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Although chimeric antigen receptor (CAR) T cell therapy has
revolutionized type B cancer treatment, efficacy remains limited
in various lymphomas and solid tumors. Reinforcing conven-
tionalCAR-T cells to release cytokines can improve their efficacy
but also increase safety concerns. Several strategies have been
developed to regulate their secretion using minimal promoters
that are controlled by chimeric proteins harboring transactiva-
tors. However, these chimeric proteins can disrupt the normal
physiology of T cells. Here, we present the first transactivator-
free anti-CD19 CAR-T cells able to control IL-18 expression
(iTRUCK19.18) under ultra-low doses of doxycycline and
without altering cellularfitness. Interestingly, IL-18 secretion re-
quires T cell activation in addition to doxycycline, allowing the
external regulation of CAR-T cell potency. This effect was trans-
lated into an increased CAR-T cell antitumor activity against
aggressive hematologic and solid tumor models. In a clinically
relevant context, we generated patient-derived iTRUCK19.18
cells capable of eradicating primary B cells tumors in a doxycy-
cline-dependent manner. Furthermore, IL-18-releasing CAR-T
cells polarizedpro-tumoralmacrophages toward an antitumoral
phenotype, suggesting potential for modulating the tumor
microenvironment. In summary, we showed that our platform
M
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can generate exogenously controlled CAR-T cells with enhanced
potency and in the absence of transactivators.

INTRODUCTION
CD19-redirected chimeric antigen receptor (CAR)-T cell therapy has
provided long-lasting clinical responses treating relapsed and/or re-
fractory B cell neoplasms.1 The high complete remission rate achieved
in patients unresponsive to multiple lines of treatment has led the
FDA and EMA to approve six CAR-T-based advanced therapy me-
dicinal products (ATMPs) to date.
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Despite outstanding results in the treatment of different CD19+ he-
matologic cancers, around 30%–50% of patients relapse after
aCD19-CAR-T infusion.2 CAR-T therapy has shown limited thera-
peutic efficacy in other hematological malignancies such as chronic
lymphocytic leukemia (CLL),3 and very few reports have shown effi-
cacy on solid tumors.4 Several factors appear to be influencing the loss
of CAR-T efficacy: (1) CAR-derived tonic signaling, which accelerates
functional exhaustion and toxicity of CAR-T cells,5 (2) impaired
long-term CAR-T cell persistence,6 (3) restricted trafficking of
CAR-T cells into the tumor,7 and (4) a highly immunosuppressive tu-
mor microenvironment (TME).

One of the possible solutions to improve the therapeutic efficacy of
CAR-T involves the fine-tuning of TRUCKs (T cells redirected for an-
tigen-unrestricted cytokine-initiatedkilling),CAR-Tcells engineered to
release transgenic proteins that boost their antitumor capacity. Gener-
ally, TRUCKs co-express interleukins such as IL-7, IL-12, IL-15, or IL-
18. These key cytokines exert an immunomodulatory role in reversing
the pro-tumor environment of the TME into an antitumor milieu, pro-
moting a coordinated immune cell attack on the tumor.8 However, the
expression of these cytokines in long-lived T cells requires tight regula-
tion to avoid a plethora of potential unwanted side effects. Up to date,
most TRUCKs designs use endogenously regulatedNFAT (nuclear fac-
tor of activatedT cell)-based promoters to express cytokines to generate
tumor-specific T cells that secrete the selected cytokine only after T cell
activation.9 However, several studies suggest the inability of the NFAT
promoter to efficiently control cytokine expression inside the tu-
mor.10,11 This likely arises from the presence of multiple signals beyond
just CAR or TCR binding to its target, which can initiate NFAT activa-
tion. These signals include G protein-coupled receptor signaling
(involved in T cell migration and activation),12 proinflammatory cyto-
kines (IL-2, IL-4, IL-6, and TNF-a),13 and viral infections.14 Therefore,
regulating T cell potency by NFAT-driven promoters remains chal-
lenging. Alsaieedi et al. discovered that, while the expression of IL-12
was necessary to observe antitumor effectiveness, the introduction of
NFAT-IL-12 transgenic T cells into a syngeneic murine model of
B16F10melanoma led to lethality.11 In the same direction and in a clin-
ical context, Zhang et al. observed severe toxicity in melanoma patients
treated with autologous tumor-infiltrating lymphocytes (TILs) geneti-
cally engineered to express IL-12 under NFAT promoter.10

As an alternative to endogenously regulated NFAT-driven promoters,
several groups are developing exogenously inducible promoters,15

such as the one based on the bacterial TetO operon. In this direction
Alsaieedi et al. showed that, while NFAT-driven IL-12-engineered
T cells induce lethality (see above), Tet-On-engineered T cells were
safe in the absence of doxycycline (Dox) and that temporal induction
of IL-12 inhibits the growth of B16F10 melanoma tumors. These data
demonstrate the potency of Dox-inducible Tet-On systems as tools to
generate smart ATMPs that can be controlled externally by clinicians.
However, most Tet-On systems require a transactivator (a chimeric
protein composed of the bacterial Tet repressor [TetR] and the acti-
vating domain of the viral protein 16 of herpes simplex virus type 1)
to achieve inducibility. These transactivators showed multiple side
2 Molecular Therapy: Nucleic Acids Vol. 35 December 2024
effects on gene-modified cells due to transcription factor sequestering
or by binding to pseudo TetO sites.16–19 Importantly, Smith et al.
observed a depletion of antigen-experienced T cells in reverse tetracy-
cline-controlled transactivator (rtTA)-transgenic mice, demonstrating
the potential difficulties of using these systems to generate clinical-grade
inducible T cells. To tackle these problems, our group has previously
developed insulated,20 transactivator-free, Tet-On lentiviral vectors
(LVs) (Lent-On-Plus or LOP)21,22 that tightly regulate transgene
expression in a variety of primary human cells, including T cells,
without altering physiology and using ultra-low doses of Dox.23

Previous studies have shown that constitutive expression of IL-18 by
CAR-T cells significantly enhances the antitumor activity of CAR-T
cells. IL-18 is a cytokine of the IL-1 family constitutively produced
by activated macrophages, and dendritic and epithelial cells. It
directly stimulates interferon gamma (IFN-g) secretion and other in-
flammatory cytokines and chemokines, exhibiting pleiotropic effects
on the entire immune system via Th1 immune response.24 IL-18 en-
hances the cytotoxic activity of T cells and natural killer (NK) cells by
upregulation of Fas ligand (FasL),25 polarization of pro-tumorigenic
M2 to antitumor M1 macrophages,26 and by acting in synergy with
other cytokines.27 Recently, it was reported that IL-18-secreting
CAR-T cells showed superior antitumor activity via the helper effect
of CD4+ CAR-T cells for the augmentation of CD8+ CAR-T cells.28

Avanzi et al. demonstrated that IL-18 CAR-T cells were able to elim-
inate liquid and solid tumors in syngeneic murine models29 Taking all
these data, the University of Pennsylvania’s team is currently running
a clinical trial (NCT04684563, phase 1) co-expressing IL-18 on
aCD19-CAR-T cells to evaluate the maximum safe dose.30

As for most cytokines, uncontrolled release of IL-18 can lead to po-
tential safety issues, since a continuous delivery of IL-18 promotes
constant (and non-tissue specific) IFN-g secretion, creating a perma-
nent environment of acute inflammation that might lead to toxicity31

and autoimmune disorders,32,33 as well as IFN-g-independent toxic-
ities.34 IL-18 can potentially trigger ICANS (immune effector cell-
associated neurotoxicity syndrome) in CD19+ therapy35 or associated
hemophagocytic lymphohistiocytosis-like toxicity.36 Although no
serious effects have been described so far in the clinical trial
mentioned above,30 the potential toxicities associated with unregu-
lated expression of IL-18 remain a concern. Therefore, even though
constitutive high expression of IL-18 can lead to greater anti-tumor
activity compared with inducible systems, the ability to control
IL-18 secretion should still be considered a safer alternative for
enhancing the anti-tumor activity of CAR-T cells. In this regard,
Chmielewski et al. generated CAR-T cells able to release IL-18 “on de-
mand” using an NFAT promoter. The authors showed that their en-
gineered CAR-T cells released IL-18 in a CAR-dependent fashion and
increased the antitumor effect compared with standard CAR-T cells26

