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Abstract

The efficacy of T-cell-based cancer therapies can be limited by the tumor microenvironment which can lead to T cell
dysfunction. Multiple studies, particularly in murine models, have demonstrated the capacity of the aryl hydrocarbon receptor
(AHR) to negatively regulate antitumor T cell functions. AHR is a cytoplasmic receptor and transcription factor that was
originally identified as a xenobiotic sensor, but has since been shown to play a significant role in the gene regulation of
various immune cells, including T cells. Given the insights from murine studies, AHR emerges as a promising candidate to
invalidate for optimizing T cell-based cancer therapies. However, the controversial role of AHR in human T cells underscores
the need for a more comprehensive characterization of AHR expressing T cells. This study aims to investigate the regulatory
mechanisms of AHR in human T cell biology to better understand its impact on reducing antitumor immune responses.
Here, we knocked-out AHR in human T cells using CRISPR-Cas9 technology to characterize AHR’s function in an in vitro
chronic stimulation model. Engineered T cells exhibited enhanced effector- and memory-like profiles and expressed reduced
amount of CD39 and TIGIT. AHR knockout enhanced human CAR-T cells’ functionality and persistence upon tumor chronic
stimulation. Collectively, these results highlight the role of AHR in human CAR-T cells efficiency.
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Introduction [1]. However, despite the remarkable responses observed,

a substantial number of patients either do not respond,

CAR-T therapy is a therapeutic strategy that has
demonstrated encouraging clinical responses, notably in
the targeting of refractory and relapsed hematological
malignancies. Currently, six medications have been
approved by public health authorities for the treatment of B
cell acute lymphoblastic leukemia, lymphomas, and multiple
myeloma. These medications established CAR-T therapy as
one of the most promising approaches to treat cancer so far
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or relapse, and the targeting of solid tumors remains
challenging. These challenges can be attributed to the
several inherent limitations of CAR-T therapy, such as the
immunosuppressive tumor microenvironment and chronic
antigen exposure, which can lead to T cell dysfunction [2].

To overcome these obstacles, different groups have
focused on the CRISPR-Cas approach with the idea
of invalidating factors that may be involved in the
establishment or maintenance of the dysfunctional T cell
state. This state is characterized by impaired proliferation
and effector capacities, heightened expression of inhibitory
receptors, as well as distinct transcriptomic, epigenetic,
and metabolic profiles [3]. Here, we focused on the aryl
hydrocarbon receptor (AHR), a cytoplasmic receptor and
transcription factor activated by a plethora of ligands found
within tumors. This receptor is therefore crucial for various
biological processes, including responses to xenobiotics,
drug metabolism, and immune responses [4]. In the context
of antitumor immunity, AHR has been shown to influence
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the polarization of immunosuppressive regulatory T cells
(Treg) and type 1 regulatory T cells (T,;) [5, 6] leading to
immunosuppressive microenvironment within tumors.
Moreover, AHR has been described as being involved in
the inhibition of antitumor T cells functions [7, 8]. AHR
is also pivotal in various immunosuppressive pathways,
including the IDO/kynurenine axis. Indeed, AHR acts as the
principal receptor of kynurenine [6], a tryptophan-derived
immunosuppressive molecule metabolized by IDO1/2 and
TDO?2 enzymes, known to be overexpressed in cancers
associated with poor prognoses [9]. Upon activation by
kynurenine, AHR has also been shown to be implicated
in the CD39/CD73/adenosine/A2AR axis by regulating
the expression of CD39 [10]. These insights underscore
the multiplicity of the role of AhR in T cell regulation and
highlight its potential as a target for enhancing antitumor
immunity. To determine whether targeting AHR could be
an interesting strategy to enhance adoptive T cell therapy,
AHR knocked-out T cells were characterized for some of the
previously described dysfunctional features.

Methods
Cell line

The human blastic plasmacytoid dendritic cell neoplasm cell
line CAL-1, naturally expressing the CD123 antigen, was
obtained from Dr Maeda (University of Nagasaki, Japan;
RRID: CVCL_5G46) and maintained in culture in RPMI-
1640 medium (Gibco, 14,540,122) supplemented with 10%
FBS (Gibco, 10,270,106) and 1% penicillin—streptomycin
(Gibco, 15,140,122). The cell line was cultured in a 37 °C
incubator saturated with water vapor containing 5% CO,.
The cell line was checked for the absence of mycoplasma
and for its identity before being achieved in a master cell
bank.

