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1 Research Centre, Hôpital Maisonneuve-Rosemont, Montreal, QC, Canada, 2 Department of Microbiology, Infectious
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T-cell dysfunction arising upon repeated antigen exposure prevents effective immunity
and immunotherapy. Using various clinically and physiologically relevant systems, we
show that a prominent feature of PD-1-expressing exhausted T cells is the development of
cellular senescence features both in vivo and ex vivo. This is associated with p16INK4a

expression and an impaired cell cycle G1 to S-phase transition in repeatedly stimulated T
cells. We show that these T cells accumulate DNA damage and activate the p38MAPK
signaling pathway, which preferentially leads to p16INK4a upregulation. However, in highly
dysfunctional T cells, p38MAPK inhibition does not restore functionality despite
attenuating senescence features. In contrast, p16INK4a targeting can improve T-cell
functionality in exhausted CAR T cells. Collectively, this work provides insights into the
development of T-cell dysfunction and identifies T-cell senescence as a potential target
in immunotherapy.
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INTRODUCTION

The capacity of conventional T cells to control or eradicate
pathogens and transformed cells is compromised following
repeated stimulations, owing to the development of T-cell
dysfunction. The cornerstone of most current immunotherapies
is to use the remarkable potential of T cells by either interfering
with processes associated with T-cell dysfunction in vivo or
manipulating T cells ex vivo. According to the prevailing model,
T-cell differentiation is dictated by the strength and duration of T-
cell stimulation (1). As such, repeated antigenic encounters in the
setting of chronic infections or cancer, as well as the extensive
culture required for the generation of sufficient cell numbers for
treatment in certain adoptive cell therapy (ACT) settings, are
conducive to the induction of T-cell terminal differentiation,
exhaustion, senescence or apoptosis (2). Whether these cellular
states are distinct, partially overlapping, co-regulated or part of a
Frontiers in Immunology | www.frontiersin.org 2
continuum remains incompletely understood. Moreover, several
gradations within these categories exist as exemplified by variable
responses of dysfunctional T cells following the blockade of the
exhaustion-associated immune checkpoint PD-1 in cancer
therapy (3, 4).

Senescent immune cells accumulate with organismal aging
(5). Cellular senescence can be triggered by various forms
of cellular stress and is characterized by prolonged cell cycle
arrest as well the acquisition of several features including
morphological changes, chromatin remodeling, metabolic
reprogramming, and secretion of multiple factors collectively
called the senescence-associated secretory phenotype (SASP) (6).
The most extensively studied pathways controlling cellular
senescence triggered by DNA damage involve p53/p21Cip1 and/
or p16INK4a/retinoblastoma (Rb) regulators (7–10). While the
p53/p21Cip1 pathway seems to be important at the initiation of
the senescence process, p16INK4a is, in addition, associated with
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the maintenance of the cell cycle arrest associated to senescence
(11, 12). Indeed, it has been suggested that the p53/p21Cip1-
mediated cell cycle arrest is temporary in cases of low to
moderate amounts of DNA damage (13–15). However, a
prolonged arrest may lead to the upregulation of the cyclin-
dependant kinase inhibitor p16INK4a, which will activate the
transcriptional regulator Rb, resulting in a permanent cell cycle
arrest in G1 phase (16, 17).

The p38 mitogen-activated protein kinase (MAPK) pathway
is also actively linked to the establishment of cellular senescence
(18–21). Genotoxic stress leading to histone modifications and
the recruitment of DNA damage sensors can trigger p38
phosphorylation and mediate its nuclear translocation (22–24).
Then, activated p38 can arrest cell division by activating p53 or
by directly enhancing the activity of molecules such as p16INK4a

to block cell cycling at the G2/M or G1/S checkpoints,
respectively (20, 25, 26). A form of DNA damage-associated
senescence has also been linked to p38MAPK signaling in both
circulating T cells and antigen-experienced tumor infiltrating
lymphocytes (TILs) (27, 28). However, the mechanisms
downstream of T-cell activation and p38MAPK activation
leading to cellular senescence are still elusive. Here, we show
that p16INK4a expression associated with cellular senescence is a
cardinal feature of PD-1-expressing T cells following repeated T-
cell activation in multiple experimental and clinically relevant
settings and as such, represents a target to reverse T-cell
dysfunction in immunotherapy.
MATERIALS AND METHODS

Study Approval
This study was approved by the local Hôpital Maisonneuve-
Rosemont research ethics authorities and participants’ informed
consent was obtained (CÉR2020-2141, HQ2017-004 and
CÉR13030). All animal protocols (2016-OC-024 and 2017-AV-
010) were likewise approved by the local Animal Care
Committee in accordance with the Canadian Council on
Animal Care guidelines.

Donors
Peripheral blood mononuclear cells (PBMCs) of healthy donors
with the HLA-A0201 allele (for antigen-specific experiments) or
various alleles (for anti-CD3/CD28 activation experiments) were
obtained after informed consent by venipuncture, apheresis or
leukoreduction system chambers (Héma-Québec) (29) followed
by manual (Ficoll-Paque, GE Healthcare, Canada) or automated
(Sepax system, Biosafe America Inc., Houston, TX) gradient
density separation.

Virus and Cells
BCMA-expressing human multiple myeloma KMS-11 cells (kind
gift from Jonathan Bramson, McMaster University) were
cultured in RPMI media (Gibco), supplemented with 10% FBS,
2 mmol/L L-glutamine (Sigma-Aldrich), penicillin (100 U/mL)/
streptomycin (100 mg/mL; Sigma-Aldrich) and puromycin
(InvivoGen). MC57G and L929 fibroblasts were cultured in
Frontiers in Immunology | www.frontiersin.org 3
MEM containing 5% heat-inactivated fetal bovine serum.
LCMV clone 13 and Armstrong (kind gift from Alain Lamarre,
Institut Armand-Frappier, Laval, Canada) were propagated by
infection of the L929 fibroblast cell line and virus was harvested
in the supernatant as described before (30).

Mouse
C57BL/6 mice were purchased from The Jackson Laboratory.
Mice were maintained in a specific pathogen-free environment at
the Hôpital Maisonneuve-Rosemont Research Center. Female 6-
12 week-old mice were infected with 2 x 105 FFU (Focus
Forming Units) of LCMV Armstrong intraperitoneally (i.p.)
(acute infection) or 2 x 106 FFU of LCMV clone 13
intravenously (i.v.) (chronic infection). The spleens were
harvested 8 or 30 days post-infection for analysis.

T-Cell Line Generation
For polyclonal activation, human T cells were enriched from
PBMCs using the EasySep™ Human T Cell Enrichment Kit
(StemCell) and pulsed at a 1:5 ratio (beads:cells) with anti-CD3/
CD28 magnetic beads (Gibco™ Dynabeads™ Human T-
Activator). Cells were cultured in G-Rex bioreactors (Wilson
Wolf Manufacturing) in T-cell medium (Advanced RPMI 1640,
10% human serum, 1X L-glutamine). Cell number and viability
was evaluated with a Typan Blue exclusion assay and live cells
concentration was adjusted to 0.5 x 106 cells/mL and
restimulated weekly with beads.

