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ABSTRACT
Cancer immunotherapy strategies based on the endogenous secretion of T cell-redirecting bispecific 
antibodies by engineered T lymphocytes (STAb-T) are emerging as alternative or complementary 
approaches to those based on chimeric antigen receptors (CAR-T). The antitumor efficacy of bispecific 
anti-CD19 × anti-CD3 (CD19×CD3) T cell engager (BiTE)-secreting STAb-T cells has been demonstrated in 
several mouse models of B-cell acute leukemia. Here, we have investigated the spatial topology and 
downstream signaling of the artificial immunological synapses (IS) that are formed by CAR-T or STAb-T 
cells. Upon interaction with CD19-positive target cells, STAb-T cells form IS with structure and signal 
transduction, which more closely resemble those of physiological cognate IS, compared to IS formed by 
CAR-T cells expressing a second-generation CAR bearing the same CD19-single-chain variable fragment. 
Importantly, while CD3 is maintained at detectable levels on the surface of STAb-T cells, indicating 
sustained activation mediated by the secreted BiTE, the anti-CD19 CAR was rapidly downmodulated, 
which correlated with a more transient downstream signaling. Furthermore, CAR-T cells, but not STAb-T 
cells, provoke an acute loss of CD19 in target cells. Such differences might represent advantages of the 
STAb-T strategy over the CAR-T approach and should be carefully considered in order to develop more 
effective and safer treatments for hematological malignancies.
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Introduction

In the past few years, immunotherapeutic strategies based on the 
redirection of T cells toward cell-surface tumor-associated anti-
gens (TAAs), such as adoptive cellular therapy with chimeric 
antigen receptor (CAR)-modified T cells or administration of 
bispecific antibodies (bsAbs), have revolutionized the treatment 
landscape of hematologic malignancies.1 CARs are synthetic 
receptors consisting of an extracellular antigen-binding domain, 
usually a single-chain fragment variable (scFv) antibody, a trans-
membrane domain, and a T cell-activating domain, most often the 
intracellular signaling region of the CD3 linked to a costimulatory 
sequence (from CD28 or 4–1BB molecules).2 Four anti-CD19 
CAR-T cell therapies 3–5 and one anti-BCMA (B cell maturation 
antigen) CAR-T cell therapy 5 have been approved by the US Food 
and Drug Administration (FDA) for the treatment of patients with 
relapsed or refractory (R/R) B cell malignancies and multiple 
myeloma, respectively. Despite high complete response rates, 
30–60% of patients relapse after anti-CD19 CAR-T cell therapy 6 

and its application in solid tumors remains challenging.7

BsAbs are artificial molecules designed to bridge two differ-
ent epitopes, usually a cell surface TAA and the CD3 chain of 
the TCR/CD3 complex,8 resulting in T cell cytokine secretion 

and cytotoxic effector functions.8,9 An anti-CD19 × anti-CD3 
bispecific T cell engager (BiTE), blinatumomab, has been 
approved by the FDA for the treatment of R/R and minimal 
residual disease-positive B-cell acute lymphoblastic leukemia 
(B-ALL).10,11 A potential advantage of bsAbs over CAR-T cells 
is their ability to achieve the polyclonal recruitment of bystan-
der T cells. However, the need for continuous intravenous 
administration to overcome their short serum half-life 12 and 
their inability to actively traffic to tumors 13,14 represent major 
disadvantages compared to CAR-T therapy.1 In addition, 
despite the impressive responses observed with 
blinatumomab,13,15,16 44% of patients relapse after initial 
response.14

Although no clinical data directly comparing CAR-T cells 
and blinatumomab treatments are available, data suggest that 
CAR-T cells achieve greater antitumor efficacy and a more 
prolonged antileukemic response,17,18 presumably due to 
their long-term persistence (up to 39 months).3 By contrast, 
blinatumomab short half-life is associated with shorter relapse- 
free survival.18 Moreover, CAR-T therapy has been proved to 
be more efficient than blinatumomab in patients with high 
tumor burden or with extramedullary disease (EMD),18 
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which could be related to the potential of CAR-T cells to 
actively traffic to extramedullary leukemia deposits,18 whereas 
there is no evidence of blinatumomab's ability to cross the 
blood–brain barrier.18 In addition, higher complete response 
rates in pediatric patients have been achieved with CAR-T 
treatment.17

In an attempt to overcome the drawbacks and combine the 
advantages of both strategies, another immunotherapy 
approach, based on the in situ secretion of T cell-redirecting 
bsAbs (STAb) by genetically modified T cells, is emerging. 
Thus, in vivo secretion of the T cell-redirecting bsAb might 
result in constant effective concentrations, compensating for 
the rapid renal clearance of small-sized antibody fragments 19 

and, importantly, in STAb strategies T cell recruitment is not 
restricted to engineered T cells, as in the case of CAR-T cell 
approaches. The polyclonal recruitment by bsAbs of both 
engineered and unmodified bystander T cells, present at the 
tumor site, might lead to a significant boost in antitumor T cell 
responses.20 We and others have previously shown that STAb- 
T cells mediate potent antitumor responses in vivo in several 
animal models,21–24 but whether the STAb-T strategy might be 
more effective than CAR-T therapy has remained poorly stu-
died. In particular, a relevant issue concerns the structure of 
the immune synapse (IS) formed by the CAR-TAA or bsAbs- 
TAA interactions. It has been reported that the IS initiated by 
CARs exhibits major differences to the canonical TCR-initiated 
IS in effector T cells, conforming a disorganized multifocal 
signaling cluster structure and giving rise to shorter 
interactions,25–28 but further studies are needed to more pre-
cisely define the impact of non-classical IS in the functional 
capacity and cytotoxic potential of CAR-T cells. Contrary to 
CARs, Fc-free T cell-redirecting bsAbs are able to induce the 
formation of a classical IS between T cells and tumor cells.29 

