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ABSTRACT
◥

Chimeric antigen receptor (CAR)–modified T cells have revo-
lutionized the treatment of CD19-positive hematologic malignan-
cies. Although anti-CD19 CAR-engineered autologous T cells can
induce remission in patients with B-cell acute lymphoblastic leu-
kemia, a large subset relapse, most of them with CD19-positive
disease. Therefore, new therapeutic strategies are clearly needed.
Here, we report a comprehensive study comparing engineered T
cells either expressing a second-generation anti-CD19 CAR (CAR-
T19) or secreting a CD19/CD3-targeting bispecific T-cell engager
antibody (STAb-T19). We found that STAb-T19 cells are more
effective than CAR-T19 cells at inducing cytotoxicity, avoiding
leukemia escape in vitro, and preventing relapse in vivo. We
observed that leukemia escape in vitro is associated with rapid and
drastic CAR-induced internalization of CD19 that is coupled with
lysosome-mediated degradation, leading to the emergence of tran-

siently CD19-negative leukemic cells that evade the immune
response of engineered CAR-T19 cells. In contrast, engineered
STAb-T19 cells induce the formation of canonical immunologic
synapses and prevent the CD19 downmodulation observed in anti-
CD19 CAR-mediated interactions. Although both strategies show
similar efficacy in short-term mouse models, there is a significant
difference in a long-term patient-derived xenograft mouse
model, where STAb-T19 cells efficiently eradicated leukemia
cells, but leukemia relapsed after CAR-T19 therapy. Our findings
suggest that the absence of CD19 downmodulation in the
STAb-T19 strategy, coupled with the continued antibody secre-
tion, allows an efficient recruitment of the endogenous T-cell
pool, resulting in fast and effective elimination of cancer cells that
may prevent CD19-positive relapses frequently associated with
CAR-T19 therapies.

Introduction
Potentially curative immunotherapies for B-cell leukemias

have been based on redirecting the specificity and function of non-
tumor-specific T cells with synthetic CD19-targeted cell–cell bridging

molecules, such as membrane-anchored chimeric antigen receptors
(CAR) or soluble bispecific antibodies (bsAb; ref. 1). Administration of
anti-CD19 CAR-engineered autologous T (CAR-T19) cells and con-
tinuous infusion of the anti-CD19/CD3 bispecific T-cell engager
(BiTE) blinatumomab (BLI) have demonstrated impressive complete
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response rates in refractory/relapsed B-cell acute lymphoblastic leu-
kemia (B-ALL; refs. 2, 3). However, despite this excellent clinical per-
formance, disease recurrence/progression is eventually seen in 30%
to 60% of patients after CAR-T19 cell therapy (4, 5). Relapses fall
under two major types: CD19-positive (70%–80% of patients), typi-
cally linked to poor T-cell function, limited CAR T-cell persistence,
and an overall low redirection of T cells (6), and CD19-negative
(20%–30% of patients), where the disease recurs with antigen-
negative variants enabling escape from CAR-T19 surveillance (4, 7).
CAR-T19 therapy can also lead to reversible antigen loss through
trogocytosis, a mechanism by which targeted antigens are transferred
to T cells, thereby reducing both CD19 density on the tumor cell
surface andCARexpression onT cells, resulting inT-cell fratricide and
exhaustion (8). Approved CAR T-cell therapies rely on stable cell-
surface CAR expression, whereas BiTE-mediated T-cell redirection is
temporary and limited to the period of systemic infusion. As an
alternative to BiTE infusion, T cells can be engineered to continuously
secrete T cell–engaging bsAbs (STAb T cells) in order to compensate
for their rapid blood clearance and achieve long-term therapeutically
effective concentrations (9, 10). STAb T-cell therapy is under active
preclinical investigation as an alternative to CAR T cells, and several
groups have demonstrated encouraging therapeutic effects in preclin-
ical models of B-ALL (11, 12). Here, we report a comparative study
aimed at determining the efficacy of CD19-targeting engineered CAR
T and STAb T cells in several in vitro and in vivo models of B-ALL.
Although our results indicate that STAb-T19 therapy effectively con-
trols tumor progression and can prevent the relapse frequently asso-
ciated with CAR-T19 therapies in different in vivo models, further
studies are needed to determine its ultimate clinical potential.

Materials and Methods
Cell lines and culture conditions

HEK293 (CRL-1573), HEK293T (CRL-3216), HeLa (CCL-2),
Jurkat Clone E6-1 (TIB-152), Raji (CCL-86), NALM6 (CRL3273),
and K562 (CCL-243) cells were obtained from the American Type
Culture Collection. SEM (ACC546) cells were obtained from the
DSMZ cell line bank. NALM6 and HeLa cells expressing the firefly
luciferase (Luc) gene (NALM6Luc and HeLaLuc) have been described
previously (13). HEK293, HEK293T, and HeLa cells were cultured in
Dulbecco’s modified Eagle medium (DMEM; catalog no. BE12-614F,
Lonza) supplemented with 2 mmol/L L-glutamine (catalog no.
25030081, Life Technologies), 10% (vol/vol) heat-inactivated FBS (cat-
alog no. F7524) and antibiotics (100 units/mL penicillin, 100 mg/mL
streptomycin; catalog no. P4333; both from Sigma-Aldrich), referred to
as DMEM complete medium. Jurkat, Raji, Nalm6, and K562 cells were
cultured in RPMI-1640 (catalog no. 12-702Q, Lonza) supplemented
with 2mmol/L L-glutamine, heat-inactivated 10% FBS, and antibiotics,
referred to as RPMI completemedium (RCM). SEM cells were cultured
in Iscove’s Modified Dulbecco’s Medium (catalog no. 31980030,
Thermo Fisher Scientific) supplemented with heat-inactivated 10%
FCS and antibiotics. All the cell lines were grown at 37�C in 5% CO2

for no longer than 1month during experimental use andwere routinely
screened for mycoplasma contamination by PCR using the Mycoplas-
ma Gel Detection Kit (catalog no. 90.021-4542, Biotools). Primary
human B-ALL cells (n¼ 3) were obtained from patients’ bone marrow
(BM) samples after written informed consent, and the study was
conducted in accordance with the Declaration of Helsinki. Mononu-
clear cells were isolated from BM samples by density gradient centri-
fugation using Ficoll-Paque (catalog no. 17-5446-52, Cytiva), washed,
resuspended in FBS with 10% DMSO (catalog no. 317275, EMD

Millipore) and stored in liquid nitrogen until use. B-ALL1 sample was
an ETV6-RUNX1 t(12;21) B-ALL, and B-ALL2 sample a hypodiploid
B-ALL. The sample used for generation of patient-derived xenograft
(PDX)model was a high hyperdiploid B-ALL, obtained from the BMof
a 3-year-old patient at diagnosis (prior to treatment) and blasts were
sequentially expanded in NSGmice. Briefly, mice injected with 1� 106

B-ALL cells were allowed to reach 85% blasts in BM. Then, mice were
sacrificed, and blasts were obtained from tibiae and femurs and
cryopreserved in FBS–10% DMSO until use.

