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Abstract 
 CD8+ T cell exhaustion is a unique differentiation pathway which occurs during 

particular pathological contexts such as chronic viral infections (i.e. HIV, HCV and 

HBV) and cancers in which antigen (Ag) persists in the host. It appears clear now that 

this mechanism provokes the failure of adaptive responses against these pathologies and 

is particularly harmful to humans. The study of this process has led to the discovery of 

relevant molecules (“immune checkpoints”) that can be targeted to prevent and/or reverse 

exhaustion. Ensuing clinical trials have provided extremely promising results in the 

treatment of several cancers. However, although these targeted therapies allow a 

temporary regain of CD8+ T cell functions they still fail at reversing the exhaustion 

process. It is thus crucial to investigate the causative factors of such process that remain 

to be identified. 

 

 The common gamma-chain (gc) family of cytokines which includes IL-2, -4, -7, -

9, -15, and -21 are key soluble mediators involved in the development of adaptive 

immunity. These cytokines are intimately linked to T cell development, homeostasis, 

differentiation and maintenance. Among them, IL-2 and IL-15 display important 

functions on CD8+ T cell differentiation during an acute viral infection. However, impact 

of these cytokines on CD8+ T cell responses during a chronic viral infection remains to 

be investigated. Based on current knowledge of the functions of IL-2 and IL-15 on CD8+ 

T cell differentiation during an acute viral infection, we hypothesized that these cytokines 

promote CD8+ T cell exhaustion during a chronic viral infection. 

 

 We first demonstrate in a mouse model of chronic viral infection (LCMV clone 

13) and patients with chronic HCV that the IL-2-receptor b chain (IL2Rb[CD122]) a 

cytokine receptor chain which binds to both IL-2 and IL-15 is selectively expressed on 

exhausted CD8+ T cells during a chronic viral infection. The intensity of CD122 

expression positively correlates with severe exhaustion of CD8+ T cells in mice and 

humans. Using a mouse model in which CD8+ T cells lack the expression of the IL2Rb-

chain, we demonstrate that IL-2 and IL-15 control several aspects of exhaustion. IL-2 and 
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IL-15-dependent signals sustain the expression of several inhibitory receptors 

(characteristic of exhaustion) on CD8+ T cells and directly control the expression of some 

of them (e.g. 2B4 and TIM-3). IL-2 and IL-15 also direct the terminal exhaustion of 

CD8+ T cells and irreversibly abrogate their developmental plasticity toward memory T 

cell development. Together, we show for the first time key functions of IL-2 and IL-15 in 

directing CD8+ T cell exhaustion during a chronic viral infection. 

 

 Next, we investigated the unique and redundant functions of IL-2 and IL-15 on 

CD8+ T cell exhaustion. We also determined individual time-frames of these cytokines 

and intracellular pathways by which they control CD8+ T cell exhaustion. IL-2 and IL-15 

cooperate to promote 2B4 and TIM-3 expression on CD8+ T cells, and these cytokines 

likely collaborate to direct terminal exhaustion. In contrast, IL-2-dependent signals 

during priming preclude subsequent differentiation into central memory cells (Tcm) 

while prolonged exposure to IL-15 upon viral persistence likely suppresses effector 

memory cell (Tem) developmental potential. Finally, we demonstrate that the 

JAK3/STAT5 pathway is the dominant pathway by which IL-2 and IL-15 direct CD8+ T 

cell exhaustion. 

 

 This thesis provides evidence of novel functions of IL-2 and IL-15 in directing 

CD8+ T cell exhaustion during a chronic viral infection. These results increase our 

understanding of the CD8+ T cell exhaustion process and demonstrate for the first time 

the involvement of cytokines. We hope that this work will contribute to the improvement 

of actual therapeutic strategies against chronic viral infections and cancers. 

 
 

 

 

 

 

Key words: CD8 T cell, chronic viral infection, exhaustion, IL-2, IL-15, memory T cell, 

STAT5. 
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Résumé 
 L’épuisement des lymphocytes T CD8+ (LT CD8) est une voie de différentiation 

unique survenant lors de contextes pathologiques particuliers ayant en commun la 

persistance d’antigènes dans l’hôte, tel que les infections virales chroniques (expl : VIH, 

hépatites B et C) et différents types de cancers. Il apparait aujourd’hui très clairement que 

ce mécanisme est à l’origine de l’échec de l’immunité adaptative face à ces pathologies 

particulièrement néfastes pour l’homme. L’étude de ce processus a mené à la découverte 

de cible thérapeutiques d’un grand intérêt (« immune checkpoints ») pouvant être ciblées 

pour corriger et/ou reverser l’épuisement. Les essais thérapeutiques ayant découlés de ces 

découvertes ont donné des résultats extrêmement prometteurs dans le traitement de 

plusieurs cancers. Cependant, bien que ces thérapies ciblées permettent un regain 

temporaire de la fonction des LT CD8+, elles ne permettent pas d’inverser le processus 

d’épuisement. Il est donc crucial aujourd’hui de se tourner vers les agents causateurs de 

cet état d’épuisement qui restent très méconnues à ce jour. 

 

 La famille de cytokines partageant la chaine commune gamma (cytokines gc) 

comprenant l’IL-2 -4 -7 -9 -15 et -21 sont des acteurs solubles clés de l’immunité 

adaptative. Ces cytokines sont intimement liées aux processus de développement, 

d’homéostasie, de différenciation et de maintenance des lymphocytes T. Parmi elles, l’IL-

2 et l’IL-15 ont un rôle majeur dans le processus de différenciation des LT CD8+ au cours 

d’une infection virale aigue. Malgré cela, l’implication de ces cytokines dans 

l’épuisement des LT CD8+ dans un contexte d’infection virale chronique n’a jamais été 

investiguée. En se basant sur les connaissances actuelles des rôles de l’IL-2 et de l’IL-15 

sur la différenciation des LT CD8+ au cours d’une infection virale aigue, nous avons émis 

l’hypothèse que ces cytokines pourraient promouvoir l’épuisement dans un contexte 

d’infection virale chronique. 

 

 Dans un premier temps, nous avons démontré chez l’homme (patients atteints 

d’hépatite C chronique) et la souris (modèle LCMV Clone 13) que la chaîne b du 

récepteur à l’IL-2 (IL2Rb[CD122]) qui se lie à l’IL-2 et l’IL-15 reste sélectivement 
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exprimée à la surface des LT CD8+ épuisés au cours d’une infection virale chronique. De 

plus, une expression élevée de cette chaîne de récepteur corrèle avec un épuisement plus 

sévère des LT CD8+ chez l’homme et la souris. En développant un modèle murin dans 

lequel les LT CD8+ sont déficients pour cette chaîne, nous avons démontré que l’IL-2 et 

IL-15 contrôlent plusieurs aspects clés du processus d’épuisement. Ces cytokines 

augmentent l’expression de plusieurs récepteurs inhibiteurs (caractéristiques de 

l’épuisement) et contrôlent même directement l’expression de certains d’entre eux 

(notamment 2B4 et TIM-3). L’IL-2 et l’IL-15 dirigent également la différenciation 

terminale des LT CD8+ vers un état d’épuisement extrême et abrogent de manière 

irréversible leur potentiel de différenciation en cellules mémoires. Nous montrons donc 

pour la première fois un rôle clé de l’IL-2 et l’IL-15 dans l’épuisement des LT CD8+ au 

cours d’une infection virale chronique. 

 

 Dans un deuxième temps nous avons investigué les fonctions individuelles et 

redondantes de l’IL-2 et l’IL-15 dans l’épuisement des LT CD8+. Nous avons également 

déterminé les fenêtres d’actions déterminantes de ces cytokines et les mécanismes 

intracellulaires clés par lesquels elles contrôlent le processus d’épuisement. L’IL-2 et 

l’IL-15 coopèrent pour promouvoir l’expression de 2B4 et TIM-3 à la surface des LT 

CD8+ et ces cytokines semblent collaborer pour diriger leur différenciation terminale. En 

revanche, les signaux médiés par l’IL-2 pendant la phase de « priming » abrogent 

sélectivement leur potentiel de différenciation en cellules T centrales mémoires (Tcm) 

alors que l’IL-15 semble plutôt supprimer celle des T effecteurs mémoires (Tem) pendant 

la phase chronique. Pour finir, nous avons identifié la voie JAK3/STAT5 comme étant la 

principale voie intracellulaire par laquelle l’IL-2 et l’IL-15 dirigent l’épuisement des LT 

CD8+. 

 
 Au cours de cette thèse, nous avons donc mis en évidence un nouveau rôle de 

l’IL-2 et l’IL-15 dans l’épuisement des LT CD8+ au cours d’une infection virale 

chronique. Nos résultats apportent une meilleure compréhension du processus 

d’épuisement des LT CD8+ et démontrent pour la première fois une implication des 
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cytokines. Nous espérons que ces travaux contribueront à améliorer les stratégies 

thérapeutiques actuelles contre le cancer et les infections virales chroniques. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Mots clés: lymphocyte T CD8, infection virale chronique, épuisement, IL-2, IL-15, 

cellule T mémoire, STAT5. 
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Introduction 
 

I- CD8+ T cell response to a chronic viral infection: lessons 

from infectious mouse models  
 

 Developing new strategies to improve vaccination protocols and 

immunotherapeutic regimens is the ultimate aim of immunological research. CD8+ T 

cells are the foot soldiers of adaptive immunity, capable of eliminating virally infected 

and transformed cells. During the last decade, efforts were made to develop T-cell 

inducing vaccines with the hope of establishing long-term CD8+ T cell-mediated 

protection against various infectious diseases and cancers.(1) These T-cell based vaccines 

showed efficacy at protecting against various infectious diseases including influenza 

(Flu) or tuberculosis (TB) but failed at eradicating chronic viral infections such as the 

Human Immunodeficiency Virus (HIV), Hepatitis C (HCV) and B (HBV) Viruses or 

Epstein- Barr Virus (EBV).(1) This reveals a critical need to further understand the 

causative factors of such failure and to consequently adapt specific immunotherapeutic 

strategies to eliminate chronic viral diseases. Two strains of the lymphocytic 

choriomeningitis virus (LCMV) were extensively used in mice to decipher the CD8+ T 

cell response to chronic viral infections. Infection of mice with LCMV Armstrong (Arm) 

generates an acute infection that is rapidly cleared within a week whereas LCMV clone-

13 (Cl-13) causes a chronic infection with 2-3-month viremia.(2, 3) Comparative 

analyses between these two strains of LCMV revealed a unique and chronic specific 

differentiation program that leads to severe CD8+ T cell dysfunction and loss of plasticity 

toward memory development. This program common to chronic viral infections and 

cancers is now referred to as “exhaustion”. Attempts to prevent and/or reverse such 

immunosuppressive program shows extremely promising results in the treatment of 

chronic viral infections and several cancers. However, actual approaches still fail to 

completely reverse CD8+ T cell exhaustion and establish long-term immune protection. A 

better understanding of the factors implicated in the development of CD8+ T cell 
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exhaustion is crucial to improve immunotherapeutic regimens. Precise characteristics of 

CD8+ T cell exhaustion are discussed below.  

 

1.1- Key mouse models of acute and persistent viral infection 
 

 Modeling viral infections in mice has been the cornerstone of major 

breakthroughs in our understanding of innate and adaptive immune responses to 

pathogenic infections.(4) Notably, LCMV has been extensively used for almost a century 

as a reference model in the study of immune responses to viral infections.(5-8) LCMV is 

a group V member of the Arenaviridae family composed of two fragments of single- 

strand RNA (ssRNA). The Parental strain of the virus was originally isolated by Charles 

Armstrong in 1933 and named LCMV Armstrong in reference to its discoverer as well as 

its capacity to trigger lymphocytosis and inflammation of the meninges (notably the 

choroid plexus surrounding the intracerebral ventricles).(9) LCMV Armstrong causes an 

acute infection in mice characterized by strong CTL and antibody (Ab) responses.(2, 3, 

10, 11) Infection is generally cleared within a week in a CD8+ T cell-dependent manner 

that allows for memory T cell development.(2, 11, 12) LCMV Arm has also been a 

starting point for the study of persistent viral infections. Mice infected at birth with 

LCMV Arm become life-long carriers (carrier-mice) of the virus and are characterized by 

a complete absence of anti-LCMV CTL responses.(13-16) In 1984, R.Ahmed and 

M.Oldstone discovered that LCMV persistence in these mice was due to the emergence 

of LCMV variants.(3) One of these variants, the LCMV clone 13 isolated from splenic 

tissues of carrier-mice, causes a persistent infection in adult mice with detectable viremia 

for 2-3 months in the serum and for life in “reservoir” organs, including the kidneys and 

the brain.(2, 3, 10, 17) In such chronic environment, responding CD8+ T cell become 

dysfunctional and are gradually deprived of memory developmental plasticity.(2, 18-20) 

Between 1990 and 1993 Matloubian et al defined that the persistent nature of LCMV Cl-

13 resides in two central amino acid changes within the RNA fragments of the virus 

compared to the parental Arm strain. The first mutation (U®C) situated at position 260 

in the small ssRNA fragment (S) causes a phenylalanine to leucine (F®L) substitution in 

the viral glycoprotein. The second mutation (A®C) situated at position 1079 in the large 
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ssRNA fragment (L) causes a lysine to glutamine (K®Q) substitution in the viral 

polymerase.(10, 17) LCMV Arm and Cl-13 infect and replicate similarly in mouse 

fibroblasts, but these two mutations provide a selective advantage for the Cl-13 strain to 

infect and replicate in macrophages.(17) In fact, the F®L substitution in the viral 

glycoprotein allows LCMV Cl-13 to infect macrophages more efficiently than the 

parental Arm strain while the K®Q substitution in the viral polymerase provides the 

replicative advantage.(17) This fundamental difference results in distinct viral tropisms in 

vivo. The parental Arm strain replicates preferentially in the central nervous system 

(CNS), while the superior ability of the Cl-13 strain to infect and replicate into 

macrophages allows its dissemination not only in the CNS but also into lymphoid and 

non-lymphoid tissues (spleen, liver, kidney).(21, 22) Therefore, the higher capacity of the 

Cl-13 strain at infecting macrophages is fundamental and forms the basis of its ability to 

cause a systemic infection and persist in the host.(23) At the molecular level, the neuronal 

versus macrophage tropism of LCMV can be dictated by the glycosylation level of the 

GP protein.(24) Hence, one hypothesis would be that the F®L substitution in the viral 

glycoprotein of the LCMV Cl-13 alters the protein glycosylation level favoring 

macrophage tropism. Importantly, the two mutations with the Cl-13 strain are not situated 

in viral sequences recognized by the immune system (viral epitopes), allowing the direct 

comparison of epitope-specific responses between an acute and persistent infection 

caused by LCMV Arm and Cl-13 respectively.(10, 17) This powerful comparative tool 

has been used for almost two decades to decipher the underlying mechanisms behind 

defective CD8+ T cell responses to persistent viral infection. 
 

1.2- CD8+ T cell response to an acute viral infection 
 

 Upon activation, CD8+ T cells integrate several environmental signals that dictate 

their cellular fate. After Ag encounter, naive CD8+ T cells require three distinct signals 

for activation. TCR engagement, co-stimulatory signals (CD28:CD80/86) and 

inflammatory cytokines (IL-12, type I IFN) are the pre-requisite for optimal CD8+ T cell 

activation (Figure. 1).(25) Following the priming phase, activated CD8+ T cells undergo 

a massive expansion phase associated with a heterogeneous differentiation into two 
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different effector subtypes with distinct cell-fate referred to as short lived effector cells 

(SLECs; KLRG1loCD127hi) and memory precursor effector cells (MPECs; 

KLRG1loCD127hi) (Figure. 1).(26-28) Initially, high levels of inflammatory signals (IL-

12, type I IFNs) but also IL-2 and to a lesser extend IL-15 promote SLECs differentiation 

through up regulation of key transcription factors (TFs) including T-BET (Tbx21) and 

BLIMP-1 (Prdm1) while lower levels of inflammatory signals sustains MPECs 

development.(28-33) Differentiation toward SLEC is terminal, these effectors lose further 

developmental plasticity (including into memory T cells), proliferate poorly to additional 

antigenic stimuli, possess a short lifespan and are incapable to perform homeostatic 

proliferation.(28, 34) In contrast, MPECs differentiation is not terminal, these cells retain 

developmental plasticity and proliferate to additional antigenic signals.(28, 34) MPECs 

also proliferate in response to homeostatic signals and survive longer compared to 

SLECs.(28) Functionally, the two subsets secrete similar amounts of antiviral and pro-

inflammatory cytokines (interferon gamma [INFg] and tumor necrosis factor alpha 

[TNFa]), produce equivalent levels of cytotoxic molecules (granzymes) and demonstrate 

comparable killing potential.(28, 31, 34) Transcriptionally, SLECs express high levels of 

TFs associated with terminal differentiation and low levels of memory-associated genes 

(generally T-BEThi, EOMESint, BLIMP-1hi, BCL6low, ID2hi, ID3low). Conversely MPECs 

rather display a pro-memory transcriptional program (T-BETlow, EOMESint, BLIMP-1low, 

BCL6hi, ID2low, ID3hi).(28, 30, 31, 34-36) Following expansion, a contraction phase 

follows during which 90-95% of effector CD8+ T cells die by apoptosis.(37, 38) SLECs 

are preferentially deleted during that contraction phase while few MPECs survive to form 

a pool of memory CD8+ T cells (Figure. 1). During the memory phase, two main types of 

memory cells develop referred to as effector memory cells (Tem [CD62LloCD127hi]) and 

central memory cells (Tcm [CD62LhiCD127hi]) T cells.(39) Tem cells preferentially 

home to non-lymphoid tissues, preserve immediate cytotoxic functions but expand poorly 

upon re-challenge.(40, 41) Tcm cells mainly locate to secondary lymphoid organs and the 

bone marrow.(42, 43) Importantly, Tcm cells possess long-term survival and self-renewal 

potential through integration of  homeostatic signals provided by IL-7 and IL-15.(44, 45) 

These cells also rapidly develop effector functions, secrete high amounts of IL-2 and 

massively expand upon secondary Ag-encounter (Figure. 2).(12, 43) Hence, generation 
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of Tcm after resolution of an acute viral infection provides long-term efficient immune 

protection to the host.> 

 
Figure. 1: Acute model of CD8+ T cell differentiation. Upon an acute viral infection, 

activated CD8+ T cells differentiate into either KLRG1hiCD127lo SLECs or KLRG1loCD127hi 

MPECs. Following the expansion phase and virus clearance, a contraction phase follows in which 

90-95% of effector CD8+ T cells die by apoptosis. MPEC preferentially survive the contraction 

phase and generate two types of memory cells: Tem (CD62LloCD127hi) and Tcm 

(CD62LhiCD127lo).  
 

1.3- CD8+ T cell response to a chronic viral infection 
 

1.3.1- Overview 

 

During a chronic viral infection, CD8+ T cell responses differ drastically from the 

prototypical response seen in an acute viral infection (Figure. 2). In that particular 

context, persistent antigenic stimulation, prolonged inflammatory milieu, and several 

other factors (discussed in sections 4 and 5 of the introduction) hijack the normal 

development of CD8+ T cell differentiation leading to exhaustion.(46, 47) While antigen 

(Ag)-specific CD8+ T cells rapidly expand, the normal immunodominance hierarchy of 

epitope-specific populations is disrupted. Most dominant epitope-specific effectors are 

selectively lost and only the less dominant epitope-specific CD8+ T cells persist.(2, 18) 

Persisting CD8+ T cells are subsequently deprived of their principal effector functions 
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(Figure. 2).(2, 18) This loss of function is hierarchical and correlates with an increased 

expression of numerous inhibitory receptors on CD8+ T cells (Figure. 2).(2, 48, 49) 

These inhibitory receptors use distinct and non-redundant methods to suppress CD8+ T 

cell functions.(50) As they develop increasingly severe exhaustion, CD8+ T cells are 

progressively and irreversibly deprived of their plasticity toward memory development 

(Figure. 2).(19, 20, 51) These functional and developmental defects dramatically impair 

adaptive immune responses to chronic viral infections and form the basis of the CD8+ T 

cell exhaustion program. 

 

 

 
Figure. 2: Acute versus chronic model of viral infection. Resolution of an acute viral 

infection results in the development of a polyfunctional pool of memory CD8+ T cells. During a 

chronic viral infection, CD8+ T cells become exhausted. These Ag-specific cells up-regulate 

several inhibitory receptors, lose their principal effector functions, and are eventually eliminated 

by apoptosis. Wherry Nature Reviews Immunology 2011   

 

1.3.2- Disruption of immunodominance hierarchy and loss of antiviral CD8+ T 

cell responses 

 

One of the first differences reported during chronic viral infections is a dramatic 

disruption of the normal immunodominance hierarchy of epitope-specific CD8+ T 

cells.(2) In acute LCMV infection, the relative abundance of epitope-specific populations 
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of CD8+ T cells is prioritized from most dominant to least dominant epitope 

(DbNP396>Kb/GP34>DbGP33>DbGP276).(2, 52, 53) Establishment of that hierarchy is 

reproducible and maintained at the memory phase after viral elimination.(2) This 

immunodominance hierarchy is disrupted during a chronic LCMV infection. In the 

context of chronic viral infections, CD8+ T cells specific for the most immunodominant 

epitopes (NP396 and GP34 in the LCMV model) are misrepresented at the onset of 

infection and physically deleted during chronicity. Only CD8+ T cells specific for the less 

dominant epitopes (GP33 and GP276 in the LCMV model) are maintained and become 

exhausted.(2, 18, 54, 55) It is noteworthy that GP276-specific CD8+ T cells, which are 

subdominant during an acute LCMV infection, become the most dominant and numerous 

population in the chronic model.(2, 18, 54, 55) Hence, chronic viral infections cause a 

selective deletion of the most dominant virus-specific CD8+ T cell populations while only 

less dominant epitope-specific populations (GP33 and GP276) survive to form a pool of 

exhausted cells. 

 

 In addition to the disruption of the normal immunodominance hierarchy, chronic 

viral infections eventually lead to the collapse of antiviral CD8+ T cell responses. This 

dramatic feature only occurs at late stages of chronic viral infections. For example, in 

HIV patients, erosion of CD4+ T cells and progression to AIDS ([Acquired Immune 

Deficiency Syndrome] ultimate stage of HIV infection) is often associated with a loss of 

CD8+ T cells.(56) Loss of antigen-specific CD8+ T cells also occurs in patients with 

prolonged episodes of uncontrolled HCV or HBV infection.(57, 58) In LCMV Cl-13-

infected mice, lack of CD4+ T cell help (usually achieved by depleting CD4+ T cells with 

anti-CD4 antibodies) causes an extremely severe infection with high viral titers persisting 

for the life of animals (discussed in section 4.2 of the introduction).(11, 18, 49, 59) In 

these extreme conditions designed to model an uncontrolled viremia, antiviral CD8+ T 

cell responses ultimately fail to maintain mirroring the what happens in patients at late 

stages of chronic viral infections.(11, 18, 49, 59) Previous studies demonstrated that 

CD8+ T cells responding to a chronic viral infection are more susceptible to apoptosis, 

and this sensitivity increases with exhaustion severity.(60) Apoptosis is an important 

mechanism to maintain T-cell homeostasis and temper immune responses that might 
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cause severe immunopathologies.(61, 62) Two distinct but eventually converging forms 

of apoptosis referred to as “intrinsic apoptosis” and “extrinsic apoptosis” occur in 

mammalian cells (Figure. 3).(63, 64) Intrinsic apoptosis (also called mitochondrial 

pathways) is triggered by several parameters, including cytokine/growth factor 

deprivation, DNA damage, or endoplasmic reticulum (ER) damage.(64, 65) This form of 

apoptosis is regulated by a tight balance in the expression of pro- and anti-apoptotic 

molecules of the BCL-2 family of proteins. Whereas BCL-2-like proteins (BCL-2, BCL-

XL, BCL-W, A1 and MCL-1) provide survival signals to naïve and effector CD8+ T 

cells,(66-70) other members of the family including BAX, BAK and the BH3-only 

proteins BAD, BID NOXA, HRK/DP5, BIK, BLK/NBK, PUMA/BBC3, and BIM 

promote apoptosis notably through cytochrome c release from mitochondria and 

subsequent caspase 9 and 3 activation (Figure. 3).(64, 71-74) Interestingly, the relative 

expression of the antagonist molecules BCL-2 and Bim emerged as a reliable indicator of 

the survival potential of  effector and memory CD8+ T cells.(75, 76) Extrinsic apoptosis 

(also called “death receptor pathways” or antigen-induced cell death [AICD]) is mediated 

by engagement of death receptors, notably members of the tumor necrosis factor 

receptors (TNF-R) (e.g. FAS, TRAIL R1/DR4, TRAIL R2/DR5 and TNF-R1), with their 

cognate ligands (FAS-L, TRAIL and TNF respectively) at the surface of CD8+ T 

cells.(64, 65) Engagement of these receptors promotes CD8+ T cell apoptosis through 

activation of caspase 8 (Figure. 3).(62, 77, 78) 
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Figure. 3: Intrinsic and extrinsic apoptosis. Intrinsic apoptosis can be triggered by several 

factors, including cytokine deprivation, and is regulated by members of the Bcl2-familly of 

proteins. This pathway provokes the release of cytochrome c by mitochondria, activation of 

caspase 9 and subsequent cell death. Extrinsic apoptosis involves the interaction of death 

receptors (i.e. CD95) with their cognate ligands, leading to caspase 8 activation and cell death. 

