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ABSTRACT
Immune checkpoint (IC) blockade and adoptive transfer of tumor-specific T-cells (ACT) are two major 
strategies to treat metastatic melanoma. Their combination can potentiate T-cell activation in the 
suppressive tumor microenvironment, but the autoimmune adverse effects associated with systemic 
injection of IC blockers persist with this strategy. ACT of tumor-reactive T-cells defective for IC expression 
would overcome this issue. For this purpose, PD-1 and TIGIT appear to be relevant candidates, because 
their co-expression on highly tumor-reactive lymphocytes limits their therapeutic efficacy within the 
tumor microenvironme,nt. Our study compares the consequences of PDCD1 or TIGIT genetic deletion 
on anti-tumor properties and T-cell fitness of melanoma-specific T lymphocytes. Transcriptomic analyses 
revealed down-regulation of cell cycle-related genes in PD-1KO T-cells, consistent with biological observa-
tions, whereas proliferative pathways were preserved in TIGITKO T-cells. Functional analyses showed that 
PD-1KO and TIGITKO T-cells displayed superior antitumor reactivity than their wild-type counterpart in vitro 
and in a preclinical melanoma model using immunodeficient mice. Interestingly, it appears that TIGITKO 

T-cells were more effective at inhibiting tumor cell proliferation in vivo, and persist longer within tumors 
than PD-1KO T-cells, consistent with the absence of impact of TIGIT deletion on T-cell fitness. Taken 
together, these results suggest that TIGIT deletion, over PD-1 deletion, in melanoma-specific T-cells is 
a compelling option for future immunotherapeutic strategies.
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Introduction

Therapeutic strategies blocking the interaction between coin-
hibitory receptors on tumor-infiltrating T-cells and their 
ligands expressed on tumor cells have proven successful in 
multiple types of cancers1,2. However, immune checkpoint 
inhibitor (ICi) therapy typically yields an overall response 
rate of 20% to 40% in patients with solid tumors,3 and is 
frequently associated with immune-related adverse events 
(irAEs), due to the systemic injection of ICi. In order to limit 
these irAEs, strategies have emerged to directly inhibit IC 
signaling within the tumor microenvironment (TME). These 
include the use of genomic editing tools to invalidate IC 
expression in therapeutic T-cells. This approach is currently 
evaluated for CAR-T-cell therapy, with the aim to develop 
therapeutic T-cells with robust resistance to PD-L1 mediated 
inhibition within the TME.4 In solid tumors, CRISPR-Cas9- 
based deletion of the PDCD1 gene (coding PD-1) has been 
recently evaluated in preclinical models involving adoptive cell 
transfer (ACT) of TCR-engineered T-cells and of tumor- 
specific cytotoxic T-cells.5,6 This approach has been tested in 
a phase I clinical trial, on 3 patients with advanced cancers 

infused with TCR-engineered T-cells specific for NY-ESO-1 
and inactivated for endogenous TCR and PD-1 expression.7 

This first in human study documented the feasibility and safety 
of this new therapeutic strategy.

Nonetheless, few studies documented the possible unex-
pected consequences of such gene deletion on T-cell fitness – 
which refers to the ability of T-cells to expand, persist and exert 
effector functions after infusion – a crucial limiting factor for 
adoptive cell transfer efficacy.8,9 Notably, it has been reported 
that PDCD1 knock-out had a detrimental effect on the prolif-
eration and persistence of T-cells. Several studies on CAR- 
T-cells targeting either EGFRvII,10 mesothelin11 or CD1912 

reported that disruption of PDCD1 gene led to a slight but 
significant inhibition of CAR-T-cell expansion. Interestingly, 
a recent study also documented that conditional deletion of 
PD-1 in tumor-infiltrating Treg cells impaired their prolifera-
tive and suppressive abilities.13 These observations resonate 
with our results on melanoma-specific PD-1KO effector T-cell 
clones, that showed enhanced anti-tumor reactivity but 
decreased proliferation potential.14 It is thus critical to assess 
the impact of IC genomic deletion on the ability of CD8+ 
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T-lymphocytes to expand, persist, and exert effector functions 
prior to considering the development of this therapeutic strat-
egy. Whether this feature is specific to PD-1 deletion or could 
be observed when targeting another IC remains to be explored. 
Among IC, TIGIT has emerged as another promising target for 
immunotherapy, co-expressed with PD-1 on highly reactive 
effector T-cells,15–17 and on memory resident T-cells.18

In this study, we sought to compare the impact of TIGIT or 
PD-1 deletion in melanoma-specific CD8+ T-lymphocytes, in 
terms of T-cell fitness, and anti-tumor potential in a pre- 
clinical model.

