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ABSTRACT
◥

Despite the remarkable success of autologous chimeric antigen
receptor (CAR) T cells, some patients relapse due to tumor antigen
escape and low or uneven antigen expression, among othermechan-
isms. Therapeutic options after relapse are limited, emphasizing the
need to optimize current approaches. In addition, there is a need to
develop allogeneic “off-the-shelf” therapies from healthy donors
that are readily available at the time of treatment decision and can
overcome limitations of current autologous approaches. To address
both challenges simultaneously, we generated a CD20xCD22 dual

allogeneic CAR T cell. Herein, we demonstrate that allogeneic
CD20x22 CAR T cells display robust, sustained and dose-
dependent activity in vitro and in vivo, while efficiently targeting
primary B-cell non–Hodgkin lymphoma (B-NHL) samples with
heterogeneous levels of CD22 and CD20. Altogether, we provide
preclinical proof-of-concept data for an allogeneic dual CAR T cell
to overcome current mechanisms of resistance to CAR T-cell
therapies in B-NHL, while providing a potential alternative to CD19
targeting.

Introduction
With an estimated 544,000 new cases and 260,000 deaths reported

worldwide in 2020 (1, 2), B-cell non–Hodgkin lymphoma (B-NHL)
remains one of the most common cancers worldwide. Chimeric
antigen receptor (CAR) T-cell therapies have brought enormous
success to the treatment of B-cell malignancies, achieving high remis-
sion rates of up to 90% (3). Approved CAR T-cell therapies so far use
autologous T cells engineered with a synthetic receptor to recognize a
tumor-associated antigen. Despite the groundbreaking efficacy of
current CAR T-cell therapies, studies on patients treated with autol-
ogous CAR T cells are revealing several causes for relapses including
antigen loss, low antigen expression, and insufficient CAR T-cell
potency and persistence, among others (4, 5). The limited number
of eligible treatment options after CAR T-cell relapse and for patients
not eligible for autologous CAR T-cell therapies, underscores the
urgent need to develop novel therapies with the potential to improve
patient outcomes (6–8).

Patient-specific CAR T-cell production entails a high variability
between processes and failures associated with individualized
manufacturing, both of which can delay treatment availability.
T-cell biology also plays a key role, because high tumor burden,
immunosuppressive responses of the tumor microenvironment or
the impact of previous treatments can make patient-derived CAR
T cells dysfunctional and compromise treatment success. Indeed,

emerging preclinical data show that CAR T cells generated from
healthy donors can display superior activity against lymphoma, leu-
kemia, or multiple myeloma (9–11).

Allogeneic cell therapies hold the promise to overcome some of the
challenges posed by autologous therapies (7, 12). Consequently, an
increasing number of allogeneic CAR T-cell therapies have reached
preclinical and early stages of clinical development during the last years.
Importantly, early clinical studies with gene-edited CAR T cells are
showing promising preliminary results for allogeneic therapies (13, 14).
There is mounting evidence on the efficacy and safety of CAR T cells
genetically modified to inactivate the T-cell receptor alpha constant
gene (TRAC) and CD52 gene using TALEN to simultaneously prevent
GVHDand enhancehost lymphocyte suppressionanddepletion.Using
this technology,UCART19,which targetsCD19,was thefirst allogeneic
CAR T-cell therapy in clinical trials, and reports continue to show
encouraging data that demonstrate the efficacy and safety with single
and consolidation dosing for the treatment of relapsed/refractory
lymphoma (15, 16). Similar promising data are being observed with
CAR T cells carrying the TRAC/CD52 knockout genetic scaffold
targeting different targets such as CD22 or BCMA (17). Other
approaches using alternative editing strategies are also undergoing
clinical trials with encouraging results (18, 19). Although more long-
term studies are needed to gain a deeper understanding of the durability
and long-term efficacy of allogeneic CAR T-cell therapies, these early
dataunderscore thepotential feasibility in theclinicof these approaches.

While several suitable targets to treat B-cell malignancies have been
identified, CD19 has been the focus of attention leading to a crowded
space with limited therapeutic alternatives for CD19-low or CD19-
negative relapses (Supplementary Fig. S1; ref. 6). Moreover, although
the outcomes for patients with B-NHL have improved with CD19-
directed CAR T-cell therapies, only about 30% to 40% of patients
experience long-lasting remission (20). Therefore, there is a need to
identify and continue developing CAR T cells against additional
suitable targets (21) that can be used either as an alternative or after
relapsing from CD19-directed therapies. To approach this need, we
developed UCART20x22, an allogeneic dual CAR T cell targeting two
validated antigens commonly expressed in B-cell malignancies, CD20
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and CD22, and whose expression is preserved after CD19 CAR T-cell
treatment (refs. 22, 23; Supplementary Fig. S1). This strategy was
designed with the goal of addressing some of the challenges identified
in current CART-cell therapies including: (i) antigen escape caused by
a single target such as low antigen expression or heterogeneous antigen
distribution on tumor B cells; (ii) offer a therapeutic opportunity to
treat CD19-negative relapses; (iii) manufacturing roadblocks for
patients with dysfunctional or reduced numbers of T cells; and (iv)
length of time from treatment decision to infusion. The FDA recently
cleared an Investigational New Drug Application (IND) to initiate a
phase I/IIa clinical trial using UCART20x22 for patients with refrac-
tory/relapsed B-cell lymphoma.

Herein, we provide preclinical proof of concept demonstrating
potent and sustained activity of different designs of allogeneic
CD20xCD22 CAR in vitro and in vivo against various antigen combi-
nations. We also demonstrate that CD20xCD22 CAR has specific
cytolytic activity in vivo against a patient-derived xenograft model and
in vitro against primary B-NHL cells expressing a variety of CD20 and
CD22 antigen densities, and we present several antigen escape models
in vitro and in vivo that underscore the benefit that this therapy could
provide to overcome current challenges in the treatment of relapsed/
refractory B-cell lymphoma.

Materials and Methods
Peripheral blood mononuclear cells

Cryopreserved human peripheral bloodmononuclear cells (PBMC)
were acquired from ALLCELLS (PB006F) and used in accordance
with Cellectis IRB/IEC-approved protocols. PBMCs were cultured
in OpTmizer media (A10485-01) containing IL2 (Miltenyi Biotec,
130-097-748), and human serum AB (HS; Seralab, GEM-100-318).
Next day, T cells were activated using TransAct beads (Miltenyi
Biotec, 130-111-160) and cultured in complete OpTmizer media
(OpTmizer media supplemented with 5% human AB serum and 20
ng/mL of human IL2).

Human-edited CAR T-cell generation
Four days after PBMC thawing and activation, T cells were trans-

duced with recombinant lentiviral vectors (rLV) at a multiplicity of
infection (MOI) of 15 for CD20xCD22 CAR and 5 for single CD22
and CD20 CARs, in retronectin-coated (Takara Bio USA Inc, T100B
30 mg/mL in PBS for 1 hour in untreated plates) culture vessels.
LentiBOOST (SIRION Biotech, SB-P-LV-101-12) at a concentration
of 1:50 was added to transductions performed with CD20xCD22 CAR.
Cells were transduced in serum-free OpTmizer media at a concen-
tration of 1.6 � 106 cells/mL and diluted to 1 � 106 cells/mL after
2 hours and supplemented with 5% human serum and 20 ng/mL IL2
and cultured at 37�C in the presence of 5% CO2.