Strasser Nature Reviews Immunology 2005 

 

During the contraction phase of an acute viral infection, 90-95% of effector CD8+ 

T cells succumb while only 5% survive to form a pool of memory cells. This massive 

elimination of effector CD8+ T cells is mainly caused by cytokine deprivation (intrinsic 
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apoptosis) and is initiated by BH3-only proteins, notably BIM and PUMA.(76, 79-81) 

However, both intrinsic and extrinsic apoptosis likely direct the elimination of exhausted 

CD8+ T cells during chronic viral infections. Indeed, exhausted CD8+ T cells display 

minimal expression of BCL-2,(19) whereas high levels of its pro-apoptotic counterpart 

Bim was reported on CD8+ T cells from patients with HIV, chronic HCV, and HBV as 

well as SIV-infected macaques, and mice chronically infected with LCMV.(58, 82-84) 

Remarkably, Bim-deficiency rescues NP396 epitope-specific CD8+ T cells from clonal 

deletion in mice chronically infected with LCMV.(85) This underscores a critical role for 

Bim-mediated apoptosis in the clonal deletion of immunodominant epitope-specific 

populations during chronic viral infections. Similarly, expression of FAS and FAS-L 

(extrinsic apoptotic factors) are upregulated on exhausted CD4+ and CD8+ T cells from 

HIV patients, SIV-infected macaques, and LCMV-infected mice, and these cells are 

highly susceptible to FAS-mediated apoptosis.(48, 82, 86, 87) Mirroring the results 

obtained with Bim-/- mice, FAS-deficiency resulted in sustained NP396-specific 

responses on LCMV chronically-infected mice.(54) Further studies determined that 

physical deletion of CD8+ T cells during a chronic viral infection was mediated by a 

cooperation between intrinsic and extrinsic apoptosis mediated by BIM and FAS 

respectively.(88) Together, these results indicate that the loss of immunodominant 

epitope-specific populations during a chronic viral infection is dictated by the cooperative 

action of intrinsic and extrinsic apoptosis. 

 

Factors underlying CD8+ T cell deletion during chronic viral infections are many. 

Several studies point to repetitive TCR signaling as a culprit. Indeed, limiting Ag-

presentation by parenchymal cells in LCMV Cl-13 infected mice (deletion of MHC class 

1 molecules specifically on parenchymal cells) leads to a dramatic increase in the number 

of polyfunctional Ag-specific CD8+ T cells at lymphoid and non-lymphoid locations 

despite decayed viral control.(46) Numbers of polyfunctional NP396-specific CD8+ T 

cells are also augmented demonstrating that excessive Ag-presentation actually erodes 

that population. Previous studies on the LCMV model demonstrated that NP levels are 

superior to GP levels in infected cells and that the NP396 epitope is presented at higher 

levels compared to the GP33 or GP276 epitopes.(2, 89, 90) Further, binding affinity of 
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the NP396 peptide to MHC class I molecules is superior compared to the GP33 and 

GP276 peptides.(53) Increased and sustained TCR signaling was shown to promote FAS-

L expression and subsequent autocrine/paracrine engagement of FAS. Expression of BIM 

is also enhanced by repetitive TCR signal-induced calcium flux.(38, 91, 92) Thus, 

repetitive TCR signals likely promote extrinsic and intrinsic apoptosis of exhausted CD8+ 

T cells, rendering populations specific for a dominant and over-presented epitope (e.g. 

NP396) more susceptible to physical deletion during a chronic viral infection. 

 

Other factors including cytokines and co-inhibitory molecules likely contribute to 

the deletion of CD8+ T cells during chronic viral infections. For example, TGF-b signals 

trigger BIM expression in CD8+ T cells during chronic viral infection. Genetic ablation of 

TGF-b-receptor II (TGFbRII) on CD8+ T cells restrains apoptosis and promotes the 

maintenance of a functional NP396-specific CTL pool.(84) The common gamma-chain 

(gc) cytokine IL-2 positively regulates AICD on lymphocytes through its capacity to 

trigger high levels of FAS and FAS-L expression.(93-99) However, a direct involvement 

of IL-2 in the deletion of Ag-specific CD8+ T cells during a chronic viral infection 

remains to be determined. Inhibitory receptor signals provided by PD-1 potently decrease 

the expression of anti-apoptotic molecules (e.g. BCL-XL) on CD8+ T cells.(60, 100) 

Increased PD-1 expression correlates with a higher rate of apoptosis and blocking its 

interaction with PD-L1 reduces CD8+ T cell apoptosis.(60) De facto, deletion of CD8+ T 

cells during chronic viral infection is multifactorial, and further studies are needed to 

clarify the exact contribution of each causative factor.  

 

1.3.3- Loss of effector functions 

  

Development of an efficient CD8+ T cell response is indispensable for the 

clearance of viral infections. During an acute viral infection, activated CD8+ T cells 

undergo massive clonal expansion and acquire several effector functions indispensable 

for the rapid elimination of invading pathogens. However, some viruses (e.g. HIV, HCV, 

HBV, EBV in humans and LCMV [Cl-13] in mouse) have developed strategies to escape 

that first wave of adaptive immune response. These viruses eventually persist in the host 
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and cause a chronic viral infection. In this scenario, a substantial antiviral CD8+ T cell 

response is maintained during chronicity but these Ag-specific cells gradually lose their 

principal effector functions as they are pushed towards exhaustion and fail to acquire the 

typical protective capacities of memory cells (Figure. 2).(101, 102) One of the most 

characteristic signs of CD8+ T cell exhaustion is a dramatic loss of the capacity to 

produce antiviral and immuno-stimulatory cytokines (e.g. IFNg, TNFa and IL-2).(2, 18, 

48, 103) Such disability occurs gradually and in a hierarchical fashion. During the first 

week of a LCMV Cl-13 infection, CD8+ T cells almost cease to produce TNFa and IL-2 

(partial exhaustion stage I). IFNg secretion is unaffected at early time points but gradually 

decline over chronicity (partial exhaustion stage II). Complete loss of IFNg secretion 

capacity occurs only in the most severe scenario in which CD4+ T cells are removed (full 

exhaustion).(2, 18) Importantly, as CD8+ T cells are pushed towards severe exhaustion, 

this loss of capacity to produce cytokines becomes irreversible and cannot be re-acquired 

even when CD8+ T cells are removed from the chronic environment.(51) Heritable and 

“exhaustion-exclusive” epigenetic remodeling at the locus of effector genes (i.e. IFNg 

gene locus) likely account for such irreversible loss of function.(104, 105) Killing 

abilities of chronically stimulated CD8+ T cells is also rapidly diminished. As soon as 

day-8 post LCMV infection, the cytolytic potential of CD8+ T cells from mice infected 

with the chronic strain Cl-13 dramatically falls compared to potent effectors generated 

during an acute LCMV infection.(2) Depletion of CD4+ T cells further accentuates this 

loss of cytolytic potential.(11, 18) Perforin/granzyme is a master mechanism for CD8+ T 

cell killing. Interestingly, exhausted CD8+ T cells actually express granzyme B whereas a 

critical reduction in perforin mRNA was reported.(48) Alteration in the expression of 

genes involved in vesicle transport and cytoskeleton rearrangement was also 

observed.(48) This suggests that the loss of killing potential by exhausted CD8+ T cells 

might stem from a combined lack of perforin expression and defective 

formation/secretion of lytic granules. Memory cells that develop after resolution of an 

acute viral infection acquire the capacity to rapidly proliferate in response to a secondary 

Ag-encounter. In contrast, exhausted CD8+ T cells fail to acquire this cardinal property of 

memory cells even after viral control and poorly proliferate to Ag-stimulation.(19, 106) 

This inability to respond correlates with altered expression of several genes involved in 
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cell cycle progression.(48) Unlike conventional memory cells, exhausted CD8+ T cells 

are not maintained through IL-7 and IL-15-mediated homeostatic signals.(107-109) 

Rather, these cells develop an Ag-addiction for survival and are maintained by extensive 

Ag-driven proliferative events.(19, 20) Together, during a chronic viral infection CD8+ T 

cells are pushed toward exhaustion. Establishment of such program gradually and 

irreversibly hampers CD8+ T cell functions and precudes the acquisition of cardinal 

memory properties. Nevertheless, exhausted CD8+ T cells are not inert and continue to 

mediate substantial antiviral functions.(11) 

 

1.3.4- Inhibitory receptors 

 

During the last decades, efforts were made to identify molecular factors 

responsible for CD8+ T cell loss of function during chronic viral infections. Whole 

genome comparative analysis between naive, effector, memory and exhausted CD8+ T 

cells allowed for the identification of a set of genes encoding several inhibitory receptors 

(including PD-1, LAG-3, CD160, 2B4 and TIM-3) that are more particularly up-

regulated on exhausted T cells (Figure. 4 and Table. 1).(48, 106) Further studies 

revealed that the number and diversity of inhibitory receptors expressed on CD8+ T cells 

was a reliable indicator of exhaustion severity.(49) Interestingly, in vivo blockade of 

these receptors rescues a fraction of less severely exhausted CD8+ T cells and improves 

the clearance of a chronic viral infection.(49, 60, 106, 110, 111) This observation 

demonstrated that inhibitory receptors are the main culprit of CD8+ T cell loss of 

functions during chronic viral infections. It is clear that these receptors use distinct and 

non-redundant ways to shut-down CD8+ T cell responses, (Figure. 5) and the co-

blockade of several receptors leads to a better reinvigoration compared to the blockade of 

one receptors alone.(49, 50, 110) Precise characteristics of individual inhibitory receptor 

are discussed below. 
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Figure. 4: Inhibitory receptors. Schematic representation of known inhibitory receptors 

expressed by exhausted CD8+ T cells and their cognate ligands on APCs. 
Wherry Nature Reviews Immunology 2015 

 

1.3.4.1- Programmed cell death 1 (PD-1) 

 

PD-1 is the first inhibitory receptor evidenced on exhausted CD8+ T cells.(106) 

Among others, PD-1 is the best described and probably the most important inhibitory 

receptor implicated in CD8+ T cell exhaustion. PD-1 expression is mainly reported on T 

cells, but this receptor is also expressed by B cells, NKT cells, and monocytes.(50) While 

conventional effector and memory CD8+ T cells express substantial levels of PD-1, its 

expression is far more elevated and sustained on exhausted CD8+ T cells.(48, 49, 106) 

First evidenced in a mouse model of chronic viral infection (LCMV Cl-13),(106) PD-1 

expression was subsequently detected on CD8+ T cells from patients with HIV, HCV, 

HBV,(112-114) persistent bacterial and parasitic infections (Mycobacterium tuberculosis, 

Leishmania donovani and Toxoplasma gondii),(115-117) cancers(102) and also SIV-

infected macaques.(118) PD-1 is an Ig-like type I membrane protein that belongs to the 

CD28/CTLA-4 family of T cell regulators.(119) PD-1 expression is mainly triggered by 
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TCR-dependent signals (and downstream NFATc1) and can be upregulated by cytokines 

in vitro including IL-6, IL-12, and members of the common gc
 family of cytokines (e.g. 

IL-2, -7, -15 and -21).(120-122) Certain transcription factors (TFs), notably T-BET and 

BLIMP-1, are known to limit PD-1 expression on CD8+ T cells.(123, 124) PD-1 

possesses an immunoreceptor tyrosine-based inhibitory motif (ITIM) and an 

immunoreceptor tyrosine-based switch motif (ITSM) in its cytoplasmic domain (Figure. 

4 and Table. 1).(125) Upon binding to the B7-family members PD-L1 and/or PD-L2 

(mostly expressed by DCs and macrophages)(126), ITIM and ITSM motifs are 

phosphorylated, allowing the recruitment of the Src homology region 2 domain-

containing phosphatase-1 and -2 (SHP-1 and SHP-2).(125, 127-130) These tyrosine 

phosphatases can then dephosphorylate activating molecules downstream of TCR/CD3 

and CD28 signaling, notably ZAP70, and PKCθ but also the canonical PI3K-AKT-

mTOR and RAS-MEK-ERK pathways triggered by cytokine signals.(125, 127, 130) A 

recent study also demonstrates that CD28 is a preferred target over TCR for PD-1/SHP-2-

mediated dephosphorylation.(131) This supports the notion that PD-1 primarily functions 

by inhibiting B7-CD28-mediated costimulation in CD8+ T cells. In addition to inhibiting 

proximal TCR and co-stimulatory receptor-signaling, PD-1 also promotes the 

transcription of genes involved in T cell dysfunction (i.e. Batf).(132)  

 

Disrupting the interaction between PD-1 and its ligand PD-L1 using aPD-L1, 

efficiently reinvigorates exhausted CD8+ T cells. In a mouse model of chronic viral 

infection, aPD-L1 treatment sustained CD8+ T cell proliferation (and/or survival) and 

restored some killing ability and cytokine secretion. This resulted in the accumulation of 

a greater number of functional CD8+ T cells and subsequent decrease in viral load and 

tumor burden. (49, 106, 133-135) Beneficial effects of PD-L1 blockade on CD8+ T cells 

reinvigoration are abrogated in the absence of B7-CD28 costimulation and this effect was 

cell-intrinsic. This observation demonstrates that B7-CD28 costimulation of CD8+ T cells 

is essential for effective PD-L1 therapy and supports the work by Kamphorst et al 

showing that CD28 is a preferential target of PD-1-mediated inhibition of T-cell function. 

Of note, combining PD-L1 blockade with other therapies (aLAG-3, aTIM-3, aCTLA-4, 

IL-10 blockade, 4-1BB agonists) further improves the reinvigoration of exhausted CD8+ 
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T cells.(49, 110, 136, 137) Positive impacts of PD-1/PD-L1 blockade were also extended 

to humans with chronic viral infections and cancers.(112-114, 138-140) Humanized anti-

PD-1 antibodies were developed and approved by the FDA (Nivolumab, Pembrolizumab) 

for the treatment of late-stage human cancers (Table. 1). Although extremely promising, 

the therapeutic strategy of blocking the PD-1/PD-L1 interaction also has some 

limitations. Only the less terminally-exhausted CD8+ T cells (PD-1int/lo cells; see part 3 of 

the introduction) are rescued after PD-L1 treatment.(60) Such an approach causes a 

temporary regain of function but fails to overcome the exhaustion program and to restore 

memory cells development.(135) This is in line with the fact that PD-1 does not by itself 

program CD8+ T cell exhaustion.(141) Reinvigorated CD8+ T cells appear even more 

terminally exhausted months after treatment interruption.(135) Finally, a substantial 

number of cancer patients still relapse after treatment interruption. This demonstrates that 

PD-1/PD-L1 blockade must be combined with other agents to achieve long-term 

protective immunity in patients with chronic diseases. 

 

1.3.4.2- Lymphocyte-activation gene 3 (LAG-3) 

 

Similar to PD-1, LAG-3 is a member of the Ig superfamily (SF) of receptors.(50) 

The gene encoding LAG-3 is adjacent to that of CD4 and possesses 20% homology with 

the latter.(142, 143) LAG-3 binds to MHC class II molecules but with a greater affinity 

and at a distinct region compared to CD4.(50, 144) Numerous hematopoietic cell types 

express LAG-3 including plasmacytoid dendritic cells (pDCs), B cells, NK cells, NKT 

cells, gd T cells, regulatory T cells (Tregs), T cells, and tumor-infiltrating T cells 

(TILs).(145) Elevated and sustained expression of LAG-3 was reported on CD8+ T cells 

in mice with chronic LCMV(48, 49) and humans with HIV,(146) HCV,(147) and 

cancer.(148) Naive CD8+ T cells express low levels of LAG-3 but expression increases 

with T cell activation. On its intracellular domain, LAG-3 is devoid of ITIM or ITSM 

motifs. Instead, LAG-3 possesses a unique KIEELE motif essential to mediate its 

inhibitory functions (Figure. 4 and Table. 1).(149-151) However, little is known on how 

LAG-3 exerts its inhibitory functions on CD8+ T cells.  
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 LAG-3 was classified as an inhibitory receptor because of its capacity to limit T-

cell activation and proliferation in vitro.(151, 152) Numerous studies subsequently linked 

LAG-3 expression to damped T-cell proliferation.(150, 153-155) In the LCMV model, 

LAG-3-deficiency or blocking antibodies against LAG-3 had little impact on CD8+ T cell 

effector function and viral load despite increased proliferation.(49, 156) A similar 

increase in Ag-driven proliferation was also observed in HIV and HCV-specific CD8+ T 

cells ex vivo in the absence of LAG-3.(146, 147) Hence, LAG-3 mainly functions as an 

anti-proliferative factor for CD8+ T cells during chronic viral infections. However, LAG-

3 blockade synergizes with PD-L1 therapy to reinvigorate CD8+ T cell functions. 

Blockade of both receptors leads to a greater improvement of CD8+ T cell effector 

function and lower viral loads compared to PD-L1 treatment alone.(49) In addition, 

LAG-3 appears to mediate its greatest inhibitory functions on antitumor CD8+ T 

cells.(157) Phase I and II clinical trials are ongoing to evaluate the potency of disrupting 

the LAG-3 axis in several types of cancers.(158)  

 

1.3.4.3- CD160 

 

CD160 is an Ig-like glycosylphosphatidylinositol (GPI)-anchored membrane 

receptor expressed by a variety of immune cell types including NK cells, NKT cells, T 

cells and intraepithelial lymphocytes IELs.(159-161) On T cells, CD160 is induced upon 

activation by TCR-dependent signals in vitro, and its expression is sustained in vivo by 

the exhaustion-associated TF BLIMP-1.(162, 163) CD160 has binding affinities to 

classical and non-classical MHC class I molecules (low affinity) and most notably with 

the Herpes Virus Entry Mediator (HVEM) (Figure. 4 and Table. 1).(50, 160, 164-167) 

Levels of CD160 are elevated on CD8+ T cells responding to chronic viral infections in 

mice (LCMV) and humans (HIV, HCV).(48, 49, 163, 168-171) However, due to the 

absence of an intracellular domain (Figure. 4 and Table. 1), little is known about how 

CD160 mediates its inhibitory functions on CD8+ T cells. 

 

Conflicting reports performed on CD8+ T cells from HIV patients evidenced 

activating and inhibitory functions of CD160. In some studies, CD160 expression on 
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HIV-specific CD8+ T cells defined a population with higher cytolytic potential (higher 

GrzB, perforin and specific lysis).(168, 169) The presence of CD160+ HIV-specific CD8+ 

T cells was also correlated with greater response to HAART, and this population was 

more frequent in elite controllers.(168, 169) Lastly, triggering CD160 on virus-specific 

CD8+ T cells with activating Abs increased IFNg secretion and complemented aPD-L1 

blockade at rescuing HIV-specific CD8+ T cells proliferation.(168, 172) In another study, 

functional analysis of CD160+ and CD160-  HIV-specific CD8+ T cells correlated CD160 

expression to higher dysfunction.(170) In the same study, transcriptional analysis 

revealed that CD160+ cells are transcriptionally more similar to exhausted cells compared 

to CD160- cells.(170) A number of genes differentially regulated in CD160+ HIV-specific 

CD8+ T cells involved inhibition of T cell survival and functions. Consistently, the 

authors found higher proliferation rates and cytokine secretion by re-stimulated HIV-

specific CD8+ T cells after blockade of CD160/HVEM interaction.(170) Similarly, in the 

LCMV mouse model, targeting CD160 increased exhausted CD8+ T cell lysis and 

survival potential.(49) Further studies on human CD4+ T cells confirmed the inhibitory 

functions of CD160 by demonstrating that this receptor inhibits TCR-dependent 

signaling, notably the phosphorylation of CD3ζ.(159)   	
 

1.3.4.4- Signaling lymphocyte activation (SLAM) family receptor 2B4 (CD244) 

 

2B4 (CD244) is a member of the signaling lymphocyte activation molecule 

(SLAM) subfamily of CD2-related Ig-based receptors which also includes SLAM 

(CD150), CD48, LY9 (CD229), CD84, NTB-A and CS1.(173, 174) All CD2-related 

receptors possess two or more extracellular Ig-like domains, and SLAM subfamily 

members are further characterized by the presence of at least two immuno-receptor 

tyrosine-based switch motifs (ITSM; TxYxxV/I) within their intracellular domain.(173-

176) 2B4 is composed of two Ig-like domains in its extracellular N-terminal domain and 

four ITSMs in its C-terminal intracellular domain (Figure. 4 and Table. 1).(174, 177-

179) Like CD2, 2B4 binds to CD48 but with a ten-fold greater affinity than CD2.(180-

182) At steady state, 2B4 is expressed on a broad variety of hematopoietic cells including 
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virtually all NK cells, myeloid cells, basophils, CD14+ monocytes, some TCR gd T cells, 

and effector/memory CD8+ T cells (CD44hi IL2Rb+).(178, 183-188)  

 

Our current knowledge regarding the function of 2B4 was mainly provided by 

studies on NK cells where both activating and inhibitory functions were reported for 2B4. 

According to several studies, 2B4 is an activating receptor capable of mediating MHC-

unrestricted lysis of target cells. First, antibody cross-linking experiments revealed that 

engagement of 2B4 increases cytokine secretion (IFNg, IL-2), granule exocytosis, 

invasiveness, and cytolytic potential of murine and human NK cells.(173, 183, 185, 189-

191) Second, the SLAM-associated protein (SAP; Sh2d1a), which acts as an adaptor 

molecule for 2B4 and SLAM is mutated in X-linked lymphoproliferative syndrome 

(XLP).(192-194) In these patients, impaired 2B4 and SLAM, signaling due to SAP-

deficiency causes an inability of NK cells to lyse EBV-infected cells.(195-198) These 

findings first defined 2B4 as an activating receptor for NK cells. However, additional 

observations indicated that 2B4 biology was more complex, and this receptor could 

deliver either activating or inhibitory signals depending on several parameters. First, two 

isoforms of 2B4 were identified on murine NK cells. These two isoforms arise from 

alternative splicing and display opposing functions on NK cells.(199, 200) The 2B4-long 

(2B4-L) isoform is composed of an intact intracytoplasmic domain (4 ITSMs) and mainly 

displays inhibitory function. Conversely, the 2B4-short (2B4-S) isoform possesses a 

truncated intracellular domain with only one ITSM and can exert activating 

functions.(200-202) Inhibitory functions of 2B4 were further evidenced with blocking 

antibody experiments in vitro and the development of 2B4-/- mice. Indeed, antibody-

mediated disruption of the 2B4-CD48 interaction or 2B4-deficiency increased NK cell 

lysis of CD48-expressing target cells.(201, 202) Additional studies defined that 2B4 

inhibitory functions are potentiated by the intensity of 2B4 expression and the degree of 

cross-linking.(203) High expression and engagement of 2B4 leads to inhibitory signaling, 

whereas lower expression and engagement activates NK cells.(203) Intracellularly, this 

phenomenon is explained by the recruitment of distinct adaptor molecules. Engagement 

of 2B4 induces the phosphorylation of intracellular ITSMs, allowing recruitment of 

several src homology 2 domain-containing adaptor molecules including SAP, SHP-1, -2 



 20 

and EWS-FLI1-activated transcript 2 (EAT-2/sh2d1b).(174, 204) While association of 

SAP to 2B4 ITSMs is associated with NK cell activation, recruitment of SHP-1, -2 or 

EAT-2 rather leads to inhibition of effector functions.(193, 194, 197, 200, 205-207) It is 

now commonly accepted that 2B4 inhibitory properties mainly occur in the condition of 

elevated expression of the receptor and limited SAP availability. 

