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CD19 CAR-T therapy has achieved remarkable responses in
relapsed/refractory non-Hodgkin lymphoma (NHL). However,
challenges persist, with refractory responses or relapses after
CAR-T administration linked to CD19 loss or downregulation.
Given the co-expression of CD19 and BCMA in NHL, we hy-
pothesized that dual targeting could enhance long-term effi-
cacy. We optimized different dual-targeting approaches,
including co-transduction of two lentiviral vectors, bicistronic,
tandem, and loop and pool strategies, based on our academic
anti-CD19 (ARI0001) and anti-BCMA (ARI0002h) CAR-T
cells. Comparison with anti-CD19/CD20 or anti-CD19/CD22
dual targeting was also performed. We demonstrate that anti-
CD19/BCMA CAR-T cells can be effectively generated through
the co-transduction of two lentiviral vectors after optimization
to minimize competition for cellular resources. Co-transduced
T cells, called ARI0003, effectively targeted NHL tumor cells
with high avidity, outperforming anti-CD19 CAR-T cells and
other dual-targeting approaches both in vitro and in vivo,
particularly in low CD19 antigen density models. ARI0003
maintained effectiveness post-CD19 CAR-T treatment in xeno-
graft models and in spheroids from relapsed CART-treated pa-
tients. ARI0003 CAR-T cells were effectively manufactured un-
der Good Manufacturing Practice conditions, with a reduced
risk of genotoxicity compared to other dual-targeting ap-
proaches. A first-in-human phase 1 clinical trial (CARTD-
BG-01; this study was registered at ClinicalTrials.gov
[NCT06097455]) has been initiated to evaluate the safety and
efficacy of ARI0003 in NHL.

INTRODUCTION
Chimeric antigen receptor (CAR) T cell therapy targeting CD19 has
demonstrated unprecedented clinical responses in patients with B cell
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lymphoid malignancies refractory to conventional treatments.1–8

However, around 50% of patients with large B cell lymphoma do
not achieve a complete response (CR), and approximately 40%–
50% of patients who achieve a CR subsequently relapse.3,4,9

CD19 loss has been widely described after CD19 CAR-T cell relapse
in B cell acute lymphoblastic leukemia (ALL) and in diffuse large B
cell lymphoma (DLBCL).10–13 Additionally, interpatient variability
of CD19 expression together with heterogeneity in CD19 expression
at the time of diagnosis seems to hold special relevance in DLBCL re-
lapses.14 Diminished expression on CD19 correlates with poor clin-
ical outcomes and reduced event-free survival, suggesting that antigen
density below a certain threshold prevents CAR-T cell full
activation.15,16

Significant efforts are under way to develop dual-targeting CAR-T
cells to prevent antigen escape in non-Hodgkin lymphoma
(NHL).17 Dual-targeting strategies include (1) co-administration
of two monotargeted CAR-T cells (pooled CAR-T cells), (2) co-
transduced CAR-T using two viral vectors, (3) bicistronic
CAR-T cells encoding two genetic constructs in a single vector,
and (4) tandem or loop CAR-T cells encoding a single CAR mole-
cule with two different targeting moieties. Preclinical studies re-
vealed the superior efficacy of dual-targeting strategies, and initial
cular Therapy Vol. 33 No 1 January 2025 ª 2024 The Authors.
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clinical trials indicated a comparable safety profile between dual-
and single-targeting CAR-T cells18; in certain instances, antigen
loss has been partially mitigated.19–23 However, the remarkable ef-
ficacy of monotargeted CAR-T cells stands out prominently, and
there is no solid clinical evidence demonstrating that dual-CAR-
T cells yield enhanced therapeutic effects. Unlocking the full po-
tential of dual-CAR-T cells may require the identification of ideal
targets, further construct optimization, extensive head-to-head
comparisons and a deeper understanding of their mechanism of
action.

B cell maturation antigen (BCMA) is expressed during B lymphoid
maturation, and its expression is restricted to mature plasma cells,
some mature forms of B lymphocytes, and neoplastic plasma cells.
Because of this restricted expression, it has emerged as a therapeutic
target for multiple myeloma and more recently as a potential target
for B cell lymphoma.24,25 CAR-T cells targeting BCMA have induced
sustained responses in patients with relapsed or refractory multiple
myeloma with low toxicity.26–28 However, the potential of BCMA
as a therapeutic target for B cell lymphomas has not been clinically
evaluated.

In this study, we generated a panel of dual-targeting CD19/BCMA
CAR-T cells based on our academic CAR-T cells targeting CD19
(varnimcabtagene autoleucel or ARI0001) and BCMA (cesnicabta-
gene autoleucel or ARI0002h).29,30 Both ARI0001 and ARI0002h
have been tested in clinical studies for the treatment of B cell leuke-
mias and lymphomas31–33 and multiple myeloma,26 respectively,
demonstrating safety and efficacy results comparable to those of
commercially available products. Here, we present an optimized
strategy to generate dual-CAR-T cells containing balanced popula-
tions of each CAR by the co-transduction of two lentiviral vectors
(LVs), including validation under Good Manufacturing Practices
(GMP) conditions. Using various preclinical models, including
in vivo models of low CD19 densities and NHL patient-derived
spheroids, we show that CAR-T cells generated by co-transduction,
called ARI0003, demonstrate enhanced efficacy, safety, and feasi-
bility compared to other dual-targeting strategies. Based on these re-
sults, we initiated a phase 1 clinical trial in patients with relapsed/
refractory NHL (CARTD-BG-01; this study was registered at Clin-
icalTrials.gov [NCT06097455]).
Figure 1. Generation of dual-targeting CAR-T cells by co-transduction of lentiv

(A) Schematic representation of CAR constructs. (B) Representative flow cytometry plots

ARI0002h (center), and in co-transduction (bottom) at the indicated MOIs. (C) Quant

transduction in single or co-transduction ±SD (n = 6 healthy donors). Two-way ANOVA t

co-transduction with highMOIs (MOI = 10) were studied at protein (D), DNA (E), and RNA

(D) Percentage of CAR expression on the T cell membrane analyzed by flow cytometry. (E

levels in co-transduced and single-transduced CAR-T cells determined by real-time PCR

version 1 (top) and for the ARI0002h CAR (bottom) after single- and co-transduction (n =

Representative flow cytometry plots of CAR staining on the T cell. An MOI of 10 was use

transduction. Representative of two experiments using different healthy donors. (I) Perc

(ARI0003). Each dot represents a donor (n = 6 for healthy donors and n = 4 for NHL pat

n = 6 healthy donors and n = 4 NHL patients.
RESULTS
Co-transduction of two LVs enables dual-CAR expression

despite competition for cellular resources

To assess the potential synergistic activity of co-targeting CD19 and
BCMA, we co-transduced T cells with two LVs. As cellular resources
are limited,34 we hypothesized that the co-expression of two CARs
within a T cell may compete for the use of cellular machinery. To
test this hypothesis, we transduced T cells with two LVs: ARI0001
(anti-CD19 CAR) and ARI0002h (anti-BCMA CAR) (Figure 1A).
These two LVs were used either individually or at different ratios to
each other, along a range of increasing MOIs to represent different
levels of saturation of the cellular machinery (Figures 1B and 1C).
As expected, the expression of ARI0001 and ARI0002h following sin-
gle lentiviral transductions increased proportionally with MOI (Fig-
ure 1B). Surprisingly, co-transduction led to reduced ARI0001
expression, favoring ARI0002h at all MOIs (Figure 1B). This imbal-
ance intensified at higher MOIs, indicating that the simultaneous
expression of multiple transgenes under high transgene load can
lead to a stronger rivalry for essential cellular machinery involved
in gene expression, ultimately resulting in impaired protein produc-
tion (Figure 1C). Although the percentage of ARI0002h+ cells also
decreased following the co-transduction of two LVs at the highest
MOIs, this decrease appeared to be less pronounced than in the
case of ARI0001. Notably, both CARs showed lower mean fluores-
cence intensity (MFI) when co-transduced than when transduced
individually (Figure S1A). Interestingly, ARI0001 also displayed a
reduced protein expression when co-transduced with other CARs
(i.e., HER2-28Z or mesothelin-BBZ), suggesting that this loss is not
specific for co-transduction with ARI0002h (Figures S1B and S1C).
The fact that all constructs were of similar size and that combinations
of ARI0001 with CAR constructs containing the same or different
signal peptides (CD8a vs. immunoglobulin [Ig] kappa chain) or co-
stimulatory domains (4-1BB vs. CD28) were included ruled out these
factors as responsible for the reduction in ARI0001 expression.

