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ABSTRACT
Background  CD19-directed cancer immunotherapies, 
based on engineered T cells bearing chimeric antigen 
receptors (CARs, CAR-T cells) or the systemic administration 
of bispecific T cell-engaging (TCE) antibodies, have shown 
impressive clinical responses in relapsed/refractory B-cell 
acute lymphoblastic leukemia (B-ALL). However, more than 
half of patients relapse after CAR-T or TCE therapy, with 
antigen escape or lineage switching accounting for one-
third of disease recurrences. To minimize tumor escape, 
dual-targeting CAR-T cell therapies simultaneously targeting 
CD19 and CD22 have been developed and validated both 
preclinically and clinically.
Methods  We have generated the first dual-targeting 
strategy for B-cell malignancies based on CD22 CAR-T 
cells secreting an anti-CD19 TCE antibody (CAR-
STAb-T) and conducted a comprehensive preclinical 
characterization comparing its therapeutic potential in 
B-ALL with that of previously validated dual-targeting 
CD19/CD22 tandem CAR cells (TanCAR-T cells) and co-
administration of two single-targeting CD19 and CD22 
CAR-T cells (pooled CAR-T cells).
Results  We demonstrate that CAR-STAb-T cells efficiently 
redirect bystander T cells, resulting in higher cytotoxicity 
of B-ALL cells than dual-targeting CAR-T cells at limiting 
effector:target ratios. Furthermore, when antigen loss was 
replicated in a heterogeneous B-ALL cell model, CAR-
STAb T cells induced more potent and effective cytotoxic 
responses than dual-targeting CAR-T cells in both short- 
and long-term co-culture assays, reducing the risk of 
CD19-positive leukemia escape. In vivo, CAR-STAb-T cells 
also controlled leukemia progression more efficiently than 
dual-targeting CAR-T cells in patient-derived xenograft 
mouse models under T cell-limiting conditions.
Conclusions  CD22 CAR-T cells secreting CD19 T-cell 
engagers show an enhanced control of B-ALL progression 
compared with CD19/CD22 dual CAR-based therapies, 
supporting their potential for clinical testing.

INTRODUCTION
CD19-specific cancer immunotherapies, 
based on either the adoptive transfer of 
engineered T cells bearing chimeric antigen 
receptors (CARs) or the systemic adminis-
tration of bispecific T cell-engagers (TCEs), 
have shown impressive clinical responses 
in relapsed/refractory (R/R) B-cell acute 
lymphoblastic leukemia (B-ALL).1–7 
However, around 50% of treated patients 
still show disease recurrence within 1 year of 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ A significant proportion of patients with B-cell acute 
lymphoblastic leukemia (B-ALL) relapse after initial 
response to anti-CD19 chimeric antigen receptor 
(CAR)-T or T cell-engagers (TCEs). Dual-targeting 
therapies have emerged as an alternative to prevent 
antigen loss and minimize tumor escape.

WHAT THIS STUDY ADDS
	⇒ Dual-targeting CD22 CAR-T cells secreting anti-
CD19 TCEs efficiently recruit bystander non-
transduced T cells, inducing more potent and rapid 
cytotoxic responses than dual CD19/CD22 CAR-T 
cell therapies both in vitro and in vivo and reducing 
the risk of CD19-positive leukemia progression.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ The dual-targeting CAR-secreting T cell-engaging 
antibodies represent a promising alternative ap-
proach to single and dual CAR-T cell therapies for 
the treatment of relapsed/refractory B-ALL, encour-
aging clinical development.
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treatment,8 with antigen loss being responsible for a large 
proportion of these relapses.9–11 Immune escape12–14 and 
phenotypic escape15 16 are the main mechanisms under-
lying CD19-negative (CD19neg) relapse, especially when 
single-antigen targeting therapies are used. Immune and 
phenotypic escape, coupled to intrinsic tumor hetero-
geneity, may trigger the selection and proliferation of 
CD19neg subpopulations, leading to tumor escape.17 
In this context, the sequential administration of CD22-
specific CAR-T cells has proven clinical benefit in both 
CD19pos and CD19neg patients who were refractory or 
relapsed after CD19-specific CAR-T therapy.18 19 However, 
leukemia still progresses in these patients due to the 
emergence of CD22neg or CD22low leukemia cells.18

To prevent antigen loss after administration of single-
targeting CAR-T cells and minimize tumor escape, strate-
gies simultaneously targeting CD19 and CD22 have been 
developed and validated in both preclinical models18 20 21 
and clinical trials.22 23 Several dual CD19/CD22 targeting 
strategies have been implemented: (1) co-administration 
of two different single-targeting CAR-T cell products, 
(2) T-cell co-transduction with two different single-
targeting CAR vectors, (3) T-cell transduction with a 
single bicistronic vector encoding both single-targeting 
CARs, and (4) linking two binding domains in a tandem 
CAR (TanCAR) construct.24 25 Despite their potential to 
prevent antigenic loss, these strategies have several limita-
tions.23 26 On the one hand, co-transduction may yield a 
low proportion of T cells expressing both CARs, while 
co-infusion of two monospecific CAR-T cells might lead 
to expansion and dominance of one population over the 
other, in addition to the associated increase in cost and 
regulatory requirements.20 Regarding the design of bispe-
cific CD19/CD22 TanCARs, some aspects seem to be crit-
ical to achieve adequate CD22 binding capacity,20 the 
optimal distance between the CAR binding domain and 
the targeted epitope being decisive for the establishment 
of efficient immunological synapses (IS).27–31 However, 
due to the membrane proximal positioning of the CD19 
binding domain, the anti-CD22 single-chain variable frag-
ment (scFv) antibody is usually relegated to a less favor-
able position where the increased distance between the 
CD22-binding epitope and the membrane, coupled with 
potential steric hindrance issues, may compromise the 
ability to transmit proper activation signals.32 As a conse-
quence, reduced CD22-specific cytotoxicity has been 
reported for CD19/CD22 TanCAR T cells compared 
with monospecific CD22 CAR-T cells.20 23 To date, clin-
ical outcomes with dual-targeting CAR-T cells in B-cell 
malignancies have generally been comparable to those 
reported with single-targeting CD19 CAR-T cells.23 There-
fore, novel approaches that integrate diverse mechanisms 
to target multiple antigens may be essential for advancing 
the successful treatment of these tumors.

