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1 | INTRODUCTION

Cellular immunotherapy strategies are currently growing for
the treatment of cancer. Among these strategies, allogeneic
hematopoietic stem cell transplantation (allo-HSCT) has been
the standard treatment of many hematological malignancies
for years." Allo-HSCT basically consists of the replacement of
a patient's bone marrow with hematopoietic stem cells col-
lected from a healthy donor, allowing hematopoietic and
immune systems reconstitution but, above all, the anti-tumor
effect of donor lymphocytes (Graft-vs.-Leukemia or GvL
effect).” Unfortunately, this procedure is often accompanied
by high toxicity and may lead to Graft versus Host Disease
(GvHD) and infections, which limits its indications. These
complications represent a major cause of morbidity and mor-
tality, poor quality of life and an additional economic cost.**
More recently, genetically modified T cells were introduced
as a new approach for cancer treatment, such as CAR-T cells
or TCR-T cells.>® To date there are still many difficulties in
controlling T cells once reinjected into the patient, either to
increase their therapeutic action or to limit their toxicity. It
therefore appears important to be able to provide a flexible
and easily reversible gene expression regulation system to
control the effects of these cells as simply as possible.

In this context, our results highlight the use in T cells of
a gene expression regulatory technology called NUTRIREG
that exploits an ubiquitous adaptive process known as the
amino acid response pathway.” A diet deficient in one essen-
tial amino acid (EAA) leads to a rapid and sharp decrease of
the limiting EAA blood concentration, triggering the adaptive
GCN2-ATF4 pathway.*'° Firstly, GCN2 kinase is activated
by uncharged tRNAs. Then, activated GCN2 phosphorylates
the a-subunit of the eukaryotic Initiation Factor 2 (eIlF2a),
leading to upregulation of the Activating Transcription Fac-
tor 4 (ATF4) translation. ATF4 binds to amino acid respon-
sive element (AARE) sequences on promoter sites to activate
transcription of specific target genes involved in adaptation
to cellular stress."* ™ This GCN2-ATF4 pathway has there-
fore been harnessed to regulate transgene expression by
NUTRIREG.”" This technology is based on the association
of (i) an artificial promoter (based on AARE sequences)
strongly inducible by the lack of one EAA, which controls

can be used in human T cells to transiently express a therapeutic gene such as IL-
10. Overall, our results represent a solid basis for the promising use of NUTRIREG
to regulate transgene expression in human T cells in a reversible way, and more
generally for numerous preventive or curative therapeutic possibilities in cellular
immunotherapy strategies.

allo-HSCT, amino acid starvation, cellular immunotherapy, GCN2-ATF4 pathway, GVHD,

the expression of a transgene (AARE-Gene) with (ii) a diet
devoid of one EAA. This leads to a sharp drop in the blood
concentration of the limiting EAA and allows induction of
the GCN2-ATF4 signaling pathway. Thus, after AARE-Gene
plasmid delivery to the target tissue by a viral vector, the
transgene expression can be induced by the consumption of
the EAA-deficient diet. Interestingly, the pathway can be rap-
idly deactivated by consumption of balanced AA diet, provid-
ing a gene regulatory system that is easily reversible and free
of adverse effects since it involves a physiological nutritional
pathway. Proof of the functionality of this system has already
been provided on mice, in different organs (liver, pancreas,
brain, eye), but also in glioblastoma tumor cells thanks to the
use of a pro-apoptotic gene.”

In order to use the NUTRIREG technology in human
T cells allowing a therapeutic application in cellular
immunotherapy, we first validated that the GCN2-ATF4
pathway is inducible by an EAA starvation in this cell
type. We then validated the in vitro functionality of
NUTRIREG in human T cells using reporter genes.
Finally, as an example of application of NUTRIREG in T
cell therapy, we then demonstrated that our technology
could be used to control the expression of a therapeutic
gene known to prevent GvHD after allo-HSCT. In this
perspective, we showed that transient expression of IL-10
in human T cells via NUTRIREG was able to direct the
immune response towards a Trl type response and vali-
dated the proof of concept of in vivo nutritional induction
of IL-10 in human T cells using immunodeficient mice.

2 | MATERIALS AND METHODS

21 |
T cells

Preparation of human primary

PBMCs were purified from buffy coats collected from
healthy donors by the French Blood Establishment (con-
vention 19-088) using Cytiva Ficoll-Paque™ PLUS (Fisher)
and used fresh or frozen at —80°C. In a second step, human
T cells were isolated from PBMCs using the human Pan T
Cell Isolation Kit (Miltenyi Biotec, Germany) according to
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the manufacturer's instructions. Isolated T cells were then
resuspended in RPMI 1640 medium (PAN BIOTECH) at a
density of 1-2 x 10° cells/ml.

2.2 | T cell activation

Purified human T cells were activated using human T Cell
Activation/Expansion Kit (Miltenyi Biotec, Germany). Ratio
of MACSiBead™ particles per cell was 1:2. RPMI medium
containing 10% heat inactivated FBS was supplemented with
human IL-2 IS (Miltenyi Biotec, Germany) at 50 IU/mL.

2.3 | T cell culture and treatments

Activated human T cells were incubated in 10% FBS-RPMI
medium supplemented with IL-2 at 37°C and 5% CO2 for up
to 14 days of expansion. When indicated, Dulbecco's Modi-
fied Eagle's Medium (DMEM) (with 10% of dialyzed calf
serum) lacking one EAA was used (GENAXXON biosci-
ence). A control medium was simultaneously reconstituted
by adding all nine EAAs. RPMI cultured human T cells were
collected when needed and washed in PBS with centrifuga-
tion at room temperature at 300g for 5 min. Cells were then
resuspended either in reconstituted DMEM control or in
DMEM lacking one EAA, at a density of 1 x 10° cells/mL.
DMEM was freshly supplemented with IL-2 (50 IU/mL) (or
not, in experiments without IL-2). GCN2 inhibitor (GCN2i)
(TAP20) was previously described'>'® and generously pro-
vided by Merck KGaA. The compound was resuspended in
DMSO and used at a final concentration of 2.5 pM.