To gain a better understanding of which intracellular resources may
become rate limiting for optimal transgene expression, we quantified
vector DNA and mRNA expression at a high MOI for both LVs.
Despite the observed differences in CAR protein expression (Fig-
ure 1D), vector copy numbers (VCNs) were not different between
single- or co-transduction conditions for either LV (Figure 1E).
iral vectors

of CAR staining on the T cell membrane in single transduction for ARI0001 (top), for

ification of CAR expression shown in (B). Bar graphs depict mean percentage of

ests. *p < 0.05; **p < 0.005; ***p < 0.0005; ****p < 0.0001. (D–F) T cells after single or

(F) levels. Bar graphs depict mean ± SD. Each dot represents a healthy donor (n = 5).

) Integrated DNA LV copies per genome determined by qPCR (n = 6). (F) CARmRNA

(n = 6). (G) Quantification of CAR expression for the ARI0001 CAR codon optimized

3). Two-way ANOVA tests. *p < 0.05; **p < 0.005; ***p < 0.0005; ****p < 0.0001. (H)

d for single transductions, while three combinations of MOIs were used for CAR co-

entage of CAR+-T cells after transduction with a single LV or after co-transduction

ients). (J) CAR distribution within the CAR+ population of ARI0003. Mean ± SD from
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Sequential transduction (ARI0001 at 16 h post-activation and
ARI0002h at 24 h) failed to alleviate the decrease in ARI0001 expres-
sion after co-transduction (Figure S1D). Moreover, CAR mRNA
levels decreased after co-transduction for both LVs (Figure 1F), sug-
gesting that while the transcriptional machinery is sensitive to trans-
gene burden, this cannot fully explain the preferential expression of
the BCMA CAR over the CD19 CAR in overloaded cellular
conditions.

As codon optimization has been postulated as a critical determinant
for increasing mRNA stability and protein expression,35 we tested
three optimized versions of ARI0001 CAR in co-transduction with
ARI0002h (Figures 1G and S2A).While the Codon Adaptation Index,
which quantifies the compatibility of codon usage with the host’s
preferred codon frequency, was similar for all four ARI0001 se-
quences and deemed favorable for expression in human cells, the
three optimized sequences displayed increased percentages of GC
content, particularly that of the third base position GC3, a feature
associated with high mRNA stability and translational efficiency (Fig-
ure S2B).36 Optimized versions displayed amore stable distribution of
codon usage frequency along the length of the sequence, suggesting
harmonized gene expression (Figure S2C). The three optimized se-
quences demonstrated heightened MFIs compared to the parental
ARI0001 following single lentiviral transduction, even though the
CAR percentage remained uniform across all constructs (Figure S2D).
However, screening of codon-optimized CAR versions did not lessen
the decreased ARI0001 CAR expression after co-transduction
(Figures 1G and S2A).

Given that codon optimization failed to address the imbalance in
CAR expression (Figure S2) and considering the excellent clinical re-
sults of ARI0001 in treating lymphoma patients,33 we aimed to
address the imbalance without altering ARI0001. For that, we used
different ratios of ARI0001:ARI0002h MOIs (5:5, 7:3, and 8:2) that
favored an increase in the amount of ARI0001 vector and a decrease
in ARI0002h (Figure 1H). Using MOI = 8 for ARI0001 and MOI = 2
for ARI0002h, we obtained a dual-CAR-T cell product with balanced
populations that were homogeneous among different healthy donors
(Figures 1I and 1J). On the basis of this, we defined the anti-CD19/
BCMA dual-CAR-T cell product, called ARI0003, as the co-transduc-
Figure 2. ARI0003 cytokine production, cytotoxicity, and in vivo antitumor effe

(A) Control T andCAR-T cellswere culturedwith the indicated target cells at an E:T ratio of 1

of the indicated tumor cell lines over time. Themean± SDof triplicates froma healthy dono

(B andC)Control T andCAR-T cells were co-culturedwith the indicated target cells at an E

a healthy donor (n= 3). (B) Specific tumor lysis was calculated relative to target cells without

24 h after co-culture, and the release of TNF-a and IFN-gwas analyzed by ELISA. (D and E

(D) or Ramos CD19 Low (E) target cells wasmeasured. The percentage of total CAR-T cel

pN is shown (right). The fold change of bound CAR-T cells at 1,000 pN as compared to UT

(RamosCD19 Low) healthy donors in technical triplicate (n = 2–3). p valueswere calculated

model. NSGmice were i.v. injected with Ramos-GFP-luciferase cells. After 14 days, mice w

ARI0001 (n = 6), ARI0002h (n = 6), or ARI0003 (n = 6). The Kaplan-Meier survival curves o

lymphoma model with low CD19 densities. NSG mice were i.v. injected with Ramos-GF

2� 106 control T cells (n = 7) or CAR+-T cells, including ARI0001 (n = 7), ARI0002h (n = 9

mean survival (days) calculated. Log rank (Mantel-Cox) test. *p < 0.05; **p < 0.005; ***p
tion of four times fewer ARI0002h than ARI0001. ARI0003 exhibited
a 60% mean transduction efficiency across healthy donors and NHL
patients, akin to single CARs (Figure 1I). ARI0003 comprises three
CAR+ populations, with dual-CAR expression ranging between
15% and 30% for both healthy donors and NHL patients (Figure 1J).

ARI0003 is effective against NHL models

We first addressed whether ARI0003 CAR-T cells were at least as
effective as monospecific CAR-T cells when just one antigen was pre-
sent. ARI0003 matched the potency of monospecific CAR-T cells tar-
geting either an ALL-derived cell line (NALM6, CD19+) or a multiple
myeloma-derived cell line (U266, BCMA+) (Figures 2A and S3).
Then, we performed functional analysis of ARI0003 in short-term
co-cultures with a panel of NHL cell lines. The expression levels of
BCMA in NHL cell lines were analyzed in comparison to CD19,
CD20, and CD22, three commonly targeted antigens in CAR-T cell
therapy for hematologic malignancies. In general, NHL cell lines pre-
sented high densities of CD19 and CD20, while BCMA expression
was lower, following a pattern similar to that of CD22 (Figure S4).
Despite low BCMA densities, ARI0002h cells were able to exhibit
robust activation and eliminate NHL tumor cells similar to
ARI0001 (Figure 2B). Cytotoxicity and cytokine production were
similar across dual- and mono-targeting CAR-T cell groups, except
for JEKO1 and Z138 cell lines, in which significant increases in inter-
feron-g (IFN-g) and tumor necrosis factor a (TNF-a) secretion were
observed with ARI0003 (Figures 2B and 2C). We next aimed to deter-
mine whether dual targeting of CD19 and BCMA enhanced CAR-T
cell-binding strength to target cells. To assess this, we performed avid-
ity assays on a Burkitt lymphoma (BL) cell line expressing low endog-
enous BCMA densities and either high CD19 endogenous densities
(Ramos wild type [WT]) or genetically modified to express low
CD19 densities (Ramos CD19 Low), a characteristic associated with
treatment failure (Figure S4). Both ARI0001 and ARI0003 showed
increased avidity compared to ARI0002h in both target cell types,
with ARI0003 displaying a trend toward higher avidity than
ARI0001, particularly in the CD19 low setting, although differences
were not statistically significant (Figures 2D and 2E).