Indeed, BiTE-initiated IS has been reported to be identical in 
structure and molecular composition to TCR-induced IS.30,31

We have recently demonstrated that engineered primary 
human T cells secreting a CD19xCD3 bsAb (STAb-T19) are 
more effective than engineered T cells bearing a second- 
generation CAR with the same anti-CD19 clone (CAR-T19) 
in several in vivo models of B-ALL.28 Interestingly, we observed 
that the secreted BiTE mediated the organization of a canonical 
IS between primary T cells and CD19+ cells, whereas CAR-T19 
cells formed a noncanonical and disorganized IS.28 Here, we 
have further studied the topology of the IS induced by both 
anti-CD19 T cell-redirecting strategies, with special emphasis 
on the expression and dynamics of relevant molecules for cell 
signaling and activation.

Material and methods

Cell lines and culture conditions

HEK293T (CRL-3216) cells were cultured in Dulbecco’s mod-
ified Eagle’s medium (DMEM) (Lonza, Walkersville, MD, 
USA) supplemented with 2 mM L-glutamine (Life 
Technologies, Paisley, UK), 10% (vol/vol) heat-inactivated 
fetal bovine serum (FBS), and antibiotics (100 units/mL peni-
cillin, 100 μg/mL streptomycin) (both from Sigma-Aldrich, St. 
Louis, MO, USA), referred to as DMEM complete medium 

(DCM). Jurkat Clone E6-1 (TIB-152), Raji (CCL-86), and 
NALM6 (CRL3273) (CCL243) cells were maintained in 
RPMI-1640 (Lonza) supplemented with 2 mM L-glutamine, 
heat-inactivated 10% FBS, and antibiotics, referred to as RPMI 
complete medium (RCM). All cell lines were obtained from the 
American Type Culture Collection (Rockville, MD, USA) and 
were grown at 37°C and 5% CO2. All cell lines were routinely 
screened for mycoplasma contamination by PCR using the 
Mycoplasma Gel Detection Kit (Biotools, Madrid, Spain).

Preparation of lentiviral particles and transduction

The lentiviral vectors pCCL-EF1α-BiTE19,28 containing the 
human kappa light chain signal peptide L1,32 the A3B1 scFv 
(VL-VH),33 a five-residue linker (G4S), the OKT3 scFv (VH- 
VL) 34 and a C-terminal polyHis tag, and pCCL-EF1-CAR19,33 

encoding a second-generation (CD8-BBζ) anti-CD19 CAR 
(19-CAR),33 was used. To produce lentiviral particles, 
HEK293T cells were transfected with the transfer vector 
(pCCL-EF1α-BiTE19 or pCCL-EF1-CAR19) together with 
packaging plasmids. In brief, HEK293T cells (6 × 106) were 
plated 24 hours before transfection in 10 cm dishes. At the time 
of transfection, 6.9 μg transfer vector (pCCL-EF1α-BiTE19 or 
pCCL-EF1α-CAR19), 3.41 μg pMDLg/pRRE (Addgene, 
12251), 1.7 μg pRSV-Rev (Addgene, 12253), and 2 μg envelope 
plasmid pMD2.G (Addgene, 12259) were diluted in serum-free 
DMEM. 35 μg linear polyethyleneimine (PEI) molecular 
weight 25,000 (Polysciences, 23966–1) was added to the mix-
ture and incubated for 20 minutes at room temperature. After 
incubation, DNA-PEI complexes were added onto the cells 
cultured in 7 mL of complete DMEM. Media were replaced 
4 hours later.

Viral supernatants were collected 48 hours later and clar-
ified by centrifugation and filtration using a 0.45-μm filter. 
Viral supernatants were concentrated using ultracentrifugation 
at 26,000 rpm for 2 hours 30 minutes. Virus-containing pellets 
were resuspended in complete XVivo15 media (Lonza, 
Walkersville, MD, USA) and stored at −80°C until use.

Functional titers (TU/ml) were determined by FACS analy-
sis after limiting dilution in Jurkat cells, as specified in the flow 
cytometry section. Jurkat cells at a concentration of 1 × 106 

cells/ml cells were left untransduced (nontransduced, J-NT-T 
cells) or transduced with 19-CAR (J-CAR-T19 cells) or 19- 
BiTE (J-STAb-T19 cells) encoding lentivirus at the indicated 
Multiplicity of Infection (MOI). A period of cell expansion of 
6–8 days was carried out before conducting experiments.

Viral copy number

The copy number of integrated lentiviruses in J-NT-T, J-CAR- 
T19, and J-STAbT19 cells was determined by qPCR with the 
Lenti-X Provirus Quantitation kit (Takara Bio Inc, Saint 
Germain, France) following the manufacturer´s instructions.