2.4 | Plasmid constructions and
lentiviral production

2XAARE-TRB3-TK-eGFP, 2XAARE-TRB3-TK-LUC and
2XAARE-TRB3-TK-IL-10 plasmids contain two copies of
the AAREs from the TRB3 gene followed by cDNA
sequences encoding eGFP, luciferase, or the human IL-10
(Interleukin-10). Plasmids and lentiviruses were pro-
duced by VectorBuilder (Chicago, USA).

2.5 | Lentiviral transduction

Primary human T cells were transduced 24 h after activa-
tion. Cell suspension was centrifuged at 300g for 5 min and
cell pellet was resuspended in fresh RPMI supplemented
with IL-2 at a density of 1 x 10° cells/mL. Lentiviral sus-
pension was then added to cells with a multiplicity of infec-
tion of 5-10. Cell suspensions were maintained for
experimental purposes until 8 days after activation.

HLA _WILEY_l 2
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2.6 | Immunoblot analysis and
antibodies

Western blot analysis was performed as previously
described.'” ATF4 (# 11815), GCN2 (# 3302), elF2a (#
9722) and normal rabbit IgG (# 7074) antibodies were
purchased from Cell Signaling Technology. Antibodies
recognizing phosphorylated GCN2 (ab75836), and phos-
phorylated elF2a (ab32157) were from Abcam
(Cambridge, UK) and the antibody recognizing actin (sc-
47778) was from Santa Cruz. CD4-PerCP-Vio700
(REA623), CD8-VioBlue (REA734), CD45-APC-Vio770
(REA747), CD69-APC (REAS824), CD25-PE (REAS570),
CD223-APC (REA351), CD49b-FITC (REA188) and IL-
10-PE (REA842) antibodies were purchased from Milte-
nyi Biotec (Germany).

2.7 | Flow cytometry

For cell surface staining, human T cells were resus-
pended in 100 pL of PBS and incubated with antibodies
in the dark at 4°C for 15 min. For intracellular analysis of
human IL-10, staining was performed with the MACS
Inside Stain Kit (Miltenyi Biotec, Germany) according to
the manufacturer's instructions.

2.8 | ELISA assay

IL-10 was measured (i) in the media supernatant
using the IL-10 human ELISA kit (Thermofisher)
for in vitro studies, and (ii) in plasma using the IL-10
Human ELISA Kit, High Sensitivity (Thermofisher)
for in vivo studies, according to the manufacturer's
instructions.

2.9 | Gene expression analysis by real-
time RT-qPCR

Real-time RT-gPCR was performed as previously des-
cribed.'” Primers for the human sequences (Table S1)
yielded PCR products of approximately 100-150 bp in size.
The abundance of each mRNA was normalized to the
[-actin signal.

2.10 | Luciferase biochemical assay
Luciferase assays were performed as previously desc-
ribed.” Luciferase activities measured in cell extracts were
normalized to protein content (relative light units per mg
of protein).
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2.11 | Ethics statement

Maintenance of the mice and all experiments were
conducted according to the guidelines formulated by the
European Community for the use of experimental
animals (2010/63/EU). Animal facilities were approved
by the French veterinary Department (Agreement
D6334515). Animal experiments were approved by the
national regulatory committee of the Ministére de
I'Enseignement Supérieur, de la Recherche, et de 1'Inno-
vation (APAFIS#6545).

2.12 | Animals and experimental diets

Six-week-old NXG males (NOD-Prkdc*™-IL2rg"™! /Rj) were
purchased from Janvier Labs (SM-NXG-M). Animals were
individually housed in plastic cages and subjected to a 12 h
light/dark cycle at 22°C, in a pathogen-free environment.
For each experiment, five mice per group were used. Ani-
mals were excluded from analysis if human T cell expan-
sion in the blood failed at week 3 after injection.
Experimental diets were manufactured in our INRAE insti-
tute facilities (Unité de Préparation des Aliments Expéri-
mentaux, Jouy-en-Josas, France). The animals had ad
libitum access to food and water at all times, unless other-
wise indicated. When indicated, the mice were exposed to
a control diet or to a leucine-deficient diet for 16 h. Exam-
iners were not blinded with respect to diet administration
and treatments. Prior to feeding the mice a leucine-
deprived meal, a fasting period of 8 h was required, and
newly cleaned cages were provided for the mice during this
period. Food intake was monitored in each experiment.

2.13 | Preparation of human cells and
injection in mice

Eight days prior to cell injection in mice, primary human
AARE-TK-IL-10 T cells were prepared according to “Len-
tiviral transduction” section. The day of injection in mice,
autologous human PBMCs were irradiated at 30 Gy at
Pavirma irradiation platform (LPC, UCA Clermont-
Ferrand, France). The cells were then pooled and injected
into the tail vein of the mice. Every mouse received
10.10° AARE-TK-IL-10 T cells and 5.10° irradiated
PBMCs in 250 pL of sterile PBS.

2.14 | Mice blood collection and analysis

Seven days after cell injection, and then once per week
until week 3, 100 pL of blood were -collected by

submandibular sampling after the 16 h-exposition of mice
to control diet or leucine-deficient diet. PBMCs were puri-
fied using Cytiva Ficoll-Paque™ PLUS (Fisher) and used
freshly for flow cytometry analysis. Plasma (50 pL) was
immediately frozen at —20°C.

2.15 | Statistics

All statistical analyses were generated using GraphPad
Prism 9 (GraphPad Software) and all data are expressed
as means + SEM. For the comparison between two or
more experimental groups, statistical significance was
assessed via Student's ¢ test or two-way ANOVA with an
alpha level of 0.05. *p < 0.05, **p < 0.01, **p < 0.001,
**%kp < 0.0001. The significance of the time-dependent
variation of human IL-10 concentration in mouse plasma
was assessed by simple linear regression and the correla-
tion coefficient with a threshold level of 0.05.