T cell collection, activation, and expansion

Peripheral blood was collected from healthy donors of
different ages and genders without any distinction at
the Etablissement Francais du Sang (EFS) as apheresis
kit-preparations after obtaining informed consent and
following internal guidelines. Mononuclear cells were
isolated by centrifugation on a Ficoll gradient (Eurobio,
CMSMSLO01-01), and activated using anti-CD3/CD28
microbeads (Thermofisher, 111.31D) according to the
manufacturer’s instructions. Beads-attached T cells were
magnetically isolated and cultured in RPMI-1640 medium
supplemented with 10% human serum (locally produced by
EFS) and 1% penicillin—streptomycin, in the presence of
IL-2 500 IU/mL (Novartis, Proleukin®).
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Lentivirus production and transduction

Third-generation CD123 CAR has been described in
previous studies [11]. Lentivirus encoding the CAR was
obtained from the supernatant derived from HEK-293T
packaging cell line. Briefly, cells were plated one day
before co-transfection using the necessary CAR vector,
psPAX (RD-Biotech, lot no. 230420LNe_psPAX?2) and
pMD2G (RD-Biotech, lot no. 230420LNe_pMD2G)
plasmids in a medium enriched with calcium phosphate
(Thermofisher, J63122.AD). Medium was replaced with
fresh OPTI-MEM® (Gibco, 31,985,070) 24 h after.
Supernatant was harvested 48 h later using a centrifugal
filter (Sigma Aldrich, UFC910024) for concentration and
purification according to the manufacturer’s instructions.
Supernatant titration was performed to adjust the
multiplicity of infection (MOI) using HEK-293T cells,
which were put in culture with different dilutions of the
lentiviral vector ranging from 1:10 to 1:1 000. Percentage
of HEK-293T cells expressing the CD19 selection
marker was then assessed by flow cytometry. T cells were
transduced two days post-activation at a MOI of 3, and
transduction efficiency was determined based on CD19
expression.

CRISPR-Cas9-mediated gene editing

CRISPR-Cas9 gene editing was performed by
electroporating sgRNA/Cas9 ribonucleoprotein (RNP)
complex using the 4D-Nucleofector System N (Lonza)
and the Primary cell 4D-nucleofector kit (V4XP-3032,
Lonza). RNP containing 40 uM Cas9 protein (Integrated
DNA Technologies, Alt-R S.p. HiFi Cas9 Nuclease V3,
1,081,060) and 80 uM sgRNA targeting AHR (Integrated
DNA Technologies, Custom Alt-R CRISPR-Cas9 sgRNA,
5'-GGCCTCCGTTTCTTTCAGTA-3") or a scramble
sgRNA, were complexed for 30 min at room temperature.
Three days post-activation, 1 x 10° T cells or 2 x 10°
CAR-T cells after 24 h of lentiviral transduction were
centrifuged at 200 g for 10 min and re-suspended in
20 uL of transfection buffer and RNP. The mixture was
transferred into the electroporation cuvette using the
EO-115 program in 16-well cuvette strips. The cells were
then recovered in preheated T cell medium and expanded
as described above.

Flow cytometry analysis

Flow cytometry was performed using the LSR Fortessa
(BD Biosciences) and CytoFLEX (Beckman) cytometers
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Table 1 Antibodies resources
Antibodies Source Identifier Cat#
CD3 BV421 BD Biosciences 562426
CD3 FITC BD Biosciences 555332
CD8 BV510 BD Biosciences 563919
CD8 PE-Cy7 BD Biosciences 557746
IFN-y BV421 BD Biosciences 562988
Isotype mouse IgG1k BV421 BD Biosciences 562438
IL-2 PE BD Biosciences 560709
Isotype rat IgG2ak PE BD Biosciences 555844
CD107a PE BD Biosciences 555801
Isotype mouse IgG1k PE BD Biosciences 555749
TIGIT BV421 BD Biosciences 747844
Isotype mouse IgG2k BV421 BD Biosciences 562748
CD39 PerCp-Cy5.5 BD Biosciences 564899
Isotype mouse IgG2b PerCp-Cy5.5 BD Biosciences 558304
7-AAD BD Biosciences 559925
CD19 APC Sony Biotechnology 2111060
CD123 PE-Cy7 Sony Biotechnology 2130050
TNF-a BV510 Sony Biotechnology 3114750
Isotype mouse IgG1k BV510 Sony Biotechnology 2600860
Fixable viability dye eFluor 780 eBioscience 65-0865-14