Materials and methods

Cell lines and cell culture

Melanoma-specific CD8+ T lymphocytes were cultured in 
RPMI1640 medium supplemented with 8% human serum, 2  
mM L-glutamine, 100 U/mL penicillin, 0.1 mg/mL streptomy-
cin (Gibco) and 150 U/mL human recombinant IL-2 
(Proleukin, Novartis Pharma). Polyclonal Melan-A-specific 
CD8+ T-cells were derived from patient’s PBMC, upon peptide 
stimulation and sorting with HLA-peptide coated beads.19 

T-cell clones were derived from this polyclonal population by 
limiting dilution, and amplified on feeder cells as previously 
described.14

The human TAP deficient T2-cell line was purchased from 
the ATCC (CRL-1992). The melanoma cell line M113, regis-
tered in the Biocollection PC-U892-NL (CHU Nantes, France), 
was established from metastatic tumor fragments in the Unit of 
Cell Therapy of Nantes. This cell line was stably transfected 
with human PD-L1 gene (NM_014143.2, Sino Biological, 
HG10084-UT).14 From the T2 cell line, expressing or not PD- 
L1,20 we established two additional cell lines, stably transfected 
with the main TIGIT ligand, CD155 (NM_006505.3, Sino 
Biological, HG10109-UT). The expression of PD-L1 and 
CD155 on the cell lines was validated by flow cytometry, with 
anti-PD-L1 (Clone MIH1, BD Biosciences) and anti-CD155 
(Clone SKII.4, BioLegend) monoclonal antibodies. The expres-
sion of HLA-A2 and Melan-A on the M113 cell line was also 
validated by flow cytometry, with anti-HLA-A2 (Clone BB7.2, 
BD Biosciences) and anti-MelanA (Clone A103, Santa Cruz 
Biotechnology) monoclonal antibodies.

PDCD1 and TIGIT editing in Melan-A-specific CD8+ 

T lymphocytes

PDCD1KO Melan-A specific T-cell clones were previously 
obtained from a polyclonal T-cell population derived from 
a melanoma patient.14,21 TIGIT editing was performed on 
this same starting polyclonal T-cell population, through elec-
troporation of ribonucleic complexes with TIGIT sgRNA (0.45  
µM final, IDT) (Table S1) and Cas9 protein (0.3 µM final) 
(IDT) into 106 CD3-activated T-lymphocytes, in 100 µL of 
serum-free medium (Nepa21 apparatus, Nepagene). After 
cloning by limiting dilution and amplification, screening and 
selection of TIGITKO T-cell clones were performed by flow 
cytometry, with anti-TIGIT antibody (Clone A15153G, 
BioLegend), after CD3 activation (OKT3 clone, CRL-8001, 

ATCC). The expression of PD-1, was systematically assessed 
on TIGITKO T-cell clones, upon co-labeling with anti – PD-1 
(Clone EH12, BD Biosciences) antibody.

Sequencing of the edited PDCD1 and TIGIT genes and of 
TCR genes

The genomic DNA from WT, PD-1KO and TIGITKO T-cell 
clones was purified using the QIAamp DNA Mini Kit 
(QIAGEN) from 2 × 106 T-cells. The DNA fragment spanning 
TIGIT-and PDCD1 editing target sites were amplified by PCR 
using primer pairs indicated in Table S1. Amplified fragments 
were sequenced using gene specific primers (Table S1) by 
Eurofins, after a step of TOPO® TA cloning for T-cell clones 
exhibiting bi-allelic editing events, according to manufacturer’s 
instructions (Thermo Scientific).

For TCR sequencing, the total RNA from 2 × 106 

T lymphocytes was extracted from antigen-specific T-cell 
clones using RNeasy Mini Kit (QIAGEN). Potential genomic 
DNA contamination was eliminated through the RNase-Free 
DNAse Set (QIAGEN). RNA quantification was determined 
using a Nanodrop ND-1000 spectrophotometer (Thermo 
Scientific) and quality was assessed using the Agilent RNA 
6000 Nano kit (Agilent Technologies) with a 2100 
Bioanalyzer instrument (Agilent Technologies). Reverse tran-
scriptions, PCR amplifications and sequencing were performed 
as described and we have followed throughout the manuscript 
the IMGT TCR nomenclature.22–24

Western blot analysis

Whole cell lysates were prepared as previously described from 
CD3-activated T-cell clones.14 The primary antibodies target-
ing PD-1, TIGIT (Clones D4W2J and E5Y1W, Cell Signaling 
Technology) and Actin (Clone ACTN05 (C4), Invitrogen) 
were incubated on the membranes overnight at 4°C in TBS-T 
5% milk. After washing in TBS-T, the membrane was incu-
bated for 1 hr at room temperature with secondary antibodies 
(HRP-conjugated goat anti-mouse or goat anti-rabbit polyclo-
nal antibodies, Jackson Immunology Research). The revelation 
was achieved using ClarityTM, Western ECL Substrate (Bio- 
Rad), and results were visualized via an image acquisition 
station (Azure 300, Azure Biosystems).