 

Unlike NK cells, 2B4 expression on CD8+ T cells is not constitutive but can be 

triggered in vitro in the presence of cytokines (notably IL-2, IL-4 and IL-15) with or 

without additional stimulation.(188, 208) Interestingly, 2B4 expression on CD8+ T cells 

increases during viral infection with the highest levels reported on exhausted CD8+ T 

cells responding to a chronic viral infection.(49) Indeed, elevated levels of 2B4 were 

detected on CD8+ T cells in mice chronically infected with LCMV (Cl-13) and patients 

with HIV, HCV, HBV, EBV, and HTLV1.(48, 49, 171, 194, 209-212) In these particular 

contexts, 2B4 mainly exerts inhibitory functions on CD8+ T cells. Indeed, in vitro 

blockade of 2B4 or its cognate receptor CD48 increased the proliferation, cytotoxicity 

and cytokine secretion of antigen-specific CD8+ T cells isolated from mice infected with 

LCMV (Cl-13) and patients with HCV, HBV and HTLV1.(49, 210, 211, 213) In mice, 

2B4 selectively causes the deletion of conventional memory CD8+ T cells challenged 

with a chronic viral infection (LCMV Cl-13).(214) Importantly, engagement of 2B4 also 

suppressed PDL1 blockade–mediated enhancement of HCV-specific CD8+ T cell 

proliferation in vitro.(213) Taken together, these data demonstrate that during chronic 

viral infections, 2B4 mainly exerts inhibitory functions on CD8+ T cells. However, one 

study in HCV patients also showed that 2B4 could mediate activating properties on CD8+ 

T cells when expressed at low density and in the presence of high levels of intracellular 

SAP.(213) This is reminiscent of the dual functions of 2B4 previously observed on NK 

cell function that are regulated by these same characteristics (discussed above). As 

mentioned above, 2B4 expression is elevated on CD8+ T cells during chronic viral 

infection and levels of intracellular SAP expression decrease with commitment to severe 

exhaustion.(48, 49, 213) These context-dependent parameters likely explain the overall 

inhibitory role of 2B4 on CD8+ T cells during chronic viral infection. 
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1.3.4.5- T-cell Ig and mucin-domain containing-3 (TIM-3) 

 

TIM-3 is an Ig-like transmembrane glycoprotein and is a member of the TIM 

family of genes including TIM-1 to 8 in mice (8 genes) and TIM-1, -3 and -4 in humans 

(3 genes).(215) Like other members of the TIM family of proteins, TIM-3 possesses two 

extracellular domains, an Ig-like domain and a mucin-like domain.(215) Within its 

cytoplasmic tail, TIM-3 carries a highly conserved tyrosine residue that is phosphorylated 

upon engagement of TIM-3 with its ligand and a src-homology (SH2)-domain binding 

motif.(215, 216) TIM-3 expression was reported on activated CD4+ and CD8+ T cells but 

also on DCs.(217, 218) Ligands for TIM-3 include phosphatidylserine, collagen, and 

most notably galectin-9 which is expressed on lymphocytes and other non-hematopoietic 

cell types (Figure. 4 and Table. 1).(218) Of note, the interaction between galectin-9 and 

TIM-3 on human and murine Th1 cells remains controversial as two conflicting reports 

obtained different results.(218, 219) However, the two studies used distinct recombinant 

forms of galectin-9 in their experiments which may account for the divergent results. 

Additional studies are needed to fully uncover this point. TIM-3 was first described on 

Th1 cells that express the highest levels of this receptor compared to other subtypes of 

effector CD4+ T cells.(220, 221) In the study by Zhu et al (showing an interaction 

between galectin-9 and TIM-3), binding of TIM-3 to galectin-9 promotes a massive 

calcium influx that leads to the death of Th1 cells.(218) Therefore, TIM-3 has been 

implicated in the termination of Th1 cell responses as well as the maintenance of 

peripheral tolerance.(221, 222) Moreover, TIM-3 was also implicated in the regulation of 

autoimmune diseases, notably the experimental autoimmune encephalomyelitis (EAE) in 

mice and rheumatoid arthritis in humans.(223-225) De facto, TIM-3 was classified as an 

inhibitory receptor. 

 

TIM-3 expression is extremely high on exhausted CD8+ T cells during chronic 

viral infections. This observation was reported in mice with chronic viral infection 

(LCMV) and patients with HIV, HCV and HBV.(48, 110, 226-229) In these studies, 

TIM-3 expression defines a more dysfunctional population of CD8+ T cells. In humans 

with chronic viral infections, blockade of TIM-3 on exhausted CD8+ T cells ex vivo 
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improves several functions including Ag-driven proliferation, cytokine production 

(notably IFNg), and killing potential.(226-230) In the LCMV mouse model, TIM-3 

blockade alone has little impact but synergizes with PD-L1 blockade to reinvigorate 

CD8+ T cell functions leading to better viral control compared to PD-L1 blockade 

alone.(110) TIM-3 is also of great interest in cancer. A substantial fraction of 

dysfunctional tumor infiltrating lymphocytes (TiLs) express TIM-3, and blockade of this 

receptor reinvigorates exhausted CD8+ T cells, particularly when combined with PD-L1 

blockade, leading to greater tumor regression.(231, 232) De facto, TIM-3 displays 

important inhibitory functions during chronic viral infections and cancer and represents 

an attractive target to rescue exhausted CD8+ T cells in these contexts. 

 

 

 

1.3.4.6- Cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) 

 

 CTLA-4 is another member of the Ig superfamily of receptor encoded by Ctla4. 

Constitutively expressed on Tregs, CTLA-4 is also upregulated on activated CD4+ and 

CD8+ T cells upon TCR engagement.(233, 234) Structurally, this receptor is composed of 

an extracellular V domain, a transmembrane domain and a cytoplasmic tail. The 

intracellular domain of CTLA-4 does not contains ITIMs or ITSMs but a YvKM motif 

Figure. 5: Inhibitory receptor-

mediated suppression of T cell 

functions. Inhibitory receptors use 

several methods to suppress T-cell 

functions including #1 ectodomain 

competition for co-stimulatory 

receptor ligands, #2 regulation of 

intracellular pathways (e.g. 

PI3K/AKT pathways), and #3 

transcription of inhibitory genes. 
Odorizzi JI 2012 
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allowing recruitment of the intracellular adaptor molecules SHP-2 and PP2A (protein 

phosphatase 2A) (Figure. 4 and Table. 1).(50, 235) Membrane CTLA-4 forms 

homodimers and like its co-stimulatory homolog CD28, binds to CD80 (B7.1) and CD86 

(B7.2) on antigen presenting cells (APCs) but with a 10-fold superior affinity and a 

higher avidity compared to CD28.(50, 235-237) Inhibitory functions of CTLA-4 were 

first evidenced with its implication in several autoimmune diseases including type I 

diabetes, rheumatoid arthritis and the lymphoproliferative Chediak-Higashi 

syndrome.(238-240) Further, mice carrying a specific deletion of Ctla4 (Ctla4-/-) develop 

fatal autoimmune syndrome by 3-weeks of age associated with massive T-cell infiltration 

into several tissues and organs.(241, 242) In T cells, CTLA-4 mediates its inhibitory 

effects through two main mechanisms. First, CTLA-4 competes with CD28 for binding to 

CD80 and CD86 on APCs and this receptor even impairs the stability of the immune 

synapse.(235, 243) Second, by recruiting SHP-2 and PP2A via its YvKM motif, CTLA-4 

promotes the dephosphorylation of activatory molecules downstream of TCR-signaling 

including CD3z, LAT [linker for activation of T cells and ZAP70.(243) Importantly, 

ipilimumab, a CTLA-4 monoclonal blocking antibody was the first immune checkpoint 

therapy approved by the FDA for the treatment of cancer patients (Table. 1). Ipilimumab 

notably showed impressive results in the treatment of late-stage melanoma and 

demonstrated synergistic effects in combination with nivolumimab (an anti-PD-1 

monoclonal antibody).(244, 245) Ipilimumab is now ongoing clinical trials for the 

treatment of several cancers (lung, bladder and prostate cancers). Tremelimumab, another 

CTLA-4 blocking antibody also recently received FDA approval for the treatment of 

malignant mesothelioma. 

 

1.3.4.7- T-cell Ig and ITIM domain (TIGIT) 

 

 TIGIT (Tigit) is the most recently described inhibitory receptor.(246) Member of 

the Ig-superfamily of receptors, TIGIT is expressed on a large variety of hematopoietic 

cells including on NK cells, NK T cells, Treg cells and activated T cells.(246) 

Structurally, TIGIT is composed of an Ig variable extracellular domain, a transmembrane 

domain and an intracellular domain containing two noteworthy sequences: an Ig tail 
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tyrosine (ITT)-like phosphorylation motif and an ITIM domain.(246) TIGIT possesses 

two ligands, CD112 and CD155, both expressed on monocytes, DCs, fibroblasts, 

endothelial cells, platelets and activated T and B cells.(246-250) Importantly, CD112 and 

CD155 are also expressed by a large variety of tumor cells.(251) Activation of TIGIT 

triggers SHIP-1 recruitment to its intracellular ITT-like domain.(252) The presence of an 

ITIM motif on TIGIT cytoplasmic tail also suggests potential recruitment of SHP-1, 

SHP-2 and SHIP-2 (Figure. 4 and Table. 1). Several studies evidenced the inhibitory 

functions of TIGIT on T cells. TIGIT expression is elevated on tumor infiltrating 

lymphocytes (TILs) in humans and TIGIT-positive CD8+ T cells are less functional in 

several cancer mouse models.(253, 254) TIGIT blockade exerts therapeutic benefits in 

animal models of several cancers.(251) Furthermore, TIGIT was shown to act in synergy 

with TIM-3 to restraining antitumor responses.(254) In vitro, TIGIT suppresses 

CD3/CD28-induced T-cell proliferation, IFNg secretion but increases IL-10.(255) TIGIT 

uses three distinct methods to inhibit T cell functions. Like CTLA-4 and CD28, TIGIT 

competes with CD226 and other costimulatory molecules for binding to CD112 and 

CD155.(251) But, TIGIT binds CD155 with a higher affinity compared to CD226.(255, 

256) In addition, TIGIT can interact in cis with its antagonist CD226 and likely disrupts 

its homodimerization.(257) Finally, TIGIT directly decreases mRNA levels of TCRa, 

CD3e, and PLCg1, suggesting that this receptor directly restrains the transcription of 

molecules involved in T cell activation.(258) 
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 PD-1 LAG-3 CD160 2B4 TIM-3 CTLA-4 TIGIT 

Ligands 
-PD-L1 

-PD-L2 
MHC I 

-HVEM 

-MHC I 
CD48 

-Galectin-9 (?) 

-Phosphatidyl-

serine 

- Collagen 

-B7-1 

-B7-2 

-CD112 

-CD155 

Super 

family 
IgSF IgSF IgSF IgSF IgSF IgSF IgSF 

Inhibitory 

sequence 

motifs 

-ITIM 

-ITSM 
KIEELE No 4 ITSMs 

-Y235 

-Y242 
YvKM 

-ITT 

-ITIM 

Effector 

molecules 

-SHP-1 

-SHP-2 
N/A N/A 

-SHP-1 

-SHP-2 

-EAT-2 

N/A 
-SHP-2 

-PP2A 
-SHIP-1 

Induced by 

-TCR Signals 

-Support by  

IL6 and IL12 

-TCR Signals ? 
-TCR Signals 

-BLIMP-1 

-IL-2 

-IL-15 

-BLIMP-1 

-IL-2 

-IL-15 

-T-BET 

Activation N/A 

Repressed 

by 

-T-BET 

-BLIMP-1 
N/A N/A N/A N/A N/A N/A 

Inhibitory 

effect on 

(CD8+ 

Tcell) 

-TCR Signaling 

-Costimulatory- 

signals 

-Proliferation 

-Cytokine 

secretion 

-Killing 

 

-Proliferation 

-Survival 

-Proliferation 

-Cytokine 

secretion 

-Proliferation 

-Cytotoxicity 

-Cytokine 

secretion 

-Proliferation 

-Cytokine 

secretion 

-Killing 

-TCR signaling 

-CD28 

mediated 

Costimulatory 

signals 

Proliferation 

- Synthesis 

of activating 

molecules 

-IFNg 

 

FDA 

Approved 

-Nivolumab 

-Pembrolizumab 
N/A N/A N/A N/A 

-Ipilimumab 

-Tremelimumab 
N/A 

 

Table. 1: Characteristics of inhibitory receptors 
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1.3.5- Loss of plasticity to memory T cell development 

 

Another dramatic consequence of exhaustion is a complete loss of developmental 

plasticity towards the effective development of memory T cells. CD8+ T cells that have 

experienced persistent antigenic stimulation are incapable of differentiating into  memory  

T cells and also fail to acquire key properties required for long-term maintenance and 

protective ability.(51, 101) Even after control of a chronic LCMV Cl-13 infection or after 

transfer into Ag-free animals, fully exhausted CD8+ T cells fail to re-acquire phenotypic 

traits of conventional memory T cells. This includes high expression of IL7R (CD127), 

IL2Rb (CD122), the L-selectin CD62L and the chemokine receptor CCR7.(19, 20, 51) 

Such inability to develop memory gradually emerges and becomes definitive and 

irreversible as CD8+ T cells commit to severe exhaustion.(51) This incapacity of 

exhausted CD8+ T cells to re-acquire cytokine receptor expression has dramatic 

functional consequences. Due to the absence of IL7Ra and IL2Rb at the cell surface, 

these cells are unable to integrate homeostatic signals provided by IL-7 and IL-15, which 

are indispensable for homeostatic proliferation and survival of conventional memory 

cells.(19, 107-109, 259-261) Instead, exhausted CD8+ T cells are maintained through 

extensive Ag-driven proliferation in vivo and develop an Ag-addiction for survival. This 

is demonstrated by the fact that exhausted CD8+ T cells do not proliferate and rapidly die 

without Ag even in conditions where the chronic inflammatory context is preserved.(19, 

20) Furthermore, exhausted CD8+ T cells express extremely low levels of BCL2, a pro-

survival protein triggered by IL-7 and IL-15, which is critical for the survival of 

conventional memory T cells.(19, 260) This Ag-dependent survival mode of exhausted 

CD8+ T cells is particularly problematic in HIV patients as epitope escape mutations or 

decline in viral loads triggered by highly active antiretroviral therapy (HAART) often 

cause a drop in the number of effector CD8+ T cells.(262-264)  

 

Ineffective de novo expression of the adhesion molecule CD62L and the 

chemokine receptor CCR7 likely precludes the redistribution of exhausted CD8+ T cells 

to memory T cell niches, a privileged environment for survival and homeostasis of 

memory cells.(265, 266) Unlike conventional memory T cells that efficiently populate 



 27 

niches in secondary lymphoid organs (spleen, lymph nodes), exhausted CD8+ T cells 

preferentially accumulate in peripheral tissues (liver, lung, brain) and the bone marrow 

and such unconventional distribution persists even after local viral control.(2) A similar 

preferential accumulation of exhausted CD8+ T cells at non-lymphoid sites (liver) was 

reported in patients with HCV.(267) Hence, chronic viral infections gradually instigate 

intrinsic defects in CD8+ T cells precluding their differentiation into memory cells and 

their re-localization to memory niches. 

  

  Concomitant with their lack of differentiation to memory cells, exhausted CD8+ 

T cells also fail to acquire functional properties of memory cells that are required for the 

rapid elimination of secondary infections. This includes an altered capacity to produce 

IL-2, to produce antiviral cytokines (IFNg, TNFa), and to proliferate upon secondary Ag-

encounter.(2, 19, 51, 106) Further, even after viral control, chronically-stimulated CD8+ T 

cells retain substantial expression of PD-1 and rapidly up-regulate this inhibitory receptor 

upon Ag-challenge.(51, 60, 106, 268) This demonstrates that exhausted CD8+ T cells are 

not only incapable of acquiring protective functions of conventional memory cells but are 

also marked with exhaustion-associated “scars” that further inhibit their protective 

potential. Factors underlying the loss of plasticity toward memory during chronic viral 

infections remain elusive and immuno-modulatory methods (i.e. PD1/PD-L1 blockade) 

that are aimed at reinvigorating exhausted CD8+ T cells fail to overcome the 

developmental defect.(104)  

 

II- CD8+ T cell exhaustion: a unique differentiation program 
 

CD8+, and to a greater extent CD4+ T cells are characterized by their incredible 

developmental plasticity. One major goal of studying T cell responses to pathogens has 

been to distinguish and classify the multiplicity of effector T cell subtypes based on their 

selective expression of lineage-specific transcription factors (TFs). Transcriptional 

specificities of exhausted CD8+ T cells are discussed below. 
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2.1- A unique transcriptional program 
 

Comparative transcriptional analysis between naïve, effector, memory (acute 

settings) and exhausted (chronic settings) CD8+ T cells provided genetic evidence for the 

uniqueness of the exhaustion differentiation program.(48) Approximately 490 genes are 

differentially expressed between exhausted and naïve CD8+ T cells. Most of these genes 

(338) are exhaustion-specific as they are not differentially expressed within effector or 

memory T cells compared to naive cells. Clustering analysis revealed a set of genes 

specifically up-regulated (123 genes) or down-regulated (135 genes) in exhausted CD8+ 

T cells. This transcriptional signature further defines exhaustion as a unique 

differentiation program distinct from typical effector and memory T cells (Figure. 6). 

Interestingly, exhausted CD8+ T cells show more similarities with effector cells 

compared to memory cells. Among the 490 genes significantly differentially expressed 

between exhausted and naive CD8 T cells, 102 are shared with effector cells but only 4 

with memory cells. Similarities between effector and exhausted cells gradually vanish as 

effectors transition to memory and also conversely increase after PD-L1 blockade.(48, 

104) This result reflects the previously described inability of exhausted CD8+ T cells to 

differentiate into memory cells.(19, 20) Of note, a direct comparison of exhausted CD8+ 

T cells with SLEC and MPEC generated during an acute infection was not provided. As 

exhausted CD8+ T cells undergo terminal differentiation similar to SLEC, one would 

predict that exhausted cells share more similarities with SLEC compared to MPEC.(27, 

28, 34, 269) Genes specifically modulated in exhausted CD8+ T cells encode several 

inhibitory receptors (e.g., PD-1, 2B4, KLRA7, CD160, PTGER4, LAG-3, CTLA-4), 

signaling pathway molecules, cytokine receptors (e.g., TNFR [p55 and p75], IL-4Ra 

[CD124], IL17R and IL-18R1), cytokine signaling molecules ( the janus tyrosine kinases 

1 and 3 [JAK1 and 3] and the signal transducers and activators of transcription b 

[STAT5b]), effector functions (IFNg, Perforin), vesicle transport, cytoskeleton regulation, 

chemokines and migration (e.g., CCR7, CD62L), metabolism,  and transcription factors 

(15 upregulated [e.g., PBX3, PRDM1, EOMES, NFATC1, JAK3, NURR1, MAF] and 11 

downregulated [e.g., FOS, FOSB, JUNB, MYB, MYC, KLF2] ). A lineage-specific 



 29 

transcription factor linked to the development of exhaustion development remains to be 

determined.  

 

 
 

Another concern regarding exhaustion as a unique differentiation program was 

close similarity of exhaustion with anergy (Table. 2). Anergy is a state of 

hyporesponsiveness caused by sub-optimal activation of CD8+ T cells which received 

TCR signals in the absence of optimal co-stimulation in vivo.(270) These CD8+ T cells 

persist in vivo but are deprived of key effector functions including the capacity to 

proliferate to Ag or to produce cytokines (IL-2, TNFa).(270) Some authors also observed 

inhibition of TCR signaling (defective ZAP-70 phosphorylation) as well as defective 

MAP kinase and tyrosine kinase activation.(270) The inhibitory receptor CTLA-4 was 

also involved in the process.(270) Further, the transcription factor NFAT which is 

essential for anergy establishment on T cells, promotes both anergy and exhaustion 

during persistent viral infection in mice.(271, 272) This similarity tightens the gap 

between anergy and exhaustion. However, additional studies defined a cluster of 14 

anergy-associated genes. This set of genes was extremely powerful as it was consistent 

between both in vitro-induced anergy (induced by blocking Ca2+/calcineurin signals after 

PMA/ionomycin stimulation) and the more physiologic in vivo anergy (also called 

“adaptive tolerance”).(271) Few of these anergy-related genes were upregulated in 

exhausted CD8+ T cells, and gene set enrichment analysis (GSEA) further excluded a 

possible enrichment of these genes in exhausted CD8+ T cells.(48) In addition, while 

anergy is rapidly established after TCR stimulation, establishment of the exhaustion 

process is slower.(2, 51, 270) This underlines a fundamental difference between anergy 

Figure. 6: Genes differentially expressed between 

effector, memory, and exhausted CD8+ T cells. 

This Venn diagram shows the distribution of genes 

differentially or similarly modulated in effector, memory, 

and exhausted CD8+ T cells.  

Wherry Immunity 2007 
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and exhaustion, the later requiring persistent Ag-stimulation while the former does not. 

During the initiation of a chronic viral infection, CD8+ T cells are efficiently stimulated, 

unlike anergic cells.(51) This evidence demonstrated that, despite clear overlapping 

similarities, exhaustion and anergy are distinct developmental programs. However, most 

of our knowledge about anergy comes from CD4+ T cell studies. A more accurate 

analysis of anergy on CD8+ T cells is necessary to definitively separate these 

developmental lineages.  

 

Senescence has long been tied with exhaustion.(273) This process (also known as 

replicative senescence) occurs in every cell type and causes a drastic growth arrest after 

extensive replicative events.(273) Senescence is triggered by two main factors: telomere 

shortening or unfixable non-telomeric DNA damage. These factors set off a DNA 

damage response (DDR) that immediately stops cellular replication until the repair is 

over. If DNA replication cannot be completed successfully, senescent cells are 

irreversibly maintained in an unresponsive state.(273) In many examples of chronic viral 

infection in humans (e.g., EBV, HIV, HCV, HBV), highly differentiated CD8+ T cells 

present characteristic features of senescence, including lower telomerase activity and 

telomere length. This was correlated with decreased CD8+ T cell function and poor 

clinical outcome in HIV patients.(58, 274-276) As mentioned above, senescence arrests 

the cell-cycle, a feature also observed during exhaustion.(19, 106) Lastly, both 

senescence and exhaustion are progressive processes that require persistent antigenic 

stimulation.(101, 273) This suggested that senescence and exhaustion might represent 

overlapping processes. However, several factors indicate a clear distinction between these 

processes (Table. 2). First, it is commonly accepted that in mice and humans, pre-

senescent cells can be identified by the expression of KLRG1 and CD57 respectively.(25, 

112, 277) Typical markers of exhaustion (e.g. PD-1) do not correlate with KLRG1 in 

mice or CD57 in humans.(48, 49, 112) Second, replication arrest in senescent cells is 

driven by specific DDR-associated kinases, including ataxia telangiectasia mutated 

(ATM) and RAD3 (ATR), that subsequently promote P53 and P21-mediated cell cycle 

arrest.(273) Conversely, exhaustion-induced proliferation arrest is caused by the direct 

impact of inhibitory receptors on G1-S cell cycle progression.(49, 104, 106) This 
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demonstrates that exhaustion and senescence are distinct processes ultimately converging 

to cell growth arrest. However, PD-L1 blockade in HIV-specific CD8+ T cells was shown 

to increase telomerase activity.(276) The transcriptional profile of senescent cells also 

presents some similarities with that of exhausted CD8+ T cells.(278, 279) Finally, 

enhanced telomerase activity on HIV-specific CD8+ T cells improves effector function 

and proliferation.(280) This suggests an interplay between exhaustion and senescence 

which remains to be elucidated. 

 

 Anergy Senescence Exhaustion 

Triggered by 

-Suboptimal activation  -Telomere shortening 

-Unfixable DNA damage 

-Growth factor deprivation 

-TCR-

signals 

-Cytokines 

Require persistent 

antigenic stimulation 

NO YES YES 

Establishment Rapid Progressive Progressive 

Characteristics 

common to exhaustion 

-Low proliferation 

-Low cytokine secretion 

(IFNg, TNFa) 

-Impaired TCR signalling 

-NFAT, CTLA-4 

-Diminished telomerase 

length 

-Impaired cell-cycle 

progression 

 

Characteristics distinct 

from exhaustion 

-14 anergy-specific genes 

(e.g. Egr2, Egr3, Rnf128) 

-Senescence-specific 

markers (KLRG1 in 

mouse, CD57 in humans) 

 

Table. 2: Characteristics of anergy, senescence and exhaustion 

 

2.2- Key transcription factors 
 

Since the molecular profiling of exhausted CD8+ T cells was performed by 

Wherry and colleagues,(48) several transcription factors were shown to be critical for the 

establishment of CD8+ T cells (Table. 3). One intriguing observation is that certain of 

these transcription factors display opposing functions during acute and chronic viral 

infections. This underlines a context-specific role of these TFs during viral infections. 
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Listed below are relevant TFs associated with CD8+ T cell exhaustion, and when 

pertinent, a comparison of their role during acute and chronic infection is made.  