The in vivo secretion of TCE antibodies by geneti-
cally engineered (STAb) T cells is an emerging strategy 
to achieve sustained serum TCE concentrations and 
persistence of adoptively transferred T cells.26 33–37 In 

addition, unlike CAR-T, STAb-T cells can recruit unmodi-
fied bystander T cells and induce the formation of canon-
ical IS,38 resulting in enhanced antitumor responses.36 37 39 
Currently, several STAb-T therapies have shown promising 
results in both B-cell36 40 41 and T-cell37 hematological 
malignancies and in multiple myeloma.39 The combina-
tion of CAR-T and STAb-T could address the inability of 
CAR-T cells to recruit bystander T lymphocytes and the 
lack of a second activation signal associated with TCE, 
providing a synergistic strategy to maximize the efficacy, 
strength and durability of clinical responses.8 42 Combining 
these two distinct mechanisms of action into a unique dual-
targeting strategy may also circumvent the complexity and 
steric limitations of TanCAR-T cells, in addition to over-
coming antigen-negative relapses associated with single-
targeting immunotherapies.24 42 43 Dual-targeting strategies 
combining a CAR and a TCE have only been reported to 
date in solid tumors44–50 and, more recently, in myeloid 
leukemias.51 52 Here, we have developed the first dual-
targeting CAR-STAb-T strategy for B-cell malignancies, 
CD22-targeted CAR-T cells secreting a CD19×CD3 TCE, 
and demonstrated that CAR-STAb-T cells are more effec-
tive than dual-targeting CAR-based strategies (i.e., CD19/
CD22 TanCAR-T cells or pooled CD19/CD22 CAR-T cells) 
in several cutting-edge in vitro and in vivo models of B-ALL.

METHODS
T-cell transduction
Peripheral blood mononuclear cells were isolated from 
peripheral blood (PB) of volunteer healthy donors 
by density gradient centrifugation using Lymphoprep 
(Axis-Shield, Oslo, Norway). Cells were plate-coated 
and activated with 1 µg/mL anti-CD3 (OKT3 clone, BD 
Biosciences, San Jose, California, USA) and 1 µg/mL 
anti-CD28 (CD28.2 clone, BD Biosciences) monoclonal 
antibodies for 2 days and transduced at multiplicity 
of infection (MOI) 10 with CD22-CAR-, CD19-TCE-, 
CD19-CAR-, CD19-CD22-TanCAR- or CD22-CAR-CD19-
TCE-encoding lentiviruses in the presence of 10 ng/
mL interleukin (IL)-7 and 10 ng/mL IL-15 (both from 
Miltenyi Biotec, Bergisch Gladbach, Germany). As nega-
tive controls, non-transduced primary T cells (NT-T) were 
used. Alternatively, T cells were activated with anti-CD3/
CD28 magnetic beads (Thermo Fisher) for 3 days. A 6–10 
days expansion period was carried out before conducting 
experiments. In addition, Jurkat T cells (1×105) were 
transduced with the abovementioned lentiviruses at MOI 
of 5 for CD22-CAR, CD19-TCE or CD19-CAR constructs 
and 10 for CD19-CD22-TanCAR- or CD22-CAR-CD19-
TCE-encoding lentiviruses. Non-transduced Jurkat T 
cells (J-NT-T) were used as negative controls. Cells were 
cultured in Roswell Park Memorial Institute-1640 supple-
mented with 2 mM L-glutamine, heat-inactivated 10% 
fetal bovine serum and antibiotics.

Cytotoxicity assays
Activated transduced T (A-T) cells (CAR-T22, STAb-T19, 
CAR-T19, TanCAR-T or CAR-STAb-T) were co-cultured 
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with luciferase-expressing tumor target cells (NALM6Luc, 
SEMLuc or K562Luc) at the indicated effector:target (E:T) 
ratios. For bystander cytotoxicity assays, A-T cells were 
co-cultured with or without freshly isolated T cells (non-
activated T cells, NA-T) from the same healthy donor 
and luciferase-expressing target cells (NALM6Luc) at the 
indicated A-T:T ratios, keeping a constant 1:1 E:T ratio. 
For cytotoxic studies in non-contacting transwell systems, 
polycarbonate filter inserts (4.26 mm diameter) with 
0.4 µm pores (Corning, Kennebunk, Maine, USA) were 
used. In these experiments, 5×104 NALM6Luc target cells 
were plated on bottom wells and A-T cells were added 
to the transwell inserts at the indicated A-T:T ratios. 
Increasing numbers of NA-T cells were also plated in 
the bottom wells to maintain a constant 1:1 E:T ratio. 
After 48 hours, supernatants were collected and stored at 
−20°C for further cytokine secretion analysis, and D-lucif-
erin (Promega, Madison, Wisconsin, USA) was added to 
cells to a final concentration of 20 µg/mL before biolu-
minescence quantification in relative light units using a 
Victor luminometer (PerkinElmer, Waltham, Massachu-
setts, USA). The value for spontaneous lysis was obtained 
by incubating the target cells with NT-T effector cells. 
Per cent-specific cytotoxicity was calculated using the 
formula: 100 – ((bioluminescence of each sample × 100) 
/ mean bioluminescence of NT-cells). Specific lysis was 
established as 100% of cell viability.

Mouse xenograft models
7–12-week-old non-obese diabetic Cg-Prkdcscid Il2rgt-
m1Wjl/SzJ (NSG) mice (The Jackson Laboratory, Bar 
Harbor, Maine, USA) were bred and housed under 
pathogen-free conditions. For the in vivo experiments with 
B-ALL cell lines, NSG mice were intravenously infused 
with 1×106 SEMLuc WT or a mixture of 2.5×105 SEMLuc 
cells (33% SEMWT, 33% CD19KO and 33% CD22KO). After 
5 days, mice were intravenously injected with 4–5×106 T 
cells (NT, TanCAR-T, CAR-STAb-T or a 1:1 mix of CAR-
T19 and CAR-T22). For the in vivo experiments using 
patient-derived xenograft (PDX) models, NSG mice were 
sublethally irradiated (2 Gy) and intravenously infused 
with 1×106 CD19pos CD22pos B-ALL blasts.