Antigen-specific T cell lines were generated using 5 x 106

PBMCs as responder cells and co-cultured with autologous,
peptide-loaded mature dendritic cells (DCs) as antigen
presenting cells (APCs) at a 1:10 ratio (stimulator:effector).
DCs were generated from PBMCs that were isolated by plastic
adherence and cultured in DC medium (X-vivo 15, 5% human
serum, 1X PSG, 1mM sodium pyruvate) supplemented with
800IU/mL GM-CSF (Miltenyi Biotech, Germany) and 1000IU/
mL IL-4 (Miltenyi Biotech). Dendritic cells were matured with
GM-CSF, IL-4, TNFa (10ng/mL), IL-1b (10ng/mL), IL-6
(100ng/mL) (Miltenyi Biotech) and prostaglandin E2 (1µg/mL)
(Sigma-Aldrich). After 40 Gy irradiation, the DCs were loaded
with 1µg/mL LMP2426-434 (CLGGLLTMV) (Anaspec). Cells were
cocultured for 7 days in T-cell medium (Advanced RPMI 1640,
10% human serum, 1X L-glutamine) supplemented with IL-21
(30ng/mL) and IL-12 (10ng/mL) (Miltenyi Biotech) in G-Rex 24
Well Plates (Wilson Wolf Manufacturing, New Brighton, MN).
At day 7, T cells were washed and restimulated with peptide-
pulsed DCs and incubated in T-cell medium supplemented with
IL-21, IL-2 (100IU/mL), IL-7 (10ng/mL) and IL-15 (5ng/mL)
(Miltenyi Biotech) for an additional week. Re-stimulations of T
cells were performed on day 14 and 21 in T-cell medium
supplemented with IL-2, IL-7 and IL-15. Cytokines were
replenished with half media changes on days 11, 18, and 25.
The cell concentration was adjusted to 0.5 x 106 cells/mL
each week.

RNA Sequencing
Human CD8+ T cells activated with anti-CD3/CD28 beads in
culture were enriched using the EasySep™ Human CD8+ T Cell
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https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Janelle et al. Senescence in PD-1-Expressing T Cells
Enrichment Kit (StemCell). RNA was extracted with TRIzol
from unstimulated (Day 0), activated (Day 7) and
dysfunctional (Day 35-49) CD8+ T cells. Transcriptome
analysis was performed using an Illumina HiSeq 2000, TruSeq
libraries, approximately 100 million reads per samples and
TruSeq Small RNA library, approximately 33 million reads per
sample. The data were then analyzed using Bioconductor
packages (http://www.bioconductor.org/) and R statistical
language (www.r-project.org). Differentially expressed genes
analysis was performed using the DESeq2 package version
1.6.3 with raw read counts from AmpliSeq. Read count
normalization was performed using the regularized logarithm
(rlog) method provided in DESeq2. The data can be found in the
Gene Expression Omnibus (GSE132727). Gene expression data
from public repository of circulating CD4+ and CD8+ T cells
from healthy donors or acute myeloid leukemia (AML) patients,
obtained from Affymetrix Human Genome U133 Plus 2.0 Array
platform [GSE14924 (31)] was also used.

Spleens from LCMV clone 13 infected mice were harvested at
day 8 and 30 post-infection and mechanically dissociated.
CD8+CD44+Tet-gp33+ cells were sorted and RNA was
extracted with TRIzol reagent then further purified using
RNeasy columns (Qiagen). Library preparation was done with
the KAPA mRNAseq stranded library preparation kit (Roche,
after mRNA capture with Dynabeads® mRNA DIRECTTM
Purification Kit). The data can be found in the Gene
Expression Omnibus (GSE132989).
Gene-Set Enrichment Analysis of
RNA-Seq Data
Human gene symbols were ranked by the fold changes of the gene
expression as profiled by RNA-seq. Then, gene-set enrichment
was analyzed using GSEA 3.0 software (http://software.
broadinstitute.org/gsea/downloads.jsp) (32). GSEA enrichment
table files were loaded in the Enrichment Map plugin from
Cytoscape software v3.2.1 (33) and filtered for significance
according to the p-value (0.001) and FDR thresholds (0.01).
Overlap between significant gene-sets was computed according
to the Jaccard+overlap combined coefficient.
Quantitative PCR
Cells were recovered after sorting on a FACS Aria III instrument
(BD Biosciences). RNA extraction was performed by a two-step
approach using Trizol (Invitrogen) and the RNeasy micro kit
(Qiagen) according to the manufacturer’s instructions. After
DNAse treatment (Ambion, Life technologies), RNA was
reverse transcribed with random primers using the High
Capacity cDNA Reverse Transcription Kit (Life Technologies)
as described by the manufacturer. Real time qPCR reactions were
performed using TaqMan Advanced Fast Universal PCR Master
Mix (Life Technologies). The Viia7 qPCR instrument (Life
Technologies) was used to detect amplification levels. Relative
expression (RQ = 2-DDCT) was calculated using the Expression
Suite software (Life Technologies), and normalization was done
using HPRT, GAPDH and ACTB.
Frontiers in Immunology | www.frontiersin.org 4
Telomere Measurement
Telomeres were measured by quantitative PCR as described
before (34). Briefly, genomic DNA was isolated with the
DNeasy kit (Qiagen). For telomere amplification (T Primer
pair), the sequences are (written 5′!3′):

tel 1: CGG TTT GTT TGG GTT TGG GTT TGG GTT TGG
GTT TGG GTT;

tel 2: GGC TGG CCT TAC CCT TAC CCT TAC CCT TAC CCT
TAC CCT.

For the gene control 36B4 (single copy gene) amplification (S
primer pair), the sequences are:

36B4u: CAG CAA GTG GGA AGG TGT AAT CC;

36B4d: CCC ATT CTA TCA TCA ACG GGT ACA A.

Relative telomere/single copy gene (T/S) ratios reflect relative
length differences in telomeric DNA.

Flow Cytometry
The phenotype of T cells was assessed at different time points of
the culture by flow cytometry. To determine antigen specificity,
HLA-A0201/LMP2426-434 dextramer (Immudex) or H2-Db/gp33
tetramer staining was performed (the H2-Db/gp33-41
biotinylated monomers were obtained through the NIH
Tetramer Core Facility, and tetramers were generated using
ExtrAvidin®-PE (Thermo Fisher Scientific). Cell viability was
assessed by Zombie Aqua fixable viability dye. Cells were surface
stained with human monoclonal antibodies against: CD3, CD4,
CD8, CD45RO, CD45RA, CD62L, CCR7, PD-1, TIM3, 2B4,
CD38, CD27, CD28, NGFR (BioLegend) or mouse monoclonal
antibodies against: CD4, CD8, CD62L, CD69, CD44, PD-1, (BD
Biosciences), before acquisition on a LSRII or FortessaX-20
instrument (BD Biosciences). For SA-b-Gal evaluation, cells
were stained with the Quantitative Cellular Senescence Assay
kit (Cell Biolabs). The Vybrant DyeCycle Green Stain
(ThermoFisher) was used for cell cycle analysis. For T-cell
function, cells were incubated with 7.5µg/mL brefeldin A
(Sigma-Aldrich) for 4 hours in the presence or not of phorbol
12-myristate 13-acetate (PMA; 50ng/ml) and ionomycin
(500ng/ml) (Sigma-Aldrich). Cells were permeabilized with
Foxp3 staining buffer set (eBiosciences) before intracellular
staining with antibodies against IFNg and TNFa (BioLegend).
For DNA damage and proliferation determination, cells were
also permeabilized with Foxp3 staining buffer set prior to
intracellular staining with anti-gH2AX and anti-Ki67
antibodies, respectively (BioLegend). Data were analyzed using
FlowJo software (BD Biosciences).

shRNA
The MSCV/LTRmiR30-Puro-IRES-mCherry (LMP-mCherry)
empty vector was generated by replacing the GFP cassette
from LMP (35) with mCherry (Addgene #52109) using NcoI
and SalI restriction sites. LMP-mCherry-shRen.713 was
generated by subcloning the miR30 context Renilla reniformis
(renilla) luciferase-targeting shRNA fragment (36) into
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LMP-mCherry digested with XhoI and EcoRI. LMP-mCherry-
shp16 vector was generated by ligating the XhoI-EcoRI fragment
from MSCV-shp16 (37) containing the U6 promoter/p16
hairpin cassette fragment into LMP-mCherry digested with
XhoI and EcoRI. LMP-mCherry-shp53 was generated by
ligating the XhoI-EcoRI fragment from pRetroSuper-shp53 (38)
into LMP-mCherry digested with XhoI and EcoRI.

