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Abstract

PGK, β2m and CMV) on a CAR123 construct in the

The development and the functionality of Chimeric

Blastic

Antigen Receptor (CAR) therapy is highly linked to the

(BPDCN). Our results indicate that lentiviral vector titer

stability and expression level of the receptor, for which

is affected by transgene nature and promoter activity.

the choice of the promoter is key. Although EF1α is a

Interestingly, by moderating the expression level of

reference promoter to induce strong antigen binding and

CAR123 at the cell surface, its recognition capacity and

long-term CAR expression, we investigated the impact

selectivity were improved. We observed that in early

of this one and other constitutive promoters (MSCV,

stages after transduction, CAR123 expression level did
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not affect lymphocyte’s phenotype and its cytotoxic

The present study focuses on the CAR123 construct

capacity against BPDCN cell line. However, following

based on the B4D5 monoclonal antibody, which was

long-term culture and decrease of cell-surface CAR

recently demonstrated to eliminate BPDCN in vitro and

expression, a hallmark of transition from activation to

in vivo [15].

memory state of T-cells was observed, and only T-cells
transduced with CAR-EF1α or -β2m promoters were

This CAR123-chain was firstly vectorized by a

still functional. We identified β2m as a promising

Moloney murine leukemia virus vector. Since transgene

promoter. Though it shows lower antigen-binding

introduction and regulation are crucial for CAR-T cell

CAR-T cell and antigen recognition rates compared to

functionality and antigen recognition, this vector was

EF1α, β2m promoter still present interesting CAR

replaced by the HIV-1 lentiviral vector, which is more

expression levels, stability, and binding capacity.

adequate for this use in human T cells [15]. Also, in the
context of gene therapy, Moloney derived vector

1. Introduction

presented safety issues [16-18], showing a propensity to

Along the last two decades several immunotherapeutic

integrate near gene transcription initiation sites inducing

strategies have been developed to generate an efficient

proto-oncogenes [19]. On the contrary, HIV genome

treatment against cancers. Development of chimeric

was shown to integrate in distal regions of transcription

antigen receptors (CAR) [1] has been an important

initiation sites [20, 21]. Thus, a lentiviral vector was

breakthrough since CARs allow the redirection of

selected for ongoing pre-clinical development because

autologous T cells to target tumor cells. Several CARs

the risk of interference with flanking genes HIV-derived

targeting a broad range of tumor antigens are currently

vectors is limited. More importantly, the type of

under development and are in clinical phases, especially

promoter used to regulate the transgene expression is

for hematological malignancies [2-5].

critical to ensure a long-term and stable expression of
CAR-chain on human T cells [22]. Many constitutive

We have developed a novel cellular immunotherapy

promoters are described and can be used in lentiviral

against CD123 protein, which is an Interleukin-3

vectors, but few are able to sustain expression in human

Receptor α chain expressed at the cell-surface,

T cells.

demonstrated

to

be

involved

in

hematopoietic

differentiation [6, 7]. It was shown that CD123 is

In the present study, we investigated how different

overexpressed in numerous hematologic malignancies,

promoters influenced on our CAR123-chain expression,

particularly in Blastic Plasmocytoid Dendritic Cell

stability, and functionality, enabling to make a rational

Neoplasm (BPDCN), acute myeloid leukemia [8] and

choice on the most appropriate one. Five different

acute lymphoblastic leukemia (ALL), whereas its

promoters were selected and assessed in primary human

expression is limited on normal hematopoietic stem

T cells: (i) human immediate early cytomegalovirus

cells, monocytes and endothelial cells [9, 10].

(CMV) promoter, a strong ubiquitous classically used

Consequently, CD123 was identified as membrane

viral promoter [23-25]; (ii) Murine stem cell virus

biomarker and a therapeutic target [11-14].

(MSCV) retroviral LTR promoter, previously described
in T cells to mimic transcription regulation of γ-
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[23,

26,

27];

phosphoglycerate kinase (PGK),
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(iii)

an

Human

endogenous

controlled by sequencing using the following primers
for

qPCR:

U5R-M667

(5'-

housekeeping promoter showed to sustain a moderate

GGCTAACTAGGGAACCCACTG-3'),

U5R-AASM

and stable expression level [23, 25]; (iv) Beta-2-

(5'-GCTAGAGATTTTCCACACTGACTAA-3'), CD3

Microglobulin (β2m) promoter, an ubiquitous and

in 5' (5'-GGCTATCATTCTTCTTCAAGGTA-3') and

constitutive promoter especially strong in immune cells

CD3 in 3' (5'-CCTCTCTTCAGCCATTTAAGTA-3').

[28-30]; and (v) Human elongation factor 1 alpha
(EF1α), a strong ubiquitous constitutive promoter

2.2 Lentiviral vector production

classically used for stable gene transfer.