Western blotting

For analysis of CAR and BiTE expression, samples were lysed 
for 5 minutes in an ice-cold RIPA buffer (Sigma-Aldrich) with 
5 mM EDTA and a 1x Halt Protease Inhibitor Cocktail 
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(ThermoFisher-Pierce Biotechnology, Rockford, IL, USA), 
centrifuged at 11,000 g for 10 minutes at 4°C and soluble 
fractions were collected; for analysis of BiTE secretion, culture 
supernatants were collected. 15 μg of protein or 16  μl of 
supernatant was were separated under reducing conditions 
on 10–20% Tris-glycine gels (Life Technologies, Carlsbad, 
CA, USA), transferred onto Immobilon-PVDF membranes 
(Merck Millipore, Tullagreen, Carrigtwohill, Ireland) and 
probed with mouse antihuman CD247 mAb (1:1000) (BD 
Biosciences) or anti-His mAb (Qiagen, Hilden, Germany) 
(200 ng/ml), followed by incubation with horseradish perox-
idase (HRP)-conjugated goat antimouse (GAM) IgG, Fc spe-
cific (1:5000) (Sigma-Aldrich).

HRP-conjugated mouse anti-actin mAb (1:50,000) was used 
as loading control. Visualization of protein bands was per-
formed with Pierce ECL Western Blotting substrate. Blots 
were scanned and quantified using a Bio-Rad ChemiDoc MP 
Imaging System.

For analysis of T cell signaling, J-CAR-T19 and J-STAb-T19 
cells were incubated at 37°C with Raji cells at a Jurkat-Raji ratio 
of 10:1 for the indicated times. J-NT-T cells were incubated 
with non-loaded Raji cells or Raji cells loaded for 1 hour with 
5 nM blinatumomab (BLI) (Amgen Inc, Thousand Oaks, 
California) or 1 μg/mL Staphylococcus aureus Enterotoxin-E 
(SEE) (Toxin Technologies, Sarasota, FL, USA). The stimula-
tion time 0 minutes corresponds to J-NT-T cells mixed with 
Raji cells at room temperature, which were immediately cen-
trifuged and lysed. Samples were lysed for 30 minutes in an ice- 
cold lysis buffer containing 20 mM Tris-HCl pH 7.5; 1% NP- 
40; 0.2% Triton X-100 (Sigma-Aldrich); 2 mM EDTA; 150 mM 
NaCl; 1.5 mM MgCl2; 5 mM β-glicerolphosphate; 1x protease 
inhibitor cocktail; 1 mM NaF; 1 mM PMSF; 1 mM Na3VO4 and 
1 mM Sodium pyrophosphate. Lysates were then centrifuged at 
10,000 rpm for 10 minutes at 4°C, and soluble fractions were 
collected, mixed with 6x Laemmli buffer (Alfa Aesar, Haverhill, 
MA, USA) containing 20% β-mercaptoethanol, boiled at 95°C 
for 5 minutes, and resolved in 10% SDS-PAGE acrylamide gels. 
Resolved proteins were transferred to Immobilion PVDF 
membranes, which were blocked with blocking buffer (LI- 
COR Bioscience, Lincoln, NE, USA), incubated overnight 
with rabbit anti-phospho-Y783-PLCγ1, anti-PLCγ1, anti- 
phospho-T202/T204-ERK1/2, or mouse anti-ERK1/2 primary 
antibodies (all from Cell Signaling Technology, Beverly, MA, 
USA) and incubated for 30 minutes with IRDye 680- 
conjugated goat-antirabbit (GAR) and IRDye 800-conjugated 
GAM (Miltenyi Biotec). All blots were scanned, and fluores-
cence was quantified with an Odyssey Infrared Imager (LI- 
COR). Densitometry of images was done with Image Studio 
Freeware (LI-COR). When necessary, blots were striped in 
50 ml containing 2% SDS; 12.5% Tris-HCl pH 6.8 and 0.7% β- 
mercaptoethanol for 30 minutes at 50°C.

Flow cytometry

The following mAbs against human proteins were used: PE- 
conjugated anti-CD2 (clone S5.2), APC-conjugated anti-CD3 
(clone UCHT1), and APC-conjugated anti-CD10 (clone 
HI10a) from BD Biosciences (San Jose, CA, USA) and PC7- 
conjugated anti-CD19 (clone J4.119) from Beckman Coulter 

(Marseille Cedex, France). DAPI (SigmaAldrich) was used as a 
viability marker. Cell surface expression of 19-CAR was ana-
lyzed using an APC-conjugated GAM IgG F(ab´)2 (Jackson 
ImmunoResearch, West Grove, PA, USA). Cell surface- 
bound 19-BiTE was detected with APC-conjugated anti-His 
mAb (clone GG11-8F3.5.1, Miltenyi Biotec), and intracellular 
BiTE was detected with APC-conjugated anti-His mAb after 
cell fixation and permeabilization with Inside Stain kit 
(Miltenyi Biotec). Cell acquisition was performed in a BD 
FACSCanto II flow cytometer using BD FACSDiva software 
(both from BD Biosciences, San Jose, CA, USA). Analysis was 
performed using FlowJo V10 software (Tree Star, Ashland, 
OR, USA).