Weekly anti-CD3/CD28 stimulated T cells were transduced
with retroviruses for shRNA delivery 24 hours after the third
stimulation and subsequently stimulated as described above. For
the transduction, cells were resuspended in viral supernatant
supplemented with 10% fetal bovine serum, transferred in
retronectin-coated plates (Takara) and spinoculated 90
minutes at 2250 rpm at 20°C.

Chimeric Antigen Receptor
(CAR) T-Cell Generation
Second generation B-cell maturation antigen (BCMA)-specific
CAR construct [on the CD28z-CAR backbone and expressing
the NGFR marker as described in (39, 40)] is a kind gift from
Jonathan Bramson (McMaster University, Hamilton, Canada).
Lentiviral transduction of T cells was performed 24 hours after
stimulation with CD3/CD28-coated beads. Cells were
restimulated at day 7 and 14 with beads. Cells were then
transduced with shRNA-containing retroviruses as described
above and co-cultured weekly with human BCMA-expressing
KMS-11 cells (also a kind gift from J. Bramson) until day 35.

Statistical Analysis
Statistical analyses were performed with R statistical language or
GraphPad Prism v8.3.0. Statistical details of experiments,
including number of independent donors, statistical test
(depending if normal distribution was assumed according to
Shapiro-Wilk testing) and statistical significance (p-value) are
reported in the figure legends. Samples were paired when
indicated. For gene expression, statistics were calculated with
DESeq2 and adjusted p-values were used. P-values of less than
0.05 were considered significant.
RESULTS

Repeated Ex Vivo Stimulations
Recapitulate Phenotypic and Functional
T-Cell Exhaustion
To define the molecular events leading to T-cell dysfunction
following repeated stimulations, we exposed primary human T
cells to anti-CD3/CD28 antibody-coated beads weekly in culture
(Figure 1A). Despite substantial donor-dependent variation in
the magnitude of total T-cell proliferation, we consistently
observed a strong initial expansion phase, followed by a
cessation of T-cell growth typically after 5 to 7 rounds of
stimulation (Figure 1B). T cells were characterized after a
single stimulation (day 7) and compared with cells harvested
after two consecutive weeks of halted proliferation, occurring
between 35-49 days. As anticipated, serial stimulations promoted
Frontiers in Immunology | www.frontiersin.org 5
the accumulation of more differentiated effector memory (TEM)
and effector (TEFF) phenotype T cells relative to central memory
(TCM) phenotype T cells in both CD4+ and CD8+ subtypes
(Figure 1C and Supplementary Figure 1). We next focused on
CD8+ T cells to compare our findings to a large body of previous
data on CD8+ T-cell differentiation and exhaustion. We noted a
marked decrease in CCR7 expression as well as co-expression of
multiple inhibitory receptors as the cultures progressed over time
(Figures 1D–F). In contrast, costimulatory molecules CD27 and
CD28 expression decreased as expected for dysfunctional T cells
(41) (Figure 1G). In addition, the percentage of cytokine-
producing T cells declined between the week prior to culture
termination (day 28) and the end of the culture (day 35)
(Figure 1H). Thus, repeated ex vivo CD3/CD28 stimulations
induce classical T-cell differentiation and exhaustion features.

Repeated Stimulations Program an
Exhaustion Transcriptome
We then proceeded to transcriptional profiling after a single
stimulation (day 7) and repeatedly stimulated dysfunctional
CD8+ T cells (day 35). Principal component analysis showed a
clear segregation between time points and revealed a total of 476
gene transcripts differentially regulated between single and
repeated stimulations (Figures 2A, B). By focusing on T-cell
activation genes (GO:0042110), we readily identified the
downregulation of TCM-associated (e.g. CCR7 and SELL) and
the upregulation of exhaustion-associated (e.g. EOMES and
HAVCR2) mRNAs in repeatedly stimulated T cells relative to
day 7 cells (Supplementary Figure 2). Integrated networks of
gene set enrichment analysis pointed to several cell cycle-related
pathways in dysfunctional T cells, but also the upregulation of
genes in the T-cell receptor and death receptor signaling
pathways (Figure 2C). The TOX mRNA expression, which
encodes the master transcription factor regulating T-cell
exhaustion fates, was slightly higher in repeatedly stimulated
CD8+ T cells relative to day 7 T cells, which led to a significant
increase of the three isoforms of its target transcription factors
NR4A (42, 43) (Figures 2D, E). Along the same lines,
dysfunctional CD8+ T cells lost the expression of TCF7 mRNA
(encoding TCF1), suggesting a state compatible with terminal
exhaustion (42, 44) (Figure 2F). Collectively, these results
confirm the development of T-cell exhaustion in repeatedly
stimulated T cells ex vivo.

Repeatedly Stimulated CD8+ T Cells
Display a Strong Senescence-Associated
Gene Signature
Given that serial stimulations efficiently generated late-stage
exhausted CD8+ T cells, we sought to identify the driver
mechanisms responsible for their arrested expansion. Our
transcriptome analysis revealed that prominent characteristics
of repeatedly stimulated T cells were associated with cellular
senescence such as the downregulation of genes involved in
DNA repair processes (45), cell cycle and E2F target genes
(37), as well as upregulated senescence-associated transcripts
(46, 47) (Figures 2C, 3A and Supplementary Figure 2C).
August 2021 | Volume 12 | Article 698565
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More specifically, transcript levels of p16INK4a and its related
gene p15INK4b, central mediators of cellular senescence, were
upregulated (Figure 3B). Due to the critical role of the p53 tumor
suppressor pathway in cellular senescence, we also sought for
evidence of contribution of this pathway upon repeated
stimulations. Despite a decrease of TP53 transcripts and the
absence of induction of its classical downstream gene target
Frontiers in Immunology | www.frontiersin.org 6
CDKN1A in repeatedly stimulated CD8+ T cells, we observed the
up-regulation of numerous p53 target genes, such as BTG2,
YPEL3, GADD45A/G, and PLK2, which can contribute to
cellular senescence (48) (Figure 3C). Other transcriptional
features of cellular senescence were also found such as
increased CAV1 and the loss of LMNB1 mRNAs (49, 50),
coding for major structural proteins of the plasma membrane
A B

C

E

H

F G

D

FIGURE 1 | Ex vivo repeated polyclonal T-cell stimulations induce phenotypic and functional exhaustion. (A) Scheme of the general study design. (B) Growth curves
of T-cell expansion from different donors. T cells were considered dysfunctional after one to two weeks of stagnant or negative growth (between 35 to 49 days for all
donors) (n=10 independent donors). (C) Percentages of naïve, CD45ROneg, CCR7pos (TN), central memory CD45ROpos, CCR7pos (TCM), effector memory
CD45ROpos, CCR7neg (TEM) and effector CD45ROneg, CCR7neg (TEFF) T cells after single or repeated T-cell stimulations (n=7 independent donors). (D) Percentage
of CD8+ T cells expressing CCR7 after single or repeated T-cell stimulations (n=7 independent donors). (E) Immune checkpoints PD-1, Tim3, KLRG1 and CD57
expression among CD8+ T cells over time (n=6 independent donors). (F) Co-expression of exhaustion/dysfunction markers CD38, Tim3, 2B4 (CD244), CD57 and
KLRG1 on PD-1-expressing CD8+ T cells (n=6 independent donors). (G) CD27 and CD28 expression on repeatedly stimulated CD8+ T cells as assessed by the
mean fluorescence intensity (MFI) Representative plot (top) and compiled data (bottom) are shown (n=4 independent donors). (H) Cytokine secretion profile (IFNg,
TNFa) of cells following stimulation with PMA/ionomycin (n=3-7 independent donors). A two-tailed student t-test was used for (C, D, G) ANOVA with Tukey post-hoc
testing was used in (H). Data are represented as means ± SEM.
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A B