 

TFs 
Expression/Activity Regulation 

Naïve Effector 
(acute) 

Memory 
(acute) 

Exhausted 
(chronic) 

Triggered 
by 

Repressed 
by 

Impact on 
other TFs 

T-BET - +++ +/- + 
TCR, IL-12 -

27, Type I 
IFNs 

N/A EOMES (-) 

EOMES + ++ +++ ++++ IL-2 -4 -15 IL-12 T-BET (-) 

TCF1 +++ + ++ +/- 
Wnt-b-
catenin 

pathways 
N/A EOMES (+) 

BLIMP-1 - +++ +/- ++++ IL-2 -12 N/A 

BCL6 (-) 
EOMES (-) 

ID3 (-) 
T-BET (+) 

ID2 (+) 
NFATC1 + + N/A ++ Ca2+ influx N/A N/A 

BATF + ++ + +++ TCR, IL-12 -
21, PD-1  T-BET (+) 

BLIMP-1(+) 

FOXO1 ++ - ++ +++ PD-1 
(indirect) 

TCR, co-
stim, IL-2 -
12, type I 

IFNs 

T-BET (-) 
KLF2 (+) 

EOMES (+) 
TCF1 (+) 

 

Table. 3: Key features of relevant TFs involved in CD8+ T cell differentiation and 

exhaustion 

2.2.1- T-BET (Tbx21) 

 

The T-box transcription factor T-BET is a critical determinant for T cell fate 

decision during infection. Naïve T cells have low levels of T-BET, but its expression is 

triggered by TCR signals and magnified by multiple pro-inflammatory cytokines 

including IL-12, IL-27, Type I (a,b) and II (g) IFNs (but not IL-2) through the adaptor 

molecules STAT1 but also STAT3 and likely STAT4 (IL-12).(28, 281, 282) T-BET was 

first described as a critical TF instigating CD4 T-cell lineage development toward IFNg-

producing Th1 effectors.(283, 284) Subsequent studies also uncovered a role for T-BET 

in the lineage commitment of CD8+ T cells toward SLECs development and terminal 

differentiation during an acute viral infection (Figure. 7).(28) Indeed, SLECs express 
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higher levels of T-BET compared to MPECs.(28) T-BET-deficient CD8+ T cells generate 

few SLEC while T-BET overexpression forces SLEC differentiation during an acute viral 

infection.(28) Such impact of T-BET on SLECs development is cell-intrinsic as the 

authors used adoptive transfer experiments of T-BET-/- LCMV-specific P14 CD8+ T cells 

into WT mice infected with LCMV to draw their conclusions.(28) Concomitant with its 

role in SLEC differentiation, T-BET represses IL7Ra-expression on CD8+ T cells, and 

restrains central memory development but is critical for effector memory development 

(Figure. 7).(285, 286) T-BET conjointly with its paralogue EOMESODERMIN (EOMES 

encoded by Eomes) also promotes CTL effector function notably IFNg,  granzyme B and 

perforin, increasing their cytotoxic potential.(286-288) IL-2 production is hindered by T-

BET which is consistent with the fact that SLECs (“T-bethi”) produce less IL-2 than 

MPECs (T-betlow).(27, 28, 285, 286) Together, T-BET promotes both CD8+ T cell 

terminal differentiation and acquisition of effector functions during an acute viral 

infection. 

 

As soon as day 8 p.i., T-bet expression is reduced in effector CD8+ T cells 

responding to a chronic viral infection (LCMV Cl-13) compared to their equivalent in 

acutely infected LCMV Arm mice. Its expression further decreases in extreme conditions 

in which CD4+ T cells are removed from LCMV Cl-13 mice.(123) This demonstrates that 

during a chronic viral infection, Ag-persistence and/or prolonged inflammation reduce T-

BET expression in CD8+ T cells.(289, 290) This result is inconsistent with the known 

role of TCR signaling and inflammatory cytokines in promoting T-BET expression (see 

above). Yet unresolved chronic infection-exclusive mechanisms likely act to temper T-

BET expression during exhaustion establishment. Of most importance, T-BET deficiency 

dramatically reduces the number and functionality (IFNg, MIP-1a) of Ag-specific CD8+ 

T cells and concomitantly increased viral loads.(123) Therefore, T-BET is critical in 

sustaining CD8+ T cell responses during a chronic viral infection (Figure. 7). T-BET 

directly represses PD-1 (Pdcd1) expression, restrains LAG-3, CD160, and BTLA, but has 

no effect on 2B4 expression. Conversely, this TF was critical for the early induction of 

TIM-3 in accordance with previous observations.(123, 291) These functions of T-BET on 

CD8+ T cells during a chronic viral infection are cell-intrinsic as experiments were 
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conducted in bone marrow chimeras (50%WT/50%T-BET-/-) and further confirmed using 

adoptive transfer experiments of T-BET-/- CD8+ T cells into mice subsequently infected 

with LCMV Cl-13.(123) Importantly, T-BET overexpression lends to a less differentiated 

PD-1int/low state while T-BET-deficient CD8+ T cells rapidly turn to a PD-1hi terminally 

exhausted state.(123, 269) T-BET deficiency also restores substantial CD127 expression 

at early time points p.i. (day 8). Together, these results ascribe a context-dependent role 

for T-BET on CD8+ T cell differentiation. This TF promotes SLEC terminal 

differentiation during an acute viral infection. However, during Ag-persistence, T-bet 

restrains terminal differentiation to PD-1hi cells and is critical to maintaining a pool of 

less differentiated PD-1int/lo progenitors.  

 

2.2.2- EOMESODERMIN (Eomes) 

 

EOMESODERMIN (EOMES), encoded by Eomes is another T-box transcription 

factor that functions as a paralogue of T-BET in CD8+ T cells.(292) While devoid of T-

bet, naïve CD8+ T cells express substantial levels of EOMES.(282, 285, 288, 293) Upon 

viral infection, the EOMES expression kinetic opposes that of T-BET. EOMES 

expression only slightly increases in developing effectors and further intensifies during 

effector to memory transition, reaching maximum levels on memory cells.(286, 288, 294) 

Key requirements for EOMES induction in CD8+ T cells are also distinct to that of T-

BET. Indeed, several members of the common gamma-chain family of cytokines, mostly 

IL-2 but also IL-4 and IL-15, control EOMES induction in CD8+ T cells.(282, 293, 295) 

However, TCR-signals do not increase EOMES levels, as opposed to T-BET, and its 

expression is repressed by IL-12.(282, 293) In the absence of T-BET, EOMES expression 

increases in effector and memory CD8+ T cells suggesting a restrictive role of T-BET on 

EOMES expression.(285) Unlike T-BET, EOMES has little impact in the cell fate 

decision toward SLECs and MPECs during an acute viral infection, and both effector 

subtypes present equivalent levels of the TF.(28, 285, 294) However, while T-BET favors 

terminal differentiation of SLECs,(28) cell-intrinsic EOMES is crucial for proper 

development and maintenance of Tcm cells  (verified using BM chimeras and adoptive 

transfer experiments of EOMES-/- P14 CD8+ T cells) (Figure. 7).(294) Despite this 
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antagonism, T-BET and EOMES collaborate to promote IFNg, perforin, and granzyme B 

expression in effector CD8+ T cells.(286-288) EOMES even binds directly to the perforin 

promoter region in CD8+ T cells.(282) T-BET and EOMES are also both required for the 

maintenance and homeostasis of memory cells, given their shared capacity to induce 

IL2Rb-expression on CD8+ T cells which enables IL-15-mediated homeostatic 

proliferation.(286) Together, T-BET and EOMES have reciprocal but also common 

functions during CD8+ T cell differentiation. 

 

 During a chronic viral infection, EOMES expression in exhausted CD8+ T cells 

largely exceeds expression levels found in typical effector or memory cells and remains 

extremely high with viral persistence.(269) EOMES levels positively correlate with 

inhibitory receptors expression on CD8+ T cells, and EOMES haploinsufficient effectors 

appear more functional.(269) Reciprocity between T-BET and EOMES is even more 

pronounced in the chronic context as the expression of these TFs is almost exclusively 

seen during chronicity. While T-bethi effectors (PD-1int/lo) identify less terminally 

exhausted effectors, Eomeshi cells referred to as PD-1hi effectors are the most terminally 

differentiated and severely exhausted population.(269) Importantly, EOMES is critical 

for the development and maintenance of these PD-1hi terminal effectors in striking 

contrast to its role in promoting Tcm cells development during an acute viral infection 

(Figure. 7).(269, 294) A cell-intrinsic role for EOMES in the development of PD-1hi cells 

is strongly suggested by temporal deletion of this TF in CD8+ T cells using a Tat-Cre 

recombinase system.(269) Eomeshi (PD-1hi) effectors are more severely exhausted but 

retain higher cytolytic potential and granzyme B expression compared to the less 

exhausted T-bethi (PD-1int/lo) progenitors.(269) This suggests that EOMES supports 

cytolytic function of PD-1hi effectors which is reminiscent of its role during an acute viral 

infection. Importantly, deletion of either T-BET or EOMES impairs CD8+ T cell 

maintenance during chronicity leading to uncontrolled viremia.(123, 269) Thus, despite 

being associated with severe and terminal exhaustion, EOMES is critically required to 

sustain effector CD8+ T cell responses to chronic viral infection. The molecular pathways 

by which EOMES sustains PD-1hi cell development and other TF potentially involved in 

the process remain to be determined. The critical impact of EOMES on Tcm development 
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in acute settings contrasts with its role in promoting terminal exhaustion during a chronic 

viral infection. This is another example of the context-specific functions potently 

achieved by certain TFs on CD8+ T cell differentiation. 

     

2.2.3- T Cell Factor 1 (Tcf7) 

 

T Cell Factor 1 (TCF-1) is a downstream TF of the canonical WNT-b-catenin 

signaling, an evolutionarily conserved pathway directing important functions in the 

immune system.(296) This pathway controls hematopoietic stem cells (HSCs) quiescence 

and is essential for their self-renewal.(296) The WNT-b-catenin signalling also greatly 

influences T-cell development, maturation and differentiation.(296) Importantly, WNT-

signaling in CD8+ T cells direct the development of a highly functional population of 

memory cells referred to as memory stem cells (Tscm) with enhanced antitumor 

properties.(297) Activation of this pathway follows the engagement of WNT proteins 

with their cognate receptor (Frizzled) at the surface of target cells. Of note, the human 

genome contains 19 Wnt genes each encoding secreted glycoproteins.(296) Activation of 

WNT-signalling stabilizes intra-cytoplasmic b-catenin molecules that subsequently reach 

the nucleus to act as key co-activators for TCF-1, enabling efficient transcription of 

WNT-dependent genes. In the absence of WNT-signaling, b-catenins are degraded by the 

proteasome, and TCF-1 preferentially associates with its co-repressor TLE1 to inhibit 

gene expression.(296) Hence, TCF-1 displays both activating and inhibitory functions 

dependent on the activation status of the WNT-b-catenin pathway and subsequent 

availability of binding partners. TCF-1 plays a critical role in normal thymic 

development,(298) and recently, it was shown to influence effector and memory CD8+ T 

cell differentiation during acute infections.(299, 300) Naïve CD8+ T cells express the 

highest levels of TCF-1, and its expression declines during the effector phase while it 

increases de novo during memory formation.(297) TCF-1 alone has little impact during 

primary effector CD8+ T cell development. The absence of TCF-1 in CD8+ T cells 

slightly induces SLEC development and terminal differentiation traits, including low IL-2 

production.(300) Proliferation and granzyme B expression are also decreased in the 

absence of TCF-1.(300) Of note, combined absence of TCF-1 and LEF-1, another Wnt-
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dependent TF, completely abrogates MPEC development.(299) TCF-1 has a greater 

impact on the development of memory cells. Constitutive TCF-1 expression in CD8+ T 

cells increases memory cell generation,(301) and inversely, TCF-1-deficiency abrogates 

Tcm development (Figure. 7).(300) Such impact of TCF-1 on Tcm development is cell-

intrinsic as the authors used adoptive transfer experiments of Tcf7-/- OT-1 CD8+ T cells 

into WT animals infected with Listeria monocytogenes (LM-OVA) to draw their 

conclusions.(300) Phenotypically, TCF-1-deficient memory cells fail to re-express 

canonical Tcm markers, including CD62L and CCR7, efficiently re-express CD127, and 

remain mostly KLRG1-positive. These altered memory cells fail to re-acquire IL2Rb-

expression, fail to perform homeostatic proliferation, and have low Bcl-2 protein levels 

resulting in ineffective long-term maintenance.(300, 302) Thus TCF-1 is not only a 

critical factor for Tcm differentiation but also for their long-term maintenance, a role 

shared with Eomes (see above). Interestingly, the WNT-signaling pathway induces 

Eomes expression in CD8+ T cells partly through a direct interaction of TCF-1 in the 

Eomes promoter region, and Eomes overexpression in TCF-1-deficient cells restores 

IL2Rb-expression and memory cell longevity.(300) Together, TCF-1-induced Eomes 

largely contributes to memory CD8+ T cell maintenance. 

 

TCF-1 recently received attention regarding its function in the differentiation of 

chronically-stimulated CD8+ T cells. A stable population of Ag-specific CD8+ T cells 

expresses TCF-1 in mice and patients with chronic viral infections.(303, 304) That small 

population is also identifiable by selective expression of the chemokine receptor CXCR5 

(a chronic-specific marker of CD8+ T cells) and preferentially locates in “virus-free” 

zones within the secondary lymphoid tissues (T cell zone in the spleen).(303) 

Computational analysis also revealed that TCF-1+ Ag-specific CD8+ T cells (or CXCR5+) 

share transcriptional similarities with overall exhausted cells and express characteristic 

markers of exhaustion including PD-1 and LAG-3. But unlike exhausted CD8+ T cell, 

TCF-1+ effectors also exhibit transcriptional features of central memory cells and 

hematopoietic stem cells but not effector cells.(303, 304) TCF-1+ effectors express 

substantial levels of central memory markers, including CD62L and CD127 and present 

low basal proliferation in vivo, reminiscent of stem cell quiescence. Adoptive transfer 
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experiments revealed that TCF-1+ (CXCR5+) cells serve as progenitors and replenish 

terminally exhausted TCF-1- (CXCR5-) effectors.(303, 304) Of note, TCF-1+ cells are a 

novel population distinct from PD-1int/lo progenitors as they express high levels of 

EOMES but low T-BET.(303, 304) Importantly, TCF-1-deficiency abrogates the 

development of this memory/stem cell-like population, ultimately leading to ineffective 

maintenance of CD8+ T cell responses to chronic viral infections.(303, 304) Adoptive 

transfer experiments of TCF7-/- P14 CD8+ T cells into LCMV Cl-13 infected mice 

evidenced a the cell-intrinsic impact of TCF-1 in the development of this memory/stem 

cell population.(303, 304) Interestingly, TCF-1+ cells exclusively respond and proliferate 

to PD-L1 blockade as opposed to TCF-1- cells.(303, 304) Thus, TCF-1 is a critical TF 

essential for the differentiation of a novel chronic exclusive CXCR5+ memory/stem cell-

like population capable of continuous replenishment of terminally exhausted CD8+ T 

cells, and these cells are highly responsive to PD-L1 therapy.      

 

2.2.4- BLIMP-1 (Prdm1) 

 

BLIMP-1, encoded by Prdm1, is a transcriptional repressor that displays critical 

functions in  adaptive immune cells homeostasis, development, and differentiation.(305, 

306) Upon infection, BLIMP-1 is critical for the terminal differentiation of B cells into 

Ig-producing plasma cells.(307-309) This TF also impedes Tfh development by 

competing with its antagonist BCL6.(310) In CD8+ T cells, BLIMP-1 is essential for the 

development and terminal differentiation of SLECs but represses memory T cell 

establishment (Figure. 7).(30, 35) Accordingly, BLIMP-1 expression is low in naïve 

CD8+ T cells but increases in effectors and gradually declines as the cells mature into 

memory.(30, 34) SLECs express higher levels of BLIMP-1 compared to MPECs.(30, 34) 

After Ag clearance, BLIMP-1 expression decreases on maturing memory cells, 

particularly on Tcm, but remains elevated in persisting KLRG1+ terminal effectors.(30) 

IL-2 is the primary inducer of BLIMP-1 in CD8+ T cells but recent work also suggested a 

role for IL-12 in the process.(311, 312) This is in accordance with the well-known 

function of these cytokines in driving lineage cell-fate decision toward SLEC 

development.(28, 67, 282, 313, 314) Mouse models deficient for BLIMP-1 which 



 39 

includes the use of BM-chimeras (50%WT-50%BLIMP-1-/-) and adoptive transfer of 

Blimp-1-/- P14 CD8+ T cells into WT animals, unraveled a cell intrinsic function of this 

TF in driving SLEC development and restraining memory CD8+ T cells 

differentiation.(30, 35, 312) In the absence of BLIMP-1, SLEC development is nearly 

abrogated, and CD8+ T cells converge more rapidly to a central memory phenotype. 

Trafficking of effector CD8+ T cells to non-lymphoid locations is also altered, as is the 

expression of key chemokine receptors (CCR7[up], CCR5[down]).(30, 35, 312) 

Functions of BLIMP-1 are not limited to primary infection as SLEC development is also 

abrogated on secondary effectors in the absence of this TF.(30, 35) In fact, BLIMP-1 

modifies the transcriptional program of developing effectors to foster terminal 

differentiation. Transcriptional analysis revealed 128 genes differentially expressed 

between WT and Blimp-1-/- effectors.(30) Several TFs involved in CD8+ T cell terminal 

differentiation (T-BET, ID2) are downregulated whereas memory-development 

associated TFs (EOMES, BCL6, ID3) are upregulated.(30, 35, 312) BLIMP-1 deficient 

effectors also lack granzyme and perforin expression which eventually affects cytolytic 

potential.(30, 35, 312)  Of note, Blimp-1 restrains the proliferation and survival of 

effector CD8+ T cells.(30, 35) That phenomenon likely stem from the direct repression of 

IL-2 transcription by Blimp-1 which in turn likely causes cytokine deprivation-cell 

death.(315) BLIMP-1 also recruits histone modifying enzymes (G9a, HDAC2) to the 

CD25 locus, further restraining IL-2 signaling.(316) Together, BLIMP-1 is a key TF that 

programs CD8+ T cell fate decision toward terminal differentiation at the expense of 

memory development during acute infections. 

 

CD8+ T cells isolated from LCMV Arm or Cl-13 infected mice express similar 

amounts of BLIMP-1 at day 8 post LCMV infection.(162) Thereafter, BLIMP-1 

expression strongly rises in exhausted CD8+ T cells during chronicity while it slowly 

declines in acute effectors.(162) Most terminally exhausted CD8+ T cells (PD-1hiEomes 

hi) express the highest levels of BLIMP-1 during a chronic viral infection, consistent with 

the pro-terminal differentiation functions of this TF.(30, 35, 162, 269) However, this 

observation contrasts with the known role of BLIMP-1 in repressing PD-1 and EOMES 

expression in CD8+ T cells during acute viral infections, suggesting context-dependent 
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functions of this TF.(35, 124) Conditional deletion of BLIMP-1 (in activated T cells) 

increases the accumulation of virus-specific CD8+ T cells, decreases inhibitory receptor 

expression (PD-1, LAG-3, CD160 and particularly 2B4), and restores memory features 

(CD62L, CD127, IL-2 production) .(162) This implies a central role for BLIMP-1in 

exhaustion establishment and associated loss of memory development and survival 

potential (Figure. 7). BLIMP-1-deficiency has little impact on antiviral cytokine 

secretion but dramatically affects granzyme B expression and cytolytic potential of CD8+ 

T cells which leads to uncontrolled viremia.(162) Consequently, BLIMP-1 promotes 

CD8+ T cell exhaustion but also supports important effector functions essential to control 

a chronic viral infection. Interestingly, deletion of a single allele of BLIMP-1 efficiently 

diminishes inhibitory receptor expression while keeping intact granzyme B expression 

and elevated killing potential.(162) Mice carrying such haploinsufficiency can control an 

LCMV Cl-13 infection more rapidly than WT mice.(162) A limit of the study by Shin 

and colleagues is the use of conditional knock-out mice in which BLIMP-1 is deleted not 

only in CD8+ T cells but also in a fraction of CD4+ T cells and NK cells (GrzB-Cre 

Prdm1fl/fl system). However, additional experiments using BM-chimeras (50%WT-

50%GrzB-Cre Prdm1fl/fl) strongly indicate a cell-intrinsic role for BLIMP-1 in the 

development of CD8+ T cell exhaustion.(162)  Together, this ascribes an equivocal role 

for BLIMP-1 on CD8+ T cell responses to chronic viral infection. 

 

2.2.5- NFATc1 (Nfat2) 

 

Nuclear Factor of Activated T cells (NFAT) proteins are a Ca2+-dependent family 

of TFs composed of 5 isoforms. Among them, NFAT1 (NFATc2) and NFAT2 (NFATc1) 

are constitutively expressed on mature T cells and greatly impact their activation and 

differentiation.(317-321) NFAT proteins possess numerous conserved serine residues that 

are heavily phosphorylated in naïve T cells, constraining their localization to the 

cytoplasm.(322-325) Upon TCR and co-stimulatory molecule engagement, calcium 

influx activates the protein phosphatase calcineurin which dephosphorylates NFAT 

proteins, allowing their transposition to the nucleus.(317, 322, 326) Nuclear NFAT 

triggers several genes involved in T cell activation (IL-2, IFNg), particularly when 
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complexed with AP-1 (FOS-JUN).(327-330) NFAT proteins also promote T cell 

tolerance and anergy, demonstrating the contradictory nature of that family of TFs.(271, 

331, 332)    

 

Recent studies demonstrated an elevated level of NFATc1 (NFAT2) in exhausted 

CD8+ T cells.(48) Although Ca2+ influx is conserved in these cells, a selective 

impairment of NFATc1 nuclear translocation was observed, resulting in reduced cytokine 

secretion.(333) NFATc1, -2, or double deficiency, further decreases cytokine secretion 

from exhausted CD8+ T cells but lowers inhibitory receptor expression including PD-1, 

LAG-3, and TIM-3.(272) Consistently, retroviraly enforced expression of a constitutive 

form of NFATc1 increases PD-1, LAG-3 and TIM-3 levels on CD8+ T cells. Adoptive 

transfer experiments of NFATc1, -2 and double deficient CD8+ T cells but also 

retroviraly transduced CD8+ T cells (with a constitutive form of NFATc1) evidenced a 

cell-intrinsic role of NFATc1 in promoting exhaustion traits.(272) This is consistent with 

the direct induction of PD-1 by NFATc1 and further underlines the contradictory 

functions of that TF on CD8+ T cell exhaustion, which involves promoting cytokine 

secretion but also inhibitory receptor expression (Figure. 7).(120) In fact, NFATc1 forms 

a cooperative complex with its partner AP-1 supporting the transcription of genes 

involved in T cell activation. But NFATc1 alone (not complexed to AP-1) promote the 

expression of a pattern of genes associated with T cell exhaustion.(272) Together, 

NFATc1 promotes the establishment of a pro- or an anti-exhaustion transcriptional 

program depending on the presence of AP-1. However, the fact that NFATc1 nuclear 

translocation is blocked in exhausted CD8+ T cells raises the question of how this TF 

mediates these functions. 