Vector construction and preparation of lentivirus
To construct the expression vector pCDNA3.1-A3B1-OKT3, a

synthetic gene (19-BiTE) encoding the human kappa light chain signal
peptide L1 (14), the A3B1 scFv (VL–VH; ref. 13), a five-residue linker
(G4S), the OKT3 scFv (VH–VL; ref. 15), and a C-terminal polyHis tag
was synthesized by GeneArt AG (Thermo Fisher Scientific), and
subcloned as HindIII/XbaI into the plasmid pCDNA3.1 (catalog no.
V79520, Thermo Fisher Scientific), using T4 DNA ligase (catalog no.
M0202S, New England Biolabs). To generate the lentiviral transfer
vector, the complete 19-BiTE gene (including signal peptide L1, A3B1
scFv (G4S), OKT3 scFv, and polyHis tag) was synthesized by GeneArt
AGandclonedasMluI/BspEI into the vectorpCCL-EF1a-CAR19 (13),
encoding a second-generation (CD8-BBz) anti-CD19 CAR (19-CAR),
to obtain the plasmid pCCL-EF1a-BiTE19. To construct the vector
pCCL-EF1a-BiTE19-T2A-Tomato, a synthetic gene encoding the
OKT3 scFv and T2A-Tomato was synthesized by GeneArt AG, and
cloned asAfeI/BstBI into the vector pCCL-EF1a-BiTE19. The plasmid
pCCL-EF1a-CAR19-T2A-GFP has been previously described (16).

Lentivirus titration
All lentivirus stocks were normalized for p24 and RNA. The p24

concentration was determined by ELISA (catalog no. 632200, Takara),
and the genomic lentiviral RNA by qRT-PCR (catalog no. 631235,
Takara). In the case of 19-BBz CAR-encoding lentivirus, functional
titers (TU/mL) were determined by FACS analysis after limiting
dilution inHEK293T cells, using an APC-conjugated F(ab0)2 fragment
goat anti-mouse IgG F(ab0)2 fragment specific (catalog no. 115-006-
072, Jackson ImmunoResearch Laboratories). Titration of 19-BiTE
lentiviral preparations was performed by intracellular staining, as
described below, of HEK293T cells after limiting dilution. Functional
titers of 19-BBz CAR and 19-BiTE-encoding lentiviruses carrying
reporter genes were determined by flow cytometry by analyzing
green fluorescence protein (GFP) or dTomato (dTO) expression,
respectively, after limiting dilution in HEK293T cells.

T-cell transduction and culture conditions
Peripheral blood mononuclear cells (PBMC) were isolated from

peripheral blood of volunteer healthy donors (n ¼ 15) by density
gradient centrifugation using lymphoprep (catalog no. AXS-1114544,
Axis–Shield). All donors provided written informed consent in accor-
dance with the Declaration of Helsinki. CD3þ T cells were purified by
negative selection using the Pan T-Cell Isolation Kit, human (catalog
no. 130-096-535), and LS columns (catalog no. 130-042-401; both
from Miltenyi Biotec, following the manufacturer’s instructions. The
purity of isolated populations was routinely >95%. Cells were then
activated and expanded for 24 hours using anti-CD3/CD28 beads
(catalog no. 111.31D, Dynabeads, Gibco) at 1:3 cell:bead ratio in RCM,
at a concentration of 1 � 106 cells/mL. Twenty-four hours later, cells
were left nontransduced (NT cells) or transduced with 19-CAR (CAR
T cells) or 19-BiTE (STAb T cells) encoding lentiviruses at the
indicatedMOIs. A period of cell expansion of 6 to 8 days was necessary
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before conducting experiments. Three different cell transductions
using three different PBMC donors were used to conduct the experi-
ments in triplicate. Alternatively, PBMCs obtained from Buffy coats
provided by the Barcelona Blood and Tissue Bank on institutional
review board approval (HCB/2018/0030) were activated in plates
coated with 1 mg/mL anti-CD3 (OKT3; catalog no. 566685) and
anti-CD28 (CD28.2; catalog no. 555725) antibodies (BD Biosciences)
for 2 days and then were transduced with 19-BBz CAR (CAR-T19
cells) or 19-BiTE (STAb-T19 cells) encoding lentiviruses at the
indicated MOIs in the presence of 10 ng/mL IL7 (catalog no. 30-
095-367) and 10 ng/mL IL15 (catalog no. 130-095-760; both from
Miltenyi Biotec). T cells were expanded in RCM supplemented with
IL7 and IL15 (10 ng/mL; Miltenyi Biotec) for up to 10 days.

Western blotting
Samples were separated under reducing conditions on 10% to

20% Tris-glycine gels (catalog no. XP10202BOX, Life Technolo-
gies), transferred onto PVDF membranes (catalog no. IPVH00010,
Merck Millipore) and probed with anti-His mAb (catalog no. 34650,
Qiagen; 200 ng/mL), followed by incubation with horseradish per-
oxidase (HRP)–conjugated goat anti-mouse (GAM) IgG, Fc specific
(1:5,000 dilution; Sigma-Aldrich, see Supplementary Table S1).
Visualization of protein bands was performed with Pierce ECL
Western Blotting substrate (catalog no. 32134).

Enzyme-linked immunosorbent assay
To detect the 19-BiTE secreted to culture supernatants, human

CD19:human Fc chimera (CD19:Fc; catalog no. 9269-CD-050, R&D
Systems) was immobilized (5 mg/mL) on Maxisorp plates (catalog
no. M9410-1CS, NUNC) overnight at 4�C. After washing and block-
ing, conditioned media were added and incubated for 1 hour at
room temperature. Then, wells were washed 3 times with PBS–
0.05% Tween20 (catalog no. P1379, Sigma-Aldrich) and 3 times
with PBS (catalog no. 508002, Werfen), and anti-His mAb (Qiagen)
was added (1 mg/mL). After washing, HRP-GAM IgG, Fc specific
(1:2,000 dilution; Sigma-Aldrich) was added, and the plate was
developed using tetramethylbenzidine (TMB; catalog no. T0440,
Sigma-Aldrich).

T-cell proliferation assays
For primary T-cell proliferation assays, anti-CD3/CD28 beads

were removed five days after lentiviral transduction, and activated
T cells (A-T) were left resting for 24 hours at a concentration of
0.8 � 106 cells/mL. Then, transduced or nontransduced A-T were
stained with 2.5 mmol/L Cell Trace Violet (catalog no. C34557, Life
Technologies) and cocultured with freshly isolated T cells (nonacti-
vated T cells, NA-T) from the same donor, previously stained with
2.5 mmol/L Cell Trace CFSE (catalog no. C34554, Life Technologies),
and NALM6 or HeLa target cells at the indicated ratios. After 5 days,
samples were stained with CD3-PE, CD4-APC, and CD8-APC-Cy7
(all fromBDBiosciences; see Supplementary Table S1) and acquired in
a FACSCanto flow cytometer. T-cell proliferation was analyzed using
FCS Express 6 Plus Software (De Novo Software).

