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Controlling transgene expression through an externally
administered inductor is envisioned as a potent strategy
to improve safety and efficacy of gene therapy approaches.
Generally, inducible ON systems require a chimeric tran-
scription factor (transactivator) that becomes activated by
an inductor, which is not optimal for clinical translation
due to their toxicity. We generated previously the first
all-in-one, transactivator-free, doxycycline (Dox)-responsive
(Lent-On-Plus or LOP) lentiviral vectors (LVs) able to con-
trol transgene expression in human stem cells. Here, we
have generated new versions of the LOP LVs and have
analyzed their applicability for the generation of inducible
advanced therapy medicinal products (ATMPs) with special
focus on primary human T cells. We have shown that, con-
trary to all other cell types analyzed, an Is2 insulator must
be inserted into the 30 long terminal repeat of the LOP
LVs in order to control transgene expression in human
primary T cells. Importantly, inducible primary T cells
generated by the LOPIs2 LVs are responsive to ultralow
doses of Dox and have no changes in phenotype or func-
tion compared with untransduced T cells. We validated
the LOPIs2 system by generating inducible CAR-T cells
that selectively kill CD19+ cells in the presence of Dox.
In summary, we describe here the first transactivator-
free, all-one-one system capable of generating Dox-induc-
ible ATMPs.
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INTRODUCTION

Gene therapy has demonstrated to be a real alternative for the treat-
ment of several diseases without adequate treatment.1 However, the
therapeutic benefits of several gene therapy strategies are not optimal
due to inadequate delivery or to deficient control of the transgenes.
Among gene therapy medicinal products, chimeric antigen receptor
(CAR)-T cells have become one of the most promising approaches
for the treatment of hematological cancers with the approval of six
CAR-T medicaments. However, current CAR-T cells quite often pre-
sent severe side effects (sometimes with fatal outcomes), and they are
not efficient for the treatment of solid tumors. Both limitations could
be partially solved by generating smart CAR-T cells that could be
controlled externally to decide where and when to be active or to
secrete potent biomolecules.2–4

Different delivery systems (vectors) have been combined with
different ways to control transgene expression in order to achieve
uthor(s).
://creativecommons.org/licenses/by-nc-nd/4.0/).
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an appropriate transgene release at the right time and at the right tis-
sues. Most strategies aim to achieve self-regulation through systems
that respond to the cell type (tissue specific) or to endogenous envi-
ronments, such as stress, inflammation, hypoxia, etc.5 However, those
strategies do not allow clinicians to control the intensity and dura-
bility of the therapy based on patient’s responses. As an alternative
to self-regulated ones, externally controlled systems aim to regulate
the expression of the transgene upon administration of an inductor.
These systems are designed to induce or block transcription of the
gene of interest (GOI) (ON and OFF systems respectively). ON sys-
tems are generally the strategies of choice for clinical applications
due to their wider intervention opportunities. Most ON systems are
based on a chimeric protein (transactivator) able to activate transcrip-
tion in the presence of a drug.6 This strategy has been applied to gene
therapy strategies based on drugs derived from tetracyclines,4,7–9

ecdysone,10,11 mifepristone,12–17 and rapamycin.18,19

Among the existing ON systems, the Tet-On (based on tetracycline-
resistance system from bacteria) is the most widely investigated and
exploited. In these systems, the transactivator is a chimeric protein
composed of the bacterial Tet repressor (TetR) and the activating
domain of the viral protein 16 (VP-16) from herpes simplex virus 1
(HSV1). Multiple versions of the initial configuration20 have rendered
Tet-On platforms with high inducibility and sensitivity to doxycy-
cline (Dox) (10 ng/ml).21–23 However, in the on state, the transactiva-
tor can bind to pseudo-TetO sites (sequences similar to the TetO that
are present along the genome), activating the transcription of nearby
genes.24–26 Additionally, the transactivators can be toxic for certain
cell types, hindering their application in some primary cells.25–27 Of
note, Smith et al.28 observed a depletion of antigen-experienced
T cells in rtTA-transgenic mice, evidencing the potential difficulties
of using these systems to generate clinical-grade inducible CAR-T
cells.

In order to avoid the use of transactivators, several Tet-On system
based on the original TetR repressor have been developed to regulate
siRNA as well as cDNA.29–35 Compared with rtTA, the potential un-
desired effects of TetR binding to pseudo-tetO sites is reduced due to
the mechanism of action. Indeed, since promoter repression by TetR
binding requires a very precise location (+10 bp after the TATA box)
to block transcription,29 it is very unlikely that binding of TetR to
pseudo-TetO sites would have a strong effect on gene transcription.
On the contrary, binding of rtTA to pseudo-TetO sites will affect pro-
moters at kilobases of distance, promoting their activity. However,
these systems still require cloning and/or high TetR concentrations
inside the cells in order to achieve tight regulation. In addition,
they generally exhibit relatively high leaking and often fail to work
properly in relevant primary human cells, thus limiting their applica-
bility as tools to control transgene release in gene therapy.

In 2016, our group developed two TetR-based, all-in-one LVs without
(CEET, Lent-On-Plus or LOP) and with (LOPIs2) an Is2 insulator36

and showed that both systems tightly regulate transgene expression in
human stem cells over time.37 In this work, we analyzed their appli-
cability for the generation of inducible ATMPs, with special focus on
primary human T cells. We have shown that, contrary to all other cell
types analyzed, only the LOPIs2 LVs can control transgene expression
in human primary T cells. Importantly, these cells are responsive to
ultralow doses of Dox and have no changes in phenotype or function.
We finally validated the LOPIs2 platform by generating first-in-class,
transactivator-free inducible CAR-T cells.

RESULTS
Behavior of different LVs for the generation of inducible T cells

T cells are the key players in immunotherapy, and several new strate-
gies are oriented to control the expression of different molecules. We
therefore tested the behavior of different transactivator-free Tet-On
LVs previously developed by our group35,37(Figure 1A) to regulate
eGFP in T cells. Jurkat (an immortalized human T cell line) and pri-
mary human T cells were transduced with the different Tet-On all-in-
one LVs, cultured in the presence or absence of Dox for up to 28 or
36 days and analyzed for their titer (Figure S1A) and inducibility (Fig-
ure S1B), as shown in Figure 1B. Our data showed that only the two
LOP systems (LOP-eGFP and LOPIs2-eGFP LVs), expressing the
TetR repressor through the EF1a promoter, efficiently regulated
eGFP expression in Jurkat cells (Figures 1C and 1D and Table 1).
In addition, almost a complete reversion was observed at 96 h after
Dox removal (Figure 1E).

Interestingly, in human primary T cells, only the LOPIs2-eGFP LV
(harboring the Is2 insulator) showed a tight control of transgene
expression with very low eGFP expression in the absence of Dox (Fig-
ure 1F, top-right plot, and Figure 1I) and good inducibility in its pres-
ence (Figure 1F, bottom-right plot, and Figures 1G, 1H, and 1J) that
are maintained over time (Figure 1G). In addition, the LOPIs2-eGFP
was able to respond to very low concentrations of Dox (0.1 ng/ml), an
important factor in terms of safety (Figure 1H). Importantly, this sys-
tem controlled eGFP expression in all the different T cell subsets
analyzed (Figures 1I and 1J): T naive/stem cells memory (TSCM:
CD45RA+CD62L+), T cell memory (TCM: CD45RA-CD62L+), T
effector memory (TEM: CD45RA�CD62L�) and T effector (TEFF:
CD45RA+CD62L�). All these data pointed to the LOPIs2-eGFP as
the LV of choice to generate CAR-T cells and other gene therapy-
ATMPs in which a tight control of the transgene is required. Howev-
er, there is still room for improvement in term of titers (Figure S1A).