However, as outlined above, several studies suggest the inability of the
NFAT promoter to efficiently control cytokine expression in vivo.10,11

As mentioned before, Dox-based inducible expression systems have
emerged as interesting alternatives to control the expression of
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cytokines with the limitation of high Dox requirements and the pres-
ence of highly toxic transactivators. Here, we describe first-in-class
aCD19-CAR-T cells (iTRUCK19.18) engineered to release IL-18 un-
der ultra-low (subtherapeutic) Dox doses and in the absence of trans-
activators. iTRUCK19.18 controlled IL-18 expression both in vitro
and in vivo, allowing the control of T cell potency and polarizing
pro-tumoral M2 macrophages toward an antitumoral phenotype
(M1) in a Dox-dependent manner. This effect was translated into
an increased CAR-T cell antitumor activity against an aggressive
hematologic and an engineered CD19+ pancreatic ductal adenocarci-
noma (PDAC) model. In a clinically relevant context, we also gener-
ated patient-derived iTRUCK19.18 and observed that the Dox-
dependent release of IL-18 improved the eradication of primary B
cell tumors.
RESULTS
Generation of transactivator-free, IL-18-inducible aCD19 CAR-T

cells (iTRUCK19.18)

As recently described by our group, LOP LVs can tightly regulate
transgene expression in primary T cells in vitro and in vivo.23 Based
on these data, we decided to generate CAR-T cells that express IL-
18 in an inducible manner (iTRUCK19.18) using the LOP system.
To achieve this, we co-transduced primary T cells with CAR19 LVs
(multiplicity of infection [MOI] = 3) (allowing constitutive expres-
sion of a 4-1BB aCD19 CAR endowed with the A3B1 scFv clone)37

(Figure 1A, top) and LOP18 (MOI = 5) (for Dox-inducible expression
of IL-18 using the LOP LV) (Figure 1A, bottom), resulting in a hetero-
geneous population of cells including CAR+IL-18+, CAR+IL-18�,
CAR�IL-18+, and CAR�IL-18� cells (Figure S1A). Co-transduction
with two LVs seems to reduce CAR expression compared with trans-
duction with single CAR19 LVs (Figures 1B and S1B, left), probably
due to LV dilution and free VSV-G protein competing for free recep-
tors. We achieved �30% CAR and �20% IL-18 among different
batches (Figure S1C). Importantly, 7–9 days post-transduction,
iTRUCK19.18 showed minimal intracellular pro-IL-18 expression
in the absence of Dox (Figure 1C, left, blue histogram; Figure 1C,
right, blue dots) and up to 44.1% in its presence (Figure 1C, left, green
histogram; Figure 1C, right, green dots; Figure S1B, right). Of note,
the system required 7–9 days to achieve complete regulation, prob-
ably due to the requirement to achieve enough TetR protein concen-
trations in the nuclei to block transcription (data not shown).38 We
Figure 1. Generation and characterization of inducible IL-18-producing CAR-T

(A) CAR19 LV encoding for EF1a-A3B1-41BB-CD3z (top) and Dox-inducible LOP LVs

non-transduced cells (NT) (top), CAR19 (middle), and iTRUCK19.18 �Dox (bottom).

iTRUCK19.18 cells in the absence (middle) or presence (bottom) of 50 ng/mL Dox (48

background of NT (n = 17;�Dox: n = 15; +Dox: n = 17) (right). (D) Bioactive IL-18 secrete

(right) (n = 4). (E) Experimental procedure for CAR19 and iTRUCK19.18 cell generation (si

in the absence of stimuli (without Dox). (F) Phenotype of CAR19 and iTRUCK19.18 cells

expression (CAR19 cells: n = 5; iTRUCK19.18: n = 7). (G) CD4/CD8 ratio of CAR19 an

cells: n = 5; iTRUCK19.18: n = 7). (H) Expression of AICD markers (TRAIL, FasL, Fas) a

TRAIL (CAR19 T cells: n = 5; iTRUCK19.18: n = 8), FasL (CAR19 T cells: n = 3; iTRUCK1

n = 3; iTRUCK19.18: n = 7). (I) Index of proinflammatory cytokine-related secretion by

***p < 0.001 (two-tailed paired t test).
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also showed that mRNA IL-18 levels were reduced to near baseline
levels after 8 days post Dox (Figure S1A).

Once we confirmed that iTRUCK19.18 cells induced pro-IL-18 in a
Dox-dependent manner, our subsequent aim was to verify the accu-
rate processing and secretion of the cytokine. Physiologically, IL-18 is
synthesized as a pro-peptide mainly by activated macrophages, den-
dritic and epithelial cells. Activation signal or tissue damage triggers
the pro-caspase-1 processing into functional caspase-1 by the inflam-
masome complex, converting pro-IL-18 into mature IL-18, which is
secreted.39 We therefore analyzed if transgenic IL-18 expressed by
iTRUCK19.18 cells follows a similar process despite being expressed
in a non-natural context. Our findings are consistent with this mech-
anism, as iTRUCK19.18 cells necessitate T cell stimulation in
conjunction with the presence of Dox to secrete bioactive IL-18 (Fig-
ure 1D). This observation aligns with the natural processing of IL-18,
endowing these cells with a dual switch mechanism involving both
T cell activation and Dox exposure. This configuration enhances their
safety profile.

With the aim of characterizing the generated product, we conducted a
comparative analysis of iTRUCK19.18 cells and CAR19 cells to deci-
pher whether co-transduction affected production and T cell fitness
compared with the generation of conventional CAR-T cells. We
analyzed the immunophenotype (following the gating strategy
showed on Figure S1B), CD4/CD8 cell ratio, activation-induced cell
death (AICD) markers, signaling through CD3z phosphorylation
(pCD3z), and the proinflammatory profile bymeasuring the secretion
of five proinflammatory cytokines at the end of the production pro-
cess (12 days, in basal state) (Figure 1E). We found no significant dif-
ferences between iTRUCK19.18 cells and CAR19 cells in any of the
parameters analyzed (Figures 1F–1I), indicating the feasibility of
generating iTRUCK19.18 by co-transduction with CAR19 and
LOP18 LVs (Figures S1A and S1C). However, we must consider
that, on average, only 20% of the T cells express IL-18 and therefore
the potential of this cytokine can be underestimated.

Dox addition to iTRUCK19.18 cells enhanced their activation

capacity without compromising T cell exhaustion and

phenotype

Once it was confirmed that the production process of iTRUCK19.18
cells was feasible, we analyzed the effect of IL-18 production on T cells
cells (iTRUCK19.18)

expressing pro-IL-18 (bottom). (B) Representative histograms of CAR expression in

(C) Representative histograms of pro-IL-18 expression in CAR19 cells (top) and

h). Right: fold change of IL-18 expression from iTRUCK19.18 cells relative to basal

d by iTRUCK19.18without activation (left) and activating with TransAct (aCD3/CD28)

ngle or co-transduction with LVs) and their analysis in resting conditions after 10 days

in the absence of Dox. Total T cells (CD3+) were analyzed for CD45RA and CD62L

d iTRUCK19.18 cells in the absence of Dox of the total populations (CD3+) (CAR19

nd phosphorylation of CD3z in CAR19 vs. iTRUCK19.18 cells (�Dox) in CD3+ cells:

9.18: n = 6), Fas (CAR19 T cells: n = 4; iTRUCK19.18: n = 7), pCD3z (CAR19 T cells:

CAR19 T cells vs. iTRUCK19.18 cells at basal state (n = 2). *p < 0.05, **p < 0.01,



Figure 2. Characterization of iTRUCK19.18 cells in absence and presence of Dox

(A) Scheme for iTRUCK19.18 cell generation and analysis at basal state or after activation with aCD3/CD28. (B) Expression of AICD markers (TRAIL, FasL, Fas), phos-

phorylation of CD3z and apoptosis marker Annexin V (from left to right) in iTRUCK19.18 cells at basal state in the absence (light blue) or presence of 50 ng/mL Dox (dark blue):

TRAIL (n = 7), FasL (n = 6), Fas (n = 7), pCD3z (n = 7), and Annexin V (n = 4). Analysis performed on total CD3+ T cells. (C) Phenotype of iTRUCK19.18 cells with (dark blue) and

without Dox (light blue) at resting conditions (left) (n = 7) or after 4 h of stimulation (right) (n = 4). Analysis performed on total CD3+ T cells. (D) Percentage of positive cells in the

(legend continued on next page)
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(Figure 2A). IL-18 plays a pivotal role in the activation of T cells, so
initially we evaluated the effect of IL-18 production at basal level.