Leukemic engraftment was monitored by weekly anal-
ysis of PB. When leukemic cells were detectable in PB, 
mice were homogenously allocated to three different 
groups and received 3×106 NT-T, TanCAR-T or CAR-
STAb-T cells. Tumor burden (HLA-ABCpos CD45neg) and 
effector T-cell persistence (HLA-ABCpos CD45pos) were 
monitored weekly by PB flow cytometry. SEMLuc progres-
sion was also evaluated weekly by bioluminescence signal 
(BLI, total photons) as previously described36 using the 
Xenogen IVIS Lumina II imaging system (Caliper Life 
Sciences). Animals were euthanized when they had lost 
>20% of their body weight, exhibited signs of disease or 
reached the BLI emission established at the beginning of 
the experiment. PB, bone marrow (BM), brain, plasma 
and cerebrospinal fluid (CSF) samples were collected at 
the end of the experiment for flow cytometry analysis or 

cytokine determination. Plasma was collected by intrac-
ardiac puncture after the blood centrifugation (1,500×g, 
10 min, 4°C), whereas the CSF was collected from the 
cisterna magna following the previous instructions.53

Statistical analysis
Statistical tests indicated in figure legends and data 
processing were performed using GraphPad Prism V.8 
(GraphPad Prism Software, La Jolla, California, USA). 
Significant differences were determined by one-way or 
two-way analysis of variance followed by Tukey’s multiple 
comparisons post hoc test, or an unpaired Student’s t-test. 
Significance was considered only when p values were <0.05 
and is defined as follows: *p<0.05; **p<0.01; ***p<0.001, 
****p<0.0001). Data are presented as the mean±SEM and 
n represents the total number of technical and biological 
replicates performed.

RESULTS
Generation and characterization of CAR-STAb-T cells
In this study, a bispecific CAR-STAb construct was devel-
oped from previously validated second-generation anti-
CD22 (hCD22.7) 4-1BB-CD3ζ CAR31 and anti-CD19 
(A3B1)×CD3 (OKT3) TCE (CD19-TCE)36 (online 
supplemental figure S1a,b). Both sequences were cloned 
into a 2A-based tricistronic lentiviral vector under the 
control of the EF1α promoter (pCCL-CD22-CAR-F2A-
CD19-TCE-T2A-EGFP) (online supplemental figure S1c). 
The construct was designed to target each individual 
antigen with a different mechanism of action, to address 
potential steric-hindrance-associated issues (figure  1a). 
The previously characterized bispecific CD22/CD19 
tandem CAR,21 containing the same CD19 and CD22 
scFv domains as the CAR-STAb construct, was used as 
a control (online supplemental figure S1d). Jurkat T 
cells were successfully transduced with lentiviral parti-
cles encoding single-targeted CD22 or CD19 constructs 
(online supplemental figure S1a,b), to generate J-CAR-
T22 and J-STAb-T19 cells, or dual-targeted CD22/
CD19 constructs (online supplemental figure S1c,d), to 
generate J-TanCAR-T and J-CAR-STAb-T cells. Transduc-
tion efficiency, measured by CD22-CAR expression on the 
cell surface of J-CAR-T22, J-TanCAR-T and J-CAR-STAb-T 
cells or intracellular CD19-TCE on J-STAb-T19 and J-CAR-
STAb-T cells, correlated with the expression of EGFP and 
tdTO reporter genes (online supplemental figure S2a). 
CD19-TCE was secreted by J-CAR-STAb-T cells, with a 
molecular weight of 55 kDa, although at lower levels than 
observed in J-STAb-T19 cells (figure 1b). A reduction in 
TCE secretion in the context of a bicistronic construct 
has been previously reported by other authors.44 The 
secreted CD19-TCE specifically recognized plastic-
immobilized human CD19-Fc fusion protein (CD19-Fc, 
online supplemental figure S2b) and CD19 expressed on 
the cell surface (online supplemental figure S2c).

To study target-specific activation, transduced Jurkat 
cells were co-cultured in direct cell–cell contact systems 
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Figure 1  Comparative in vitro study of engineered STAb-19, CAR-22, TanCAR and CAR-STAb Jurkat (J) cells. (a) Schematic 
representation of the molecular interactions between targeted antigens and CAR or CAR and TCE in the TanCAR and CAR-
STAb strategies, respectively. (b) Western blot analysis of CD19-TCE secretion in supernatants from J-CAR-STAb-T (10 times 
concentrated) and J-STAb-19T cells (net). Samples were subjected to SDS-PAGE and blotting with anti-His-tag antibody. 
(c) Schematic representation of direct contact co-culture systems to study the specific activation of J-NT-T, J-STAb-T19, J-
CAR-T22, J-TanCAR-T and J-CAR-STAb-T cells against a panel of SEM cells genetically engineered using CRISPR-Cas9 
technology to selectively silence the expression of one and/or two of the target antigens. (d) Recruitment and activation of 
transduced (teal) and non-transduced (orange) Jurkat cells cultured with Raji cells at decreasing J:T ratios. One of three 
independent experiments measuring CD69 by flow cytometry is shown (n=3). Percentages of activated (CD69pos) Jurkat 
cells are indicated. (e) Topology of the IS induced by J-NT-T, J-STAb-19T, J-CAR-22T, J-TanCAR-T and J-CAR-STAb-T cells. 
Representative Jurkat/Raji cell conjugates are shown. Conjugates of Jurkat and SEE-loaded Raji cells are used to show 
the organization of actin at a canonical IS. F-actin distribution to the IS of a confocal section is displayed in pseudocolor. 
Merged image of F-actin in red and CMAC in cyan is shown for cell identification purposes. Scale bar corresponds to 5 µm. 
The surface interface of the interaction (pointed by a white square) obtained by 3D-confocal microscopy is shown for F-actin 
as pseudocolor. The calibration bar of the pseudocolor is indicated. (f) Graph showing F-actin clearance calculated from 3D 
reconstructions obtained at the IS. Actin clearance value from each individual dot corresponds to the ratio between the central 
actin cleared area and the total actin area of the 3D IS reconstruction. Each dot represents the value of individual Jurkat/
Raji interactions obtained from n=2 independent experiments. Samples were compared by a one-way analysis of variance 
with a Tukey’s multiple comparison test. Blina, blinatumomab; CAR, chimeric antigen receptor; CMAC, CellTracker Blue; IS, 
immunological synapses; SEE, Staphylococcal Enterotoxin E; STAb, in situ secretion of T-cell redirecting bispecific antibodies; 
TanCAR, tandem CAR; TCEs, T cell-engagers; 3D, three-dimensional.
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(online supplemental figure S3a) with a panel of SEM 
cells expressing both targeted antigens, CD19 and 
CD22 (SEMWT), only one of them, either CD19 (SEM-
CD22KO) or CD22 (SEM-CD19KO), or neither antigen 
(SEM-CD19KO/22KO) (online supplemental figure S4a). 
Transduced Jurkat cells were specifically activated when 
co-cultured with SEM cells expressing at least one of 
the target antigens, but CD69 levels were significantly 
higher in the context of CD19-TCE-mediated activation 
compared with CD22-CAR-mediated activation (online 
supplemental figure S3c). Transwell assays (online supple-
mental figure S3b) were used to further demonstrate 
that CD19-TCE-secreting Jurkat T cells (J-STAb-T19 and 
J-CAR-STAb-T) were able to specifically activate J-NT-T 
when co-cultured in the lower chamber with CD19pos cells 
(online supplemental figure S3d). To better characterize 
the potential to recruit bystander T cells in the presence 
of target Raji cells, decreasing proportions of transduced 
Jurkat (J-T) cells (J-STAb-T19, J-CART22, J-CAR-STAb-T 
and J-TanCAR) were co-cultured with increasing propor-
tions of J-NT cells to keep the total number of effector 
Jurkat T cells constant (figure  1c). The results demon-
strate that a very small number of CD19-TCE-secreting T 
cells (GFP+) have the potential to recruit J-NT bystander 
cells (GFP−). The recruitment capacity of J-STAb-T19 cells 
was superior to that of J-CAR-STAb-T cells and remains 
almost stable up to J-T:target ratios of 1:50. For J-CAR-
STAb-T cells, the reduced TCE secretion translates into 
a lower bystander T-cell recruitment capacity but is still 
evident even at J-T:target ratios of 1:1,000 (figure  1d). 
Co-cultures with CD19neg CD22neg K562 target cells and 
plate-bound anti-CD3 mAb (iOKT3) were used as nega-
tive and positive controls, respectively (online supple-
mental figure S3e).