Two days after transduction, TALEN mRNA electroporation was
performed using the Cellectis’ PulseAgile Electroporation System to
disrupt the TRAC and CD52 genes (sequences in Supplementary
Table S1). A total of 5 million activated and rLV-transduced PBMCs
were transfected in each transfection with a total of 2.5 mg for each arm
of TALENmRNA using PulseAgile technology on day 6 after thawing
(sequences in Supplementary Table S1). For transfection, cells were
concentrated at 28 � 106 cells/mL in Cytoporation buffer T (BTX
Harvard Apparatus). A total of 5� 106 cells in 200 mL of BTX solution
were transfected by applying two 0.1ms pulses at 2,000V/cm followed
by four 0.2ms pulses at 325V/cm in 0.4 cm gap cuvettes. Electro-
porated cells were transferred to a 12-well plate containing 1mL of
prewarmed OpTmizer media (supplemented with human serum and

IL2) and incubated at 37�C for 15minutes. After transfection, cells
were placed at 37�C for 15 minutes and transferred to 30�C overnight.
Next day, cells were seeded at a density of 106 cells/mL in complete
OpTmizermedia with 5%HS and 20 ng/mL IL2 and cultivated at 37�C
in the presence of 5%CO2.

Cells were further cultured in complete OpTmizer media with 5%
HS and 20 ng/mL IL2 and 2 days after transfection were transferred
into 10 cm G-Rex or 6-well G-Rex devices (WilsonWolf P/N 80240M
or P/N 800405) using 35mL of media. On day 11, IL2 at 20 ng/mL was
added.Onday 13,mediawas exchanged (OpTmizermediawith 5%HS
and 20 ng/mL IL2) and supplemented with 5% of Gibco CTS Immune
Cell SR (Gibco #A4702901). Cells were grown until day 15 or day 18,
when they were collected and frozen at 50 to 100 million cells/mL
in FBS/10% DMSO.

Construction of lentiviral vectors
CARs directed against CD20 and CD22 were constructed by joining

the respective single-chain variable fragments (scFV; refs. 24, 25) with
the CD8a hinge/transmembrane domain (NP_001139345.1), 4-1BB
(NP_001552.2), and CD3z (NP_932170.1) intracellular domains
(Supplementary Table S1). All codon optimization and gene synthesis
were performed by Genscript. The same CAR sequences were used for
single CAR and dual CAR constructs, where they are separated by a
P2A ribosome skip peptide derived from porcine teschovirus. Coding
sequences were cloned downstream of the EF1a promoter and
upstream of the wood chuck hepatitis virus posttranscriptional reg-
ulatory element (WPRE).

Lentivirus production, concentration, titration, and
quantification

Viral particles were produced at Flash Therapeutics at small scale,
and at research and development (R&D) grade. Briefly, viral-derived
vectors were produced by tri-transfection into 293T cells by using
standard transfection methods. A total of 24 hours later, cells were
washed with fresh medium. Viral supernatants were collected and
filtered through 0.45 mm filters and subjected to ultrafiltration for
purification and concentration of virus particles. Titers were estimated
by qPCR 72 hours after transduction of HCT116 cells by serial dilution
of viral supernatants. A GFP expression lentiviral vector was used as
control in each plate of titration.

Cell lines
Raji (ATCC #CCL-86; RRID:CVCL_0511, received in 2014), Daudi

(ATCC # CCL-213; RRID:CVCL_0008, received in 2011), JeKo1
(ATCC# CRL-3006 cells, RRID: CVCL_1865, received in 2013), and
MOLM-13 (DSMZ #ACC 554 RRID: CVCL_2119, received in 2014)
were cultured in RPMI1640 (ATCC- 30-2001) with 10% (15% for
MOLM-13) heat-inactivated FBS (Life Technologies, #16000-044),
and 1% penicillin/streptomycin (Life Technologies, #15140-122). For
heat inactivation, FBS was incubated at 56�C for 30 minutes and
shaken every 20 minutes before being aliquoted and frozen. Cells were
kept at a concentration of 0.5 � 106–1 � 106 cells/mL by passaging
them every 2 to 3 days. For cell line authentication, banks of cells were
prepared shortly after thawing original vials and cell morphology was
monitored continuously under the microscope. Number of passages
was limited to 7 to 10. TheMycoAlertMycoplasmaDetection Kit from
Lonza was used for Mycoplasma detection.

Daudi and JeKo1 reporter cell lines were generated by transducing
the cells with a lentivirus encoding EF1a-Luciferase-2A-GFP (Neo;
Amsbio #LVP438). The Raji-luc cell line was generated by transducing
Raji cells with a lentivirus encoding Luciferase (firefly)-2A-GFP from
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(Amsbio #LVP323). The Raji-Nanoluc cell line was generated by
transducing a vector expressing nanoluc-2A-GFP, generated at Gene-
script and virus produced at Flash Therapeutics as indicated before
(sequence provided in Supplementary Table S1)

Raji CD20- and CD22-negative cell lines were obtained upon elec-
troporationofRaji-luc orRaji-nanoluc cell linewithTALENspecific for
CD20 and CD22 and subsequent purification of CD20-, CD22-, and
double-negativepopulationswithaSH800SCell Sorter after labeling the
cells for 30 minutes for CD20 and CD22 (see Supplementary Table S2
for antibodies). Briefly, Raji cells were washed with in Cytoporation
buffer T and resuspended at 20 � 106 cells per mL, 100 mL cells were
mixed with 0.8 mg of CD20 TALEN (each arm) and 4 mg of CD22
TALEN (each arm). Cells were then electroporated using PulseAgile
technology at by applying two 0.1ms pulses at 2,000V/cm followed by
four 0.2ms pulses at 325V/cm in 0.2 cm gap cuvettes. Sequences for
bothCD20 andCD22TALEN are provided in Supplementary Table S1.

Qifikit assay
Quantification of CD20 and CD22molecules in tumor cell lines was

performed using theQIFIKIT assay fromagilent (K0078) following the
manufacturer’s instructions. Briefly, 0.3 � 106 cells were washed with
PBS-0.1% BSA buffer and after that resuspended in 100 mL buffer with
10 mL of antibody (CD20 or CD22, references indicated in Supple-
mentary Table S2). Samples were stained for 30 minutes at 4�C and
then washed with buffed by centrifugation at 1,500 rpm for 5
minutes). Afterward, the secondary antibody was added (Goat
anti-mouse FITC, provided in kit) as well as the calibration beads.
Control samples including only primary or secondary antibody
were prepared with set up beads. As described in the manufacturer’s
protocol, a standard curve was performed with different mean
fluorescent intensities (MFI) provided with the calibration beads
to calculate the specific number of molecules of CD20 and CD22 on
the surface of Raju and Daudi cell lines.

Cytotoxicity assay
Target cell lines (Raji or JeKo1 cells) were cultured in a 96-well plate

at 10,000 cells per well in complete OpTmizer media without IL2 and
CAR T cells or nontransduced control T cells (NTD) were added at
different ratios (10,000 to 100,000 CAR-positive cells). Cocultures
were cultivated at 37�C, 5% CO2 overnight. Next day, ONE-Glo
reagent was prepared following the manufacturer’s instructions (Pro-
mega, #E6120). And 50mLofONE-Glo reagentwasmixed at a 1:1 ratio
with target:effector cells in a white, flat-bottom plate. Plate was
incubated for 3 minutes at room temperature and luminescence was
measured in a FLUOstar Omega microplate reader (BMG Labtech).

The following calculations were used to estimate the percentage of
lysis:

%Lysis ¼ (1 � ((luminescence CAR against tumor cells/lumines-
cence NTD against tumor cells)/(luminescence CAR against control
cells)/(luminescence NTD cells against control cells)))�100

or % Lysis ¼ (1 � CAR sample luminiscence/NTD luminiscence)�

100 if no double-negative cell line was available.