T-cell clone proliferation

Amplification of T-cell clones was monitored by calculating 
the number of T-cell divisions after 14 days on feeder cells as 
previously described.19 Proliferation abilities of T-cell clones 
were assessed upon CFSE (CellTrace™ Invitrogen) labeling, 
followed by activation with a range of anti-CD3 mAb OKT3 
(0–800 ng/µL) for 5 days. Proliferation was analyzed by flow 
cytometry using the FlowJo software (BD Biosciences) prolif-
eration modeling tool.

Ultraplex RNA-seq library construction

QIAseq UPXome libraries (QIAGEN) were prepared with 
10 ng of total human RNA from OKT3 activated T-cell 
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clones (biological triplicates) according to the manufac-
turer’s handbook. The libraries are made using random 
hexamers with QIAseq FastSelect – rRNA HMR reagent to 
block ribosomal RNA. After cDNA synthesis each sample 
type was pooled and the library was amplified with primers 
that added unique dual library indices. Libraries were qual-
ity controlled for size using Agilent TapeStation High 
Sensitivity D5000 screentapes and the amount of library 
was quantitated using ThermoFisher’s Qubit Fluorimeter.

Illumina NGS sequencing and data analysis using RNA-seq 
Analysis Portal (RAP)

RNA-seq libraries were run on an Illumina NextSeq 500 using 
2 × 74 paired end reads with dual 10 base pair unique indexing. 
The resulting FASTQ files were analyzed on QIAGEN’s 
GeneGlobe Data Analysis Center using the RNA-seq Analysis 
Portal (https://www.qiagen.com/us/shop/genes-and-pathways 
/data-analysis-center-overview-page). RAP is a cloud-based 
platform that provides primary read alignment and demulti-
plexed UMI values using CLC Genomics which are then used 
for differential gene expression and pathway analysis using 
Ingenuity® Pathway Analysis.

qPCR on differentially expressed genes

To complete the RT2 Profiler PCR Array (QIAGEN) proce-
dure, 100ng of RNA samples were first converted to first- 
strand cDNA using RT2 First Strand Kit according to the 
manufacturer’s instructions. Then, the cDNA templates were 
mixed with the ViiA7 Real-Time PCR System (Thermo 
Scientific) and ready-to-use RT2 qPCR Master Mixes and 
then aliquoted into each well of the same plate containing 
predispensed gene-specific primer sets (QIAGEN). After 
qPCR, relative expression was determined using ΔΔCt 
method.

Functional avidity of WT, PD-1KO and TIGITKO T-cell clones

Functional avidity of WT and IC-edited Melan-A-specific 
T-cell clones was evaluated after co-culture with TAP- 
deficient T2 cells loaded with a range of Melan-AA27L 
(ELAGIGILTV) peptide at the effector/target ratio 1/2. 
CD107a mobilization was measured after 3 hrs of co-culture 
at 37°C in the presence of mAb specific for CD107a (Clone 
H4A3, BioLegend). T lymphocytes were then stained with anti- 
CD8 mAb (Clone RPA-T8, BioLegend) and analyzed by flow 
cytometry.

IFN-γ production of WT, PD-1KO and TIGITKO T-cell clones

After 12 h of stimulation at 37°C with T2 cells expressing or not 
PD-L1 and CD155, loaded with 10 µM of the Melan-AA27L 
peptide, the production of IFN-γ was determined in super-
natants by IFN-γ-specific ELISA (Invitrogen) according to the 
manufacturer’s recommendations. The percentage of inhibi-
tion of IFN-γ secretion was calculated as follows: % inhibition= 
(1- ([IFN-γ] upon activation with IC-expressing T2 cells/[IFN- 
γ] upon activation with wild type T2 cells)) x 100.