Cytokine secretion analysis
IFNg secretion was analyzed by ELISA (catalog no. 950.000.096,

Diaclone), following the manufacturer’s instructions.

Cytotoxicity assays
For 48-hour cytotoxicity assays, transduced or nontransduced A-T

cells were cocultured with or without freshly isolated NA-T cells
and luciferase-expressing target cells (NALM6Luc or HeLaLuc) at the

indicated effector-to-target (E:T) ratios. As controls, NA-T cells were
cultured with target cells. After 48 hours, supernatants were collected
and stored at �20oC for IFNg secretion analysis, and 20 mg/mL
D-luciferin (catalog no. E1602, Promega) was added before biolumi-
nescence quantification using a Victor luminometer (PerkinElmer).
Percent tumor cell viability was calculated as themean bioluminescence
of each sample divided by the mean of NA-T-target cell samples�100.
Specific lysis was established as 100% of cell viability. For cytotoxic
studies using transwells, polycarbonate inserts (0.4mmol/L pores; cat-
alog no. CLS3381-1EA, Corning) were used. Luciferase-expressing
targets cells (5 � 104) were plated on bottom wells with 1 � 105

NA-T cells, and A-T cells were added at the indicated ratios to inserts.
Bioluminescence was quantified after 48 hours. In another set of
experiments, transduced or nontransduced A-T cells were cocultured
with or without freshly isolated NA-T cells and 1 � 105 tumor target
cells (NALM6, SEM, or primary B-ALL cells) at the indicated E:T ratios.
After 24 and 48 hours, cells were stained for 30 minutes at 4�C with
CD3-PB, CD10-APC, CD19-PCy7, and 7-AAD (catalog no. 559925,
BD Biosciences) in 50 mL PBS–0.5% FBS, in TruCount Absolute
Counting Tubes (catalog no. 340334, BD Biosciences). Then, samples
were diluted by adding 450 mL of PBS and gently mixed before
proceeding to FACS analysis. Cytotoxicitywas determined by analyzing
the residual live (7-AAD�) target cells. For real-time cytotoxicity assays,
the xCELLigence RTCA DP system (Acea Biosciences) was used. 1 �
104 wild-type HEK293 or stably transfected CD19-expressing HEK293
cells 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-T19 or STAb-T19 cells were added at different E:T ratios and cell
index values weremeasured every 15minutes for 48 hours using RTCA
Software 2.0 (Acea Biosciences). The percentage of specific lysis was
calculated using the equation:

Percentage ¼ ½ cell index of NT � cell index of CAR T cellsð Þ=
cell index of NTð Þ��100

CD107a assays
NT-T, CAR-T19, or STAb-T19 cells (1 � 105) were cultured

alone or coincubated with NALM6 or HeLa cells at a 2:1 E:T ratio in
U-bottom 96-well plates, in the presence of anti-human CD107a-PE
(BDBiosciences, see SupplementaryTable S1). After 1 hour, 0.67mL/mL
monensin (BD GolgiStop, catalog no. 554724, BD Biosciences) was
added, and cultures were continued for another 3 hours before CD3
staining and flow-cytometric analysis.

Flow cytometry
Antibodies used for flow cytometry analysis are detailed in

Supplementary Table S1. DAPI (catalog no. D9542-10MG, Sigma-
Aldrich) and 7-Aminoactinomycin D (7-AAD; cat. 559925, BD Bio-
sciences) were used as viability markers. Cell-surface expression of
19-CAR was analyzed using an APC-anti-mouse IgG F(ab0)2; alter-
natively, CAR expression was estimated based onGFP expression. Cell
surface–bound 19-BiTEs were detected with 1 mg/mL anti-6xHis tag-
biotin mAb and PE-conjugated streptavidin (cat. 349023, BD Bio-
sciences), or with APC-conjugated anti-His mAb. Intracellular
19-BiTE was detected using the Inside Stain Kit (cat. 130-090-477,
Miltenyi Biotec) following the manufacturer’s instructions, and
APC-anti-His APC mAb. Alternatively, 19-BiTE was estimated
based on dTO expression. Intracellular CD19 was detected using
the Inside Stain Kit and PC5-conjugated anti-CD19 mAb. Cell
acquisition was performed in a BD FACSCAnto II flow cytometer
using BD FACSDiva software (both from BD Biosciences). Analysis
was performed using FlowJo V10 software (Tree Star).
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Immunofluorescence and confocal microscopy
Antibodies used for immunofluorescence and confocal microscopy

analysis are detailed in Supplementary Table S1. For synapse studies,
nontransduced or transduced T cells (1–2� 105) were coincubated for
15 minutes with Raji cells labeled with 10 mmol/L 7-amino-4-chlor-
omethylcoumarin (CMAC; cat. C2110, Life Technologies), at 1:1 E:T
ratio, on poly-L-lysine (cat. P4832, Sigma-Aldrich)–coated coverslips,
at 37�C, 5% CO2. For CD19 localization studies, NT-T, CAR-T19, or
STAb-T19 cells (1 � 105) were coincubated with CMAC-labeled
NALM6 cells at 2:1 E:T ratio in U-bottom 96-well plates, and after
2 hours, cocultures were incubated on poly-L-lysine–coated coverslips
at 37�C, 5% CO2. Then, cells were fixed with 4% paraformaldehyde
(cat. P6148, Sigma-Aldrich) and permeabilized with 0.1% Triton X100
(cat. 9036-19-5, Sigma-Aldrich) at room temperature, as previously
described (17). For synapse studies, samples were stained with mouse
anti-CD3e supernatant (1/2 dilution; T3b clone; kindly provided by
Dr. Francisco S�anchez-Madrid, Hospital Universitario de la Princesa,
Madrid, Spain) and Phalloidin-647 (1/200 dilution; cat. 10656353,
Fisher Scientific) for 1 hour at room temperature. For CD19 locali-
zation studies, samples were stained with anti-CD3e (T3b clone), anti-
CD19 supernatant (1/2 dilution; BU12 clone; kindly provided by
Dr. Francisco S�anchez-Madrid), and anti-CD107a (BioLegend) anti-
bodies. Cells were then washed 3 times for 5 minutes with TBS
(20 mmol/L tris pH 7.4, 150 mmol/L NaCl) and incubated with goat
anti-mouse-Ig Alexa Fluor 488 (catalog no. A11029, Life Technolo-
gies) for 30 minutes at room temperature. Finally, coverslips were
washed and mounted with Mowiol (catalog no. 81381, Sigma-
Aldrich). Confocal sections of fixed samples were acquired using an
SP-8 laser scanning laser confocal microscopy (Leica Microsystems).
For 3D reconstructions, z-stacks through the complete synapse were
acquired every 0.3 mm. Actin clearance was estimated by the ratio:area
of central region of the synapse depleted of actin/complete area of the
synapse, including the actin ring, in 3D images. CD3 coalescence and
cSMAC formationwere assessed by visual inspection of 3D images. 3D
reconstruction and image quantitation were performed with ImageJ
freeware (NIH).