with the antibodies listed in Table 1. Data were analyzed
using FlowJo™ v10.8 Software (BD Life Sciences).

For cytokine production analysis, T cells were stimulated
with 25 ng/mL phorbol 12-myristate 13-acetate (Sigma
Aldrich, P8139) and 1 pg/mL ionomycine (Sigma Aldrich,
10,634), while CAR-T cells were put in co-culture with their
tumor target. Both were stimulated for 5 h in the presence
of GolgiPlug® (BD Biosciences, 555,020). Cytokine
detection was performed after fixing and permeabilizing
cell membrane using the BD Cytofix/Cytoperm™ kit
(BD Biosciences, 555,028), following the manufacturer’s
instructions.

For the CD107a degranulation assay, CAR-T cells were
put in co-culture with their tumor target for 5 h, in the
presence of GolgiStop® (BD Biosciences, 554,724) and
anti-CD107a antibody.

Western blot analysis

Cell lysates were obtained using RIPA lysis buffer (Sigma
Aldrich, R0278). After diluting the protein fractions in
2X Laemmli buffer, the lysates were separated by SDS-
PAGE (7.5% Acrylamide, 100-150 V). The proteins
in the gel were then transferred to previously activated
PVDF membranes using 1X transfer buffer (2.5 mM Tris,
19.2 mM Glycine, H20 gqs 1 L, 100 V). After saturation
with a solution of 5% skimmed milk (w/v)-Tween20
0.1%-TBS 1X, the membranes were incubated for 1 h
at 4 °C. The membranes were then washed and brought
into contact with primary antibodies anti- AHR (Cell
Signaling, 83200S) or anti-f-actin (Sigma Aldrich, A5441,

RRID:AB_476744) diluted 1:40,000. After washing the
membranes, they were incubated in the presence of anti-
rabbit (BD Biosciences, 554,021, RRID:AB_395213) and
anti-mouse (BD Biosciences, 554,002, RRID:AB_395198)
secondary antibodies diluted 1:1,000. The fixation of the
secondary antibodies was detected using the ECL Bio-Rad
mixture (Peroxide reagent and Lumminol, v/v) and signals
were measured using the Chemidoc XRS device.

Subcellular localization was performed after 24 h of
stimulation, followed by treatment with 50 uM kynurenine
for 30 min. Subcellular fractionation was conducted using
the NE-PER™ Cytoplasmic and Nuclear Extraction
Reagent Kit (Thermofisher, 78,833) according to the
manufacturer’s recommendations. Subcellular localization
was then analyzed by Western Blotting. The purity of each
fraction was assessed using anti-p-tubulin (Cell Signaling
Technology, 2128) and anti-H3 histone (Cell Signaling
Technology, 4499) antibodies.

Cytotoxicity assays

The cytotoxicity was assessed after staining effector
cells with a cell proliferation dye eFluor 450 solution
(Invitrogen, 65-0842-85) in accordance with the
manufacturer’s instructions. The cells were put in
co-culture with their tumor target at the indicated
effector:target ratio of 1:1 or 1:10 for 24 h. The percentage
of cytotoxicity was evaluated using TruCount™ tubes (BD
Biosciences, 663,028).
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T cell and CAR-T cell stimulation assays

T cells were stimulated once or four times every 2—3 days
with anti-CD3/CD28 microbeads, with or without 50 pM
kynurenine (Invivogen, tlr-kyn). Before each stimulation,
beads were removed and replaced with a new batch.
CAR-T cells were put in co-culture with a tumor cell line
at an effector:target ratio of 1:15 for 7 days in a volume of
1,5 mL. Every 3—4 days, 500 L of RPMI-1640 medium was
replaced with fresh medium.