Mouse xenograft model

Six to eight-week-old female NSG mice (Charles River labora-
tory) with unrestricted access to food and water were kept 
under specific pathogen-free conditions in the UTE animal 
facility (SFR Santé, Nantes, license number: D44278). The 
animal experiments were performed in accordance with the 
recommendations established by the Ethic Committee for 
Animal Experiments of Nantes University (APAFIS#35425– 
2022021413339813v2) and the FELASA (Federation of 
Laboratory Animal Science Associations). Subcutaneous xeno-
graft tumors were established by injections of 106 PD-L1+ 

/CD155+ human melanoma into the flank of NSG mice. 
At day seven, tumor-bearing mice were randomly allocated 
into four groups with homogeneous tumor volumes (Fig. 
S6A) which received intravenously either: DPBS (n = 9), 
5 × 106 WT4 (n = 8), 5 × 106 PD-1KOP6 (n = 9) and 5 × 106 

TIGITKOT1 (n = 9) T-cell clones in DPBS. Intravenous injec-
tions were repeated twice at days 14 and 21 after engraftment. 
Tumor burdens were measured by an electronic caliper, and 
the tumor volume was calculated based on the following for-
mula: volume = Length x Width x Height x π/6.25 Mice were 
sacrificed taking into account the appearance of necrosis in 
tumors, weight loss (20% of initial weight) and tumor size 
(>1000 mm3), in accordance with national and international 
policies. Tumors were removed at the time of sacrifice, at the 
end of tumor growth monitoring, with the exception of one 
tumor per group, removed 30 h after the last T-cell injection.

Immunohistochemistry (IHC) and immunofluorescence (IF)

Tumors were collected, formalin-fixed and paraffin- 
embedded. IHC was performed on 3 µm paraffin sections of 
each tumor, using anti-PD-L1, anti-CD155 (clones E1L3N and 
D8A5G, Cell Signaling technology), and anti Ki67 (clone 
MIB1, Agilent) primary antibodies, followed by the 
Peroxidase/DAB Envision detection system (Agilent) on an 
automated platform (Dako Autostainer). The sections were 
counterstained with Mayer’s hematoxylin and mounted with 
xylene-based media. Images for analysis were acquired as 
whole slide images with a Nanozoomer 2.0 Hamamatsu slide 
scanner. Ki67+ cells were quantified on whole tumor-tissue 
sections, with the open source software Qupath, using the 
positive detection workflow.26

T-cell infiltration was quantified by immunofluorescence 
staining with anti-hCD3 specific antibody. After blocking 
with Animal Free Blocker (SP-5030-250 Vector Labs) for 30  
min, sections were incubated at room temperature for 60 min 
with primary rabbit polyclonal antibody against human CD3 
(Dako). Sections were then incubated with a secondary anti-
body (Fab’2 donkey anti-rabbit IgG AF568, Abcam) for 30 min 
at room temperature. Sections were slightly counterstained 3  
min with the Invitrogen NucBlue Live ReadyProbes (Hoechst 
33,342), and mounted with Prolong Gold Antifade Reagent 
(Life Technologies). Image acquisition was performed using 
the Zeiss Cell Discoverer 7 microscopy workstation, where 
samples were acquired as whole sections. Analysis of the 
T-cell infiltrated areas has been achieved using QuPath open- 
source software,26 and cell segmentation was carried out using 
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the Stardist module.27 The frequency of T-cell infiltration was 
calculated on the basis of CD3 count divided by the total 
number of cells.

Results

Production and characterization of TIGITKO 

Melan-A-specific CD8+ T-cell clones

We knocked-out TIGIT gene in a Melan-A specific CD8+ 

T-cell population highly expressing PD-1 and TIGIT, pre-
viously used to derive PD-1KO T-cell clones14 (Table S1). 
Using flow cytometry, we selected 5 TIGITKO T-cell clones 
negative for TIGIT expression (Figure 1(a), middle panel). 
Recombination events occurred on the two TIGIT alleles 
(Table S2), with deletion ranging from 1 to 130nt, resulting 
in a frameshift leading to a premature stop-codon or the dele-
tion of the start codon. Furthermore, we also checked the 
integrity of PDCD1 gene in TIGITKO T-cells and documented 
that PDCD1 alleles remained unchanged in TIGITKO T-cell 
clones (Table S2). Nonetheless, the comparison of PD-1 
expression on WT and TIGITKO T-cell clones revealed that 
PD-1 expression was decreased on all TIGITKO clones, both in 
terms of percentage of expression and median fluorescence 
(Figure 1(b)). We further confirmed by Western blot analysis 
the total absence of TIGIT in TIGITKO T-cell clones, both 
membrane-bound and cytoplasmic. This analysis also revealed 
a dramatic decreased expression of PD-1, that was surprisingly 
almost no longer detectable in 4/5 TIGITKO T-cell clones 
(Figure 1(c)). As PD-1 membrane expression was still visible, 
albeit decreased, by flow cytometry, the latter result can prob-
ably be explained by the lower sensitivity of western blot 
compared with flow cytometry.