Production and titration of lentiviral vector were
formerly described [33]. Lentiviral vectors were

Here we report new CAR promoter optimizations to aim

produced

by

transient

calcium

phosphate

co-

a stable and long-term cell surface expression on human

transfection of HEK-293T cells (ATCC) with the vector

T cells. We demonstrate that antigen binding is directly

plasmid pTrip encoding the vector RNA, an envelope

correlated to promoter intensity. Thus, by selecting a

expression plasmid encoding the glycoprotein from

low intensity CAR123-T cell promoter we might attain

Vesicular Stomatis Virus serotype Indiana (IND) and

a fine tuning anti-TAA engagement and reduce the “on-

the p8.74 packaging plasmid for the production of

target, off-tumor” effect.

integrative lentiviral vector particles (see Figure 1 for
plasmid description). 48h post-transfection supernatant

2. Material and Methods

was harvested and centrifuged 5 min at 500g to remove

2.1 Plasmids construction

cellular debris and then ultra-centrifuged during 1h at

All vectors presented in this study derived from a pTrip-

22 000g. Pellets were resuspended in a storage buffer

GFP [31] carrying a Woodchuck Hepatitis Virus (WH)

composed of PIPES pH 7.2, 2.5% sucrose 75mM NaCl.

Posttranscriptional Regulatory Element (WPRE) in 5’

All productions correspond to 30 ml of supernatant

of the transgene. GFP gene was replaced by B4D5

pelleted and resuspended in 30 μl of buffer.

CD123

CAR-2A-ΔCD19

gene

[15]

by

restriction/ligation. CMV promoter was replaced with

2.3 Lentiviral vector titration by qPCR and

different

Luciferase assay

promoters

by

restriction/ligation.

All

promoters were extracted from their original plasmid by

For titration, 4.105 HEK-293T cells were plated in 6

PCR with adaptive primers. β2m promoter was

well-plates and transduced with vector suspension. 72h

described in former studies [32] (Ref: LRG_1215; from

post transductions, cells were harvested and lysed.

4556 to 5070). hPGK promoter comes from a pTrip

SYBR green qPCR was performed on 1:10 diluted cell

hPGK-GFP plasmid generated in our laboratory (Ref:

lysates with a primer against U5 fragment of lentiviral

NG_008862.1; from 4649 to 5159). EF1α promoter

vector Long Terminal Repeat [34] and a fragment of

comes from pEF-GFP plasmid, kindly donated by

endogenous cell CD3ζ gene. Ratio U5/CD3 was

Connie Cepko (from 36 to 1217). MSCV promoter

calculated, and the “Transduction Units” per ml

correspond to the MSCV 5’LTR from pMSCVpuro

(TU/ml) were determined.

(Clonetech; nucleotide 1 to 515). All constructs were
Journal of Biotechnology and Biomedicine
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During titration, a part of non-treated cell lysate was

2.5 CAR expression stability assay

used to quantify luciferase activity (Luciferase Assay

To assess CAR cell surface expression, a truncated

System, Promega) and total protein for normalization

CD19 reporter (ΔCD19) was used as a selection marker

(BCA protein assay Interchim, Clichy, France). Values

[15]. Transduction efficiency was determined on the

were reported to the copy number measured by qPCR to

basis of ΔCD19 cell surface expression on transduced

determine Relative Luciferase Activity per Viral Copy

CD3+ T cells by flow cytometry. Activated T cells were

Number (RLU/VCN).

transduced at MOI 20. From day 5 post-transduction
and every 3-4 days, transduction efficiency was

2.4 Human T cell purification, stimulation, and

determined by flow cytometry analysis using CD8-PE-

transduction

Cy7 (clone SK1, Biolegend), CD4-PerCP (clone SK3,

Peripheral blood cell samples of healthy donors were

Biosciences) and CD19-PE (clone LT19, Miltenyi

collected at the French Blood Center (EFS BFC

Biotec, Germany) antibodies. Labelling was detected on

Besançon, France) after obtaining written informed

an Attune flow cytometer (Thermo-Fisher Scientific)

consent. Blood samples collection was approved by the

and analyzed with FlowJo software.

French Ministry of Higher Education and Research
(agreement number #AC-2015-2408 of May 22nd,

2.6 Evaluation of the binding capacity of the CAR in

2015).

transduced cells
The expression of the CD123 CAR on cell surface of

T cells were purified by bead-sorting (Human Pan T

transduced T-cells was examined by flow cytometry

Cell Isolation Kit, Miltenyi Biotech) and activated with

(FACS LSR Fortessa). We evaluated the fixation of

CD3/CD28 beads (Human T Cell Activation/Expansion

CD123 on the CD8+ ∆CD19+ CAR cells in comparison

Kit, Miltenyi Biotech) for 2 days prior to transduction

to non-transduced (NT) cells. T-cells (1.105 cells) were

and cultured in complete RPMI medium: 10% heat-

labeled with 0.25 μg per well of biotinylated CD123

inactivated endotoxin-free Fetal Calf Serum (Eurobio,

protein for 1h at room temperature, followed by PE-

Courtaboeuf,

streptavidin (BD Biosciences, New Jersey, USA)

France),

1%

penicillin/streptomycin

(Eurobio, Courtaboeuf, France); with 50μM Beta-

incubation (dilution 1:1000).

mercaptoethanol (Gibco), 1mM Sodium Pyruvate
(Gibco), 10 mM Hepes (Gibco), 1x Non-Essential

2.7 Evaluation of the expression of the CAR in

Amino Acids (Eurobio, France) and 50 U/ml of

transduced cells by Western blotting

Recombinant

France).