3 | RESULTS

3.1 | Essential amino acid deprivation
induces the GCN2-ATF4 pathway in
human primary activated T cells

Since the NUTRIREG technology exploits the GCN2-ATF4
pathway to induce a transgene expression, the first essen-
tial step was to validate that this pathway is inducible by
an EAA deprivation in human T cells (Figure 1A). Data
from the literature previously highlighted the activation of
this signaling pathway mainly in mice T cells in response
to IDO (Indoleamine 2.3-Dioxygenase), halofuginone or
asparaginase,'® ' but only a few data were available on
GCN2-ATF4 pathway activation in response to AA defi-
ciency in human T cells. We first analyzed the induction of
the GCN2-ATF4 pathway in response to leucine starvation
in this cell type. Primary activated human T cells were
incubated in leucine-free or control media and the mRNA
level for TRB3, a known target gene of the GCN2-ATF4
pathway,"® was measured. Kinetic analysis revealed that
TRB3 mRNA level was increased at 4 h of leucine depriva-
tion and reached a plateau from 8 h to at least 24 h
(Figure 1B). Similar results were obtained with CHOP and
ASNS mRNA levels, two other known ATF4-target
genes*>?* (Figure S1A). As expected, the induction of TRB3
mRNA level by leucine deprivation in T cells was
completely lost after the addition of leucine in the culture
medium demonstrating that the amino acid induction of
the GCN2-ATF4 pathway can be rapidly and fully revers-
ible in T cells, which is an important safety point for
NUTRIREG use’ (Figure 1C). We used a pharmacological
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inhibitor of GCN2 to demonstrate that the upregulation of
TRB3 expression following 4-24 h-leucine starvation was
fully dependent on this kinase, and therefore independent
of the other three kinases that can phosphorylate elF2
(PERK, PKR and HRI)** (Figure 1D). Immunoblot analysis
of protein expression in human T cells confirmed the role
of GCN2 in elF2a phosphorylation increase and ATF4 pro-
tein accumulation in response to leucine starvation
(Figure 1E). Then, other EAA starvations were tested for
their abilities to activate the GCN2-ATF4 pathway in T
cells. Upregulation of TRB3, ASNS and CHOP mRNA
expression occurred upon deprivation of each of the nine
EAAs, to a different extent depending on the missing EAA
(Figure S1B). Interestingly, absence of T cell activation
resulted in a loss of TRB3 mRNA inducibility following a
6-24 h-leucine starvation (Figure 1F). These results were
confirmed by immunoblot analysis of phospho-GCN2,
phospho-elF2a and ATF4 expression in human T cells.
The absence of T cell activation led to losses of (i) GCN2
and elF2a phosphorylation and of (ii) ATF4 protein
increase in response to leucine starvation (Figure 1G). The
need for T cell activation to enable GCN2 kinase activation
has been described in mouse T cells exposed to either a

tryptophan-deficient medium or treatment with IDO,'®
and also in human T cells starved for all of EAAs during a
few days.® To our knowledge, no information was avail-
able for human T lymphocytes after short starvation of one
EAA. Taken together, these data demonstrate that the
GCN2-ATF4 pathway can be upregulated in primary
human T cells following EAA starvation, and that activa-
tion of T cells is mandatory for the induction of the
GCN2-ATF4 pathway in response to leucine starvation.

We finally assessed whether leucine starvation could
impact the functionality of T cells through analysis of
mRNA expression profile of transcription factors or cyto-
kines implicated in polarization of CD4+ T cells or in
cytotoxicity. Leucine deprivation for 6 h had little impact,
as only FoxP3 mRNA expression increased significantly
(Figure 1H). A longer period of leucine deprivation (16 h)
had a higher impact as the mRNA expression of many
transcription factors or cytokines increased significantly.
However, it appears that no CD4+ polarization subtype
was favored. Importantly, short-time leucine starvation
appears to have no impact on T cell function, which vali-
dates the perspectives of short-time EAA starvations in
human.

FIGURE 1 Short-time EAA deprivation induces the GCN2-ATF4 pathway in primary activated human T cells and does not shape their

profile. (A) Scheme of the eIF2a-ATF4 pathway. GCN2 is induced by EAA starvation. This kinase is active in its phosphorylated form (P-GCN2),
and phosphorylates eIF2a leading to upregulation of the translation of ATF4 mRNA. The transcription factor ATF4 enhances transcription of
many AARE-dependent genes that play a critical role in the adaptation to cellular stress. (B) Kinetics of GCN2-ATF4 pathway induction by
leucine deprivation. Activated primary human T cells were incubated for 4-24 h either in control (Ctl) or leucine-free (—Leu) media and
harvested after the indicated incubation times. TRB3 mRNA level was assayed by RT-qPCR and normalized on p-actin mRNA level (Student's