Maintenance of high levels of the activator receptor CD226, 
subject to synergistic inhibition by PD-1 and TIGIT and essen-
tial for optimal T-cell activation in ACT,28–30 was also validated 
by flow cytometry on all T-cell clones (Figure S1).

TCR sequencing revealed that 2/5 TIGITKO T-cell clones 
shared the same TCR as 2 WT and 4 PD-1KO T-cell clones 
previously described.14 For further experiments, we focused on 
WT, PD-1KO and TIGITKO T-cell clones expressing the same 
TCR (underlined in Table S2 and in purple in Figure 1(a)) to 
overcome the potential differences in T-cell activation linked to 
the expression of TCR with different affinities.

PD-1KO T-cells exhibit a lower proliferation ability than WT 
and TIGITKO T-cells

We first evaluated the proliferation abilities of WT (WT4 and 
WT5), PD-1KO (KOP1, KOP2, KOP6 and KOP11) and TIGITKO 

T-cell clones (KOT1 and KOT2), sharing the same TCR, by 
counting the number of divisions that occurred after 14 days of 
T-cell amplification on irradiated feeder cells. The number of cell 
divisions made by WT and TIGITKO T-cell clones was similar 
(about 7 divisions), while the number of divisions of PD-1KO 

clones was reduced by about half (Figure 2(a)). These results 
were further confirmed upon CFSE labeling of T-cell clones, 
followed by a stimulation with a range of anti-CD3 antibody 
during 5 days (Figure 2(b)). At maximum CD3 stimulation, the 
frequency of proliferative PD-1KO T-cells (around 28%) was 
significantly lower than that of WT and TIGITKO 

T-lymphocytes (p < 0.0001), reaching around 45% (Figure 2 
(c)). At this point, around 60% of PD-1KO T-cells remained 
undivided, whereas WT and TIGITKO T-cell clones were able 
to complete between 1 and 5 divisions (Figure S2). RNA sequen-
cing analysis was further undertaken to compare the impact of 
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genetic deletion of the PDCD1 and TIGIT genes, particularly on 
the expression of cell cycle-related genes.

PDCD1 knock out has a detrimental impact on gene 
expression profile of activated T-cells in contrast to TIGIT 
knock-out

Heatmaps in Figure 3 illustrate differentially expressed genes 
(DEG) between WT and TIGITKO T-cell clones and WT and 
PD-1, sharing the same TCR (indicated in purple in Figure 1(a)). 
Relatively few DEG were found in TIGITKO T-cell clones (8 
under-expressed, indicated in blue and 22 over-expressed, indi-
cated in red). In contrast, PD-1 ablation has a more important 
impact on the number of DEG, with 171 under-expressed and 
185 over-expressed, and we found that three pathways, all 
related to cell cycle and proliferation were significantly inhibited 
in PD-1KO T-cell clones (Table S3). RNAseq analyses were also 
conducted on all the T-cell clones, regardless of the TCR 
expressed (4 WT, 6 PD-1KO and 5 TIGITKO T-cell clones, with 
biological triplicates) and we confirmed the downmodulation of 
genes involved in cell cycle in all PD-1KO T-cell clones, support-
ing the robustness of our results (Figure S3B).

In order to further validate these results, we used qPCR to 
measure the expression of 6 selected genes (MCM3, MCM4, 
CDC6, PPM1L, CENPU and ORC6) related to cell cycle 
(underlined in Table S3), on all these 15 T-cell clones 
(regardless of the TCR expressed (Figure 3(b)). Results con-
firmed the down-regulation of MCM3, MCM4, CDC6, 
CENPU and ORC6, and the overexpression of PPM1L, 
involved in apoptosis signaling regulation,28 in all 6 PD- 
1KO T-cell clones, while remaining unchanged in the 5 
TIGITKO T-cell clones.

Conversely, very few genes were modulated following 
TIGIT ablation (Figure 3(a), upper panel). Considering that 
the most striking feature of TIGITKO T-cell clones was their 

decreased PD-1 expression, we focused on 12 genes known to 
control PDCD1 gene expression29 (Table S4). Among these 
genes, we found that the expression of FOS, that directly 
activates PDCD1 promotor,30 was dramatically reduced in 
TIGITKO T-cell clones (Fold change= −115.49 and FDR 
p-value = 1.05e-4) (Figure 3(a)). Additionally, we also found 
that SATB1, that down-regulates PDCD1 expression through 
epigenetic mechanisms31 was significantly overexpressed in 
TIGITKO T-cell clones (Table S4 and Figure 3(a)). RNAseq 
and qPCR conducted on all T-cell clones confirmed the down 
modulation of FOS and the overexpression of SATB1 in all 
TIGITKO T-cell clones (Figure S3A and Figure 3(b)).