Non-transduced (NT) and CD123-CAR-T cells were

Activated CD3 T cells were either transduced with

lysed by sonication in RIPA buffer supplemented with

lentiviral vectors or not (activated but “non-transduced”

a protease inhibitor cocktail (complete Mini EDTA-

T cells). For transduction, medium was renewed, and

free; Roche, France). Lysate’s protein content was

lentiviral vector was added at MOI 20 or 100. The day

quantified with a BCA protein assay (Interchim, Clichy,

after transduction and every 3-4 days, half of the

France). Then, equivalent amounts of cell protein (20 μg

medium was changed, and cells were maintained at

proteins) were separated by SDS-PAGE, and electro-

human

IL-2

(Preprotech,

+

6

1.10 /ml.
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California, USA). Membranes were probed overnight

CD4PerCP, CD8PC7 (BD Bioscience, New Jersey,

with primary antibodies (diluted at 1:1000) specific for

USA) and CD19-PE (Miltenyi Biotec, Bergisch

human CD3ζ chain (51-6527GR, BD Biosciences, New

Gladbach, Germany) antibodies to identify ΔCD19

Jersey, USA). Membranes were also probed with

reporter on transduced T cells. Non-transduced T cells

specific anti-β-actin antibodies (clone AC15, #A5441,

(NT) were used as control. Cell surface phenotype was

Sigma-Aldrich, Missouri, USA; dilution 1:1000) as an

investigated with the following monoclonal antibodies:

internal

anti-CD19-APC

loading

control.

For

immunodetection,

and

anti-CD3-VioBlue

(Miltenyi

membranes were probed with a secondary antibody:

Biotec, Bergisch Gladbach, Germany) for T cells, or

sheep

Jackson,

anti-CD123-PC7 (Sony Biotechnology, California,

Pennsylvania, USA; dilution 1:6000). Detection was

USA) for target cells. Antibody binding was detected on

carried

an Attune flow cytometer (ThermoFisher) and analyzed

anti-mouse

out

IgG

using

(#515-035-062,

chemiluminescence

reagents

(Clarity™ Western ECL Blotting Substrates, Bio-Rad,

with Flow Jo software.

Cressier, Switzerland), using a camera and Bio-1D
software (Wilber-Lourmat, Collégien, France).

A cytotoxic assay was performed as described above.
Day prior to the assay and 12 days post CAL-1 co-

2.8 In vitro Cytotoxicity assay

incubation, surface phenotype was investigated with the

The CD123+ BPDCN cell line CAL-1 was kindly

following antibodies: CD8-PE (clone SK1, Biolegend),

provided by Dr. Maeda, Nagasaki University, Japan.

CD19-FITC (clone LT19, Miltenyi), CD62L-BV421

CAL-1 cells were cultured in complete RPMI 1640

(clone DREG-56, BD Horizon) CD45RA-BV711

glutamax medium supplemented with 10% heat-

(clone H100, Invitrogen).

inactivated, endotoxin-free fetal calf serum, 1%
penicillin/streptomycin (Eurobio, Courtaboeuf, France).

2.10 Statistical analysis

CAL-1 cells (1.106 cells/ml) were labeled with

Independent experiments were originally performed 3

CellTrace CFSE Cell Proliferation Kit (ThermoFisher,

times and then repeated until a significant variation was

eBioscience, France) at 1μM during 25min. CAR-T

reported for demonstration key points. The data were

cells were then cultured at 10:1 effector to target (E:T)

analyzed using GraphPad Prism.

ratio with CFSE-labelled CAL-1 at 37°C for 24h. After
co-culture, cells were labeled with CD19-APC (clone
LT19, Miltenyi), anti-CD8-VioBlue (clone SK1,
Biolegend) antibodies and Fixable Viability Dye eFluor
780 (dilution 1:1000) (ThermoFisher, eBioscience,
France) in order to evaluate cell survival (Viability Dye)
of target cells (CFSE+).