To evaluate the effect on AICD, we analyzed TNF-related apoptosis-
inducing ligand (TRAIL), FasL, and Fas expression in total CD3+
(CAR+ and CAR�) iTRUCK19.18 cells under both Dox-induced
and non-induced conditions. Upon Dox exposure, we observed an
upregulation of TRAIL (Figure 2B, first graph), a tendency in FasL
(Figure 2B, second graph), but no difference was observed in Fas
expression (Figure 2B, third graph). Interestingly, Dox administration
led to a significant increase in the expression of phospho-CD3z (Fig-
ure 2B, fourth graph) (representative dot plots on Figure S2A). How-
ever, despite the notable changes in AICD and tonic signaling, we did
not observe any differences in apoptosis in the presence of Dox (Fig-
ure 2B, right graph).

Next, we aimed to conduct a more comprehensive characterization of
the fitness of iTRUCK19.18 cells, not only at the basal level but also
after stimulation. At a basal level, IL-18 production did not alter
the ratio of CD4+/CD8+ T cells (Figure S2B) or the distribution of
phenotypic subpopulations on total CD3+ cells (Figure 2C). In addi-
tion, the expression of inhibitory receptors PD1, LAG3, and TIM3 on
T cells remained unaffected, except for a significant increase in the
expression of LAG3 in the basal state. However, upon activation,
we observed that this increase in LAG3 expression did not persist
(Figure 2D). This suggests that the production of this cytokine does
not accelerate T cell exhaustion. We next analyze a panel of activation
markers and proinflammatory profile in unstimulated and CD3/
CD28-stimulated iTRUCK19.18 cells in the presence or absence of
Dox on total CD3+ cells (Figure 2E). As expected, the expression of
IL-18 in iTRUCK19.18 cells upon Dox addition increased the expres-
sion of several activation markers. Indeed, following cellular activa-
tion, we observed a significant upregulation in the expression of
IFN-g, TNF-a, and Granzyme B, along with a trend toward higher
expression of IL-2 and Perforin A. Interestingly, Perforin A and
TNF-a were significantly increased under basal conditions in the
presence of Dox (Figure 2E). The increased activation state of
iTRUCK19.18 cells in response to Dox is consistent with the augmen-
tation of their proinflammatory profile, as evidenced by the upregu-
lated secretion of IL-2, IL-17A, IL-5, IL-9, and IL-6 (Figures 2F and
S2C). Of note, we also observed a trend in the increase of IL-4 and
IL-10 (Figure S2D), underlining the dual role of the cytokine depend-
ing on the context.

It is important to notice that no significant differences were found in
single transduced CAR19 cells (without LOP18) by the use of Dox in
any of the markers analyzed either at basal state or after activation
(Figures S3A–S3E), indicating that the observed effects are exclusively
CD3+ population for exhaustion markers PD1, LAG3, TIM3 of iTRUCK19.18 cells at bas

Fold change was calculated by dividing the percentage of +Dox population by the�Dox

TNF-a, IL-2, Granzyme B, and Perforin A) in iTRUCK19.18 cells, both without Dox (light b

Secretion of proinflammatory cytokines from CAR19 (gray) and iTRUCK19.18 cells wi

stimulation with TransAct. Two-way ANOVA, multiple comparison Tukey’s test. *p < 0.
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due to the production of IL-18 and not by the Dox per se. Considering
all these data, we conclude that Dox addition increased the activation
of iTRUCK19.18 cells while retaining the exhaustion state without
significant phenotypic alterations.

DOX regulates the antitumoral activity of iTRUCK19.18 cells in a

Burkitt lymphoma model in vitro and in vivo

Once demonstrated that the secretion of functional IL-18 by
iTRUCK19.18 cells can be controlled by Dox, maintaining an
appropriate phenotype, we analyzed whether we can also control
their antitumoral activity. For this purpose, we first co-cultured
iTRUCK19.18 and CAR19 cells with Namalwa cells, a Burkitt lym-
phoma cell model, using serial tumor stimulations (Figure 3A). The
results demonstrated that, during the third tumor encounter, IL-18-
releasing iTRUCK19.18 cells exhibited a significant enhanced anti-
tumoral activity compared with cells without Dox and standard
CAR19 cells. Furthermore, even the Dox-free condition displayed
greater antitumoral action than CAR19 cells, suggesting that the
initial secretion of IL-18 during the initial days post-transduction
(the system requires 6–10 days post-transduction to achieve tight
regulation) is having a positive effect on their fitness/antitumoral ac-
tivity (Figure 3B).

Next, we assessed the in vivo efficacy of iTRUCK19.18 cells. For this
purpose, 0.3 � 106 Namalwa green fluorescent protein-nanolucifer-
ase (GFP-Nluc) cells were infused into immunocompromised
NOD/scid-IL-2Rnull mice (NSG) mice and tumor progression was
monitored after intravenous administration of 1� 106 iTRUCK19.18
cells (in the presence or absence of Dox), CAR19 cells, non-trans-
duced T cells (NT) and PBS (Figure 3C). After seven days of
CAR-T cells administration, we observed a significant increase in
human circulating T cells in the blood of mice treated with
iTRUCK19.18 only under oral Dox supplementation (Figure 3D,
left). Furthermore, we observed that human T cells from mice treated
with Dox significantly induced IL-18 expression (Figure 3D, right),
demonstrating that oral administration of Dox allows in vivo induc-
tion of IL-18.

In this context (with a high quantity of CAR-T cells and a low tumor
burden), no differences in antitumoral response were observed be-
tween the different groups, as all mice treated with CAR19/
iTRUCK19.18 completely eradicated lymphoma even after two addi-
tional tumor re-infusions (re-challenge 1 and 2, R1 and R2)
(Figures 3E and 3F). Interestingly, the analysis of tumor cell infiltra-
tion in different tissues showed that iTRUCK19.18-treated mice
completely cleared tumor cells in all tissues in the absence or presence
of Dox, while 1/5 CAR19 cell-treated mouse presented brain metas-
tasis (Figure 3G). Unfortunately, we stopped the experiment on day
al state and after stimulation in the absence or presence of 50 ng/mL Dox (n = 4). (E)

population (% at +Dox/%�Dox) for each of the activation markers analyzed (IFN-g,

lue) and with Dox (dark blue), at resting state (left) or after activation (right) (n = 4). (F)

th (dark green) and without (light blue) Dox at basal state (n = 4) and after 24 h of

05, ***p < 0.001.
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42 due to the development of xenogeneic graft-versus-host-disease
(xenoGVHD).

Since the high CAR-T cell dose prevented from seeing differences in
antitumor potency, we performed a new in vivo experiment where
we infused a subtherapeutic dose (0.3 � 106 CAR-T cells/mouse) to
mice under a higher tumor burden (allowing tumor expansion
6 days) (Figure 3H). In this new scenario, we did observe how the addi-
tion of Dox increased the antitumor potency of iTRUCK19.18 cells
compared with iTRUCK19.18 �Dox-, CAR19-, and NT-treated mice
(Figure 3I). Furthermore, as control, we generated CAR-T cells that
constitutively express IL-18 (referred to as cTRUCK19.18) using LV
EF1a-IL-18 (depicted in Figure S4A). No phenotypic changes were
observed between cTRUCK19.18 and iTRUCK19.18 with Dox (Fig-
ure S4B). Similarly, in vivo administration of cTRUCK19.18 was
equally efficient compared with iTRUCK19.18 withDox in terms of tu-
mor progression (Figure S4B). On day 17 we stopped the experiment
(due to systemic progression of the lymphoma), and we analyzed the
presence of surviving tumor cells, and the phenotype of the infiltrated
T cells in the spleen and bone marrow. No significant differences were
found in terms of infiltrated tumor cells (surviving Namalwa) among
the groups in spleen (Figure 3J, left). However, mice treated with
iTRUCK19.18 cells in the presence of Dox significantly reduced tumor
cell invasion in bone marrow (Figure 3J, right). No significant differ-
ences were observed in the infiltration of human T cells in the spleen
and bone marrow among the different groups of mice treated with
CAR-T cells (Figure 3K). Furthermore, in the spleen of mice treated
with iTRUCK19.18 +Dox, the infiltrated T cells exhibited a less
differentiated/more memory phenotype (CD45RA+ CD62L+ and
CD45RA� CD62L+) (Figure 3L, left), which might have contributed
to the enhanced antitumoral efficacy. However, no discernible differ-
ences were observed in the bone marrow concerning the phenotype
of mice infused with CAR-T cells (Figure 3L, right).