Flow cytometry
For CAR expression analysis, transduced dual CAR cells were stained

using a two-step procedure. Briefly, cells were first incubated with the
extracellular domain of the CD22 protein fused to the Fc domain of
mouse IgG1 [Lake Pharma (26, 27)] andwith aHis-tagged CD20 protein
(ACRO Biosystems, #CD0-H52H3-20 mg; Supplementary Fig. S2)
in FACS buffer (PBS þ 3% FBS þ 0.1% sodium azide). After washing

in FACS buffer, cells were incubated with a CyTM3 AffiniPure Goat
Anti-Mouse IgG (Jackson ImmunoResearch, 115-165-205; RRID:
AB_2338694) and an anti-His antibody coupled with APC (Bio-
Legend, 362605; RRID:AB_2715818). To costain to assess the
efficiency of gene editing, cells were subsequently incubated with
anti-CD4 APC-Vio770 (Miltenyi Biotec, 130-113-211; RRID:
AB_2726022), anti-CD8 Vioblue (Miltenyi Biotec, 130-110-683;
RRID:AB_2659239), anti-TCRab PE-Vio770 (Miltenyi Biotec,
130-119-617; RRID:AB_2733284), and anti-CD52 AF488 (BD Bio-
science; RRID:AB_2738314). For differentiation and exhaustion
analysis, 105 to 3 � 105 cells CAR T cells were stained in 96-well
plates using the antibodies noted in Supplementary Table S2 diluted
in FACS buffer for 30 minutes at 4�C.

For bone marrow (BM) analysis at the end of the disseminated
lymphoma study described below,NSGmicewere humanely sacrificed
and the femur was dissected. BM cells were isolated by centrifugation
at 7,000 rpm for 1 minute into an Eppendorf tube. To isolate spleen
cells, spleens were dissociated with a syringe pestle in PBS with 3%
PBS and passed through a 0.45 mm strainer. After that, spleen cells
were collected by centrifuging at 300 � g for 5 minutes. For both
organs, red blood cells were lysed with BD Pharm Lyse lysing solution
(eBioscience, 555899) following the manufacturer’s instructions and
removed by centrifugation. A total of 1� 106 cells were stained in lysis
buffer in a 96-well plate using the antibodies noted in Supplementary
Table S2 for 30 minutes at 4�C.

For all flow cytometry applications, cells were washed in FACS
buffer and fixed in 2% formaldehyde before data collection on BD
Canto II cytometer using BD FACS DIVA software v9.0. Data analysis
was performed using FlowJo Software v10. For Supplementary Fig. S6,
Novocyte Penteon Cytometer and NovoExpress V1.6.1 software from
Agilent were used for flow cytometry, analysis, and calculation of
absolute counts.

TCR depletion
To isolate TCRab-negative cells, CAR T cells were incubated with

1,875 mL of TCRab biotin antibody (Miltenyi Biotec, 130-113-537)
per 107 cells for 30 minutes in PBS with 0.5% FBS and 2 mmol/L
ethylenediaminetetraacetic acid (EDTA). After that, cells were washed
in PBS with 0.5% FBS and 2 mmol/L EDTA and posteriorly incubated
with 3.75 mL of anti-biotin magnetic bead per 107 cells for 30 minutes
(Miltenyi Biotec, 130-090-485) at room temperature. After washing
with PBS with 0.5% FBS and 2 mmol/L EDTA, cells were resuspended
in 500 mL PBS with 0.5% FBS and 2 mmol/L EDTA and purified using
an LD columm (Miltenyi Biotec, 130-042-901) following manufac-
turer’s protocol.

IFNg secretion assay
The levels of INFg were evaluated in supernatants obtained from 1:1

effector:target ratio overnight cocultures of CAR T cells:tumor cells
using the Human IFN-Gamma Quantikine Kit (R&D Systems, SIF50)
following the manufacturer’s instructions. Experimental samples con-
tained 50,000 CAR T cells and 50,000 tumor cells were cultured in a
total of 100 mL of OpTmizer media with 5% human serum. As positive
control, CAR T cells were activated with 1 mmol/L Ionomycin (Sigma-
Aldrich, I0634) and 20 ng/mL phorbol 12-myristate 13-acetate (PMA;
Sigma-Aldrich, P8139). As negative control, nonstimulated cells and
CD20/CD22-negative Raji cells were used.

Serial killing assay
To assess cytolytic activity of CD20xCD22 CAR T cells over time, a

serial killing assay was performed following previous protocols (28).
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Briefly, dual CART cells weremixed with a suspension of Raji-luc cells
at a 1:1 ratio in IL2-free complete OpTmizer media. The mixture
was incubated for 72 hours before determining the luminescence of
25 mL of cell suspension using 25 mL of ONE-Glo reagent as
described above (see Cytotoxicity Assay). The cell mixture was then
spun down, and the old media was discarded and substituted with
Raji cells in fresh media. The resulting cell mixture was incubated
for 72 hours. This protocol was repeated for up to 11 days. At the
end of the experiment, cells were incubated with the antibody
panels noted on Supplementary Table S2.

In vivo experimentation
All procedures involving animals at Mispro-Biotech and Invivotek

were performed in accordance with regulations and established guide-
lines of the Animal Ethical Committee and were reviewed and
approved by the Institutional Animal Care and Use Committee at
Mispro-Biotech. The patient-derived xenotransplantation (PDX)
study performed at Charles River Laboratories (CRL) was conducted
according to all applicable international, national, and local laws and
followed the national guidelines for the Care and Use of Laboratory
Animals of the Society of Laboratory Animal Science (GV-SOLAS).
The protocol was approved by the regional council Committee on the
Ethics of Animal Experiments.

Subcutaneous lymphoma model
Immunodeficient NSGmice (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ, the

Jackson Laboratory), were received and acclimatized. NSG mice (6–
7 weeks old, female) were then injected with 0.5� 106 Raji (ATCC
#CCL-86; RRID:CVCL_0511) tumor cells in matrigel (Corning, CB-
40234C) on each flank subcutaneously. Mice were randomized after
day 7 based on average tumor growth, which was measured using
bioluminescence imaging (BLI). Next day, mice were adoptively
intravenously transferred with the different CAR T-cell groups
(8 � 106 and 3 � 106 CAR-positive cells for dual CAR T cells,
8 � 106 CAR-positive cells for single CAR T cells, 8 � 106 NTD).
Micewere imaged at the indicated timeswith 15mg/mLBDMonolight
D-Luciferin (BD Biosciences, 556888) injected intraperitoneally fol-
lowing manufacturer’s protocol and monitored for survival. Images
were analyzed with IVIS Perkin Elmer software and average radiance
was represented to monitor tumor growth.

Disseminated lymphoma models
Immunodeficient NSG mice (6–7 weeks old, female) were intrave-

nously injected with Daudi-Luc-GFP tumor cells (0.5� 106 cells per
animal in 100mL of PBS). A total of 6 days later, bioluminiscence was
measured and mice were randomized. Next day, the indicated CAR-
positive T cells were administered for the different groups (10 � 106,
3� 106, and 1� 106 for the dual CAR and 10� 106 for the single CAR
and 10 � 106 for the NTD). Daudi-Luc-GFP tumor cell growth was
monitored by BLI as described above. Images were analyzed with IVIS
Perkin Elmer software and photons/second was represented to mon-
itor tumor growth. Experiments were discontinued at day 60. This
experiment was performed at Invivotek.

A second disseminated lymphoma study was performed at Mis-
pro Biotech facility where, 6 to 8 weeks old female NSG mice were
injected with Daudi-Luc-GFP tumor cells (0.5� 106 cells i.v. per
animal in 100 mL of PBS). A total of 6 days later, bioluminiscence
was measured using an IVIS Spectrum In Vivo Imaging System
(Perkin Elmer) and mice were randomized. Next day, 3 million
CAR-positive T cells of the single CD22 CAR or either version of
the dual CAR were administered. Daudi-Luc-GFP tumor cell

growth was monitored by BLI, and surviving animals were sacri-
ficed on day 105 when the BM was analyzed as described in the flow
cytometry method section.