 

2.2.6- BATF (Batf) 

 

Basic leucine zipper transcription factor ATF-like (BATF) is a member of the AP-

1/ATF superfamily of TFs. BATF achieves its transcriptional activity by forming 

heterodimers with binding partners including other members of the AP-1/ATF family 

(notably c-Jun) but also with the interferon regulatory factor 4 (IRF4).(334-337) This TF 



 42 

regulates the differentiation and functions of many lymphocyte lineages, including Th17 

and Tfh cells.(338-340) BATF is detectable at steady state on peripheral CD8+ T cells, 

and its expression (potentiated by TCR signals and IL-12) increases with activation and 

slightly declines during memory maturation.(132, 336, 341, 342) Mice deficient for 

BATF (or IRF4) fail to control an acute LCMV infection. This was associated with a 

lower magnitude of CD8+ T cell responses, evidencing a crucial role for BATF in 

sustaining adaptive immunity to viral infection.(341, 343) Adoptive transfer experiments 

of P14 CD8+ T cells deficient or not for BATF into LCMV infected mice demonstrate 

that this TF intrinsically acts in CD8+ T cells to sustain their proliferation and survival 

potential in vivo.(341) BATF also acts as an early checkpoint molecule shaping the cell-

fate decision toward SLEC development (Figure. 7). In association with its partners IRF4 

and c-Jun, BATF directly binds to and promotes the transcription of several lineage-

specific TFs including T-BET and BLIMP-1.(341) BATF also directly promotes cytokine 

receptor expression that is known to function in directing SLEC differentiation (IL12R, 

IL2R, IFNAR).(28, 29, 67, 341) Despite these pro-CTL functions, BATF represses genes 

associated with effector function (IFNg and perforin).(341) Together, BATF is a critical 

early checkpoint for SLEC commitment. This TF also increases the magnitude of CD8+ T 

cell responses but concurrently restrains some effector functions.  

 

 CD8+ T cells from LCMV Cl-13 infected mice express higher levels of BATF 

compared to their LCMV Arm counterpart.(132) BATF levels are also higher in virus-

specific CD8+ T cells from patients with progressive HIV compared to asymptomatic 

HIV-infected patients also known as “elite controllers” or “long-term nonprogressors 

(refers to a small fraction of HIV patients capable of handling the infection without 

treatment).(132) Interestingly, PD-1 ligation triggers BATF expression in primary human 

CD4+ and CD8+ T cells.(132) BATF also restrains TCR-induced AP-1 (c-FOS/c-JUN 

complex) transcriptional activity by forming heterodimers with c-JUN while displacing c-

FOS.(336) Overexpression of BATF on T-cell lines (Jurkat) and knockdown experiments 

in primary T cells emphasize a role of this TF in restraining effector functions (IL-2, 

IFNg) (Figure. 7).(132) Thus, induction of BATF in CD8+ T cells was considered as a 

novel pathway by which PD-1 inhibits TCR-signaling during chronic viral 
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infections.(101) Rather, a study using BM-chimeras (50%WT-50%BATF-/-) evidences a 

critical and intrinsic role for BATF in sustaining CD8+ T cell responses to a chronic viral 

infection (Figure. 7). In their model, IL-21 provided by CD4+ T cells augments BATF 

expression in CD8+ T cells, and BATF in association with IRF4 sustains virus-specific 

CD8+ T cell maintenance.(344) In support of this model, IL-21-/- CD8+ T cells express 

lower BATF, and this cytokine triggers BATF expression in CD8+ T cells in vitro.(344) 

Further, BATF deletion recapitulates the loss of CD8+ T cell responses observed after 

CD4-depletion or in the absence of IL-21 signaling, and retrovirally expressed BATF 

rescues these “unhelped” CD8+ T cells.(11, 18, 59, 345-347) BATF and IRF4 appear to 

mediate their impact by promoting BLIMP-1 expression.(344) However, BLIMP-1 is a 

pivotal TF for exhaustion establishment and associated dysfunctions.(162) Further studies 

are required to ascertain the functions of BATF in CD8+ T cell responses to chronic viral 

infections.  

 

2.2.7- FOXO1 (Foxo1) 

 

 FOXO1 is a member of the FOXO gene family that also includes FOXO3, -4 and 

-6 in mammals.(348, 349) This family of TFs regulates several key cellular processes 

including cell cycle progression, survival, and differentiation.(348, 349) FOXO1 activity 

in CD8+ T cells depends on the activation status of the cell and is regulated by 

phosphorylation events downstream of the PI3K/AKT pathways. In naïve CD8+ T cells, 

FOXO1 is located in the nucleus and transcribes genes involved in trafficking and 

homeostasis, including KLF2 and IL7Ra.(350-352) Upon CD8+ T cell activation and 

effector differentiation, multiple stimuli (including TCR-signals, co-stimulation, IL-2, IL-

12 or type I IFNs) trigger PI3K/AKT pathways that in turn phosphorylate FOXO1 at 

three conserved site, provoking its exclusion from the nucleus.(349, 353) Alternatively, 

PI3K/AKT activation triggers T-BET induction through mTOR/pS6 which favors CD8+ 

T cell terminal differentiation.(353-355) Of note, FOXO1 represses T-BET and increases 

EOMES expression in CD8+ T cell, favoring memory development over terminal 

differentiation (Figure. 7).(353, 356) After resolution of an acute viral infection and 

PI3K/AKT down-modulation, FOXO1 relocates to the nucleus and transcribes several 
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genes involved in memory development. FOXO1-deficiency has little impact in primary 

effectors accumulation but restrains MPEC development in some settings and profoundly 

modifies their transcriptional program which is in line with the heightened expression of 

this TF in MPECs over SLECs.(353, 354, 357, 358) FOXO1-deficiency favors the 

accumulation of terminal effector traits in MPECs (T-BET, granzyme B) but restrains the 

expression of a set of genes involved in memory development which is either directly 

(EOMES, TCF1, KLF2, IL7Ra) or indirectly (CD62L, CCR7) controlled by 

FOXO1.(353, 354, 357, 358) Subsequently, FOXO1-deficiency readily alters memory 

development (notably Tcm development) and maintenance, and remaining FOXO1-/- 

memory cells display poor protective potential consistent with an ineffective memory 

differentiation.(353, 354, 357, 358) The impact of FOXO1 during infections was studied 

using mouse models carrying a conditional deletion of FOXO1 in T cells (CD4-Cre 

Foxo1fl/fl) or cytotoxic cells (GrzB-Cre Foxo1fl/fl) which affects both CD4+ and CD8+ T 

cells but also some NK cells in the later.(354, 357) However, as mentioned above, 

FOXO1 directly promotes the expression of memory-associated genes in CD8+ T 

cells.(353, 354, 357, 358) This strongly argues towards cell-intrinsic functions of FOXO1 

in the development of memory CD8+ T cells during acute viral infections.  

 

 Exhausted CD8+ T cells generated during a chronic viral infection have higher 

FOXO1 protein levels compared to their acute counterparts.(359) In this particular 

context, elevated and sustained PD-1 expression on CD8+ T cells suppresses proximal 

induction of PI3K/AKT by TCR and cytokine-mediated signals.(359) This results in 

decreased FOXO1-phosphorylation allowing its retention to the nucleus where it directly 

transcribes PD-1. Hence, by regulating PI3K/AKT activity, PD-1 increases FOXO1 

activity which in turn sustains PD-1 expression, establishing a positive feedback 

loop.(359) Using mice carrying a conditional Foxo1 gene knock-out on activated T cells 

(GrzB-Cre Foxo1fl/fl) and adoptive transfer experiments of FOXO1-/- P14 CD8+ T cells 

into WT animals infected with LCMV Cl-13, Staron and colleagues evidenced cell-

intrinsic functions of FOXO1 in the development of CD8+ T cell exhaustion.(359) They 

found that terminally exhausted CD8+ T cells (defined as PD-1hiEomeshiT-betlow) express 

higher FOXO1 protein levels, and FOXO1-deficiency nearly abrogates the development 



 45 

of that population.(269, 359) This is in line with the role that FOXO1 plays in promoting 

EOMES expression over T-BET in CD8+ T cells but in contrast with its role in sustaining 

memory development over terminal differentiation during an acute viral infection.(353, 

354, 357, 358) Alternatively, FOXO1 is essential to maintain CD8+ T cell responses 

during a chronic viral infection, and absence of this TF in activated T cells leads to higher 

viremia.(359) Thus, during a chronic viral infection, FOXO1 activity increases in CD8+ T 

cells. This TF directly promotes PD-1 expression and drives the development of 

terminally exhausted CD8+ T cells, likely through its capacity to promote EOMES 

expression over T-BET. FOXO1 also sustains the proliferation and maintenance of CD8+ 

T cell responses during a chronic viral infection and helps in controlling viremia. 
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Figure. 7: Impact of key TFs in the development of CD8+ T cell responses during 

acute and chronic viral infections. Upper panel shows the involvement of TFs in the 

differentiation of SLECs, MPECs and memory CD8+ T cells during an acute viral infection. 

Lower panel represents the impact of TFs in several aspects of CD8+ T cell exhaustion during a 

chronic viral infection. Blue quadrants and arrows stand for a positive impact on the designed 

functions and red quadrants and arrows signify a negative impact. 
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2.3- Unique epigenetic landscape 
 

2.3.1- Epigenetic remodeling and T cell differentiation 

 

2.3.1.1- Pioneer studies on CD4+ T cells  

 

Epigenetic modifications via cytosine methylation of conserved CpG sites or 

through histone modifications (methylation and/or acetylation) recently emerged as an 

important mechanism for the development, differentiation, and function of T cells.(356, 

360-363) Upon T cell activation, epigenetic modifications imparted by DNA-modifying 

enzymes allow lineage-specific and other TFs to access the chromatin and transcribe 

target genes.(362, 364) The first evidence of this concept stemmed from the observation 

that Th1 versus Th2 CD4+ T cell polarization is at least in part controlled by the 

establishment of “active” epigenetic marks at the IFNg locus but and repressive marks at 

the locus of the Th2-cytokine IL-4.(365-369) Additional studies suggested a stepwise 

process during which STAT proteins, downstream of cytokine-receptor signaling, first 

access and open the chromatin allowing the subsequent binding of lineage-specific TFs. 

For example, in CD4+ T cells IL-12-triggered STAT4 activation remodels chromatin at 

the Th1 gene locus which facilitates T-BET recruitment.(370, 371) Once engaged on the 

IFNg distal regulatory region, T-BET displaces the histone deacetylase SIN3A, 

accentuating the permissive mark (H4) and subsequent Th1 polarization.(372) This 

demonstrates that cytokines first shape the epigenetic landscape of CD4+ T cells through 

STATs and other downstream molecules, opening the way for lineage-specific TFs to 

further amplify this epigenetic remodeling and transcribe lineage-specific genes. CD4+ T 

cells deficient for the histone methylase Enhancer of Zeste Homolog 2 (EZH2) do not 

completely convert to either Th1 or Th2 cells upon polarizing conditions but remain 

plastic.(373) Thus, epigenetic modifications control the expression of lineage-specific 

genes (IFNg) and TFs (T-BET) and are extremely sensitive to polarizing environmental 

factors. Importantly, these modifications also ensure lineage stability, precluding further 

plasticity of terminally differentiated effectors.  
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2.3.1.2- DNA methylation and CD8+ T cell differentiation 

 

 Cytosine methylation is a repressive epigenetic mark that is controlled by DNA 

methyltransferases, notably DNMT1, DNMT3A and DNMT3B.(374, 375) Strong 

evidence now suggests a critical impact of DNA methylation in the development and 

differentiation of effector CD8+ T cells. First, DNMT1 is required for proper clonal 

expansion, survival, and polyfunctionality of effector CD8+ T cells.(363, 376) During 

clonal expansion and effector differentiation, the methylation status of genes encoding 

CTL functions (IFNg, granzyme B) decreases while the methylation status of genes 

associated with memory development (Tcf7) increases.(362) CD8+ T cells deficient for 

the DNA demethylase methyl-CpG-binding domain protein 2 (MBD2), form potent 

effectors but are incapable of differentiating into memory cells.(377) Interestingly, 

memory CD8+ T cells possess the unique ability to rapidly demethylate gene loci 

associated with effector functions.(378-380)  Thus, DNA methylation affects the initial 

development of CD8+ T cell responses but also controls memory formation and some 

aspects of memory cell recall responses.      

 

2.3.1.3- Histone modifications and CD8+ T cell differentiation 

 

Histone modifications also readily affect chromatin structure and gene expression. 

Two main modifications are defined: methylation and acetylation. Both influence CD8+ T 

cell differentiation and function.(356) The permissive hyper-acetylated mark H3K9 on 

the Eomes proximal promoter permits the rapid re-expression of this TF by memory 

CD8+ T cells after re-stimulation in vitro.(381, 382) Similarly, H3K9 allows for the rapid 

re-induction of effector molecules by memory cells (granzyme B, perforin).(381, 382) 

Decreased H3k27me3 but increased H3k4me3 methylation marks at the Gcnt1 gene locus 

in memory CD8+ T cells (compared to naïve cells) allows rapid re-localization to 

inflamed tissues in a TCR-independent but IL-15-dependent manner.(383) Histone 

acetylation also influences effector CD8+ T cell fate, between terminal effector and 

memory precursor, by modulating accessibility to IL7Ra locus.(384) Additional studies 

also demonstrated that Tem and Tcm cells possess a higher number of genes with 
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permissive histone methylation (H3K4me3) compared to naïve CD8+ T cells, suggesting 

a role for methylation in memory development.(364) Further studies are needed to fully 

understand the impact of histone modifications on CD8+ T cell differentiation and the 

factors instigating such DNA remodeling.  

   

2.3.1.4- Lineage-specific TFs: impact on epigenetic remodeling  

 

As mentioned above, lineage-specific TFs directly influence the epigenetic 

landscape of target genes mainly by recruiting histone modifying enzymes to specific 

gene promoter regions.(356) For example, T-bet directly upregulates permissive histone 

acetylation at the IFNg locus which maximizes its transcription.(372) In CD8+ T cells, 

BLIMP-1 induces a repressive chromatin state on CD25 and CD27 promoter regions by 

recruiting the histone modifying enzymes G9a and HDAC2.(316) Thus, lineage-specific 

TFs directly control epigenetic remodeling which likely influence CD8+ T cell 

differentiation. Additional studies are needed to fully understand the impact of such 

modifications. 

 

2.3.2- Unique epigenetic features of exhausted CD8 T cells 

 

Growing evidence points to a critical role of epigenetic remodeling in CD8+ T cell 

differentiation, function and memory development. It raises the question of the impact of 

epigenetic modifications during persistent viral infections, a context in which 

differentiation is shifted toward exhaustion and the functionality and developmental 

plasticity of CD8+ T cells toward a memory phenotype gradually vanishes.(101, 102, 

356) Using ATAC-seq experiments,(385) a recent study by Sen et al compared the 

landscape of chromatin accessible regions (ChARs) between naïve, effector, memory and 

exhausted CD8+ T cells.(105) The authors first noticed that CD8+ T cell activation 

coincides with a drastic increase in the number of ChARs. Most of these ChARs 

positively correlate with expression of corresponding genes, demonstrating that the 

presence of ChARs is stimulatory rather than inhibitory. More than 2000 ChARs are 

unique to exhausted CD8+ T cells. (Figure. 8). Exhaustion-specific ChARs correspond to 
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genes known to be up-regulated during chronic viral infections, including PD-1, TIM-3 

(Havcr2) and BATF.(48, 105) Chronically stimulated CD8+ T cells at day 8p.i, shared 

more ChARs with typical day 8 effectors compared to day 27 exhausted cells (Figure. 8). 

This clearly illustrates the gradual loss of effector function occurring during exhaustion 

establishment.(2) One striking example is the identical epigenetic landscape of the IFNg 

promoter between acute and chronic day 8 effectors.(105) ChARs present at this locus are 

maintained and even increase during memory development but gradually vanish during 

exhaustion establishment, mirroring the gradual loss of IFNg secretion.(2, 105) The 

frequency of ChARs at memory gene loci (CCR7, Bcl2) decreases during the effector 

phase in both acute or chronic viral infections but are re-acquired only by conventional 

memory cells (not exhausted cells). Strikingly, CCR7 ChARs vanish between day 8 and 

27 in chronically stimulated cells which is consistent with the gradual loss of memory 

development that marks exhausted CD8+ T cells.(19, 20, 51) The fact that day 8 

chronically-stimulated effectors maintain the ability able to form memory (51) shows that 

the epigenetic landscape is not definitively locked at this time point but that additional 

signals beyond day 8 likely act to suppress remaining ChARs at memory gene loci.(105) 

Further studies are required to define the factors responsible for the establishment of the 

suppressive epigenetic landscape in exhausted CD8+ T cells. 

 

 
 

PD-1 is the most-studied inhibitory receptor expressed by exhausted CD8+ T 

cells, and de facto, the epigenetic regulation of that receptor has recently been of interest. 

A pioneer study by Youngblood et al (268) demonstrates that PD-1 expression is at least 

partly controlled by DNA methylation. During either an acute or a chronic infection, the 

PD-1 locus is demethylated in CD8+ T cells at day 8 p.i. compared to naïve cells, 

Figure. 8: ChARs overlap between acutely 

and chronically-stimulated effectors. This 

diagram shows the number of unique and overlapping 

ChARs detectable in acute and chronic effectors at 

indicated time points p.i.. 
Sen Science 2016 
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consistent with PD-1 expression on both effector and exhausted cells.(268) The PD-1 

locus is re-methylated in memory cells but not in exhausted CD8+ T cells (Figure. 9). 

More precisely, conserved CpG regions around the so-called CR-C and CR-B promoter 

regions of Pdcd1 (the gene encoding PD-1) remain unmethylated in exhausted CD8+ T 

cells even after viral control and a drop in PD-1 protein level.(268) Similar observations 

were reported in patients with HIV in which the PD-1 locus in Ag-specific CD8+ T cells 

remains unmethylated even after a HAART-induced drop in viral loads (Figure. 9).(268, 

386) Such an unmethylated state allows for the rapid re-expression of PD-1 upon de novo 

activation.(268) Thus, while protective memory cells are epigenetically programmed for 

rapid re-expansion and activation of effector functions,(378-382) exhausted CD8+ T cells 

are programmed for rapid inhibitory receptor induction.(214, 268) Analysis of the PD-1 

gene locus allows the identification of a single ChAR unique to exhausted CD8+ T cells, 

and targeting that ChAR with Crispr/Cas9 approaches largely reduces PD-1 

expression.(105) This finding opens the gateway for the development of a new generation 

of CAR T cells deficient for that specific inhibitory region. It is clear that specific 

epigenetic modifications occur in CD8+ T cells during chronic viral infections. How these 

modifications are instigated and the factors involved in their establishment remain open 

questions with critical relevance for the design of new therapeutic avenues.   
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Figure. 9: PD-1 gene methylation dynamic. The PD-1 gene locus is heavily methylated in 

naïve CD8+ T cells. This locus is demethylated (active transcription) during the effector phase of 

both acute (upper panel) and chronic (lower panel) viral infections. After resolution of an acute 

viral infection, the PD-1 gene locus is efficiently remethylated in memory cells (repressed 

transcription) but remains demethylated in exhausted CD8+ T cells upon viral persistence. In HIV 

patients, the PD-1 gene locus remains unmethylated in CD8+ T cells even upon ART-induced 

drop in viral titers. This shows that exhausted CD8+ T cells are poised with a permanently 

demethylated PD-1 gene locus, a state favoring active transcription that cannot be reversed even 

by reducing viral titers. 
Adapted from Youngblood Curr Opin HIV AIDS 2012 
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III- Dynamic of exhausted CD8+ T cells 
 

3.1- Lineage origin of exhausted CD8+ T cells 
 

It is well known that during an acute viral infection, effector CD8+ T cells with 

the potential to survive the contraction phase and form a memory pool can be identified at 

early time points post-infection based on the expression of distinct phenotypic 

markers.(387) Indeed, adoptive transfer experiments previously demonstrated that 

memory cells exclusively arise from KLRG1-CD127+ MPECs whereas SLECs lose such 

plasticity and are preferentially eliminated during the contraction phase.(27, 28, 34) 

Angelosanto et al. performed similar experiments in mice chronically infected with 

LCMV Cl-13 to determine the lineage origin of exhausted CD8+ T cells.(51) In this 

context, “SLEC like” KLRG1+ effectors formed during the acute phase of infection, 

although their proportion is drastically lower compared to acute settings.(51) However, 

due to severe repression of CD127, MPECs fail to develop fully, and most effectors 

remain KLRG1-CD127- early effectors (EEs).(19, 20, 51) Angelosanto et al. defined 

these EEs as the precursors of exhausted CD8+ T cells. Indeed, after adoptive transfer 

into infection-matched recipients, few KLRG1+ survive while a substantial population of 

transferred KLRG1- cells are maintained and develop characteristic features of exhausted 

cells including high expression of PD-1.(51) The authors concluded that exhausted 

(chronic) and memory (acute) cells arise from a similar “memory precursor” population. 

However, it is not exactly the case as MPEC do not develop during a chronic viral 

infection, and instead exhausted cells rather stem from a population of undifferentiated 

KLRG1- EEs. This supports the idea that exhaustion is an alternative differentiation 

program instigated on EEs exposed to a chronic antigenic stimulation. 
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3.2- PD-1hi and PD-1int/lo effectors: Distinct but lineage related 

populations 
 

3.2.1- Characteristics of PD-1hi and PD-1int/low effectors 

 

 During an acute viral infection, effector CD8+ T cells differentiate into either 

SLECs or MPECs, two effector subtypes with distinct attributes and cellular fates 

(Figure. 1).(27, 28, 34) In the memory phase, CD8+ T cell heterogeneity is even more 

pronounced as we can distinguish remaining KLRG1+ terminal effectors cells (CD62L-

CD127-), Tem cells (CD127+CD62L-), Tcm cells (CD127+CD62L+), tissue-resident 

memory cells (Trm: CD103hiCD69hiCD62LloCD27lo), Tscm cells (CD44lowCD62LhiSca-

1hiCD122hi) and the recently described Tpm cells (peripheral memory T cells; 

CX3CR1int).(39, 388) Such an observation raises the question of whether similar diversity 

might exist during chronic viral infections. The first evidence of heterogeneous 

populations of exhausted CD8+ T cells stem from studies investigating the impact of PD-

L1 blockade in mice. The authors first identified two sub-populations of exhausted CD8+ 

T cells based on their differential expression of PD-1 and CD44, a PD-1hi population 

(PD-1hiCD44low) and a PD-1int/lo population (PD-1int/loCD44hi) (Figure. 10).(60) 

Subsequent analysis revealed that PD-1hi and PD-1int/lo effectors can also be distinguished 

based on their reciprocal expression of T-bet and Eomes. PD-1hi cells have high 

expression of EOMES (Eomeshi) and low T-BET while PD-1int/lo progenitors conversely 

express higher T-BET (T-bethi) and low EOMES.(269) In depth analysis revealed that 

these two sub-populations have distinct properties and tissue localization. The PD-1int/low 

subset appears less exhausted and more functional because these effectors express lower 

levels of inhibitory receptors, secrete more cytokines, show greater survival and 

proliferative advantage compared to PD-1hi cells, and are more protective against a 

secondary challenge (Figure. 10).(49, 60, 269) The PD-1hi state is more terminal as these 

effectors are deprived of further developmental plasticity.(269) They are also more 

severely exhausted (compared to PD-1int/low cells) based on inhibitory receptors levels, 

cytokine profile, proliferative potential and superior apoptosis (Figure. 10).(49, 60, 106, 

269) By contrast, PD-1hi effectors produce more granzyme B (a typical feature of 
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terminal effector CD8+ T cells) and are more cytotoxic compared to PD-1int/lo cells.(269) 

Hence a suitable qualification for this population would be “terminally exhausted 

effectors”. PD-1int/low cells preferentially accumulate in the spleen whereas PD-1hi 

effectors present at higher levels in non-lymphoid locations and in the bone marrow 

(BM).(60, 269) Numerical analysis at lymphoid and non-lymphoid areas showed that PD-

1hi cells largely outnumber PD-1int/lo effectors.(269) Of greatest importance, the less 

numerous PD-1int/low population strongly responds and proliferates to PD-L1 blockade 

while PD-1hi cells are unresponsive to such treatment.(60, 269)  

 

 
 

Figure. 10: Characteristics of PD-1hi and PD-1int/lo effectors. PD-1int/lo cells serve as a 

progenitor population that constitutively replenishes a pool of PD-1hi terminal effectors. 
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Conversion of PD-1int/lo cells into PD-1hi terminal effectors is associated with critical changes in 

terms of expression of cell surface molecules, transcription factors, functional characteristics, and 

tissue localization. 