The Is2 insulator inserted into the 30 LTR is necessary for a fine-

tuned, controlled expression in primary T cells

In LOPIs2-eGFP, a 1.2-kb element (Is2) is inserted into the 30 long
terminal repeat (LTR), probably affecting reverse transcription.38,39

We therefore generated a panel of LOP constructs harboring different
insulator elements inserted at the 30 of the LVs but outside of the LTR
(Figure 2A) and proceed to their analysis as described in Figure S1C.
All these elements have been previously described to act as bound-
aries to enhance transgene expression (Is2, pSAR2, pSAR1, INFbSAR,
INFbIgKSAR)36 and/or insulate (Is2,36 HS4_650,40 HS4_Ext41)
expression cassettes from the effect of surrounding promoters/en-
hancers. We first investigated the new LOP-eGFP-based LVs in
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http://www.moleculartherapy.org


Figure 1. Comparative study of Dox-inducible LVs on Jurkat cell line and primary T cells

(A) Diagram of the different LVs CEST, CESTIs2, LOP-eGFP (LOP) and LOPIs2-eGFP (LOPIs2). Tet repressor (TetR) expression is controlled under the spleen focus forming

virus (SFFV) promoter in CEST and CESTIs2 LVs and under elongation factor 1 alpha (EF1a) promoter in LOP and LOPIs2. Insulator Is2 is included in 30DU3. CMV-TetO is the

cytomegalovirus promoter with the TetO sequences. Lent-On-Plus vectors include LOP-eGFP (LOP) and LOPIs2-eGFP (LOPIs2) LVs. (B) Experimental timeline of trans-

duction of Jurkat cells (top) and primary T cells (bottom). (C) Representative histograms of sorted Jurkat cells transduced with CEST ( 1.75± 0.78 vcn), CESTIs2 (0.92 ± 0.03

vcn), LOP-eGFP (LOP) (4.14 ± 1.47 vcn), and LOPIs2-eGFP (LOPIs2) (1.5 ± 0.265 vcn) after 7 days in the presence of 100 ng/mL of Dox. Non-transduced (NT) cells were

used as control of negative expression. (D) Inducibility in transduced Jurkat cells up to 28 days. Kruskal-Wallis test, p = 0.01, Bonferroni post-test, two tails. CEST (n = 3),

(legend continued on next page)
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immortalized Jurkat T cells and found a clear improvement in viral
titer of all constructs (Figure 2B), a tighter control of expression,
and/or enhanced transgene expression in the presence of Dox of
LTR-out (CEET-Is2, -HS4-650, -Core-ext, and -IFNbSAR) LVs (Fig-
ure 2C, top histograms, green and blue lines respectively, and Fig-
ure 2E, left graph) compared with LTR-in, LOPIs2 LVs (Figure 2C,
top-left histogram). However, these improvements were not main-
tained in immortalized B cells, Nalm6 (Figure 2C, bottom histograms,
and Figure 2E, middle graph) and Namalwa (Figures S1C and 2E,
right graph), where the new LOP systems showed no differences.

We next evaluated the new LV systems on primary T cells. In contrast
with Jurkat cells, the original LOPIs2-eGFP configuration (with the
Is2 inside the 30 LTR) provided the best regulation and lower leaking
in the absence of Dox (Figure 2D, left plots, Figure 2F, and Table 2).
Altogether, these results manifest the need for the LOP-eGFP system
to be flanked by two Is2 insulators once integrated in the target cells in
order to achieve tight control of expression in the absence of the
inductor. The effect of the Is2 element on inducibility varies depend-
ing on the cell type, with a greater impact in primary T cells. Addi-
tionally, this effect is independent of the formula used to determine
the inducibility of the different LVs (Table S1). Finally, in order to in-
crease the percentage of LOPIs2-transduced T cells, we optimized the
transduction protocol by using different concentrations of Prostrans-
duzin (PTD) and spinoculation (see material and methods for
details). Using this protocol, up to 67% of Dox-responsive primary
human T cells can be obtained (Figure 2G), which is well in the range
of the efficiency required for clinical translation.

LOPIs2 LVs achieved tight regulation of different transgenes in

different cell types to generate inducible cell lines

Since the behavior of LVs differs substantially depending on the
transgene and on the target cell type, we further investigated the
behavior of LOP vectors with Is2 in the LTR (LOPIs2, LOPIs2-
eGFP), the only system that did not show leaking in primary
T cells. To do this, we first generated new versions of the LOP vectors,
called LOP-eN and LOPIs2-eN (Figure 3A) expressing eGFP and
Nluc. These LVs allow detection of the expressed transgenes by
flow cytometry and bioluminescence for in vitro and in vivo analysis.
Next, we evaluated the behavior of these new LVs in different cell
types. As observed previously for eGFP transgene, the presence of
the Is2 insulator (LOPIs2) improved inducibility (Figure 3B) and
reduced leaking (Figure S2B, top) in all the analyzed cell lines
(K562, Namalwa, Nalm6, MiaPaCa2, 293T cells), apart from Jurkat
cells, where no difference was observed (Figures 1D, 3B, S2A, and
CESTIs2 (n = 3), LOP-eGFP (LOP) (n = 4), and LOPIs2-eGFP (LOPIs2) (n = 4). (E) Revers

Dox removal. *p < 0.05 Mann-Whitney two-tailed at 96 h. (F) Representative dot-plot of

(10 ng/mL) at day 21. (G) Inducibility in transduced primary human T cells up to 36 days. *

CEST (n = 3), CESTIs2 (N = 3), LOP-eGFP (LOP) (n = 4), and LOPIs2-eGFP (n = 4). (H) D

presence of the inducer. (I) Representative histograms of LOP-eGFP (LOP) and LOPIs2-

memory (TN/TSCM), central memory (TCM), effector memory (TEM), and effectors (TE) ac

different T cells subsets at day 28 after Dox treatment. Kruskal-Wallis p = 0.0001 and Bo

Bonferroni post-test, two tails. CEST (n = 3), CESTIs2 (n = 3), LOP-eGFP (LOP) (n = 3)
S2B and Table 1). We also corroborated the high sensitivity of the
LOPIs2-eN to Dox (0.1–1 ng/mL) in different cell models (Fig-
ure S2C) and a complete reversion after 96 h of Dox removal
(Figure S2D).

We next investigated the LOPIs2 versatility by expressing different
GOIs for applications in gene therapy and/or basic research. We
generated two additional LOPIs2 LVs expressing the immature pri-
let-7a-3 microRNA (LOPIs2-Let7, Figure 3A) and a third generation
aCD19 CAR-2A-tEGFR (LOPIs2-aCD19CAR2AEGFR, hereinafter
LOPIs2-CAR) (Figure 3A).

The LOPIs2-Let7 LVs were used to generate cell lines controlling the
expression of HMGA2 using Dox (Figure 3C-top). HMGA2 is an
essential component of the enhanceosome, which is frequently asso-
ciated with different types of cancer. For its validation, SK-MES-1
cells (a lung carcinoma cell line) were transduced with LOPIs2-
Let7, and three clones were selected and characterized. We observed
strong inducibility of the pri-let-7a-3 microRNA (Figure 3C, left
graph) with just 10 ng/mL of Dox. As expected, Dox-dependent in-
crease of pri-let-7a-3 microRNA lead to a reduction in HMGA2
mRNA (Figure 3C, right graph).

In the case of LOPIs2-CAR LVs, our purpose was to investigate the
ability of the LOPIs2 to regulate a large transgene. As can be observed
in Figure 3D, despite the large size of the CAR-2A-tEGFR transgene, a
single transduction with LOPIs2-CAR LVs can efficiently generate
K562 and Jurkat cells that express the anti-CD19 CAR in their surface
only in the presence of Dox.