3. Results
3.1 CAR expression level affects lentiviral vector
production
CARs immunotherapy is highly dependent on lentivirus
vector. CAR-T cells are mostly generated by
transduction with lentiviral vectors, frequently obtained
by the three-plasmid transfection method (Figure 1). To

2.9 Flow cytometry
Transduction efficiency was determined by flow
cytometry analysis (FACS LSR Fortessa) using
Journal of Biotechnology and Biomedicine
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transcriptional unit encoding the transgene is functional

proteins (GFP and Luciferase Firefly). The different

and if the transgene is toxic or competes with any other

transgenes expression was regulated by a weak (β2m)

component, the production will be dramatically

or a strong (CMV) promoter. Vectors expressing

affected.

intracellular proteins were poorly influenced by
promoters’ nature with only a 2.2- and 2.4-fold variation

To investigate the effect of the CAR expression during

between CMV and β2m (Figure 2C). Yet, for the

vector production, we evaluated and compared CMV,

membrane protein, the titer was higher with β2m

MSCV, PGK, β2m and EF1α promoters. To do so, a 2nd

promoter than with CMV promoter (18.2-fold increase

generation lentiviral vector was used with transgenes

for CAR-chain and 16.8-fold increase for hCD123).

under the control of each promoter (Figure 1). The
HEK-293T cell line was firstly transduced with vectors

Taken together, these results evidenced that cell-surface

expressing the luciferase firefly reporter to compare

protein expression, particularly membrane CAR-chain

promoters’ activities (Figure 2A). We identified a group

expression,

of strong promoters composed of CMV and EF1α that

production. As a result, CAR vectors with weak

induced the highest protein expression level with a 50-

promoters in HEK-293T like β2m and PGK ensure

fold increase compared to the group of weak promoters

better production than strong promoters like EF1α and

encompassing PGK and β2m. The MSCV promoter was

CMV promoters. This observation is crucial for CAR

considered as an intermediary expression promoter.

development and manufacturing, but improving CAR

was

clearly

deleterious

for

vector

vector production should not be done at the expense of
To assess the impact of the promoters’ expression level

CAR functionality in primary human T-cells.

on the titer of the CAR vector, we compared and
measured the functional titer of the CAR123 vector

3.2 Expression stability of CAR123-chain is related

production by qPCR (Figure 2B). Strong promoters,

to the promoter

CMV and EF1α induced weak vector titers (2.83 ± 0.82

Expression level and stability are two critical

8

8

.10 and 2.88 ± 1.7. 10 TU/ml, n=4). On the contrary,

parameters to generate functional CAR-T cells and we

vector titers from the weak group (PGK and β2m) were

sought to study whether promoters could affect them.

determined to be about 30 times higher (7.90 ± 2.71 .109

Since no direct immunolabeling of CAR protein could

and 8.44 ± 1.74.109 TU/ml, n=4). Vector titer with

be performed, we used the 3rd generation CAR123

MSCV promoter remained intermediate (3.20 ± 0.86

construct encompassing a CD19 truncated protein

.109 TU/ml, n=4). We observed that the CAR vector

(ΔCD19) as a reporter protein to determine the

functional titer was inversely proportional to the

promoter’s activity and stability. CD3+ T cells were

promoter activity.

purified from healthy PBMCs and activated using
CD3/CD28/CD2 beads and transduced with the

In order to determine if this difference of functional titer

corresponding CAR123-promoter constructs. Non-

was related to the transgene nature, we replaced the

transduced (NT) activated T cells were used as control.

CAR-chain with either transgenes encoding a type I

These CD3+ T cells were maintained in culture 37 days

membrane-bound (human CD123) or intracellular

post-transduction
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better yields for CAR expression. Nevertheless, β2m
promoter also ensures high and stable CAR expression

CAR123-T cells were generated and the ΔCD19 protein

in primary human T cells in comparison to CMV,

expression was monitored following transduction step

MSCV and PGK promoters.

at day 5, 15 and 37 on CD3+ T cells by flow cytometry
(Figure 3A). Within the promoters, two different groups

3.3 CAR expression level is associated to target

were identified: EF1α and β2m showing a significantly

binding and cytotoxic activity

higher expression compared to the other group,

We determined that the expression level of ΔCD19

including the MSCV, PGK and CMV promoters.

reporter was notably different between all promoters

Expression level slightly decreased at day 15 for EF1α

assessed, with a primacy for EF1α and β2m promoters

and β2m promoters, reaching 60% of the original

for CAR expression. This implies that CAR expression

expression level, and increased at day 37. For MSCV,

level should variate similarly, affecting the functionality

PGK and CMV promoters, expression of ΔCD19

of CAR123-T cells. To verify this, CAR123-T cells

remains low all along the experiment. Noteworthy, the

were co-incubated with biotinylated human CD123

nature of the recombinant protein influenced the

protein. Cell-surface expression of ΔCD19 and CD123-

promoter efficacy. In terms of expression stability, a

bound cells were simultaneously determined by flow

pattern is shared by all promoters with maximum

cytometry.

expression at day 5 and a decrease in expression at day
15, which remained stable until day 37 (Figure 3B).