t test —Leu vs. Ctl: **p < 0.01; ***p < 0.001; n = 6 per condition; error bars, SEM). (C) Reversibility of the leucine deprivation-induced activation
of GCN2-ATF4 pathway by switching to the control level of leucine. Activated primary human T cells were incubated in control (Ctl) or in
leucine-free (—Leu) media for 6 or 16 h, then leucine-starved T cells were incubated with leucine (4 Leu) at its control level and harvested after
additional 16 or 24 h of incubation. TRB3 mRNA level was assayed by RT-qPCR and normalized on p-actin mRNA level (Student's ¢ test —Leu
vs. Ctl: ¥*p < 0.01; **p < 0.001; n = 6 per condition; error bars, SEM). (D) GCN2 kinase dependency for induction of TRB3 expression during
leucine deprivation. Activated primary human T cells were incubated in control or in leucine-free media that were supplemented with DMSO
(vehicle, GCN2 Inh. —) or pharmacological GCN2-inhibitor (2.5uM, GCN2 Inh. +) and harvested after 4-24 h of incubation. TRB3 mRNA level
was assayed by RT-qPCR and normalized on p-actin mRNA level. Results are expressed as a mRNA fold change between leucine-free and control
media (Student's ¢ test -Leu vs. Ctl: *p < 0.05; **p < 0.01; ***p < 0.001; n = 6 per condition; error bars, SEM). (E) GCN2-dependent activation of
the eIF2a-ATF4 pathway by leucine deprivation in T cells. Activated primary human T cells were incubated in control (Ctl) or in leucine-free
(—Leu) media supplemented with DMSO (vehicle, GCN2 Inh. —) or pharmacological GCN2-inhibitor (2.5uM, GCN2 Inh. +) and harvested after
6 h of incubation. Western blot analysis of phospho-GCN2, total GCN2, phospho-eIF2a, total e[F2a, ATF4 and B-actin was performed as
described in the “Material and Methods” section. (F) Impact of T cell activation on TRB3 mRNA expression induced by leucine deprivation.
Primary human T cells were incubated in control (Ctl) or leucine-free (—Leu) media in the absence (CD3/CD28—) or in the presence
(CD3/CD28+) of anti-biotin bead particles loaded with CD3 and CD28 antibodies and in the absence (IL-2—) or in the presence (IL-2 +) of IL-2
supplementation, and harvested after 6 or 24 h of incubation. TRB3 mRNA expression level was assayed by RT-qPCR and normalized on f-actin
mRNA level (Student's ¢ test -Leu vs. Ctl: *** p < 0.001; n = 4-5 per condition; error bars, SEM). (G) Impact of T cell activation on GCN2-ATF4
pathway induction by leucine deprivation. Primary human T cells were incubated for 6 h in control (Ctl) or leucine-free (—Leu) media, in the
absence (CD3/CD28/IL-2 —) or in the presence (CD3/CD28/IL-2 +) of anti-biotin bead particles loaded with CD3 and CD28 antibodies and IL-2
supplementation, and harvested after 6 h of incubation. Immunoblot analysis of phospho-GCN2, total GCN2, phospho-elF2q, total eIF2a, ATF4
and f-actin was performed. (H) Impact of leucine deprivation on T cell. Activated primary human T cells were incubated in control (Ctl) or
leucine-free (—Leu) media and harvested after 6 h (upper panels) or 16 h (lower panels) of incubation. Transcription factors or cytokines mRNA
expression levels were assayed by RT-qPCR and normalized on f-actin mRNA level (Student's ¢ test ~Leu vs. Ctl: *p < 0.05; **p < 0.01;

**p < 0.001; n = 3-24 per condition; error bars, SEM).
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promoter in a lentiviral vector (Figure 2A). We confirmed
the functionality of NUTRIREG in human T cells with sig-
nificant induction of luciferase activity following 16 h of
leucine starvation (Figure 2B). The induction of luciferase
activity in response to leucine starvation was detectable
from 3 h of leucine deficiency (Figure S2A). In order to be
able to analyze more finely the expression of the transgene,
we used eGFP as the second reporter gene (Figure 2A).
Measurement of eGFP fluorescence by flow cytometry
demonstrated that a 16 h leucine deprivation markedly
induced the expression of eGFP transgene in T cells
(Figure 2D). Our experiments also showed that induction
of eGFP expression was higher in CD8+ T cells than in
CD4+ T cells (Figure 2D). In addition, flow cytometry ana-
lyses of T cells co-expression of activation markers (CD69
and CD25) and of eGFP protein enabled us to confirm the
key necessity of T cell activation to induce the expression of
the transgene under the control of NUTRIREG system.
Indeed, non-activated cells (CD25~ CD69 ™) did not express
eGFP, whereas moderately activated cells (CD69~ CD25"
or CD69" CD257) expressed it weakly, and strongly acti-
vated cells (CD69" CD25") expressed the highest level of
eGFP protein (Figure 2E). Induction of eGFP expression
via NUTRIREG was possible in the case of each one of the
nine EAAs deprivation, with different magnitudes accord-
ing to the missing EAA, leucine deprivation being one of
the most effective inducers (Figure S2B). Then, we used a
pharmacological inhibitor of GCN2 to demonstrate that
induction of eGFP expression in response to leucine starva-
tion was fully dependent on the GCN2 kinase (Figure S2C).
Collectively, these results demonstrate the functionality of
the NUTRIREG technology in activated primary human T
cells in vitro. The essential activation of T cells provides a
really reassuring advantage for the use of NUTRIREG in

the field of cellular immunotherapy. Indeed, the transgene
will be expressed only in activated T cells as the
GCN2-ATF4 pathway cannot be induced in quiescent T
cells. It thus represents a major physiological safety control.

3.3 | NUTRIREG technology can be used
in human T cells to control the expression
of a gene of interest

As an example, we propose here a preventive or curative
control of GVHD with a NUTRIREG-T cells system com-
prising an IL-10 expression transgene promoting the
expansion of human Trl lymphocytes, to slow down
the cytotoxic response responsible for GVHD. T cell trans-
duction with an IL-10 expressing lentivirus has indeed
been described as able to prevent GvHD in mouse
models.”**” To transiently express IL-10 through the
NUTRIREG technology, we inserted in a lentiviral vector
IL-10 cDNA downstream of (i) two copies of the AARE
sequences (2xAARE) and (ii) the Thymidine-Kinase
(TK) minimal promoter (Figure 3A). We demonstrated
that a 16 h-leucine deprivation significantly induced
mRNA (Figure 3B) and protein (Figure 3C,D) expression
of the IL-10 transgene, in comparison to the transduced T
cells cultured in control medium and the non-transduced
T cells starved for leucine. Furthermore, we showed that
induction of IL-10 mRNA expression was completely lost
24 h after leucine addition to the culture medium
(Figure 3B). IL-10 protein levels decreased from 48 h
after the addition of leucine, demonstrating that the
induction of IL-10 transgene via NUTRIREG can be deac-
tivated in T cells (Figure 3C). The delay between the dis-
appearance of mRNA and protein is likely to be due to

FIGURE 2

NUTRIREG system is functional in activated primary human T cells and allows conditional expression of transgenes.