Primary B-NHL samples thawing and phenotyping
Primary B-NHL samples from either BM or peripheral ganglia (n¼

21) were obtained from the biobank at the Hospices Civils de Lyon,
France (https://www.chu-lyon.fr/centre-de-ressources-biologiques),
where written informed consent from patients was obtained in accor-
dance with the French public health code (Code de la Sant�e Publique
-CSP-). The operations of the biological resource center for the
Hospices Civil de Lyon in in compliance with French legislation
(Bioethics law of August 2004). They abide by all regulatory and
ethical requirements in compliance with internationally recognized
standards that rule collection, conservation and use of biological
samples for scientific purposes. Samples were cryopreserved and
stored and the Center for Biological Resources (Centre des Ressources
Biologiques -CRB-) of theHospices Civils de Lyon prior to transferring
toCellectis facilities, where theywere stored at�150�C. In vitro studies
performed at Cellectis were reviewed and approved by the High
Council of Biotechnology (Haut Conseil des Biotechnolgies -HCB-),
from the Ministry of Education, Research & Innovation in France.
Cells were thawed in 20 mL of OpTmizer media supplemented with
10% FBS in the presence of 0.4 mL of Benzonase (E1014-5KU- Sigma-
Aldrich). Cells were washed and resuspended in 10 mL of media. Cells
were stainedwith eFluor 780 fixable viability dye (eBioscience, 650865)
for 20 minutes at 4�C in a 96-well plate and washed with 100 mL PBS/
2% FBS per well. Then samples were incubated with Fc Block reagent
(Miltenyi Biotec, 130-059-901) for 10 minutes at 4�C and then
incubated with the mixture of antibodies noted in Supplementary
Table S2 in BDHorizon brilliant stain buffer (BD Biosciences, 563794)
for 20 minutes at 4�C. Data collection on BD Canto II cytometer using
BD FACS DIVA software v9.0. Data analysis was performed using
FlowJo Software v10.

Primary B-NHL cytotoxic activity
A total of 50,000 total cells from the primary B-NHL samples were

incubated with dual CAR T cells at different effector:target ratios (1:1,
5:1, 10:1) in RPMI1640 GlutaMAX (Thermo Fisher Scientific, 61870-
044) supplemented with FBS and Penicillin/Streptomycin for 17 hours
at 37�C. As negative control, MOLM-13 cells were used. After incu-
bation, cells were washed with PBS and stained with e780 fixable
viability dye (eBioscience, 65-0865) at 1:1,000 concentration for 20
minutes at 4�C, after washing Fc block was added and incubated for 10
minutes at 4�C, cells were centrifuged and incubated with the anti-
bodies indicated in Supplementary Table S2 in PBS with 2% FBS. Cells
were finally resuspended in 100 mL of 2% formaldehyde with 20 mL of
countbright absolute cell counting beads (Invitrogen, C36950). Via-
bility was evaluated by flow cytometry on a CANTO II instrument
(BectonDickinson) and using a Flojo V10 software for analysis and the
% of specific lysis (cytotoxic activity) was calculated as:

Specific lysis ¼ 1 � [(% viable B-NHL cells with CAR)/(% viable
B-NHL cells without CAR)]/[(%viable MOLM-13 with CAR)/
(% MOLM-13 viable cells without CAR)].

PDX assays
The PDX study was performed at CRL, Discovery Research

Services Germany GmbH. Mantle cell lymphoma (MCL) PDX had
been generated at CRL (LYPDX2894) from primary lymph node.
Patient informed consent in accordance with the current German
legislation and in compliance with internationally recognized

Allogeneic Dual CD20xCD22CAR to Target B-NHL

AACRJournals.org Cancer Immunol Res; 11(7) July 2023 949

https://www.chu-lyon.fr/centre-de-ressources-biologiques


standards was obtained by CRL, Discovery Research Services Ger-
many GmbH, Freiburg.

For tumor generation, lymphoma cells were obtained from the
spleens of donor mice. The spleen was excised after euthanasia and
placed in a falcon tube filled with 15 mL medium. It was strained
through a 100 mm cell strainer to obtain single cells, a red blood cell
lysis was performed with ammonium-chloride-potassium (ACK)
buffer (150 mmol/L ammonium chloride, 10 mmol/L potassium
bicarbonate, 0.1 mmol/L EDTA, pH 7.2–7.4) and incubating for 1 to
3minutes at room temperature. Cells were pelleted by centrifugation at
300� g for 5minutes at room temperature. Mouse cells were removed
by using a mouse cell depletion kit (Miltenyi Biotec #130-104-694)
according to the manufacturer’s instructions and the remaining cells
were counted and resuspended in PBS. Collected lymphoma cells
were orthotopically implanted (intrasplenic) in female NSG mice ages
5 to 9 weeks. Recipient animals were given an analgesic drug [2 mg/kg
butorphanol (Morphasol) at 10 mL/kg s.c.] 30 minutes prior to
implantation. The animals were anesthetized by inhalation of isoflur-
ane and 3 � 10⁶ lymphoma cells in 30 mL PBS were injected into the
spleen. After the procedure, animals received the analgesic drug
carprofen at 5 mg/kg s.c. every 12 to 24 hours until no symptoms
of pain were observed, for a maximum of 3 days. Mice were examined
daily and scored for their level of activity and their behavior. Termi-
nation of animals was performed on the basis of CRL animal welfare
policies/ethical endpoints. A total of 21 days after tumor implantation,
30 mice were randomized into five groups of 6 animals based on
bodyweight and treatedwith either vehicle, 10� 106 TCRab knockout
cells, 1� 106, 3� 106 or 10� 106UCART20x22 cells. Peripheral blood
(PB) samples were taken at D3, D20, and at the end of the experiment
(D70). Spleen and BM samples were also harvested upon sacrifice.
Animals were sacrificed when signs of distress were observed, accord-
ing to the activity and behavior scores defined by CRL. Samples were
stained with anti-mouse CD45 (clone 30-F11 BioLegend, catalog no.
103127; RRID:AB_493714), anti-human CD45 (clone HI30 BioLe-
gend, 304029, RRID:AB_2174123), and anti-human CD19 (clone
HIB19 BioLegend, 302218; RRID:AB_314248) to identify human cells
and discriminate tumor cells from CAR T cells.

Cytokine secretion assay
The levels of released cytokines in vivo were evaluated in mouse

plasma samples collected at D3 and D20 using the LEGENDplex
Human Th Cytokine Panel (BioLegend, 741027) according to the
manufacturer’s instructions.

Statistical analysis
For statistical analysis, Graph Pad Prism 9 was used. Thresholds for

P valuewere: �,<0.05; ��,<0.01; ���,<0.001; ����,<0.0001. Formultiple
comparisons, Tukey correction was used when indicated.

Data availability
The data generated in this study are available in the article and its

Supplementary Data or upon request from the corresponding authors.

Results
Dual CAR T cells efficiently eradicate CD20þ and CD22þ tumors

Different methodologies have been explored for the generation of
dual CAR T cells. Some mix two individual CAR constructs to either
cotransduce or generate a mixed CAR T-cell product, and others use a
single construct to deliver both CARs simultaneously as a tandem or
a bicistronic construct (29). Here, we engineered two versions of

allogeneic dual CAR T cells simultaneously targeting CD20 and CD22
using bicistronic cassettes, CD20xCD22 CAR (refers to both versions
of the dual CAR tested in this study; refs. Fig. 1A and B). Each of the
CARs carried aCD8ahinge and transmembrane domain aswell as a 4-
1BB costimulatory domain and the CD3z activation domain. 4-1BB
signaling has been previously shown to increase CAR T-cell persistent
activity in autologous settings (30). The coding sequences of the CD20
and CD22 targeting CARs were separated by a P2A ribosomal skip
peptide to enable simultaneous expression of both CARs in the same
cell. The CD22.CD20CAR version harbors the CD22 CAR coding
sequence in the first position, while the CD20.CD22CAR version
contained the CD20 CAR coding sequence in the first position.
As positive controls, we used a single CD22 CAR (CD22CAR) and a
single CD20 CAR (CD20CAR). CAR expression was driven by the
EF-1alpha promoter, currently being used in the clinic and shown
to display high efficiency for surface CAR expression (31, 32). Dual
allogeneic CAR T cells also contained two TALEN-mediated gene
knockouts (Fig. 1A): TRAC, to prevent GVHD, and CD52, to render
the CAR T cells resistant to anti-CD52 lymphodepleting agents
such as alemtuzumab and, thus, allow a deeper and longer lym-
phodepletion to facilitate allogeneic CAR T-cell engraftment and
persistence. We have previously shown that TRAC/CD52 double
knockout can efficiently and reproducibly allow manufacturing of
“off-the-shelf” CAR T cells (33). Of note, ongoing clinical studies
are demonstrating safety and efficacy of allogeneic CAR T cells
directed against other targets manufactured using the same
platform (13, 17, 34, 35).