All CAR123-T cells transduced with a multiplicity of

However, EF1α and β2m are the most stable promoters

infection [36] of 20 displayed the ΔCD19 at their

preserving 80% of the CAR-expressing population

surface for all promoters. Yet only T cells transduced

between day 5 and day 15. At day 37, β2m is the most

with EF1α CD123 CAR-chain cells showed a “high

stable promoter without loss of expression, whereas

binding” for CD123 protein with 55% of ΔCD19 +

EF1α decreases to 60%. Strikingly, CMV promoter did

CD123+. On the contrary, MSCV, PGK, β2m and CMV

not allow stable CAR expression, maintaining only 40%

were below 5% of labelling and were considered as

of the original CD8 ΔCD19 CAR-T cells. Such

“low binding” (Figure 4A). To study if the binding

expression levels were observed for either CD8+ T cells

capacity was directly linked to CAR expression level,

+

+

+

(Figure 3C) or CD4 T cells (Supplementary Figure 1),

we sought to improve CAR surface expression of

demonstrating that CD8 and CD4 T cells express

ΔCD19Low CAR-T cells. We transduced T cells with a

comparable levels of CAR constructs. However, the

MOI of 100 instead of 20 for the “low binding”

+

+

+

+

CD4 /CD8 T cells ratio strongly decreased from day 5

promoter group. By increasing the CAR cell-surface

to day 37, as previously observed during CAR-T cells

expression, we expected to improve the binding rates of

expansion [35]. Then, the remaining T cells at day 37

CD123 protein (Figure 4A). PGK and β2m had an

+

are essentially CD8 , independently of the promoter

important increase from 3.7% and 7.39% to 15.2% and

used (Supplementary Figure 2).

22.7% respectively, whereas MSCV and CMV had a
weaker increase from 6.4% and 3.9% to 9.7% and 8.4%

These results confirm that EF1α promoter presents
Journal of Biotechnology and Biomedicine
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the obtention of CAR-T cells with higher expression

This decrease in cytotoxicity for PGK, MSCV and

levels of CAR-chain, as confirmed by western-blot

CMV promoters was correlated with the loss of CAR

(Figure 4B). Though, none of the “low-binding”

expression observed between day 6 and day 37 (Figure

promoters were able to equal EF1α promoter yields with

3A). However, β2m promoter showed a singular profile.

this approach.

Though it shared the “low-binding” profile with PGK,
MSCV and CMV promoters, it demonstrated to

These results confirmed that CAR binding capacity is

maintain a stable protein expression, with higher

tightly related to the CAR expression level. And only

expression level, and was able to sustain a cytotoxic

EF1α promoter allows the generation of CAR-T cells

activity comparable to EF1α at day 40.

with a “high-binding" capacity due to a high expression
level. Among “low-binding” group, β2m promoter is

Thereby, among all promoters tested, this observation

the most interesting promoter with a slightly superior

points out the advantage of using either EF1α to

binding capacity compared to the others.

generate CAR with a “high-binding” profile, or β2m
promoters for a “low-binding” profile. Both promoters

To study the incidence of expression stability of CAR-

ensure an efficient level of expression of CAR123-chain

chain on the cell function, we performed a cytotoxicity

in human T-cells to preserve a prolonged efficiency.

assay against CAL-1 tumor cells, a BPDCN cell line, at
an E:T ratio of 10:1 at day 6 and day 40 (Figure 4C and

3.4 Differentiation of CAR123-T cells is not

D). These time points corresponded to the maximum

promoter-dependent after CAL-1 co-culture

level of CAR expression during activation phase, or to

Strong or weak expression levels of CAR-chains might

the low and stable expression during resting phase,

be related to the magnitude of activation signals. So, we

respectively.

investigated if these CAR-T cells with different binding
profiles induced diverse differentiation profiles when

At day 6, complete lysis was observed for all CAR123-

they were confronted to their target cells. For that, we

T cells used (>90% of tumor lysis), except for CAR123

studied the expression of CD62L and CD45RA markers

under the regulation of CMV promoter, which

on CAR-T cells by flow cytometry prior and 12 days

demonstrated a slightly lower efficiency against CAL-1

after co-incubation with CAL-1 cells.

tumor cells (82% of tumor lysis). However, at day 40
only CAR123-chain regulated by EF1α and β2m

Before co-culture we observed that (i) around 50% of

promoters were able to eliminate CAL-1 target cells

CAR-T cells were CD62L+/CD45RA- (central memory

(60% and 52% of tumor lysis respectively). For MSCV,

T cells, TCM), (ii) around 20% of CAR-T cells were

PGK and CMV promoters, tumor cell lysis could not be

CD62L+/CD45RA+ (naïve T cells) and (iii) around 20%

discriminated from NT T-cells alloreactivity. This

were CD62L-/CD45RA- (effector memory T cells,

implies that specific cytotoxic function was lost at day

TEM) (Figure 5A). Terminally differentiated memory T

40 post-transduction for CAR-T cells generated with

(TEMRA) cells CD62L-/CD45RA+ represented less

these promoters.

than 5% of total CAR-T cells. 6 days post-transduction,
no differences were observed between CAR123-T cells

Journal of Biotechnology and Biomedicine
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and NT T-cells, suggesting that CAR123-chain

regulation is known as a CAR-T cell exhaustion marker.

expression did not influence T-cells differentiation.