(A) Schematic representation of 2XxAARE-TK-LUC and 2xAARE-TK-eGFP constructs. Constructs were transduced through a lentiviral vector
24 h after activation of T cells. (B) Functionality of LUC-NUTRIREG in T cells after leucine deprivation. Activated primary human non-
transduced T cells (NT cells) or AARE-TK-LUC transduced T cells (LT AARE-TK-LUC) were incubated in control (Ctl) or in leucine-free
(—Leu) media and harvested after 16 h of incubation. Expression of luciferase was measured and normalized on protein amount (Two-way
[leucine deprivation, transduction] ANOVA: ns, non-significant; *p < 0.05; **p < 0.01; n = 5 per condition; error bars, SEM).

(C) Functionality of eGFP-NUTRIREG in CD45+ cells after leucine deprivation. Activated non-transduced T cells (NT cells) or AARE-
TK-eGFP transduced T cells (LT AARE-TK-eGFP) were incubated in control (Ctl) or in leucine-free (—Leu) media and harvested after 16 h
of incubation. Expression of eGFP was analyzed by flow-cytometry. Results are expressed as percentage of eGFP+ cells among CD45+- cells
(Two-way [leucine deprivation, transduction] ANOVA: ns, non-significant; ****p < 0.0001; n = 2-9 per condition; error bars, SEM). Dot
plots are extracted from a representative experiment. (D) Functionality of eGFP-NUTRIREG in CD4+ and CD8+ cells after leucine
deprivation. Activated primary AARE-TK-eGFP transduced human T cells (LT AARE-TK-eGFP) were incubated in control (Ctl) or in
leucine-free (—Leu) media and harvested after 16 h of incubation. Expression of eGFP was analyzed by flow cytometry. Results are expressed
in percentage of eGFP+ cells among CD4+ or CD8+ cells (Two-way [leucine deprivation, phenotype] ANOVA: **p < 0.001; ****p < 0.0001;
n = 9 per condition; error bars, SEM). Dot plots are extracted from a representative experiment. (E) Impact of T cell activation on eGFP-
NUTRIREG expression. Activated primary AARE-TK-eGFP transduced human T cells (LT AARE-TK-eGFP) were incubated in control (Ctl)
or in leucine-free (—Leu) media and harvested after 16 h of incubation. Expression of CD69 and CD25 activation markers and eGFP was

analyzed by flow cytometry. Dot plots and histograms are extracted from a representative experiment.
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the stability of IL-10 protein. As shown above with the
eGFP reporter gene, IL-10 expression was higher in
CD8+ T cells than in CD4+ T cells (Figure 3E).

Type 1 regulatory T cells (Tr1) have a specific cytokine
profile since they strongly express IL-10, and to a lesser
extent TGF-p, GZMb, IFN-y and IL-22 while they do not
express IL-2, IL-4 and IL-17, nor the FoxP3 transcription
factor.?® Our mRNA expression analysis showed that tran-
sient expression of IL-10 transgene via NUTRIREG led to
a Trl type transcription profile IL-10"" GZMb* IL-22*
IFN-y" FoxP3~ and IL-4~ (Figure 3F). We also analyzed
surface co-expression of the two markers CD49b and
LAG-3 considered as specific to Tr1 cells.** To maximize
induction of marker expression without having the
adverse effects of a long-term leucine deficiency, T cells
were cultured in a leucine-deficient medium for 16 h, and
then returned for 24 h to a medium containing this amino
acid. Under these conditions, in which IL-10 is still
detected (see above), we showed that CD49b/LAG-3 co-
expression was significantly induced in CD4+ T cells fol-
lowing leucine starvation (Figure 3G). Altogether, these
results demonstrate that transient expression of IL-10 via
NUTRIREG in human T cells directs the immune
response toward a Tr1 type response.

We lastly investigated the capacity of a diet deficient
in leucine to upregulate the AARE-driven IL-10 expres-
sion in human T cells injected into mice. Indeed, the lack
of any of the EAAs in the diet of mammals represents a
potential inducer of the AARE-transgene expression.'*
As activation of T cells is mandatory for the
EAA-induction of the GCN2-ATF4 pathway, we set up a
mouse model in which we injected transduced human T
cells in association with autologous irradiated human
PBMCs. We assumed that transduced human T cells
would be transiently activated by irradiated PBMCs and
that this activation would be sufficient for the
GCN2-ATF4 pathway to be inducible by an EAA nutri-
tional deficiency. Briefly, immunodeficient NXG mice
were injected into the tail vein with (i) human T cells
transduced with lentiviruses carrying the 2xAARE-TK-
IL-10 construct and (ii) human irradiated PBMCs, and
were then fed for 16 h, once a week until week 3, with
either a control diet or a leucine-devoid diet. Weekly flow
cytometry analysis of PBMCs enabled us to follow the
correct expansion of human CD45+ cells, with no signifi-
cant impact of leucine-deficient diet on cells expansion
nor on CD4+ or CD8+ phenotype (Figure S3). Human
IL-10 increased linearly with time in the leucine-deficient

FIGURE 3 NUTRIREG technology allows the control of IL-10 expression in vitro and in vivo in human T cells, to shape the response
toward a Tr1 profile. (A) Schematic representation of 2xAARE-TK-IL-10 construct. (B) Functionality and reversibility of IL-10-NUTRIREG
in T cells after leucine deprivation-induced activation of IL-10 transgene mRNA expression. Activated primary AARE-TK-IL-10 transduced
human T cells (LT AARE-TK-IL-10) were incubated in control (Ctl) or in leucine-free (—Leu) media during 16 h, then leucine-starved T cells
were supplemented with leucine and harvested after additional 24 or 48 h of incubation. IL-10 mRNA expression level was assayed by RT-
gPCR and normalized on f-actin mRNA level (Two-way [leucine deprivation, leucine supplementation] ANOVA: ns, non-significant;