Next, we studied the architecture of the IS by staining 
for CD3ε and filamentous actin (F-actin), as markers of 
central and distal supramolecular activation complex, 
respectively. J-STAb-T19, J-CAR-T22, J-TanCAR-T and 
J-CAR-STAb-T cells were incubated with Raji cells for 
15 min to allow the assembly of the IS. Superantigen E 
(Staphylococcal Enterotoxin E (SEE))-loaded Raji cells 
co-cultured with J-NT-T cells were used as a positive 
control of IS formation. Confocal microscopy images 
showed that all Jurkat conjugates formed IS with Raji 
cells, based on F-actin polarization (figure 1e). However, 
J-STAb-T19 and J-CAR-STAb-T cells showed similar F-actin 
clearance values compared with SEE T-cell receptor 
(TCR)-stimulated J-NT-T cells and higher than J-CAR-
T22 and J-TanCAR-T cells (figure 1f). These data suggest 
that CD19-TCE-secreting cells better mimic canonical IS 
formation and actin network establishment. Interestingly, 
only J-STAb-T19 cells could induce CD3ε polarization to 
the IS in a similar way to J-NT-T cells stimulated by SEE 
(online supplemental figure S3f,g). This could indicate 
that, since CAR-mediated activation is not dependent on 
TCR/CD3 mobilization, J-CAR-STAb-T cells do not seem 
to require TCR polarization to the IS to become activated, 
despite having a good F-actin distribution toward the IS.

CAR-STAb-T cells induce more potent specific cytotoxicity 
and prevent leukemia escape in vitro more effectively than 
TanCAR-T cells
To study the specificity and cytotoxic potential of the 
CAR-STAb-T cells, primary T lymphocytes were trans-
duced with lentiviral vectors encoding single-targeting or 
double-targeting constructs (online supplemental figure 
S1a-d). Transduction efficiencies determined by reporter 
gene expression (figure 2a) showed good correlation with 
cell surface CAR levels (online supplemental figure S5). 
The proportion of CD4pos and CD8pos cells and the rela-
tive distribution of memory-like T-cell subsets were similar 
in NT-T, STAb-T19, CAR-T19, CAR-T22, TanCAR-T and 
CAR-STAb-T cells (figure 2b,c). First, we studied the spec-
ificity by co-culturing transduced T cells with the panel of 
SEM cells at a 1:4 E:T ratio. CAR-STAb-T cells efficiently 
killed SEMWT, SEM-CD19KO and SEM-CD22KO cells, 
whereas STAb-T19 and CAR-T22 cells killed SEMWT cells 
but did not show cytotoxic activity against SEM-CD19KO 
and SEM-CD22KO cells, respectively (online supplemental 
figure S6a). No cytotoxicity was observed either when 
SEM-CD19KO/22KO cells were used as targets or NT-T cells 
as effectors (online supplemental figure S6a). Further 
analysis of supernatants from STAb-19 primary T cells 
co-cultured with SEM-CD22KO cells revealed a constant 
release of TCE over time, which correlated with highly 
specific and efficient cytotoxicity (online supplemental 
figure S6b). CAR-STAb-T cells also showed similar cyto-
toxic efficacy despite lower levels of TCE secretion, which 
remained below detection limits throughout the experi-
ment (online supplemental figure S6b). No cytotoxicity 
and lower levels of TCE were detected when effector T 
cells were co-cultured with SEM-CD19KO/22KO target 
cells (online supplemental figure S6c). Next, TanCAR-T 
and CAR-STAb-T cells were co-cultured with the SEMLuc 
cell panel at E:T ratios from 1:1 to 1:8. TanCAR-T and 
CAR-STAb-T cells exhibited similar cytotoxic activity at 
the higher ratios, but CAR-STAb-T cells were significantly 
more effective at 1:4 or lower E:T ratios (figure 2d). No 
cytotoxicity was observed when SEM-CD19KO/22KO cells 
were used as targets (figure 2d). In addition, we studied 
the cytotoxic potential of CAR-STAb-T and TanCAR-T 
cells against NALM6Luc cells (online supplemental figure 
S4a) under T cell-limiting conditions, using decreasing 
E:T ratios. According to previous results, CAR-STAb-T 
cells showed significantly superior cytotoxic responses 
compared with TanCAR-T cells even at E:T ratios as low 
as 1:64 (figure 2e). Interestingly, the enhanced cytotox-
icity did not correlate with increased interferon gamma 
(IFN-γ) secretion (figure 2f).