In this study, CAR T cells were generated using PBMCs from
healthy donors. T cells were activated using CD3/CD28 beads, trans-
duced with the relevant recombinant lentiviral vector, and subse-
quently transfected withmRNA encoding TALEN targetingCD52 and
TRAC genes. After expansion of the engineered cells at small scale, we
analyzed CAR expression by flow cytometry and demonstrated that
both allogeneic dual CAR T-cell versions allowed concurrent CD22
CAR and CD20 CAR expression at the cell surface (Fig. 1C). Trans-
duction efficiencies ranged from around 10% to 60% at the end of the
process in the samples evaluated (Supplementary Fig. S3A). The
bicistronic construct showed a slightly lower MFI for the CD22 CAR,
while we did not observe differences on CD20 CAR expression
between the bicistronic and the single construct at day 8 after trans-
duction (Supplementary Fig. S3B). Similarly, we showed that TALEN
treatment efficiently knocked-out TRAC and CD52 genes (Supple-
mentary Fig. S3C and S3D). To ensure safety in the clinic, remaining
TCRab-positive cells can be efficiently depleted using a clinical-grade
available magnetic depletion system (Supplementary Fig. S3E and
S3F), as it has been previously shown (36).

Simultaneous delivery of both CARs in one construct has been
proposed to facilitate manufacturing (37), and we evaluated if this was
the case for the CD20 and CD22 CARs used in this preclinical study.
For that, we compared the transduction of the bicistronic constructs
versus cotransduction of the two single constructs at different MOIs.
These experiments showed that regardless of the MOI used, the
percentage of cells expressing the dual CAR was higher with a
bicistronic construct than with two individual constructs (Supple-
mentary Fig. S4A and S4B).

On the basis of these results, we focused on comparing both
bicistronic constructs and benchmarking them against the single CAR
constructs. For this purpose, wemostly used single CD22CARbecause
transduction efficiencies were higher. We first evaluated key T-cell
features via flow cytometry and demonstrated that transduction
with the dual CAR construct did not alter the CD4/CD8 ratios
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Figure 1.

CD20xCD22 CAR T cells can be efficiently generated. A, Diagram showing CD20xCD22 CAR T cells including all attributes. B, Dual and single CAR T-cell constructs
used in this study. C, Flow cytometry data showing CAR expression for dual and single CAR T cells (representative diagram of n ¼ 6–15 from four independent
experiments). D, Ratio of CD8/CD4 cells in the productions indicated. Mean � SD is shown. E, Flow cytometry data showing differentiation status of CAR T cells
expressing the indicated CAR constructs. Tn/scm: na€�ve T cells (CD45RAþCD62Lþ); Tcm: central memory T cells (CD45RA�CD62Lþ); Tem: effector memory T cells
(CD45RA�CD62L�); Temra: effector memory T cells RA (CD45RAþCD62L�). Representative dot plots are shown below. F, Expression of exhaustion markers PD-1
and LAG-3 in CD8þ and CD4þ cells from CD20xCD22 CAR at the end of production. Representative dot plots are shown below. N ¼ 7 from three independent
experiments for both E and F. Mean� SEM is represented. One-way ANOVA was performed with Tukey correction for multiple comparisons was perfomed and no
significant differences were identified.
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compared with nontransduced cells (Fig. 1D; Supplementary
Fig. S3G). Similarly, phenotypic analysis of differentiation and
exhaustion markers revealed low levels of differentiation and
exhaustion, which were comparable with the values obtained in
the nontransduced controls (Fig. 1E and F). Altogether, these data
show that dual CAR T cells can be efficiently generated from healthy
donor PBMCs using a CD20xCD22 bicistronic construct while
preserving T-cell characteristics.

CD20xCD22 CAR T cells exhibit potent in vitro cytolytic activity
To assess the activity of dual CAR T cells, we performed luciferase-

based in vitro cytotoxicity assays by incubating CD20xCD22CAR cells
with Raji cells (a Burkitt lymphoma tumor cell line expressing both
CD20 and CD22 antigens) at different effector:target ratios. These
experiments demonstrated that T cells expressing either of the versions
of the CD20xCD22 CAR efficiently killed tumor B cells in a dose-
dependent manner (Fig. 2A; Supplementary Fig. S5A). These results
were confirmed with other cell lines, such as Jeko-1, a MCL line
expressing CD20 and CD22 (Supplementary Fig. S5B and S5C). We
then evaluated the response of dual CAR T cells to the emergence of
antigen escape, and for that, we engineered Raji cells to express a single
antigen using specific TALEN against either CD20 or CD22 (Supple-
mentary Fig. S5D and S5E). As shown in Fig. 2B and C and
Supplementary Fig. S5F, dual CD20xCD22 CAR T cells potently lysed
tumor cells expressing a single target, while each of the single CARs did
not show cytotoxic activity against Raji cells that did not express their
specific target antigens. This highlights the ability of dual CAR T cells
to target a broader spectrumof tumor cells expressing different antigen
combinations.

To evaluate cytokine release upon antigen recognition, wemeasured
IFNg production after incubating CD20xCD22 CAR cells overnight
with tumor cells expressing different antigen combinations. AsFig. 2D
shows, exposure of the dual CAR T cells to antigen triggered a specific
cytokine response that was comparable for both versions of the
CD20xCD22 CAR tested (Fig. 2D; Supplementary Fig. S5G).
Response to the CD20 antigen elicited secretion of higher amounts
of IFNg cytokine, which could be attributed to a higher amount
of CD20 molecules expressed in Raji cells compared with CD22
(Supplementary Fig. S4D and S4E). All cells, including nontransduced
control, released IFNg upon PMA and Ionomycin activation (Sup-
plementary Fig. S5H). In contrast, no IFNg was observed upon
incubation with CD20�CD22� cells, demonstrating the absence of
target-independent activation. Altogether, these results show that dual
CAR T cells exert specific cytolytic activity against double-positive or
single antigen–positive tumor cells.

Tumor-associated CD20 and CD22 persistently drive
CD20xCD22 CAR T-cell cytolytic activity and proliferation

Having confirmed antigen-dependent cytotoxic activity for the
dual CAR T cells in vitro, we evaluated whether CD20xCD22 CAR
T cells displayed sustained CAR activity and proliferation after
repeated exposure to tumor over time. We used serial killing
experiments, in which we exposed CD20xCD22 CAR T cells to
fresh Raji cells every 3 days (Fig. 2E). In addition, to evaluate the
activity of the dual CAR T cells in the presence of a single antigen,
we performed the same experiments with Raji cells engineered to
express a single antigen (CD20þCD22� or CD20�CD22þ). As
shown in Fig. 2F, CAR T cells efficiently and persistently eradicated
double-positive tumor cells over time. Moreover, compared with
the single CAR T cells, the dual CAR T cells displayed similar robust

cytolytic activity over time against tumor cells expressing a single
antigen, validating the benefit of using a dual CAR approach
(Fig. 2G and H). Flow cytometry analysis at the end of the 2 weeks
of repeated exposure of CAR T cells to the tumor, showed enrich-
ment of CARþ cells (Supplementary Fig. S6A) and complete
eradication of tumor cells with both versions of the CD20xCD22
CAR (Supplementary Fig. S6B and S6C). In addition, we evaluated
the T-cell characteristics at the end of the serial killing assay and did
not identify any differences between T cells engineered to express
either of the biscistronic constructs when exposed to Raji cells
expressing a variety of antigen as indicated (Fig. 2I–K; Supple-
mentary Fig. S6D). As expected, the lack of CD22 antigen failed to
activate single CD22 CAR T cells and trigger continuous tumor cell
lysis (Fig. 2H and K).