***p < 0.001; n = 6 per condition; error bars, SEM). (C) Functionality and reversibility of leucine deprivation-induced activation of IL-10
protein expression. Activated primary AARE-TK-IL-10 transduced human T cells (LT AARE-TK-IL-10) were incubated in control (Ctl) or in
leucine-free (—Leu) media during 16 h, then leucine-starved T cells were supplemented with leucine and harvested after additional 24 or

48 h of incubation. IL-10 concentration was assessed by ELISA (Two-way [leucine deprivation, leucine supplementation] ANOVA: ns, non-
significant; ****p < 0.0001; n = 3-6 per condition; error bars, SEM). (D, E) Functionality of IL-10-NUTRIREG in CD45+, CD4+ and CD8+
cells after leucine deprivation. Activated primary human non-transduced T cells (NT cells) or AARE-TK-IL-10 transduced T cells (LT AARE-
TK-IL-10) were incubated in control (Ctl) or in leucine-free (—Leu) media and harvested after 16 h of incubation. Expression of intra-cellular
IL-10 was analyzed by flow cytometry. Results are expressed as a percentage of IL-10+ cells among CD45+ cells (left) or CD4/CD8+- cells
(right) (Two-way [leucine deprivation, transduction] ANOVA: ns, non-significant; ***p < 0.001; ****p < 0.0001; n = 7-12 per condition;
error bars, SEM). (F, G) Induction of Tr1 cell profile by transient expression of IL-10. (F) Activated primary human non-transduced T cells
(NT cells) or AARE-TK-IL-10 transduced T cells (LT AARE-TK-IL-10) were incubated in control (Ctl) or in leucine-free (—Leu) media and
harvested after 16 h of incubation. Transcription factors or cytokines mRNA expression level was assayed by RT-qPCR and normalized on
B-actin mRNA level (Two-way [leucine deprivation, transduction] ANOVA: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; n = 3-6 per
condition; error bars, SEM). (G) Activated primary human non-transduced T cells (NT cells) or AARE-TK-IL-10 transduced T cells

(LT AARE-TK-IL-10) were incubated in control (Ctl) or in leucine-free (—Leu) media during 16 h, then leucine-starved T cells were
supplemented with leucine and harvested after additional 24 h of incubation. Co-expression of CD49b and LAG-3 was analyzed by flow-
cytometry. Results are expressed in percentage of cells with co-expression of CD49b and LAG-3 among CD4-+ cells (Two-way [leucine
deprivation then supplementation, transduction] ANOVA: ns, non-significant; **p < 0.01; ***p < 0.001; n = 5-6 per condition; error bars,
SEM). (H) Monitoring of human IL-10 in mouse plasma. NXG immunodeficient mice received 10.10° human T cells transduced with a viral
vector containing AARE-TK-IL-10 construct and 5.10° human irradiated PBMC by tail vein injection. Seven days later, and then once a week
until week 3, mice were fed with a control diet or leucine-deficient diet for 16 h, prior to blood sampling for flow cytometry analysis and
IL-10 measurement. Plasmatic human IL-10 concentration was assayed by ELISA according to Methods section, every week from week 1 to
week 3, just after mice consumption of control diet or leucine-deficient diet for 16 h (n = 3-4 per condition; linear regression analysis).
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group (R* = 0.581; p = 0.004) and was not significantly
changed over time in control group (Figure 3H). Collec-
tively, these results demonstrate that the NUTRIREG
technology is able to regulate, in vitro and in vivo, a ther-
apeutic gene expression, such as IL-10, in activated
human T cells.

4 | DISCUSSION AND
CONCLUSIONS

These present results open up new avenues for consider-
ing number of NUTRIREG applications to control T cell
therapy strategies. Hence in allo-HSCT, allogeneic donor
T cells restore tumor immunosurveillance in transplanted
patients, resulting in elimination of residual leukemic
cells, a phenomenon called the Graft versus Leukemia
(GvL) effect. Unfortunately, the GvL effect is often
accompanied by the destruction of patient's normal tis-
sues, the graft versus host disease (GvHD), which is a
major side effect of allo-HSCT. We demonstrated here
that the NUTRIREG-T cells system comprising an IL-10
expression transgene promotes the expansion of human
Trl lymphocytes and could then slow down the cytotoxic
response responsible for GvHD, as already shown in case
of T cell transduction with an IL-10 expressing lentivirus
in mouse models.”>*” Donor T cells (present in allo-stem
cells in the graft, or in secondary Donor Lymphocytes
Injection) could genetically be modified ex vivo with a
lentiviral vector including a Tr1-inducing IL-10 transgene
before reinjection into the patient. This could allow, by a
simple consumption of a diet deficient in an EAA for
a few hours, (i) to express this Tr1l-inducing transgene in
activated T cells (which are responsible for GVHD), and
(ii) to promote polarization of the T cells response toward
a Trl regulatory phenotype. The On/Off modulation
enabled by the NUTRIREG technology in T cells is fur-
thermore a key asset since the consumption of the miss-
ing EAA will stop the expression of the transgene that
promotes human T cell differentiation into Trl in due
time. It could thus preserve the anti-tumoral effect of the
graft, which is not possible with traditionally transduced
T cells or immunosuppressive drugs used in standard
care. Other potential applications of NUTRIREG in cellu-
lar immunotherapy may concern the control of geneti-
cally modified T cells, such as CAR-T or TCR-T cell
therapies. The high level of T cell activation following
tumor antigen recognition is a key asset for the use of
NUTRIREG due to the need of T cell activation for the
induction of GCN2-ATF4 signaling pathway. NUTRIREG
could thus be easily used in CAR-T cell or in TCR-T cell
either to transiently (i) boost their activity or (ii) break
down their toxicity. As an example, NUTRIREG could

HLA _WILEY_L_*®
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allow transient expression of a gene of interest in pre-
venting the exhaustion of the T cells, which is one of the
main issues for CAR-T or TCR-T cells persistence and
efficacy. Exciting results have been described in the liter-
ature regarding the overexpression of c-JUN in CAR-T
cells, making them resistant to exhaustion.’® A transient
and repeated expression of c-JUN under the dependence
of NUTRIREG in the CAR-T cell or in the TCR trans-
genic T cell could thus make it resistant to exhaustion
and promote the maintenance of its efficacy over time.