C

D E F

FIGURE 2 | Repeated ex vivo stimulations program an exhaustion transcriptome. (A) Principal component analysis of non-stimulated, single stimulated and
repeatedly stimulated CD8+ T cells. (B) Venn diagram of genes differentially regulated between groups (n=4 independent donors). (C) Gene-set enrichment analysis
(GSEA) on RNA-seq gene transcript expression, loaded in Cytoscape (Enrichment Map plugin) and filtered for significance according to the p-value (0.001) and FDR
(0.01) thresholds (n=4 independent donors). (D) RNA sequencing of enriched CD8+ T cells showing expression of TOX in repeatedly stimulated cells compared to
single time stimulation (n=4 independent donors). (E) RNA sequencing of enriched CD8+ T cells showing expression of NR4A isoforms in repeatedly stimulated cells
compared to single time stimulation (n=4 independent donors). (F) RNA sequencing of enriched CD8+ T cells showing expression of TCF7 in repeatedly stimulated
cells compared to single time stimulation (n=4 independent donors). Overlap between significant gene-sets, computed according to the Jaccard + overlap combined
coefficient, was used for (C) A Wald test corrected for multiple testing using the Benjamini and Hochberg method was used for RNA-Seq data in (D, F). Data are
represented as means ± SEM.
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and nuclear lamina, respectively (Figure 3D). In addition,
dysfunctional CD8+ T cells displayed elevated levels of
transcripts related to the senescence-associated secretory
phenotype (SASP) and a decreased expression of several genes
required for DNA repair processes, which are features of cell
senescence (45, 47, 51) (Figures 3E, F). Furthermore, when
analyzing a previously published dataset (31) of circulating T
cells from acute myeloid leukemia (AML) patients, a condition
known to be associated with immune exhaustion (31, 52, 53), we
noted high expression of transcripts encoding PD-1 along with
p16INK4a, p21Cip1, and senescence-associated b-galactosidase
(SA-b-Gal) (54) in T cells from patients relative to normal
donors (Supplementary Figure 3). This adds to our findings
inferring that exhaustion- and senescence-associated transcripts
are co-regulated in dysfunctional T cells.
Frontiers in Immunology | www.frontiersin.org 8
Cellular Senescence Features Are
Restricted to PD-1-Expressing T Cells
Consistent with growth arrest, the proportion of CD8+ T cells
expressing the proliferation marker Ki67 was lower following
repeated stimulations (Figure 4A). We next evaluated the
telomere repeat copy number to single copy gene (T/S) ratio
and confirmed that serially stimulated CD8+ T cells do not have
critically short telomeres, hinting at a process independent of their
replicative potential (Figure 4B). However, repeatedly stimulated
CD8+ T cells accumulated histone H2AX phosphorylation
indicative of DNA damage, another classical feature of cell
senescence (55–57) (Figure 4C). We then interrogated whether
exhaustion and cellular senescence were developing in the same
T cells. Proliferation arrest was predominant among CD8+PD1+

T cells, which were found to be arrested in the G0/G1 phases
A

B C

D E F

FIGURE 3 | Repeatedly stimulated CD8+ T cells display a strong senescence-associated gene signature. (A) Gene Set Enrichment Analyses (Cell cycle, E2F targets
and Senescence) performed on RNA-seq data normalized using the regularized logarithm (rlog) method provided in DESeq2 R package obtained from repeatedly
stimulated compared to single stimulated enriched CD8+ T cells (n= 4 independent donors). (B) Differential expression of mRNA transcripts of key senescence
regulators CDKN2A (p16INK4a), CDKN2B (p15INK4b), CDKN2C (p18INK4c), CDKN2D (p19INK4d), CDKN1A (p21cip1), and T53 (p53) (n= 4 independent donors).
(C) Modulation of mRNA transcripts related to the senescence-associated p53 pathway in repeatedly stimulated cells compared to single stimulation (n=4
independent donors). (D) Caveolin-1 (CAV1) and lamin B1 (LMNB1) mRNA expression in repeatedly stimulated cells (n=4 independent donors). (E) Senescence-
associated secretory phenotype (SASP) Gene Set Enrichment Analysis performed on RNA-seq data normalized using the regularized logarithm (rlog) method
provided in DESeq2 R package obtained from repeatedly stimulated compared to single stimulated enriched CD8+ T cells (n= 4 independent donors). (F) Modulation
of gene transcripts associated with the DNA Damage Response (n=4 independent donors). A Wald test corrected for multiple testing using the Benjamini and
Hochberg method was used for RNA-Seq data in (B–D, F).
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of the cell cycle in greater proportion at the end of the culture than
after a single stimulation (Figure 4D). We then compared PD-1-
expressing and PD-1-negative CD8+ T cells. Remarkably, repeated
stimulations led to an increase in SA-b-Gal activity following the
third week (day 21), exclusively in PD-1+ cells (Figures 4E, F).
Consistent with the data obtained with anti-CD3/CD28 coated
beads, repeated stimulations with the HLA-A0201-restricted
Epstein-Barr virus (EBV) epitope LMP2426-434 also led to a
robust induction of SA-b-Gal in LMP2-specific PD-1-expressing
T cells, confirming that the co-occurrence of cell senescence
features and PD-1 expression is observed across several models
Frontiers in Immunology | www.frontiersin.org 9
(Supplementary Figure 4). When focussing on gene expression
between repeatedly stimulated PD-1-expressing and PD-1-
negative CD8+ T cells, both CDKN2A (p16INK4a) and CDKN1A
(p21Cip1) were upregulated in the PD-1+ fraction, without any
change in TP53 (p53) expression (Figure 4G). Moreover, cyclin-
dependent kinase 6 (CDK6) and E2F3 transcription factor were
negatively impacted in PD-1-expressing cells. These latter are both
implicated in the progression into the S-phase of the cell cycle and
mainly controlled by p16INK4a (58, 59). Other senescence-
associated gene transcripts, such as SERPINE1 and PML, were
also increased in PD-1+ T cells (48, 60–62) (Figure 4G).
A B

D E

F G

C

FIGURE 4 | Cellular senescence features are restricted to PD-1-expressing T cells. (A) Proliferation marker (Ki67) expression on CD8+ T cells at the beginning of the
culture, after a single, or repeated stimulations (n=4 independent donors). (B) Telomere length in non-activated CD8+ T cells, after single or repeated stimulations
(n=4 independent donors). (C) Intracellular immunostaining of histone H2AX phosphorylation (yH2AX) after single or repeated stimulations (n=4 independent donors).
(D) Proportions of CD8+PD1+ T cells in the G0/G1, S or G2/M cell cycle phase as assessed by DNA content following a single versus repeated stimulations (n=3
independent donors). (E) Enrichment of PD-1+ cells with increased senescence-associated-b-galactosidase (SA-b-Gal) activity in repeatedly stimulated cultures.
Representative plot and compiled data are shown (n=6 independent donors). (F) Mean fluorescent intensity (MFI) of SA-b-Gal in PD-1+ compared to PD-1- CD8+ T
cells over time (n=3-6 independent donors). (G) mRNA expression (qPCR) of senescence-associated genes in sorted CD8+PD-1+ cells compared to control
CD8+PD-1- cells repeatedly stimulated (n=3 independent donors). ANOVA with Tukey post-hoc testing was used in (A, B) A two-tailed student t-test was used for
(C-E, G) A mixed-effects model (REML) with Geisser-Greenhouse correction was performed for (F). Data are represented as means ± SEM. *p < 0.05, **p < 0.01,
***p < 0.001, ns, non significant.
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Altogether, these results show that transcriptomic, phenotypic
and functional features of cellular senescence are restricted to
repeatedly stimulated PD-1-expressing exhausted CD8+ T cells.