LOPIs2 LVs can generate functional, transactivator-free,

inducible aCD19 CAR-T cells

A main hurdle in gene therapy is to regulate transgene expression
(CARs, cytokines, or other GOIs) on cells that are relevant for gene
therapy strategies, without affecting their phenotype and function.
In order to demonstrate the potency of the LOP system to generate
inducible ATMPs, we created the LOP-CAR and LOPIs2-CAR LVs
expressing a third-generation aCD19 and tEGFR (Figure 4A, top).
Primary T cells transduced with the LOPIs2-CAR LVs generated
T cells expressing tEGFR only in the presence of Dox (iCARIs2
T cells). However, as observed for other transgenes, LOP-CAR LVs
cannot be regulated in primary human T cells (Figure 4B, middle
plots), showing that the Is2 element was indispensable to achieve tight
regulation of the CAR on T cells (Figures 4B and 4C). Importantly,
the addition of Dox did not alter the normal phenotype of iCARIs2
ion analysis of transduced Jurkat-LOP-eGFP (LOP) and LOPIs2-eGFP (LOPIs2) after

primary T cells transduced with the inducible LVs in the absence or presence of Dox

*p < 0.01, Kruskal-Wallis, p = 0.0012, Bonferroni multiple comparison test, two tails.

ox-dependent inducibility with Dox (red, n = 3) and Tet (black, n = 2) after 72 h in the

eGFP in the absence or presence of Dox in the different T cell subsets of naive/stem

cording to the expression of CD45RA and CD62L at day 28. (J) Inducibility in the

nferroni multiple comparison test, **p < 0.01 and ***p < 0.001, two-way ANOVA and

, and LOPIs2-eGFP (n = 3).
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Table 1. Summary of the behavior (inducibility, leaking, and expression levels) of LOP, LOPIs2, CEST, and CESTIs2 LVs on primary human T cells and Jurkat

cells

Cell type Vector Transgene Inducibility Leaking Expression levels

T cells

LOP GFP/CAR L H M

LOPIS2 GFP/CAR H L M

CEST GFP VL H H

CESTIS2 GFP VL H H

Jurkat

LOP GFP/GFP-Nluc H L M-H

LOPIS2 GFP/GFP-Nluc H L M

CEST GFP VL H H

CESTIS2 GFP VL H H

Namalwa
LOP GFP-Nluc H M M

LOPIS2 GFP-Nluc M L M

Nalm6
LOP GFP-Nluc H M M

LOPIS2 GFP-Nluc M L M

K562
LOP GFP-Nluc H M M

LOPIS2 GFP-Nluc M L M

293T
LOP GFP-Nluc H M H

LOPIS2 GFP-Nluc M L H

MiaPaCa2
LOP GFP-Nluc H M M

LOPIS2 GFP-Nluc M L M

Behavior of LOP and LOPIs2 onNamalwa, Nalm6, K562, 293T, andMiPaCa2 is also indicated. We further analyzed the different cell types in terms of inducibility, leaking, and expres-
sion levels. VH = very high; H = High; M = moderate; M-H = moderate–high; L = low; VL = very low.

Molecular Therapy: Nucleic Acids
T cells, as can be observed by the similar percentages of TSCM and TCM

subsets in the absence or presence of Dox (Figures 4D and 4E). Also,
both T cells subsets are maintained in the CAR– and CAR+ popula-
tions in the presence of Dox (Figure 4D, right-bottom plots, and Fig-
ure 4E, right bars). Since CAR+ cells will also express the TetR, these
data indicate the absence of toxicity of this repressor at the concentra-
tions required to regulate expression on T cells (Figure S3). In addi-
tion, we also found that Dox-treated iCARIs2 T cells exhibited a
slightly increment in the effector population (Figure 4E, right bars),
probably associated with the expression of the CAR, since this effect
was not observed in T cells transduced with LOP or o LOPIs2 express-
ing eGFP (Figure S3).

We next analyzed whether the antitumor activity of iCARIs2 T cells
can be controlled by the addition of Dox. Non-transduced T cells
(NT) and aCD19 iCAR-T cells were incubated with CD19+ tumor
cells (Nalm6 and Namalwa cells) or CD19– cells (K562 cells) (Fig-
ure 4F) in the absence or presence of Dox. Our data showed that
the killing activity of the iCARIs2-T cells can be controlled by the
addition of the inductor (Figure 4G, right plot, and Figure 4H, right
and middle graphs) without affecting their activity on CD19– cells
(Figure 4H, right graph).

LOP system provided high sensitivity in vivo

We next investigated whether the inducible cells generated by trans-
duction of LOP and LOPIs2 LVs can regulate transgene expression
326 Molecular Therapy: Nucleic Acids Vol. 32 June 2023
in vivo. For that, we first generated four different cell lines expressing
either eGFP (Jurkat-LOP and Jurkat-LOPIs2) or eGFP-Nanoluc
(Namalwa-LOP-eN and Namalwa-LOPIs2-eN) using LOP, LOPIs2,
LOP-eN, and LOPIs2-eN LVs (Figures 1A and 3A).

Jurkat-LOP and Jurkat-LOPIs2 were inoculated intravenously in
NSG mice, fed with jelly containing 0, 200, and 1,000 mg/mL of
Dox and sacrificed 3 weeks later (Figure 5A). Engrafted Jurkat cells
and eGFP expression levels were analyzed in bone marrow (BM) by
flow cytometry (Figure 5B). We hardly detected eGFP expression in
mice inoculated with Jurkat-LOPIs2 in the absence of Dox (Figure 5B,
right histogram, green line, and Figure 5C). However, eGFP expres-
sion was clearly detected in mice inoculated with Jurkat-LOP (Fig-
ure 5B, left histogram, green line, and Figure 5C). These data indicate
that, although LOP and LOPIs2 LVs behave similarly in Jurkat
in vitro, the presence of the Is2 element is required to maintain regu-
lation in vivo.

A similar experiment was performed with Namalwa-LOP-eN and
Namalwa-LOPIs2-eN cells but using lower Dox concentrations (0,
1, and 10 mg/mL) and including a Dox withdrawal of 4 days to mea-
sure in vivo reversion (Figure 5D). Transgene expression was
analyzed at day 12 after Dox administration by bioluminescence in
an IVIS analyzer (Figure 5E). Interestingly, both LOP-eN and
LOPIs2-eN showed high inducibility and low leaking in vivo with
just 1 mg/ml of Dox (Figure 5E, left versus middle and right images).



(legend on next page
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At the endpoint (4 days without Dox), the mice required to be sacri-
ficed due diseasse progression, and we could only measure eGFP
expression in Namalwa-LOP-eN and Namalwa-LOPIs2-eN cells
(hCD19+) infiltrated in the BM. These data showed that high Dox
concentrations (10 mg/ml) preclude eGFP reversion in both cell lines
(Namalwa-LOP-eN and Namalwa-LOPIs2-eN), probably due to
longer times for Dox elimination in mice (Figure 5F, purple histo-
grams, and Figure 5G). Although not complete, the reversion in
Namalwa-LOPIs2-eN cells was clearly stronger compared with
Namalwa-LOP-eN cells (Figure 5F, purple histograms in LOP-eN,
versus LOPIs2-eN, and Figure 5G, black squares versus red squares).
Importantly, at lower Dox concentrations (1 mg/mL), Namalwa-
LOPIs2-eN achieved near-background eGFP expression levels (Fig-
ure 5F, right, light-blue histograms, and Figure 5G, red squares,
1 mg/ml) very similar to that found in mice without Dox (Figure 5F,
right, green histograms, and Figure 5G, red squares, 0 mg/mL). On the
contrary, Namalwa-LOP-eN cells still expressed eGFP even at
1 mg/mL of Dox (Figure 5F, left, light-blue histograms, and Figure 5G,
black squares, 1 mg/ml). We next performed a new experiment using
even lower Dox concentrations (0, 0.01, 0.1, and 1 mg/ml) in
Namalwa-LOPIs2-eN cells. Nanoluc signal could be detected at
0.01 1 mg/ml, showing the high sensitivity of the system (Figure 5H).

