cell line generation
HEK293 cells were transfected with a pCMV3-BCMA-ORF vector 
including a hygromycin resistance marker for further cell selection 
(catalog no. SIB-HG10620-UT, Sino Biological). Cells were cultured 
in DMEM–10% FBS + hygromycin (150 μg/ml) (catalog no. 
10687010, Thermo Fisher Scientific).

Vector construction
The pCCL–BCMA–4-1BB–CD3ζ–T2A–tdTo vector (BCMA-CAR) 
has been previously described and clinically validated (20). For 
the lentiviral vector pCCL-BCMA-OKT3-His-T2A-tdTo construc-
tion, the humanized anti-BCMA scFv (J22.9) (20) was sub-
cloned in the pCDNA3.1 expression vector. OKT3-m/h26 from the 
pCR3.1-Ega1-OKT3 vector was subcloned as Not I/Xba I into the 

pcDNA3.1-hBCMA-ScFv vector, resulting in pCDNA3.1-BCMA-
OKT3-m/h. To obtain the lentiviral vector pCCL-BCMA-OKT3-
His-T2A-tdTo, a synthetic gene encoding the C-terminal polyHis 
(HHHHHH) tag, followed by 2A sequence from Thosea asigna virus 
(T2A) and the reporter red fluorescent protein tdTo, was synthe-
sized by Geneart AG (Thermo Fisher Scientific), and the BCMA-
OKT3–encoding fragment was subcloned as Bgl II/Bst BI in this 
vector. The whole fragment encoding BCMA-OKT3-His-T2A-tdTo 
was then subcloned into lentiviral pCCL vector as Bam HI/Bst BI to 
obtain the final pCCL-BCMA-OKT3-His-T2A-tdTo vector.

Lentiviral particle production and titration
To produce lentiviral particles for preclinical in vitro and in vivo 
studies, HEK293T cells were transfected with transfer vectors to-
gether with packaging plasmids pMDLg/pRRE (catalog no. PF1083, 
Plasmid Factory), pRSVrev (catalog no. PF1084, Plasmid Factory), 
and envelope plasmid pMD2.G (catalog no. PF096, Plasmid Factory), 
using linear polyethyleneimine of molecular weight 25,000 (catalog 
no. 23966-1, Polysciences). After 72 hours, viral supernatants were 
collected, clarified by centrifugation, filtrated using a 0.45-μm-pore 
filter, and ultracentrifuged for 2.5 hours at 26,000 rpm. Pellets 
containing the lentiviral particles were resuspended in RPMI 1640 
(Lonza), aliquoted, and stored at −80°C until use. Functional titers 
of BCMA-TCE– and BCMA-CAR–encoding lentiviral vectors were 
determined by limiting dilution in Jurkat and HEK293T cells and 
analyzed using tdTo expression by flow cytometry.

T cell transduction
PBMCs were isolated from PB of volunteer healthy donors by 
density gradient centrifugation using Lymphoprep (catalog no. 
AXS-1114544, Axis-Shield). All donors provided written informed 
consent in accordance with the Declaration of Helsinki and approved 
by the Institutional Research Ethics Committees of the hospitals and 
research centers involved (HCB/2019/0450, HCB/2018/0030). Cells 
were activated with plate-coated anti-CD3 (1 μg/ml; OKT3 clone, 
catalog no. 566685, BD Biosciences) and plate-coated anti-CD28 
(1 μg/ml; CD28.2 clone, catalog no. 555725, BD Biosciences) mAbs 
for 2 days and transduced at 10 or 20 (in vitro and in vivo assays, 
respectively) multiplicities of infection (MOIs) with BCMA CAR– 
or BCMA TCE–encoding lentiviral vectors in the presence of inter-
leukin-7 (IL-7) (10 ng/ml; catalog no. 30-095-367, Miltenyi Biotec) 
and IL-15 (10 ng/ml; catalog no. 30-095-764 Miltenyi Biotec). As 
negative controls, NT primary T cells (NT-T) were used. A period of 
cell expansion of 6 to 8 days was carried out before conducting 
experiments. Jurkat T cells (1 × 105) were transduced with BCMA 
CAR– or BCMA TCE–encoding lentivirus at an MOI of 10. As 
negative controls, NT Jurkat T cells (J-NT-T) were used.