Therefore, we analyzed its expression level on

However, following a 12-day co-incubation with CAL-

CAR123-T cells prior and after co-incubation with

1 tumor cells, we observed a major modification in

CAL-1 tumor cells (Figure 5C). We observed that there

phenotype profile for all CAR-T cells: around 60% of

was no significant difference in PD-1 cell-surface

CAR-T cells turned out to be TEM and only 20% of

expression among all CAR123-T cells, independently

CAR-T cells were still TCM. Naïve and TEMRA

of the chosen promoters, and less than 5% of CAR123-

populations still represented less than 5% of total T cells

T cells express PD-1.

population.

Nonetheless,

promoters

were

not

responsible for variation on CAR-T cells differentiation

Taken together, phenotype and differentiation of CAR-

either before or after co-incubation with CAL-1 tumor

T cells were not modified by the different promoters

cells (Figure 5B).

assessed. After a single stimulation, all CAR123-T cells
were

demonstrated

to

differentiate

from

Probably antigen binding and cytotoxic function could

CD62L+/CD45RA- T cells to CD62L+/CD45RA+

be dampened by CAR-T cells exhaustion. PD-1 up-

without of CAR-T cells exhaustion.

Figure 1: Lentiviral vector and CD123 CAR-chain composition.

Representation of a 2nd generation lentiviral vector production. pCMV-VSV-G plasmid encoded an amphotropic
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envelope Glycoprotein from Vesicular Stomatitis Virus (VSV-G) Indiana serotype. p8,74 plasmid coded for Gag-pol
essential protein and tat-rev accessory proteins. Tat protein acted as trans-activator of U3 native HIV promoter ensuring
expression of Vector RNA. The vector was flanked in 5’ by LTR (U3RU5) and in 3’ by truncated LTR (RU5) ensuring
self-inactivation. φ: encapsidation sequence, RRE (Rev Response Element), cPPT/CTS (central polypurin tracts/central
termination sequence), WPRE (WHV Posttranscriptional Regulation Element), BGH polyA (bovine Growth Hormone
polyadenylation signal). hCD123 corresponded to the full length human CD123. CD123 CAR-chain composition: signal
peptide (SP) of mouse Ig; single-chain variable fragment (ScFv) from B4D5 anti-CD123 monoclonal antibody [15];
hinge of human IgG4 and 28BBz backbone [55]. Reporter ΔCD19 was a truncated version of CD19 protein (1-313aa)
co-expressed through a P2A cleavage site.

Figure 2: Impact of CAR transgene and promoter on vector production.

(A) The expression level of promoters in HEK-293T production cell line was measured as Relative Luminescent Unit
per Viral Copy Number (RLU/VCN). Columns represent mean ± SEM of 4 different transductions. Significance was
determined using a Kruskal-Wallis test (*: P<0.05). (B) The titer of lentiviral vectors encoding CD123-CAR protein
under control of different promoters was determined by qPCR after HEK-293T cell transduction and values were
expressed as Transduction Unit per ml (TU/ml). qPCR primers targeted U5 region of lentiviral vector LTR and CD3
genes. Standard curve was carried out with a quantified vector plasmid carrying CD3 gene. Columns represent mean ±
SEM of 4 different productions Kruskal-Wallis test (*: P<0.05). (C) The titer of lentiviral vector encoding different
transgene under the control of CMV or β2m promoter was determined by qPCR. “CAR” refers to CD123 CAR protein,
“hCD123” refers to Human CD123 protein, “Luc” to Luciferase Firefly protein, “e GFP” to enhanced Green Fluorescent
Protein. Columns represent mean ± SEM of 3 different productions. Significance was determined using Mann-Whitney
test (*: P<0.05).
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Figure 3: Promoter expression level and stability in human T cells.
Expression of ΔCD19 in CD8+ T cell population was determined at day 5, 15 and 37 after transduction. (A) The
expression level of ΔCD19 under the control of different promoters was studied by flow cytometry and represented by
dot plots at different time points (same donor). Populations were previously gated on CD8 expression. (B) The stability
of CD8+ ΔCD19+ population over time was calculated as the percentage of ΔCD19 + among CD8+ cells. (C) Expression
level was expressed as Median Fluorescent Intensity (MFI). For (B) and (C), columns represent mean ± SEM of 3
different donors, significance was determined using a Kruskal-Wallis test (*: P<0,05; **: P<0,01; ***: P<0,001).
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Figure 4: Binding capacity to CD123 protein according to CAR expression level and cytotoxic functions.