Healthy donor and patient-derived iTRUCK19.18 cells show an

increased antitumor potency against primary B-type tumors in

the presence of Dox

After confirming that the production of IL-18 by CAR-T cells
enhanced the antitumoral effect against a Burkitt lymphoma model,
Figure 3. In vitro and in vivo evaluation of iTRUCK19.18 cells against B cell lym

(A) Diagram of in vitro cytotoxicity assay: 50 ng/mL of Dox was added at the moment of the

Namalwa cells after serial tumor encounters with CAR19 or iTRUCK19.18 cells without a

therapeutic dose (1� 106 CAR-T cells/mouse). Dox (1,000 ng/mL) was added to drinking

with Namalwa cells were infused at days 25 and 42, respectively. (D) Proportion of circula

blood 7 days after infusion of iTRUCK19.18 cells. (E) Bioluminescence images of tumor p

Dox. As control of re-challenges 1 and 2 (R1 and R2), novel mice were also infused with P

iTRUCK19.18without (�Dox, blue line) andwith (+Dox, green line) Dox. (G) Percentage of v

right) of mice treated with NT, CAR19, and iTRUCK19.18 without (�Dox) and with Dox (+D

iTRUCK19.18 +Dox: N = 5). (H) Diagram representing the infusion of a subtherapeutic do

drinking water after the infusion of the CAR-T cells into mice and was refreshed twice a w

experimental groups (NT, CAR19, iTRUCK19.18�Dox, and iTRUCK19.18 +Dox. (J) Perc

from the different experimental groups. (K) Percentage of tumor-infiltrated T cells (hCD3+)

Tnaive/SCM+TCM cells in the spleen (left) bone marrow (right) of mice at endpoint (NT: N = 4

**p < 0.01, ****p < 0.0001 (one-tailed paired t test for B; log rank test for F; one-tailed un
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wewanted to validate the use of iTRUCK19.18 cells in a clinically rele-
vant setting.We isolated primary tumors and peripheral bloodmono-
nuclear cells (PBMCs) from three patients with B cell neoplasms ex-
pressing heterogeneous levels of CD19 (patient 1 diagnosed with
marginal zone lymphoma [MZL] and patients 2 and 3 with CLL),
(Figure 4A). We generated CD19 CAR-T cells, iTRUCK19.18 cells,
and cTRUCK19.18 cells from patient PBMCs stimulated and en-
riched in CD3+ at the moment of the transduction (Figure S5A) by
transduction with CAR19 LVs, co-transduction with CAR19 LVs
and LOP18 LVs, and co-transduction with CAR19 LVs and
EF1a-IL-18 LVs, respectively, as depicted in Figure 4B. CAR expres-
sion levels between 20% and 50% were achieved in all cases
(Figure 4C). As expected, the addition of Dox resulted in the induc-
tion of pro-IL-18 (Figures 4D and S5B). In this line, we have obtained
�38% of CAR+ cells and �26% expressing IL-18 (Figure S5C).
We next assessed pCD3z, TRAIL, FasL, and Fas in patient-
derived CD19 CAR-T cells, iTRUCK19.18 cells (+/� Dox), and
cTRUCK19.18 cells. We found that Dox addition increased activation
(pCD3z and FasL) of patient-derived iTRUCK19.18 cells (Fig-
ure S5D), consistent with our previous observations (Figure 2B).
No differences were observed between iTRUCK19.18 cells +Dox
and cTRUCK19.18 cells (Figure S5D).

Finally, in an autologous setting, we corroborated that patient-derived
iTRUCK19.18 cells exhibited enhanced efficacy in eliminating the
same-patient tumor B cells only when IL-18 is induced by Dox (Fig-
ure 4E, second-right bar). Interestingly, cTRUCK19.18 cells showed
similar antitumor efficacy compared with iTRUCK19.18 cells in
the presence of Dox Figure 4E, right bar). In addition, we found
that IL-18-expressing cells, including iTRUCK19.18 (+Dox) and
cTRUCK19.18 cells, reduce the expression transcription factor Tox
(Figure 4F), which was associated with exhaustion and senescence in
T cells. These compelling findings underscore the therapeutic potential
of iTRUCK19.18 cells in treating B-type hematological neoplasms.

Dox treatment on iTRUCK19.18 cells increases their antitumoral

potency against metastatic CD19+ PDAC model

Based on the results obtained from applying iTRUCK19.18 cells to
hematologic cancer models, we aimed to investigate potential future
phoma model

co-culture and the dosewas refreshed in every challenge. (B) Percentage of surviving

nd with Dox (n = 4). (C) In vivo experimental procedure to evaluate iTRUCK19.18 at a

water after infusion into mice and refreshed twice a week. Twomore tumor challenges

ting human T cells (left) and relative expression of IL-18 (right) by T cells obtained from

rogression in mice treated with PBS, NT, CAR19, and iTRUCK19.18 without and with

BS at days +25 and +39. (F) Survival graph of mice treated with PBS, NT, CAR19, and

iable tumor cells in different organs (spleen, bonemarrow, brain, and blood, from left to

ox), at final point (PBS: N = 5; NT: N = 4; CAR19: N = 6; iTRUCK19.18�Dox: N = 5;

se (3� 105 CAR-T cells) into mice 6 days post-tumor. Dox (500 ng/mL) was added to

eek. (I) Tumor progression determined by bioluminescence (photons/s) of the different

entage of surviving tumor cells in the spleen (left) and bone marrow (right) of the mice

in spleen (left) and bone marrow (right) of mice at the time of sacrifice. (L) Proportion of

; CAR19: N = 5; iTRUCK19.18 �Dox: N = 6; iTRUCK19.18 +Dox: N = 5). *p < 0.05,

paired t test for D, G, I, J, and L).



Figure 4. Characterization and lytic capacity of

patient-derived iTRUCK19.18 cells against primary

B tumors

(A) Representative histograms of CD19 expression of

primary tumor sample-derived MZL (patient 1, leukemic

mantle cell lymphoma), CLL (patients 2 and 3, chronic

lymphocytic leukemia), and Namalwa cells (from Burkitt’s

lymphoma). (B) Scheme of the generation and analysis

of patient-derived CAR-T cells. (C) Percentage of CAR+

cells of patient-derived CAR19, iTRUCK19.18, and

cTRUCK19.18 cells (n = 3). (D) Fold change of pro-IL-18

expression of patient-derived CAR19 and iTRUCK19.18

in the absence (�Dox) or presence (+Dox) of 50 ng/mL

Dox and cTRUCK19.18 (n = 3). (E) Surviving CD19+

tumor cells following encounter with NT, patient-derived

iTRUCK19.18 in the absence (�Dox) or presence (+Dox)

of 50 ng/mL Dox and cTRUCK19.18 cells, at an E:T

ratio of 1:5 and measured after 13 h of co-culture. (F)