We also evaluated the proliferation of the CAR T cells and observed
that after 14 days of repeated exposure to antigen (Supplementary
Fig. S7A), T cells engineered to express either of the dual CARs
continued to proliferate when exposed to Raji cells expressing two or
one antigens (Supplementary Fig. S7B–S7D). At day 14, T cells
expressing either of the single CARs showed less tumor control activity
when cultured with single antigen–expressing Raji cells. We also
observed a higher level of activation for the dual CAR T cells when
tumor cells presented both antigens, as indicated by expression of the
IL2 receptor alpha, CD25 (Supplementary Fig. S7E and S7F). Analysis
of exhaustion markers PD1, TIM3, and LAG3 showed no striking
differences between the samples evaluated, suggesting that none of
the conditions tested in this study lead to dysfunctional T cells
(Supplementary Fig. S7G and S7H). Altogether, these experiments
demonstrate that dual CAR T cells have a higher potential for
persistent response to antigen-specific stimulation and robust
tumor-cell killing activity against different combinations of antigen-
expressing tumor cells.

CD20xCD22 CAR T cells efficiently eradicate tumor burden
in vivo in a dose-dependent manner

Next, we evaluated the antitumor activity of dual CAR T cells and
compared both bicistronic constructs in vivo using a disseminated
Burkitt lymphoma model (Daudi cells) in which the cells were
engineered to express luciferase. NOD.Cg-Prkdcscid Il2rgtm1Wjl/
SzJ (NSG) mice received intravenous administration of tumor cells
and were treated 7 days later with different doses of T cells
engineered to express either of the versions of the CD20xCD22
CAR or nontransduced T cells as control (NTD; Fig. 3A). Tumor
burden was monitored overtime by BLI (Fig. 3B and C). While
animals treated with PBS or NTD cells succumbed to disease within
3 weeks, cohorts treated with T cells engineered to express either of
the dual CARs survived until the end of the study (Fig. 3D).
Moreover, we demonstrated that T cells engineered to express
either of the CD20xCD22 CAR versions potently targeted tumor
cells in vivo in a dose-dependent manner (Fig. 3B), with doses of 3
and 10 million CAR T cells achieving complete tumor clearance.
Early responses at a dose of 10 million CAR T cells resulted in
stronger tumor clearance with the dual CAR than the single CAR.
Treatment with a low dose of 1 million CAR T cells was sufficient
for tumor clearance and it was stronger with the CD20.CD22CAR
version. In addition, we performed a parallel in vivo study where the
animals were treated with 3 million single and dual CAR T cells. We
observed a significant advantage in tumor clearance and animal
survival for both dual CAR versions (Supplementary Fig. S8A and
S8B). We also analyzed the BM and spleen of the surviving animals

Aranda-Orgilles et al.

Cancer Immunol Res; 11(7) July 2023 CANCER IMMUNOLOGY RESEARCH952



CD20
.C

D22
CAR

CD22
.C

D20
CAR

CD22
CAR

0

50

100

CD20+CD22+

%
 L

ys
is

10:1
5:1
1:1

A

CD20
.C

D22
CAR

CD22
.C

D20
CAR

CD22
CAR

0

50

100

%
 L

ys
is

10:1
5:1
1:1

CD20-CD22+

CD20
.C

D22
CAR

CD22
.C

D20
CAR

CD22
CAR

0

50

100

%
 L

ys
is

10:1
5:1
1:1

B C

E

0 5 10 15 20
0

50

100

Days

%
 L

ys
is

CD22.CD20CAR
CD20.CD22CAR
CD22CAR

CD20+CD22+

0 5 10 15 20
0

50

100

Days

%
 L

ys
is

CD22.CD20CAR
CD20.CD22CAR
CD22CAR

0 5 10 15 20
0

50

100

Days

%
 L

ys
is

CD22.CD20CAR
CD20.CD22CAR
CD22CAR

F

D

CD20-CD22+ CD20+CD22-
G

n.s
n.s

n.s

n.s

n.s
n.s

P = 0.006
n.s

P = 0.003

CD20+CD22-

+
1:1

Tumor
(Raji-Luc)

CAR T cells

+ + + +

Measure Measure Measure Measure Measure

Time

H

0 50 100

CD20.CD22CAR

CD22.CD20CAR

CD22CAR

NTD

Wild-type

Tn/scm TemTcm Temra

0 50 100

CD20.CD22CAR

CD22.CD20CAR

CD22CAR

NTD

CD20+CD22-CD20-CD22+

0 50 100

CD20.CD22CAR

CD22.CD20CAR

CD22CAR

NTD

I J K

CD20
+ CD22

+

CD22.CD20CAR

CD20.CD22CAR

CD22CAR

NTD

50,000

100,000

CD20
− CD22

+

CD20
+ CD22

−

CD20
− CD22

−

IFN��(pg/mL)

Figure 2.

CD20xCD22 CAR T cells display robust activity against tumor cells with different antigen expression. A, Representative cytotoxic activity against Raji (Burkitt
lymphoma) cells expressing CD20þCD22þ. B and C, Cytotoxic activity against Raji cells expressing CD22þ or CD20þ. n¼ 6. Mean� SD shown. Unpaired t test was
performed. The experiment was repeated three times each with 2 or 3 different donors. D, Heat map showing IFNg release after overnight incubation at an effector:
target ratio of 1:1. The experiment was repeated three times each with 2 or 3 different donors. E, Serial killing assay schematics. F–H, Serial killing assay against
CD20þCD22þ, CD22þ, or CD20þRaji cells at an effector:target ratio of 5:1. Mean� SD shown. I–K,Flow cytometry data showing differentiation status of CART cells at
the end of the serial killing assay. Tn/scm: na€�ve T cells (CD45RAþCD62Lþ); Tcm: central memory T cells (CD45RA�CD62Lþ); Tem: effector memory T cells
(CD45RA�CD62L�); Temra: effector memory T cells RA (CD45RAþCD62L�). Mean � SD shown. n ¼ 3.
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treated with the dual CAR T cells at the end of the study. This
analysis revealed that dual CAR T cells efficiently eradicated the
tumor and also persisted in the BM for longer than 100 days
(Supplementary Fig. S8C and S8D). Moreover, no tumor could be
detected at this point, underscoring the robustness of the dual CAR
T cells.

CD20xCD22 CAR is a suitable approach to address antigen
escape

Upon confirming the potent activity of the dual CAR T cells in vivo,
we mimicked tumor antigen escape in vivo using a subcutaneous
model of Burkitt lymphoma with Raji cells. In this model, three
different tumors (double-positive CD22þCD20þ, single-positive
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CD20xCD22 CAR T cells display robust tumor control activity in a dose-dependentmanner in vivo.A, Schematics showing the design of the disseminated lymphoma
model studywith Daudi cells.B, Tumor growth control overtime after tumor implantation andCAR T-cell treatmentwith the indicated constructs using intravenously
administered Daudi cells, n ¼ 6 per condition. One-way ANOVA was performed with Tukey correction. Mean � SEM is shown. C, Representative bioluminescence
ventral at day 20of the study.D,Kaplan–Meier curves showing survival of NSGanimals treatedwith different versions of CD20xCD22CAR andCD22CART cells. Log-
rank Mantel–Cox test was calculated for survival curves. Significant values are indicated. P value definition: �<0.05, ��<0.01, ���<0.001, ����<0.0001.
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Figure 4.