(A) CAR123-T cells were labelled using CD123-biotynilated protein and were analyzed by flow cytometry 12 days post
transduction with either MOI 20 or 100. Activated but non-transduced T cells (NT) served as control. (B) A western blot
analysis of the expression level of B4D5 CAR in Human T cell was carried out with an anti-CD3 antibody, and β-actin
was labelled as a loading control. (C) Different promoter/CAR-T cells were co-incubated 24h with CAL-1 cells at an E:
T of 10:1. Cell lysis was determined on the basis of remaining living cells (Viability) using a live/dead marker on CAL1 cells (CFSE+). Cell death from the same donor was studied by flow cytometry and represented by dot plots. (D) Columns
represent mean ± SEM of 3 different donors of % of cell lysis. At day 40, significance was determined using a KruskalWallis test (***: P<0,001; ****: P<0,0001).
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Figure 5: Phenotype variation of CAR123-T cells after CAL-1 stimulation.
(A) CAR123-T cells expression under the control of different promoters (EF1α, MSCV, PGK, β2m and CMV) or nontransduced (NT), before and 12 days post activation was studied by flow cytometry and represented by dot plots. (B)
Differentiation phenotype was determined through CD62L and CD45RA cell surface expression, 6 days after
transduction and 12 days after being exposed to CAL-1 at a ratio E:T of 10:1. (C) PD-1 expression in CD8+ ΔCD19+
population before and after 12 days of stimulation. Columns represent mean ± SEM of 3 different donors. Significance
was determined using a Mann-Whitney test (ns: non-significant).

4. Discussion

determine their effect on CAR-T cells reactivity against

In this work, we investigated whether promoters with

CD123 antigen using our CD123 CAR construct.

different

activity

could

modulate

CAR-chain
and

Firstly, we evidenced that lentiviral vector titer is

subsequent cytotoxic function against the targeted

affected by transgene nature and promoter activity: type

antigen. Several constitutive promoters were tested to

I membrane-bound proteins, such as the CAR construct,

production,

expression,

antigen

recognition
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were more deleterious to functional titer of lentiviral

promoter (driving CAR expression) are functional.

vector than intracellular proteins. Moreover, this effect

Thus, these two transcriptional complexes could

is emphasized by promoter activity: strong promoters

compete during the transcription phase for DNA matrix

like EF1α or CMV generate 20 times lower CAR vector

or shared transcription factors. For example, the

than weak promoters like PGK and β2m. This

ubiquitous transcription factor SP1 is critical for both

correlation between promoter strength and transgene

CMV and HIV U3 promoters [38, 39]. This was

expression level was previously shown for different

demonstrated in SIN lentiviral vectors, where the

transgenes and in the CAR-T therapy context [22, 23,

deletion of the U3 promoter in HIV 3’LTR led to an

37].

increase of the transgene expression after transduction
[40]. Taken together, we can hypothesize that this

We confirm the importance of the promoter’s choice for

competition could be present during the production of

immunotherapy strategies based on lentiviral vector

second-generation lentiviral vector, leading to a

gene

potential

transfer,

particularly

during

large-scale

decrease

of

RNA

vector

production.

manufacturing process. For CAR expression, a weak

Moreover, at the protein level, we observed that the

promoter is optimal for lentiviral vector in a production

nature of the transgene could affect the functional titer,

cell line. However, concerning primary human T-cells,

probably due to an interference between membrane-

a strong promoter is required. This was the case with

located

β2m promoter, which has shown low expression levels

production. In the case of CAR production, we observed

as PGK promoter in HEK-293T, but almost as strong as

that both type-1 membrane-associated proteins follow

EF1α in T-cells. Such result was expected since β2m is

the same secretion pathway and are accumulated at the

a housekeeping protein mainly expressed in immune

membrane. In the context of a strong CAR expression,

cells but poorly expressed in HEK-293T, becoming

VSV-G

particularly relevant for driving CAR expression,

impoverished resulting in a decrease of transduction

especially in the context of CD123 targeting [30].

efficiency and, consequently to a lower functional

proteins

and

membrane

VSV-G

envelope

concentration

during

could

be

vector titer.
Regarding

lentivirus production,

we highlighted

multiples critical points affecting the functional titer. At

These two events have critical consequences on

a transcriptional level, we first demonstrated a

lentiviral vector-based CAR therapies, especially for

correlation between the strength of the promoter in a

large-scale production. Such optimizations of CAR

production cell line and the functional titer. Such

expression at a transcriptional level can both increase

correlation was previously determined on a -retroviral

therapy efficiency and reduce the global cost of an

vector. Indeed, the introduction of a tetracycline-

already expensive therapy.

inducible promoter that was not functional during
production, instead of a constitutive promoter, leads to