In vivo B-ALL xenograft models
Nine-week-old NOD.Cg-Prkdcscid-IL2rgtm1Wjl/SzJ mice (NSG;

The Jackson Laboratory) were infused intravenously (i.v.) with 1� 106

NALM6Luc cells, and after 2 days received 5 � 106 NT-T, CAR-T19
(10% 19-CARþ), or STAb-T19 (10% 19-BiTEþ) cells. Tumor growth
was evaluated weekly by bioluminescence imaging as previously
described (18). Briefly, 150mg/kg of D-luciferin (catalog no. E1605,
Promega) was administrated intraperitoneally in 200 mL of sterile PBS.
Animals were imaged 10 minutes 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/sec/cm2/sr). Imaging analysis was per-
formed using the Living Image Software 3.2 (Caliper Life Sciences).
Tumor burden and T-cell persistence were analyzed by flow cytometry
in PB, obtained by facial vein puncture, at day 19, and in spleen andBM
samples after euthanization. Human CD19 relative gene expression in
BMwas analyzed by qRT-PCR. Briefly, total RNAwas isolatedwith the
RNeasy Micro Kit (catalog no. 74004, Qiagen) and cDNA was syn-
thesized 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 Diagnos-
tics) on a LightCycler 480 system (Roche Diagnostics). Each sample
was analyzed in triplicate, and fold-expression changes were calculated
with the equation 2�DCt. Human succinate dehydrogenase gene

expression was used to normalize. The following primers, synthesized
by Roche Diagnostics, were used:

F-hSDHA (50-TGGGAACAAGAGGGCATCTG-30)
R-hSDHA (50-CCACCACTGCATCAAATTCATG-30)
F-hCD19 (50-agagatatgtgggtaatggag-30)
R-hCD19 (50-ttgccacggtgacaataatac-30)
Body weight was monitored over time. Animals showing endpoint

weight loss or clinical signs of leukemic disease or xenogenic graft-
versus-host disease (xGVHD) were euthanized. For studies in a B-ALL
PDXmodel, 6- to 12-week-old NSGmice were irradiated (2 Gy) and i.
v. transplanted with 1� 106 CD19þCD22þCD10þ B-ALL blasts. Mice
were i.v.-infused 3 weeks later with 3 or 5 � 106 NT, CAR-T19, or
STAb-T19 cells (percentage of 19-CARþ or 19-BiTEþ is indicated).
Tumor burden was followed by bleeding every 1 or 2 weeks and BM
extraction from tibial aspirates at different time points, cell staining
with CD3-PerCP/CD10-PCy7/CD19-BV421/CD45-AmCyan/HLA-
ABC-APC and subsequent flow cytometry analysis. Mice were eutha-
nized when they had >5% blasts in PB or when they developed signs of
xGVHD. Tumor burden and effector T-cell persistence were analyzed
in BM, PB, and spleen by flow cytometry after staining cells with CD3-
PerCP/CD10-PCy7/CD19-BV421/CD45-AmCyan/HLA-ABC-APC.
CD19 mRNA expression in BM was analyzed by qPCR, as described
above.

Statistical analysis
Results of experiments are expressed as mean� standard deviation

(SD). Graphics and the statistical tests indicated in figure legends were
done with Prism 6 (GraphPad Software).

Ethical issues
In vivo studies with the NALM6 cell line–derived xenograft model

were carried out at CBM-SO in accordance with the guidelines of the
Animal Experimentation Ethics Committee of the Spanish National
Research Council. In vivo studies with the B-ALL PDX model were
performed in the Barcelona Biomedical Research Park. All procedures
were performed in compliance with the institutional animal care
committee of the Barcelona Biomedical Research Park (DAAM7393).

Results
Engineered STAb-T19 cells efficiently secrete anti-CD19/CD3
BiTE and promote the formation of canonical immunologic
synapses

This studywas performed using engineered T cells expressing either a
second-generation (CD8TM-4-1BB-CD3z) anti-CD19 CAR (13) or an
anti-CD19/CD3 BiTE (referred to as 19-CAR or 19-BiTE, respectively),
both using the clinically validated anti-CD19A3B1 scFv (refs. 13, 16, 19;
Supplementary Fig. S1). The 19-BiTE has a 6xHis-tag for immuno-
detection. Both constructs were cloned under the control of the
EF1a promoter in both monocistronic and T2A-based bicistronic
(19-BBz-T2A-GFP and 19-BiTE-T2A-tdTo) lentiviral vectors (ref. 20;
Supplementary Fig. S1). Gene transfer of 19-CAR and 19-BiTE vectors
into primary human T cells was achieved with both lentiviral vector
systems. The 19-BiTE was efficiently secreted by transduced primary
human T cells (STAb-T19) with the expected molecular weight of
55 kDa (Fig. 1A). The secreted 19-BiTE specifically recognized plastic-
immobilized human CD19 Fc chimeric protein (CD19-Fc; Supple-
mentary Fig. S2A), and target cells expressing either cognate antigen
(CD3orCD19; Supplementary Fig. S2B). 19-BiTE intracellular expres-
sion and positive surface staining (decoration) of STAb-T19 cells was
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observed with an anti–His-tag mAb, indicating that secreted BiTEs
bound to the CD3 complexes on the T-cell surface (Fig. 1B; Supple-
mentary Fig. S2C and S2D). The percentage of 19-CARþ T cells was
determined by labeling with a polyclonal Fab-targeting antibody
(Fig. 1B; Supplementary Fig. S2E). Comparable transduction efficien-
cies were observed according to the percentage of tdToþ or GFPþ cells
(Fig. 1C; Supplementary Fig. S2F and S2G). Jurkat T cells were
transduced at the same multiplicity of infection (MOI), albeit with
more homogeneous expression profiles than primary T cells (Supple-
mentary Fig. S2H). Lentivirus-transduced primaryT cells thatwere 19-
CARþ or 19-BiTEþ showed a higher proportion of CD4þ thanCD8þT
cells (Fig. 1D). The relative distribution of na€�ve, central memory,
effector memory, and effector T-cell subsets was similar in nontrans-
duced (NT)-T cells and in CAR-T19 and STAb-T19, with the most
prevalent subset being effector T cells (Fig. 1E).

Following interaction with CD19þ Raji cells, primary STAb-T19
cells organized a canonical immunologic synapse (IS), with normal
filamentous (F)-actin–containing distal supramolecular activation
cluster (dSMAC) and accumulation of CD3e at the central SMAC
(cSMAC;Fig. 1F; Supplementary Fig. S3A-S3E). In contrast, CAR-T19
cells formed a noncanonical IS with disperse clusters of CD3e, and F-
actin not properly cleared from the central area of interaction (Fig. 1F;
Supplementary Fig. S3A–S3E). In an impedance-based real-time
cytotoxicity assay, STAb-T19 cells were found to mediate rapid
reduction of CD19þ target cell viability (Supplementary Fig. S4A) at
all E:T ratios, whereas CAR-T19 cells showed a lesser cytotoxic effect
that required higher E:T ratios (Fig. 1G). When displayed as the
percentage of cytotoxicity at several time points, STAb-T19 cells were
significantly more effective than CAR-T19 cells (Fig. 1H). In contrast,
CD19þ cells cocultured with NT-T cells (Fig. 1G), or CD19� cells
cocultured with NT-T, CAR-T19 or STAb-T19 cells (Supplementary
Fig. S4C), displayed similar viability kinetics to those of target cells
cultured alone (Supplementary Fig. S4B). Furthermore, analysis of
CD107a staining showed higher degranulation activity in STAb-T19
cells compared with CAR-T19 cells following stimulation with CD19þ

targets (Supplementary Fig. S5).