Exhausted Antigen-Specific T Cells Exhibit
Senescence-Associated Features In Vivo
Long term culture can impose a selection pressure on ex vivo
expanded T cells and bias their differentiation state (63). We thus
used the well-described mouse T-cell exhaustion model of
lymphocytic choriomeningitis virus (LCMV) infection to
determine whether our findings extended to this in vivo model.
We first compared virus-specific CD8+ T cells in early and late
chronic LCMV clone 13 (cl13) infection and noted that
exhausted GP33-specific CD8+ T cells share a similar
senescence-associated mRNA expression pattern when
compared to dysfunctional human CD3/CD28 stimulated
CD8+ T cells (Figures 5A, B). Indeed, CDKN2A and CDKN2B
along with SERPINE1 were likewise upregulated, while cyclins
(e.g. CCNE1, CCNB1 and CCNA1) were downregulated
(Figure 5B). In addition, these exhausted T cells showed a
downregulation of gene transcripts required for DNA damage
repair processes as seen for human dysfunctional T cells
(Figure 5C). Moreover, chronic infection promoted the
accumulation of a higher proportion of GP33-specific cells
expressing PD-1 and increased SA-b-Gal activity as compared
to an acute infection (Figures 5D–F), confirming that CD8+ T-
cell dysfunction is associated with features of senescence in
exhausted PD-1+ cells in vivo.

Inhibition of p38MAPK Limits DNA
Damage and T-Cell Senescence
The p38MAPK pathway is closely related to cellular senescence
development, and is active in terminally differentiated
T cells (27, 28). Likewise, repeatedly stimulated CD8+ T cells
ex vivo expressed a transcriptomic signature linked to the
p38MAPK signaling cascade (Figure 6A). Given that short
term p38MAPK inhibition with 500 nM of the p38MAPK
inhibitor BIRB796 ex vivo has been previously associated with
improved T-cell function (27, 28), we sought to evaluate whether
it may also reverse established cellular senescence features in
serially activated dysfunctional T cells. To this end, we added
BIRB796 (hereafter referred to as p38i) to the cell cultures
following the third CD3/CD28 stimulation (Figure 6B),
corresponding to the timing of increased SA-b-Gal activity
detection in PD-1+ cells (Figure 4F). While p38i did not
impact overall T-cell recovery by the end of the culture, nor
the percentage of PD-1-expressing CD8+ T cells, it led to a
greater accumulation of Ki67+ cells (Figures 6B–D). When
focussing specifically on PD-1-expressing CD8+ T cells, we
noted that p38i reduced the expression of CDKN2A (p16INK4a),
TP53 and PML (Figure 6E). It also correlated with a decreased
percentage of PD-1-expressing cells displaying DNA damage
and with SA-b-Gal activity (Figures 6F, G). It is noteworthy to
point out that despite the mitigation of senescence features,
this specific dose of p38 inhibitor did not improve, but rather
decreased the IFNg-secreting potential of T cells (Figure 6H).
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Thus, the p38MAPK signaling pathway is implicated in T-cell
dysfunction and p16INK4a upregulation. However, despite
the positive effects of p38i on certain senescence-associated
features, the pharmacological blockade of p38MAPK
after several rounds of stimulation failed to restore
T-cell functionality.

Inhibition of p16INK4a Expression
Reinvigorates Dysfunctional T Cells
Since pharmacologic p38i can downregulate both p16INK4a and
p53 transcripts in PD-1-expressing exhausted CD8+ T cells, we
sought to gain more insights into which pathway downstream of
p38MAPK is responsible for conferring senescence features to
dysfunctional T cells. We thus performed knockdown of
p16INK4a and p53 with validated shRNA vectors (37, 38).
Knockdown performed following the third CD3/CD28
stimulation did not significantly affect global expansion nor
PD-1 expression (as for p38i) in repeatedly stimulated cultures
(Figures 7A–C). However, p16INK4a, but not p53 targeting,
successfully limited the development of CD8+ T cells with
increased SA-b-Gal activity (Figure 7D). We next used a
clinically relevant approach to investigate cell fate in context of
initial CD3/CD28 stimulation followed by serial antigenic
encounters. We generated B-cell maturation antigen (BCMA)-
specific CAR T cells (40) that were activated and expanded for
three weeks with anti-CD3/CD28 beads and subsequently
transduced with p16INK4a-targeting or non-targeting shRNAs
(Figures 7E, F). While exposure to repetitive stimulations
with BCMA-expressing human KMS-11 multiple myeloma
cells (64) led to the expression of inhibitory receptors such as
PD-1 and KLRG1 (Supplementary Figure 5), p16INK4a

knockdown increased the fraction of Ki67+ cells and restricted
the development of SA-b-Gal-expressing CAR T cells
(Figures 7G, H). In contrast with data obtained with p38i,
directly modulating p16INK4a expression increased the
proportion of cytokine-secreting T cells in this setting
(Figure 7I). Thus, our results in ex vivo repeatedly bead-
stimulated T cells dovetail with findings in several other
experimental systems and establish p16INK4a as a key mediator
of activation-induced T-cell senescence and dysfunctionality.
DISCUSSION

The loss of T-cell function following repeated stimulations is a
major limitation for the control of chronic viral infections and
cancer. Modern cancer immunotherapy hinges on the
prevention or reversal of T-cell dysfunction, either through
immune checkpoint blockade or adoptive cell therapy. In the
latter situation, ex vivo manipulations prior to T-cell infusion, as
well as repeated stimulations after adoptive transfer in vivo, often
induce T-cell dysfunction, which severely impedes the
therapeutic potential of this approach. However, the processes
articulating the development and maintenance of T-cell
dysfunction remain elusive (65).
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FIGURE 5 | Exhausted antigen-specific T cells exhibit senescence-associated features in vivo. (A) Scheme of LCMV clone 13 (cl13) mouse infection. Mice were
infected intravenously with LCMV and spleens were collected at day 8 and 30 post-infection. (B) RNA-seq of CD8+CD44+GP33+ cells showing senescence-
associated mRNA profile from the chronic LCMV cl13 mouse model compared to the top 25 most differentially regulated senescence-associated genes in the human
CD3/CD28 repeated stimulation model (n=6 mice). (C) Modulation in gene transcripts from RNA-Seq associated with the DNA Damage Response at day 8 and day
30 of chronic infection (LCMV clone 13) (n=6 mice). (D) Scheme of chronic LCMV cl13 compared to acute LCMV Armstrong mouse infection. (E) Representative plot
of PD-1 expression among GP33-specific cells from acute (LCMV Armstrong day 8) and chronic infection (LCMV clone 13 day 30) (n=7-8 mice). (F) PD-1+ cells with
increased SA-b-Gal activity in GP33-specific T cells from acute compared to chronic infection (n=3-4 mice; representative of 2 independent experiments). A Wald
test corrected for multiple testing using the Benjamini and Hochberg method was used for RNA-Seq data in (C). A two-tailed student t-test was performed in (F).
Data are represented as means ± SEM.
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Among T-cell dysfunctional states, exhaustion occurs when the
native T-cell or synthetic (i.e. CAR) receptor is strongly and
repeatedly engaged, in presence of various inflammatory
cytokines. Exhausted T cells then progressively show diminished
proliferative and functional capacities while expressing high levels
of immune checkpoints such as PD-1 (66, 67). In line with this, we
found that repeatedly stimulated T cells ex vivo displayed a gradual
accumulation of CD8+ T cells co-expressing multiple inhibitory
receptors along with a reduced cytokine-secretion capacity and a
marked growth arrest. In addition, our transcriptional profile
showed the co-occurrence of a T-cell exhaustion and senescence
program among repeatedly stimulated CD8+ T cells. We further
Frontiers in Immunology | www.frontiersin.org 12
established the strong relationship between PD-1 expression and
senescence features in individual T cells in several experimental
systems in human and mouse. Whether such co-occurrence
depends on a co-regulation or distinct mechanisms acting in
parallel remains unclear. However, our data argue against the
notion that exhaustion and senescence are mutually exclusive
pathophysiologically.