 

3.2.2- Development and lineage relationship between PD-1int/lo and PD-1hi 

effectors 

 

PD-1hiEomeshi and PD-1int/loT-betlow effectors do not arise from a divergent 

differentiation program from a common progenitor. Adoptive transfer experiments 

evidence a lineage relationship between the two effector subtypes. In fact, PD-1int/lo 

effectors continuously give rise to PD-1hi cells after extensive proliferative events 

(Figure. 10).(269) The PD-1hi state appears to be terminal as these effectors lose their 

proliferative potential and do not give rise to PD-1int/lo cells.(269) Hence, PD-1int/lo 

effectors serve as a progenitor pool to continuously replenish a more terminally 

differentiated and severely-exhausted population of PD-1hi progeny during a chronic viral 

infection. Of most importance, both populations are essential for the control of a chronic 

viral infection. Genetic ablation of T-BET or EOMES abrogates PD-1int/lo and PD-1hi cell 

accumulation respectively, and both scenarios lead to uncontrolled viremia.(269) 

Dichotomous populations of Eomeshi and T-bethi effectors were also reported in patients 

with chronic HCV and HIV.(269, 389) Furthermore, there is evidence in mice and HCV 

patients that suggests that prolonged periods of heightened viremia gradually erode the 

PD-1int/lo subset, ultimately leading to a crash of CD8+ T cell responses (Figure. 11).(102, 

269) Thus, understanding the factors involved in the conversion of PD-1int/lo progenitors 

into PD-1hi terminal effectors is crucial. Little is known about the factors controlling this 

conversion. In the absence of T-BET, effector CD8+ T cells massively proliferate and 

convert rapidly to an Eomeshi phenotype while EOMES KO effectors proliferate less and 

mainly remain T-bethi.(269) Absence of Ag-stimulation (but a preserved inflammatory 

milieu) precludes the proliferation of PD-1int/lo progenitors and subsequent conversion to 

PD-1hi progeny.(269) Thus, the conversion to PD-1hi cells appears to be at least in part 

controlled by Ag-stimulation and a balance between T-BET and EOMES expression 

(Figure. 10). Interestingly, PD-1hi terminal effectors express higher levels of the TF 
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Blimp-1 compared to PD-1int/lo progenitors.(162, 269) BLIMP-1 is an essential 

component for SLEC terminal differentiation in acute infection settings and a pivotal TF 

for exhaustion establishment.(30, 35, 162) Furthermore, BLIMP-1-/- CD8+ T cells express 

lower PD-1 during a chronic viral infection.(162) This suggests a role for BLIMP-1 in the 

terminal differentiation of PD-1hi effectors, but this point remains to be investigated.   

 

 
Figure. 11: Gradual erosion of PD-1int/lo cells. Chronic viral infections are often 

characterized by extended periods of heightened viremia and prolonged inflammatory milieu. In 

these severe conditions, the PD-1int/lo progenitor pool gradually declines and ultimately fails to 

replenish PD-1hi terminal effectors that possess a shorter lifespan. A combination of these factors 

leads to a dramatic loss of adaptive immunity which is often observed in HIV and HCV patients 

at late stages of infection.  

 

3.3- TCF-1+ CXCR5+ stem cell-like effectors 
 

Recent studies identified a novel population of exhausted CD8+ T cells 

distinguishable by their selective expression of the chemokine receptor CXCR5.(303) 

This population only appears during chronic viral infections, and acutely-stimulated 

CD8+ T cells never acquire CXCR5 expression. CXCR5+ effectors are detectable as soon 

as day 8 post-LCMV Cl-13 infection, increase in number until day 15 p.i., and remain 

stable thereafter.(303) This population represents a small fraction of Ag-specific CD8+ T 

cells (approximately 10%) that preferentially accumulate within lymphoid organs (T-cell 
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zone of the spleen [white pulp]).(303) CXCR5+ effectors present characteristic features of 

exhausted cells as they express the inhibitory receptors PD-1 and LAG-3.(303, 304) 

However, CXCR5+ cells express lower levels of inhibitory receptors (PD-1, LAG-3, 

CD160) compared to CXCR5- cells.(303, 304) Strikingly, CXCR5+ effectors lack 2B4 

and TIM-3 expression.(303) This suggests that CXCR5+ CD8+ T cells are less exhausted 

compared to their CXCR5- counterpart. This point is emphasized by greater cytokine 

secretion and proliferative potential (upon secondary challenge) of CXCR5+ effectors 

over CXCR5- cells.(303, 304) Transcriptional analysis revealed that CXCR5+ CD8+ T 

cells express higher levels of genes associated with memory development (Bcl6, Id3, 

Tcf7, Sell [encoding CD62L], Cxcr3 and Ccr7) and lower levels of genes characteristics 

of terminal differentiation (Prdm1, Id2, GrzA, GrzB) compared to CXCR5- 

effectors.(303, 304) More in-depths analysis demonstrated that the transcriptional 

program of CXCR5+ effectors is unique and closer to that of Tfh cells, memory 

precursors (MPECs), and also hematopoietic stem cell progenitors whereas CXCR5- 

effectors share more similarities with Th1 and terminally differentiated CD8+ T 

cells.(303) This demonstrates that not only are CXCR5+ effectors less exhausted but these 

cells also conserve some memory, and perhaps stem cell properties. Consistent with these 

observations, CXCR5+ CD8+ T cells are able to proliferate, self-renew, and give rise to 

CXCR5- terminal effectors that lack proliferative potential, developmental plasticity, and 

IL-2 production.(303, 304) Thus, similarly to previous observations with PD-1int/lo and 

PD-1hi cells,(269) a progenitor/progeny lineage relationship is present between CXCR5+ 

progenitors and CXCR5- terminal effectors during a chronic viral infection.(303, 304) As 

discussed in section 2.2.3, CXCR5+ progenitors selectively express the Wnt-signaling-

dependent TF TCF-1, and is indispensable for the development of this population. TCF-1 

deficient CD8+ T cells fail to form a CXCR5+ progenitor population. The absence of the 

progenitor population dramatically impairs the maintenance of antiviral CD8+ T cell 

responses and largely compromises viral control.(303, 304) Hence, the TCF-1-dependent 

CXCR5+ population is essential to replenish and maintain antiviral CD8+ T cell 

populations during a chronic viral infection. Interestingly, TCF-1+ Ag-specific CD8+ T 

cells with advanced memory traits are also detectable in patients with chronic HCV.(304) 

Lastly, CXCR5+ or TCF-1+ effectors are selectively able to expand in response to PD-L1 
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blockade while CXCR5- or TCF-1- terminal effectors do not.(303, 304) Thus, the 

presence of CXCR5+Tcf-1+ progenitors is absolutely required to mount an efficient 

response to PD-L1 blockade. 

 

Given that CXCR5+ and CXCR5- effectors possess similar characteristics with 

PD-1int/loT-bethi and PD-1hiEomeshi cells respectively, one could presume a phenotypic 

overlap between these populations. CXCR5+ effectors express lower PD-1 and higher 

CD44 compared to CXCR5- cells which matches the original identification pattern of PD-

1int/lo progenitors (PD-1int/loCD44hi) and PD-1hi progeny (PD-1hiCD44int) respectively.(60, 

303, 304) Other positive markers of PD-1hi terminal effectors, including CD39 and 

granzyme B, are virtually absent from CXCR5+ effectors, confirming the dichotomy 

between these effector subtypes.(269, 303, 304, 390) However, CXCR5+ effectors 

express slightly more Eomes and lower T-bet than CXCR5- effectors in contrast with the 

more contemporary definition of PD-1int/lo progenitors (T-bethi) and PD-1hi terminal 

effectors (Eomeshi) established by Paley et al.(269, 303, 304) Further studies are 

necessary to reconcile both models and refine clear phenotypic markers of progenitors 

and terminal effectors that form during chronic viral infections.   
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IV- Factors underlying CD8+ T cell exhaustion and potential 

newcomers 
 

 Multiple factors have been shown or are highly suspected to influence CD8+ T 

cell exhaustion (Figure. 12). The most relevant factors are discussed below. 

 

 
 

Figure. 12: Factors underlying T cell exhaustion. Several factors directly or indirectly 

regulate CD8+ T cell exhaustion. These factors can be classified into three classes 

including i) cell-to-cell contact (e.g. prolonged TCR signals), ii) soluble factors (i.e. 

cytokines), and iii) tissues and microenvironment. 
Wherry Nature Reviews Immunology 2015 
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4.1- Antigen persistence 

 
CD8+ T cell differentiation to exhaustion only occurs in conditions with elevated 

and prolonged antigenic stimulation. These parameters represent key prerequisites for 

exhaustion establishment. However, the question of whether CD8+ T cell exhaustion 

results from or causes Ag-persistence remains unanswered. Several studies have 

demonstrated that the strength and duration of Ag-exposure are leading causes of CD8+ T 

cell exhaustion. In the LCMV model, decreasing the viral load with antiviral treatment 

(Ribavirin) or abolition of Ag-presentation by stromal cells (targeted MHC class I KO on 

the non-hematopoietic compartment) restrains the development of severe exhaustion and 

rescues the functionality of virus-specific CD8+ T cells.(46, 391) In mice and HIV 

patients, a clear correlation exists between the level of viral loads and the extent of CD8+ 

T cell dysfunction.(2, 392) Further, Ag-stimulation alone drives some aspects of CD8+ T 

cell exhaustion.(393) TCR signals also directly drive PD-1 expression on T cells through 

induction of NFATc1.(120) The strength of TCR signaling is an important parameter 

dictating the severity of CD8+ T cell exhaustion. The best example of that phenomenon is 

the collapse of the immunodominance hierarchy that occurs during a chronic viral 

infection.(2) In the LCMV model, the NP396 epitope binds to its related MHC class 1 

molecule with higher affinity compared to either GP33 or GP276 epitopes, and the rate of 

NP396 presentation by DCs largely outcompetes that of glycoprotein (GP)-derived 

epitopes.(2, 53) Therefore, the intensity of TCR signals perceived by NP396-specific 

CD8+ T cells is far greater compared to that of GP33 or GP276-specific cells. 

Interestingly, NP396 CD8+ T cells lose their effector functions more rapidly and are 

preferentially deleted whereas GP33 and GP276-specific effectors are maintained.(2) 

Time of exposure to Ag is also an important parameter. Unlike IL-2 and TNFa secretion, 

the loss of IFNg production by Ag-specific CD8+ T cells is more resistant to exhaustion 

and occurs gradually along chronicity establishment.(2) This suggests that prolonged 

periods of antigenic stimulation are necessary to commit CD8+ T cells to a fully 

exhausted state. Consistently, early removal of CD8+ T cells from the chronic 

environment, or ribavirin treatment during the acute phase of infection, rescues CD8+ T 

cells from severe exhaustion.(51, 391) These effectors even retain memory development 
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potential.(51) At later time points, CD8+ T cells are irreversibly committed to 

exhaustion.(51, 391) Together, the strength and duration of Ag-exposure are essential 

parameters in the development of CD8+ T cell exhaustion. However, the relative impact 

of Ag-stimulation versus environmental factors in directing CD8+ T cell exhaustion 

remains to be defined. 

 

4.2- CD4+ T cell help 
 

Interest over the “helper” functions of CD4+ T cells during chronic viral 

infections stem from observations in HIV patients. CD4+ T cell numbers decline in these 

patients during progression to AIDS, and this is correlated with a dramatic loss of CD8+ 

T cell number and function.(56, 394, 395) Such a correlation has suggested an essential 

helper function of CD4+ T cells in the maintenance of CD8+ T cell responses during 

chronic viral infections. Studies using LCMV models in mice demonstrated that CD4+ T 

cells are dispensable for clearance of an acute viral infection (LCMV Arm or low dose of 

LCMV WE) but essential to contain more virulent and fast-replicating strains of the virus 

capable of persisting in the host. Infection of C57Bl/6 mice with the LCMV strains t.1B, 

28b, M2.1A, F506b1, DOCILE, Clone 13 or a high dose of WE results in persistent 

infections that gradually resorbs from most tissues within 1 to 3 months. In the absence of 

CD4+ T cells, these mice fail to contain the infection and become lifelong carriers.(11, 

18, 59) This was correlated with a drastic reduction in the number of functional virus-

specific CD8+ T cells capable of secreting antiviral cytokines and mediating CTL 

functions.(11, 18, 59) Additional studies demonstrated that virus-specific CD4+ T cells 

provide the help necessary to sustain CD8+ T cell responses to chronic viral infection.(18) 

Differentiation of these helper cells is skewed from a Th1 to a Tfh phenotype during 

chronic viral infections, and these effectors rapidly cease to produce IL-2 in favor of IL-

21.(345, 396, 397) IL-21 provides direct and essential signals for the maintenance of Ag-

specific CD8+ T cell responses to chronic viral infection and sustains their 

functionality.(345-347) Thus, IL-21 likely represents the “helper” signal provided by Ag-

specific CD4+ T cells to support CD8+ T cell responses. A recent study further proposed 

that IL-21 mediates its impact on CD8+ T cells by upregulating the expression of the TF 
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BATF in a STAT3-dependent manner.(344) BATF overexpression rescues CD8+ T cell 

responses in CD4-depleted mice or in the absence of IL-21-signaling.(344) However,  

how BATF mediates its impact and whether other signals are involved in the process 

remains enigmatic. 

 

In addition to CD8+ T cells, Tfh cells and IL-21 are essential to promote germinal 

center (GC) reactions and to produce neutralizing and non-neutralizing antibodies (Ab) 

by B cells.(398-400) Production of neutralizing and, notably non-neutralizing Ab are 

important factors involved in the control of a chronic viral infection in mice and 

humans.(401-403) In the absence of CD4+ T cells, production of LCMV-specific IgG is 

dramatically reduced.(397) Thus, in addition to providing essential help to CD8+ T cells, 

CD4+ T cells are also critical for mounting efficient Ab-mediated virus-specific humoral 

immunity during chronic viral infections.      

 

4.3- Lack of co-stimulation 
 

 Co-stimulatory signals play a major role in the initial activation of CD8+ T cells 

and the absence of co-stimulation at the time of T cell-priming leads to anergy. During 

the initiation of a chronic viral infection, the priming of CD8+ T cells occurs normally 

consistent with anergy and exhaustion been distinct developmental programs.(48, 404) 

However, in the context of a chronic viral infection, dendritic cells (DCs) gradually lose 

their ability to efficiently prime CD8+ T cells and become more tolerogenic.(2, 404, 405) 

This was associated with changes in the pattern of expression of co-stimulatory and co-

inhibitory molecules expressed by these APCs and, the type of cytokines produced. These 

factors likely contribute to CD8+ T cell dysfunctions during a chronic viral infection and 

are discussed below.  

 

4.3.1- Altered DC priming 

 

DCs are professional APCs that are essential for the optimal initiation of T cell 

responses.(406) Persistent viral infections critically affect the maturation and 
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functionality of all DC subtypes and substantially impact their capacity to sustain T cell 

responses. CD8a- myeloid DCs (now referred to as DCz) and CD8a+ lymphoid DCs 

(DC1) isolated from patients with chronic HIV or HBV inefficiently stimulate T 

cells.(406, 407) This correlates in Cl-13-infected mice which have cells that show lower 

expression of MHC class I and II molecules at their surface as well as lower co-

stimulatory factors including CD80, CD86, and CD40, which is consistent with a 

defective maturation of the cells.(408) CD8a- and CD8a+ DCs also up-regulate 

suppressive molecules notably PD-L1, IL-10 and IDO.(409, 410) Neutralization of type I 

IFNs rescues some aspects of DC maturation and decreases PD-L1 levels and IL-10 

secretion.(289, 290, 411, 412) This demonstrates an unexpected detrimental impact of 

type I IFNs in DC maturation during chronic viral infections. IL-10 itself decreases the 

proportion of CD8a+ over CD8a- DCs.(405) During a chronic viral infection, CD8a- DCs 

produce more IL-10 and are less efficient at stimulating T cells ex vivo compared to 

CD8a+ DCs.(409, 410, 413) Together, inadequate DC priming likely contributes to the 

ineffective T cell responses that develop during chronic viral infections. 

 

4.3.2- Tumor Necrosis Factor Receptors (TNFRs) superfamily 

  

 Co-stimulatory molecules namely members of the TNFR superfamily, greatly 

impact T cell responses to chronic viral infections. Most of their impact is generally 

limited to the early phase of infection due to rapid down-regulation of their ligands on 

APCs or adaptor molecules in T cells. TNFR-signals mostly provide a survival advantage 

to T cells but also minimally affect exhaustion development. CD4+ T cells are generally 

more dependent on TNFR-signals, but CD8+ T cells are also directly and/or indirectly 

affected. Finally, these molecules offer noteworthy therapeutic opportunities to sustain T 

cell responses during chronic viral infections. 

 

4.3.2.1- CD27 (Tnfrsf7)/CD70 (Tnfsf7) 

 

CD8+ T cells responding to a chronic viral infection express substantial levels of CD27 

throughout chronicity (higher to levels found in acutely stimulated effectors) and 
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sustained expression of its ligand CD70.(48, 414, 415) In HIV patients, CD70 expression 

on virus-specific CD8+ T cells increases with progression to AIDS and correlates with 

poor CTL function.(416, 417) This suggests a detrimental and perhaps direct impact of 

the CD27/CD70 axis on CD8+ T cell responses to chronic viral infections, which is in 

contrast with the beneficial role seen during acute viral infections.(414) CD27-/- mice 

clear a chronic LCMV Docile infection more rapidly than WT mice. This improvement in 

viral control likely results from an impact of CD27-signaling on CD4+ T cells. CD27-

deficiency impairs IFNg and TNFa secretion by CD4+ T cells precluding lymphoid 

architecture disorganization, and restoring germinal center formation and the production 

of neutralizing Abs (nAbs) which subsequently improve viral control.(418) However, 

direct CD27-signaling has little impact on CD8+ T cell dysfunction during chronic viral 

infection.(418) Blockade of CD70 during LCMV Cl-13 infection improves the number of 

Ag-specific CD8+ T cells that accumulate during chronicity.(414) Despite this, effectors 

present similar dysfunctions and do not improve viral elimination.(414) Together, CD70-

dependent signaling erodes Ag-specific CD8+ T cell populations but do not impact their 

functions. Whether this effect acts directly on CD8+ T cells remains to be established. By 

contrast, the CD27-CD70 axis was shown to increase immune protection in several 

mouse preclinical tumor models.(419-422) In addition, CD27 was successfully used to 

boost the efficacy of T-cells genetically engineered to express a chimeric antigen receptor 

(CAR T cells).(423) This demonstrates that the function of CD27 is context dependent 

and rather protective during cancer. This observation led to the development of a 

monoclonal human antibody targeting CD27 (IF5; Varlilumab).(424) This CD27-agonist 

was first tested in mouse genetically modified to express the human CD27 (hCD27Tg 

mice). Varlilumab increased CD8+ T cell responses in a vaccination context and provides 

CD4+ and CD8+ T cells-dependent protection against distinct types of cancers including 

lymphoma (Bcl1), colon carcinoma CT26) and thymoma (EG.7).(425) Based on these 

promising results in mouse, Varlilumab in now on phase II clinical for the treatment of 

several human cancers (colorectal cancer, metastatic melanoma, ovarian cancer, renal cell 

carcinoma, head and neck squamous carcinoma and glioblastoma). 
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4.3.2.2- GITR (Tnfrsf18)/GITR-L (Tnfsf18) 

   

T cells responding to a chronic LCMV infection express high levels of GITR at 

day 8 post-infection (with the highest levels found on Tfh cells), and GITR expression 

remains upregulated during chronicity.(426-428) The timing of GITR-triggering on T 

cells is limited to the acute phase of infection due to the rapid down-regulation of its 

ligand (GITR-L) on DCs and macrophages.(427) Mice deficient for GITR exhibit a 

critical delay in the control of an LCMV Cl-13 infection, in association with a lower 

magnitude and greater exhaustion of CD8+ T cell responses.(428) Concomitantly, 

transgenic expression of GITR-L on B cells largely increases the early accumulation of 

polyfunctional Ag-specific CD8+ T cells, preventing the establishment of chronicity and 

subsequent exhaustion.(429) The beneficial effects of GITR on CD8+ T cell responses is 

indirect and CD4+ T cell dependent. Adoptively transferred GITR-/- Tg P14 CD8+ T cells 

present similar kinetics, dysfunction and exhaustion (PD-1, TIM-3) compared to WT 

P14.(428) However, GITR intrinsically sustains early helper functions of Th1 cells (IFNg, 

IL-2, CD40L) and Tfh cell development.(428, 429) Therefore during chronic viral 

infection, GITR is an essential early component for the proper development of CD4+ T 

cell helper function which subsequently sustains Ag-specific CD8+ T cell responses. The 

therapeutic potential of GITR is noteworthy. Providing LCMV Cl-13 mice with a single 

dose of GITR agonist during chronicity doubles the number of Ag-specific CD8+ T cells 

in a cell-intrinsic manner and largely decreases viral loads without causing 

pathology.(427) Accumulating effector CD8+ T cells present unaltered exhaustion traits 

demonstrating that triggering GITR does not reverse nor restrain exhaustion but rather 

provides proliferative and/or survival boost to these effectors.(427, 430) 

 

4.3.2.3- OX40 (Tnfrsf4)/OX40-L (Tnfsf4) 

 

OX40 is an important co-stimulatory molecule known to enhance T cell survival, 

function, and memory development.(431-433) During chronic LCMV infection, OX40 is 

elevated and sustained (following PD-1 kinetic) on Ag-specific CD4+ T cells, 

outcompeting levels found on their acutely stimulated counterpart.(434) On the other 
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hand, only a small fraction of KLRG1- CD8+ T cells (exhausted cell precursors)(51) 

express OX40.(434) The ligand for OX40 (OX40-L) is expressed on professional APCs, 

notably on macrophages, but rapidly vanishes during the acute phase of a LCMV Cl-13 

infection.(434) OX40-deficient mice fail to control an LCMV Cl-13 infection. This 

correlates with a defective accumulation of CD4+ and CD8+ T cells and ineffective Tfh 

and humoral responses.(434) Defective accumulation of Ag-specific CD4+ and CD8+ T 

cells in the absence of OX40 appears early, is cell-intrinsic, and particularly affects the 

CD4+ T cell compartment that is nearly eliminated by day 10 p.i. The survival, but not the 

proliferative potential, of CD4+ and to a lesser extent CD8+ T cells is readily affected by 

the absence of OX40 which is shown by higher expression of FAS and lower expression 

of Bcl-2 and Bcl-xL. However, cytokine secretion profiles of WT and OX40-/- CD4+ and 

CD8+ T cells are identical, demonstrating that this co-stimulatory molecule does not 

directly impact exhaustion establishment.(434) Collectively, OX40 critically sustains Ag-

specific T cell survival during chronic viral infection, particularly considering CD4+ T 

cells, but has little impact on exhaustion development.  

 

4.3.2.4- 4-1BB (Tnfrsf9)/4-1BBL (Tnfsf9) 

 

During chronic viral infections, 4-1BB expression is maintained on Ag-specific 

CD8+ T cells and participates in the early control of infection while exhibiting little 

impact thereafter.(435) Mice deficient for 4-1BB-ligand ([4-1BBL] mostly expressed by 

APCs) and infected with LCMV Cl-13 control the virus less efficiently at day 8 p.i.. This 

correlates with an early loss of immunodominant NP396-specific CD8+ T cells while 

other less dominant populations are not affected.(435) Late control of infection occurs 

normally in 4-1BBL-/- mice.(435) Therefore, 4-1BB signals selectively sustain the 

accumulation of immunodominant populations of CD8+ T cells, favoring early control of 

a chronic viral infection. 4-1BB is known to promote memory CD8+ T cell survival 

through TRAF1-mediated downregulation of the pro-apoptotic molecule Bim.(436) In 

HIV, the 4-1BB/TRAF1 axis also ameliorates CD8+ T cell responses by modulating 

Bim.(83, 435) Thus, 4-1BB likely sustains early CD8+ T cell survival during chronic viral 

infection through TRAF-1 mediated Bim modulation. TRAF1 levels decline in CD8+ T 
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cells during the course of a chronic viral infection in a TGF-b-dependent manner, 

desensitizing effectors from 4-1BB-mediated signals.(435) That discovery explains the 

lack of impact of 4-1BB at later time points post-infection. Interestingly, IL-7 treatment 

increases TRAF1 levels in CD8+ T cells and synergizes with 4-1BB agonist in the control 

of a chronic LCMV infection.(435) A low dose of 4-1BB agonist also synergizes with 

PD-L1 blockade to increase the number and functionality of exhausted CD8+ T cells 

leading to better viral control.(137) Together, triggering 4-1BB signals represents a 

salient therapeutic alternative for combinational treatment of chronic viral infection and 

cancer. 