Immunofluorescence and confocal microscopy

For synapse studies, Jurkat NT-T, CAR-T19, and STAb-T19 
cells were incubated for 15 minutes on Poly-L-lysine (Sigma- 
Aldrich)-coated coverslips at 37°C with Raji cells at a Jurkat: 
Raji ratio of 1:1. Where indicated, Raji cells were loaded for 1 
hour with 5 nM BLI or 1 μg/mL SEE. In order to properly find 
cell conjugates, Raji cells were pre-incubated with the fluores-
cent tracker chloromethyl derivative of aminocoumarin 
(CMAC) 1 μM (Molecular Probes, Eugene, OR, USA). Jurkat: 
Raji cell conjugates (200.000 cells each) were fixed with 4% 
paraformaldehyde in PBS for 5 minutes at room temperature, 
permeabilized with 0.1% Triton X-100 (Sigma Aldrich) for 
5 minutes at room temperature, and blocked with 10 μg/ml 
human gamma globulin (Sigma-Aldrich) for 20 minutes at 
room temperature. Samples were stained with mouse anti- 
CD3ε mAb (T3b clone; kindly provided by Dr. Francisco 
Sánchez-Madrid, Hospital Universitario de la Princesa, 
Madrid, Spain) and with Phalloidin-647 (Molecular Probes) 
(for F-actin detection) for 1 hour at room temperature. Cells 
were then washed with TBS (50 mM Tris-HCl, pH 7.4 150 mM 
NaCl) and incubated with an Alexa 488-conjugated GAM 
secondary antibody (Molecular Probes) at room temperature 
for 30 minutes. Finally, samples were washed with TBS and 
distilled water before being mounted with Mowiol medium 
(Sigma-Aldrich). Confocal sections of fixed samples were 
acquired using an SP-8 laser scanning confocal microscopy 
(Leica Microsystems, Wetzlar, Germany), with a 60×/1.35 oil 
immersion objective. CMAC, Alexa 488, and phalloidin-647 
were excited by 405, 488, and 633 nm laser lines, respectively. 
Image acquisition was performed using a Leica HyVolution 
system and an automatically optimized image resolution of 
40 nm/pixel. For 3D reconstructions, z-stacks through the 
complete IS were acquired every 0.3 μm. F-actin clearance 
was estimated by the ratio of the area of the central region of 
the IS depleted of F-actin versus the complete area of the IS 
including the actin ring in 3D images. Assessment of CD3 
coalescence at the cSMAC was assessed by visual inspection 
of the 3D images and using criteria shown in supplementary 
Figure 2. 3D reconstruction and image quantitation were per-
formed using ImageJ freeware (National Institutes of Health, 
Rockville, MD, USA).

For 19-CAR and CD3 localization studies, J-NT-T, 
J-CAR-T19, or J-STAb-T19 cells (1 × 105) were co-cultured 
for 2 hours with CMAC-labeled NALM6 cells at a 2:1 E:T 
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ratio in U-bottom 96-well plates. Co-cultures were then 
incubated on poly-L-lysine-coated coverslips at 37°C, 5% 
CO2 and fixed and permeabilized as described above. 19- 
CAR localization at the lysosomal compartment was 
assessed by staining with GAMIgG F(ab’)2-biotin (Jackson 
ImmunoResearch) followed by streptavidin-Alexa Fluor 594 
(Life Technologies-Thermo Fisher Scientific, Carlsbad, CA, 
USA) and mouse anti-CD107a (IDB4 clone)-Alexa Fluor 
647 (Biolegend, San Diego, CA, USA). CD3 localization 
was determined by staining with mouse anti-CD3ε (T3b 
clone) followed by GAM-Alexa-488. All samples were 
mounted with Mowiol (Sigma-Aldrich) as described above. 
Confocal sections were acquired using the SP-8 scanning 
laser confocal microscopy equipped as described. CMAC, 
Alexa 488, Alexa 594, and Alexa 647 were excited by 405, 
488, 594, or 633 nm laser lines, respectively. Image acquisi-
tion was automatically optimized with the Leica software to 
get an image resolution of 58 nm/pixel. In the case of 19- 
CAR localization, Z-stacks through the cell were acquired 
every 0.8 μm. Colocalization was estimated by Pearson 
correlation coefficients obtained in complete stacks of cells 
(Figure 2b, c). CD3ε uptake by target cells shown in 
Figure 3e was estimated as the ratio of the signal of CD3ε 
in NALM6 cells and JK cells after subtracting the back-
ground. Analysis was implemented in ImageJ freeware.

Statistical analysis

Results of experiments are expressed as mean ± standard 
deviation (SD). Graphics and the statistical tests indicated in 
figure legends were performed using Prism 6 (GraphPad 
Software, USA).