Representative histograms (left) and graph (right)

showing the percentage of Tox expression of patient-

derived NT, CAR19, or iTRUCK19.18 cells without and

with Dox and cTRUCK19.18 cells. Analysis performed

on total CD3+ T cells (NT, iTRUCK19.18 �Dox,

and +Dox: n = 5; CAR19: n = 5; cTRUCK19.18 cells:

n = 3). *p < 0.05, **p < 0.01 (two-tailed paired t test).
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applications of LOP18 LVs to enhance CAR-T therapy against solid
tumors. In this line, we use iTRUCK19.18 against a metastatic
PDAC model engineered to express CD19 (MIA-PaCa2 cells 70%
CD19) previously developed by our group.40We analyzed the anti-tu-
mor efficacy of iTRUCK19.18 cells in vitro after serial tumoral chal-
lenges (Figure 5A). The results revealed an increase in the antitumoral
potency of iTRUCK19.18 cells with Dox compared with those
without Dox in every encounter analyzed (Figures 5B, S6A, and
S6B). This enhanced effectiveness was linked to the maintenance of
a less-differentiated phenotype (Tnaive/SCM+TCM) observed in the
IL-18-producing cells starting from the second encounter
(Figures 5C and S6C). In addition, we found no differences in PD1
or TIM3 exhaustion markers regardless of the Dox addition
(Figures 5D and S6D), so we could also confirm that IL-18-releasing
iTRUCK19.18 cells not only do not accelerate T cell exhaustion but
also retain T cells in a memory phenotype that increases their antitu-
moral potency. The role of IL-18 enhancing the potency of CD19
CAR-T cells was further confirmed by demonstrating similar or
Molecular The
even higher effects using cTRUCKs19-18,
which constitutively express IL-18 (Figure S6B).
Finally, we generated a murine model where we
orthotopically implanted MIA-PaCa CD19+
GFP-Nluc cells into the pancreas of NSG mice.
Upon tumor development (7 days later), mice
were treated with 2 � 106 CD19 CAR-T
cells or iTRUCK19.18 cells in the presence or
absence of Dox (administered orally). Although
all treated mice reduced tumor progression
(Figures 5E and 5F), those inoculated with
iTRUCK19.18 cells and administered with Dox were the only ones
where no tumor cells were detected in the pancreas (Figure 5G).

These findings collectively support the therapeutic potential of the
LOP system in CAR-T cells for treating different tumor contexts by
exogenously controlling IL-18 through Dox administration.

IL-18 induction allows the control of the polarization of pro-

tumoral macrophages toward an antitumoral phenotype

As mentioned before, the TME constitutes a major barrier to the clin-
ical efficacy of CAR-T therapy not only against solid tumors, but also
against hematological malignancies, resulting in suboptimal outcomes.
Within the TME, tumor-associated macrophages play a pivotal role,
characterized by an M2 phenotype that exerts potent immunosuppres-
sive effects, thereby constraining the functionality of CAR-T cells.

It has been demonstrated that the expression of IL-18 by CAR-T cells
reduced the quantity of M2 macrophages in murine models.26
rapy: Nucleic Acids Vol. 35 December 2024 9
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Figure 5. In vitro and in vivo efficacy of iTRUCK19.18 cells against CD19+ pancreatic ductal adenocarcinoma tumor model

(A) Experimental procedure of the in vitro cytotoxicity assay with an artificial model of PDAC cells, MIA-PaCa2-CD19+. Left: histogram showing CD19 expression in MIA-

PaCa2 WT (gray) or CD19+ (blue), as target of CAR19 and iTRUCK 19.18. Right: iTRUCK19.18 cells in the absence or presence of Dox (50 ng/mL) were co-cultured at

an effector:target ratio of 1:2 with MIA-PaCa2-CD19+ cells. Tumor re-challenges and FACS analysis were performed every 48 h. (B) Specific lysis over four tumor encounters

of iTRUCK19.18 �Dox (light blue) and +Dox (dark blue) compared with NT (n = 5). (C) Proportion of Tnaive/SCM and TCM from �Dox (light blue) and +Dox (dark blue)

iTRUCK19.18 after 48 h of every tumor encounter (n = 5). Analysis performed on total CD3+ T cells. (D) Proportion of PD1+ TIM3+ cells inside the CD3+ population, analyzed

at every tumor encounter (n = 5). (E) Bioluminescence of tumor progression in vivo up to day +37. PBS (N = 3), NT (N = 3), CAR19 (N = 4), iTRUCK19.18 (�Dox, N = 4), and

iTRUCK19.18 (+Dox, N = 4). Dox was added at the moment of the inoculation. (F) Tumor progression (photons/s) in mice treated with NT, CAR19, or iTRUCK19.18 without

and with Dox. (G) Percentage of tumor cells in the pancreas of mice treated with NT, CAR19, or iTRUCK19.18 without and with Dox. *p < 0.05, **p < 0.01 (two-tailed paired t

test for B and C, and one-tailed unpaired t test for G).
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Consequently, we sought to investigate whether controlling the
expression of IL-18 would also enable us to regulate the polarization
of human M2 pro-tumoral macrophages toward M1 antitumoral
macrophages (Figure S7A and following the gating strategy described
in Figure S7B). We therefore generated iTRUCK19.18 cells and
cTRUCK19.18 and enriched the monocytes from the same donor,
which were then differentiated into an M2 phenotype (Figure 6A).
Following co-culture of iTRUCK19.18 or cTRUCK19.18 with M2
macrophages (CD206+CD11c�) with M2 macrophages and MIA-
PACA-CD19+, we observed the polarization of the macrophages
toward M1 (CD206�CD11c+) antitumoral phenotype only in the
10 Molecular Therapy: Nucleic Acids Vol. 35 December 2024
presence of Dox (Figure 6B). Interestingly, the incubation of M2mac-
rophages with cTRUCK19.18 expressing IL-18 constitutively had a
similar effect (although higher) as compared with iTRUCK19.18 in
the presence of Dox (Figure S7C).

Furthermore, we evaluated how the release of IL-18 affected the state
of iTRUCK19.18 cells when co-cultured with macrophages. Interest-
ingly, we observed again that iTRUCK19.18 cells exposed to Dox dis-
played a less differentiated phenotype, with a higher proportion of
Tnaive/SCM and TCM cells, in contrast to cells without Dox (Figure 6C).
No significant differences were found in the expression of PD1 and



Figure 6. Dox addition to iTRUCK19.18 cells induces

polarization of primary human M2 macrophages

toward an M1 phenotype

(A) Experimental diagram of the generation of

iTRUCK19.18 and M2-polarized macrophages from the

same donor. When indicated, Dox (50 ng/mL) was added

at the beginning of the co-culture. (B) Left: representative

histograms corresponding to CD206 expression of mac-

rophages co-cultured with the different groups of T cells.

Center and right: percentage of CD206+ M2 (center) and

M1 (right) macrophages when co-cultured with NT cells,

iTRUCK19.18 cells without and with Dox, and with MIA-

PaCa2 CD19+ cells at ratio 1:1 MIA-PaCa2 vs. CAR-T

(M2: n = 5; M1: n = 3). (C) Representative dot plots and

quantification of the proportion of Tnaive/SCM and TCM
cells of iTRUCK19.18 cells in the presence of

macrophages with and without Dox after 5 days of the

co-culture (n = 3). Analysis performed on total CD3+

T cells. (D) Percentage of PD1 and TIM3+ cells inside

the CD3+ population of iTRUCK19.18 cells after the co-

culture in the presence (dark blue) or absence (light blue)

of Dox (n = 3). Representative histograms and fold

change of (E) IFN-g and (F) TNF-a expression

(compared with those without Dox) of iTRUCK19.18

cells in co-culture with macrophages with and without

Dox (n = 3). *p < 0.05, ***p < 0.001 (two-tailed paired t

test for B; one-tailed paired t test for C, D, E, and F).
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TIM3 (Figure 6D). Of note, we validated that the induction of IL-18
in this microenvironment led to a Dox-dependent increase in the
production of IFN-g (Figure 6E) and TNF-a (Figure 6F) by
iTRUCK19.18 cells.

All together these data indicate that iTRUCK19.18 cells canbe externally
controlled not only to enhance their potency but also to act on other im-
mune cells, such as macrophages, to potentially re-shape the TME.

DISCUSSION
Clinical experience has highlighted that CAR-T therapy still has sig-
nificant room for improvement when applied to patients with aggres-
Molecular The
sive/resistant neoplasms. Conventional CAR-T
cells have not demonstrated sufficient efficacy
in many cancers, leading to frequent relapses
in liquid neoplasms and an almost complete
lack of therapeutic effect in solid tumors.

One of the most promising approaches to
enhance the effectiveness of CAR-T therapy in
recurrent neoplasms is the development of
fourth generation CAR-T cells (TRUCKs). In
clinical trials, these TRUCKs have shown prom-
ising results by overexpressing cytokines such as
IL-12 (NCT02498912), IL-15 (NCT03579888),
and IL-18 (NCT04684563), which exert a strong
immune-modulating action and allow for the
restructuring of the TME. TME plays a pivotal
role in causing premature dysfunction of CAR-T cells. Consequently,
strategies aimed at mitigating its immunosuppressive actions are
emerging as interesting alternatives to improve treatment outcomes.