CD123 presents a differential level of expression

an increase of the vector functional titer [37]. Secondly,

between

in the plasmid used to encode the RNA vector, both the

hematopoietic cells [11, 41]. In this context, “on-target,

U3 promoter (from HIV 5’LTR) and the constitutive

off-tumor” toxicity can be deleterious for endothelial
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cells subsets reported to express low level of CD123

functionality. Classical CAR-T cells culture protocols

[42]. The lack of tumor specificity can have dramatic

require high doses of IL2 (>100U/ml) to sustain strong

consequences: a CAR-T therapy clinical trial with

proliferation and expansion of CAR-T cells to obtain

CAR-T cells targeting HER2 (ERBB2), led to patient

enough cells for clinical application. However, this

death 5 days after injection because of the basal target

concentration is not compatible with physiological

expression on the epithelial cells of the lung [43].

conditions, altering both their phenotype and their

Another example was a CAR targeting GD2 that

cytotoxicity [45]. Actually, many cytotoxic assays or in

induced fatal encephalitis on in vivo models of

vivo

neuroblastoma [44]. Even if the first trial with CAR-T

transduction step when T cells activity is optimal. In our

cells specific for CD123 in humans (4SCAR123,

long-term culture experiments, only low doses of IL-2

NCT03125577) showed a rapid remission with minimal

(50U/ml) were used, and activation/memory state was

cytokine release syndrome (CRS) and without off-target

clearly defined by CAR expression overtime. Here we

effect, this safety issue must be addressed.

demonstrate

experiments

that,

are

performed

following

rapidly

long-term

after

culture,

cytotoxicity considerably vary according to the
By decreasing the expression level of the CAR-chain at

promoter’s nature. Thereby, promoter selection could

the cell-surface, the binding capacity of CAR-T cells

be crucial to maintain CAR-T cytotoxicity in vivo.

can be modulated and the safety of CAR therapies could
be increased. Our studies show that CD123 CAR-T cells

Variations in binding capacity related to the promoter’s

differential binding was directly related to the promoter

nature could also be affected by the phenotype of CAR-

used to regulate the CAR expression, both by its

T cells after specific activation. Indeed, classical T cell

intrinsic level of expression and by its number of copies,

activation through TCR engagement induce a fast T cell

evidenced through the increase of the MOI. Only EF1α

differentiation associated with exhaustion profile during

promoter was able to generate cells with a high binding

strong and persistent TCR engagement [46, 47].

potential to CD123 proteins. Furthermore, we observed

However, after 12 days of CAL-1 cells stimulation,

a decrease in CAR expression overtime that we relate to

differentiation profile was the same for all promoters

a transition between activation and resting/memory

used with a majority of CAR-T cells being TEM cells

states. Thus, variation overtime in binding capacity is

(CD45RA-/CD62L-) [48] without up-regulation of PD-

expected and could dampen CAR-T cells cytotoxicity

1 at their cell-surface.

against targeted tumors. On cytotoxic assays at different
time points, only CAR construct under the control of the

New generation of “armored” CARs consist of

two strongest promoters tested in this study, β2m and

introducing

EF1α were able to eradicate CAL-1 cells, both during

endogenous production of cytokine to mimic their

their activation (day 6) and resting/memory (day 40)

activation pathway [49, 50]. Activation signaling with

states.

high levels of cytokines secretion and enhanced CAR-T

co-expression

strategies

with

an

cells proliferation can be exacerbated by high cellEvaluation of CAR-T cells functionality during

surface expression of CAR [51]. These approaches

resting/memory phases is crucial to ensure long-term

could have a great impact on the surrounding immune
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cells. Thus, a finer regulation of transgenes expression

manuscript; ML, JC supervised research. All authors

in the CAR vector could be necessary.

provided input, edited, and approved the final version of
the manuscript.

Also, it has been demonstrated that introduction of a
CAR in a TRAC locus, that mimics TCR regulation,
prevents tonic CAR signaling with a basal low level of
expression and allows its modulation after stimulation
[48]. Thus, β2m promoter, regulated by inflammation
signals like Interferons α/β and γ through ISRE motifs,
could ensure a CAR expression profile closer to a
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Supplementary Material

Supplemental figure 1: Promoter expression level and stability in human T cells.
Expression of ΔCD19 in CD4+ T cell population was determined at day 5, 15 and 37 after transduction. (A) Expression
level was expressed as Median Fluorescent Intensity (MFI). (B) The stability of CD8+ ΔCD19+ population over time was
calculated as the percentage of ΔCD19+ among CD8+ cells. For (A) and (B), columns represent mean ± SEM of 3 different
donors, significance was determined using a Kruskal-Wallis test (*: P<0,05; **: P<0,01).
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Supplemental figure 2: Proportion of CD4+ and CD8+ T cells following transduction.
Percentages of CD3+ CD4+ and CD3+ CD8+ T cells were determined at day 5, 15 and 37 after transduction.
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