To conclude, our results represent a solid basis for the
promising use of NUTRIREG in numerous preventive or
curative cellular immunotherapy strategies.

AUTHOR CONTRIBUTIONS

Aurore Dougé, Alain Bruhat and Paul Rouzaire designed
the experiments; Aurore Dougé, Cyrielle Vituret, Valérie
Carraro, Laurent Parry and Cécile Coudy-Gandilhon per-
formed the experiments; Aurore Dougé analyzed the
data; Alain Bruhat and Paul Rouzaire supervised Aurore
Dougé's work; Aurore Dougé, Alain Bruhat, Paul
Rouzaire wrote the paper; Cyrielle Vituret, Richard
Lemal, Lydie Combaret, Anne-Catherine Maurin, Julien
Averous, Céline Jousse, Jacques-Olivier Bay, Pierre
Verrelle and Pierre Fafournoux reviewed the paper.

ACKNOWLEDGMENTS

We thank (i) Julien Hermet, Mehdi Djelloul-Mazouz and
Yoann Delorme (animal facilities of INRAE institute,
Clermont-Ferrand) for animal care and technical assis-
tance, (ii) Silvére Baron, Philippe Mazuel and Sandrine
Plantade (animal facilities of UCA, Clermont-Ferrand) for
animal care and technical assistance, (iii) Christophe Fer-
rand and Marina Deschamps (INSERM, Besancon) for
technical advices and (iv) Miltenyi Biotec society for the ini-
tial loan of MacsQuant. We also thank Isabelle Papet,
UNH, INRAE for the critical reading of the manuscript.

FUNDING INFORMATION

This study was supported by a grant from the UCA I-Site
Emergence Program, by Institut National de la
Recherche pour 1'Agriculture, I'Alimentation et 1'Environ-
nement (INRAE), France, by the University Hospital
of Clermont-Ferrand (DRCI) and by the startup
NUTRITHERAGENE.

CONFLICT OF INTEREST STATEMENT
The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are avail-
able from the corresponding author upon reasonable
request.

35US017 SUOWILLOD dAIRR1D 3|qedl|dde sy Aq pausenoh ale sapie YO ‘3sN Jo sajni 104 Arlqi]auluQ A3|IAN UO (SUONIPUOD-PUR-SWLIBYW0D A | 1M AReIq 1RU1[UO//SdNY) SUOIIPUOD pue SWLB | Y1 39S *[€202/TT/60] Uo AkeiqiauliuQ AB|IM ‘S| 9s1Q Wissu| Aq ZGzZST Uey/TTTT 0T/I0p/wod A3 1M Arlqpul|uo//:sdiy wouy papeojumod ‘0 ‘0TEZ6S02



v | wiLey_HLA

DOUGE Er AL.

Immune Response Genetics

ORCID

Paul Rouzaire

https://orcid.org/0000-0002-0595-4378

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

Singh AK, McGuirk JP. Allogeneic stem cell transplantation: a
historical and scientific overview. Cancer Res. 2016;76(22):
6445-6451.

. Kolb H-J, Schmid C, Barrett AJ, Schendel DJ. Graft-versus-

leukemia reactions in allogeneic chimeras. Blood. 2004;103(3):
767-776.

. Voynova E, Kovalovsky D. From hematopoietic stem cell trans-

plantation to chimeric antigen receptor therapy: advances, lim-
itations and future perspectives. Cell. 2021;10(11):2845.

. Ghimire S, Weber D, Mavin E, Wang X, Dickinson AM,

Holler E. Pathophysiology of GVHD and other HSCT-related
major complications. Front Immunol. 2017;8:79.

. Sterner RC, Sterner RM. CAR-T cell therapy: current limita-

tions and potential strategies. Blood Cancer J. 2021;11(4):69.

. Baulu E, Gardet C, Chuvin N, Depil S. TCR-engineered T cell

therapy in solid tumors: state of the art and perspectives. Sci
Adv. 2023;9(7):eadf3700.

. Chaveroux C, Bruhat A, Carraro V, et al. Regulating the expres-

sion of therapeutic transgenes by controlled intake of dietary
essential amino acids. Nat Biotechnol. 2016;34(7):746-751.

. Maurin A-C, Jousse C, Averous J, et al. The GCN2 Kkinase

biases feeding behavior to maintain amino acid homeostasis in
omnivores. Cell Metab. 2005;1(4):273-277.

. Chaveroux C, Lambert-Langlais S, Cherasse Y, et al. Molecular

mechanisms involved in the adaptation to amino acid limita-
tion in mammals. Biochimie. 2010;92(7):736-745.

Kilberg MS, Balasubramanian M, Fu L, Shan J. The transcrip-
tion factor network associated with the amino acid response in
mammalian cells. Adv Nutr. 2012;3(3):295-306.

Harding HP, Zhang Y, Zeng H, et al. An integrated stress
response regulates amino acid metabolism and resistance to
oxidative stress. Mol Cell. 2003;11(3):619-633.

Bruhat A, Jousse C, Carraro V, Reimold AM, Ferrara M,
Fafournoux P. Amino acids control mammalian gene transcrip-
tion: activating transcription factor 2 is essential for the amino
acid responsiveness of the CHOP promoter. Mol Cell Biol. 2000;
20(19):7192-7204.