Results

Generation and characterization of anti-CD19 Jurkat 
CAR-T and STAb-T cells

Jurkat T cells were transduced at different multiplicities of 
infection (MOI) with lentiviruses encoding a second- 
generation (CD8-BBζ) anti-CD19 CAR (19-CAR) or an 
anti-CD19 × anti-CD3 BiTE (19-BiTE) (Figure 1a), and 
the relationship between the number of vector integrations 
and transgene expression was analyzed. Vector copy num-
ber (VCN) was found to be similar in both cases, between 1 
and 5 copies for 19-CAR-transduced Jurkat T cells (J-CAR- 
T19) and between 1 and 7 for 19-BiTE-infected Jurkat T 
cells (J-STAb-T19) (Fig. S1a). The intracellular levels of 
both proteins were similar, as determined by Western blot-
ting, with a clear correlation between MOI and both 19- 
CAR expression (Fig. S1b) and 19-BiTE expression and 
secretion (Fig. S1c,d). The percentage of 19-CAR-positive 
cells among J-CAR-T19 cells varied between 65% and 100% 
according to the VCN increase, and a VCN-dependent 
surface staining of J-STAb-T19 cells was observed as well, 
ranging from 16% to 78%, indicating that secreted 19-BiTEs 
were bound to the CD3 complexes on the T cell surface 
(Fig. S1e). Jurkat T cells transduced at MOI 5 were selected 

for use in subsequent studies since VCN was <5 copies per 
genome in both J-CAR-T19 and J-STAb-T 19 cells, and the 
19-CAR and 19-BiTE expression levels were homogeneous 
and stable.

Importantly, the process of cis-/trans-decoration of the 
TCR/CD3 complex by the secreted 19-BiTE (Figure 1a and 
Fig. S1e) results in specific adhesion of J-STAb-T19 cells to 
plastic immobilized CD19, almost as efficient as observed with 
19-CAR expressing cells (Figure 1b). T cell activation was 
further reflected by expression of the activation marker CD69 
when J-CAR-T19 or J-STAb-T19 cells were co-cultured with 
CD19+ target cells (Figure 1c).

Topology of the immune synapses induced by Jurkat 
CAR-T19 and STAb-T19 cells

To study the assembly of 19-CAR- and 19-BiTE-mediated IS, 
J-CAR-T19 and J-STAb-T19 cells were co-cultured with 
CD19-expressing Raji cells. As controls, non-transduced 
Jurkat cells (J-NT-T) were co-cultured with unloaded (non- 
activated control) or with BLI- or SEE-loaded Raji cells 
(activation controls). Jurkat:Raji cell conjugates were stained 
for filamentous (F)-actin and CD3ε to evaluate the organiza-
tion of the distal and central supramolecular activation clus-
ters, dSMAC and cSMAC, respectively. Confocal 3D 
microscopy was implemented to visualize the central 
F-actin clearance, with the typical actin ring at the dSMAC, 
and the coalescence of CD3ε microclusters at the cSMAC 
occurring in the mature IS (Fig. S2). All conditions, includ-
ing CAR-T19 cells, recruited CD3ε to the IS. However, while 
J-STAb-T19 cells cleared F-actin and formed the cSMAC by 
CD3 coalescence in a similar way to J-NT-T cells stimulated 
by SEE or BLI, CAR-T19 cells formed a disorganized IS with 
disperse CD3 clusters and a diffuse organization of F-actin 
(Figure 1d-f). These data showed that 19-BiTE, but not 19- 
CAR, allows the organization of a canonical IS and confirm 
our previous results obtained with engineered primary T 
cells.28

Early signaling during J-CAR-T19 and J-STAb-T19 cell 
activation

In order to assess if the differences observed in synapse 
topology might have functional consequences, the early 
signaling triggered upon J-CAR-T19 and J-STAbT19 inter-
action with CD19+ Raji cells was studied. As activation 
controls, J-NT-T cells were stimulated with BLI- or SEE- 
loaded Raji cells. As negative control, J-NT-T cells were 
incubated with Raji cells alone. PLCγ1 and ERK1/2 acti-
vation was analyzed by Western blot due to their impor-
tant role in early activation signaling downstream the 
TCR/CD3. Interestingly, J-STAb-T19 cells showed PLCγ1 
and ERK1/2 activation kinetics similar to J-NT-T cells 
stimulated with SEE or BLI. However, J-CAR-T19 cells 
showed a more transient signaling compared to J-STAb- 
T19 cells and control stimulation conditions (Figure 1g,h 
and Fig. S3).
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Figure 1. Functional characterization, IS assembly, and early signaling in J-CART19 and J-STAb-T19 cells. (a) Schematic representation of 19-CAR and 19-BiTE constructs 
and CAR-T19 and STAb-T19 cells. Whereas in the CAR-T strategy, only genetically engineered 19-CAR-expressing cells are able to interact with target cells, the 19-BiTE 
secreted by STAb-T cells can achieve a polyclonal recruitment of the complete T cell pool, including engineered and not engineered T cells. (b) Adhesion of J-NT-T, 
J-CAR-T19 and J-STAb-T19 cells to plastic-immobilized BSA or human CD19 (CD19-Fc). (c) CD69 expression by J-NT-T, J-CAR-T19 or J-STAb-T19 cells cocultured with 
CD19− K562, CD19+ NALM6 target cells or plastic immobilized anti-CD3 mAb (iOKT3) for 24 hours. (d-h) J-NT-T, J-STAb-T19 and J-CAR-T19 cells were cocultured for the 
indicated minutes (min) with Raji cells. As activation controls, J-NT-T cells were incubated with CD19+ Raji cells loaded with SEE or blinatumomab 5 nM (BLI). (d) 
Distribution of CD3ε and actin at the mature IS in representative cell conjugates of Jurkat cells interacting with Raji cells labelled with CMAC (blue). The green (CD3ε) and 
red (actin) channels, as well as the merged images, are shown. Scale bar corresponds to 5 μm. The IS topology obtained from the 3D reconstructions of region of interest 
placed at the IS in confocal stacks containing the red and the green channels are shown. (e) The graph represents the actin clearance at the IS in each sample, estimated 
as the fraction of actin cleared area as explained in material and methods. Symbols in each sample indicate individual cells analyzed and the black line the average 
value. Samples were compared by an ordinary one-way ANOVA with a Tukey’s multiple comparison test. (f) Graph representing the percentage of cell conjugates 
showing peripheral CD3 microclusters or cSMAC formation by CD3 coalescence. Contingency tests were performed in each possible comparison. Analysis from three 
independent experiments is shown. (g) Western blot for quantification of PLCγ1 and ERK1/2 activation. (h) Phosphorylated fraction of the molecules analyzed in (g), 
normalized to the maximum fraction found in 0 minutes (min). Mean ± SD from three independent experiments is shown. Samples were compared by a paired two- 
tailed Student t-test.
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Modulation and trafficking of cell surface 19-CAR and CD3 
molecules