We extend these findings showing that growth arrest in ex
vivo stimulated T cells is not related to abnormal telomere length,
but rather associated with activation-induced genotoxic stress
and DNA damage. DNA double strand breaks can initiate
p38MAPK signaling cascade. When phosphorylated, p38
A B C

D E

F G H

FIGURE 6 | Inhibition of p38MAPK limits DNA damage and T-cell senescence. (A) p38MAPK Cascade Gene Set Enrichment Analysis performed on RNA-seq data
normalized using the regularized logarithm (rlog) method provided in DESeq2 R package obtained from repeatedly stimulated compared to single stimulated enriched
CD8+ T cells (n= 4 independent donors). (B) Expansion of repeatedly stimulated T cells treated or not with 500 nM of BIRB796 (p38i) from day 14 to the end of the
culture (n=4 independent donors). (C) Fold change in percentage of repeatedly stimulated CD8+ expressing the proliferation marker Ki67 from p38i-treated
compared to control culture (n=4 independent donors). (D) PD-1 expression on CD8+ T cells from p38i-treated compared to control culture (n=4 independent
donors). (E) mRNA expression (qPCR) of senescence-associated genes in sorted repeatedly stimulated CD8+PD-1+ cells treated or not (control cells) with p38i (n=3
independent donors). (F) Intracellular immunostaining of histone H2AX phosphorylation (yH2AX) on repeatedly stimulated CD8+PD-1+ cells treated or not with p38i
(n=4 independent donors). (G) Fold change in percentage of repeatedly stimulated CD8+PD-1+ cells with increased SA-b-Gal activity treated or not with p38i (n=4
independent donors). (H) Fold change in percentage of cytokine-secreting (IFNg, TNFa) repeatedly stimulated CD8+ T cells treated or not with p38i (n=4 independent
donors). A two-tailed student t-test was performed in (D–F). A two-tailed Mann-Whitney test was performed for (C, G, H). Data are represented as means ± SEM.
*p < 0.05, **p < 0.01, ***p < 0.001, ns, non significant.
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FIGURE 7 | Modulation of p16INK4a expression reinvigorates dysfunctional T cells. (A) Expansion of repeatedly stimulated T cells from donors with a low proliferation
profile transduced with p16INK4a (CDKN2A), TP53 (p53) or non-targeting (Ren; renilla) shRNA 24 hours after the third stimulation (n=6 independent donors).
(B) Percentage of transduced CD8+ T cells by the end of the culture (n=6 independent donors). (C) PD-1 expression on transduced CD8+ T cells (n=6 independent
donors). (D) Fold change in percentage of transduced CD8+ T cells with increased SA-b-Gal activity. Representative plot and compiled data are shown (n=6
independent donors). (E) Scheme of the BCMA-specific CAR vector containing a truncated NGFR (tNGFR) as a transduction control under the control of a mCMV
promoter and the human BCMA-CD3z-CD28-CD8a complex driven by the EF-1a promoter. (F) Scheme of BCMA-specific CAR T cell generation transduced with
p16INK4a (CDKN2A) or non-targeting shRNA 24 hours after the third CD3/CD28 stimulation, then co-cultured for two consecutive weeks with BCMA-expressing
human multiple myeloma cells. (G) Fold change in percentage shRNA-transduced BCMA-specific CAR T cells expressing the proliferation marker Ki67 (n=5
independent donors). (H) Fold change in percentage of shRNA-transduced BCMA-specific CAR T cells with increased SA-b-Gal activity (n=5 independent donors).
(I) Fold change in percentage of cytokine-secreting (IFNg, TNFa) shRNA-transduced BCMA-specific CAR T cells (n=5 independent donors). ANOVA with Tukey post-
hoc testing was used in (C) A two-tailed Mann-Whitney test compared to control condition was used for (D, G, H, I) Data are represented as means ± SEM. ns,
non significant.
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mediates the activation of several transcription factors and
inflammatory cytokines (68). It has also been reported that
p38MAPK can induce p16INK4a transcription as well as activate
p53 following direct phosphorylation on Ser33 to mediate cell
cycle arrest (12, 13, 69). The inhibition of p38MAPK in the
context of a brief ex vivo restimulation of terminally
differentiated and gH2AX-expressing T cells was shown to
reverse senescence features (27, 28). Given the pleiotropic
effects of p38MAPK signaling, it was unclear whether p38i
would reverse T-cell senescence features and promote
functionality in the context of ongoing stimulations once
senescence features become conspicuous. In repeatedly
stimulated T cells, inhibiting p38MAPK signaling after the
third T-cell stimulation could limit the development of
senescence features by reducing the expression of p16INK4a,
limiting DNA damage and SA-b-Gal activity in PD-1-
expressing cells. Although it also reduced the expression of
p53, p38i treatment promoted the increase of p21Cip1,
suggesting that an alternative senescence mechanism from the
p53/p21Cip1 axis may still take place. Consistent with previous
reports showing a correlation between p38MAPK inhibition and
decreased IFNg expression (70), exposing T cells to p38i during
repeated TCR stimulations failed to restore T-cell functionality
in terms of pro-inflammatory cytokine secretion despite
improvements in senescence-associated features. Although we
cannot exclude the possibility that modulating the dosage or
method of p38MAPK inhibition may result in different
outcomes, p38i in the context of serially activated T cells could
alleviate DNA damage and senescence features but this did not
result in functional improvements, suggesting that timing of
p38MAPK modulation in the context of immunotherapy must
be carefully planned.