As disease burden negatively correlates with CAR-T therapy out-
comes,37 we challenged CAR-T cells with high disease burden Ramos
cts

:3. ABioluminescence imaging (BLI)-based killing assaywas used to evaluate the lysis

r is shown. Representative of two different experimentswith two healthy donors (n= 2).

:T ratio of 1:1 in (B) and 3:1 in (C). Bar graphs depict mean± SD. Each point represents

treatment using a 16-h luciferase-based killing assay. (C) Supernatantswere collected

) The strength of interaction between single- and dual-targeting T cells and RamosWT

ls remaining bound to target cells as the acoustic force ramp is applied from 0 to 1,000

D is shown (left). Data are presented asmeans ± SEMs from two (RamosWT) or three

using a one-way ANOVA test. *p < 0.05; **p < 0.01. (F) “Advanced”Burkitt lymphoma

ere randomized and treated with 3� 106 T cells, including UTD control T cells (n = 4),

f treated mice are plotted, and mean survival (days) calculated. (G) “Advanced” Burkitt

P-luciferase-CD19 Low cells. After 14 days, mice were randomized and treated with

), or ARI0003 (n = 8). The Kaplan-Meier survival curves of treated mice are plotted and

< 0.0005; ****p < 0.0001.
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Figure 3. Generation and expression characterization of different CD19-BCMA dual-targeting strategies

(A) Schematic representation of CAR constructs. (B) Structural models of CAR constructs were generated using AlphaFold3, based on the input sequences of their

extracellular domains (CD8a hinge and scFv). The BCMA-targeting regions are depicted in gray, the CD19-targeting regions in blue, the linkers connecting both regions are

shown in purple, and the CD8 hinge in yellow. (C and D) CAR expression on the T cell membrane was analyzed by flow cytometry. (C) Levels of extracellular CAR and total

CAR from single and dual-targeting strategies are shown. Bar graphs show the mean ± SD (n = 3 healthy donors). Total CAR was assessed using intracellular staining.
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WT or Ramos CD19 Low xenograft models. In vivo analysis revealed
extended mice survival for all CAR-T cell therapies compared to con-
trol T cells in the CD19 high-expressing setting. ARI0001 and
ARI0003 significantly outperformed ARI0002h, with ARI0003
showing prolonged mice survival (Figure 2F). In the model with
low CD19 densities, dual-targeting treatments significantly improved
mice survival compared to the control T cells. ARI0003 significantly
outperformed ARI0001 (Figure 2G), suggesting that dual targeting
might be especially beneficial in patients with malignant B cells that
express low antigen densities.
Generation and expression characterization of diverse

modalities of dual-CAR-T cells

After confirming the benefits of co-targeting CD19 and BCMA for
NHL, we developed alternative dual strategies to determine the best
candidate for clinical translation (Figure 3A). We first focused on
developing a series of tandem (four configurations) and loop (two
configurations) CARs by combining two single-chain variable frag-
ments (scFvs) and a single intracellular module using different linkers
(Figures 3A and S5). To explore potential structural problems in these
construct designs, we first performed structural prediction analysis.
These studies revealed that while the predicted binding interfaces
for CD19 and BCMA remained accessible in all configurations, the
positions of the scFvs remain available for interaction between them-
selves in Tandems1–3, thus competing with their respective binders
(Figure S5E). In contrast, the higher rigidity of the Tandem4 and
Loop structures, locked in their conformations via their linker and
lack of flexible moieties, respectively, prevented this interaction (Fig-
ure 3B). To select the most promising candidates and confirm the
structural predictions at a functional level, we next assessed CAR
expression and specific lysis against cells expressing only one antigen,
to ensure productive signaling from both antigen-binding domains of
the dual receptor. All constructs were detected on the T cell surface
except for Loop1, which was excluded in further experiments
(Figures S5B and S5C). While all the constructs except for Tandem3
killed BCMA-expressing target cells as efficiently as ARI0002h, only
Tandem4 and Loop2 killed CD19-expressing target cells similar to
ARI0001 (Figure S5E). These findings align with our structural pre-
dictions and with previous studies indicating that rigid linkers outper-
form flexible ones.18,20 The selected candidates, Tandem4 and Loop2,
are from this point on referred to as tandem and loop, respectively.

We next compared different dual-targeting strategies, including
pooled CAR-T cells, co-transduction, bicistronic, tandem, and loop
receptors. Although all CARs were expressed on the surface of
T cells at high frequencies (Figures 3C and 3D), the dual-targeting ap-
Statistical analysis was performed using a two-way ANOVA. **p < 0.005; ****p < 0.0001

and/or BCMA-CAR expression on the surface of T cells. (E and F) The CARmean fluores

compared to ARI0001 (left) or ARI0002h (right) are shown (n = 3–6 healthy donors). The

calculated and analyzed using a one-sample t test. **p < 0.005; ***p < 0.0005; ****p < 0

(G) and RNA (H) levels. (G) The number of lentiviral DNA copies integrated per genome fo

assessed using qPCR (n = 3 healthy donors) and analyzed using the one-sample t test. A

to ARI0001 (left) or ARI0002h (right) were measured by real-time PCR (n = 3 healthy do
proaches showed lower receptor densities compared to single CAR-T
cells, with the co-transduction product, ARI0003, exhibiting the less-
pronounced differences (Figures 3E, 3F, and S6C). In addition, we
compared surface CAR expression versus total CAR (intracellular
staining). Single CAR-T cells, as well as co-transduced (ARI0003)
and bicistronic dual-CAR-T cells, showed similar frequencies of sur-
face and total CAR+-T cells. In contrast, tandem and loop constructs
had reduced surface CAR+ frequencies, indicating that a portion of
the CARmolecules remains intracellular, possibly due to reduced sta-
bility on the cell surface (Figure 3C).

To investigate potential issues at the DNA or RNA level, we measured
integrated DNA VCNs and CARmRNA levels. Interestingly, the tan-
dem and loop CAR-T constructs exhibited higher lentiviral DNA
integration per genome compared to single CARs or co-transduction,
suggesting that they require more vector copies per genome to achieve
the same percentage of CAR+-T cells, raising potential safety concerns
(Figures 3G, S6A, and S6B). Of note, the bicistronic construct also
showed increased VCN, but the differences were smaller.

mRNA levels correlated with VCN across all constructs, indicating
that higher integration boosts transcription. However, in the tandem
and loop constructs, despite a 10-fold increase in DNA integration,
mRNA levels were only elevated 2-fold (Figure 3H). In the same
line, despite a 2-fold increase in VCN in the bicistronic construct,
mRNA levels were similar to those in ARI0003 or single CARs. These
findings suggest that transcriptional limitations, although present in
larger constructs, do not fully account for the lower CAR expression.
In the case of the bicistronic construct, the observation that similar
RNA levels produce fewer protein molecules suggests other potential
issues, likely related to inefficient T2A peptide processing.
ARI0003 exhibits superior antitumor efficacy compared to

alternative dual-targeting strategies in NHL models

To validate the targeting efficacy of dual-CAR-T cells upon antigen
encounter, we established a K562 model with target cells expressing
either one or both antigens at similar densities (Figure 4A). In the
presence of only one antigen, dual-targeting CAR-T cells showed
similar specific lysis compared to single-targeting CARs. When the
targeted cells contained both antigens, the specific lysis by dual groups
was either equal or slightly better than that achieved by monospecific
CARs (Figure 4B).