Duration of signal transduction could also be related to the 
presence of adequate levels of the activating molecules on the T 
cell surface. Interestingly, as we had previously reported,28 a 
rapid and drastic 19-CAR downmodulation occurs after 

interaction with CD19+ cells (Figure 2a), which might account 
for the shorter signaling observed in J-CAR-T19 cells. In an 
attempt to define the fate of the 19-CAR molecules, J-CAR-T19 
cells were cultured alone or with CD19+ NALM6 cells for 2 
hours and co-stained with antibodies against mouse Fab (Fab), 
for 19-CAR detection, and against the lysosome-associated 

Figure 2. CAR downmodulation and fate upon antigen engagement. (a) J-CART-19 cells were co-cultured for 2 hours at a 2:1 E:T ratio with NALM6 cells and stained with 
an antimouse Fab antibody. 19-CAR expression by J-CAR-T19 cells before and after the coculture was analyzed by flow cytometry. Percentages of 19-CAR positive cells 
are indicated. (b-d) J-CAR-T19 cells and CMAC-labeled NALM6 cells were cocultured for 2 hours at 2:1 E:T ratio, stained with antibodies against mouse Fab and LAMP1, 
and analyzed by confocal microscopy. (b) Pearson’s coefficients and (c) representative images of cellular colocalization of 19-CAR and LAMP1 in J-CAR-T19 cells after 
2-hour culture. The green (LAMP1) and red (Fab) channels, as well as the merged images, are shown. The scale bar corresponds to 5 μm. Dots in graphs represent the 
Pearson´s coefficient in the individual cells analyzed, and the black line the average value of one representative experiment out of two. Samples were compared by and 
unpaired t-test. (d) Representative images showing the absence of 19-CAR uptake by NALM6 target cells. One experiment out of three is shown.

e2054106-6 Á. RAMÍREZ-FERNÁNDEZ ET AL.



membrane glycoprotein 1 (LAMP1). The analysis by confocal 
microscopy showed an increase in the colocalization of 19- 
CAR and LAMP1 in J-CAR-T19 cells cocultured with 
NALM6 cells, compared to J-CAR-T19 cells cultured alone 
(Figure 2b,c), indicating the traffic of 19-CAR to the lysosomal 
compartment after the interaction with the target antigen. 19- 
CAR was not detected on the cell surface nor in cellular 
compartments of CD19+ target cells after the coculture 
(Figure 2d), suggesting that 19-CAR downmodulation in 
J-CAR-T19 cells is not due to 19-CAR uptake by NALM6 
cells upon interaction.

Following 19-BiTE-mediated engagement with CD19+ tar-
get cells, a reduced cell surface detection of CD3 was observed 
in J-STAb-T19 cells, which is more pronounced than that 
observed in J-CAR-T19 cells cocultured in the same conditions 
with NALM6 cells (Figure 3a). This cell surface CD3 decrease 
was concomitant with a modest TCR downmodulation (Figure 
3b). Interestingly, the reduction in CD3 expression from 
J-STAb-T19 cells paralleled the increase in cell surface 

detection of CD3 on NALM6 cells and the emergence of a 
CD19+CD10+CD3+ subpopulation, suggesting that CD3 is 
transferred to leukemia cells following 19-BiTE-mediated 
interactions (Figure 3b). The CD3 uptake by CD19+ target 
cells was also observed in cocultures of NALM6 cells with 
J-NT-T cells in the presence of BLI (Figure 3c). To further 
address these observations, J-NT-T, J-CAR-T19, or J-STAb- 
T19 cells were cocultured with CMAC-labeled NALM6 target 
cells for 2 hours, labeled with anti-CD3 mAb and analyzed by 
confocal microscopy. When co-cultured with J-STAb-T19 
cells, CD3 aggregates were observed at the NALM6 cell surface, 
which were not observed when NALM6 was cocultured with 
J-NT-T or J-CAR-T19 cells (Figure 3d,e), suggesting that CD3 
trogocytosis 35 occurred after the 19-BiTE-mediated interac-
tion. This could explain, at least in part, the higher reduction in 
CD3 cell surface expression observed in J-STAb-T19 cells, 
compared to J-NT-T and J-CAR-T19 cells. On the other 
hand, a decrease in CD19 expression on NALM6 target cell 
surface upon interaction with J-CAR-T cells was observed 
(Figure 3b), as previously described.28