Our data indicate that T-cell cellular senescence in the context
of chronic activation is maintained by p16INK4a regulation as
CDKN2A silencing after the third stimulation could attenuate
senescence features. We further show that CAR T cells serially
stimulated with cancer cells bearing the targeted antigens
develop dysfunctionality in terms of dual expression of
exhaustion and senescence features, which can also reflect the
fate of adoptively transferred cells. Whether tonic signaling
associated with CAR T-cell exhaustion (71, 72) also results in
direct induction of senescence features is currently unknown but
may represent a factor impeding CAR T-cell efficacy. Similar to
our CD3/CD28 stimulation model, the targeting of p16INK4a

downstream of p38MAPK likewise reversed senescence features,
yet it could also improve cytokine secretion capacity among
serially activated CAR T cells. This enhancement in cytokine
secretion was not accompanied by decreased PD-1 expression or
an increased expansion, which suggest the contribution of other
growth regulatory mechanisms. Despite p16INK4a being
predominantly activated, we cannot rule out the potential
contribution of the p53/p21Cip1 pathway. Indeed, we observed
elevated mRNA levels of p21Cip1 in PD-1-expressing
dysfunctional CD8+ T cells, arguing in favor of its potential
role in early senescence initiation (11, 12, 73). This may explain
why certain senescence features are not reversed following
p16INK4a or p38MAPK targeting. This is reassuring as
Frontiers in Immunology | www.frontiersin.org 14
interfering with p16INK4a expression in senescent cells raises
the concern of inducing malignant transformation. It was
previously shown that p16INK4a-deficient mouse T cells do not
undergo cancerization (74), perhaps through the induction of
such compensatory mechanisms. Finally, in the context where
senescent cells can exhibit signs of resistance to checkpoint
blockade (75, 76), p16INK4a may be considered as an actionable
target to alleviate senescence features in repeatedly stimulated
PD-1-expressing T cells while also preserving cytokine-secretion
capacity for therapeutic purposes.
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43. Chen J, López-Moyado IF, Seo H, Lio C-WJ, Hempleman LJ, Sekiya T, et al.
NR4A Transcription Factors Limit CAR T Cell Function in Solid Tumours.
Nature (2019) 567(7749):530–4. doi: 10.1038/s41586-019-0985-x

44. Mann TH, Kaech SM. Tick-TOX, It’s Time for T Cell Exhaustion. Nat
Immunol (2019) 20(9):1092–4. doi: 10.1038/s41590-019-0478-y

45. Collin G, Huna A, Warnier M, Flaman J-M, Bernard D. Transcriptional
Repression of DNA Repair Genes Is a Hallmark and a Cause of Cellular
Senescence. Cell Death Dis (2018) 9(3):259. doi: 10.1038/s41419-018-0300-z

46. Fridman AL, Tainsky MA. Critical Pathways in Cellular Senescence and
Immortalization Revealed by Gene Expression Profiling. Oncogene (2008) 27
(46):5975–87. doi: 10.1038/onc.2008.213

47. Callender LA, Carroll EC, Beal RWJ, Chambers ES, Nourshargh S, Akbar AN,
et al. Human CD8(+) EMRA T Cells Display a Senescence-Associated
Secretory Phenotype Regulated by P38 MAPK. Aging Cell (2018) 17(1):
e12675. doi: 10.1111/acel.12675

48. Kortlever RM, Higgins PJ, Bernards R. Plasminogen Activator Inhibitor-1 is a
Critical Downstream Target of P53 in the Induction of Replicative Senescence.
Nat Cell Biol (2006) 8(8):877–84. doi: 10.1038/ncb1448

49. Zou H, Stoppani E, Volonte D, Galbiati F. Caveolin-1, Cellular Senescence and
Age-Related Diseases. Mech Ageing Dev (2011) 132(11-12):533–42.
doi: 10.1016/j.mad.2011.11.001

50. Freund A, Laberge RM, Demaria M, Campisi J. Lamin B1 Loss Is a
Senescence-Associated Biomarker. Mol Biol Cell (2012) 23(11):2066–75.
doi: 10.1091/mbc.E11-10-0884

51. Hernandez-Segura A, Nehme J, Demaria M. Hallmarks of Cellular
Senescence. Trends Cell Biol (2018) 28(6):436–53. doi: 10.1016/
j.tcb.2018.02.001

52. Tan J, Chen S, Lu Y, Yao D, Xu L, Zhang Y, et al. Higher PD-1 Expression
Concurrent With Exhausted CD8+ T Cells in Patients With De Novo Acute
Myeloid Leukemia. Chin J Cancer Res (2017) 29(5):463–70. doi: 10.21147/
j.issn.1000-9604.2017.05.11

53. Knaus HA, Berglund S, Hackl H, Blackford AL, Zeidner JF, Montiel-Esparza
R, et al. Signatures of CD8+ T Cell Dysfunction in AML Patients and Their
Reversibility With Response to Chemotherapy. JCI Insight (2018) 3(21):
e120974. doi: 10.1172/jci.insight.120974
Frontiers in Immunology | www.frontiersin.org 16
54. Lee BY, Han JA, Im JS, Morrone A, Johung K, Goodwin EC, et al. Senescence-
Associated Beta-Galactosidase Is Lysosomal Beta-Galactosidase. Aging Cell
(2006) 5(2):187–95. doi: 10.1111/j.1474-9726.2006.00199.x

55. Bartkova J, Rezaei N, Liontos M, Karakaidos P, Kletsas D, Issaeva N, et al.
Oncogene-Induced Senescence is Part of the Tumorigenesis Barrier Imposed
by DNA Damage Checkpoints. Nature (2006) 444(7119):633–7. doi: 10.1038/
nature05268

56. Di Micco R, Fumagalli M, Cicalese A, Piccinin S, Gasparini P, Luise C, et al.
Oncogene-Induced Senescence Is a DNA Damage Response Triggered by
DNA Hyper-Replication. Nature (2006) 444(7119):638–42. doi: 10.1038/
nature05327

57. Mallette FA, Gaumont-Leclerc MF, Ferbeyre G. The DNA Damage Signaling
Pathway is a Critical Mediator of Oncogene-Induced Senescence. Genes Dev
(2007) 21(1):43–8. doi: 10.1101/gad.1487307

58. Leone G, DeGregori J, Yan Z, Jakoi L, Ishida S, Williams RS, et al.
E2F3 Activity is Regulated During the Cell Cycle and Is Required for the
Induction of S Phase. Genes Dev (1998) 12(14):2120–30. doi: 10.1101/
gad.12.14.2120

59. Morgan DO. Cyclin-Dependent Kinases: Engines, Clocks, and
Microprocessors. Annu Rev Cell Dev Biol (1997) 13:261–91. doi: 10.1146/
annurev.cellbio.13.1.261

60. Ferbeyre G, de Stanchina E, Querido E, Baptiste N, Prives C, Lowe SW. PML
Is Induced by Oncogenic Ras and Promotes Premature Senescence. Genes Dev
(2000) 14(16):2015–27. doi: 10.1101/gad.14.16.2015

61. Mallette FA, Goumard S, Gaumont-Leclerc MF, Moiseeva O, Ferbeyre G.
Human Fibroblasts Require the Rb Family of Tumor Suppressors, But Not
P53, for PML-Induced Senescence. Oncogene (2004) 23(1):91–9. doi: 10.1038/
sj.onc.1206886

62. Pearson M, Carbone R, Sebastiani C, Cioce M, Fagioli M, Saito S, et al. PML
Regulates P53 Acetylation and Premature Senescence Induced by Oncogenic
Ras. Nature (2000) 406(6792):207–10. doi: 10.1038/35018127

63. Akbar AN, Henson SM. Are Senescence and Exhaustion Intertwined or
Unrelated Processes That Compromise Immunity? Nat Rev Immunol
(2011) 11(4):289–95. doi: 10.1038/nri2959

64. Dahmani A, Janelle V, Carli C, Richaud M, Lamarche C, Khalili M, et al. Tgfb
Programs Central Memory Differentiation in Ex Vivo-Stimulated Human T
Cells. Cancer Immunol Res (2019) 7(9):1426–39. doi: 10.1158/2326-6066.cir-
18-0691

65. Scott AC, Dündar F, Zumbo P, Chandran SS, Klebanoff CA, Shakiba M, et al.
TOX is a Critical Regulator of Tumour-Specific T Cell Differentiation. Nature
(2019) 571(7764):270–4. doi: 10.1038/s41586-019-1324-y

66. Wherry EJ, Kurachi M. Molecular and Cellular Insights Into T Cell
Exhaustion. Nat Rev Immunol (2015) 15:486. doi: 10.1038/nri3862