 

4.4- Regulatory T cells (Tregs) 
 

The immunosuppressive functions of FoxP3-positive regulatory T cells (Tregs), 

which is provided by their ability to produce IL-10 and TGF-b, downregulate adaptive 

immune responses to acute viral infections and are required to maintain peripheral 

tolerance.(437-440) During chronic viral infection, the persistence of Ag coincides with 

the maintenance of a population of activated Tregs expressing high levels of activation 

markers (e.g. CD103, GITR, ICOS, PD-1, CD69).(441) Selective depletion of this 

population restores Ag-driven proliferation of virus-specific CD8+ T cells that massively 

accumulate in lymphoid and non-lymphoid tissues.(441, 442) The functionality of 

exhausted CD8+ T cells is also enhanced, namely through their capacity to produce 

cytokines (e.g. IFNg, TNFa, and IL-2), to generate cytotoxic molecules (GRZB), and to 

kill infected targets.(441, 442) This substantial accumulation and regain of functions is 

dependent on co-stimulatory molecules (B7.1 and B7.2) expression by dendritic cells and 

requires the presence of CD4 T cells.(441) Therefore, Tregs might inhibit CD8+ T cell 

responses indirectly by acting on co-stimulatory molecule expression on DCs and 

limiting CD4+ T cell function. The protective cytokine IL-21, which is produced by Ag-

specific CD4+ T cells in such a context, limits Treg cell development.(443) Importantly, 

Treg cell depletion in the LCMV model enhances viral control in some studies(442) but 

not others.(441) Failure of Treg cell depletion to reduce viral loads likely results from 

higher PD-L1 expression by DCs in the absence of Tregs, most likely due to higher 
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serum levels of IFNg which is known to increase PD-L1 expression.(441, 444) 

Consistently, depletion of Tregs supplemented by PD-L1 blockade leads to a significant 

drop in viral titers.(441) Together, Treg cells largely affect CD8+ T cell responses during 

chronic viral infections. Direct impact of Tregs  on CD8+ T cell exhaustion remains to be 

established, along with the potential mediating molecules or soluble factors.  

 

   4.5- Myeloid-derived suppressor cells (MDSCs) 
 

 MDSCs represent a heterogeneous population of innate immune cells of the 

myeloid lineage that often accumulate during chronic viral infections and cancers.(445, 

446) In these contexts, myeloid cells development is skewed towards MDSCs. Increased 

and prolonged exposure of BM myeloid progenitors to certain growth factors (GM-CSF, 

G-CSF) and/or cytokines (IL-6, IL-10, VEGF, PGE2 and IL-1) likely favors the 

development of MDSCs.(446) Interestingly, these cells display strong 

immunosuppressive properties and possess the ability to inhibit T-cell activation and 

proliferation.(447) Recently, Norris et al demonstrated a role for MDSCs in the alteration 

of CD8+ T cell responses in a mouse model of chronic viral infection (LCMV Cl-

13).(404) Throughout the chronic phase of a LCMV Cl-13 infection, a greater number of 

CD11c-CD11b+ myeloid cells (notably Ly6C+ monocytes and GR-1hi neutrophils) 

accumulate in the blood and lymphoid organs compared to LCMV Arm. The monocytic 

fraction of these cells displays morphologic, phenotypic (increased PD-L1 and CD115) 

and transcriptional features of MDSCs and suppresses T cell-proliferation ex vivo.(404) 

Mice deficient for the C-C chemokine receptor type 2 (CCR2-/-; impaired migration of 

monocytes from the BM to the blood) or antibody-mediated depletion of myeloid cells 

(anti GR-1), enhances the number of functional Ag-specific CD8+ T cells.(404) This 

demonstrates that MDSCs alter the CD8+ T cell response during a chronic viral infection. 

However, targeting myeloid cells only slightly improves viral control and whether these 

cells impact other aspects of CD8+ T cell exhaustion (inhibitory receptors expression, loss 

of memory plasticity) remains elusive. 
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V- Cytokines and persistent viral infections: Implication on T 

cell exhaustion (see Appendix. 1 for the published review) 

 

5.1- Immunoregulatory cytokines 
 

   5.1.1- IL-10 

 

Several hematopoietic cell types produce IL-10 including dendritic cells (DCs), B 

cells, monocytes, macrophages, CD4+ T cells, CD8+ T cells and regulatory T cells.(448) 

IL-10 signals via a heterodimeric class II cytokine receptor composed of an inducible 

IL10R1-chain and an IL10R2-chain constitutively expressed on both hematopoietic and 

non-hematopoietic cell types that are also shared by the class II cytokines IL-22, IL-26, 

IL-28, IL-29 and interferon lambdas.(449, 450) Engagement of IL-10 to its cognate 

receptor triggers activation of JAK1 and TYK2 and phosphorylation of STAT3, STAT1 

and also STAT5.(451-455) Subsequent signals allow IL-10 to mediate its immuno-

suppressive functions that affect multiple hematopoietic cell types. 

 

In several persistent infections, notably in patients with HIV, HBV, HCV or EBV 

infections, IL-10 levels were reported to be elevated.(448, 456-460) Concomitantly, 

polymorphisms within the IL-10 promoter region that reduce the secretion of the cytokine 

were correlated with enhanced control of these viruses.(461-467) Moreover, numerous 

viruses including EBV, human cytomegalovirus (HCMV) and some poxviruses produce 

their own IL-10 homologs to dampen antiviral immunity and favour their persistence in 

the hosts.(468) Interestingly, IL-10 blockade potently increases the proliferation and 

cytokine secretion of T cells isolated from chronically infected HIV or HCV 

patients.(469-473) On the contrary, engagement of PD-1 with its ligand PDL1 can trigger 

IL-10 expression, thus contributing to functional T-cell exhaustion.(472, 474) Together, 

these cumulative evidence suggest a potential immuno-suppressive role of IL-10 during 

chronic viral infections in humans.  
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Two concomitant studies of Brooks and Ejrnaes modeled chronic viral infection 

in mice and unraveled an essential role of IL-10 in promoting viral persistence.(405, 475) 

Similar to what was observed in persistent human infections, both teams reported 

superior IL-10 levels after infection with the variant LCMV strain clone 13 (Cl-13), 

which induces a 2-3 month viremia in the host, compared to the LCMV Armstrong strain 

(Arm), which is rapidly cleared.(2, 3) Remarkably, infection of IL-10-deficient mice by 

LCMV Cl-13 led to rapid viral control by day 9 post infection (p.i.). Early blockade of 

IL-10 signals with anti-IL10R specific antibodies similarly resulted in accelerated 

clearance of Cl-13 infection.(405, 475) Rapid elimination of the Cl-13 virus was 

associated with enhanced magnitude and functionality of CD4+ and CD8+ T cells. 

Importantly, IL-10 blockade at later time points also led to enhanced viral control and T-

cell responses. However, in both studies, these effects were less impressive than what 

was observed in IL-10-/- mice or mice treated early with anti-IL10R specific antibodies. 

Hence, IL-10 acts essentially as an early determinant of viral persistence, while it 

continuously dampens immune functions throughout chronicity. This latter point was 

emphasized in a study that demonstrated that IL10R-antibody treatment of mice with a 

well-established persistent Cl-13 infection still improved T-cell immunity and 

substantially decreased viral loads.(136) More importantly, this study revealed that IL-10 

blockade was even more effective when combined with anti-PDL1 treatment, suggesting 

that this dual regimen might be effective in combating established persistent infections. 

 

 Remaining is the question of how IL-10 favors viral persistence (Figure. 13). IL-

10 was previously shown to alter DC maturation by reducing the expression of MHC 

class I and II as well as the co-stimulatory molecules CD80 (B7.1) and CD86 

(B7.2).(448, 451, 476, 477). Hence, IL-10-primed DCs or DCs isolated from HIV 

patients are poor inducers of CD4+ T-cell proliferation.(476-478) Further, DCs from 

chronically-infected mice diverge naïve CD4+ T cells from a Th1 IFNg+ profile to an IL-

10 secretion profile (Figure. 13).(405) That effect was not observed when DCs were 

isolated from anti-IL10R treated mice.(405) This is in support of a direct impact of IL-10 

on DCs’ priming abilities that favor the accumulation of suppressive IL-10+ CD4+ T cells 

(Figure. 13). Thus, IL-10 indirectly promotes CD4+ T-cell exhaustion by altering DC 
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maturation leading to dampened priming of the cells and divergence to a suppressive IL-

10 producing profile. Conversely, IL-10 can behave as a proliferative factor for CD8+ T 

cells in vitro and as a growth factor in vivo during primary response to Listeria 

monocytogenes.(479-481) However, IL-10 restrains HIV-specific CD8+ T-cell 

proliferation in vitro.(469) Hence, the impact of IL-10 on CD8+ T-cell response is likely 

context-dependent and preferentially inhibiting during chronic viral infections (Figure. 

13). Those assertions define IL-10 as an overall suppressor of T-cell response during 

persistent viral infections. However, whether IL-10 favors viral persistence by directly 

promoting T-cell exhaustion remains to be determined.  

 

5.1.2- Transforming Growth Factor b (TGFb) 

 

The TGFb superfamily in mammals includes three isoforms, TGFb1, TGFb2 and 

TGFb3, that are encoded by distinct genes.(482) The dominant TGFb1 form can be 

selectively produced by activated T cells, macrophages, DCs as well as non-immune cell 

types including stromal cells from lymphoid tissues.(482-486) TGFb1 is first secreted in 

an inactive “latent form”, trapped by the so-called latency-associated proteins (LAP) that 

form the small latent complex (SLC). Eventually, other latent TGFb binding protein 

(LTBP) can bind the SLC to form a large latent complex (LLC).(487, 488) Once freed 

from these accessory proteins, TGFb1 homodimers bind to their cognate receptor 

composed of two subunits of TGFbRI and two subunits of TGFbRII.(489-491) 

Engagement of TGFb1 activates the kinase activity of TGFbRI and II. This allows for 

recruitment and phosphorylation of SMADs proteins notably SMAD 2 and 3 that 

complex with SMAD4 to access the nucleus and achieve the transcription of SMAD-

responsive genes.(489-496) Thereby, TGFb1 exerts several regulatory functions in 

almost all immune cell types and particularly affects the T-cell compartment.(497) 

 

TGF-b has long been associated with a plethora of regulatory functions in 

multiple hematopoietic cell types. Indeed, mice deficient for TGFb1 (TGFb1-/-) develop a 

lethal inflammatory syndrome associated with massive infiltration of immune cells 
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including lymphocytes in several organs.(498, 499) Interestingly, depletion of CD4+ or 

CD8+ T cells alleviates this overwhelming inflammatory syndrome suggesting that TGFb 

directly suppresses T-cell auto-activation.(500, 501) Accordingly, mice with a T-cell-

restricted deficiency for TGFbRII develop uncontrolled expansion and activation of 

peripheral CD4 and mostly CD8+ T cells associated with severe organ lesions and rapid 

demise.(502, 503) Consistent with these observations, TGFb was shown to directly 

suppress several primary T-cell functions that are also lost during chronic viral infection 

including proliferation, antiviral cytokine production (IFNg) and cytotoxicity.(2, 497, 

504-508) Besides its suppressive functions, TGFb also greatly influences the 

differentiation of activated T cells. Hence, TGFb restrains Th1 and Th2 CD4+ T-cell 

differentiation while directing regulatory T-cell and Th17 cells development in 

vitro.(497, 509) TGFb-mediated alteration of Th1 CD4+ T-cell differentiation is at least 

partially due to its capacity to repress the expression of the T-box transcription factor T-

BET.(510) Of note, T-BET directly represses PD-1 expression on CD8+ T cells, restrains 

terminal CD8 T-cell exhaustion and sustains CD4+ T- cell response during a chronic viral 

infection.(123, 269, 396) Thus, we may speculate that TGFb directly aggravates T-cell 

exhaustion through repression of T-BET, although this has not been demonstrated to date 

(see below).   

 

In mice, Tinoco et al. examined the impact of cell-intrinsic TGFb in the silencing 

of T-cell responses during a chronic viral infection (Figure. 13).(84) In accordance with 

the heightened TGFb production often observed in humans during chronic viral 

infections – although no clear correlations have been established between TFGb1 levels 

and disease progression in humans (511-513) – TGFb production and signaling were 

increased in T cells isolated from chronically infected Cl-13 mice compared to Arm mice. 

This confirmed that elevated and persistent levels of TGFb are a hallmark of chronic viral 

infections. However, attenuation of TGFb signaling in T cells by the transgenic 

expression of a dominant negative form of the TGF-b receptor II  (dnTGFBRII) mainly 

limited the BIM-dependent apoptosis of effector T cells (Figure. 13).(84, 85, 88) This 

resulted in a greater accumulation of Ag-specific CD8+ T cells that appeared less 
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exhausted as they produced more cytokines, expressed lower levels of PD1 and displayed 

enhanced killing functions.(84) However, these functional enhancements reflected the 

more rapid viral clearance in mice with attenuated TGFb signaling rather than a cell-

intrinsic effect of TGFb. Indeed, dnTGFBRII mice rapidly cleared a Cl-13 infection 

without presenting organ pathologies. This allowed for the development of a competent 

memory pool that fails to develop normally in that model.(19, 20, 84) 

 

 The demonstration by Tinoco and colleagues that a T-cell-restricted attenuation of 

TGFb signals led to the rapid clearance of Cl-13 infection suggested that in vivo 

neutralization of TGFb might represent a relevant therapeutic option for purging a 

chronic viral infection.(84) Unfortunately, several groups tested the impact of TGFb 

blockade in vivo with disappointing results. In fact, TGFb blockade during priming or 

during the chronic phase of Cl-13 infection only slightly increased the number of CD4+ 

and CD8+ T cells.(514, 515) Yet, the functionality of these effectors was barely improved 

and no reduction in inhibitory receptor expression (i.e. PD1, 2B4) was reported. 

Importantly, the modest effects of TGFb neutralization had no impact on viral control 

regardless of the timing of treatment.(514, 515) These results imply that targeting 

TGFb alone is neither sufficient to prevent the establishment of chronic viral infection 

nor to promote the clearance of an established chronic viral infection (Figure. 13). 

However, it remains possible that combining TGFb blockade with other regimens might 

efficiently improve the control of chronic viral infections. 
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Figure. 13. Cytokines regulate T-cell responses during chronic viral infection 

IL-10: Infection of mice with LCMV Cl-13 causes a gradual decline in the number of CD8a+ 

DCs, shifting the ratio in favour of the suppressive CD8a- DCs.  This imbalance during chronic 

viral infection is sustained by IL-10, which supports the subsequent differentiation of suppressive 

IL-10+ CD4+ T cells. IL-10 produced by CD8a- DCs, CD4+ T cells directly and/or indirectly 

reduces T-cell numbers and hinders their functions leading to viral persistence. TGFb: TGFb 

directly reduces the number of Ag-specific CD4+ and CD8+ T cells likely through increased Bim-

mediated apoptosis. However, TGFb neutralization in vivo has minimal to no impact on viral 

control during a chronic infection. Type I IFNs: Type I IFNs cause a dramatic disorganization of 

secondary lymphoid tissues that limits efficient cross-talk between APCs and T cells. Type I IFNs 

further limit DCs number and impair their maturation by decreasing MHC Class II and CD80/86 
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levels while promoting PDL1 expression. These cytokines also increase circulating levels of IL-

10. These combined alterations likely hamper the magnitude of CD4+ and CD8+ T-cell responses, 

reducing their functionality and favoring viral persistence. Gp130-dependent cytokines: During a 

chronic viral infection, IL-6 (mainly provided by follicular dendritic cells [FDCs], promotes the 

development of Tfh cells that in turn support GCB accumulation and anti-LCMV antibody 

production necessary for viral control. IL-6 and IL-27 redundantly promote IL-21 production by 

Ag-specific CD4+ T cells. IL-21 maintains the number of Ag-specific CD8+ T cells leading to 

better viral control, while IL-27 has the unique capacity to support the maintenance Ag-specific 

CD4+ T cells during chronicity. gc-dependent cytokines: CD4-derived IL-21 provides cell-

intrinsic signals that are essential for the maintenance of a functional Ag-specific CD8+ T-cell 

population. Prolonged IL-7 therapy augments the number of polyfunctional CD8+ T cells through 

increased proliferation and survival leading to accelerated viral clearance. IL-7 also displays other 

beneficial effects including the improvement of thymic output and prevention of organ pathology 

through IL-22 induction. Low-dose IL-2 regimen in chronically infected mice increases the 

number of polyfunctional CD8+ T cells, especially when combined with aPDL1 treatment, to 

sustain viral decline. Beltra Cytokine Review 2016 

 

5.2- Inflammatory cytokines 
 

5.2.1- Type I interferons (IFN) 

 

Type I interferons are a large family of soluble mediators comprising the most 

described IFNa and IFNb and the less defined classes IFNk, w, e, d, t and z. 

Plasmacytoid dendritic cells are a major source of IFNa while several other cell types can 

produce type I IFNs after viral sensing by pathogen recognition receptors.(516, 517) 

Once secreted, type I IFNs engage a unique heterodimeric receptor composed of the 

IFNAR1 and IFNAR2 subunits; activate JAK1 and TYK2 and trigger several 

downstream molecules (STAT1, STAT2, STAT3, STAT4, STAT5a, STAT5b, STAT6) 

and signaling pathways (PI3K and MAPK).(517, 518) Activation of those signaling 

pathways leads to the transcription of hundreds of interferon-stimulated genes (ISGs) 

creating a typical type I IFN signature.(519, 520) ISGs encode proteins with direct 
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antiviral functions and are responsible for type I IFN-mediated enhancement of innate 

and adaptive immune functions and maturation. 

 

While often being associated with positive antiviral functions, type I IFNs 

recently received attention regarding their potential deleterious effects during persistent 

viral infections. Indeed, heightened inflammation and sustained type I IFN signature 

often correlate with disease progression in chronic viral infections. For example, HIV 

infection is associated with chronic immune activation and unremitting type I IFN 

responses, which correlate with disease severity and reduction of CD4+ T-cell 

counts.(521-524) Concomitantly, comparative transcriptional analysis of CD4+ and CD8+ 

T cells between HIV progressor patients and viral “elite” controllers revealed an elevated 

level of ISGs in the former, implying that type I IFN signals may contribute to disease 

progression.(525, 526) Similarly, the relative resistance of African green monkeys or 

sooty mangabeys to simian immunodeficiency virus (SIV)-induced immunodeficiency is 

associated with a restrained type I IFN signature as opposed to SIV-infected rhesus 

macaques who often progress to AIDS and present persistent high levels of ISGs.(527, 

528) Hence, levels and persistence of type I IFN signals have become a relevant 

biological determinant of viral persistence and disease progression during chronic viral 

infections. In addition to those correlative observations, type I IFNs exert a set of 

immunosuppressive functions intimately linked to viral persistence. Indeed, type I IFNs 

are critical inducers of IL-10 and PDL1 expression, two major components that promote 

viral persistence.(529-531) In addition, priming of naïve CD8+ T cells with type I IFNs 

reduced their proliferative potential to cognate Ag-encounter.(532) IFNa also enhanced 

the FAS/FASL-mediated antigen-induced cell death in human T cells.(533) Further, type 

I IFNs potently damped IFNg secretion by murine T and NK cells in a STAT1-dependent 

manner.(534) Hence, sustained inflammatory responses, induction of immuno-

suppressive factors and attenuation of T-cell responses through PD-1 ligation represent 

three distinct pathways by which type I IFNs can mediate virus persistence.  

 

 Two studies by Teijaro et al. and Wilson et al. examined more thoroughly the role 

of IFNa/b during a chronic viral infection using the LCMV Cl-13 mouse model.(289, 
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290) As expected, persistent infection with Cl-13 led to superior levels of IFNa and IFNb 

compared to mice infected with LCMV Arm. In addition, viral persistence in Cl-13-

infected mice was associated with prolonged expression of ISGs, STATs and IFN-I 

regulatory elements, in accordance with the sustained type I IFN response observed in 

humans with HIV and HCV.(522-524, 535) Importantly, both studies reported that early 

IFNAR1 blockade, which prevents ligation of all type I IFNs to their common receptor 

chain, although initially permissive for viral replication, led to enhanced control of 

viremia and accelerated viral clearance at later time points. Moreover, blockade of 

IFNAR1 when chronicity was well established similarly decreased viral titers. This last 

point was further emphasized in two recent studies showing beneficial effects of type I 

IFNs blockade in HIV-infected humanized mice during chronicity (particularly in 

combination with ART).(536, 537) Conversely, Wang and colleagues demonstrated that 

providing exogenous IFNa/b efficiently boosted T-cell responses and accelerated Cl-13 

elimination when given at the time of T-cell priming, while providing IFNa/b at earlier 

time points or after the peak of the T-cell expansion was ineffective.(538) This timing-

dependent impact of prophylactic type I IFNs treatment correlated with recent 

observations in SIV-infected rhesus macaques. In this model, early treatment with type I 

IFNs (IFNa2a) prevented systemic infection while continuous therapy enabled infection, 

increased SIV reservoir and accelerated CD4+ T cell loss.(539) Hence, type I IFNs appear 

beneficial during the early phase of a chronic viral infection but deleterious during 

chronicity. This temporality implies that type I IFNs modulation needs to be finely tuned 

since divergent outcomes may arise depending on the timing since infection. This latter 

point is of critical importance for the treatment of chronic viral infections in humans. 

Indeed, IFNa has been successfully used for years as a first-line treatment of HCV in 

combination with the antiviral drug ribavirin.(540) However a significant number of 

patients are refractory to IFNa therapy. In fact, treatment outcome appears to correlate 

with the extent of type I IFN signature in HCV patients, with refractory patients 

presenting the strongest signature.(540, 541) Hence, defining the optimal time frame for 

type I IFNs modulation to achieve a positive viral response in patients remains to be 

studied. 
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Disrupting type I IFNs signaling with anti-IFNAR1 antibodies revealed how these 

cytokines suppressed antiviral responses during a chronic viral infection (Fig. 13). Early 

IFNa/b  burst sustained the secretion of multiple pro-inflammatory cytokines and caused 

a dramatic disorganization of secondary lymphoid tissues (Figure. 13).(289, 290) 

IFNAR1 blockade efficiently prevented secondary lymphoid tissue disorganization and 

increased the number of several innate and adaptive immune cells including DCs, NK, B 

cells and CD4+ T cells. Levels of suppressive factors such as IL-10 and PDL1 were also 

largely reduced with IFNAR1 blockade, while DC maturation and CD4+ T-cell functions 

were readily improved (Figure. 13).(289, 290) Notably, the rapid control of viremia with 

early IFNAR1 blockade strictly required the presence of CD4+ T cells. Interestingly, 

neutralization of IFNb-signals alone - although to a lesser extent than IFNAR1 blockade - 

also enhanced CD4+ T-cell responses, preserved lymphoid tissue architecture and 

accelerated viral clearance while IFNa blockade did not.(411) Rather, IFNa likely 

dispensed early anti-viral effects while being dispensable for viral clearance thereafter. 

However, IFNb blockade did not alter IL-10 and PDL1 levels. In addition, while 

IFNAR1 blockade had little impact on CD8 T-cell responses, IFNb neutralization greatly 

improved their number and functionality.(289, 290, 411) Together, these results point to a 

dominant role for IFNb over IFNa in mediating suppressive functions during a chronic 

viral infection, but also suggest that type I IFNs use redundant and unique pathways to 

impair anti-viral immune responses and favor viral persistence. 

 

5.2.2- Glycoprotein (gp130)-dependent cytokines 

 

The gp130 family of cytokines is a subclass of type I cytokines composed of the 

prototypical IL-6 as well as IL-11, IL-27, leukemia inhibitory factor (LIF), cardiotrophin-

1, ciliary neurotrophic factor and oncostatin M (OSM).(542) These soluble mediators 

bind to and signal through unique multimeric receptors composed of one (IL-27, LIF, 

OSM) or two (IL-6, IL-11) common gp130 subunits associated with distinct a-chains 

inherent to each cytokine.(542, 543) The gp130 receptor subunit is essential for signal 

transduction and predominantly activates JAK/STAT molecules (notably JAK1, JAK2, 

TYK2 and STAT1, STAT3, STAT5) but also the PI3K/AKT and MAPK pathways.(544-
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547) Gp130 is ubiquitously expressed within hematopoietic and non-hematopoietic 

tissues.(548) Thus, cytokines that signal through the gp130 receptor chain mediate a 

broad spectrum of actions in the development of innate and adaptive immune responses. 