To further assess the impact of bystander T cells on the 
cytotoxic potential of CAR-STAb-T cells, we co-cultured 
decreasing numbers of NT-T or transduced (TanCAR-T 
or CAR-STAb-T) activated T (A-T) effector cells with a 
constant number of NALM6Luc target (T) cells at A-T:T 
ratios from 1:1 to 1:50,000. Increasing numbers of freshly 
isolated T cells (NA-T) from the same healthy donor were 
added to maintain a constant 1:1 E:T ratio. After 48 hours, 
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Figure 2  Comparative in vitro cytotoxicity study between CAR-STAb-T and TanCAR-T cells. (a) Transduction efficacy in 
primary T cells calculated by GFP for CAR-19T, CAR-22T, TanCAR-T and CAR-STAb-T cells or tdTO for STAb-19T cells. 
Results expressed as mean±SEM of transductions from at least four different healthy donors (n=4). (b, c) Percentages of 
CD4pos and CD8pos T cells (b) and percentages of CCR7neg CD45RAneg, CCR7neg CD45RApos, CCR7pos CD45RAneg and CCR7pos 
CD45RApos T cells (c) among NT-T, STAb-19T, CAR-22T, TanCAR-T and CAR-STAb-T cells. Results for (b, c) are mean—
SEM of transductions from at least four different healthy donors (n=4). (d) Specific cytotoxicity of non-transduced (NT-T) or 
transduced (CAR-STAb-T or TanCAR-T) primary T cells against CD19pos/CD22pos (SEMWT), CD19pos/CD22neg (SEM-CD22KO), 
CD19neg/CD22pos (SEM-CD19KO) or CD19neg/CD22neg (SEM-CD19KO/22KO) target cells at indicated E:T ratio after 48 hours. 
Data expressed as mean±SEM of one experiment with triplicates (n=3). Cytotoxic activity (e) and IFN-γ secretion determined 
by ELISA (f) of CAR-STAb-T and TanCAR-T cells co-cultured with NALM6Luc cells under T-cell-limiting conditions (low E:T 
ratios from 1:1 to 1:512). Data for (e, f) expressed as mean±SEM of two experiments with independent donors in triplicate 
(n=6). (g) Decreasing numbers of activated effector T (AT) cells (NT-T, CAR-STAb-T or TanCAR-T) were co-cultured with 5×104 
NALM6Luc target cells. Increasing numbers of fresh isolated (NA-T) cells from the same donor (bystander T cells) were added 
to the culture, resulting in the indicated AT:T ratios and maintaining a constant 1:1 E:T ratio. Cytotoxicity (left Y axis) and IFN-γ 
secretion (right Y axis) are represented. Data expressed as mean±SEM of three experiments with independent donors in 
triplicate for cytotoxicity curves (n=9) and in duplicate for IFN-γ secretion curves (n=6). (h) Decreasing numbers of activated A-T 
cells (NT-T, CAR-STAb-T or TanCAR-T) were added to the insert wells of a non-contacting Transwell system at indicated A-T:T 
ratios, while 5×104 NALM6Luc cells and increasing numbers of NA-T cells were plated in the bottom wells to maintain a constant 
1:1 E:T ratio. Data are mean±SEM from two experiments with independent donors, performed in triplicate for cytotoxicity curves 
(n=6) and duplicate for IFN-γ curves (n=4). The percentage of specific cytotoxicity was calculated after 48 hours of culture by 
addition of D-luciferin to detect bioluminescence (d–h) and IFN-γ secretion was determined by ELISA (f–h). (i–k) Supernatants 
from the bystander experiment in (g) were tested in a multiplex bead-based immunoassay for the secretion of granzyme B 
(i), tumor necrosis factor-α (j) and IL-2 (k). Data for (i–k) expressed as mean±SEM of one experiment performed in triplicate 
(n=3). Statistical significance was calculated by two-way analysis of variance test corrected with a Tukey’s multiple comparisons 
test. CAR, chimeric antigen receptor; E:T, effector:target; IFN, interferon; STAb, in situ secretion of T-cell redirecting bispecific 
antibodies; TanCAR, tandem CAR.
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CAR-STAb-T cells reached a cytotoxicity higher than 
80% even at the 1:500 A-T:T ratio, whereas TanCAR-T 
cells could only reach this activity at the 1:10 A-T:T ratio 
(figure  2g). Similar experiments in non-contact co-cul-
ture systems were performed. In this case, NA-T cells were 
plated with NALM6Luc cells in the bottom wells, whereas 
A-T cells were plated in the upper chamber of the tran-
swell system. In contrast to NT-T and TanCAR-T cells, 
CAR-STAb-T cells induced 80% target cell lysis activity at 
an A-T:T 1:10 ratio and more than 50% at the 1:100 ratio 
(figure  2h). Regarding cytokine secretion, no statistical 
differences in IFN-γ and granzyme B levels were found, 
despite the enhanced cytotoxic activity shown by CAR-
STAb-T cells (figure  2g,i). However, a different profile 
of tumor necrosis factor (TNF)-α and IL-2 secretion 
between CAR-STAb-T and TanCAR-T cells was observed, 
with increased levels of IL-2 for TanCAR-T and TNF-α for 
CAR-STAb-T cells at higher E:T ratios (figure  2j,k). To 
further investigate the ability to prevent leukemia escape, 
long-term cultures of CAR-STAb-T or TanCAR-T cells 
were established with NALM6Luc cells at decreasing E:T 
ratios (online supplemental figure S7a). After 2 weeks, 
CAR-STAb-T cells prevented leukemia escape at 1:1, 1:2 
and 1:4 E:T ratios, while TanCAR-T cells prevented escape 
only at the 1:1 ratio (online supplemental figure S7b).

CAR-STAb-T cells control CD19pos CD22pos B-ALL more 
efficiently than TanCAR-T cells in vivo
We next compared the antitumor activity of CAR-STAb-T 
and TanCAR-T cells under T cell-limiting conditions in 
vivo in NSG mice intravenously injected with 1×106 SEMLuc 
WT cells homogeneously expressing CD19 and CD22 
(online supplemental figure S4a), followed 4 days later by 
intravenous infusion of 4×106 T cells, where CAR-STAbpos 
or TanCARpos cells comprised 8% of the infused T cells 
(3.2×105 cells). Leukemia progression was followed weekly 
by BLI, and PB, BM, brain and CSF samples were analyzed 
at the endpoint (figure 3a). Leukemia progressed rapidly 
in all mice receiving NT-T cells, while one out of three 
mice in the TanCAR-T group and two out of three mice 
injected with CAR-STAb-T cells showed clear evidence of 
leukemia control after 3 weeks by both bioluminescence 
and flow cytometry (figure 3b,c). Despite the increased 
T-cell expansion found in the PB and BM of TanCAR-T 
treated mice, no significant differences were observed 
in the percentage of blasts in PB, BM and brain between 
the TanCAR-T and CAR-STAb-T groups (figure 3d). Simi-
larly, there were no differences among the groups in the 
production of the cytokines IFN-γ, IFN-β, IL-1β, IL-6 and 
IL-10 in both plasma and CSF samples (figure 3e).