67. Wherry EJ. T Cell Exhaustion. Nat Immunol (2011) 12(6):492–9. doi: 10.1038/
ni.2035

68. Ono K, Han J. The P38 Signal Transduction Pathway: Activation
and Function. Cell Signal (2000) 12(1):1–13. doi: 10.1016/s0898-6568(99)
00071-6

69. Xu Y, Li N, Xiang R, Sun P. Emerging Roles of the P38MAPK and PI3K/AKT/
mTOR Pathways in Oncogene-Induced Senescence. Trends Biochem Sci
(2014) 39(6):268–76. doi: 10.1016/j.tibs.2014.04.004

70. Zhang J, Salojin KV, Gao J-X, Cameron MJ, Bergerot I, Delovitch TL.
P38 Mitogen-Activated Protein Kinase Mediates Signal Integration of TCR/
CD28 Costimulation in Primary Murine T Cells. J Immunol (1999) 162
(7):3819. doi: 10.11569/wcjd.v17.i1.68

71. Frigault MJ, Lee J, Basil MC, Carpenito C, Motohashi S, Scholler J, et al.
Identification of Chimeric Antigen Receptors That Mediate Constitutive or
Inducible Proliferation of T Cells. Cancer Immunol Res (2015) 3(4):356. doi:
10.1158/2326-6066.cir-14-0186

72. Long AH, Haso WM, Shern JF, Wanhainen KM, Murgai M, Ingaramo M,
et al. 4-1BB Costimulation Ameliorates T Cell Exhaustion Induced by Tonic
Signaling of Chimeric Antigen Receptors. Nat Med (2015) 21:581.
doi: 10.1038/nm.3838

73. Dolan DW, Zupanic A, Nelson G, Hall P, Miwa S, Kirkwood TB, et al.
Integrated Stochastic Model of DNA Damage Repair by Non-Homologous
End Joining and P53/P21-Mediated Early Senescence Signalling. PloS Comput
Biol (2015) 11(5):e1004246. doi: 10.1371/journal.pcbi.1004246
August 2021 | Volume 12 | Article 698565

https://doi.org/10.1101/gr.1239303
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1093/nar/30.10.e47
https://doi.org/10.1038/ng1651
https://doi.org/10.1038/nbt.1720
https://doi.org/10.1038/nbt.1720
https://doi.org/10.1016/S0092-8674(03)00401-X
https://doi.org/10.1016/S0092-8674(03)00401-X
https://doi.org/10.1016/S1535-6108(03)00223-X
https://doi.org/10.1016/S1535-6108(03)00223-X
https://doi.org/10.1038/s41467-018-05395-y
https://doi.org/10.1016/j.omto.2020.04.001
https://doi.org/10.3389/fimmu.2019.00111
https://doi.org/10.1073/pnas.1905675116
https://doi.org/10.1038/s41586-019-0985-x
https://doi.org/10.1038/s41590-019-0478-y
https://doi.org/10.1038/s41419-018-0300-z
https://doi.org/10.1038/onc.2008.213
https://doi.org/10.1111/acel.12675
https://doi.org/10.1038/ncb1448
https://doi.org/10.1016/j.mad.2011.11.001
https://doi.org/10.1091/mbc.E11-10-0884
https://doi.org/10.1016/j.tcb.2018.02.001
https://doi.org/10.1016/j.tcb.2018.02.001
https://doi.org/10.21147/j.issn.1000-9604.2017.05.11
https://doi.org/10.21147/j.issn.1000-9604.2017.05.11
https://doi.org/10.1172/jci.insight.120974
https://doi.org/10.1111/j.1474-9726.2006.00199.x
https://doi.org/10.1038/nature05268
https://doi.org/10.1038/nature05268
https://doi.org/10.1038/nature05327
https://doi.org/10.1038/nature05327
https://doi.org/10.1101/gad.1487307
https://doi.org/10.1101/gad.12.14.2120
https://doi.org/10.1101/gad.12.14.2120
https://doi.org/10.1146/annurev.cellbio.13.1.261
https://doi.org/10.1146/annurev.cellbio.13.1.261
https://doi.org/10.1101/gad.14.16.2015
https://doi.org/10.1038/sj.onc.1206886
https://doi.org/10.1038/sj.onc.1206886
https://doi.org/10.1038/35018127
https://doi.org/10.1038/nri2959
https://doi.org/10.1158/2326-6066.cir-18-0691
https://doi.org/10.1158/2326-6066.cir-18-0691
https://doi.org/10.1038/s41586-019-1324-y
https://doi.org/10.1038/nri3862
https://doi.org/10.1038/ni.2035
https://doi.org/10.1038/ni.2035
https://doi.org/10.1016/s0898-6568(99)00071-6
https://doi.org/10.1016/s0898-6568(99)00071-6
https://doi.org/10.1016/j.tibs.2014.04.004
https://doi.org/10.11569/wcjd.v17.i1.68
https://doi.org/10.1158/2326-6066.cir-14-0186
https://doi.org/10.1038/nm.3838
https://doi.org/10.1371/journal.pcbi.1004246
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Janelle et al. Senescence in PD-1-Expressing T Cells
74. Liu Y, Johnson SM, Fedoriw Y, Rogers AB, Yuan H, Krishnamurthy J, et al.
Expression of P16(INK4a) Prevents Cancer and Promotes Aging in Lymphocytes.
Blood (2011) 117(12):3257–67. doi: 10.1182/blood-2010-09-304402

75. Huff XW, Kwon HJ, Henriquez M, Fetcko K, Dey M. The Evolving Role of
CD8+CD28– Immunosenescent T Cells in Cancer Immunology. Int J Mol Sci
(2019) 20(11):2810. doi: 10.3390/ijms20112810

76. Moreira A, Gross S, Kirchberger MC, Erdmann M, Schuler G, Heinzerling L.
Senescence Markers: Predictive for Response to Checkpoint Inhibitors. Int J
Cancer (2019) 144(5):1147–50. doi: 10.1002/ijc.31763

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.
Frontiers in Immunology | www.frontiersin.org 17
Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Janelle, Neault, Lebel, De Sousa, Boulet, Durrieu, Carli, Muzac,
Lemieux, Labrecque, Melichar, Mallette and Delisle. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
August 2021 | Volume 12 | Article 698565

https://doi.org/10.1182/blood-2010-09-304402
https://doi.org/10.3390/ijms20112810
https://doi.org/10.1002/ijc.31763
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	p16INK4a Regulates Cellular Senescence in PD-1-Expressing Human T Cells
	Introduction
	Materials and Methods
	Study Approval
	Donors
	Virus and Cells
	Mouse
	T-Cell Line Generation
	RNA Sequencing
	Gene-Set Enrichment Analysis of RNA-Seq Data
	Quantitative PCR
	Telomere Measurement
	Flow Cytometry
	shRNA
	Chimeric Antigen Receptor (CAR) T-Cell Generation
	Statistical Analysis

	Results
	Repeated Ex Vivo Stimulations Recapitulate Phenotypic and Functional T-Cell Exhaustion
	Repeated Stimulations Program an Exhaustion Transcriptome
	Repeatedly Stimulated CD8+ T Cells Display a Strong Senescence-Associated Gene Signature
	Cellular Senescence Features Are Restricted to PD-1-Expressing T Cells
	Exhausted Antigen-Specific T Cells Exhibit Senescence-Associated Features In Vivo
	Inhibition of p38MAPK Limits DNA Damage and T-Cell Senescence
	Inhibition of p16INK4a Expression Reinvigorates Dysfunctional T Cells

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