Finally, we analyzed the in vivo behavior of the LOPIs2 system in pri-
mary T cells. We designed an experiment to measure the inducibility
and reversion of two different transgenes in the same mice cohort:
eGFP expressed by LOPIs2 and CAR expressed by LOPIs2-CAR (Fig-
ure 6A). Primary human T cells were independently transduced with
LOPIs2 (LOP T cells) and LOPIs2-CAR (iCAR-T cells) LVs and
expanded in the absence of Dox. At day 6, LOP T cells and iCAR-T
cells were inoculated into Namalwa-NSG mice and fed with gelatin
(0.5 mg/ml Dox) (Figure 6A). 4 days after T cell inoculation (also
4 days after Dox administration), we analyzed blood from the
different mice and showed expression of CAR (through tEGFR stain-
ing) in human T cells. These data evidence the ability of the LOPIs2
LV to regulate expression of the CAR in T cells in vivo (Figure 6B). At
day 13 (11 days after Dox administration), Dox was withdrawn in two
mice in order to evaluate reversion in primary human T cells. At day
20, mice were sacrificed, and eGFP (Figures 6C–6E) and CAR
(Figures 6F–6H) expressions were analyzed. eGFP expression was
clearly detected in T cells infiltrated in all organs analyzed
(Figures 6C–6E, +Dox) and reverted to near-background levels in
Figure 2. Behavior of LOP-derived LVs harboring different insulators in cell lin

A) Diagram of LOP-eGFP (LOP) lentiviral vector with Is2 insulator inside the LTR (LOPIs

insulators outside the LTR (LTR-out) in KpnI/XhoI sites (see material and methods). (B) Ef

way ANOVA T test, significant = p < 0.05. (C) Representative histograms of eGFP express

(green) or presence (blue) of Dox (10 ng/mL) at day 12 post-transduction. NT, dotted gr

and +Dox conditions are indicated in green (top-left of each histogram) and blue (top-ri

driven by the different LVs in primary T cells in the absence or presence of Dox (10 ng/
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the mice in which Dox was withdrawn 7 days earlier (Figures 6C–
6E, R). Additionally, antitumoral activity of iCAR-T cells could also
be modulated by Dox as shown in Figure 6F. Indeed, the mice treated
with the inductor for 20 days (Figure 6F, red circles) had lower tumor
burden compared with mice without Dox (Figure 6F, blue circles) or
those treated with Dox for 13 days followed by 7 days without Dox
(Figure 6F, green circles). This enhanced antitumor activity correlates
with higher CAR expression in the presence of Dox (Figure 6G, blue
histograms) that reverted when Dox administration is discontinued
(Figure 6G, pink histograms, and Figure 6H).

Altogether, these data highlight the applicability of the LOPIs2 plat-
form for in vivo applications, working even in a solid-tumor-derived
context (Figure S4).

DISCUSSION
Most gene therapies will benefit from spatial and/or temporal control
of therapeutic transgenes. Depending on the target disease and the
therapeutic strategy, different groups have developed tools for tis-
sue/cell-specific expression,42–44 physiological/activation-specific
expression,45–48 or externally controlled systems.6 Here we focus on
the development of tools for the generation of smart ATMPs that
can be turned on and off by the clinicians by administering ultralow
doses of Dox. Several approaches using Veledimex (ecdysone-deri-
vate), mifepristone, or Dox as inductors have been generated
(reviewed in Tristán-Manzano et al.6). So far, ecdysone-regulated sys-
tems (based on the RheoSwitch Therapeutic System [RTS]) are the
most successful in therapeutic applications (reviewed in Tristán-
Manzano et al.6) reaching clinical trials for the treatment of cancer
(NCT00815607, NCT01397708, NCT01703754, NCT02423902, NCT
02026271, NCT04006119, NCT03679754, NCT03330197, NCT03
636477) and localized scleroderma (NCT03740724). However, the
GeneSwitch (induced with mifepristone)17 and Tet-On platforms,
probably the most commonly used for basic and applied research,
have failed to be translated into clinical settings.6,49

A main limitation of all these systems is the requirement of chimeric
transcription factors (transactivator); the RTS system requires two
chimeric transcription factors (VP16-RXR and Gal4-EcR), the
GeneSwitch requires the GLp65 transactivator, and the Tet-On sys-
tem requires the rtTA transactivator. The constitutive expression of
these chimeric proteins induces different types of alterations on the
es and primary human T cells
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Table 2. Summary of inducibility (I), leaking (L), and expression levels (E.L.) of LOPIs2 LVs (top) and the newLVs harboring different elements outside the LTR

(bottom) in T cells, Jurkat, Namalwa, and Nalm6

Cell type T Cells Jurkat Namalwa/Nalm6

Behavior I L E.L. I L E.L. I L E.L.

LTR-In LOPIs2 H L M-H H L M H L M

LTR-out

LOP-Is2out H H M-H VH L H M M M

LOP-SAR1 M H M-H H L H M M M

LOP-SAR2 M H M-H H L H M M M

LOP-HS4-650 M H M-H VH L H H M M

LOP-CORE_Ext M H M-H VH L H H L M

LOP-INFbeta M H M-H H L H H L M-H

LOP-INFbetaIgKSAR M H M-H VH L H H L M-H

In gray is indicated the best LVs for each cell type. VH = very high; H = high; M = moderate; M-H = moderate-high; L = low.
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target cells due to their ability to sequester transcription factors and to
activate cellular genes (reviewed in Tristán-Manzano et al.6). In this
manuscript, we have designed different all-in-one, transactivator-
free LVs that differ in their inducibility and leakiness depending on
the cell type and have shown their ability to generate first-in-class,
Dox-inducible, transactivator-free ATMPs. This platform provides
a precise, fine-tuned regulation, is versatile and applicable to all cell
types analyzed, and allows regulation with ultralow doses of Dox.

Since T cells are one of the most important targets for the genera-
tion of ATMPs, we first studied the ability of LOP and CEST LVs
(the only Dox-responsive all-in-one systems free of transactiva-
tors)35 to regulate eGFP in primary human T cells. Both systems
are all-in-one LVs that include a TetR expression cassette and a
Dox-responsive promoter expressing eGFP but differing in the pro-
moter used to drive TetR expression. The CEST LVs use the spleen
focus-forming virus promoter and achieved very high inducibility
and expression levels, although leaking is a main problem of this
system.35 On the contrary, the LOP LVs using the long EF1a pro-
moter to drive TetR expression achieved very high inducibility and
tight regulation but with moderately low expression levels.37 We
showed previously that this reduction in leaking in LOP LVs is
due to a negative interference between the CMV-TetO and the
EF1a promoters, which leads to lower expression levels from the
CMV-TetO, facilitating its regulation by TetR.37 In addition to
CEST and LOP, we included in the analysis the CESTIs2 and the
LOPIs2, incorporating the Is2 insulator inserted into the 30 LTR.
The Is2 element combines a 650-bp fragment of the HS4 insulator
together with a synthetic SAR element,36 and we have shown previ-
ously that the insertion of Is2 into the 30 LTR of LVs improves their
expression efficiency and avoids their silencing in embryonic human
cells.36 We showed here that only the LOPIs2 systems regulate
transgene expression in all primary human T cells subsets, with
minimal leaking and moderate expression. Contrary to what was
observed in other cell lines, none of the other inducible LVs
analyzed managed to control expression in this cell type. Of note,
several of the new LVs behave better that the LOPIs2 to regulate
transgene expression in immortalized cell lines (see Tables 1 and 2).

Importantly for clinical applications, the LOPIs2 LVs generated
inducible T cells that responded to ultralow doses of Dox, 10–100
times below the concentrations required to kill bacteria, reducing
dramatically the probabilities to generate resistance and interference
with the endogenous microbiota of the patient. The requirement of
the Is2 insulator in the LOP system to regulate primary T cells was
unique of these cells, as LOP LVs managed to regulate (although
less efficiently) all other cell types analyzed previously, including
immortalized T cells (Jurkat) (this manuscript and Benabdellah
et al.37). These data highlight the importance of the cellular
context in the behavior of LVs. As a downside, the inclusion of the
1.2-kb Is2 element into the LTR reduced viral titer 2–4 times. We
therefore generated different LOP (CEET) systems harboring the
Is2 and other insulators outside the 30 LTR that provided different
LVs (CEET_Is2out, CEET_HS4-650, CEET_Core-ext, and CEET_
IFNbSAR). These modifications improved titer, expression levels,
and inducibility when analyzed in several immortalized cell lines.
However, all these new CEET-derived LVs lost inducibility on pri-
mary T cells due to a clear increment in expression in the absence
of Dox.