Functional properties of PD-1KO and TIGITKO T-cells are 
enhanced in response to ligand-expressing target cells

We generated from the HLA-A2 TAP-deficient T2 cell line, 3 
T2 cell lines stably expressing PD-L1,20 CD155, or both ligands 
(Figure 4(a)). We first tested the relative avidity of 3 T-cell 
clones (WT4, PD-1KOP6 and TIGITKOT1 sharing the same 
TCR) on the wild-type T2 cell line (PD-L1neg/CD155neg) 
loaded with a range of Melan-AA27L peptide. As expected, 
these 3 T-cell clones exhibited a similar functional avidity on 
peptide-loaded T2 cells, with EC50 around 10−10M, measured 
through CD107a labeling (Figure 4(b)).

The relative inhibition of T-cell activation was further docu-
mented for ICKO T-cell clones, by measuring IFN-γ secretion, 
in response to the 4 types of T2 cell lines loaded with 10−9M of 
Melan-AA27L peptide. The percentage of inhibition was calcu-
lated relative to the amount of IFN-γ secreted after activation 
with wild-type T2 cell line loaded with peptide. As illustrated 
by Figure 4(c), WT4 T-cell clone (gray bars) was strongly 
inhibited by the expression of PD-L1 or CD155 on T2 cells, 
whereas PD-1KOP6 T-cell clone (red bars) was only inhibited by 
CD155 expression. As expected, the TIGITKOT1 T-cell clone 
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cytometry. (c) Percentage of proliferating T-cells (n = 2), following CD3 activation, represented as mean ± SEM (****p < 0.0001, Two-way ANOVA and Tukey’s multiple 
comparison test).
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(blue bars) was not inhibited by CD155 expression on T2 cells, 
and in accordance with its lower PD-1 expression, it was also 
less inhibited by PD-L1 expression on T2 cells than WT T-cell 
clone. Finally, the 3 T-cell clones were inhibited by the co- 
expression of CD155 and PD-L1 on T2 cells, even if this 
inhibition seemed less marked for the IC-edited T-cell clones 
(not significant).

TIGITKO T-cells significantly delayed the growth of 
melanoma tumors and persist longer within tumors, 
compared to WT and PD-1KO T-cells.

Anti-tumor efficacy of T-cell clones was assessed through their 
adoptive transfer in NSG mice, previously engrafted with the 
M113 melanoma cell line expressing HLA-A2, Melan-A anti-
gen and both PD-L1 and CD155 (M113-CD155+/PD-L1+; 
Figure S4). The adoptive transfer of WT4 T-cell clone (gray 
line) was inefficient to delay the growth of melanoma tumors, 
compared to mice receiving DPBS injections (black line). This 
result confirmed our previous observations,14 showing that the 
overexpression of PD-L1 combined with the constitutive 
expression of CD155 on engrafted tumors, totally impaired 
the activation of PD-1+/TIGIT+ WT T-cells, while able to 
delay the growth of PD-L1neg melanoma tumors. In contrast, 
the adoptive transfer of PD-1KOP6 and TIGITKOT1 T-cell clones 

(respectively red and blue lines) significantly delayed the 
growth of melanoma tumors (2way ANOVA followed by 
Tukey’s comparison test, p < 0.0001) (Figure 5(a) and S5B). 
Interestingly, the adoptive transfer of TIGITKO T-cells resulted 
in a significantly better tumor growth control than the adoptive 
transfer of PD-1KO T-cells (p = 0.035).

To go further, we investigated melanoma cell proliferation 
based on Ki67 labeling on 4 tumors from each group receiving 
T-lymphocytes, harvested either at day 22 (30 h after the third 
injection of T-cells) or at the day of sacrifice (Day 36, 2 weeks 
after the third injection). Overall, adoptive transfer of TIGITKO 