Next, the antitumor activity of CAR-STAb-T and 
TanCAR-T cells in vivo was compared in a more clini-
cally relevant PDX model under similar conditions as in 
the previous experiment. NSG mice were intravenously 
injected with 1×106 primary B-ALL cells homogeneously 
expressing CD19 and CD22 (online supplemental 
figure S8), followed 3 weeks later by intravenous infu-
sion of 3×106 T cells, where CAR-STAbpos or TanCARpos 

cells comprised 8% of the infused T cells (2.4×105 cells) 
(figure 3f). Leukemia progression and T-cell expansion 
were followed in PB and BM by flow cytometry at indi-
cated time points (figure  3f) until week 5, when mice 
were euthanized due to the development of xenogeneic 
graft-versus-host disease. In all mice receiving NT-T 
cells and in two of six TanCAR-T-treated mice, leukemia 
progressed rapidly, whereas four of six TanCAR-T-treated 
and all CAR-STAb-T-treated mice showed evidence of 
leukemia control at week 5 (figure 3g and online supple-
mental figure S9). Half of the CAR-STAb-T-treated mice, 
but none in the NT-T or TanCAR-T groups, showed strict 
leukemia control with ≤1% blasts in PB during the entire 
experiment (figure  3g and online supplemental figure 
S9). Further analysis of BM at week 3 revealed complete/
near-complete disease control in three out of six CAR-
STAb-treated mice, while clear leukemia infiltration in 
BM was observed in mice receiving NT-T and TanCAR-T 
cells (figure 3h). In this case, the rapid and stable disease 
control in CAR-STAb-T cell-treated mice correlated with 
increased T-cell infiltration in the BM (figure 3i).

CAR-STAb-T cells control heterogeneous B-ALL more 
efficiently than dual-targeted CAR-T cells in vitro
To compare the in vitro cytotoxic activity of the different 
dual-targeting approaches in the context of a hetero-
geneous leukemia, we set up a mixed B-ALL model 
containing equal percentages of SEMWT, SEM-CD19KO 
and SEM-CD22KO cells (33% SEM cell mix). Long-term 
co-cultures were established with effector T cells (NT-T, 
TanCAR-T, CAR-STAb-T or a 1:1 mixture of single-
targeted CAR-T19 (A3B1) and CAR-T22 (hCD22.7) 
(pooled CAR-T)) and the 33% SEM target cell mix at the 
indicated E:T ratios (figure 4a). At day 11, leukemia cells 
escaped from CAR-STAb-T cells only at the 1:8 and 1:16 
E:T ratios, while CAR-T and TanCAR-T cells were only 
able to control tumor progression at the 1:1 and 1:2 E:T 
ratios. Furthermore, no CD19pos cells escaped in CAR-
STAb-T co-cultures even at the 1:16 E:T ratio, with only 
CD19negCD22pos and double negative cells being able to 
escape immune control (figure 4b). There was no effec-
tive control for any of the different SEM cell variants 
from pooled CAR-T and TanCAR-T cell co-cultures at the 
lowest E:T ratios (figure  4b). Notably, the proliferation 
dynamics of the three SEMLuc cell variants (SEMWT, SEM-
CD19KO and SEM-CD22KO) proved to be similar, as shown 
in online supplemental figure S4b.

Further in vitro experiments were performed to deter-
mine the dynamics of CD19 and CD22 surface expres-
sion downregulation in SEM cells that escape from T-cell 
control. SEMWT, SEM-CD19KO and SEM-CD22KO were 
pre-stained with different cell trace dyes and a 33% SEM 
cell mix was co-cultured with the different effector T cells 
at the indicated E:T ratios for 4 days (figure  4c). CAR-
STAb T cells were more effective than pooled CAR-T and 
TanCAR-T cells at all E:T ratios tested, and the enhanced 
cytotoxicity correlated with more effective control of 
CD19pos and CD22pos leukemia escape, especially at low 
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Figure 3  Comparative in vivo efficacy between CAR-STAb-T and TanCAR-T cells in tumor models co-expressing CD19 
and CD22. (a) Experimental design of in vivo cytotoxicity in NSG mice receiving 1×106 SEMWT cells, followed by intravenous 
injection of NT-T, CAR-STAb-T or TanCAR-T cells 4 days later. CAR-STAbpos and TanCARpos cells, represented by GFPpos cells, 
accounted for 8% of the total T cells injected. (b) Radiance quantification (photons s−1 cm−2 sr−1) at the indicated time points. 
(c) Bioluminescence images showing disease progression from ventral view. (d) Leukemia progression and T-cell expansion 
measured by flow cytometry in peripheral blood, bone marrow and brain tissue at indicated time points. (e) Cytokine analysis in 
plasma and cerebrospinal fluid (CSF) samples from NSG mice treated with NT-T, TanCAR-T and CAR-STAb-T cells. IFN-γ, IFN-β, 
IL-1β, IL-6 and IL-10 were measured in a multiplex bead-based immunoassay. Results from (b,d,e) expressed as mean±SEM 
of three mice per group (n=3). (f) Experimental design of in vivo cytotoxicity in NSG mice receiving 1×106 primary B-ALL cells, 
followed by intravenous injection of NT-T, CAR-STAb-T or TanCAR-T cells 3 weeks later. CAR-STAbpos and TanCARpos cells, 
accounted by GFPpos cells, comprised 8% of the total injected T cells. (g,h) Percentage of leukemic cells measured by flow 
cytometry in peripheral blood (g) and bone marrow (h) at indicated time points. (i) Percentage of T cells measured by flow 
cytometry in bone marrow at week 3. Lines in (g) and bars in (h,i) represent mean±SEM of 4 mice for NT-T group and six mice 
for both CAR-STAb-T and TanCAR-T groups. (b,d,e,g–i) Statistical significance was calculated by two-way analysis of variance 
test corrected with a Tukey’s test for multiple comparisons. B-ALL, B-cell acute lymphoblastic leukemia; BLI, bioluminescence 
signal; BM, bone marrow; CAR, chimeric antigen receptor; E:T, effector:target; IFN, interferon; IL, interleukin; i.v., intravenous; 
NT-T, non-transduced primary T cells; PB, peripheral blood; PDX, patient-derived xenograft; STAb, in situ secretion of T-cell 
redirecting bispecific antibodies; TanCAR, tandem CAR.
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Figure 4  Cytotoxicity and leukemia control in vitro against heterogeneous tumors containing equal numbers of SEMWT, SEM-
CD19KO, and SEM-CD22KO cells (33% SEM cell mix). (a) NT-T, TanCAR-T, CAR-STAb-T or a 1:1 pool of CAR-19T and CAR-22T 
cells were co-cultured with the 33% SEM cell mix at the indicated ratios. (b) The expression of CD2, CD19 and CD22 was 
analyzed by flow cytometry after 4, 7 and 11 days to assess cytotoxic activity and leukemia escape over time. Data expressed 
as mean±SEM of two different experiments with independent donors (n=2). (c) CD19 and CD22 phenotype by flow cytometry at 
day 4 in a mix containing 33% of SEMWT, SEM-CD19KO, and SEM-CD22KO cells after being stained at day 0 with CellTrace dyes 
(Far Red for SEMWT, Violet for SEM-CD19KO and CFSE for SEM-CD22KO). (d) The stained 33% SEM cell mix was co-cultured 
with NT-T, TanCAR-T, CAR-STAb-T or a 1:1 pool of CAR-19T and CAR-22T cells at indicated effector:target ratios. After 4 days, 
CD19 and CD22 expression was determined by flow cytometry. Percentages of CD19neg, CD22neg, double negative and double 
positive cells are indicated. CAR, chimeric antigen receptor; NT-T, non-transduced primary T cells; STAb, in situ secretion of T-
cell redirecting bispecific antibodies; TanCAR, tandem CAR.
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E:T ratios (figure 4d). Only a small population of CD22neg 
CD19KO-derived SEM cells escaped CAR-STAb-T control 
at the 1:16 E:T ratio. In contrast, for dual-targeting CAR-
based strategies, escape of CD19pos, CD19neg and double-
positive cells was also evident at 1:8 and 1:16 E:T ratios 
(figure  4d). In both SEM-CD19KO and double positive 
cells, a significant CAR-mediated downmodulation of 
CD22 was observed, being especially relevant at ratios 
1:16 for CAR-STAb-T cells and 1:4 for TanCAR-T and 
pooled CAR-T cells (figure 4d).