Once we selected the LOPIs2 as the best LV for the generation of
inducible ATMPs, we demonstrated its ability to generate different
inducible cell lines expressing different transgenes of different sizes
(eGFP-Nanoluc, pri-let7-a-3, aCD19CAR-tEGFR). We took advan-
tage of the LOPIs2-eN LVs (expressing eGFP and NanoLuciferase)
to study the responsiveness of the system in vivo using two different
cell lines. Interestingly, we showed in vivo transgene induction at
10 ng/ml, which is 10–100 times lower than that reported by other
systems.21–23 Furthermore, once the cells were recovered from the
mice, they maintained a similar inducibility and percentage of expres-
sion as before their inoculation, suggestive of the robustness of the
expression and the absence of deleterious genotoxic or silencing
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effects of the LOPIs2 system. In addition, 4 days of Dox withdraw
in vivo were sufficient to almost reach basal levels. Importantly, we
have also demonstrated that the LOPIs2 system can regulate (ON/
OFF) two different transgenes in primary human T cells, evidencing
its potential for the generation of inducible ATMPs.

For gene therapy applications, the aim of inducible systems must
be to provide a new function that can be controlled by the addi-
tion of a drug. Therefore, to validate LOPIs2 as a tool for the
development of smart ATMPs, we generated inducible SK-MES-
1 cell lines and inducible CAR-T cells and analyzed whether we
could control the desired function. Inducible SK-MES-1 cells
were engineered to express the immature pri-let-7a-3 microRNA
upon Dox addition and demonstrated their functionality by
showing the downregulation of the oncogene HMGA2 (a let-7a-
3 microRNA target).

Special interest was put into demonstrating the ability of LOPIs2 to
generate fully functional, inducible CAR-T cells. CAR-T therapies
are one of the most promising fields in immunotherapy, but their
effectiveness against solid tumors is still far away from clinical suc-
cess. New approaches to provide greater CAR-T cell potency are
required, and with this, new ways to control this potency are manda-
tory. Different strategies to control CAR-T function and potency are
currently being investigated.6,50 First attempts to control CAR-T cells
aimed at their destruction in case of serious side effects by using “sui-
cide switches”51 or the proteolysis degradation of the CAR protein by
promoting ubiquitination.52 However, these systems do not address
the on-target off-tumor toxicity due to share antigen recognition be-
tween tumors and healthy tissues. To tackle this problem, different
groups focused on the development of self-regulating systems and
complex “logic gating” approaches.50,53–55 These strategies aim at
enhancing the efficacy of CAR-T cells using complex mechanisms
that enable targeting their activation only at the tumor sites when
two or more signals get together (AND), when either signal is present
(OR), or when one is present and the other is not (NOT). The
outcome of the final signal is to induce the expression of additional
CARs or/and molecules that enhance antitumor efficacy. The
different logic gating systems can allow the autoregulation of the
CAR-T cells to modulate immune responses on healthy tissues, to
secrete potent immunostimulatory molecules only into the tumor
sites, and to reduce the likelihood of tumor antigen escape. However,
in most of these systems, once the CAR-T cells are inoculated into the
patients, the clinician cannot intervene on their potency and/or type
of activity.
Figure 3. LOPIs2 LV is a versatile tool to generate transactivator-free inducible

A) Diagram of the different LOP LVs used: LOP-eN and LOPIs2-eN LVs express eGFP-P

aCD19-CAR-41BB-CD28-T2A-tEGFR. (B) Graphs showing inducibility of LOP-eN and L

least n = 3 for each cell type. (C) Top: representation of prit-Let7-a-3 microRNA process

(normalized to GAPDH) of three different clones (A2, B1, B6) of LOPIs2-Let7 transduce

graph: relative HMGA2 mRNA levels (normalized to GAPDH) of three different clones (

100 ng/mL of Dox. (D) Dot-plots of transduced K562 and Jurkat cells with LOPIs2-CAR L

Percentage of CAR+ cells and MeFI of total population (outside the gate) and of CAR+
Since LOPIs2 LVs have limited cargo capacity and low expression
levels, the LOPIs2 platform is not intended to replace logic gating
strategies. Rather, it is envisioned as an additional tool to enhance
the external control of these living drugs. For example, by using
Dox-inducible LVs, we could generate logic gating that is only active
in the presence of Dox. As proof of concept, we generated CAR-T
cells that expressed the CAR only in the presence of Dox and showed
that we could externally control their antitumor activity both in vitro
and in vivo. Interestingly, the phenotypes of the LOPIs2-eGFP-trans-
duced T cells and iCAR-T cells were identical to unmodified T or
CAR-T cells (respectively), indicating absence of toxicity of the
TetR. Importantly, the absence of phenotypic alterations was also
observed after the addition of Dox in both inducible T cells, main-
taining similar percentages of TCM and TSCM subpopulations after in-
duction. The maintenance of these populations in both Dox-inducible
T cells (LOPIs2-eGFP-transduced T cells and iCAR-T cells) indicates
that this platform can be used for the generation of inducible ATMPs
without substantial alterations in their functionality. These data
contrast with the systems using transactivators where different publi-
cations have shown several alterations on the inducible cells gener-
ated with these systems.24–27 Particularly relevant is the work of
Smith et al.28 showing a depletion of antigen-experienced T cells in
rtTA-transgenic mice. A few groups have used transactivator-based
systems for CAR-T applications.4,9,56–58 Although these systems
have shown good regulation (some of them with higher leaking
than others), all require higher doses of Dox 100 ng/ml to 4 mg/mL
that can be a limitation for multiple applications (reviewed in
Tristán-Manzano et al.6). More importantly, none of these works
characterize T cell phenotype due to transactivator expression, which
may trigger critical effects as discussed here. A potential downside of
the LOP system is the lower kinetics to achieve reversion. Indeed,
contrary to rtTA-based systems, once doxycycline has been removed,
the TetR need to accumulate at enough concentration to block again
the transcription process, making repression a slow process. As
mentioned before, important constraints of the LOP system are its
restricted cargo capacity and low expression levels. The latter is likely
the primary reason for the iCAR’s reduced efficiency compared with
constitutive CARs. To overcome this, we suggest utilizing the LOP
platform for generating iTRUCKs that express CARs via a constitu-
tive or physiological (Tristán-Manzano et al.59) promoter and cyto-
kines (or other highly bioactive proteins) via the LOP system.

The potential immunogenicity of TetR in the context of T cells is a
common problem for both TetR- and TetR-transactivator-based sys-
tems. The immunogenicity of the latter has been studied in detail,
cell lines expressing different transgenes

2A-Nanoluc, LOPIs2-Let7 express pri-let-7a microRNA, and LOPIs2-CAR express

OPIs2-eN LVs in different cell lines. Non-parametric Mann-Whitney test, two tails, at

ing and inhibition of its target HMGA2. Left graph: relative prit-Let7-a-3 mRNA levels

d SK-MES cell line in the absence or presence of 10 and 100 ng/mL of Dox. Right

A2, B1, B6) of transduced SK-MES cell line in the absence or presence of 10 and

Vs in the absence or presence of 10 ng/ml of Dox, determined by tEGFR expression.

cells (for +Dox, inside the gate) are indicated in the figure.
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Figure 4. LOPIs2-CAR LVs generate first-in-class, transactivator-free, inducible CAR-T cells without altering T cell phenotype

(A) Schematic representation of LOP-CAR and LOP-CARIs2 LVs encoding for a third-generation aCD19-CD28-41BB-CD3z with a T2A sequence and the truncated EGFR

as selection marker. (B) Representative dot-plots of LOP-CAR and LOPIs2-CAR expression in primary T cells in –Dox and +Dox (10 ng/ml) conditions at 10 days post-

transduction. Non-transduced cells (NT) are used to establish CAR (tEGFR) background. MeFI values of total population (left) or those of the CAR+ cells (right) are indicated in

blue color. (C) Inducibility of LOP-CAR and LOPIs2-CAR expression in transduced T cells. Mann-Whitney test, two tails. *p < 0.05 (n = 4). (D) Representative dot-plots of

CD45RA/CD62L expression analyzed in CAR– and CAR+ gate in the LOPIs2-CAR in presence or absence of Dox. Percentage of positive populations are indicated. (E)

Percentage of positive cells of TSCM, TCM, TEM, and TEFF in the selected gates. Non-significant Kruskal-Wallis test, Mann-Whitney *p < 0.05 of TEFF subset of CAR– (Dox+) vs.