cell clones significantly reduced the fraction of proliferative 
tumor cells compared with WT (Adjusted p-value = 0.055) 
and PD-1KO T-cells (Adjusted p-value = 0.055), suggesting 
superior anti-tumor activity of TIGITKO T-cell clones over 
WT and PD-1KO T-cell clones (Figure 5(b-c)). In order to 
investigate whether this decreased proliferation of tumor cells 
was associated with a better persistence of TIGITKO T-cells, we 
documented by immunofluorescence the infiltration of infused 
T-cells in tumors harvested at D22 (30 h after the last injection) 
and at day 36 (2 weeks after the last injection). We documented 
a similar infiltration of transferred T-cells (WT or ICKO) 30 
h after adoptive cell transfer (D22), clustered in different 
regions of the tumors with medians between 1.2 and 2% of 
T-cell infiltration (Figure 5(d), 5(f)). In contrast, 2 weeks after 

a b c

Figure 3. PDCD1 knock out has a detrimental impact on gene expression profile of activated T-cells in contrast to TIGIT knock-out. (a) Heatmap reporting scale expression of up- 
and down-regulated genes between WT and TIGITKO (upper panel) and WT and PD-1KO T-cell clones (lower panel). RNAseq was performed on CD3-activated T-cell clones 
sharing the same TCR in biological triplicates (Maximum FDR p-value = 0.001 and minimum absolute fold-change = 2). (b) Expression of cell cycle regulation genes, and (c) 
expression of genes involved in PDCD1 modulation, measured by RT-qPCR in WT (black, n = 4), PD-1KO (red, n = 6) and TIGITKO (blue, n = 5) activated T-cell clones. qPCR on each 
gene was performed on all CD3-activated T-cell clones, whatever TCR expressed, in biological triplicates (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001, One-way ANOVA 
and Tukey’s multiple comparison test).
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the third injection of T-cells (D36), we could still detect 
TIGITKO T-cells, with around 1.8% of T-cell infiltration, and 
to a lower extent WT-T-cells (0.8%), while PD-1KO have almost 
disappeared from tumors, with only 0.2% of T-cell infiltration 
detected (Figure 5(e–f)). Differences in infiltration between 
PD-1KO and TIGITKO T-cells were statistically significant (p  
< 0.01). In conclusion, the superior tumor growth control 
observed upon the adoptive transfer of TIGITKO T-cells over 
PD-1KO T-cells is associated with their enhanced persistence in 
tumors, consistent with their preserved proliferation abilities.

Discussion

In this study, we confirmed that PD-1 deletion, although ben-
eficial for the anti-tumor function of melanoma-specific T-cell 
clones, was detrimental for their proliferation abilities. This 
suggests that this absence of PD-1 expression led to 
a phenotype similar to that of exhausted T-cells, consistent 
with a previous study demonstrating, in a mouse model, that 
the genetic absence of PD-1 led to the accumulation of more 
exhausted cytotoxic CD8+ T-cells.32 Nonetheless, these T-cell 
clones lack markers commonly found on exhausted T-cells 
(CD39, Tim-3) and their effector functions are preserved. 
Transcriptomic analyses highlighted the down-modulation of 
several cell cycle pathways in PD-1KO T-cell clones, a finding 
further confirmed by qPCR analyses. Genes specifically 
involved in chromosomal replication and DNA synthesis 

were significantly down-modulated, consistent with the lower 
proliferation of PD-1KO T-cells. Nevertheless, even if these 
observations are indisputably correlated, the link between 
PD-1 editing and decreased expression of these proteins 
remains to be explored.

The PD-1 signalosome has been recently deciphered and its 
interactors formally identified.33 In addition to main PD-1 
interactors such as SHP-2 and SHP-1, other candidate inter-
actors have been identified, such as MCM3 and BUB3 (a 
crucial component of the mitotic spindle assembly complex), 
detected in human T lymphocytes. Thus, a possible indirect 
functional interaction between PD-1 and such proteins could 
exist, and might contribute to the regulation of cell cycle. 
Indeed, the existence of a tonic PD-1 mediated signaling has 
been reported,34 contributing to impair T-cell functions, that 
could also have unexpected consequences on intrinsic T-cell 
properties such as proliferation potential.

In contrast to PD-1, the inhibitory mechanisms resulting 
from TIGIT binding are still unclear and under debate. Indeed, 
some studies have documented the recruitment of SHIP-1 to 
the intracellular portion of TIGIT, notably on NK cells,35,36 

while others suggested that the ability of TIGIT to inhibit T-cell 
functions likely relied on the binding competition between 
TIGIT and CD226 for their shared CD155 ligand.37 However, 
a recent study showed that TILs found within renal and lung 
tumors rarely co-express TIGIT and CD226, suggesting that 
within certain tumors TIGIT exerts its co-inhibitory function 
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independently of CD226.38 Thus, depending on the TME and 
the co-expression of TIGIT and CD226 by T lymphocytes, 
there would be two distinct mechanisms, one involving simple 
competition with CD226 for CD155 binding, and the other, in 
the absence of CD226, involving the intracellular domain of 
TIGIT and implying a negative signaling cascade. In our 
model, as all T lymphocytes co-express CD226, the inhibitory 
effect of TIGIT would be mainly caused by competition 
between the two molecules for CD155. This indirect mechan-
ism of action may explain the lesser impact of deletion of this 
IC on T-cell fitness.