Despite the promising therapeutic effect of TRUCKs that overexpress
cytokines in hard-to-treat tumors, their continuous immunomodula-
tory action can also lead to serious toxicities. Sustained administra-
tion of IL-12 and IL-15 has been linked to severe toxicity events,41,42

while the constitutive expression of IL-18 has been associated not
only with specific toxicity events31,43 but also with the onset of auto-
immune disorders32 and IFN-g-independent toxicities.34 Although
very elegant mechanisms have been proposed to increase the potency
rapy: Nucleic Acids Vol. 35 December 2024 11
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of CAR-T cells by generating autocrine loops through the expression
of membrane-anchored IL-1844 or by expressing a GM-CSF/IL-18
chimeric receptor,45 IL-18 secretion also allows for a paracrine effect
in the modification of immune populations, allowing the modifica-
tion over the TME and tumor sensitization by: (1) increasing NK
cell-mediated immunity,46 (2) reducing immunosuppressive macro-
phages, Treg cells, and immunosuppressive dendritic cells,26 and
(3) increasing bystander activation of T cells29 (something that does
not occur with the two previous strategies); although, as mentioned,
the permanent secretion of the cytokine may result in systemic
toxicity.43 Contrasting with the potential safety concerns related
with IL-18 secretion, no serious side effects have been observed in
the NCT04684563 clinical trial (using TRUCKs expressing IL-18
constitutively).30 These are very promising results, but they should
be approached with caution. Monitoring IL-18 secretion toxicities
over longer periods and in larger populations are critical. In addition,
it is important to recognize that these toxicities may vary based on
factors such as CAR-T cell design, cancer type, and patient status.
Therefore, it is essential to control the expression of these cytokines
in CAR-T cells to achieve an appropriate balance between efficacy
and safety.

The primary mechanism for controlling these cytokines is the use of
activation-inducible promoters, particularly the NFAT promoter,
which has been applied to regulate IL-12 or IL-18 (NCT03542799)26

among others. While yielding promising results, there have been re-
ported cases where theNFATpromoter has failed to effectively regulate
IL-12 expression, resulting in in vivo toxicity.10,11 This is because this
promoter is activated in response to T cell activation, which may not
be exclusively dependent on the antigenic recognition by the CAR.

As an alternative, approaches using Tet-On systems, which enable
inducible gene expression through Dox, have shown promising results,
although their use has been relatively underexplored. Traditional Tet-
On systems present certain significant limitations. First, the most
commonly used Dox induction systems (Tet-On-3G system by Takara
Bio, or the system proposed by Alsaieedi and colleagues) require very
high concentrations of Dox (in this latter case, 2 mg/mL) for in vivo in-
duction.11 This could potentially contribute to the development of
long-term bacterial resistance due to prolonged or intermittent expo-
sure.15,47 In addition, most of these systems require transactivator pro-
teins. These bacterial/viral chimeras are necessary to trigger transgene
transcription. This point is crucial because important safety consider-
ationsmust bemade since these elements appear to hijack transcription
factors in a non-expectedmanner.When combinedwith their ability to
bind to pseudo-tetO sites throughout the genome, they can cause unde-
sired and nonspecific transactivation of genes.16–18,48 In addition,
Schmitt et al. have described alterations due to transactivators in acti-
vated, memory, and regulatory splenic T cells subsets in transgenic
mice carrying a Tet-On transactivator after only 6 days in the presence
ofDox.49 Altogether, the use of transactivators seems to strongly hinder
safe clinical applications. To prevent these potential toxicities for safer
ATPMs, we used the LOP system to generate aCD19 CAR-T cells able
to induce IL-18 expression under Dox. This system, which not only
12 Molecular Therapy: Nucleic Acids Vol. 35 December 2024
relies on transactivator proteins, allows for a closer approach to
clinical application. Moreover, the system allows in vivo induction un-
der ultra-low doses of Dox at nanogram level.23 To our knowledge,
we present the first CAR-T cells able to exogenously induce IL-18
expression, and the first Dox-inducible/transactivator-free TRUCK
(iTRUCK19.18). As a downside, contrary to rtTA systems, LOP re-
quires 6–9 days to achieve complete regulation due to the mechanism
of action that requires the TetR to accumulate at enough concentra-
tions to block the CMVTetO promoter. Although for some approaches
this delay can be a problem, IL-18 secretion during CAR-T cell activity
is not a problem since the product characteristics are not affected by IL-
18 presence, even showing an improved phenotype (Figure 1F).

iTRUCK19.18 cell generation through co-transduction with CAR19
and LOP18 LVs leads to heterogeneous cell populations. Although
obtaining more homogeneous populations would be ideal,50 in the
case of IL-18, its importance is diminished since CAR+IL-18� cells
exhibit antitumor activity per se, while CAR-IL-18+ cells provide sup-
port to all T cells, whether they carry the CAR or not, as all T cells ex-
press IL-18 receptors. This bystander effect enhances their antitumor
activity, as previously demonstrated by Hu and colleagues.28 More-
over, using two independent vectors provides versatility to the system,
enabling its application in combination with any synthetic CAR, pa-
tient-derived TCR, or even on TILs without the need to modify the
lentiviral backbone. It is important to note that, despite the absence
of clear evidence for a superior method of expressing multiple trans-
genes on T cells, co-transduction has been demonstrated as safe,51

and has produced solid results, even better than using bicistronic
vectors in some cases,52,53 recently reaching the clinical stage
(NCT02443831).54 As a basis for this clinical trial, Kokalaki et al.
demonstrated that co-transduction to express multiple transgenes
in T cells reduced the risk of loss of stability in the expression of
each transgene, and they showed that the heterogeneity between inde-
pendent batches was minimal.55 In the same direction, we observed
that the production of iTRUCK19.18 cells through co-transduction
does not significantly affect parameters related to activation and
phenotype compared with the production of conventional CAR-T
cells. However, GMP production of TRUCKs mediated by co-trans-
duction presents some limitations, primarily based on the cost asso-
ciated with producing two batches of LVs under GMP conditions.
This limitation can be mitigated by using DNA transposon-based de-
livery systems (based on predominant technologies such as Sleeping
Beauty or PiggyBac). Even with this in mind, it is necessary to empha-
size that generating TRUCKs products through co-transduction is
compatible with major semi- and fully automated GMP production
systems, such as GRex, Xuri, or CliniMACS Prodigy, without signif-
icantly altering the manufacturing protocol. In short, co-transduction
can overcome some technical difficulties of using bicistronic vectors
that have led to poor clinical data, and allows lower costs compared
with two full-cell product manufacturers for pooled co-infusion.

It is interesting to note that the secretion of IL-18 by iTRUCK19.18
cells is detected when both cells are activated and Dox is added,
following the natural process of IL-18 processing and secretion
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observed in other cell types.39 Interestingly, in the absence of activa-
tion but in the presence of Dox, intracellular pro-IL-18 was detected,
and functional effects on T cells were observed. These results suggest
that, even without activation, iTRUCK19.18 cells can express low
levels of IL-18 upon Dox addition, inducing certain functional effects.
Importantly, these findings strongly indicate that the IL-18 produced
by iTRUCK19.18 cells is bioactive, and that the combination of the
double safety mechanism activation/Dox allows for the generation
of a safer system compared with the standardized use of NFAT-based
promoters. Our data also revealed that the intracellular levels of GzB
and TNF-a increase more in unstimulated iTRUCKs19-18 cells than
in stimulated cells after the addition of Dox. This unexpected result
may be linked to the presence of membrane-bound IL-18 in unstimu-
lated cells as observed in macrophages under specific conditions.56

This could explain the induction of proinflammatory cytokines after
the addition of Dox in unstimulated iTRUCKs19-18 cells despite the
absence of secreted IL-18. These data open the door to potential
membrane-bound IL-18 in transgenic T cells expressing IL-18 that
must be analyzed in detail.

To target different aggressive tumor contexts, we employed
iTRUCK19.18 cells in both liquid and CD19-engineered solid tumor
models, as well as in patient tumor samples. Analysis in a lymphoma
model (Namalwa) demonstrated that iTRUCK19.18 cells exhibit su-
perior antitumoral activity compared with conventional CAR-T cells
(in line with the observations of Hu et al. and Avanzi et al. targeting
CD19+ neoplasms),28,29 and this activity can be controlled using Dox.
However, we must consider that IL-18 will also increase TCR-medi-
ated antitumoral effects, and this is a limitation of the study, since we
are measuring total antitumoral activity upon the addition of Dox in a
mixed population.