STAb-T19 cells recruit bystander T cells and induce a more
potent and rapid cytotoxic response than CAR-T19 cells

To assess STAb-T19 cell ability to recruit bystander T cells, we
designed different in vitro coculture assays. NT or lentivirus-

transduced activated T cells (A-T), or mixtures of A-T and freshly
isolated T cells (nonactivated T cells, NA-T) from the same healthy
donor were cocultured with CD19þ or CD19� cells at a constant 2:1 T
cell:target cell ratio (Fig. 1I). The A-T (NT-T, CAR-T19, or STAb-
T19) were mixed with NA-T cells at different proportions (from 1/10
to 1/100,000) while keeping a constant total number of 1� 105 effector
T cells.When stimulated with NALM6 cells in a direct cell–cell contact
context (Fig. 1I), the STAb-T19 cells proliferated efficiently and
exhibited a higher percentage of dividing cells than CAR-T19 at
the different A-T:target ratios (Fig. 1J). Importantly, STAb-T19 cells
efficiently stimulated bystander NA-T cells to proliferate in the
presence of NALM6 cells (Fig. 1J). This ability to recruit bystander
NA-T cells allowed STAb-T19 cells to induce 100% lysis of tumor cells
even at the 1:50 A-T:target ratio (Fig. 1K). Around 80% and 30% of
specific target cell lysis persisted at 1:500 and 1:5,000 A-T:target ratios,
respectively (Fig. 1K). The cytotoxic capacity of CAR-T19 cells rapidly
declined as the A-T:target ratio decreased, from 60% lysis of NALM6
cells at a 1:5A-T:target ratio to no apparent lysis at the 1:500A-T:target
ratio (Fig. 1K). In this context, the secretion of IFNg by CAR-T19 cells
was higher than in STAb-T19 cells (Fig. 1L). No significant prolife-
ration or IFNg secretion was observed when NA-T cells were mixed
with NT-T cells and NALM6 cells (Fig. 1I–L); however, some degree
of cytotoxicity was observed at the highest E:T ratio, attributable to
allogeneic T-cell–activation against target cells (13). Transwell assays
were used to further demonstrate that STAb-T19 cells were able to
recruit bystander NA-T cells to CD19þ cells. CD19þ or CD19� target
cells were plated with NA-T cells in the bottom well, and NT-T,
CAR-T19, or STAb-T19 cells were plated in the insert well (Fig. 1M).
Tumor cell killing (Fig. 1N) and IFNg secretion (Fig. 1O) were totally
dependent on the presence of STAb-T19 cells in the insert well,
indicating that secreted 19-BiTEs effectively redirected the cytotoxicity
of NA-T cells to CD19þ targets. T cell lysis (70%) was induced at a
STAb-T19:NA-T ratio of 1:50 and an overall E:T ratio of 2:1 in this
transwell setup, demonstrating an efficient recruitment of bystander
T cells by STAb-T19 cells (Fig. 1N).

STAb-T19 cells prevent leukemia escape in vitro
We next studied the ability of B-ALL cells to escape from immune

control by coculturing CAR-T19 and STAb-T19 cells with NALM6
cells at low E:T ratios. STAb-T19 cells completely eliminated all
leukemia cells, even at the 1:16 E:T ratio (Fig. 2A). By contrast,

Figure 1.
Comparative in vitro study of engineered STAb-T19 and CAR-T19 cells. A, Western blot detection of secreted 19-BiTE in the conditioned media from lentivirus-
transduced human primary T cells (STAb-T19). Conditioned media from nontransduced T cells (NT-T) and media containing blinatumomab (BLI) were used as
negative and positive controls, respectively. One representative experiment of three is shown. B, Representative analysis of intracellular and cell surface–bound 19-
BiTE (decoration), and cell surface–expressed 19-CAR in NT-T and engineered CAR-T19 and STAb-T19 cells by flow cytometry. One representative experiment out of
three independent experiments is shown. The numbers represent the percentage of cells staining positive for the indicatedmarker.C, Percentage of reporter protein
expression in STAb-T19 cells (tdTo) and CAR-T19 cells (GFP). One representative transduction out of three performed is shown. D and E, Percentage of CD4þ and
CD8þ T cells (D) and na€�ve (TN), central memory (TCM), effector memory (TEM), and effector (TE) T cells (E) among NT-T, CAR-T19, or STAb-T19 cells 7 days after
transduction (means� SD of three independent experiments are shown). F, Representative images of immunologic synapse (IS) assembly by primary CAR-T19 and
STAb-T19 cells stimulated for 15 minutes with CMAC (blue)-labeled CD19þ cells, stained for CD3e and actin at the mature IS, with IS topology obtained from 3D
reconstructions of regions of interest in confocal stacks. G and H, Real-time cell cytotoxicity assay with HEK-293CD19 target cells cocultured with NT-T, CAR-T19, or
STAb-T19 cells at the indicated E:T ratios, and cell index values determined every 15minutes for 65 hours using an impedance-basedmethod (G) and percentage lysis
normalized toNT-T cells (E:T ratio¼0.5:1;H), presented fromone representative experiment performed in duplicate. I,Schematic representation of thedirect contact
coculture system used to study the ability of secreted 19-BiTE to induce bystander T-cell proliferation. J, Bystander T-cell proliferation after 5 days of coculture, with
percentage of dividing cells and the number of cell divisions in parentheses. The total E:T ratio was constant (2:1), but the ratios A-T:target and A-T:NA-T varied as
indicated. One representative experiment from three independent experiments is shown.K,Cytotoxicity induced by varying numbers of A-T and NA-T cells from the
same donor cocultured with NALM6Luc or HeLaLuc target cells for 48 hours, maintaining a constant 2:1 E:T ratio, measured by adding D-luciferin to detect
bioluminescence. Data are shown asmean� SD from four replicates. Significance was calculated by an unpaired Student t test. L, IFNg secretionwas determined by
ELISA. Data are mean � SD of three independent experiments. Significance was calculated by an unpaired Student t test. M, Cocultures were performed in a
noncontacting transwell system; NALM6Luc or HeLaLuc target cells and NA-T cells were plated in the bottom well and A-T cells (NT-T, CAR-T19, or STAb-T19) in the
insert well.N andO,After 48 hours, the percentage of cytotoxicity (N)was determined by luciferase assay, and IFNg secretion (O) was determined by ELISA. Data are
shown as mean � SD from three and four replicates, respectively. Significance was calculated by an unpaired Student t test.
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CAR-T19 cells did not eliminate CD19þ cells at E:T ratios of 1:8 or
lower, where leukemia cells persistedwith a partial downmodulation of
CD19 (Fig. 2A and B; Supplementary Fig. S6). In some cases, NALM6
cells had almost completely lost surface expression of CD19 by day 6
(which continued to day 9; Fig. 2B; Supplementary Fig. S6). Pre-
incubation of NALM6 cells with A3B1 scFv only partially blocked the
binding of the J3.119 antibody, suggesting that they recognize non-
overlapping epitopes on CD19 (Supplementary Fig. S7). Furthermore,
CD10 remained unchanged in NALM6 cells (Fig. 2B). Thereafter,
leukemia cells progressed and recovered surface expression of CD19,
suggesting that antigen downmodulation functions as an escape
mechanism against CAR-T19 pressure (Fig. 2A andB; Supplementary
Fig. S6). The CD19 downmodulation effect was even more pro-
nounced when NALM6 cells were cocultured with CAR-T19 cells
bearing an anti-CD19 FMC63 scFv-based 4-1BBz CAR (FMC63CAR-
T19; ref. 13), which also failed to control tumor cell growth at the
lowest rates analyzed (1:16 and 1:32; Fig. 2C andD). Two different 19-
BiTEs, either in situ–secreted A3B1 BiTE or exogenously added HD37
BiTE (a.k.a. blinatumomab, BLI), were not associated with a loss of
CD19 expression (Fig. 2C). Importantly, STAb-T19 cells were more
effective than the addition of BLI to the coculture, as in situ–
secreted A3B1 BiTE eliminated leukemic cells even at a 1:32 ratio,
whereas NALM6 cells persisted after exogenous administration of
BLI at the two lower ratios (Fig. 2C). This is likely explained by the
fact that STAb-T19 cells continuously secrete and display a stable
quantity of 19-BiTE decoration, whereas exogenously administered
BLI is cleared from the cell surface in a relatively short period of
time (Supplementary Fig. S8).