From a therapeutic standpoint the lower proliferation 
potential of PD-1KO T lymphocytes raises the question of the 
relevance of genomic deletion of this IC for cell therapy 
approaches. A less dramatic decrease in the proliferation of 
T-cells upon PDCD1 gene disruption has been already reported 
on CAR-T-cells10–12.It is quite logical that these observations 
are exacerbated in a clonal system, in which 100% of cells are 
negative for PD-1 expression, and this effect will undoubtedly 
be more moderate in polyclonal populations in which 
a proportion of PD-1+ lymphocytes remains present. 
Nevertheless, it has been clearly demonstrated that conditional 
deletion of PD-1 in Treg cell impaired their proliferative 
capacity,13 supporting its role in T-cell proliferation.

In contrast, TIGIT deletion has no impact on T-cell 
proliferation, and globally results in very little gene expres-
sion modulation. Among the few genes affected are FOS and 
SATB1, both involved in regulating PD-1 expression, which 
are modulated in TIGITKO T clones. This result is both 

intriguing and exciting because simple deletion of TIGIT 
would decrease PD-1 expression. This suggests that beyond 
their synergy in inhibiting T-cell activation, PD-1 and TIGIT 
expression could also be coordinated. This also suggests that 
although the complete deletion of PD-1 in CD8+ 

T lymphocytes has a highly detrimental impact on their 
proliferative capacity, maintaining a basal level of PD-1 
expression appears to preserve proliferative functions.

Our results obtained in NSG mice revealed a better tumor 
growth control upon TIGITKO T-cells injection, even com-
pared to PD-1KO T-cells. This better tumor control is asso-
ciated with an increased persistence of TIGITKO T-cells within 
tumors (for up to two weeks), compared to PD-1KO T-cells, 
consistent with their respective proliferation abilities. 
Furthermore, tumor cell proliferation, assessed by Ki67 label-
ing, clearly showed that a lower fraction of tumor cells were 
able to proliferate upon adoptive transfer of TIGITKO T-cell 
clones, suggesting an enhanced control of tumor growth, con-
sistent with their superior persistence within TME.

Altogether, our results strongly suggest that the abla-
tion of TIGIT in melanoma-specific T lymphocytes could 
be a promising option for future therapeutic strategies in 
metastatic melanoma, as this potentiates their activity in 
the TME, while preserving their persistence. More gener-
ally, this study also underlines the crucial need to carefully 
document the mechanisms of action of ICs in order to 
anticipate consequences of their genetic ablation on cellu-
lar functions to predict whether deletion of a given IC will 
be beneficial in cancer immunotherapy.

Figure 5. TIGITKO T-cells significantly delayed the growth of melanoma tumors and persist longer within tumors, compared to WT and PD-1KO T-cells. (a) Melanoma 
tumor (CD155+/PD-L1+) growth curves in NSG mice receiving 3 i.V. injections (Day 7, 14 and 21) of either DPBS (black line), 5 × 106 WT4 (gray line), PD-1KOP6 (red line) or 
TIGITKOT1 (blue line) melanoma specific T-cell clones (n = 9/group). Tumor volumes were measured from D0 to Day 36. Arrows represent T-cell injections and data are 
represented as mean ± SEM. (*p < 0.05 ****p < 0.0001, Two-way ANOVA and Tukey’s multiple comparison test). (b) Example of Ki67 staining of tumor cells from each 
treated group. Counterstaining was done with hematoxylin. (c) Percentages of Ki67+ tumor cells in each treated group (data are represented as mean ± SD; n = 4/group; 
*p = 0.055; One-way ANOVA and Kruskal-Wallis’ multiple comparison test). (d) T-cell infiltrate revealed by CD3 staining in tumors harvested at Day 22 (30 h after the 
third injection of T-cells) and (e) at day 36 (2 weeks after the third injection). (f) Percentage of CD3+ T-cells in tumors from each group, 30 hrs (D22, n = 1) and 2 weeks 
after the third injection of T-cells (D36, n = 3). Immunofluorescence staining was performed on 5 levels of sections/tumor, **p < 0.01; One-way ANOVA and Kruskal- 
Wallis’ multiple comparison test).
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