After confirming the effectiveness of our system in an aggressive he-
matological neoplasm model, we assessed its activity in a solid tumor
model to verify that the effectiveness is not dependent on the tumor
type. Once again, we observed a significant increase in antitumoral
potency using a CD19+ pancreatic tumor model (in line with studies
reporting increased antitumoral activity of IL-18-releasing CAR-T
cells against solid tumors).26,57 Consistent with the lymphoma model,
we found a less differentiated phenotype, leading to heightened anti-
tumoral efficacy. Apart from the augmented activation, we hypothe-
sized that this improved phenotype and retained cellular exhaustion
contribute to enhanced T cell fitness, ultimately resulting in superior
antitumoral potency, aligning with recent findings reported by Jas-
pers et al.57 Additional studies are warranted to elucidate the inherent
mechanistic factors linked to the exogenous expression of IL-18 on
T cells. This phenomenon likely correlates with a decrease in markers
indicative of terminal differentiation such as Tox (Figure 4F).

The generation of iTRUCK19.18 cells from patient T cells confirmed
the feasibility of co-transduction to achieve sufficient expression
levels of both transgenes without any significant alteration on T cell
fitness and provides a clinically closer approach of the IL-18-derived
increased antitumor potency of iTRUCK19.18.
The demonstration that iTRUCK19.18 can also be used to eliminate
pancreatic tumor cells expressing CD19 both in vitro and in vivo
opens the doors to use LOP18 to improve potency not only of other
CAR-T cells directed to different tumor antigens (HER2, CEA,
BCMA, etc.), but also other immunotherapies such as TILs.

Our findings clearly showed the positive effects of Dox-induced IL-
18 on T cells, resulting in an increased antitumoral activity of
iTRUCK19.18 cells. However, IL-18 has a plethora of biological ac-
tions on different cells that are crucial over the TME. We therefore
used an in vitro model for the same donor to demonstrate that pro-
tumoral human M2 tumor-associated macrophages can be polarized
to an antitumoral M1 phenotype by iTRUCK19.18 cells in a Dox-
dependent manner. This is consistent with what was observed by
Chmielewski and colleagues in a murine model.26 Overall, this sug-
gests that IL-18 may potentially reshape the TME, enhancing the im-
mune-activating and cytotoxic function of CAR-T cells.

Our results indicate that controlling the release of IL-18 by CAR-T
cells also allows for controlling their antitumor potency in different
tumor contexts. Cytokine control through an ultra-low dose Dox-
inducible system free of transactivators (LOP) allows for the genera-
tion of a safe and more effective TRUCKs product, representing an
alternative to conventional CAR-T cells for treating patients with
aggressive type B neoplasms that require increased potency without
compromising safety.

MATERIALS AND METHODS
Cell lines

HEK293T (human embryonic kidney-derived cells, ATCC CRL-
11268) and MIA-PaCa2 (human pancreatic adenocarcinoma cells,
ATCC CRL-1420) cell lines were cultured with DMEM (Dulbecco’s
modified Eagle’s medium) (Biowest) supplemented with 10% fetal
bovine serum (FBS) (Gibco) and 1% penicillin/streptomycin (P/S)
(Gibco). Jurkat (acute T cell leukemia, ATCC TIB-152) and Namalwa
(Burkitt’s lymphoma cells, ATCC CRL-1432) cell lines were grown in
RPMI-1640 (Roswell Park Memorial Institute) (Biowest) supple-
mented with 10% FBS and 1% P/S. Cell lines were routinely tested
for mycoplasma.

Isolation and culture of primary T cells

Peripheral blood samples from healthy donors and patients were pro-
vided by the Hematology and Hemotherapy Unit of the Reina Sofía
University Hospital (Córdoba, Spain) and Virgen de las Nieves Uni-
versity Hospital (Granada, Spain) under informed consent, following
the guidelines of the ethics committee and in accordance with Spanish
regulations (RD-L 9/2014). T cells from healthy donors were obtained
from PBMCs. Blood was diluted 1/2–1/4 in PBS (Biowest) and
PBMCs were isolated using Ficoll gradient centrifugation (Cytiva)
at 400� g for 20min without brake or acceleration. Themononuclear
lymphocyte layer was collected and washed with PBS. Cells were
cultured at 2 � 106 cells/mL in TexMACS medium (Miltenyi Biotec)
supplemented with 10 ng/mL of IL-7 and IL-15 (Miltenyi Biotec) and
1% P/S (Biowest) in at 37�C and 5% CO2.
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Patient PBMCs were obtained from 5 to 8 mL of blood from patients
diagnosed with MZL or CLL before treatment. PBMCs were isolated
as described before and cultured at 2 � 106 cells/mL with TexMACS
medium supplemented with 1% P/S, 5% human AB serum (Biowest),
and 40 IU/mL of IL-2 (Miltenyi Biotec). Twenty-four hours later,
TransAct (1:100) was added for 6 days prior to transduction. Expan-
sion after transduction was performed with TexMACS supplemented
with 10 ng/mL of IL-7 and IL-15, 1% P/S, and 5% human AB serum.
Patient B cells were maintained in TexMACS supplemented with 5%
human AB serum for cytotoxicity assays.

LVs

EF1a-A3B1-19BBz (CAR19, ARI-0001) plasmid was kindly provided
by Dr. Manel Juan and Dr. Maria Castella from Hospital Clínic (Bar-
celona, Spain). CIL18ETIS2 (LOP18) plasmid was generated by
designing and incorporating hIL-18 sequence (RefSeq Transcript
ID GenBank: NM_001386420.1, synthesized by ATG:biosynthetics)
flanked by AscI/SbfI sites into the CELETIS223 plasmid, replacing
the eGFP-2A-Nluc region. EF1a-IL18 LV was generated by cloning
the hIL-18 under the EF1a promoter with tEcoRI and SbfI sites in
a pUC19 from ATG:biosynthetics.

LVs production and titration

HEK293T cells were co-transfected with the transfer plasmid,
plasmid pCMVDR8.91, and plasmid pMD.G as described previ-
ously22 using polyethylenimine (Alfa Aesar). Viral supernatants
were collected 48 and 72 h post transfection and concentrated
100� by ultracentrifugation (90,000� g, 4�C, 2 h) and functional titer
was determined in Jurkat cells as described.58

Generation of iTRUCK19.18

Primary T cells were activated with T cell TransAct (Miltenyi Biotec)
and 48 h later co-transduced by a mixture of CAR19 LVs and LOP18
LVs as described previously.38 In brief, LVs were mixed and cells were
added for spinoculation (800 � g, 32�C, 1 h). Five hours later, cells
were washed and plated at a density of 1 � 106 with TexMACS me-
dium (Miltenyi Biotech) supplemented with 10 ng/mL of IL-7 and IL-
15 (Miltenyi Biotech). CAR and pro-IL-18 expression levels in
iTRUCK19.18 were characterized by FACS, and functional studies
were performed with a bulk population expressing similar levels of
both transgenes.

Flow cytometry

CAR expression was analyzed using a primary goat IgG1 antibody
that binds to the murine Fab conjugated with biotin (1:100,
Jackson Immunoresearch, 115-065-072) and Streptavidin-APC
(1:330, eBioscience, 17-4317-82). In brief, an anti-Fab antibody was
added for 40 min. After washing, Streptavidin-APC was added for
30 min. After 15 min in the presence of Streptavidin, extracellular
antibodies were added.

For the immunophenotyping of primary T cells, the following mono-
clonal antibodies were used: CD45RA-FITC (HI-100, 1:200), CD62L-
PE-Cy7 (DREG56, 1:200), CD3-PerCP-Cy5.5 (OKT3, 1:200), CD4-
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eFluor450 (RPA-T4, 1:100), PD1-APC (MIH4, 1:50), LAG-3-PE
(3DS223H, 1:100), and TIM-3-eFluor780 (F38-2E2, 1:50), all from
eBioscience (Thermo Fisher Scientific). All these analyses were per-
formed gating on CD3+. For measuring AICDmarkers, the following
monoclonal antibodies were used: anti-human CD253 (TRAIL)-PE
(1:100, BD Biosciences, RIK-2), anti-Hu CD95 (APO-1/Fas)-APC
(1:200, eBiosciences, DX2), Annexin V/7ADD (eBiosciences), and
Fas Ligand Ms Anti-Hu mAb-FITC (1:200, Life Technologies,
SB93a). For the characterization of primary macrophages, CD206-
FITC (19.2, 1:100), CD11c-PE (3.9, 1:50), and CD14-PerCP-Cy5.5
(61D3, 1:200) from eBiosciences (Thermo Fisher Scientific) were
used after blocking FcR receptors with FcR Blocking during 15 min
on ice (1:100, Miltenyi Biotec).