CAR+ (Dox+). (n = 4). (F) Scheme of the cytotoxic assay based on the co-culture of a bulk population of LOPIs2-CAR and target (CD19+) and control (CD19–) cells for 48 h.

iCARIs2 T cells were 15%–20% of CAR+. (G) Representative dot-plots of NT, LOPIs2-CAR (–Dox), and LOPIs2-CAR (+Dox) T cells co-cultured with Nalm6-eGFP-Nluc+

target cells during 48 h. iCARIs2 T cells kill CD19+ cells only in the presence of Dox (right plot). Percentage of positive cells are indicated in the figure. (H) Graph showing the

percentage of CD19+ cells (Nalm6 and Namalwa) and CD19– cells (K562) in the absence or presence of Dox after incubation with iCARIs2 T cells. *p < 0.05 (n = 4). Paired T

test, two tails. Wilcoxon test, two-tailed.
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showing both cellular and humoral responses leading to a lack of
regulation.60,61 Although immunogenicity of the TetR-based systems
is poorly characterized, its bacterial origin anticipates immune re-
sponses that can compromise future gene therapy applications. In
this line, a further characterization of TetR levels and possible immu-
nogenicity with our lentiviral systems compared with TetR-VP16
transactivator systems will be performed prior to application in clin-
ical trials. Probably, final strategies using TetR-based systems should
include additional strategies to ameliorate or avoid immune re-
sponses. Antigen-specific tolerance strategies62 or more specific
TetR designs could be used. For instance, the glycine-alanine repeat
of Epstein-Barr virus antigen 1 has been involved in immune evasion
332 Molecular Therapy: Nucleic Acids Vol. 32 June 2023
by blocking proteosomal degradation63 and has been used recently to
evade host immune responses against rtTA protein.64 A similar
approach could be used to improve the in vivo behavior of TetR-based
systems.

The inducer and its characteristics constitute another key parameter
for the benefits of the therapy. Dox is an antibiotic derived from tet-
racyclines, with a small size and polar character that allows it to be
permeable to the blood-brain barrier. The inducible cell lines gener-
ated with the LOPIs2 responded to ultralow doses of Dox both
in vitro (0.1 ng/mL) and in vivo (10 ng/mL), being between 10
and 100 times more sensitive than the systems described so far.6



Figure 5. In vivo evaluation of Lent-On-Plus LVs behavior in cellular models

(A) Schematic generation of the Jurkat model and timeline of the experiment. (B) Left plots: gating strategy to analyze human CD3+ cells (Jurkat) engrafted in the bonemarrow

of transplanted mice. Right histograms showing a representative experiment to detect eGFP expression driven by LOP- or LOPIs2-Jurkat cells after engraftment in the bone

marrow of mice supplemented with no Dox (green), 200 mg/mL (dark blue), and 1,000 mg/mL (light blue) compared with NT (ex vivo, gray) background. (C) Percentage hCD3+

eGFP+ Jurkat cells transduced with LOP (black bars) and LOPIs2 (red bars) LVs in bone marrow of mice supplemented with 0, 200, or 1,000 mg/mL of Dox. N = 2 for each

group. Bonferroni multiple comparison test, ***p < 0.001. (D) Scheme to generate LOP-eN- and LOPIs2-eN-Namalwa mice models and timeline of the experiment for IVIS

(E) and reversion (F) analysis. (E) Bioluminescence images (IVIS) of mice inoculated with LOP-eN- and LOPIs2-eN-transduced Namalwa cells at day 12 post inoculation and

supplemented with 0, 1, or 10 mg/ml. (F) Representative histograms showing eGFP expression by FACs in LOP-eN- (left) and LOPIs2-eN-Namalwa (right) cells pre-inoculation

in the presence or absence of Dox (empty histograms, gray dashed lines, + Dox and –Dox) and isolated from bone marrow of mice previously treated with 10 mg/mL (dark

purple), 1 mg/mL (light blue), or no Dox (green) and then kept 4 days without Dox for reversion. (G) Graphs showing percentage of eGFP+ cells (left) andMeFI (right) of hCD19+

cells in LOP-eN- (black squares) and LOPIs2-eN- (red squares) cells at pre-inoculation (pre) or after being isolated from the bonemarrow of mice previously treated with 10, 1,

or 0 mg/mL of Dox and then treated for 4 days without Dox. Bonferroni multiple comparison test. *p < 0.05; **p < 0.01. (H) Bioluminescence of mice inoculated with LOPIs2-

eN-Namalwa cells and orally supplemented with 1, 0.1, 0.01, or 0 mg/mL of Dox.
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The existing Tet-On vectors required doses ranging from 10 ng/ml
to 4 g/ml of Dox, overlapping with the doses required as antibiotic
and are therefore susceptible to generating antibiotic resistance and
other side effects in case of prolonged or intermittent exposure, not
to mention to causing collateral damage to self-microbiota, which
play a major role in several immune syndromes. Indeed, it has
been observed that sub-inhibitory concentrations of bacterial
growth (150 ng/mL) are capable of inducing resistance and that it
can be favored in stressful environments,65 such as tumors. Also,
exposure to Dox within the classical range in Tet-On system
(100 ng–10 mg) has been shown to alter the metabolism and prolif-
eration of certain human cells in a dose-dependent manner.66

Therefore, only the newest generation of the rtTA systems and
the LOP platform would be adequate to avoid these metabolic alter-
ations due to the administration of Dox.

MATERIAL AND METHODS
Cells lines

Jurkat (TIB-152), Namalwa cells (CRL-1432), Nalm6 (CRL-3273),
and K562 cells (CCL-243) were purchased from the ATCC and
cultured in RPMI-1640 media supplemented with 10% fetal bovine
serum (FBS) and 100 U/mL penicillin/streptomycin (1%P/S, Biowest)
at 37�C in a 5% CO2 and 85%–90% humidified incubator. HEK-293T
cells were cultured in high-glucose Dulbecco’s Modified Eagle’s Me-
dia (DMEM, Biowest) supplemented with 10% FBS (Invitrogen) at
10% CO2 atmosphere. MiaPaCa2 (CRL-1420) were cultured in
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Figure 6. In vivo evaluation Lent-On-Plus LV behavior in primary human T cells

A) Schematic generation of the in vivo experiment. Primary human T cells were transduced separately with LOPIs2 and LOPIs2-CAR LVs to express GFP and CAR/tEGFR in

an inducible manner. Transduced cells were cultured in a G-Rex24 plate for 7 days in the absence of Dox prior to inoculation into NSG mice (previously inoculated with

tumoral Namalwa-GFP-NLuc cells). Three mice were inoculated with untransduced T cells (NT). 8 mice were inoculated with iCAR-T cells (4.5 � 106) and LOP-T cells

(3.7� 106) at the same time. These mice were separated in two groups of four to be fed with gelatin without Dox (–Dox) or with 500 ng/ml of Dox (+Dox). (B) Graph showing

expression of the CAR determined as tEGFR expression in T cells isolated from the blood of mice inoculated with untransduced T cells (NT) or transduced T cells in the

absence (–Dox) or presence (+Dox) of doxycycline at day 4 days post-T cells inoculation. Non-parametric Mann-Whitney test, *p < 0.05. (C) Representative dot-plots of GFP

expression from T cells (hCD3+ cells) engrafted in bone marrow (BM), spleen, and liver. Percentage and MeFI of GFP in GFP+ cells is indicated. (D and E) Percentage (D) and

expression (E) of GFP in hCD3+ isolated from the different organs. Non-parametric Mann-Whitney test, *p < 0.05. N(NT) = 3; N(–Dox) = 3; N(+Dox) = 3; N(R) = 2. (F) BLI

determined as photons/s (indicative of tumor burden) in mice without Dox (blue), with Dox (red), and after reversion from day 13 (green). Two-way ANOVA, Tukey’s post test.