CAR-STAb-T cells control heterogeneous leukemia more 
efficiently than dual-targeted CAR-T cells in vivo
To evaluate in vivo antitumor activity in a leukemia model 
with pre-existing CD19neg and CD22neg subpopulations, 
NSG mice were injected intravenously with 2.5×105 of 
the 33% SEM cell mix, followed 4 days later by intrave-
nous injection of 5×106 NT-T, CAR-STAb-T, TanCAR-T or 
pooled CAR-T cells. Leukemia progression was followed 
weekly by BLI for 5 weeks or until the radiance humane 
endpoint of 2×107 photons was reached. PB and BM 
samples were analyzed by flow cytometry at the endpoint 
(figure 5a). Due to its aggressiveness, the leukemia devel-
oped rapidly in all mice, although tumor progression was 
attenuated in mice receiving pooled CAR-T, TanCAR-T 
or CAR-STAb-T cells compared with those receiving NT-T 
cells (figure  5b,c and online supplemental figure S10). 
In fact, only in two of all mice, both in the CAR-STAb-T 
group, radiance remained below the humane endpoint 
for the entire experiment, showing near complete 
leukemia remission at week 5 (figure  5b–d and online 
supplemental figure S10). Accordingly, analysis of PB and 
BM showed complete leukemia control in these two mice 
and increased T-cell expansion in the CAR-STAb-T-treated 
group (figure  5e). Although no differences in CD19pos 
tumor escape were observed between the CAR-STAb-T, 
TanCAR-T, and pooled CAR-T groups in PB, further anal-
ysis in BM showed superior control of CD19pos cells in 
CAR-STAb-T-treated mice compared with the TanCAR-T 
and pooled CAR-T groups (figure 5f). No differences in 
CD22pos tumor control were observed between the three 
groups (figure 5f).

DISCUSSION
Despite recent advances in the treatment of R/R B-cell 
malignancies, a significant percentage of patients relapse 
following single-targeted T cell-redirecting CAR-T and 
TCE therapies, mainly due to immune pressure-mediated 
antigen loss.8–10 Dual-targeted immunotherapies have 
been developed to prevent CD19 downmodulation and 
consequent tumor escape, some of which are already 
being tested in clinical trials.22 Different multitargeting 
strategies have been designed, either using two indepen-
dent CARs or assembling both binding domains into a 
single tandem CAR.54 55 However, to date, the generation 
of dual-targeting CAR-T cell studies has not resulted in 
significantly improved outcomes compared with CD19 

targeting alone.23 Therefore, there is an urgent need to 
clarify which strategy could provide better disease control 
while avoiding the loss of tumor antigens.

Here, we report the first dual-targeted CAR-STAb-T 
strategy for B-ALL and compare it to previously vali-
dated dual-targeted CAR-based strategies, including a 
TanCAR-T cell therapy and the co-administration of a 
CD19/CD22 pooled CAR-T cell product.21 31 56 T cells were 
engineered to express an anti-CD22 second-generation 
4-1BB-based CAR and to secrete a CD19×CD3 TCE. Our 
group has extensively described one of the main mecha-
nistic features of STAb-T cells compared with CAR-T cells, 
the ability to recruit bystander unmodified T cells.36 37 39 
Here, we demonstrated in both contact and non-contact 
co-culture systems with CD19pos and/or CD22pos cells that 
CAR-STAb-T cells efficiently redirected bystander T cells, 
resulting in enhanced cytotoxicity compared with that 
exhibited by TanCAR-T cells at low E:T ratios. In long-
term in vitro co-culture assays, CAR-STAb-T cells also 
demonstrated better control of leukemia progression 
at low E:T ratios than TanCAR cells. Furthermore, this 
superior cytotoxic potential was not associated with an 
increased production of IFN-γ, thus reducing potential 
adverse events associated with cytokine release. In this 
regard, the different cytokine secretion profile observed 
between CAR-STAb-T and TanCAR-T cells, particularly 
with respect to TNF-α and IL-2 production, suggests 
divergent mechanisms of antitumor activity between 
CAR-T cells and TCEs. Specifically, our results indicate 
faster and more effective TCE-mediated tumor cell lysis 
in CAR-STAb-T cells and enhanced cellular expansion in 
TanCAR T cells, both mediated by the interaction with 
CD19. Although further experiments are needed to eluci-
date these mechanisms, the combination of CAR and 
STAb strategies may represent a promising approach to 
achieve both rapid and sustained antitumor responses in 
patients with advanced B-cell malignancies.