Intracellular staining was performed using the Fix & Perm kit (Nordic
MUbio), following the manufacturer’s recommendations. Anti-hIL-
18 Propeptide-PE (1:20, R&D Systems, 74801), pCD3z-PE (1:100,
eBioscience, Tyr142, 3ZBR4S), anti-Hu IFNgamma-FITC (1:100,
eBioscience, 4S.B3), anti-Hu Granzyme B-eFluor 450 (1:100, eBio-
science, N4TL33), anti-Hu IL-2-PE-Cyanine7 (1:100, eBioscience,
MQ1-17H12), anti-Hu TNFalpha-APC (1:100, eBioscience,
Mab11), anti-Hu Perforin-FITC (1:100, eBiosciences, d69), and
anti-Tox-PE (REA473, 1:100) were used for different assays.

Mice samples were obtained by mechanical disruption (bonemarrow,
spleen, and liver) or after a Percoll (GE Healthcare) gradient (brain).
Fcg receptors were blocked using murine aCD16/CD32 (Thermo
Fisher Scientific), human FcR Blocking (Miltenyi Biotec), and 5%
mouse serum (Sigma-Aldrich). All stainings were performed in dark-
ness, on ice, and washes were performed with FACS buffer (PBS + 3%
BSA + 2 mM EDTA) at 400� g for 5 min, unless otherwise indicated.
Cytometers used for acquisition were FACSCanto II and FACSVerse
(BD Biosciences), performing exclusion by singlets, as well as live/
dead cells using 40,6-diamidino-2-phenylindole (Thermo Fisher Sci-
entific). In the case of intracellular stainings, cell viability was deter-
mined using Ghost Dye Violet 510 (Tonbo Biosciences). Absolute
cell quantification was performed using CountBright Absolute
Counting Beads (Thermo Fisher Scientific). Data analysis was per-
formed using FlowJo v.10 software (TreeStar).

IL-18 secretion assay

For the study of secreted hIL-18, we used HEKBlue IL-18 cells
(Invitrogen) that allow the detection of bioactive hIL-18 (10 pg/mL to
1 ng/mL). In brief, 3 � 105 T cells were plated per condition in
150mLofTexMACSmedium(MiltenyiBiotec)without cytokines. Cells
were activated with TransAct (1:150, Miltenyi Biotec) or PBS (negative
activation control) for 24 h. Supernatantswere collected and frozen and
then analyzed following the manufacturer’s instructions.

Polarization assay

PBMCs from healthy donors were thawed in a 96-well plate at a den-
sity of 2 � 106 cells/mL. After 24 h, suspended cells (mostly T cells)
were separated and cultured with TexMACS (Miltenyi Biotec) sup-
plemented with IL-7 and IL-15 (Miltenyi Biotec), while the adherent
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cells (monocytes/macrophages) were cultured with RPMI-1640 sup-
plemented with 10% FBS (Biowest). Macrophages were supplemented
with either (1) 50 ng/mL GM-CSF (PeproTech) (for polarization to
an M1 phenotype) or (2) 50 ng/mL M-CSF (PeproTech) (for polari-
zation to an M2 phenotype). Ninety-six hours later, macrophages
were supplemented with either (1) 10 ng/mL of E. coli lipopolysaccha-
ride (Sigma-Aldrich) for final polarization to M1 or (2) 20 ng/mL of
IL-4 (PeproTech) for final polarization to M2. Flow cytometry anal-
ysis was performed after 6 days to confirm macrophage polarization.

Cytotoxicity assays

Namalwa cells

Cytotoxicity was performed as described previously.59 In brief,
7.5 � 104 Namalwa GFP-Nluc cells were co-cultured with T cells in
duplicate in 96-well plates (Thermo Fisher Scientific), maintaining
an effector-to-target (E:T) ratio of 1:10 (calculated based on CAR+
cells), in TexMACS medium without supplementation. Tumor re-
stimulations were performed by adding the same number of tumor
cells as initially present.

Primary tumors

Primary CD19+ tumor cells (5 � 104) isolated from peripheral blood
of untreated patients withMZL and CLL were co-cultured with T cells
from healthy donors or from the same patient, transduced with CAR
and LOP18, at three different E:T ratios: 1:1, 1:2, and 1:5 (calculated
based on the percentage of CAR+ cells), in duplicate in 96-well plates.
Cytotoxicity reading was performed 13 h after co-culturing using flow
cytometry. Subsequent re-challenges were performed with 5 � 104

primary CD19+ tumor cells every 24 h up to four re-challenges.

MIA-PaCa2 CD19+ cells

MIA-PaCa2 target cells (7.5 � 103) expressing 100% GFP-Nluc and
70% CD19 were seeded in duplicate in 96-well plates (Thermo Fisher
Scientific) the day before adding T cells. Cells were cultured in com-
plete DMEM (Biowest) (+10% FBS, +1% P/S) (Biowest). Next day,
target cells were incubated with T cells at an E:T ratio of 1:2 (calcu-
lated based on CAR+ cells) in non-supplemented TexMACS medium
for 48 h. Tumor re-stimulations were performed by adding the same
number of tumor cells as initially present.

Specific lysis was calculated using the following formula: specific
lysis = 1 � (%CD19+ cells in CAR condition/%CD19+ in NT
condition) � 100; formula adapted from Larson et al.60

Cytokine quantification

Cytokine quantification was performed using the MACSPlex Cyto-
kine 12 Kit (Miltenyi Biotec) following the manufacturer’s instruc-
tions. Log2 (score) was calculated as follows: Log2(secreted cytokine
in iTRUCK condition/secreted cytokine in CAR condition), using the
mean between donors.

Animal models

All mice were handled according to EU European (2010/63/UE) and
local animal wellness regulations (RD1386/2018, RD53/2013), previ-
ous revision and approval by the local Ethics Committee. Burkitt’s
lymphoma murine model was generated as described previously.61

In brief, 0.3� 106 Namalwa GFP-Nluc cells were intravenously inoc-
ulated into 10- to 12-week-old NSG mice. Three or 6 days later,
CAR-T cells were intravenously injected. In some cases, tumor re-in-
oculations were performed.

To generate the orthotopic pancreatic tumor model, 8- to 10-week-
old NSG mice were injected with MIA-PaCa2 GFP-Nluc cells (70%
CD19+) embedded in Matrigel (Corning) into the tail of the pancreas
at day�7. On day 0, 2� 106 CAR-T cells were intravenously injected
and tumoral progression was monitored up to 37 days. Mice were
euthanized by cervical dislocation when they exhibited a high biolu-
minescence signal, a weight loss of >20% of their initial weight for Na-
malwa model, showed an increase of >20% of their weight in less than
5 days for MIA-PaCa2 model, or showed clear signs of pain or xen-
oGVHD. Dox (1,000 or 500 ng/mL) was provided dissolved in sterile
water and changed twice a week. In addition, Dox was provided in
strawberry jelly prepared with sterile water.

Bioluminescence analysis

Bioluminescence analysis was performed as described.23 In brief, fur-
imazine (NanoGlo, Promega) was administered via intraperitoneal
(1/150 in PBS) just before acquiring the image using the IVIS Spec-
trum analyzer (Caliper, PerkinElmer). Images were analyzed using
Living Image 3.2 (PerkinElmer) or AURA Imaging 4.0.7 (Spectral In-
struments Imaging).

Data analysis

Statistical analyses were performed using GraphPad Prism 9 (Dot-
matics). Data are expressed as mean ± SEM. Each n represents an in-
dependent donor; each N represents a mouse. Statistical test is indi-
cated in the corresponding figure caption.
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available under a material transfer agreement with LentiStem Biotech.
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