Flow cytometry
Antibodies used for flow cytometry analysis are detailed in table S2. 
Cell surface expression of BCMA-CAR was analyzed by incubation 
with recombinant human BCMA-Fc fusion protein (catalog no. 
RND-193-BC-050; R&D Systems) followed by incubation by Brilliant 
Violet (BV421)–conjugated anti-human immunoglobulin G (IgG)–
Fc–specific antibody (catalog no. 410704; BioLegend); alternatively, 
it was estimated on the basis of tdTo fluorescent protein expression. 
BCMA-TCE surface decoration and intracellular expression was 
assessed using an allophycocyanin (APC)–conjugated anti-His 
mAb (catalog no. 130-119-782; Miltenyi Biotec); alternatively, it was 
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estimated on the basis of tdTo expression. Intracellular BCMA-TCE 
was detected using the Inside Stain Kit (catalog no. 130-090-477, 
Miltenyi Biotec) following the manufacturer’s instructions. Cell 
acquisition was performed in a BD FACSCAnto II flow cytometer 
using BD FACSDiva software (BD Biosciences). Alternatively, a Dx-
Flex flow cytometer (Beckman Coulter) was used. Analysis was per-
formed using FlowJo V10 software (Tree Star).

Western blotting
Samples were separated under reducing conditions on 10 to 20% 
tris-glycine gels (catalog no. 250 XP10202BOX, Life Technologies), 
transferred onto polyvinylidene difluoride membranes (catalog no. 
IPVH00010, Merck Millipore), and probed with anti-His mAb 
(PentaHis, catalog no. 34650, Qiagen) (200 ng/ml), followed by 
incubation with horseradish peroxidase (HRP)–conjugated goat 
anti-mouse IgG, Fc specific (0.8 μg/ml) (catalog no. A2554, Sigma-
Aldrich). For analysis of cell lysates, purified mouse anti-human 
CD247 (CD3ζ) (0.25 μg/ml, clone 8D3, catalog no. 551034, BD Bio-
sciences) was added, followed by incubation with HRP-conjugated 
goat anti-mouse IgG (1:10,000 dilution, catalog no. A2554, Sigma-
Aldrich). Visualization of protein bands was performed with Pierce 
ECL Western Blotting substrate (catalog no. 32132, Invitrogen) 
using a ChemiDoc MP Imaging System machine (Bio-Rad Labora-
tories), controlled by Image Lab Software (Bio-Rad Laboratories).

Enzyme-linked immunosorbent assay
To detect the BCMA-TCE secreted to cell culture supernatants, 
recombinant human BCMA-Fc chimera (catalog no. RND-193-
BC-050, R&D Systems) was immobilized (3 μg/ml) on Maxisorp 
plates (catalog no. M9410-1CS, NUNC) overnight at 4°C. After 
washing and blocking, conditioned medium was added and incu-
bated for 1 hour at room temperature. Then, wells were washed, and 
anti-His mAb (PentaHis, catalog no. 34650, Qiagen) was added 
(1 μg/ml) and incubated for 1 hour at room temperature. After 
washing, HRP-conjugated goat anti-mouse IgG, Fc specific (catalog 
no.1 15-085-166; Jackson Immunoresearch) was added (0.4 μg/ml) 
and incubated for 1 hour at room temperature, and then the plate 
was developed using tetramethylbenzidine (catalog no. T0440, 
Sigma-Aldrich). IFN-γ secretion was analyzed by enzyme-linked 
immunosorbent assay (ELISA; catalog no. 950.000.096; Diaclone) 
following the manufacturer’s instructions. For sBCMA assessment 
in culture samples, the human BCMA/TNFRSF17 DuoSet ELISA 
kit (catalog no. DY193, R&D Systems) was used according to the 
manufacturer’s instructions. Absorbance was read at 450- to 620-nm 
wavelengths using Multiscan Fc photometer (catalog no. 11500695, 
Thermo Fisher Scientific).

Cytotoxicity assays
For cytotoxicity assays, A-T cells, NT-T, CAR-T, or STAb-T, were 
cocultured with or without freshly isolated NA-T and luciferase-
expressing tumor target cells (U266Luc, ARP1Luc, or K562Luc) at the 
indicated E:T ratios. After 48 hours, supernatants were collected and 
stored at −20°C for further IFN-γ secretion analysis, and d-luciferin 
(catalog no. E1602, Promega) was added to cells to a final concentra-
tion of 20 μg/ml before bioluminescence quantification in relative 
light units using a Victor luminometer (PerkinElmer). The value for 
spontaneous lysis was obtained by incubating the target cells with 
NT-T or with NA-T effector cells only. Percent tumor cell viability 
was calculated as the mean bioluminescence of each sample divided 