Figure 3. 19-BiTE-mediated CD3 uptake by target cells. (a,b) J-NT-T, J-CAR-T19 or J-STAb-T19 cells were co-cultured for 2 hours at a 2:1 E:T ratio with CMAC-labeled 
NALM6 cells. (a) Analysis, by flow cytometry, of CD3 and TCR expression on J-NT-T, J-CAR-T19 and J-STAB-T19 cells before and after the co-culture; one representative 
experiment out of three is shown. (b) Analysis of CD3/CD19 and CD2/CD10 co-expression at 0 and 2 hours after co-culture; one representative experiment out of three is 
shown. (c) J-NT-T cells were co-cultured for 2 hours at a 2:1 E:T ratio with CMAC-labeled NALM6 cells in the presence of 100 ng/ml BLI. CD3/CD19 and CD2/CD10 co- 
expression was analyzed before and after the coculture; one representative experiment out of three is shown. (d) Representative images of CD3 localization in both 
Jurkat and CMAC labeled-NALM6 cells after the coculture. The cyan (CMAC), green (CD3ε) and bright field channels, as well as the merged images of cyan and green, are 
shown. Scale bar corresponds to 5 μm. (e) Ratio of NALM6/Jurkat cell CD3 signal after 2 hours of co-culture. Dots represent the individual cells analyzed, and the black 
line the average value of one representative experiment out of two. Samples were compared by a one-way ANOVA with a Tukey’s multiple comparison test.
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Discussion

We have recently reported the generation of STAb-T19 cells 
secreting a previously uncharacterized anti-CD19 × anti-CD3 
BiTE and demonstrated their potent antitumor activity in 
relevant in vivo B-ALL models when compared to CAR-T 
cells expressing a cell surface CD19-targeted second- 
generation CAR.28 Interestingly, we observed significant differ-
ences in the topology of 19-CAR- and 19-BiTE-mediated 
synapses in human primary T lymphocytes. In the present 
study, we have performed a detailed analysis on the character-
istics and potential outcomes of both types of anti- 
CD19-mediated target cell-T cell interactions. For this pur-
pose, we have used the Jurkat human T cell line, which has 
been widely used to study T cell activation, signaling, and IS 
assembly.36 Contrary to primary T cells, Jurkat cells can be 
easily expanded and long-term cultured after transduction 
without losing CAR expression or BiTE secretion, avoiding 
transduction-to-transduction differences and loss of transgene 
expression. In addition, clonal stimulation by superantigens 
provides a proper control that mimics the canonical IS and, 
together with the high transduction efficiency achieved in 
Jurkat cells, allows to perform experiments with a high number 
of T cell-target cell interactions. Jurkat cell stimulation with 
SEE and B-cell lines has been previously used for synapse 
studies, 37 and Jurkat cells have been employed to evaluate 
the CAR- and BsAb-induced IS and signaling in T cells.31,38

Therefore, human Jurkat T cells were conveniently trans-
duced with lentiviral vectors encoding 19-CAR or 19-BiTE, as 
determined by western blot and flow cytometry. Importantly, 
in 19-BiTE transduced STAb-T19 cells a VCN-dependent cell 
surface staining was observed with an anti-His-tag mAb, indi-
cating that secreted 19-BiTEs are loaded onto the TCR/CD3 
complexes on the T cell surface, and this process of “cis-/trans- 
CD3 decoration” results in an effective and specific adhesion of 
T cells to CD19-coated wells. To the best of our knowledge, this 
is the first report describing the ability of “BiTE-decorated” T 
cells to bind to human CD19, which would endow them with 
the ability to selectively target and kill CD19+ tumor cells in 
vivo.

TCR engagement leads to the formation of the IS, a highly 
organized structure composed of concentric SMACs, which 
must be finely tuned to achieve proper T cell activation and 
effective immune responses.39,40 The precise spatial and tem-
poral topology of the IS assembled in response to CARs and 
BITEs is poorly understood, but it has been reported that CAR- 
mediated synapse exhibited major differences relative to the 
typical TCR-initiated IS.26,40 Thus, previous studies have 
described a disorganized multifocal pattern, differing from 
the canonical “bull’s eye” structure in CAR-mediated IS,26 

and with a poor organization of the actin ring.41 Unlike 
CARs, small-sized T cells engaging bsAbs have been previously 
reported to induce the formation of a canonical IS between T 
lymphocytes and tumor cells.29 Different bsAb formats have 
shown an efficient peripheral and central recruitment of 
F-actin and CD3 at the synapse, where proper polarization of 
TCR signaling is occurring.42 Indeed, BiTE-initiated IS has 
been found to be identical in structure and molecular compo-
sition to TCR-induced IS.30,31 Accordingly, our previous and 