We next performed binding avidity experiments to assess the strength
of cell-cell interactions across the different dual-CAR approaches. In
Ramos WT, loop CAR-T cells exhibited the highest avidity, while the
. (D) Flow cytometry plots from a representative healthy donor showing CD19-CAR

cence intensity (E) and (F) the number of CARmolecules of dual-targeting strategies

fold decrease in MFI and CAR molecule count relative to single-CAR constructs is

.0001. (G and H) Single and dual-targeting strategies were studied at both the DNA

r CD19 CARs (left) and BCMA CARs (right) compared to ARI0001 or ARI0002h was

NOVA test. *p < 0.05. (H) CAR RNA levels in the dual-targeting strategies compared

nors) and analyzed using a one-sample t test. *p < 0.05; **p < 0.005.
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other groups showed comparable results (Figure 4C). However, under
CD19 low conditions (Ramos CD19 Low), the advantage of the loop
CAR construct was lost, with its avidity resembling that of ARI0003
and tandem CAR-T cells. Notably, the bicistronic construct demon-
strated reduced avidity, similar to that of the pool group (Figure 4D).

We next performed CAR-T cell proliferation and long-term cytotox-
icity. ARI0001 effectively eliminated all Ramos WT cells, but its cyto-
toxicity was compromised at low CD19 antigen densities. ARI0002h,
bicistronic, tandem, and loop CAR-T cells failed to enhance ARI0001
activity or sustain tumor elimination, despite the high avidity shown
by tandem and loop constructs (Figures 4E and 4F). In contrast, co-
transduction and pool CAR-T cells demonstrated consistent tumor
elimination, irrespective of CD19 levels (Figures 4E and 4F), along
with improved T cell proliferation (Figure 4G). Of note, ARI0003
was the only group that demonstrated significantly increased T cell
proliferation after long-term co-culture with both RamosWT and Ra-
mos CD19 Low. Based on these results and their impaired CAR
expression (Figure 3), tandem and loop were excluded from further
experiments.

To evaluate the role of the double-positive CAR population within
ARI0003, we analyzed the distribution of CAR+ populations for
ARI0003 and pooled CAR-T cells at the end of the 7-day co-culture
with Ramos WT cells. While in the pool strategy, distribution of
CD19- and BCMA-targeting CAR populations remained unaltered
as compared to the initial product; in the ARI0003 group we could
observe an enrichment of the monospecific CAR populations (more
pronounced for CD19 CAR+-T cells) and a concomitant reduction
in the double-positive population (Figure 4H). These results suggest
that while that dual-targeting T cells could offer an initial functional
advantage, they might eventually become exhausted and diminish
over time.

Next, we moved to the in vivo setting and performed a dose-limiting
test treating NOD-SCID gamma (NSG) mice with BL (Ramos WT)
with low doses of effector cells (Figures 5A and 5B). Treatment
with ARI0001, pool, and bicistronic CAR-T cells resulted in compa-
rable animal mean survival (Figure 5B). In these groups, 25% of the
animals treated remained disease-free until the end of the experiment,
indicating a modest but significant response. ARI0003 displayed
Figure 4. ARI0003 shows enhanced functionality compared to other dual-targe

(A) K652 cells were genetically modified to express truncated CD19, BCMA, or both antig

killing ability of the different strategies was analyzed after co-culture with K562 cells. Ind

Specific lysis of cells expressing one or both antigens was measured in a luciferase-bas

donor (n = 3). (C andD) The strength of interaction among all dual-targeting strategies wit

of total CAR-T cells remaining bound to target cells as the acoustic force ramp is applied f

cells versus UTD T cells at 1,000 pN is shown (right). Data are presented asmeans ±SEM

way ANOVA test. *p < 0.05; **p < 0.01; ***p < 0.001. (E–H) Long-term cytotoxicity and p

with Ramos or Ramos CD19 Low for 7 days. (E) CD3+ (T lymphocytes) and GFP+ (tu
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superior efficacy compared to the other tested approaches, although
differences in this setting of high CD19 expression did not reach sta-
tistical significance. The mean survival was not reached for ARI0003,
with 60% of the animals being disease-free at the end of the experi-
ment (Figures 5A and 5B).

To further characterize ARI0003 activity, a novel preclinical model
based on patient-derived lymphoma spheroids (PDLS) was generated
from primary tumor samples from four different NHL patients and
used for in vitro studies (Tables S1 and S2). Variable percentages
and densities of CD19 and BCMA antigen expression were observed
(Figures 5C and S7). Images of representative PDLS from a follicular
lymphoma (FL) patient showed T cell infiltration and loss of PDLS
sphericity after CAR-T cell treatment (Figure 5D). In all four cases,
specific lysis and cytokine release were either similar or slightly better
for ARI0003 when compared to ARI0001 (Figures 5E, 5F, and S7).

Given the benefits observed in CD28-based CAR-T cells against anti-
gen-low cell lines14 and the reported synergy seen in CAR-T cells con-
taining the 4-1BB and CD28 co-stimulation in parallel,38,39 we
considered co-transducing CD28-based CARs with previously used
4-1BB co-stimulated ARI0001 and ARI0002h CARs. In assays against
Ramos CD19 Low cells, single 4-1BB-based CAR-T cells displayed
better cytotoxicity than CD28 CAR-T cells, favoring the co-trans-
duced 4-1BBz and CD19-BBz/BCMA-CD28z products (Figure S8).
Therefore, based on our clinical experience with ARI0002h and the
limited advantage of BCMA-CD28z over BCMA-BBz, we opted to
proceed with 4-1BB-based CARs for our dual-targeting strategies.

ARI0003 therapy for NHL relapsed or refractory to anti-CD19

CAR-T cell treatment

We next explored whether treatment with dual-CAR-T cells might be
beneficial in an NHL xenograft model of relapsed or refractory
disease after CD19 CAR-T cell therapy. NSG mice implanted with
Ramos CD19 Low cells were treated with control T cells or
ARI0001 CAR+-T cells (Figure 6A). Two weeks later, control
T cell-treated mice showed disease recurrence, while ARI0001-treated
mice exhibited heterogeneous responses (Figure 6B). Subsequently,
ARI0001-treated mice were randomized into four groups for a second
treatment of CAR+-T cells: ARI0001, ARI0003, pooled CAR-T cells,
or control T cells (Figure 6A). All treatments significantly extended
ting strategies

ens. CD19 and BCMA expressions were analyzed by flow cytometry. (B) The in vitro

icated target cells were co-cultured at an E:T ratio of 1:1 with CAR-T cells for 24 h.
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Figure 5. Enhanced efficacy of ARI0003 in NSG mice and PDLS assays

(A and B) ARI0003 in vivo antitumor activity in a “CAR-T limiting dose” Burkitt lymphoma xenograft model. NSG mice were i.v. inoculated with lymphoma cells expressing

luciferase and treated 4 days later with 5� 105 control T cells (n = 7), ARI0001 (n = 9), pooled CAR-T (n = 9), ARI0003 (n = 10), or bicistronic CAR-T cells (n = 9) (60% CAR+-T

cells for all groups). Disease progression was measured by bioluminescence photometry (IVIS). (A) Quantitative analysis of BLI as total flux (p/s) per individual animal in each

group. (B) The Kaplan-Meier survival curves of treated mice are plotted and mean survival (days) calculated. Log rank (Mantel-Cox) test. (C–F) PDLS from a follicular lym-

phoma patient as a preclinical model to test ARI0003 CAR-T cells. (C) CD19 and BCMA antigen expression on PDLS before CAR-T cell co-culture analyzed by flow cy-

tometry. (D) Images captured with Cytation 1 of representative PDLS that were formed for 4 days and then co-cultured with CAR-T cells for 2 more days. T cells are stained

with CellTracker Violet (blue) and dead cells with propidium iodide (red). Loss of sphericity indicates CAR-T cell antitumor effect. (E) Specific killing of tumor spheroids by