Regarding in vivo efficacy in CD19pos CD22pos cell-
derived xenograft (CDX) and PDX models of B-ALL in 
a T-cell limiting experimental setting, CAR-STAb-T cells 
maintained a tighter control of tumor progression than 
TanCAR T cells, keeping the leukemia cell count almost 
undetectable. In terms of safety profile, systemic admin-
istration of TCEs has been frequently associated with 
cytokine release syndrome and immune effector cell-
associated neurotoxicity syndrome.57 Thus, the potential 
toxic effect caused by the sustained release of a TCE by 
engineered T cells may be a major concern for the trans-
lation of STAb-T therapies into the clinic. In this regard, 
we evaluated T-cell infiltration and cytokine release in the 
brain and CSF of mice treated with both CAR-STAb-T and 
TanCAR-T cells and found no differences between the 
two groups. In addition, TCE levels remained undetect-
able in plasma samples from CAR-STAb-T treated mice, 
consistent with the low levels of TCE observed in superna-
tants of primary CAR-STAb-T cells in vitro. As previously 
reported by others,51 this observation may indicate that 
while CAR-STAb-T cells are primarily trafficked to tumor 
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Figure 5  Comparative in vivo efficacy and tumor escape in a tumor model with heterogeneous expression of CD19 and CD22. 
(a) Experimental design of in vivo cytotoxicity in NSG mice receiving 2.5×105 33% SEM cell mix (SEMWT, SEM-CD19KO, and 
SEM-CD22KO cells), followed by intravenous injection of NT-T, CAR-STAb-T, TanCAR-T or a 1:1 pool of CAR-19T and CAR-22T 
cells 4 days later. The percentage of transduced T cells, accounted by GFPpos or tdTOos cells, was equally adjusted for the 
different therapies and comprised 14% of the total T cells injected. (b) Radiance quantification (photons s−1 cm−2 sr−1) at the 
indicated time points. A humane endpoint of 2×107 photons s−1 cm−2 sr−1 was established. (c) Bioluminescence images showing 
disease progression from ventral view. (d) Overall survival curve after 5 weeks of treatment. Mice were sacrificed according to 
the radiance humane endpoint of 2×107 photons s−1 cm−2 sr−1. (e) Leukemia progression and T-cell expansion measured by 
flow cytometry in peripheral blood and bone marrow at endpoint. (f) CD19pos and CD22pos leukemia escape measured by flow 
cytometry in peripheral blood and bone marrow at endpoint. Percentages indicate CD19 or CD22 positive-stained cells gated 
from all HLA-ABCpos CD3neg cells. Data in (b,e,f) expressed as mean±SEM of 2 mice for the control group, four mice for the 
NT-T group and 6 mice for the CAR-STAb-T, TanCAR-T and pooled CAR-T groups. Each dot in (e,f) represents an independent 
mouse (n=2 for control group, n=4 for NT-T group and n=6 for CAR-STAb-T, pooled CAR-T and TanCAR-T groups). Statistical 
significance between groups was calculated either by two-way analysis of variance test corrected with a Tukey’s test for 
multiple comparisons (b) or an unpaired Student’s t-test (e,f). BLI, bioluminescence signal; BM, bone marrow; CAR, chimeric 
antigen receptor; i.v., intravenous; NT-T, non-transduced primary T cells; PB, peripheral blood; STAb, in situ secretion of T-cell 
redirecting bispecific antibodies; TanCAR, tandem CAR.
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sites in the BM, where the bystander effect is mediated by 
locally delivered TCEs, the bispecific antibody is rapidly 
cleared from the PB and is therefore undetectable in the 
plasma.

Regarding escape mechanisms to CD19-targeted T cell-
redirecting strategies, our previous work in B-ALL demon-
strated that anti-CD19 STAb-T cells could prevent CD19 
downregulation and subsequent tumor escape more 
efficiently than CD19-specific CAR-T cells.36 38 Recent 
preclinical assays and clinical trials with dual CD19/
CD22 targeting therapies have shown that CD19neg with 
persistent CD22pos is the predominant relapse phenotype, 
perhaps reflecting the poor performance of the CD22 
CAR strategies,23 but it is possible that the more variable 
and weaker expression of CD22 in leukemia cells58 may be 
at the origin of the escape. The experiments conducted 
with cell lines and B-ALL CDX and PDX models have 
shown improved control of CD19, compared with CD22, 
tumor escape by CAR-STAb-T cells both in vitro and in 
vivo. In this context, using a heterogeneous target cell line 
model, CAR-STAb-T cells showed enhanced antitumoral 
activity in vitro against CD19posCD22neg and CD19posC-
D22pos cells when compared with TanCAR-T or pooled 
CD19/CD22 CAR-T cells, potentially reducing the risk 
of refractory CD19pos leukemia progression. However, 
due to the complex environment commonly associated 
with heterogeneous B-ALL, further experiments with 
different conditions and a larger number of mice should 
be performed to confirm the consistency of these results 
in vivo.

In this context, increased control over CD19pos tumor 
cells and the selection of an anti-CD22 scFv with the 
ability to recognize targets with low-antigen density may 
be crucial to avoid potential relapses. Although additional 
research is needed to fully assess the impact of antigen 
modulation on dual-targeted therapies, this aspect may 
be critical for the design and clinical implementation of 
more effective immunotherapies, such as a CAR-STAb-T 
cell combining CD19 CAR and CD22 TCE or a dual-
targeted STAb-T strategy59 based on T cells that secrete 
both CD19 and CD22 TCEs.

With an emerging pipeline of multitargeted therapies 
now being developed as an alternative to single-targeted 
CAR-T therapies, new concerns have been raised related 
to the appropriate recognition of all antigens, as well 
as those associated with production challenges. In this 
context, it is particularly relevant to determine whether 
these new strategies offer advantages over the dual infu-
sion of single-targeting therapies beyond the regulatory 
and cost savings of producing a single product instead 
of two. Indeed, in this work, we demonstrate that the 
combination of a cell surface CD22 CAR and a soluble 
CD19 TCE may be advantageous over the use of conven-
tional CD19/CD22 dual-targeted strategies based on cell 
surface anchored CARs, such as CD19/CD22 TanCAR-T 
cells, or a pool of single-targeted CD19 and CD22 CAR-T 
cells. Furthermore, we demonstrate that a small number 
of transduced CAR-STAb-T cells is sufficient to redirect 

non-transduced bystander T cells specifically and effi-
ciently in the presence of leukemia cells, providing a 
significant advantage over current dual-target CAR-based 
adoptive T-cell therapies.

In summary, CAR-STAb-T cells could become an alter-
native to established dual-targeting CAR-T therapies for 
the treatment of R/R B-cell malignancies, especially in 
lymphodepleted patients with low T-cell counts, although 
future comprehensive comparative studies will be crucial 
as novel CAR-based multitargeting strategies emerge.
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