Efficient in vivo activity exerted by CD20xCD22 CAR T cells against different combinations of antigen-expressing cells in an aggressive lymphoma model.
A, Schematic showing tumormodel experimental designwith NSGmice injected subcutaneouslywith Raji cells (Burkitt lymphoma).B,Kaplan–Meier curves showing
survival of NSG animals with subcutaneous Raji tumors treated with different versions of CD20xCD22 CAR and CD22 CAR T cells (n¼ 3–6). C, BLI of tumors of NSG
mice treated with indicated CAR T cells and measured at different timepoints. D, Graphs measuring of growth of CD20þCD22þ, CD20þCD22�, and CD20�CD22þ

tumors, respectively, after treatedwith the indicated doesofCD22.CD20CAR,CD20.CD22CAR, andCD22CARas indicated. Average radiance (photons/second/cm2/
sr) is shown. E, Schematics showing the design of the disseminated lymphomamodel studywith different Raji cells tomodel antigen escape. F andG, Tumor growth
control overtime and Kaplan–Meier curves after intravenous administration of Raji tumor cells and CAR T-cell treatment with the indicated constructs (n ¼ 5).
Statistical value was calculated against vehicle. Log-rank Mantel–Cox test was calculated for survival curves. Significant values are indicated. P-value definition:
�<0.05, ��<0.01, ���<0.001, ����<0.0001. WT, wild-type.
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CD22þ, and single-positive CD20þ) were simultaneously injected in
three different flank sites (Fig. 4A). Controls treated with NTD cells or
PBS succumbed to disease in less than 40 days. CD20xCD22 CAR T-
cell treatment efficacy was dose dependent, with animals treatedwith 8
million CAR T cells showing the longest survival and tumor control
(Fig. 4B). Animals treated with the single CD22 CAR T cells suc-
cumbed to the disease shortly after control animals due to the
progression of CD20þCD22� tumors. We monitored tumor burden
individually via BLI over time (Fig. 4C and D) and showed that
both CD20xCD22 CAR T cells efficiently controlled tumor burden
regardless of the antigen combination (Fig. 4D). These results
underscore the benefit of using a dual CAR T cell as it can control
a larger diversity of tumors expressing different antigens. In addi-
tion, we observed that CAR T cells targeting CD22 exerted low
activity against single-antigen CD20þ cells. The low activity
observed could be due to the presence of a truncated CD22 protein
on the membrane that can still be detected by the CD22 scFV
(Supplementary Fig. S8E) and suggest that both the single and the
dual CAR could target CD22-low tumor cells.

Furthermore, we studied a disseminated lymphoma model using
wild-type Raji cells and single CD20þ expressing cells to recapitulate
antigen escape and evaluate dual CAR T-cell cytolytic activity. In this
model, tumors were generated via intravenous administration of
tumor cells in NSG mice (Fig. 4E). We then focused on the CD20.

CD22CAR orientation, because it seemed to have a better activity. This
study demonstrated that CD20xCD22 CAR T cells efficiently con-
trolled double-positive CD20þCD22þ tumors as well as tumors that
had lost CD22 expression (Fig. 4F), improving survival in both cases
(Fig. 4G). Of note, through the different experiments, efficient tumor
control was observedwith two distinct cell lines, Raji andDaudi, which
express different levels of CD20 and CD22, specially CD22 (Supple-
mentary Fig. S5C and S8F). Together, these preclinical data demon-
strate that CD20xCD22 CAR T cells efficiently target different com-
binations and levels of commonly expressed targets in B-NHL.

CD20xCD22 CAR T cells effectively kill primary B-NHL cellswith
diverse CD20 and CD22 expression levels

The expression levels of CD20 and CD22 were measured in a series
of primary samples from patients with B-NHL (Supplementary
Table S3; gating strategy is shown in Supplementary Fig S9A) that
were used in parallel as targets to evaluate CD20xCD22 CAR T-cell
activity. Flow cytometry analysis showed that most samples (16 of 21)
expressed both antigens, albeit at variable levels (Fig. 5A and B). Four
of the samples (P9, P15P26, andP33) showed expression of only one of
the targets, while P6 lacked expression of both target antigens. As
highlighted with an asterisk in Fig. 5B, some of the samples used
in this preclinical study came from patients that had previously
been treated with rituximab and all but one showed CD20
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expression at the time when the samples were retrieved. CD19
levels were also evaluated in a subset of patients and most of the
patients showed high numbers of CD19-expressing cells (Supple-
mentary Fig. S9B).

Cytotoxic activity of CD20xCD22 CAR T cells was evaluated with
the CD20.CD22CAR orientation against 16 of the 21 B-NHL primary

samples available. Potent cytolytic activity was observed in a dose-
dependent manner against tumor cells in all samples, indicating that
CD20xCD22CAR can target a broad range of CD20 andCD22 antigen
levels, regardless of CD19 expression (Fig. 5C). Cytotoxic activity
against samples from patients previously treated or not with rituximab
was comparable.We did not observe striking differences in the activity
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when we compared the cytotoxic activity of the CD20xCD22 CAR T
cells among the different subtypes of B-NHL or origins of the sample
(Supplementary Fig. S9C and S9D). Furthermore, we evaluated the
ability of CD20xCD22 CAR T cells to release the effector cytokine
IFNg in response to antigenic stimulation and compared these
responses among the different B-NHL subtypes. For that, the over-
night supernatants from 1:1 cocultures of CD20xCD22 CAR T cells
with the primary B-NHL samples were harvested and analyzed by
ELISA to quantify IFNg release (Fig. 5D). These results showed that
CD20xCD22 CAR T cell specifically produced IFNg upon recognition
of the targeted antigens in B-NHL primary samples in all the subtypes
of B-NHL tested, but not after exposure to control cell line MOLM-13
(CD20–CD22–). This dataset indicates that CD20xCD22 CAR T cells
can be activated and elicit efficient antitumor activity against a broad
spectrum of heterogeneous primary B-NHL samples with various
levels of the target antigens.

CD20xCD22 CAR T cells target patient-derived B-NHL in vivo
leading to improved overall survival

To assess the in vivo properties of CD20xCD22CAR T cells in a
more physiologically relevant manner, we established a patient-
derived xenograft model via intrasplenic implantation using a primary
MCL sample expressing CD19, CD20, and CD22 (Fig. 6A and B). We
used different doses of CD20xCD22CART cells and as a controlTRAC
and CD52 gene-edited cells were used. We observed that at day 20 all
doses tested exerted strong tumor control, with 3 and 10million groups
leading to complete tumor eradication (Fig. 6C; Supplementary
Fig. S10). At day 20, a higher number of CAR T cells were detected
in animals treated with 3 and 10 million cells. We monitored animal
survival until day seventy when the study was terminated and con-
firmed that all doses evaluated significantly improved overall animal
survival (Fig. 6D).

Analysis of the animals at the time of sacrifice (22 days for controls
and 70 for treated animals) revealed that uncleared tumor cells in the
CAR T-cell treated mice mainly resided in the spleen and also in the
BM for untreated controls (Fig. 6E and F). CAR T cells could be found
in the spleen, BM and, to a lesser extent, in the peripheral blood for
animals treatedwith 1 and 3millionCART cells. These could be due to
the presence of remaining tumor cells in these groups. We also
evaluated the levels of secreted cytokines in vivo upon CAR T-cell
administration at day 3 and 20. The main cytokine detected was IFNg
in all CART-cell groups in a CARþ dose-dependentmanner (Fig. 6G).
All these data together indicate that CD20xCD22CAR T cells clear
patient-derived MCL tumors in a dose-dependent manner improving
overall survival after lymphoma onset.

Discussion
Despite the formidable success of CAR T-cell therapies in the

treatment of B-cell malignancies, long-term studies are uncovering
somemechanisms underlying relapse, which can be due to poor T-cell
quality or immune escape driven by antigen loss or low expres-
sion (38, 39). In these cases, prognosis for patients after relapse is
dismal and the availability of effective therapies is limited.