CAR-T cells overtime after co-culture at an E:T ratio of 1:2 as analyzed by flow cytometry. Data are presented as mean ± SD for triplicates. (F) Cytokine production by ELISA

after 24-h co-culture at an E:T ratio of 1:2. Each dot in the ELISA represents a spheroid (n = 3). Two-way ANOVA test with Tukey’s correction. **p < 0.01; ***p < 0.001.
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mice survival compared to the group initially treated with ARI0001
and re-treated with control T cells (Figure 6C). Disease stabilization
was observed in animals re-treated with ARI0001 and pooled
CAR-T cells, but relapse occurred in most animals around 4–5 weeks
post-treatment (Figure 6B). Mice re-treated with ARI0003 exhibited a
substantial decrease in disease signal (Figure 6D) and achieved com-
326 Molecular Therapy Vol. 33 No 1 January 2025
plete disease elimination in six of the seven treated animals, maintain-
ing malignancy-free status until the end of the experiment.

To further confirm ARI0003 reactivity against malignant B cells pre-
viously exposed to CD19 CAR-T cells, PDLS were generated from the
samples of patients who relapsed after ARI0001 treatment. In a
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Figure 6. ARI0003 as therapeutic option for NHL following relapse to CD19 CAR-T cell treatment

(A–D) ARI0003 antitumor efficacy in a mouse model of NHL relapse following ARI0001 treatment. (A) Schematic representation of the experiment design. NSG mice were

inoculated with lymphoma cells expressing low CD19 densities and treated with 2 � 106 ARI0001 (n = 28) or control T cells (n = 6). Two weeks later, animals treated with

(legend continued on next page)
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setting of a CD19+ relapse (Figure 6E), all CAR-T cell effector groups,
including ARI0001, could secrete cytokines and effectively target tu-
mor cells (Figure 6F). Conversely, when co-cultured with PDLS from
a patient who experienced a CD19� negative relapse (Figure 6G), only
the BCMA CAR-T cells and dual-targeting strategies displayed acti-
vation (Figure 6H). Consistent with prior in vivo findings, and despite
the low BCMA antigen densities in PDLS, ARI0003 cells retained ac-
tivity against both CD19+ and CD19� PDLS. These results highlight
the therapeutic potential of ARI0003, not only as a primary treatment
but also for relapsed or refractory NHL following CD19 CAR-T cell
therapy.

Co-transduction of CD19 and BCMA CARs outperforms the co-

transduction of CD19 with CD20 or CD22 CARs

We next sought to head-to-head compare our product ARI0003 with
previously reported dual-CARs co-targeting CD19 and CD20 or
CD22.40–42 To this end, we co-transduced ARI0001 with CD20-BBz
(COTR CD19�20) or CD22-BBz (COTR CD19�22) CAR constructs
(Figure 7A) and compared them against ARI0003. All groups dis-
played frequencies of CAR+-T cells above 50% (Figure 7B), and co-
transduction products showed comparable CAR expression fre-
quencies (Figure S9).

To evaluate the functional capacity, we challenged monospecific and
co-transduced CAR-T cells with Ramos CD19 Low. Ramos CD19
Low cells express low densities of CD22 (similar to CD19 and
BCMA), while exhibiting higher CD20 antigen expression (Figure S4).
In short-term cytotoxicity assays, all CAR-T groups successfully elim-
inated target cells, with superior activity of co-transduction groups
over single CARs, especially at lower effector-to-target (E:T) ratios
(Figure 7C). By contrast, long-term studies revealed that only
ARI0003 was able to sustain tumor elimination, while monospecific
CAR-T cells or the co-transduction of CD19�20 and CD19�22 failed
to control tumor cell growth (Figures 7D and 7E). This enhanced
long-term cytotoxicity of ARI0003 was accompanied by a signifi-
cantly increased T cell proliferation only observed in this group
(Figure 7F).

Co-transduction is a feasible strategy to obtain clinical grade

CD19/BCMA dual-CAR-T cells

To confirm the potential clinical translation of the co-transduction,
five batches of ARI0003 cells were produced under GMP conditions
using the CliniMACS prodigy system transducing T cells with
MOI = 8 for ARI0001 and MOI = 2 for ARI0002h. The mean trans-
duction efficiency was 50% of total CAR+-T cells (Figure 8A). Within
ARI0001 received a second treatment consisting of 3 � 106 control T cells (n = 7), ARI0

Disease progression was measured by bioluminescence photometry (IVIS). (B) Mice p

survival curves for treated mice and mean survival (days). *p < 0.05 and **p < 0.005 b

individual animals in each group. (E–H) PDLS from patients who relapsed after CD19-C

and G) Histograms of CD19 and BCMA antigen expression on PDLS before CAR-T ce

tumor cells of each CAR-T cell effector group after co-culture with CAR-T cells at an E

CD19+ (F) and CD19� (H) PDLS, respectively. Data presented are mean ± SD for triplic

ELISA in PDLS supernatant. Each dot in the ELISA corresponds to a spheroid (n = 2–3
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the CAR+-T cell population, the production process achieved at least
20% double-positive CAR-T cells, meeting the product specifications
that we had previously defined in the quality dossier of the investiga-
tional product presented to the regulatory agencies (Figure 8B). The
cytotoxic activity in vitro against RamosWT cells of these five batches
of dual-CAR-T manufactured in GMP conditions was confirmed
(Figure 8C). Additionally, we assessed the toxicity of ARI0003 in a
panel of human healthy cells. We could not detect an increase in
the toxicity profile of ARI0003 compared to ARI0001 or control
T cells (untransduced [UTD]), while we observed activation with a
HER2 CAR-T cell group used as a positive control (Figure S10).
The similarity in safety profile to ARI0001 points to the potential of
ARI0003 as a promising and safe therapeutic option for patients
with NHL.
DISCUSSION
Despite the encouraging results of CD19 CAR-T cells in NHL pa-
tients, a substantial percentage does not respond or relapses post-
therapy. CD19 loss or downregulation is invoked as a key factor in
relapse. Dual targeting, such as CD19 and CD22 or CD19 and
CD20, aims to enhance efficacy, but early trials do not demonstrate
improved outcomes compared to anti-CD19 CAR-T cells. Here, we
report the optimization, preclinical development, and GMP
manufacturing of ARI0003, a novel dual-CAR-T cell product target-
ing CD19 and BCMA for the treatment of NHL patients.