Quantitative real-time PCR

Gene expression was assessed 48 h after the first and fourth
stimulations. Cells were lysed and RNA was extracted
using an extraction kit (Macherey Nagel, 740,955-250)
according to the manufacturer’s instructions, before being
quantified using the Nanodrop 2000 Spectrophotometer
(Thermofisher). Then, cDNA was synthesized using
the PrimeScript™ RT Master Mix RT-PCR kit (Takara,
RRO036A) following the manufacturer’s recommendations.
Quantitative PCR was carried out using primers targeting
the genes AHR (Thermofisher, Hs00169233_m1), CYPIAI
(Thermofisher, Hs01054797_g1), TBX21 (Thermofisher,
Hs00203436_m1), TCF7 (Thermofisher, Hs01556515_
ml), EOMES (Thermofisher, Hs00172872_m1), SELL
(Thermofisher, Hs01547250_m1), TGFB1 (Thermofisher,
Hs009981338_m1), IL10 (Thermofisher, Hs00961622_
ml) and /8S (Thermofisher, Hs03003631_g1). qPCR
was carried out using Tagman™ Universal Master Mix II
(Thermofisher, 4,440,038). The acquisition was carried out
within the Biorad qPCR thermal cycler. Transcript levels
were normalized to 18S RNA using the 2722 method.

RNA-sequencing

In order to analyze different gene expressions, total
RNA was extracted using the Machery Nagel extraction
kit according to the manufacturer’s recommendations.
The quantity of extracted RNA was evaluated using the
Nanodrop 2000 Spectrophotometer, and sample purity was
evaluated using the 2100 Bioanalyzer (Agilent) with the
RNA 6000 Pico Kit for 2100 Bioanalyzer Systems. cDNA
libraries were constructed using the Stranded mRNA Prep
Ligation kit (Illumina) and sequenced from both ends with
each read being 50 nucleotides in length. Sequencing was
performed on an SR100/PES01 lane using the NovaseqSP1
system (Illumina). Sequences were quality checked using
FASTQC (v0.11.9). Low quality bases (Phred quality score
less than 30) were filtered out and adapters were trimmed
using trimmomatic (v0.39). Reads were mapped to GRCh38
using STAR (v2.7.8a) with count reads per gene. The
aligned reads were summarized at the gene-level using the
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function featureCounts of Subread (v2.0.1). Counts were
normalized by the size of corresponding library (DESeq2,
estimateSizeFactors function). Differentially expressed
genes (DEG) analysis was performed using DESeq?2
package with default parameters. Genes were considered
as DEG if they achieved a false discovery rate of 5% or
less and a fold change of 2 (—1 <log2Foldchange > 1).
Gene annotation was carried out using Homo sapiens (org.
Hs.eg.db) AnnotationDbi from R/Bioconductor. Gene Set
Enrichment Analysis was performed using clusterProfiler
(v4.0). Briefly, all statistically enriched terms were identified
(GO/KEGG terms, canonical pathways), then accumulative
hypergeometric p-values and g-values are calculated using
the Benjamini—Hochberg procedure to account for multiple
testings and enrichment factors were calculated and used
for filtering. Computations have been performed on the
supercomputer facilities of the Mésocentre de calcul of
Franche-Comté.

The RNA-seq dataset is deposited in the NCBI Gene
Expression Omnibus under accession code GSE279526.

Statistical analysis

Student ¢ tests (with Welch’s correction when unequal
variances) or Wilcoxon tests were performed using the
GraphPad Prism 10.1.1 software (GraphPad Software),
depending on the data distribution (i.e. normal or non-
normal distribution). Samples were considered as paired
and two-tailed tests were performed. P values <0.05
were considered to be statistically significant (*p <0.05,
**p <0.01, #**p <0.001, ****p <0.0001).