(G) Representative histograms showing CAR-tEGFR expression in T cells present in bone marrow (left) and spleen (right) from mice inoculated with NTD T cells (dashed and

gray line) and mice inoculated with transduced T cells and left without Dox (gray line), with Dox up to day 20 (blue line) or with Dox for 13 days and then left without Dox for

7 days (pink line). (H) Percentage (left) and MeFI (right) of CAR/tEGFR expression from mice treated with Dox for 20 days (+Dox) and mice treated with Dox for 13 days and

7 days without (Reversion) at final point in the indicated organs. Two-way ANOVA, **p < 0.01 and ***p < 0.001.
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DMEM supplemented with 10% FBS and 1% P/S, and SK-MES-1
(HTB-58) cells were cultured with DMEM (Gibco) supplemented
with GlutaMAX, 10% FBS, and 100 U/mL of P/S (Invitrogen). Cells
were maintained in incubators at 37�C with 5% CO2 atmosphere
and 85%–90% relative humidity. Absence of Mycoplasma spp. in
cultured cells was routinely tested by a PCR-based assay (Minerva).

Primary T cells

Human primary T cells were isolated from fresh or frozen peripheral
blood obtained from healthy donors at the Hematology Department
of Hospital Universitario Reina Sofía (Córdoba, Spain). All donors
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gave their written informed consent, and the study was performed ac-
cording to the guidelines of the Regional Government Junta de Anda-
lucía-Consejería de Salud ethics committee and requirements under
the Spanish specific regulation (RD 1301/2006) and International
Conference of Good Clinical Practice. Blood was diluted 1/2 to 1/4
in PBS, and mononuclear cells were collected after Ficoll separation
(Lymphosep, Biowest). Cells were washed twice at 200 g for
10 min, and then, Pan-T cells were isolated following MACS Express
Separator (Miltenyi Biotec) protocol and then seeded at 106 cells/ml
in TexMACS supplemented with interleukin-2 (IL-2) (20 IU/mL,
Miltenyi Biotec). T cells were activated with TransAct (Miltenyi
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Biotec) during 48 h before lentiviral transduction following the man-
ufacturer’s recommendations.

Plasmids

All-in-one systems (CESTnl2 and CESTnl2Is2)35 and LOP systems
(LOP-eGFP [CEET], and LOPIs2-eGFP [CEETIs2])37 were previ-
ously described. Based on LOP-eGFP and LOPIs2-eGFP, we con-
structed LOP-eN and LOPIs2-eN that express eGFP-P2A-NanoLuc59

under the CMV-TetO promoter. eGFP-P2A-NanoLuc was flanked by
AscI/SbfI restriction sites and synthesized by Genescript (Genescript,
NY, USA). Third-generation anti-CD19-CAR (clone FCM63,
aCD19-28-BB-zz) that includes the CD28, 4-1BB, and CD3z intracel-
lular domains and truncated EGFR as selectionmarker was purchased
from Creative Biolabs. This insert was cloned into LOP-eN and
LOPIs2-eN backbones once subcloned into a modified pUC19 with
EcoI/BamHI enzymes to provide AscI/SbfI restriction sites. Pri-let-
7a3 was amplified from 150 ng of SK-MES-1 genomic DNA with
High Fidelity PCR System (Roche) following the manufacturer’s in-
structions, using primers that added AscI and SbfI restriction
sites at the 50 and the 30 ends of the amplicon, respectively (AscI_
Prilet7a3_Fw and SbfI_Prilet7a3_Rv). Then, pri-let-7a3 was cloned
using AscI and SbfI sites in LOPIs2-eN backbone to obtain
LOPIs2-pri-let-7a-3. Primers used were as follows: AscI_Prile-
t7a3_Fw: AAAGGCGCGCCTGCCCGCCAGAATCCCT and SbfI_
Prilet7a3_Rv: TTTCCTGCAGGTCACACAGCAAGTGGCACCTAG.

Insulators

Novel insulated vectors are based on LOP-eGFP LV. The Is2 element,
which combines the HS4-650 fragment and the SAR2, was designed
and synthesized as previously described in Benabdellah et al.36

CEET-Is2 (out LTR) was generated by inserting the Is2 element
into the unique XhoI site of the LOP-eGFP. CEET-SAR 1, CEET-
SAR2, CEET-HS4_650, CEET-Core_Ext, CEET-INFbSAR, and
CEET-INFbIgKSAR were generated by the insertion of the Is2,
SAR1, SAR2, cHS4_650, cHS4_Extended, SAR1, INFbSAR, and IN-
FbIgKSAR elements into the unique KpnI site (outside) of the
LOP-eGFP plasmid, respectively.

Viral production and titration

Using 10-cm dishes, 4–5 x 106 HEK293T (90% of confluency) were
transfected with 10 mg of the plasmid of interest, 7 mg of
pCMV_R8.91, and 3 mg of pMD2.G using 80 mg of polyethylenimine
(PEI). DNA and PEI were mixed in DMEM without serum and incu-
bated for 20 min at room temperature before being added drop-by-
drop to the cells. Media was exchanged 5 h post-transfection, and su-
pernatants were harvested at 48 h and 72 h after transfection and
filtered through a 0.45-mm filter (Nalgene, Rochester, NY), aliquoted,
and stored at �80�C. Inducible vectors were concentrated by ultra-
centrifugation at 90000 g during 2 h at 4�C min with a Sorvall centri-
fuge and resuspended in TexMACs media for primary T cells or
DMEM media for other cells prior aliquot and storage at �80�C.

Briefly, for the estimation of the efficient viral titer, 105 cells were
incubated with different volume of viral supernatant. Percentage of
eGFP+ cells was determined by flow cytometry 72 h post-transduc-
tion in the presence of Dox, and transducing units per ml (TU/ml)
were estimated according to the formula:

Titer =
100; 000 plated cells�%GFP + cells� 1; 000

microliters of LVs used

Cell transduction

Briefly, 105 cells of Jurkat, K562, Namalwa, or Nalm6 were incubated
with different volumes of viral supernatants during 4.5 h post-spino-
culation (30min at 32�C, 800 g) in order to achieve similar percentage
of transduction. 105 cells MiaPaCa2, HEK-293T cells, or SK-MES-1
were plated with viral supernatants in a 24-well-plate, and after 5 h,
medium was exchanged. For T cell transduction, T cells were incu-
bated with LVs in a 150-mL falcon-tube and spinoculated at 800 g
for 1 h at 32�C. After 5 h, cells were washed and plated at a density
of 106 c/ml. Cell transduction was evaluated by flow cytometry.

Protransduzin-mediated transduction of primary T cells

T cells were activated with TransAct (Miltenyi Biotec) as previously
described for 48 h and then washed with PBS prior to transduction.
Protranduzin (PTD, JPT Peptide Technologies) was prepared
following manufacturer’s instructions to obtain a concentration of
10 mg/mL. Then, PTD was gently dissolved in PBS (1 mg/mL) and
allowed for the fibril’s formation for 10min at RT. After that, different
concentrations of PTD (12.5, 25, 50 mg/mL) were added to the viral
supernatant and incubated for 5 min at RT. 50 mL of a cell suspension
at 1 � 107 cells/ml was inoculated to obtain a final volume of 250 mL
for a 48-well-plate. T cells were spinoculated at 800 g for 1 h at 32�C.
After 5 h, cells were washed and seeded at 1 � 106 cells/ml and
cultured with TexMACs supplemented with 10 ng/mL of IL-7 and
IL-15 (Miltenyi Biotec) and 1% P/S (Biowest)

Clonal SK-MES pri-Let7a cell line generation

To generate clonal cell lines, cells were diluted and seeded in 96-well
plates at 0.5 cells/well. Fresh medium was added a week after seeding.
Around 14 days after seeding, positive wells (i.e., those with a single
colony of cells) were passed to a 48-well plate. Clonal cell lines were
subsequently expanded until they reached 100% confluency in a
24-well plate, and then they were detached with trypsin, and 80%
was used for freezing, while 20% was pelleted for gDNA extraction.
Selection of positive clones was analyzed by PCR. Briefly, PCRs
were performed with 60 ng of gDNA using KAPA2G Fast
HotstartReadyMix PCR Kit (Kapa Biosystems) following the manu-
facturer’s instructions and run in a 1% agarose gel. The primers
used map to the LTR region of the lentivirus in a way that ensures
that amplification can only occur upon viral integration DU3-LTR-
Fw (GATCTGCTTTTTGCTTGTACT) and PBS-LTR-Rv (GAGTCC
TGCGTCGAGAGAGC).