Carraro V, Maurin A-C, Lambert-Langlais S, et al. Amino acid
availability controls TRB3 transcription in liver through the
GCN2/elF2a/ATF4 pathway. PLoS One. 2010;5(12):e15716.
Chaveroux C, Carraro V, Canaple L, et al. In vivo imaging of the
spatiotemporal activity of the elF2a-ATF4 signaling pathway:
insights into stress and related disorders. Sci Signal. 2015;
8(374):xs5.

Dorsch D, Hoelzemann G, Calderini M, Wegener A,
Poeschke O. Triazolo[4,5-D]pyrimidine derivatives for the
treatment of diseases such as cancer. 2014.

Bréer A, Gauthier-Coles G, Rahimi F, et al. Ablation of the
ASCT2 (SLC1A5) gene encoding a neutral amino acid trans-
porter reveals transporter plasticity and redundancy in cancer
cells. J Biol Chem. 2019;294(11):4012-4026.

B'chir W, Maurin A-C, Carraro V, et al. The elF2a/ATF4 path-
way is essential for stress-induced autophagy gene expression.
Nucleic Acids Res. 2013;41(16):7683-7699.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Munn DH, Sharma MD, Baban B, et al. GCN2 kinase in T cells
mediates proliferative arrest and anergy induction in response
to indoleamine 2,3-dioxygenase. Immunity. 2005;22(5):633-642.
Van de Velde L-A, Guo X-ZJ, Barbaric L, et al. Stress kinase
GCN2 controls the proliferative fitness and trafficking of cyto-
toxic T cells independent of environmental amino acid sensing.
Cell Rep. 2016;17(9):2247-2258.

Sundrud MS, Koralov SB, Feuerer M, et al. Halofuginone
inhibits TH17 cell differentiation by activating the amino acid
starvation response. Science. 2009;324(5932):1334-1338.

Bunpo P, Cundiff JK, Reinert RB, Wek RC, Aldrich CIJ,
Anthony TG. The eIF2 kinase GCN2 is essential for the murine
immune system to adapt to amino acid deprivation by asparagi-
nase. J Nutr. 2010;140(11):2020-2027.

Barbosa-Tessmann IP, Chen C, Zhong C, et al. Activation of
the human asparagine synthetase gene by the amino acid
response and the endoplasmic reticulum stress response path-
ways occurs by common genomic elements. J Biol Chem. 2000;
275(35):26976-26985.

Averous J, Bruhat A, Jousse C, Carraro V, Thiel G,
Fafournoux P. Induction of CHOP expression by amino acid
limitation requires both ATF4 expression and ATF2 phosphor-
ylation. J Biol Chem. 2004;279(7):5288-5297.

Kilberg MS, Shan J, Su N. ATF4-dependant transcription medi-
ates signaling of amino acid limitation. Trends Endocrinol
Metab. 2009;20(9):436-443.

Hayashi K, Ouchi M, Endou H, Anzai N. HOXB9 acts as a neg-
ative regulator of activated human T cells in response to amino
acid deficiency. Immunol Cell Biol. 2016;94(6):612-617.

Andolfi G, Fousteri G, Rossetti M, et al. Enforced IL-10 expres-
sion confers type 1 regulatory T cell (Trl) phenotype and func-
tion to human CD4+ T cells. Mol Ther. 2012;20(9):1778-1790.
Locafaro G, Andolfi G, Russo F, et al. IL-10-engineered human
CD4+ Trl cells eliminate myeloid leukemia in an HLA class
I-dependent mechanism. Mol Ther. 2017;25(10):2254-2269.
Song Y, Wang N, Chen L, Fang L. Tr1 cells as a key regulator
for maintaining immune homeostasis in transplantation. Front
Immunol. 2021;12:671579.

Gagliani N, Magnani CF, Huber S, et al. Coexpression of
CD49b and LAG-3 identifies human and mouse T regulatory
type 1 cells. Nat Med. 2013;19(6):739-746.

Lynn RC, Weber EW, Sotillo E, et al. c-Jun overexpression in
CAR T cells induces exhaustion resistance. Nature. 2019;
576(7786):293-300.

SUPPORTING INFORMATION

Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Dougé A, Vituret C,
Carraro V, et al. Temporal regulation of transgene
expression controlled by amino acid availability in
human T cells. HLA. 2023;1-12. doi:10.1111/tan.
15252

85U8017 SUOWWOD 8A 1D 8|cedl|dde aup Aq paueob a8 SB[olie O ‘88N 4O Sa|nI 10j ARIgITBUIIUO A8]IM UO (SUORIPUOD-PUR-SLUBI WD A 1M Afe.q U1 |UO/SO1Y) SUORIPUOD PR SWLB | 8Y} 885 *[£202/TT/60] U0 AreiqiTauluO A8|IM ‘S| 381 Wiesu| AQ ZG2ST UeyTTTT OT/I0p/woo A3 im Areiq 1 ujuo//sdiy Wwol pepeojumod ‘0 ‘0TEZ6502


https://orcid.org/0000-0002-0595-4378
https://orcid.org/0000-0002-0595-4378
info:doi/10.1111/tan.15252
info:doi/10.1111/tan.15252

	Temporal regulation of transgene expression controlled by amino acid availability in human T cells
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Preparation of human primary T cells
	2.2  T cell activation
	2.3  T cell culture and treatments
	2.4  Plasmid constructions and lentiviral production
	2.5  Lentiviral transduction
	2.6  Immunoblot analysis and antibodies
	2.7  Flow cytometry
	2.8  ELISA assay
	2.9  Gene expression analysis by real-time RT-qPCR
	2.10  Luciferase biochemical assay
	2.11  Ethics statement
	2.12  Animals and experimental diets
	2.13  Preparation of human cells and injection in mice
	2.14  Mice blood collection and analysis
	2.15  Statistics

	3  RESULTS
	3.1  Essential amino acid deprivation induces the GCN2-ATF4 pathway in human primary activated T cells
	3.2  NUTRIREG technology is functional in activated primary human T cells
	3.3  NUTRIREG technology can be used in human T cells to control the expression of a gene of interest

	4  DISCUSSION AND CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