A key consideration in the development of dual-CAR-T cells is select-
ing optimal antigens. CD20, although brightly expressed in NHL, can
be downregulated post-rituximab treatment.43–45 CD22 is a chal-
lenging antigen to target due to its large structure, rigidity, substantial
glycosylation, and low antigen densities, and it is downmodulated
upon CAR targeting.40,41,46,47 Given these challenges, we focused on
co-targeting CD19 and BCMA. BCMA is expressed in most lym-
phoma cases, and NHL patients have not been previously exposed
to treatments targeting this antigen.25,48 In addition, CAR-T therapy
targeting BCMA has been shown to be safe and effective in clinical
trials,26–28 and no BCMA loss has been detected in the first 60 multi-
ple myeloma patients treated under a clinical trial with our academic
anti-BCMA CAR, ARI0002h.26,49

To further support our decision to target BCMA alongside CD19—
especially since BCMA is not a conventional lymphoma target—we
compared our dual-targeting strategy with previously reported
dual-CAR approaches that target CD19 and either CD20 or
CD22.40–42 Our findings show that the co-transduction product
001 (n = 7), ARI0003 (n = 7), or pooled (n = 7) CAR-T cells (60% CAR+ expression).

ictures from the day before treatment to 7 weeks after treatment. (C) Kaplan-Meier
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:T ratio of 1:2 was compared to control T cells and analyzed by flow cytometry, for
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Figure 7. CD19 and BCMA CAR co-transduction outperforms CD19 combined with CD20 or CD22 CARs

(A) Schematic representation of CAR constructs. (B) The percentage of CAR-expressing T cells analyzed by flow cytometry is shown (n = 2 healthy donors). (C) Monospecific

CAR-T cells and dual-CAR-T cells were cultured with Ramos CD19 Low cells at indicated E:T ratios. Tumor cell lysis was evaluated over time using a BLI-based killing assay.

Data represent the mean ± SD of triplicates from two healthy donors. (D–F) Long-term cytotoxicity and proliferation of single and dual-targeting CAR-T cell strategies. CAR-T

cells were co-cultured with Ramos CD19 Low cells for 7 days (n = 2 healthy donors). (D) Representative flow plots showing CD3+ (T cells) and GFP+ (tumor cells) populations.

(E) Quantification of population distributions from (D). (F) T cell proliferation after 7 days of co-culture analyzed by flow cytometry. Bar graphs show themean ± SD of the CD3+

T cell fold-increase. Each point represents an experiment with a different healthy donor (n = 2). p Values were calculated using a one-way ANOVA test. ***p% 0.001, **p%

0.01, *p %0.05
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Figure 8. Characterization of ARI0003 batches produced under GMP conditions

(A) Percentage of CAR+-T cells after transduction at clinical level analyzed by flow cytometry. Each dot represents an ARI0003 batch produced. (B) CAR distribution within the

CAR+ population of ARI0003. (C) ARI0003 cells were co-cultured with Ramos WT target cells at indicated E:T ratios. Lysis of the tumor cells was evaluated 24 h after co-

culture by flow cytometry. Results represent the mean ± SD of n = 5 clinical grade manufactured products. Statistics in (C) were performed with multiple comparisons using

two-way ANOVA. **p < 0.005; ****p < 0.0001.
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targeting both CD19 and BCMA provided a significant advantage in
long-term tumor control compared to other co-transduction combi-
nations. This result is particularly noteworthy, as CD20 and CD22
were more abundantly expressed in the panel of NHL tumor cells
we examined. These findings suggest that certain scFvs may offer
enhanced and sustained antitumor activity, highlighting the impor-
tance of both antigen selection and the choice of scFv for optimizing
CAR-T cell efficacy. Here, we demonstrate that ARI0002h can effec-
tively recognize low BCMA densities in NHL cells, inducing signifi-
cant antitumor effects in models of NHL.

Dual targeting of BCMA and CD19 consistently resulted in enhanced
control of NHL disease compared to single-targeted CAR-T cells,
especially in models with low CD19 densities. This is particularly rele-
vant considering recent reports pointing at low CD19 densities as a
cause of refractory disease or poorer maintenance of ongoing re-
sponses after CD19-CAR-T cell treatment.15,16

Another consideration to address when developing dual-targeting
CAR-T cells is balancing the expression of the two CARs in the
T cell membrane to prevent a stronger antigen pressure on one target.
Ideally, both CARs should be equally capable of recognizing their tar-
geted antigens and eliciting a similar response in T cells. For instance,
co-targeting with a CAR that exhibited stronger immune pressure on
CD19 and inadequate activity on CD22 led to CD19� relapses but no
CD22� relapses in the clinical setting.15 When considering dual-tar-
geting of CD19/BCMA, the favorable safety and efficacy results
observed with ARI0001 and ARI0002h CAR-T cells in clinical trials
provided encouragement to focus on developing the co-transduction
product initially. However, co-transduced CARs, particularly the
CD19-CAR, displayed significantly lower expression levels compared
to individual transduction. The decrease in expression was more pro-
nounced at higherMOIs, suggesting that the concurrent expression of
multiple transgenes at elevated levels competes more intensely for the
limited supply of resources involved in gene expression.34 This obser-
vation was only seen when both LVs were co-transduced, since using
the bicistronic construct resulted in a balanced expression of both
330 Molecular Therapy Vol. 33 No 1 January 2025
CARs on the T cell membrane, in line with previous reports in the
field.50,51 This indicated that after CAR synthesis, both CARs could
equally traffic to the T cell membrane and remained similarly stable.

While similar VCNs were observed in both single and co-transduc-
tion strategies, co-transduction resulted in lower RNA levels when
transduced at a highMOI, suggesting that transgene load affects tran-
scriptional machinery but does not fully explain the enhanced expres-
sion of the BCMA CAR compared to the CD19 CAR. The lack of
increased CD19 CAR expression from codon-optimized constructs
indicates that tRNA usage does not preferentially favor the BCMA
CAR either, emphasizing the need to further investigate other cellular
machinery that may play a more critical role in influencing transgene
expression. Notably, a reduction in expression that may result in
imbalanced CAR populations in dual-targeting strategies have
already been observed by others in the field, although not addressed.
Kokalaki et al.47 observed a similar reduction in an anti-CD19 CAR
expression when co-transduced with an anti-CD22 CAR. In a
different approach, co-electroporation of equal amounts of two
mRNAs encoding for cytokines in T cells resulted in the diminished
expression of each protein, underscoring the significance of post-
transcriptional machinery in transgene competition.52 By using un-
equal MOIs of the two LVs, we have been able to obtain a final
dual-CAR-T cell product with balanced expression of the two CARs.

In our study, the co-transduction of two LVs allowed the generation of
CAR-T cells using lower vector copies per genome compared to the bi-
cistronic, tandem, and loop dual-CAR-T cells. This is especially rele-
vant after the release of a report by the US Food and Drug Administra-
tion indicating that T cell malignancies may occur following treatment
with BCMA- and CD19-directed CAR-T cells. While a direct causal
relationship between CAR insertion in the context of LVs and malig-
nant transformation has not yet been identified, reducing the VCNs
per cell may be important to mitigate the risk of genotoxicity.

For tandem and loop CAR design, crucial parameters impacting full
functionality include extracellular region length, the scFv order, and
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linker selection binding the two scFvs.20 Typically, these parameters
are empirically combined to identify the best candidate, requiring
testing of various CAR constructs. Here, we conducted a structural
prediction analysis that revealed that in some of the tandem designs,
the scFvs could interact with one another, leading to competition with
their respective binders. Notably, only the more rigid linkers of Tan-
dem4 and Loop2 effectively prevented this undesired interaction.
This prediction was in line with our functional studies, which demon-
strated that only these two constructs had killing efficacy similar to
ARI0002h against BCMA-expressing cells and ARI0001 against
CD19-expressing cells. These results emphasize the importance of
structural predictions in optimizing CAR constructs and provide a
solid framework for future screening efforts.