Doxycycline and tetracycline

Doxycycline hyclate and tetracycline (Sigma-Aldrich) were dissolved
in cell culture water, sterilized though 0.1-mm filtering (Millipore),
and aliquoted at 10 mg/mL for storage at �20�C. Once thawed,
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aliquots were maintained at 4�C for a maximum of 7 days. For oral
administering, Dox was added to strawberry jelly (preparation for
children) dissolved in warm sterile water and let to solidify at 4�C.
Inducibility calculation

The inducibility formula considers the percentage, median of inten-
sity, and leaking (expression in the absence of Dox), as depicted in
Figure S1A. Non-transduced (NT) cells in the background were
subtracted:

Inducibility =

%GFP positive cells ð+DoxÞ x MeFI of eGFP positive gate ð+DoxÞ
%eGFP positive cells ð�DoxÞx MeFI of total populationð�DoxÞ

Applying this formula, we can obtain values that represent the ability
of the vector to induce transgene expression in the presence of Dox
(ON state) while keeping it silenced in its absence (OFF state) on
the bulk transduced population. We use the MFIe of the GFP+ cells
(+Dox), instead of the MFI of the total population, to take into ac-
count only those cells that have been genetically modified. There
are alternative formulas available to measure inducibility that could
also be used. For instance, we considered a formula that is similar
to the one used, but it used the MeFI of eGFP positive gate (–Dox)
instead of the MeFI of total population (–Dox). However, using this
formula, we encountered difficulties in obtaining consistent induc-
ibility values for LOP LVs across different cell types and even within
the same cell line with varying transduction efficiencies. The reason
for the observed variability was that the formula imposed excessive
penalties on the inducibility values when a small number of cells
with high MFI for eGFP were present. This penalization had a partic-
ularly strong effect when the transduction efficiency was low, result-
ing in inconsistent inducibility values.
Flow cytometry

T cells were stained with anti-hCD45RA-PE (1:400) or anti-
hCD45RA.FITC (1:400), anti-hCD62L-PE-Cy7 (1:400), and anti-
hCD3-PerCP-Cy5 (1:400) (all from eBioscience-Invitrogen) during
30 min on ice. CAR expression wasmeasured indirectly by the surface
expression of truncated EGFR with anti-hEGFR-PE (Biolegend,
1:100). Then, cells were washed with PBS at 400 g for 5 min. Fluores-
cence was immediately acquired in a FACSCantoII cytometer, and
data were analyzed with FlowJo v10 (TreeStart).

In the case of humanizedmurine samples, cells were washed with cold
PBS + 2% BSA + 2 mM EDTA (“FACS buffer”) and incubated with
anti-murine CD16/CD32 (Thermo Fisher, 1:100), human FcR block-
ing (Miltenyi, 1:00), and 5% of mouse serum for 20 min on ice. After
one wash with FACs buffer, cells were stained with anti-human CD3-
PerCP-Cy5.5 (1:200) for Jurkat-mice model or with anti-human
CD19-APC (1:200, eBiosciences) for Namalwa mice model during
30 min on ice and dark for 30 min. Cells were fixed with fresh PFA
(2%) prior to acquisition.
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Cytotoxicity assays

Target cells (CD19+), such as Namalwa and Nalm-6 cells expressing
eGFP-Nanoluc, and non-target cells (CD19–) K562 cells were co-
cultured at 5� 103 cells per well in 96-well U-bottom plates and incu-
bated with T cells at a ratio of 1:1 (Target cells:T cells expressing a
15%–20% CAR+ cells) in non-supplemented TexMACS during 48 h.

In vivo animal models and bioluminescence analysis

Jurkat and Namalwa cells transduced with inducible vectors were
inoculated intravenously into NSG (Jackson Laboratory, #RRI-
D:IMSR_JAX:00555) at a ratio of 1 � 106 cells and 0.2 � 106 cells,
respectively. Dox was orally administered dissolved in jelly and pro-
vided twice a week for ad libitum uptake. For bioluminescence anal-
ysis, furimazine (Nano-Glo, Promega) was dissolved at 1/60 in PBS
and injected intraperitoneally immediately prior to acquisition on
an IVIS analyzer (PerkinElmer) during 180 s, open field. Images
were analyzed using the Living Image 3.2 (PerkinElmer) or AURA
Imaging Software 3.2 (Spectral Instruments Imaging). Mice were
sacrificed after experiencing a weight loss higher than 20%. BM sam-
ples were obtained by the perfusion of both femurs and tibias, and
cells were filtered through a 40-mm cell strainer.

For in vivo analysis of LOP-Is2 primary T cells, freshly isolated T cells
were independently transduced with LOPIs2 or LOPIs2-CAR, and af-
ter 5 h, cells were transferred to a G-Rex 24 plate (ScaleReady) at a
density of 1 � 106 per cm2 and cultured with TexMACS supple-
mented with 10 ng/ml of IL-7 and IL-15 and 1% P/S for 6 days in
the absence of Dox. Samples were induced with Dox to determine
the percentage of transduction, obtaining a 23% of LOP+ and 20%
of iCAR+ transduced cells.

For CAR experiments, 2.5� 103 Namalwa GFP-Nluc cells (described
in Tristán-Manzano et al.59 and Maldonado et al. 202267) were inoc-
ulated via tail injection in female NSG mice, 2 days prior to T cells
inoculation. Intravenous infusion of T cells (a mixture of LOP and
iCAR+ cells) was performed into N(-Dox) = 4; N(+Dox) = 4, with
the total number of NT T cells as control in N(non-transduced) = 3
mice. Immediately before inoculation, 10 ng/ml of Dox was added
to the T cells of +Dox mice. Dox-treated mice were orally supple-
mented with 500 ng/ml of Dox dissolved in water. At day 4 post-T
infusion, animals were bleeding from the vein tail, and CAR expres-
sion was analyzed in hCD3+ cells present in the blood through tEGR
staining. For a reversion experiment at day 11 post-T infusion, one
mouse from –Dox group was supplemented with Dox, and two
mice from the +Dox group were separated, and no more Dox was
supplied. Reversion groups were as follows: NT(3); –Dox (3); +Dox
(3); Reversion, R(2). eGFP and CAR expressions were measured in
hCD3+ gate from BM, spleen, and liver. Brain and blood were also
analyzed, but significant human CD3+ populations were not found
at the day of the sacrifice.

Vector copy number analysis by qPCR

To analyze the copy number, we used 60 ng of gDNA in the first well
and then four 1/10 serial dilutions. Primers used to quantify the
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number of integrated copies were “DU3-LTR-Fw” and “PBS-LTR-
Rv”). Albumin was used to normalize (hAlb-Fw: GCTGTCATCT
CTTGTGGGCTGT and hAlb-Rev: ACTCATGGGAGCTGCTGGT
TC). We used KAPA SYBR FAST Universal qPCR (KAPA Bio-
systems) in a program (95�C � 30 + 60�C � 300) � 40 cycles +
(95�C � 10 + 55�C � 300 + 95�C � 300) Mx3005P QPCR System
from Stratagene (Agilent Technologies, Santa Clara, CA, USA).
Quantification was performed by comparison with a control cell
line that contains one integrated copy per cell (previously generated
in the lab). We estimated that 60 ng corresponds to �10,000 cells,
therefore to 10,000 copies.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 9.0.2 soft-
ware (GraphPad Software, La Jolla, CA). Data were expressed as
the mean ± SEM. Performed statistical tests were indicated for each
experiment.
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