Results

AHR is induced upon T cell activation
and is maintained over time upon chronic
stimulation

First, an evaluation of the AHR expression within activated
T cells was done by Western Blotting, revealing an
induction of AHR expression upon T cell activation Indeed,
AHR expression reached a maximum 3 days after T cells
activation, which was followed by a decrease reaching
a minimum 6 days after T cells activation. (Fig. la).
Subsequent subcellular localization confirmed AHR
activation by the kynurenine agonist, as demonstrated by
AHR translocation from the cytosol to the nucleus (Fig. 1b).
Next, to mimic chronic antigenic stimulation that occurs
in the tumor microenvironment, T cells were stimulated
chronically in vitro through TCR activation (Fig. 1c). The
application of this protocol revealed that AHR expression
was sustained throughout chronic stimulations, with no
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Fig.1 AHR is induced upon T cell activation and is maintained
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50 uM of kynurenine. (n=8) ¢ Methodology of in vitro chronic
stimulation assay consisting of a chronic stimulation with «aCD3/

significant difference being observed when comparing
T cells subjected to short-term restimulation and T cells
subjected to chronic stimulation. These findings suggest that
AHR is highly expressed upon T cell restimulation (Fig. 1d).

In vitro chronic stimulation induces a T cell
dysfunctional state

The effects of chronic stimulation were initially evaluated
in terms of T cell proliferation capacity as well as their
viability. Based on this, a significant delay in proliferation
and a reduction in viability were observed upon stimulation
(Fig. 2a, b). To further characterize these observations,

CD28 dynabeads. d Follow-up of protein AHR expression prior to T
cell activation and after short-term restimulation (T cells restimulated
once) or chronic stimulation (T cells restimulated four times). (n=4
(non-restimulated), n=28 (short-term restimulation), n=5 (chronic
stimulation))

RNA sequencing analysis was performed after short-term
restimulation or chronic stimulation. Principal component
analysis revealed two distinct clusters following short-term
restimulation or chronic stimulation (Fig. 2c). As expected,
differential gene expression analysis reported a heightened
expression of exhausted-like markers in chronically stimulated
T cells (Fig. 2d). Additionally, the effect of chronic stimulation
was also studied by measuring the inhibitory receptors’ protein
expression. The percentage of CD39 and the co-expression
of PD-1/TIM-3 as well as PD-1/TIGIT did not increase
in unstimulated T cells over time. In contrast, chronically
stimulated T cells showed a progressive increase of these
markers (Fig. 2e—g). Altogether, chronic in vitro stimulation of
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Fig.2 (continued)

T cells gradually diminished their proliferative capacities and
viability, while also leading to an increase in cells expressing
inhibitory receptors, which is characteristic of an exhausted-
like phenotype (Fig. 2a—g). Thereafter, AHR knocked-out T
cells were engineered using CRISPR-Cas9 technology. The
sgRNA was designed using the CRISPOR.org web tool and
achieved an editing efficiency of approximately 80% three
days after the knock-out (Fig. 2h). Chronic stimulation and
kynurenine treatment of these engineered T cells induced a
decrease in proliferation capacity and viability, indicating a
deleterious effect of kynurenine, even when AHR is knocked-
out (Fig. 2i, j).

AHR knockout promotes effector- and memory-like
profiles upon T cell stimulation

To further investigate the impact of AHR knockout on T
cells differentiation, RNA-sequencing was performed in

Days post-activation

the presence of kynurenine after short-term restimulation
(Fig. 3a). The downregulation of CYPIAI, CYPIBI and
AHRR, known to be regulated by AHR, confirmed the
robustness of the RNA-sequencing data (Fig. 3b). Pathway
analysis revealed that immune effector processes and T
cell activation pathways were enriched in AHR knocked-
out T cells (Fig. 3c). Indeed, effector-associated genes were
up-regulated in the knockout condition and there was a
higher expression of memory-associated genes after AHR
knockout (Fig. 3d). RT-qPCR analysis confirmed that AHR
activation by kynurenine in control condition decreased the
expression of effector-associated genes such as TBX21 and
EOMES, as well as memory-associated genes, including
TCF7 and SELL. In clear contrast, and correlating the RNA-
sequencing analysis, AHR knockout led to an up-regulation
of these effector- and memory-associated genes (Fig. 3e).
Moreover, flow cytometry analysis of effector cytokine
production showed a significant increase in IL-2 producing
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«Fig.3 AHR knockout promotes effector- and memory-like profiles
upon T cell stimulation. a Methodology of AHR knocked-out T cells’
RNA-sequencing. b Heatmap showing differential expression of
genes regulated by AHR, analyzed using DESeq2. (n=3) ¢ Pathway
enrichment analysis using GSEA (Gene Set Enrichment Analysis)
based on GO (Gene Ontology) Biological Process. The size of each
dot reflects the number of genes contributing to the enrichment of
each pathway (count), while the color gradient represents the adjusted
p-value (p.adj), with darker colors indicating higher statistical
significance. (n=3) d Heatmap showing differential expression of
immune effector and memory genes. (n=3) e RT-qPCR validation
of RNA-sequencing data. (n=5) f-h Cytokine analysis of AHR
knocked-out T cells treated with 50 uM of kynurenine. (n=11)