by the mean bioluminescence of the input number of control target 
cells × 100. Specific lysis was established as 100% cell viability. For 
cytotoxic studies in noncontacting transwell systems, polycarbonate 
filter inserts (4.26 mm diameter) with 0.4-μm pores (catalog no. 
CLS3381-1EA; Corning) were used. In this experiment, luciferase-
expressing targets cells (5 × 104) were plated on bottom wells with 
5 × 104  NA-T cells (1:1 E:T ratio), and A-T cells (NT-T, CAR-T, or 
STAb-T cells) at the indicated ratios were added to transwell inserts. 
After 48 hours, bioluminescence was quantified as described. For 
cytotoxicity assays in the presence of sBCMA, U266Luc cells (5 × 
104) were plated at 1:1 E:T ratio with 5 × 104 A-T cells (NT-T, CAR-
T, or STAb-T), and increasing concentrations of recombinant hu-
man BCMA-Fc (catalog no. RND-193-BC-050; R&D Systems) were 
added in the culture medium (from 0 to 5 μg/ml). After 48 hours, 
bioluminescence was quantified as described above. For real-time 
cytotoxicity assays, the xCELLigence RTCA DP system (Acea 
BioSciences) was used. Wild-type HEK293 or stably transfected 
BCMA-expressing HEK293 cells (HEK293BCMA+) (1 × 104) were 
plated in an E-Plate 16 (catalog no. 05469813001, Acea Biosciences) 
and cultured at 37°C and 5% CO2. After 20 hours, NT-T, CAR-T 
BCMA, or STAb-T cells were added at different E:T ratios, and cell 
index values were measured every 15 min for 48 hours using RTCA 
Software 2.0 (Acea Biosciences). In another set of experiments, 
transduced (CAR-T or STAb-T) or NT-activated T cells were cocul-
tured with primary MM BM cells or PBMCs from a patient diag-
nosed with an aggressive PCL at the indicated E:T ratios. After 
24 hours, cells were stained for 30 min at 4°C with CD2–phycoery-
thrin (PE), CD3–PE–cyanine (Cy) 5.5, BCMA–Alexa Fluor 647, 
CD38-APC-Cy7, CD138-PE-Cy7, CD56-FITC, CD45-V500 (table S2), 
and 4′,6-diamidino-2-phenylindole (DAPI) (catalog no. D9542-
10MG, Sigma-Aldrich) in 50 μl of PBS with 0.5% FBS in TruCount 
Absolute Counting Tubes (catalog no. 340334, BD Biosciences). 
Then, samples were diluted by adding 450 μl of PBS and gently 
mixed before flow cytometry analysis. Cell acquisition was per-
formed in a DxFlex flow cytometer (Beckman Coulter) using 
FlowJo V10 software (Tree Star). Cytotoxicity was determined by 
analyzing the residual live (DAPI-negative) target cells.

Immunofluorescence and confocal microscopy
Jurkat effector T cells (J-NT-T, J-CAR-T, or J-STAb-T) were incu-
bated at 37°C with U266 target cells at a E:T ratio of 1:1 for 15 min. 
As a positive control, a coculture of 1.5 × 105 J-NT-T cells and 1.5 × 
105 Raji SEE-loaded cells [preincubated with 1 μM carboxyfluores-
cein diacetate succinimidyl ester (CFSE), catalog no. C34554, Ther-
mo Fisher Scientific] were used. Jurkat/U266 conjugates (1.5 × 105 
cells each) were fixed with 4% paraformaldehyde (Sigma-Aldrich) 
in PBS for 5 min at room temperature. Cells were then permeabi-
lized with 0.1% Triton X-100 (Sigma-Aldrich) for 5  min at room 
temperature followed by blocking with human γ-globulin (10 μg/ml, 
catalog no. 345886, Sigma-Aldrich) for 20 min at room temperature. 
Samples were stained with the antibodies indicated in table S2 for 
1 hour at room temperature. Then, cells were washed with tris-
buffered saline (TBS) (20 mM tris and 150 mM NaCl) and incubated 
with Alexa Fluor 405 goat anti-rabbit antibody (catalog no. A31556, 
Thermo Fisher Scientific) (5 μg/ml) and phalloidin–Alexa Fluor 647 
(1:300 dilution, catalog no. A22287, Thermo Fisher Scientific) at 
room temperature for 30  min. Last, the coverslips were washed 
twice with TBS and once with distilled water before being mounted 
with Mowiol medium. Confocal sections of fixed samples were 
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acquired using a Leica SP-8 confocal scanning laser microscopy 
with a 60×/1.35 oil immersion objective. Alexa Fluor 405 and phal-
loidin–Alexa Fluor 647 were excited with 405- and 633-nm laser 
lines, respectively. Image acquisition was automatically optimized 
with the Leica SP-8 confocal scanning laser microscopy software to 
get an image resolution of 58 nm per pixel. Analysis of images was 
conducted with ImageJ freeware (National Institutes of Health). The 
polarization of pTyr and F-actin at the immunological synapse was 
estimated with the Synapse Measure plugin of ImageJ. Actin clear-
ance value from each individual synapse was calculated as the ratio 
between the central actin cleared area and the total area of the inter-
face obtained from the three-dimensional (3D) reconstruction.