Next, CAR-T19 and STAb-T19 cells were cocultured at 2:1 E:T ratio
with two B-ALL cell lines (NALM6 and SEM) and two primary B-ALL
cells (B-ALL1 andB-ALL2) for 2 hours. Both B-ALL cell lines showed a
rapid decrease of surface CD19 expression after coculture with CAR-
T19 cells (Fig. 2E). CD19 reduction was more intense when NALM6
cells were cocultured with FMC63CAR-T19 cells, whereas CD10 expres-
sion was unchanged (Fig. 2F andG). Concomitantly, the 19-CAR was
profoundly downmodulated from CAR-T19 cell surface after encoun-
tering CD19þ cells, whereas the expression of CD3 was unaffected
(Fig. 2H). A significant CD19 downmodulation was also observed in
cocultures of primary B-ALL cells with CAR-T19 cells (Fig. 2I). In
contrast, CD19 was not lost after coculture of STAb-T19 cells with
either B-ALL cell lines or primary B-ALL cells (Fig. 2E–I). We next
assessed the cytotoxic activity of CAR-T19 and STAb-T19 cells
against primary B-ALL cells. STAb-T19 cells were able to eliminate
nearly 100% of the primary B-ALL blasts after 24 hours, whereas
CAR-T19 cells exerted a weaker cytotoxic effect (B-ALL1) or
required 48 hours to kill 100% of tumor cells (B-ALL2; Fig. 2J;
Supplementary Table S2).

Leukemia escape is associated with rapid and drastic CAR-
mediated CD19 downmodulation

To more carefully study the mechanism of leukemia escape,
NALM6 cells were cocultured for 2 hours at a 1:1 E:T ratio with
lentivirus-transduced Jurkat T cells homogeneously expressing high
amounts of A3B1-based 19-CAR (J-CAR-T19) or 19-BITE (J-STAb-
T19; Supplementary Fig. S2H). AlthoughNALM6 cells showed a rapid
and intense downmodulation of CD19 (Fig. 3A), the 19-CAR dis-
appeared completely from the J-CAR-T19 cell surface (Fig. 3B).
Membrane CD19 was not reduced in NALM6 after coculture with
J-STAb-T19 cells (Fig. 3A). In order to locate CD19, NALM6 cells
were cocultured with effector T cells, costained for CD19 and the
lysosomal marker LAMP1, and analyzed by confocal microscopy. In
cocultures with J-CAR-T19 cells, a reduction of cell-surface CD19
(Fig. 3C) and a clear colocalization of intracellular CD19 in lysosomes
(Fig. 3C andD) was observed. The presence of CD19 in lysosomes was
much lower in target cells cocultured with either J-STAb-19 or
nontransduced Jurkat cells (Fig. 3C and D).

STAb-T19 cells are as effective as CAR-T19 cells in short-term
in vivo models

To study the in vivo antitumor effects of CAR-T19 and STAb-T19
cells in a xenograft model, 1 � 106 NALM6Luc cells were injected
intravenously (i.v.) in NSG mice, followed 2 days later by 5 � 106

primary T cells (NT-T, CAR-T19, or STAb-T19), where 19-CARþ or
19-BITEþ T cells accounted for 10% of the infused T cells (5 �
105; Fig. 4A). Mice receiving NT-T cells were sacrificed within the first
three weeks due to leukemia progression, whereas CAR-T19– and
STAb-T19–treated mice effectively controlled NALM6Luc cells
(Fig. 4B and C).

Notably, in contrast to STAb-T19–treated mice, 2 of the 6 mice that
received CAR-T19 cells developed early cases of severe xenogeneic
graft-versus-host disease (xGvHD) and had to be euthanized before
week 5 (Fig. 4B and D). Flow cytometry analysis confirmed the
bioluminescence imaging data, with an absence of leukemia cells in
peripheral blood (PB), BM and spleen in mice treated with either
CAR-T19 or STAb-T19 cells (Fig. 4E). qRT-PCR analysis confirmed
the absence of CD19 transcripts in BM from both groups (Fig. 4F).
Regarding T-cell persistence, we found a marked expansion of CD3þ

cells in PB, spleen, and BM in both groups (Fig. 4G), which could be
a consequence of the xGvHD. In a more clinically relevant PDX
model (Fig. 4H), NSG mice were i.v.-injected with 1 � 106 primary
B-ALL cells homogeneously expressing CD19, CD22, and CD10
(Fig. 4I), followed 3 weeks later by i.v. infusion of 5 � 106 T cells
(Fig. 4H), where 19-CARþ or 19-BITEþ T cells comprised 10% of
the infused T cells. An aggressive leukemia progression was observed
in both BM (96.7% � 0.5% on week 4) and PB (2.2 � 1.3% and