cells from 16.8% (S.E.M.x2.6) in wild-type T cells to
21.6% (S.E.M. +3.6) in AHR knocked-out T cells without
kynurenine (p <0.05). The same result was observed in
presence of kynurenine, with 11.5% (S.E.M. +2.4) IL-2
producing wild-type T cells against 19.8% (S.E.M. +3.8)
for AHR knocked-out T cells (p <0.01) (Fig. 3f). Of note,
there was a slight decrease in IFN-y* and TNF-a™* producing
T cells (Fig. 3f-h), despite an up-regulation of TBX2]
expression (Fig. 3e).

AHR knockout prevents increased expression
of CD39 upon chronicT cell stimulation

The impact of AHR knockout on the expression of inhibitory
checkpoints genes analyzed by RNA-sequencing showed a
down-regulation of CDI01, TIGIT and ENTPD] encoding
for CD39 (Fig. 4a). An initial focus by flow cytometry on
CD39 showed a significant decrease in the percentage of
CD39* T cells going from 51.3% (S.E.M. +7.2) to 24.2%
(S.E.M. £4.2) after AHR knockout when treated with
kynurenine after chronic stimulation (p <0.0001) (Fig. 4b).
The same result was observed for the mean fluorescence
of CD39 following AHR knockout (Fig. 4c). A downward
trend of TIGIT expression and mean of fluorescence was
also observed in CD4" and CD8* T cells (Fig. 4d.e).
Further, immunosuppressive cytokines expression seems to
be lower in kynurenine exposed and chronically stimulated
T cells (Fig. S1a). Hence, AHR knockout seems to limit the
impact of chronic stimulation on CD39 expression and to a
lesser extent on TIGIT expression. However, no significant
differences were observed in the expression of the exhausted
markers PD-1 and TIM-3 (Fig. S1b).

AHR knocked-out CAR-T cells are functional

AHR knockout was then efficiently applied to a CAR-T
model targeting the CD123 antigen (Fig. 5a—c). The
knockout did not affect either CAR-T cell cytotoxicity
(Fig. 5d) or degranulation capacity (Fig. 5e). As previously
observed in T cells, CD39 up-regulation in CD4" and CD8"
CAR-T cells was prevented by AHR knockout (Fig. 5f).

Hence, AHR knockout is feasible on CAR-T cells without
impacting their short-term antitumor capacities.

AHR knocked-out CAR-T cells persist longer
than wild type CAR-T cells upon chronic stimulation