Xenograft animal model studies
NSG mice were irradiated (2 Gy) and infused intravenously with 
1 × 106 U266Luc cells. After 3 days, mice were randomly allocated to 
six different groups and received either 5 × 106 or 3 × 106 NT-T, 
CAR-T (20% BCMA-CAR+), or STAb-T (20% BCMA-TCE+) cells. 
Tumor growth was evaluated weekly by BLI as previously described 
(29). Briefly, d-luciferin (150 mg/kg) (catalog no. E1605, Promega) 
was administrated intraperitoneally in 200 μl of sterile PBS. Animals 
were imaged 10 min after d-luciferin injection using the Xenogen 
IVIS Lumina II imaging system (Caliper Life Sciences). The photon 
flux emitted by the luciferase-expressing cells was measured as an 
average radiance (photons s−1 cm−2 sr−1). In  vivo studies were 
carried out at the Barcelona Biomedical Research Park (PRBB) in 
accordance with the guidelines of the Animal Experimentation Ethics 
Committee. All procedures were performed in compliance with the 
institutional animal care committee of the PRBB (DAAM9624). 
Tumor burden, T cell persistence, and % of tdTo+ T cells in PB were 
analyzed by flow cytometry at day 28 or at the time of euthanasia. 
BM (spine/sternum and femur) and spleen samples were collected 
after euthanasia and analyzed by flow cytometry. Body weight was 
monitored over time. Animals showing endpoint clinical disease or 
signs of graft-versus-host disease were euthanized. Human BCMA 
relative gene expression in BM was analyzed by qRT-PCR. sBCMA 
was assessed in murine plasma samples collected at endpoint.

Quantitative real-time PCR
Total RNA from murine BM samples was isolated with the RNeasy 
Micro Kit (catalog no. 74004, Qiagen), and cDNA was synthesized 
using NZY First-Strand cDNA Synthesis Kit (catalog no. MB125, 
Nzytech). qRT-PCR was performed with LightCycler 480 SYBR 
Green I Master Kit (catalog no. 04707516001, Roche Diagnostics) 
on a LightCycler system (Roche Diagnostics). Each sample was ana-
lyzed in triplicate, and fold expression changes were calculated with 
the equation 2−∆Ct. Human succinate dehydrogenase gene expres-
sion was used to normalize. The primers used (synthetized by Roche 
Diagnostics) are detailed in table S3.

Flow cytometric characterization of T lymphocyte subsets
Preinfused STAb-T and CAR-T cell products, whole BM, and spleen 
specimens from STAb-T–and CAR-T–treated mice were stained 
with the 30-color T cell module of the Euroflow-Immune monitor-
ing antibody panel adapted for the simultaneous measurement of 
tdTo-associated fluorescence of both STAb-T and CAR-T cells 
and the FITC-labeled BCMA-Fc (catalog no. CD8-HF255, ACRO-
Biosystems). Samples were labeled using the EuroFlow standard 
operating procedures for staining of cell surface membrane markers 

only (41), available at www.EuroFlow.org, plus the BCMA-FITC 
protein, aimed at simultaneous immunophenotypic identification 
of both transduced STAb-T (tdTo+ BCMA-TCE+) or CAR-T (tdTo+ 
BCMA-CAR+) cells and NT (tdTo−) human T cells, and their most 
relevant maturation-associated and functional subsets (table S4). 
Stained samples were measured in a five-laser Aurora cell sorter 
(Aurora CS, Cytek Biosciences) using the SpectroFlo software 
(Cytek Biosciences). For data analysis and T cell subsetting (table S4), 
Infinicyt software (Cytognos SL) was used. UMAP (Uniform Mani-
fold Approximation and Projection) plots of the various T cell sub-
set profiles were built with the R (version 4.3.1) and the UWOT 
software packages (42).

Statistical analysis
Raw, individual-level data for experiments where n <  20 are pre-
sented in data file S1. Statistical analyses were performed with 
GraphPad Prism version 7 (GraphPad Prism Software). Significant 
differences from univariate analysis among three or more groups 
were determined by one- or two-way analysis of variance (ANOVA) 
followed by Tukey’s multiple comparisons post hoc test. For bivari-
ate analysis using a contingency table, statistical significance was 
calculated by Fisher’s exact test. Specific test used in each experi-
ment is indicated in the corresponding figure legend. Significance 
is defined as follows: *P  <  0.05, **P  <  0.01, ***P  <  0.001, and 
****P  <  0.0001. Data are presented as the mean  ±  SD, and N 
represents the total number of technical and biological replicates 
performed.

Supplementary Materials
This PDF file includes:
Fig. S1 to S14
Tables S1 to S4
Legend for data file S1

Other Supplementary Material for this manuscript includes the following:
MDAR Reproducibility Checklist
Data file S1
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