Figure 2.
Leukemia escape from immune pressure. A and B, NALM6 cells were cocultured with NT-T, CAR-T19, or STAb-T19 cells at the indicated E:T ratios, and the relative
percentage of CD3þCD19�, CD3�CD19þ, and CD3�CD19� cells were measured by FACS. A, Results are shown as the mean of three independent experiments.
B, Representative FACS dot plots of the CAR-T19 1:8 E:T ratio sample. Gray, nonviable (NV), in which number of cells in the culture was <500. C and D, NALM6
coculture as inA–B, with CAR-T19 bearing the anti-CD19 FMC63 scFv (FMC63CAR-T19), STAb-T19, orwith NT-T cells in the presence of 100 ng/mL blinatumomab (BLI).
One representative experiment out of two is shown. Dot plots (D) showing the cell populations cocultured at a 1:16 E:T ratio. E, The percentages of CD3þCD19�,
CD3�CD19þ, andCD3�CD19� andCD3þCD19þNALM6or SEMcell lines after 2 hours of coculturewithA-T cells at a 2:1 E:T ratio. The results aremeans of 3�SD similar
experiments. F andG, The percentages of CD3þCD19�, CD3�CD19þ, CD3�CD19�, and CD3þCD19þNALM6 cells after coculture with NT-T cells, CAR-T19 cells bearing
the anti-CD19 FMC63 scFv (FMC63CAR-T19) or the anti-CD19 A3B1 (A3B1CAR-T19), or STAb-T19 cells. H, Representative dot plots showing the downmodulation of
19-CAR in A3B1CAR-T19 cells after 2 hours of coculture with NALM6 cells. One representative experiment out of three independent experiments is shown. I, The
percentage of CD3þCD19�, CD3�CD19þ, CD3�CD19�, and CD3þCD19þ primary human B-ALL cells from two different patients (B-ALL1 and B-ALL2, >90% of CD19þ

B-ALL blasts) after coculture with primary A-T cells at a 2:1 E:T ratio. The results are means � SD of 3 similar experiments. J, The number of alive (7AAD�) target
B-ALL1 and B-ALL2 cells determined after 24- and 48-hour coculture with primary NT-T, CAR-T19, or STAb-T19 cells at 1:2 and 1:1 E:T ratios. Results are shown as
mean � SD from 3 experiments. Significance was calculated by an unpaired Student t test.
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12.1%� 11.6%, on weeks 2 and 4, respectively) in NT-T cell–treated
mice (Fig. 4J and K), that were euthanized 4 weeks after T-cell
infusion due to the severity of the disease. In contrast, mice treated
with CAR-T19 and STAb-T19 cells effectively controlled B-ALL
growth for 8 weeks, when the mice were euthanized because of
xGvHD (Fig. 4J and K). To exclude the presence of CD19� blasts,
CD10 expression was analyzed by flow cytometry, and no
CD19�CD10þ cells were detected in BM from CAR-T19– and
STAb-T19–treated mice (Fig. 4L). T cells expanded progressively
in PB, BM, and spleen, especially in the CAR-T19 group (Fig. 4M).
These studies clearly showed that STAb-T19 cells are as effective as
CAR-T19 cells in short-term in vivo models.

STAb-T19 cells prevent the leukemia relapse in long-term invivo
models

To test whether STAb-T19 cells can prevent escape in vivo, as
observed in vitro, wemodeled leukemia relapse by infusing lower doses
of T cells to delay the onset of xGVHD and extend the observational
window. NSGmice were i.v.-infused with 1� 106 primary B-ALL cells
from the same patient (Fig. 4H and I), followed 3 weeks later by i.v.
infusion of 3 � 106 T cells [NT-T, CAR-T19 (5 � 105 19-CARþ) or
STAb-T19 (5 � 105 19-BiTEþ); Fig. 5A]. NT-T–treated mice rapidly
developed leukemia, as shown by the increase in the percentage of
blasts in PB early duringweek 2 andwere sacrificed at week 5 (Fig. 5B).
Both CAR-T19 and STAb-T19 groups initially controlled disease

Figure 3.

CAR-T19 cells induced CD19 downmodulation and degradation. NALM6 cells were cocultured for 2 hours at a 1:1 E:T ratio with nontransduced Jurkat cells (J-NT),
J-CAR-T19, or J-STAb-T19 cells.A,Representative dot plots showing CD2, CD19, and CD10 expression.B,Analysis of 19-CAR expression. C,Representative images of
CD19 and LAMP1 cellular localization in NALM6 cells cocultured with J-NT-T, J-CAR-T19, or J-STAb-T19 cells. D, Pearson coefficients’ for CD19 and LAMP1
colocalization assessment in NALM6 cells in the indicated cocultures. Dots represent the analyzed cells in one experiment representative of two performed. Mean�
SD values are shown. The P values were calculated with one-way ANOVA with Tukey multiple comparison tests.
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Figure 4.

In vivo antitumor efficacy of STAb-T19 cells.A, Timeline of cell line–derived xenograft murinemodel of NSGmice (n¼ 6/group) receiving i.v. NALM6Luc cells followed
byNT-T, CAR-T19, or STAb-T19 cells.B,Bioluminescence images showingdisease progression.C,Total radiancequantification at the indicated timepoints.D,Change
in body weight over time. E, Detection by FACS of B-ALL cells (CD19þ) cells in PB at day 19, and in spleen and BM at euthanization. F, Relative mRNA expression of
CD19 in BM at euthanization.G, T-cell (CD3þ) persistence in PB at days 19 and 39, and in spleen andBM at euthanization. Data are shown asmean� SD.H, Timeline of
PDXmurine model of NSGmice receiving i.v. CD19þ CD22þ CD10þ B-ALL blasts followed NT-T (n¼ 4), CAR-T19 (n¼ 8), or STAb-T19 (n¼ 8) cells. I, CD10, CD19, and
CD22 expression in primary human B-ALL cells with the percentage of positive cells. J, Representative dot plots showing human T cells and B-ALL cells in BM ofmice
at day 56 after infusion. K, Percentage of CD19þ leukemic cells in PB, spleen, and BM at indicated time points. L, Percentage of CD10þ leukemic cells in BM at
euthanization. M, Human T-cell persistence over time in PB, spleen, and BM at the indicated time points. Data are shown as mean � SD; each dot represents an
independent mouse. Significance was calculated by an unpaired Student t test. NA, not applicable; ND, not determined.
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progression (Fig. 5B).However, blasts in PBofCAR-T19–treatedmice
gradually increased fromweek 4, andmice were euthanized when they
reached 5% CD19þ blasts in PB, whereas no blasts were detected in
STAb-T19–treated mice by week 15 (Fig. 5B). Accordingly, analyses
of spleen and BM showed complete leukemia control in STAb-T19–
treated mice, whereas blasts were found in CAR-T19–treated mice
(Fig. 5C). qRT-PCR confirmed the absence of CD19 transcripts in BM
from STAb-T19–treated mice (Fig. 5D). The presence of CD19-
negative blasts in BM was excluded by flow cytometry analysis of
CD10 expression (Fig. 5E). Regarding T-cell expansion and per-
sistence, percentages of CD3þ cells in PB were lower than those
observed in the groups that received 5 � 106 T cells (Figs. 4M; 5F
and G), although CAR-T19 cells (CD3þGFPþ) and STAb-T19 cells
(CD3þtdToþ) at week 2 comprised nearly 10% of the peripheral T cells
(Fig. 5H). Consistent with these antileukemic results and absence of
xGvHD, a very significant disease-free and overall survival benefit
was observed for the mice that had been treated with STAb-T19 cells
(P ¼ 0.005; Fig. 5I).