current results showed that F-actin is not properly cleared from 
the central area of interaction in J-CAR-T19 cells compared to 
conventional TCR-IS. In addition, J-CAR-T19 cells were able 
to recruit CD3 to the IS but failed to centralize it in the cSMAC. 
Importantly, a crucial event in synapse formation is the move-
ment of TCR/CD3 microclusters to the inner SMAC 
(cSMAC).43 Actin plays an important role in this centripetal 
movement of TCR microclusters, 44–46 and the actin retrograde 
flow sustains the PLCγ1 signaling,47 which is a key step in the T 
cell activation process triggered by the TCR.48–50 Opposite to 
CAR-mediated synapse, 19-BiTE- and BLI-induced synapses 
are similar to those observed in the well-established RAJI-SEE- 
Jurkat IS model, which configures a canonical synapse,51 with 
actin clearance and CD3 accumulation in the cSMAC. 
Nevertheless, it should be noted that, although the dSMAC 
was formed in J-STAb-T19 cells and BLI-stimulated cells, the 
central area of the IS with low content of actin was smaller. 
Actin clearance is also important for the secretion of lytic 
granules or cytokines to the synaptic cleft.52 We envisage that 
actin networks organized at the IS induced in J-STAb-T19 cells 
will be ready for proper secretion of lytic granules in a similar 
way than the canonical IS organized in CTLs.

To determine the functional impact of such differences, we 
analyzed the activation of early T cell signaling pathways after 
coculture with CD19+ target cells. Data showed shorter signal-
ing in J-CAR-T19 cells compared to control Raji-SEE- 
stimulated J-NT-T cells. This might be related to the observa-
tion that the time required for the CAR to assembly a func-
tional IS is shorter than the time required by the TCR.27 Thus, 
CAR-stimulated T cells dissociate faster than TCR-stimulated 
T cells from killed tumor targets, which may enable a more 
efficient serial killing.26 However, rather than leading to more 
efficient tumor clearance, CAR-mediated killing was reduced 
compared to that mediated by TCR ligation.53 This could be 
due to several reasons. First, because T cell exhaustion occurs 
after repeated T cell activation, we might speculate that the 
faster kinetics of serial killing would render CAR-T cells more 
rapidly prone to exhaustion. Second, the reduced killing capa-
city of CAR-T cells compared with TCR-stimulated T cells has 
been attributed to strong downregulation of CARs.53

An important issue regarding target-T cell interactions is the 
dynamics of cell surface molecules that enable the TAA-specific 
recognition and activation of effector cells, since a low density of 
activation-triggering molecules might reduce the cytotoxic 
potential of redirected effectors. We had previously observed a 
fast and drastic 19-CAR downmodulation upon interaction 
with CD19 that has been confirmed in the present study. 
Analysis of 19-CAR location after co-culture with CD19+ target 
cells showed an increase of 19-CAR co-localization with the 
lysosomal marker LAMP1, which would be in accordance with 
the previously described lysosomal degradation of internalized 
19-CARs.54 In contrast, 19-BiTE-mediated interactions elicited 
signaling kinetics similar to those generated by TCR-mediated 
interactions. In addition, we found a reduction of cell-surface 
CD3 detection after STAb-T19 cell coculture with CD19+ cells. 
Such a reduction could be partially explained by epitope com-
petition between 19-BiTE and the anti-CD3 mAb used for 
detection. On the other hand, CD3 downmodulation could 
obey the physiological dynamics of the TCR/CD3 during a 
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canonical antigen stimulation, in which a decrease in the cell 
surface-TCR/CD3 complex occurs after ligation due to preven-
tion of recycling of internalized complexes.55 Loss of CD3 might 
also be associated with trogocytosis, a process of intercellular 
and bidirectional transfer of plasma membrane fragments along 
with their associated molecules, frequently observed at the IS 
between APCs and T cells.35 The transferred proteins can be 
internalized by the receiving cells or displayed on their cell 
surface.35,56,57 The transfer of CD3 observed in our work is 
consistent with seminal observations of the presence of TCR 
components at exosomes delivered to the synaptic cleft.58,59 In 
addition, antibody-mediated trogocytosis has been previously 
described60 even by bsAbs.61–63 Moreover, bidirectional trogo-
cytosis between B and T cells mediated by CD19 × CD3 bsAbs 
has been documented, and it might be a common phenomenon 
on T cell-redirecting bsAbs.63 Consequences of trogocytic trans-
fer are diverse, depending on the functions of proteins 
embedded in the transferred membrane patches, and can both 
enhance or suppress immune responses.64 Nevertheless, it is 
indicative of a more physiological response, and further inves-
tigation on the potential relevance of 19-BiTE-mediated CD3 
uptake by CD19+ target cells is required.

In summary, we have demonstrated that the topology of the 
IS induced by the 19-BiTE and the 19-CAR in primary T cells is 
reproduced in Jurkat T cells, providing us a useful model to 
perform further studies and precisely define the impact of the 
IS architecture on the functional capacity, cytotoxic potential, 
and persistence of CAR-T19 and STAb-T19 cells. In fact, we 
have shown for the first time that two different antibody-based 
T cell-redirecting molecules carrying the same anti-CD19 
clone have opposite outcomes in terms of IS formation and 
signaling. Further studies on primary T lymphocytes will be 
necessary to validate these findings and to determine whether 
such differences could represent an advantage of STAb-T cells 
over CAR-T cells in cancer immunotherapy.
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