Analysis of T cell functionality indicated that using separate CARs for
CD19 and BCMA was more effective than a single CAR with dual
specificities. This may be partly due to the lower stability of dual-tar-
geting CAR molecules on the T cell membrane, suggested by the
intracellular presence of a fraction of tandem and loop CAR mole-
cules. Additionally, the observed reduction of the double-positive
CAR population in ARI0003 during prolonged co-culture experi-
ments in favor of monospecific CAR populations may indicate that
dual-targeting T cells undergo exhaustion more rapidly and are
depleted over time, consistent with previous reports.53 This could
partially account for the inability of the bicistronic, tandem, and
loop CAR constructs to sustain long-term tumor elimination. Despite
this, given that all strategies are effective at eliminating tumor cells in
short-term experiments and that ARI0003, tandem, and loop con-
structs exhibit high avidity, the dual-targeting population appears
to offer an initial advantage that may account for the superior long-
term performance of ARI0003 compared to the pool strategy. How-
ever, the ideal dual-targeting strategy must yet be defined for each
scFv combination, as different groups have reported different results
with dual candidates.17

A major challenge to overcome in the field of CAR-T therapies is the
difficult access to these costly treatments for most of the patients
worldwide. Preclinical and clinical development of academic
CARTs might alleviate this situation. ARI0001 and ARI0002h were
approved by the Spanish Agency of Medicines and Medical Devices
under the Hospital Exemption (HE) clause (RD 477/2014) in
February 2021 and August 2024, respectively. The HE allows medic-
inal products manufactured on a non-industrial basis to become
available for patients meeting the indication and is refunded by the
health system. HE might be considered to be an intermediate step
before requesting a centralized marketing authorization by the Euro-
peanMedicines Agency.54 Based on the preclinical characterization of
ARI0003 and our previous experience with academic CAR-T cells, we
have opened a first-in-human, pilot, open-label, multicenter, non-
randomized phase 1 clinical trial to test the safety and efficacy of
ARI0003 in patients with r/r B cell aggressive lymphoma (CARTD-
BG-01; clinicaltrials.gov ID: NCT06097455; EU Clinical Trial
ID: 2023-5072-13-97-00), both as first CART therapy and for patients
relapsing after a previous CART19.
MATERIALS AND METHODS
Isolation, transduction, and primary T cell expansion

Human T cells were isolated from healthy donor buffy coats purchased
from Banc de Sang i Teixits, following approved institutional review
board protocols. CAR-T cells were generated and expanded, as previ-
ously described.55 Briefly, CD4+ and CD8+ T cells were isolated from
peripheral blood using RosetteSep Kits (Stem Cell Technologies).
T cells were stimulated with anti-CD3/CD28 magnetic beads (Invitro-
gen) and transduced by LVs at indicated MOIs. Interleukin-7 (IL-7)
and IL-15 (Miltenyi) were added daily to a final concentration of
10 ng/mL. CAR-T cell products were mixed to a final 1:1
(CD4+:CD8+) ratio and normalized for CAR expression at day 10
before cryopreservation. T cells were cultured in RPMI-1640
supplemented with 10% of fetal bovine serum (FBS), penicillin/strep-
tomycin (P/S) (100 mg/mL), 10 mM GlutaMAX, and 10 mM HEPES.

CAR construction and lentivirus production

All CAR sequences were cloned into the pCCL third-generation LV
with EF1 promoter. CARs targeting CD19 (ARI0001) and BCMA
(ARI0002h) have been previously described.29,30 For theCD28z-based
versions, a BCMA-28z CAR was synthesized flanked by XmaI and
NheI, and the CD19 CAR was then cloned into the CD28z backbone.
All dual-CAR receptors were designed to contain the scFv from
ARI0001 with the CD8a leader and the scFv from ARI0002h with
the Ig kappa chain leader. The sequence of the leader for each
construct is determined based on the scFv placed in the distal position.
All dual-CAR receptors were designed to contain the scFv from
ARI0001 with the CD8a leader and the scFv from ARI0002h with
the Ig kappa chain leader. The sequence of the leader for each
construct is determined based on the scFv placed in the distal position.
Tandem and loop CAR extracellular domains were custom synthe-
sized (GenScript) and cloned into the ARI0001 backbone. Bicistronic
CAR was de novo synthesized for codon optimization of the intracel-
lular repeated sequences to prevent DNA recombination, using
GenScript’s codon optimization tool. scFvs used for targeting CD20
(Leu16), CD22 (m971), and anti-HER2 (4D5-5) or anti-mesothelin
(M11) CARs were described previously.40,42,56 CD20-BBz includes
the murine Ig heavy-chain leader peptide, while CD22-BBz uses the
human GM-CSFR signal peptide. All CAR constructs used in this
study incorporate the CD8a extracellular spacer region and trans-
membrane along with the 4-1BB co-stimulation and the CD3z endo-
domains, unless otherwise indicated. The plasmid coding for GFP-
FireFlyLuciferase (GFP-FFLuc) was kindly provided by Dr. Amer
Najjar.

LVs were produced as previously described.57 Briefly, 293FTs were
transfected with pCCL transfer plasmid, and a packaging mix contain-
ing a plasmid for the viral RNA (pREV), a plasmid encoding the
Rev response element (pRRE), and a plasmid containing the vesicular
stomatitis virsu (pVSV) using polyethylenimine (Polysciences). The su-
pernatant was harvested at 48 and 72 h and concentrated with LentiX
following the manufacturer’s protocol (Clontech). Viral titers (trans-
ducing units per milliliter) were calculated based on protein expression
levels as follows: ((total number of cells/100) � (percentage of
Molecular Therapy Vol. 33 No 1 January 2025 331
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transduced cells) � dilution of the virus supernatant). The dilution
used was the one at which approximately 10%–30% of the cells were
positive for CAR expression.

Cell lines

Tumor cell lines were acquired from the American Tissue Culture
Collection and regularly validated to beMycoplasma free. The Ramos
CD19 Low cell line was generated with CRISPR-Cas9 technology,
knocking out CD19 from Ramos WT and overexpressing it under a
weak promoter (PGK100).9 Cell lines were cultured in RPMI-1640
supplemented with 10% FBS and P/S (100 mg/mL), except for
U266 cells, which were cultured with 15% FBS. Cell lines were main-
tained at 37�C with 5% CO2. Cells expressing CD19, BCMA, or GFP-
FFLuc were generated through lentiviral transduction.

Flow cytometry

The following antibodies were used for lymphocyte staining: CD4
(phycoerythrin [PE], OKT4, Invitrogen), CD8 (fluorescein isothiocy-
anate, RPA-T8, BioLegend), CD45 (PerCP-Cy5.5, HI3, BD Biosci-
ences), and CD3 (PerCP-EF710, OKT3, Invitrogen). The following
antibodies were used for tumor cell staining: CD19 (PE-Cy7,
SJ25C1, BD Biosciences), CD19 (APC, HIB19, BD), BCMA (AF647,
19F2, Biolegend), CD20 (2H7, BD Biosciences), CD22 (HIB22, BD
Biosciences). Data acquisition was performed using FACSCanto II
or Fortessa5L (BD Biosciences) and analyzed with FlowJo Software
(version 10, TreeStar).

CAR detection

For anti-CD19, anti-BCMA, and anti-CD22 CAR surface
detection, cells were stained using human recombinant proteins
CD19-Fc (R&D Systems) and BCMA or CD22-polyhistidine tag
(SinoBiological), followed by an anti-Fc-BV421 or anti-His-APC
(both from BioLegend) secondary antibodies. CD20 CAR expression
was assessed using a biotin-SP-AffiniPure F(ab)02 fragment-specific
goat anti-mouse IgG antibody (Jackson ImmunoResearch), followed
by incubation with streptavidin-PE (BD Biosciences). Intracellular
staining was performed using the Intracellular Fixation & Permeabili-
zation Buffer Set (Thermo Fisher), following the manufacturer’s
instructions.