A chronic in vitro stimulation assay was then performed
on AHR knocked-out CAR-T cells to evaluate their long-
term antitumoral capacities. CD123% CAR-T cells were
maintained in co-culture with hematologic tumor targets
(CAL-1 cell line) in an unfavorable ratio of 1 effector for
15 tumor targets to create a hostile environment through
enforced repeated stimulation (Fig. 6a). Every week,
remaining CAR-T cells were counted and phenotypically
characterized. After 21 days of AHR knocked-out CAR-T
cells and CAL-1 co-culture, 76.2% (S.E.M. +12.2) of
remaining cells were AHR knocked-out CAR-T cells. In
contrast, wild-type CAR-T cells and CAL-1 co-culture
led to only 42.6% (S.E.M. = 14.3) remaining CAR-T cells
(p <0.05). Following the fourth round of rechallenge,
the beneficial effect of AHR knockout on CAR-T cells
persistence was still observed, with 57.9% (S.E.M.+11.9)
of AHR knocked-out CAR-T cells persisting compared to
22.9% (S.E.M. +9.6) for control CAR-T cells (p <0.05)
(Fig. 6b). Hence, AHR knocked-out CAR-T cells resisted
tumor rechallenge for a longer period of time than wild-
type CAR-T cells. Anti-tumor activity of AHR knocked-
out CAR-T cells has also been assessed with 50 uM
kynurenine supplementation and showed that kynurenine
supplementation seems to have a negative effect on
CD123 CAR-T cells’ anti-tumor activity. This effect was
not observed when AHR is knocked-out (Fig. S2). To
characterize the remaining cells, we first evaluated the
CD4/CDS ratio after several rounds of tumor rechallenges.
No modification concerning the CD4/CD8 ratio after AHR
knockout was observed (Fig. 6¢). Next, AHR knocked-
out CAR-T cells were further characterized through the
expression of CD39 and TIGIT, previously associated
with chronic stimulation (Fig. le—g). Weaker frequencies
of CD39* and TIGIT™ of persisting CAR-T cells were
observed in the AHR knocked-out condition, reinforcing a
less dysfunctional state (Fig. 6d, e). These data showed that
AHR knocked-out CAR-T cells persist longer than CAR-T
cells upon chronic stimulation.

Discussion

Optimizing CAR-T therapy is required to improve its
current clinical efficacy and CRISPR-Cas is a suitable
tool to identify target involved in T cell dysfunction [3].
Precise gene editing of transcription factors has appeared
as a promising approach to target multiple pathways and
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Fig.4 AHR knockout prevents increased expression of CD39 upon
chronic T cell stimulation. a Heatmap showing differential expression
of inhibitory receptors (n=3). b, ¢ CD39 expression (b) after short-
term restimulation (T cells restimulated once) or chronic stimulation
(T cells restimulated four times) in AHR knocked-out T cells treated
with 50 uM of kynurenine and CD39 mean of fluorescence (c) after
chronic stimulation (T cells restimulated four times) in CD39.* T

factors simultaneously. In this study, we focused on AHR,
known for being involved in several biological processes,
including immune responses [4]. Being mostly studied in
murine model so far, we concentrated our study in human T
cells that have yet to be characterized, using the CRISPR-
Cas tool.

Many studies were limited by short-term in vitro models,
as it does not reflect in vivo conditions. In this study, AHR
knocked-out T cells were first subjected to an antigen
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cells treated with 50 uM of kynurenine. (n=13 (b), n=11 (¢)) d,
e TIGIT expression (d) after short-term restimulation or chronic
stimulation in AHR knocked-out T cells treated with 50 uM of
kynurenine and TIGIT mean of fluorescence (e) after chronic
stimulation (T cells restimulated four times) treated with 50 uM of
kynurenine. (n=10 (d), n=6 (e))

non-specific chronic stimulation based on previous protocols
[12, 13]. The aim was to mimic chronic antigen exposure
that cells must face in vivo. As expected, chronic stimulation
induced a reduction in T cell proliferation capacity and
upregulated the expression of several inhibitory receptors,
which are hallmarks of dysfunctional T cells. However, it is
important to note that inhibitory receptors are expressed not
only in exhausted T cells, but also in activated T cells [14].
Hence, heightened inhibitory receptors expression does not
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necessarily mean that T cells are in fact exhausted. Indeed,
T cell exhaustion is a complex state that appears after many
transcriptomic, epigenetic and metabolic changes caused by
many immunosuppressive factors [15]. Hence, this model
might not be sufficient to induce permanent dysfunction,
since it does not recapitulate all the factors required to
induce T cell exhaustion. However, our model can be used
as a simple way to study it in vitro. To improve this model,
we established a CAR-T chronic stimulation model using
tumor cells as targets based on previous protocols [16, 17].
This allowed us to better appreciate AHR knockout benefits
on CAR-T efficiency.