Discussion
In this study, we demonstrate that engineered T cells expressing

soluble anti-CD19/CD3 BiTEs are more effective than engineered
CAR T cells expressing a membrane-anchored second-generation
anti-CD19 CAR at inducing specific cytotoxicity, preventing tumor
escape in vitro, and leukemia relapse in vivo. STAb-T19 cells redirect
bystander T cells efficiently, leading to a more rapid and effective
cytotoxic activity, even at very low E:T ratios. This demonstrates that
in situ–secreted anti-CD19/CD3 BiTEs efficiently decorate CD3 on
the surface of bystander T cells, converting them into efficient
leukemia killers. Notably, unlike CAR-T19 cells, STAb-T19 cells are
able to achieve a high cytotoxic effect at E:T ratios in which IFNg
secretion is low. This could imply that an effective treatment with
STAb-T19 cells might require lower doses than those used with
CAR-T19 cells and could be of particular relevance in such cases
where it is not possible to generate an adequate number of CAR
T cells due to the lymphopenic status of many multitreated patients
or due to manufacturing problems (21). Therefore, a reduction in

Figure 5.

STAb-T19 cells, but not CAR-T19, prevent relapse in a PDX murine model. A, Timeline of NSG mice transplanted with human primary CD19þ CD22þ CD10þ B-ALL
blasts followed by NT-T (n ¼ 4), CAR-T19 (n ¼ 5), or STAb-T19 (n ¼ 5) cells. B, Percentage of B-ALL cells (CD19þ) in PB over time; each line represents an
independentmouse.C, Percentage of human B-ALL cells in spleens and BMof NT-T, CAR-T19, and STAb-T19–treatedmice at the indicated time points post-infusion.
D, Relative mRNA expression of CD19 in BM at euthanization, and (E) percentage of CD10þ leukemic cells in BM at euthanization. F, Human T-cell (CD3þ) per-
sistence over time in PB of each individualmouse.G, Percentage of human T cells (CD3þ) in spleen and BM at the indicated time points, and (H) percentage of human
CD3þ cells expressing reporter genes (GFP or tdTo). Data are shown as mean � SD; each dot represents an independent mouse. Significance was calculated by
an unpaired Student t test. I, Disease-free survival curve according to the percentage of CD19þ B-ALL cells in PB. Significance was calculated by a log-rank test.
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the therapeutically effective cell number may increase the number
of patients who would benefit from STAb T-cell therapy, and
significantly reduce the cost of the treatment. In addition, disease
progression during the manufacturing period may, in some
circumstances, preclude CAR T-based therapies (21), in which case
the requirement for a lower number of cells and the accordingly
shortened manufacturing time would be advantageous.

STAb-T19 cells, contrary to CAR-T19 cells, prevent in vitro tumor
escape even at 1:32 E:T ratio. Leukemia escape is associated with rapid
and drastic CAR-mediated CD19 downmodulation, alongside an
intense loss of T-cell surface CAR. It has been reported that the
density of the targeted antigen plays an important role in the mod-
ulation of CAR T cell–activation, which occurs only if a threshold
density is reached (22). Therefore, the partial or complete loss of CD19
could explain the reduced cytotoxic activity of CAR-T19 cells. Impor-
tantly, this CAR-mediated CD19 downmodulation is also observed in
engineered T cells expressing a second-generation CAR containing an
scFv derived from the anti-CD19 clone FMC63,which has been used to
generate the four FDA-approved anti-CD19 CAR T therapies (2).
Furthermore, our data indicate that the rapid CAR-mediated inter-
nalization is associated with lysosome-mediated CD19 degradation.
This leads to the emergence of a subpopulation of leukemic cells that
transiently decrease CD19 expression and evade the immune response
of CAR-T19 cells. Subsequently, when the CAR-mediated selective
pressure is reduced or disappears, leukemia cells progress and recover
CD19 expression. The rate of CD19 internalization upon binding to
soluble anti-CD19 antibodies varies considerably (23, 24) and, in fact,
has been shown that only a small fraction of an FMC63 scFv-based
monovalent molecule bound to the surface is internalized (25). This
suggests that membrane anchoring of the anti-CD19 scFv through the
CAR is instrumental to induce CD19 internalization and could
explain why we did not observe internalization following BiTE-
mediated interaction. This phenomenon of CD19 downmodulation
after CAR-T19 cell interaction, which has not been previously
characterized, may have a major impact in vivo. Although both
strategies show similar efficacy in short-term (40–60 days) mouse
models, there is a drastic difference between the two CD19-targeted
therapies in a long-term (over 100 days) PDX mouse model. In the
long-term mouse model, STAb-T19 cells efficiently eradicated
leukemia cells, whereas leukemia relapsed after CAR-T19 therapy.
Most in vivomodels used to study the efficacy of CAR T therapies in
which complete remission is achieved are conducted with short- to
intermediate-length windows of observation (13, 26, 27), which
may lead to an underestimation of the risk of relapse after CAR-
T19–based treatment.

In addition to CD19, CARs also undergo a rapid downmodulation
after antigen engagement. Indeed, ligand-induced downmodulation is
a common feature of antigen receptors such as TCR (28). CAR
downmodulation has been reported to occur due to ubiquitination
and lysosomal degradation (29) and leads to attenuation of the tumor
killing ability of CAR T cells (29–31). In contrast, we did not observe
such a drastic reduction of CD3 expression after BiTE-mediated
interactions. Although the CAR- and BiTE-mediated T-cell redirec-
tion strategies are conceptually similar, they are very distinct in their
implementation. CARs are artificial type I transmembrane proteins
with variable modular architecture, which directly interacts with
CD19, whereas soluble Fc-free BiTEs establish bridges between two
type I transmembrane proteins, CD19 and the CD3e subunit of the
TCR/CD3 complex (5). Moreover, our findings support previous
studies showing that, whereas CAR-T19 cells form noncanonical

disorganized ISs (32–34), anti-CD19/CD3 BiTEs induce the formation
of canonical ISs (35, 36), which promote efficient degranulation and
prevent the CD19 downmodulation and degradation observed in
CAR-mediated interactions. In summary, the absence of CD19 down-
modulation in the STAb-T19 strategy, coupled with the continued
secretion of BiTEs, allows a rapid recruitment of the endogenous T-cell
pool, resulting in a fast and efficient elimination of cancer cells, which
may prevent the leukemia relapse that is frequently associated
with CAR-T19 therapies. Further studies are needed to fully evaluate
the therapeutic capacity and toxicity profile of STAb-T19 cells in a
clinical setting.
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