Surface density of CAR molecules

The number of CAR molecules on the CAR-T cell surface was quan-
tified using BD Quantibrite beads, following the manufacturer’s pro-
tocol (BD Biosciences, lot 02587). Human PE-labeled recombinant
proteins CD19-His Tag (Acro Biosystems) and BCMA-His Tag
(Acro Biosystems) were used. Samples were analyzed using
FACSCanto 5L cytometer. FlowJo software was used to create a stan-
dard curve from bead fluorescence, and the CAR molecule count per
cell was determined by comparing the fluorescence intensity of the
CAR-T cells to that of the beads.

qPCR for LV insertion copy number determination

Genomic DNA was extracted from CD4+ CAR-T cells after 6 or
8 days of expansion using the DNeasy Blood & Tissue Kit (Qiagen).
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Following extraction, DNA samples were quantified with a
NanoDrop spectrophotometer and diluted to a concentration of
25–100 ng/mL. For each sample, 100 ng genomic DNA was amplified.
qPCR was performed using the LightCycler 480 SYBR Green I Master
mix (Roche) and custom primers (10 mM, Integrated DNA Technol-
ogies) targeting woodchuck hepatitis virus post-transcriptional regu-
latory element (WPRE), GATA, anti-CD19 scFv, or anti-BCMA scFv.
Standard curves for each gene were generated, ranging from 108 to
102 copies per genome. The reactions were carried out in 384-well
plates (Roche) on a LightCycler 480 system (Roche), with cycling con-
ditions consisting of an initial denaturation at 95�C for 5 min, fol-
lowed by 40 cycles of amplification (95�C for 10 s, 58�C for 10 s,
and 72�C for 5 s). The Ct values were calculated using the
LightCycler software and normalized to the GATA reference gene.
All samples, including those used for standard curves, were analyzed
in duplicate. WPRE or scFv quantification was employed to assess the
total number of CARmolecules per sample, with UTD T cells serving
as the negative control for CAR expression.

Real-time PCR for mRNA quantification

Total RNA was extracted from CD4+ CAR-T cells on day 6 or 8 of
expansion using the RNeasy Micro Kit (Qiagen). cDNA synthesis
was performed using the High-Capacity RNA-to-cDNA Kit (Thermo
Fisher). Real-time PCR was conducted with the TaqMan Gene
Expression Master Mix (Thermo Fisher) and custom TaqMan Gene
Expression Assays (Thermo Fisher) targeting Actin-B, anti-CD19
scFv, or anti-BCMA scFv. For each sample, 100 ng cDNA was used
for PCR amplification in 384-well plates (Thermo Fisher) on the
Applied Biosystems 7900 Real-Time PCR System. The cycling condi-
tions included an initial incubation at 50�C for 2 min, followed by a
denaturation step at 95�C for 10 min. Amplification was carried out
over 40 cycles of 95�C for 15 s and 60�C for 1 min. The Ct values for
CD19 and BCMA were normalized to the housekeeping gene
Actin-B.

CAR-T cell functional studies

CAR-T cells were co-cultured with luciferase-expressing target
cells. For luciferase-based killing assays, the luciferase signal
was determined using a synergy HT Plate Reader (BioTek) within
10 min after the addition of D-luciferin (20 mg/mL; PerkinElmer).
Specific lysis calculation is as follows: % Specific lysis = [1 – (BLI
signal in treated wells/BLI signal in untreated wells)] � 100%
(BLI, bioluminescence imaging). Cytokine concentration in the
culture supernatant was measured with the ELISA Max Deluxe
Set (BioLegend).

For proliferation assays, CAR-T cells and GFP-expressing target cells
were co-cultured for 7 days. The total number of T cells and tumor
cells was calculated by flow cytometry using CountBright Absolute
Counting Beads (Thermo Fisher) according to the manufacturer’s
instructions.

To analyze the enrichment of CAR+ populations, T cells were co-
cultured with target cells at an E:T ratio of 1:4. After 7 days of
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co-culture, CD3+GFP� cells were sorted, rested in fresh R10 media
supplemented with IL-15 (20 ng/mL) for 24 h, and then analyzed
for surface and intracellular CAR expression using flow cytometry.
Cell sorting was performed using an FACSAria II Cytometer (BD
Biosciences).

Cell-binding avidity assays

Ramos WT or Ramos CD19 Low were seeded at a density of 1506

cells/mL on poly-L-lysine-coated chips for 2 h at 37�C. Thawed and
overnight rested T cells were stained with CellTrace Far Red Cell Pro-
liferation Kit (Thermo Scientific, C34564) according to the manufac-
turer’s instructions. CAR-T cells were normalized for transduction
efficiency and bound for 10 min prior to force application using the
z-Movi Cell Avidity Analyzer (Lumicks). Experiments were per-
formed in triplicate and with UTD or CAR-T cells from at least
two different healthy donors. The order of effector cell addition was
randomized between different chips. Data analysis was performed us-
ing Oceon software version 1.2.8 and statistics were assessed by
GraphPad Prism version 9.4.1.

Structural prediction analysis

Structural models were produced with AlphaFold3, using as input se-
quences the extracellular motifs (CD hinge and scFv) and excluding
chain and signal leaders. All predictions yielded average pLDDT
values over 70.58

PDLS generation and CAR-T cell treatment

PDLS generation from primary samples have been previously
described.59 For co-culture experiments, FL or DLBCL samples
were thawed in sterile conditions and resuspended in enriched me-
dium (EM). Primary samples were mixed with monocytes at a 4:1 ra-
tio and cultured in Nunclon SpheraTM 96-well Ultra-Low Attach-
ment microplates (Thermo Fisher) and EM supplemented with
CD40L, IL-21, and IL-4. PDLS were maintained at 37�C, 5% CO2

for 4 days and assessed for CD19 and BCMA expression by flow cy-
tometry. Four days after culture, CAR-T cells were added at different
E:T ratios and co-cultured for 24–72 h. To determine the cell number
of viable cells, disaggregated PDLS were analyzed reading a fix volume
using a high-throughput sampler (HTS) integrated in the cytometer
using specific population markers (CD20 and CD3) together with
the viability dye LIVE/DEADAqua (Thermo Fisher). PDLS were me-
chanically disaggregated at indicated time points and analyzed by
flow cytometry (LSRFortessa SORP-HTS, BD Biosciences).

NHL xenograft studies in NSG mice and bioluminescence

imaging

Animal studies were approved by the Ethics Committee for Animal
Experimentation at the University of Barcelona and Generalitat de
Catalunya. Male or female immunodeficient NSG mice, aged 8–
12 weeks, were intravenously (i.v.) injected with 5 � 105 tumor cells
expressing GFP-FFLuc. Prior to treatment, mice were randomized.
Disease progression was monitored weekly using BLI with the
Xenogen IVIS 200 Imaging System (PerkinElmer). Data analysis
was performed using Living Image software (PerkinElmer). For
survival studies, mice were sacrificed upon reaching a total flux value
of R1 � 1010 photons per second (p/s).

GMP-grade batch production of ARI0003

LV particles were produced in a cleanroom facility following GMP
guidelines.29 Clinical GMP-grade ARI0003 cells were produced
using the CliniMACS Prodigy system (Miltenyi) as previously
described.29,30 Briefly, CD4/CD8 T cells were selected from patients’
leukapheresis, stimulated and co-transduced with indicated MOI of
both ARI0001 and ARI0002h lentiviruses, and expanded in
TexMACs media supplemented with IL-7 and IL-15 (Miltenyi) until
a dose of 3.5 � 108 CAR+-T cells was achieved.

Statistical analysis

All statistical analyses were performed using GraphPad Prism version
9.4.1 as detailed in the figure legends. See supplemental methods for
more details.

DATA AND CODE AVAILABILITY
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