Engineered T cells were characterized after being treated
with the immunosuppressive AHR agonist kynurenine.
Surprisingly, kynurenine treatment did not significantly

degranulation assay of AHR knocked-out CAR-T cells after co-culture
at an effector:target ratio of 1:1 for 5 h treated with 50 pM of
kynurenine. (n=11) f CD39 expression in AHR knocked-out CAR-T
cells after co-culture at an effector:target ratio of 1:1 for 24 h treated
with 50 uM of kynurenine. (n=14)

modify wild-type T cell phenotype compared to untreated
cells. This might be explained by the plethora of natural
ligands that can activate AHR. Indeed, previous studies
have shown IL-2 culture conditions induce production of
5-HTP AHR agonist [7]. Moreover, although kynurenine has
long been considered a potent agonist of AHR, its structure
does not conform to the binding site of the receptor [18].
Another study provided evidence that kynurenine might act
as a pro-ligand of AHR, which needs chemical conversions
to produce efficient agonists [18, 19]. Kynurenine
metabolism has further been involved in ROS production
and apoptosis [20, 21] or antioxidant activities [22]. In our
in vitro model of stimulated T cells cultured with 50 uM of
kynurenine, no significant increase of ROS was observed, in
contrast AHR was in fact activated by kynurenine as shown
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by AHR nucleus translocation. However, in our model,
AHR was in fact activated by kynurenine as shown by AHR
nucleus translocation.

In our study, AHR knockout enhanced T cell activation
capacity and increased the expression of effector- and
memory-associated genes as observed with the up-regulation
of genes like TBX21, EOMES, TCF7 or BACH2. These
key genes have been described to be involved in potent
antitumor responses. Indeed, TBX21 and EOMES genes are
characteristics of cytotoxic T cells, while TCF7 and BACH2
are characteristics of less differentiated T cells, associated
with a better persistence [23-25]. This expression profile
might explain the maintained cytotoxicity capacity and
the prolonged resistance of AHR knocked-out CAR-T cells
compared to wild-type CAR-T cells in in vitro chronic
stimulation assay.

Phenotypically, engineered T cells exhibited increased
IL-2 expression, which is characteristic of a less
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stimulation. (n=8) ¢ CD4 and CDS ratio upon chronic stimulation.
(n=8) d, e CD39 and TIGIT expression over time after chronic
stimulation in AHR knocked-out CAR-T cells. (n=3)

differentiated profile [26]. This result was expected as AHR
was previously described as an inducer of AIOLOS, an IL-2
repressor [27]. Moreover, this was also confirmed by another
study where AHR knockout had been shown to promote a
central memory profile rather than resident memory [28].
The latter has been described to play a key role in antitumor
immunity with their high cytotoxic capacities [29]. However,
in our chronic stimulation model, despite AHR knocked-out
T cells presenting a less differentiated profile associated with
the up-regulation of TCF7 and BACH?2 in AHR knocked-out
CAR-T cells exerted potent cytotoxicity.

Moreover, as expected, AHR knockout decreased CD39
expression, which has been shown to be associated with an
exhausted profile [30]. In addition, transcriptomic analysis
also suggested that AHR knockout may downregulate other
inhibitory receptors such as TIGIT. This is interesting as
TIGIT has been identified as highly co-expressed with PD-1
by subsets of CD8* T cell in cancer patients [31], and its
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blocking became a new strategy to optimize T cell antitumor
activity by reversing exhaustion [32]. Surprisingly, AHR
knockout did not decrease PD-1 expression, as previously
described [33], but this might be explained by the chronic
stimulation leading to an enhanced activation of the cells.

CAR-T chronic stimulation model was also based on
previous protocols [16, 17]. Upon chronic stimulation,
AHR knockout allowed CAR-T cells to persist longer than
wild type CAR-T cells, as recently observed with findings
on CD38 targeting [16]. This gene, along with AHR, is
involved in the immunosuppressive adenosinergic pathway,
through CD203a and CD73, and through CD39 and CD73,
respectively [34]. In our study, we verified CD39 and CD73
modulation by AHR. However, further investigations
are required to precisely define AHR involvement in the
adenosine pathway to see if this is the mechanism through
which AHR restrains CAR-T cell function.

In summary, this research suggests that AHR would be
a valuable target for genetic reprogramming to enhance T
cell-based cancer therapies.
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