Dual CAR T cells are being investigated in the autologous settings
as a solution to address relapses due to antigen escape (40). While
initial results are promising (4), more research to identify optimal
dual CAR constructs is underway (21). A recent study on a tandem-
loop autologous CAR T cell against CD19 and CD22 identified
potential limitations due to the configuration of the CAR (41). In

preclinical studies, this group explored bicistronic conformations of
the CD19/CD22 CAR with promising results. In the context of
multiple myeloma, similar studies comparing bicistronic, single,
and tandem approaches to prevent BCMA-driven tumor escape
demonstrated an advantage for the bicistronic approach versus
tandem, when the tumor cells expressed both targeted antigens (42).
Another important aspect to consider in the search for dual con-
structs is that the focus of attention remains on CD19, limiting the
choices to treat CD19-low/negative tumors or relapses (6) and
indicating the urgent need to develop alternative or complementary
CAR T-cell therapies against other targets whose performance can
be comparable with CD19 targeting (21). Here, we provide a robust
preclinical proof of concept for, to our knowledge, the first alloge-
neic CD20xCD22 CAR as an alternative/additional therapy to
CD19 CAR T cells with the potential to target B-cell malignancies
with heterogeneous levels of CD20 and CD22 expression. Both
CD22 and CD20 are well validated and highly expressed targets in
B-cell lymphoblastic leukemia and B-NHL (22, 43, 44), that often
remain expressed after CD19 relapses (23, 45).

We show that CD20xCD22 CAR T cells exhibit strong cytolytic
activity in vivo and in vitro against tumor cells expressing one or the
two antigens. Also, the dual CARTcells can exert cytotoxic activity and
proliferate over time upon exposure to tumors with a single or both
antigens. The robust activity observed against primary patient samples
with multiple combinations of CD20 and CD22 expression under-
scores the capability of CD20xCD22 to address heterogenous tumors
independently of the levels of the CD19 antigen. While previous
publications have reported triple CARs targeting CD19, CD22, and
CD20 (45, 46), our dual CAR completely eradicated tumors in vitro
and in vivo. Moreover, our data on primary B-NHL samples indicate
that CD20 and CD22 expression are independent, which might
increase the chances of treatment success. As we showed, most of the
tumor cells obtained from patients previously treated with rituximab
continue to express CD20 and were efficiently killed by the
CD20xCD22 dual CAR. The observation of CD20 expression in this
small set of patients treated with rituximab is in agreement with
previous retrospective analyses of CD20 levels in patients with B-
NHL relapsing from rituximab treatment (47, 48).

In this study, we also evaluated the antigen-specific activity of the
dual CD20xCD22CART cells using a patient-derived xenograftmodel
ofMCL, a subtype of B-NHL.With this physiologically relevantmodel,
we observed a significant increase of the overall survival and showed
that the dual CAR T cells clear the tumor burden in a dose-dependent
manner while releasing cytokines associated with T-cell activity such
as IFNg . Taking all this into account, we hypothesize that allogeneic
CD20xCD22 CAR T cells could have the potential to reach a large
patient population with heterogeneous CD20 and CD22 levels, while
offering an additional therapeutic option for relapses following CD19-
directed therapy.

To generate a dual CD20xCD22 CAR, we used a bicistronic
lentiviral construct to express both CARs simultaneously in a single
cell. Different methodologies have been implemented to date for the
production of dual CART cells based on either codelivery of two scFVs
or CAR molecules with a tandem or a bicistronic construct, or the
delivery of two individual constructs (29). Because the generation of a
tandem CAR has been associated with a higher complexity on the
design to identify an optimal construct (49), we focused on a bicis-
tronic construct. We also confirmed that dual CAR expression in one
cell is more efficiently achieved with a bicistronic construct than with
two single constructs in this case. Furthermore, the use of a bicistronic
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construct can offer several advantages: (i) it can facilitate and reduce
costs for large-scale manufacturing for clinical implementation,
because only one vector is required; (ii) it has the potential to increase
the chances of success for patients expressing low levels of one or the
two antigens, and this could benefit heterogenous tumors; and (iii) it
potentially strengthens the tumor–CAR T-cell contact (as opposed to
having CD20 and CD22 CARs expressed on two separate cells), and
thereby enhances the cytotoxic activity in the presence of lower or
variable expression levels of the targeted antigens (50). More studies
will be needed to decipher the cooperation of these two tumor antigens
in increasing synapse strength.

Allogeneic therapies hold the promise to help overcoming some of
the challenges associated with manufacturing constrains and T-cell
dysfunction identified in some patients in the autologous setting
(refs. 51, 52; Supplementary Table S4; refs. 7, 9, 11, 52–59). To respond
to this need, different strategies to develop allogeneic cellular therapies
have been studied in the last years, including gdT cells, natural killer
cells, and gene-edited T cells, which is so far the most advanced
approach (7, 60). Supporting this idea, recent studies have demon-
strated that using healthy donor T cells to generate CAR T cells can
preserve or even improve CAR activity (9, 11, 52). “Off-the-shelf”
availability allows the time from treatment decision to therapy infusion
to be shortened, which could be decisive in the case of aggressive
disease. Moreover, it can bypass challenges associated with potential
lower T-cell quality in patients that have undergone several lines of
treatment (7). So, the potential benefit of an allogenic product also
resides in access to treatment and extends beyond the fact that it is
manufactured from healthy T cells. Promising ongoing clinical studies
are demonstrating the efficacy and safety (17, 18, 35, 36, 61) of
allogeneic therapies and will provide critical information to better
understand the potential differences of autologous versus allogeneic
CART cells in the clinic, as well as to identify potential scenarios where
an allogeneic approach would be beneficial. However, because persis-
tence is expected to be lower with allogeneic approaches it is also
important to keep in mind that long-term studies remain necessary to
evaluate the durability of response and long-term safety of allogeneic
approaches.

CD20xCD22CART cells have the potential to be the first allogeneic
dual CART-cell therapy combining multiple strategies with the aim to
provide efficient tumor control: an off-the-shelf approach and dual
antigen targeting. TALEN-mediated gene editing of TRAC and CD52
allows the generation of allogeneic CAR T cells readily available at the
time of treatment decision, while mitigating the risk of GVHD,
facilitating allogeneic engraftment, and increasing the therapeutic
window (31). This strategy has been successfully implemented at the
manufacturing scale to produce allogeneic CAR T cells and early
clinical trials are showing encouraging efficacy and safety data using
other targets (13, 16). Using this validated gene-editing scaffold and
the abovementioned bicistronic CAR construct, we have now also
implemented a large-scale manufacturing process for allogeneic
UCART20x22, a non-alloreactive universal dual CAR T-cell prod-
uct targeting CD20 and CD22, for which the FDA recently cleared
an IND and is currently being used in a phase I/IIa clinical study for
patients with relapsed/refractory B-cell NHL (clinical trial NatHaLi-
01, NCT05607420). Thus, this dual allogeneic CAR T-cell product

candidate has the potential to offer a solution for patients whose T
cells are dysfunctional and/or for which autologous CAR T-cell
manufacturing fails.

In sum, we provide here preclinical proof of concept of an allogeneic
dual CAR T cell: CD20xCD22 CAR. This first allogeneic dual CAR T
cell targeting two-well validated B-cell antigens has the potential to
address some hurdles identified in current CAR T-cell treatment
failures, including (i) relapse due to single antigen targeting, tumor
heterogeneity, or uneven antigen distribution; (ii) the possibility to use
donor “healthy cells” to develop allogeneic CAR T cells, which may
increase the potency of the therapy; and (iii) the “off-the-shelf”
availability of CAR T cells ready for infusion at the time of treatment
decision. Altogether, these data provide a strong rationale supporting
allogeneic dual UCART20x22 CAR in a first-in-human clinical trial
that has the potential to reach a large patient population.
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