 

Several aspects of the biology of gp130-dependent cytokines have suggested a 

role for these cytokines in the control of chronic viral infection. First, numerous studies 

uncovered the dominant role of gp130-dependent cytokines in the regulation of 

inflammatory responses. Particularly, IL-6 displays key pro-inflammatory properties 

essential for the initiation of inflammatory responses and subsequent recruitment of 

innate and adaptive mediators to inflamed tissues.(542) These functions of IL-6, besides 

being associated to multiple inflammatory autoimmune diseases, are also essential to 

sustain immune responses to pathogenic infections.(549) Indeed, several reports have 

underlined the incapacity of IL-6-/- mice to control fungal, parasitic, bacterial and viral 

infections as a result of defective innate cells recruitment and suboptimal T-cell 

responses.(550-556) Conversely, gp130-dependent cytokines, notably IL-6 and IL-27, 

also display anti-inflammatory properties.(542, 557) For instance, IL-6 prevents 

uncontrolled accumulation of neutrophils to inflamed tissues and limits severe lung 

pathology in a mouse model of influenza infection.(558-561) Further, IL-27 tempers 

overwhelming T-cell activation during infection and prevents the development of 

pathogenic Th17 cells in multiple autoimmune diseases, in contrast to IL-6.(542, 561, 

562) Thus, not only gp130-dependent cytokines have the potency to sustain adaptive 

responses during infection but also prevent T-cell hyperactivation and limit organ 

immunopathologies.  

 

These observations suggest that gp130-dependent cytokines sustain T-cell 

responses during chronic viral infection while limiting exacerbated responses. Of 

importance, IL-6 is known for its direct impact on the differentiation of T follicular 

helper (Tfh) cells.(557, 563, 564) Interestingly, a higher proportion of Tfh cells was 

reported in mice infected with LCMV Cl-13 compared to LCMV Arm, and that CD4 T-

cell subset was critical to support B-cell responses and viral control.(396, 397) In line 

with its capacity to promote Tfh-cell differentiation, IL-6 but also IL-27 induce IL-21 



 81 

production by CD4+ T cells, an essential cytokine for the maintenance of CD8+ T-cell 

responses during chronic viral infection (discussed below).(345-347, 565-568) These 

results suggest that gp130-dependent cytokines are required to sustain both cellular and 

humoral immune responses during chronic viral infection. 

 

In humans, elevated serum levels of IL-6 were reported in patients with HIV, 

HCV and HBV infections, and in the former, disease progression was correlated with 

lower levels of IL-6.(569-571) Additional studies also reported an inverse correlation 

between serum levels of IL-27 and markers of disease progression in HIV and HCV 

patients, while others did not.(572-575) Finally, patients suffering from rheumatoid 

arthritis (or other inflammatory autoimmune diseases) and treated with tocilizumab, a 

monoclonal antibody against IL6R that induces rapid and sustained clinical responses, 

may reactivate Mycobacterium tuberculosis, HBV or HCV, suggesting a role for IL-6 in 

the control of latent infections.(549) Taken together, these observations are highly 

predictive of a role for gp130-dependent cytokines in the control of adaptive responses to 

chronic viral infection.     

  

Using a mouse model carrying a T-cell restricted deletion of gp130, Harker et al. 

uncovered an essential role for gp130-dependent signals for the control of LCMV Cl-

13.(576) Indeed, while being dispensable during the acute phase of infection (day 9 p.i.), 

gp130-dependent signals were essential for late accumulation of Ag-specific CD4+ and 

CD8+ T cells during viral persistence.(576) More in depth analysis revealed that the CD4+ 

T-cell compartment was particularly affected in the absence of gp130. In fact, T-cell 

restricted gp130-deficiency impaired the accumulation of Tfh cells during chronicity, 

restrained Ag-specific CD4+ T-cell survival and production of both IFNg and IL-21.(576) 

In contrast, gp130-dependent signals only modestly affected the functionality of CD8 T 

cells. However, as for CD4+ T cells, the maintenance of Ag-specific CD8+ T cells was 

defective during viral persistence. This observation likely resulted from the lack of CD4-

derived IL-21 rather than a direct impact of gp130-dependent signals on CD8+ T-cell 

maintenance.(345-347, 576) Of note, defective Tfh cell generation and lack of IL-21 

production correlated with a critical reduction in the number of germinal center B cells 
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(GCB) and anti-LCMV antibody production.(576) Together, these results demonstrate 

that gp130-dependent signals directly and indirectly sustain T and B cell responses during 

chronic viral infection and are critically required for the control of viremia. 

 

Additional work by the same group investigated the relevant gp130-dependent 

cytokines involved in the control of persistent viral infections.(576, 577) Interestingly, 

the decline in T-cell numbers seen in infected gp130-deficient mice correlated with IL-6 

and IL-27 being the only two gp130-dependent cytokines able to trigger the 

phosphorylation of STAT3 in Ag-specific CD4+ T cells ex vivo, while IL-27 also 

selectively induced the phosphorylation of STAT1.(576) Infection of either IL-6-/- or 

IL27Ra-/- mice with LCMV Cl-13 resulted in impaired viral control similar to what was 

observed in gp130-deficient mice.(576, 577) This demonstrated that both cytokines were 

individually essential for the control of chronic viral infection. In IL27Ra-deficient mice, 

this correlated with a gradual decline in the number of Ag-specific CD4+ T cells during 

chronicity that was not observed in IL-6-/- mice.(576, 577) However, the proportion of 

Tfh cells was substantially reduced in the absence of IL-6, but not within IL27Ra-/- mice. 

The lack of Tfh cells in IL-6-/- mice impaired the development of germinal center B cells 

(GBC) and led to severe reduction in anti-LCMV IgG levels, which led to uncontrolled 

viremia (Figure. 13).(577, 578) Of note, neither IL-6 nor IL27Ra-deficiency impaired 

Ag-specific CD4+ T-cell capacity to produce IL-21 while this function was critically 

diminished in gp130-deficient mice. This indicated that IL-6 and IL-27 likely act 

redundantly to sustain IL-21 production by Ag-specific CD4+ T cells during chronic viral 

infection (Figure. 13).(576, 577) This is in accordance with the fact that both IL-6 and 

IL-27 induce IL-21 production by Ag-specific CD4+ T cells ex vivo.(576) Taken together, 

these results demonstrate that IL-6 and IL-27 display individual and redundant functions 

to regulate adaptive immune responses to chronic viral infections. IL-27 further inhibits 

HIV replication in human monocytes, macrophages, DCs and CD4 T cells in vitro.(579-

582) These combined abilities would be of great interest in the design of novel 

therapeutic strategies for chronic viral infections. 
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5.3- Common gamma (gc) chain-dependent cytokines 
 

The gc-dependent cytokines that include IL-2, IL-4, IL-7, IL-9, IL-15 and IL-21 

are pleiotropic factors, dispensing multiple functions in several immune cell types.(583) 

This family of cytokines has long been associated with T-cell development. Notably, gc-

dependent cytokines display essential signals for the generation, differentiation and 

homeostasis of naïve and memory T cells.(66, 584-586) De facto, the potential of these 

cytokines as immuno-therapeutic agents to boost T-cell responses during persistent viral 

infections and cancers has been under the scope for numerous years.(587, 588)  

 

5.3.1- IL-21  

 

IL-21 is the most recently discovered member of the gc-dependent cytokine 

family.(589) During viral infections, IL-21 is primarily produced by Th17 CD4+ T 

cells.(590-592) IL-21 signals through a dimeric receptor composed of the gc chain 

(CD132) and a unique IL-21-receptor (IL21R) chain (CD360). Engagement of IL-21 to 

its cognate receptor activates JAK1, JAK3 and subsequently STATs notably STAT1, 

STAT5a, STAT5b and predominantly STAT3.(593) In addition, IL-21 signals though the 

canonical PI3K and MAPK pathways. As multiple immune cell types express the IL21R, 

this cytokine exerts pleiotropic modulatory functions in both innate and adaptive cells 

including NK cells, B cells, CD4 and CD8 T cells.(593) 

 

CD4+ T-cell help is essential for maintaining an effective antiviral CD8+ T-cell 

response during chronic viral infections.(11, 59, 594) For example, loss of CD4+ T cells 

during acute HCV infection often leads to viral persistence.(595-597) In rodents, CD4+ 

T-cell depletion before LCMV Cl-13 inoculation causes lifelong viremia.(11) These 

observations were correlated with critical loss of CD8+ T-cell immunity. Hence, efforts 

were made to identify the CD4-derived “helper” factor required to maintain a potent 

antiviral CD8+ T-cell response during chronic viral infection. Because IL-2 production by 

T cells rapidly vanishes due to functional exhaustion, IL-21 became the candidate 

cytokine. Three independent studies used the LCMV Cl-13 model to explore the impact 
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of IL-21 in maintaining efficient T-cell responses during chronic viral infection.(345-347) 

IL-21 was readily detected at distinct phases of chronic LCMV infection and CD4+ T 

cells were uniformly reported to be the main source of the cytokine.(345-347) 

Interestingly, chronically stimulated CD4+ T cells appeared to rapidly shift from an IL-2 

to an IL-21 secretion profile.(345) The importance of IL-21 was further underlined by the 

fact that IL21R-/- or IL-21-/- mice failed to control chronic LCMV infection despite the 

maintenance of high numbers of CD4+ T cells. More in depth analysis revealed that CD4-

derived IL-21 critically sustained the maintenance and polyfunctionality of CD8 T cells 

in a cell-intrinsic manner (Figure. 13).(345-347) Treatment of chronically infected mice 

with exogenous IL-21 improved the number and functionality of CD8+ T cells, decreased 

viral titers, but led to animal demise in 70% of cases.(347) However, in this study, IL-21 

treatment was only attempted during the acute phase of the infection and in severe 

conditions, when CD4+ T cells were depleted. Hence, further work is needed to determine 

if IL-21 administration in conditions of reduced viral loads can improve CD8+ T-cell 

responses without lethal adverse effects. Concomitantly, determining how IL-21 

intrinsically sustains CD8+ T-cell maintenance and effector functions is an important 

future research question.  

 

5.3.2- IL-7 

 

IL-7 is a central cytokine for the development of T cells and an essential 

component for the homeostasis of naïve and memory T cells.(259, 584, 598-602) 

Primarily produced by stromal cells in primary and secondary lymphoid tissues, IL-7 

signals through a dimeric receptor composed of the IL7Ra-chain (CD127) and the gc 

chain (CD132). IL7R principally triggers JAK1 and JAK3 and subsequently STAT5, but 

can also activate the PI3K and MAPK pathways.(600, 603) Hence IL-7 regulates several 

key functions of T-cell biology including metabolism, migration, cell cycle progression 

and survival.(600, 603) 

 

The unique capacity of IL-7 to promote T-cell development, survival and 

homeostasis raised interest in using this cytokine as an immunotherapeutic agent to 
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reverse the severe lymphopenia that often comes with chronic viral infections.(45, 604, 

605) IL-7 administration to patients with HIV or primates with SIV greatly enhanced the 

number of circulating CD4+ and CD8+ T cells with a preferential peripheral expansion of 

naïve and central memory T cells.(606-610) Thus, IL-7 appeared as a powerful 

supportive agent for maintaining substantial numbers of T cells during chronic viral 

infection. In addition, when used as antitumor vaccine adjuvant in mice, IL-7 increases 

the proliferation and cytotoxicity of CD8+ T cells.(611, 612) Further, IL7R expression on 

effector CD8+ T cells from chronically infected mice was inversely correlated with the 

severity of exhaustion.(613) Thus, besides its capacity to enhance the number of 

circulating T cells, IL-7 might also prevents their exhaustion.  

 

Studies by Nanjappa et al. and Pellegrini et al. recently examined more accurately 

the therapeutic benefits of prophylactic IL-7 in mice that were chronically infected with 

LCMV Cl-13.(614, 615) Similar to observations in humans, both studies reported that 

prolonged IL-7 treatment largely expanded the number of polyfunctional CD4+ and CD8+ 

T cells which led to accelerated viral elimination (Figure. 13).(614, 615) This later effect 

was dependent on T cells as depletion of either CD4+ or CD8+ T cells abrogated the 

beneficial effects of IL-7.(615) In parallel, IL-7 treatment also increased the number of 

non-Ag specific CD8 T cells in the periphery, likely by enhancing thymic output (Figure. 

13).(615) This suggests that IL-7 treatment could be particularly interesting for HIV 

patients to restore a normal T-cell repertoire and prevent bystander infections associated 

with AIDS. Importantly, exogenous IL-7 augmented IL-22 levels, a cytoprotective 

cytokine that prevented liver damage that could arise from the important expansion of T 

cells after treatment (Figure. 13).(615-617) Together, these observations suggest that IL-

7 represents a promising immunotherapeutic agent capable of boosting Ag-specific T-cell 

immunity without causing collateral damage to the host.  

 

More in depth analysis of adaptive responses also revealed that IL-7 treatment 

critically reduced levels of the suppressor of cytokine signaling 3 (SOCS3), a known 

inhibitor of IL-6 signaling, within T cells.(615, 618) Interestingly, IL-6 levels were 

increased in the serum of treated mice and IL-7-mediated viral control was hindered in 
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IL-6-deficient animals.(615) Further, mice with T-cell restricted Socs3-deficiency 

recapitulated some aspects of IL-7 treatment and rapidly cleared Cl-13 infection.(615) 

Taken together, IL-7 therapy augments T-cell immunity directly by restoring T-cell 

responsiveness to IL-6 through Socs3 modulation and indirectly by augmenting IL-6 

serum levels. So far, a direct impact of IL-7 in preventing and/or reversing T-cell 

exhaustion remains a possibility that requires further investigations. 

 

 Despite the beneficial effect of IL-7 therapy in mouse models of chronic viral 

infections, serious complications limit its use for the treatment of HIV patients. In 

combination with ART, IL-7 increases the number of circulating CD4+ T cells consistent 

with the results obtained in LCMV Cl-13 mice.(619) However, this cytokine also 

increases HIV replication in “virally-active” cells.(619, 620) IL-7 therapy also induces 

the proliferation of latently infected memory CD4+ T cells without disrupting latency. 

This results in a dramatic increase of the size of the latent HIV reservoir.(619) Therefore, 

IL-7 does not appear as a relevant cytokine in the treatment of HIV. 

 

5.3.3- IL-2    

 

CD4+ and CD8+ T cells are the primary source of IL-2 during viral infection.(621-

623) IL-2 signals on T cells via a trimeric receptor composed of a unique IL2Ra chain 

(CD25); an IL2Rb chain (CD122) that is also shared with IL-15; and the gc chain 

(CD132).(623) As other members of the gc-dependent cytokine family, IL-2 binding to its 

cognate receptor engages JAK/STAT molecules, particularly STAT5a and STAT5b and 

also triggers the PI3K and MAPK pathways.(624) Since its first description as a powerful 

growth factor for T cells in vitro, IL-2 was shown to mediate a broad spectrum of positive 

and negative functions on T-cell immunity.(623, 624)   

 

Numerous in vitro and in vivo studies using IL-2-/- or IL2Ra-/- transgenic (Tg) 

mouse models have elucidated multiple positive functions of IL-2 in the enhancement of 

CD8+ T-cell responses. During acute viral infection, IL-2 augments the late proliferation 

of effector CD8+ T cells, especially at non-lymphoid locations, magnifying the overall 
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antiviral T-cell responses.(313, 625-627) In addition to the quantity, IL-2 also fine-tunes 

the quality of primary effectors by promoting the secretion of cytolytic and antiviral 

molecules (i.e. granzyme, perforin, IFNg).(31, 282) During chronic viral infection, 

numbers of those functions decrease due to functional exhaustion and T cells rapidly 

cease to produce IL-2.(2) Hence, providing exogenous IL-2 to compensate for this early 

loss was considered a relevant therapeutic option. 

  

 Recent studies examined both the therapeutic potential of providing low-dose 

exogenous IL-2 in mice chronically infected with LMCV Cl-13 and the effects of such 

treatment on Ag-specific CD8+ T-cell responses.(111, 628) Daily low-dose IL-2 regimen 

for eight days in mice with established Cl-13 infection greatly improved the number of 

polyfunctional Ag-specific CD8+ T cells at multiple lymphoid and non-lymphoid 

anatomical locations (Figure. 13).(111) This increased number of CD8+ effectors 

correlated with both a reduction in plasma viral titers assessed directly after treatment, 

and a subsequent reduction in inhibitory receptor levels, a typical signature of 

exhaustion.(48, 49, 111, 628) Importantly, combining IL-2 therapy with PDL1 blockade 

exponentially increased the number of Ag-specific CD8+ T cells and led to viral clearance 

in a majority of mice (Figure. 13).(111) Those exciting results provided a new 

therapeutic opportunity for treating established chronic viral infections in humans.  

 

There are however serious concerns about the use of IL-2 as a treatment for boosting 

CD8 T-cell responses in humans. First, a plethora of clinical trials in HIV patients 

demonstrated the limited impact of IL-2 for increasing the number of functional CD8+ T 

cells and decreasing HIV titers.(629-633) Second, Second, IL-2 therapy increases the 

number of suppressive Tregs in HCV and HIV patients.(632, 634) Third, providing IL-2 

alone in mice with severe life-long LCMV Cl-13 infection conversely increased viral 

titers.(111) Also, CD8+ effectors expanded in vivo by exogenous IL-2 during an Arm 

infection were less efficient in containing a subsequent infection by the more virulent Cl-

13 strain.(628) In vitro, IL-2-expanded CD8 T cells were not maintained after transfer 

into tumour-bearing mice and displayed modest anti-tumour effects.(295) Hence, care 

must be taken when designing therapeutic regimens with this cytokine. Finally, while IL-
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2 delivers critical signals to shape the differentiation of CD8+ T cells during an acute viral 

infection,(31, 282, 313, 314, 586) the possible contribution of this cytokine in the 

deflection toward T-cell exhaustion in chronic settings remains unknown. Hence, a better 

understanding of the physiological functions of IL-2 in that process should decipher the 

positive and potential suppressive functions of this cytokine on CD8+ T-cell responses to 

chronic viral infection.  

 

5.4- Concluding remarks 
 

 It has now become clear that cytokines have a major impact in immune responses 

to persistent viral infections. From the studies reviewed in this section, there are three 

major points worth keeping in mind. First, although certain cytokines (e.g. TGF-b, IL-10, 

Type I IFNs) are permissive to viral spread, there are no evidence to date of an intrinsic 

impact of these soluble mediators in directing CD8+ T cell exhaustion. Second, the 

impact of a cytokine can be dramatically different depending on the infectious context. 

For instance, IL-21 is of negligible importance during both primary and secondary T-cell 

responses to acute LCMV Arm infection,(346, 635) while it is vital during Cl-13 

infection.(345-347) Finally, studies regarding the impact of type I IFNs during chronic 

viral infections emphasized the notion of temporality. One cytokine can be beneficial 

during the early phase of a chronic viral infection but deleterious during chronicity. This 

aspect is particularly important to determine optimal windows for therapeutic 

intervention in patients with chronic viral infections. This notion of temporality also 

renders difficult the interpretation of KO mouse models in which cytokine or cytokine 

receptors are completely absent throughout the infection.  
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VI- Reasoning and hypothesis 
 

6.1- Relevance of research project 
 

 T cell exhaustion is now considered as the main mechanism responsible for the 

silencing of adaptive immune responses during chronic viral infections. Beyond this 

context, it appears increasingly clear that CD8+ T cell exhaustion is also largely 

responsible for the failure of immune responses in several types of human cancers. Over 

the last years, therapeutic approaches aiming to prevent and/or reverse exhaustion notably 

the use of checkpoint inhibitors (e.g. aPD-L1) demonstrated a great efficacy in 

reinvigorating exhausted CD8+ T cells in mouse models of chronic viral infections.(49, 

60, 104, 106) Such approaches were successfully transposed to human and provided 

promising results in the treatment of several types of cancers.(135) These studies 

unequivocally show that preventing and/or reversing CD8+ T cell exhaustion with PD-L1 

blockade is the cornerstone of a new generation of extremely promising 

immunotherapeutic approaches for the treatment of human cancers.(135) Despite, long-

term outcome of patients remains a major issue given the high prevalence of relapse after 

treatment.(135) The main factor underling cancer relapse in these patients is the failure of 

actual treatment to generate a long-term protective immunity and this for two reasons: (i) 

reinvigorated CD8+ T cells that massively expand after PD-L1 blockade irremediably 

convert to a state of terminal exhaustion (Eomeshi) after interruption of treatment and (ii) 

aPD-L1 blockade fails to rescue memory cells development.(104, 636) Such limitations 

underline the need to combine PD-L1 therapy with approaches targeting the causative 

factors of CD8+ T cell exhaustion. However, despite great advances in our 

understanding of the molecular events governing exhaustion, the factors directly 

instigating such program in CD8+ T cells and associated loss of memory potential 

remain unknown. 
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6.2- Cytokines: master regulators of T cell differentiation 
 

 Among the factors that potently direct CD8+ T cell exhaustion, cytokines are of 

particular interest. These soluble mediators directly act on activated T cells and 

orchestrate their differentiation to adapt invading pathogens. To achieve this goal, 

cytokines directly modify the transcriptional program of activated T cells with particular 

impact on lineage-specific TFs.(356) Recent studies also evidenced that cytokine-

dependent signals can fined-tune the level of transcription of lineage-specific genes by 

modifying the epigenetic landscape of activated T cells.(356) Such impact of cytokines is 

particularly evident on CD4+ T cells. Indeed, numerous subtypes of CD4+ effectors with 

distinct properties can be generated from a single naïve precursor depending on the 

cocktail of cytokines encountered. To a lesser extent, CD8+ T cell differentiation is also 

largely governed by cytokines. Several mediators notably IL-2, IL-15, IL-12 and type I 

IFNs direct the cell-fate decision toward SLECs terminal differentiation while lower 

amounts of these cytokines rather promote MPECs development.(28, 29, 31, 67, 313, 

314) Given the major importance of cytokines in driving T cell differentiation in vitro 

and during acute infections, it is legitimate to speculate that these soluble mediators 

might also direct CD8+ T cell exhaustion during a chronic viral infection that is 

considered as an alternative differentiation program.(48) However, this question 

remains unanswered to date and determinant cytokines potently involved in the 

process are yet to be identified.   

  

6.3- IL-2 and IL-15: instigators of CD8+ T cell exhaustion? 
 

6.3.1- IL-2 and IL-15: biology and impact on CD8+ T cell differentiation 

 

 IL-2 and IL-15 belong to the gamma-chain (gc)-dependent family of cytokines that 

share a common gc on their respective receptors. That family of cytokines also includes 

IL-4, -7, -9 and -21 but among them, IL-2 and IL-15 are intimately related because they 

also share a common IL2Rb-chain (CD122) in addition to the common gc.(583, 637) 
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Despite such similarities IL-2 and IL-15 possess unique a-chains in their trimeric 

receptors (IL2Ra [CD25] and IL15Ra [CD215] respectively) and differ in how they are 

presented to T cells. IL-2 first binds with low affinity to its IL2Ra-chain present on the 

T-cell surface and then engages the IL2Rb/g complex. IL-15 is rather trans-presented to 

the IL2Rb/g complex on T cells by IL-15Ra/IL-15 expressing cells notably macrophages, 

monocytes, DCs (particularly CD8+ DCs) and also parenchymal cells (Figure. 14).(637-

642) Once engaged on their respective trimeric receptors, IL-2 and IL-15 trigger similar 

signaling pathways in CD8+ T cells including JAK3/STAT5, PI3K/AKT and MAPK 

establishing a similar transcriptional program.(68) De facto, IL-2 and IL-15 display 

cooperative but also redundant functions in the development of CD8+ T cell responses. 

During acute infections, IL-2 promotes effector CD8+ T cell proliferation and instigates 

key changes in their transcriptional program promoting the terminal differentiation of 

SLECs at the expense of MPECs.(31, 67, 282, 313, 314, 625, 626) This cytokine also 

enhances CTLs effector functions including granzyme B, perforin and IFNg secretion 

(Figure. 15) .(31, 282, 311) Albeit IL-15 sustains CD8+ T cell primary expansion (VSV 

model)(261) and redundantly promotes SLECs development,(67) the impact of this 

cytokine in the primary phase of infection is extremely limited compared to IL-2. 

However, IL-15 plays determinant functions at later time-points. During the contraction 

phase, IL-15-dependent induction of BCL2 in CD8+ T cells sustains MPECs survival and 

is essential for the maintenance of SLECs.(28, 67, 69, 314, 643, 644) IL-15 is also 

fundamental for the homeostatic proliferation of memory CD8+ T cells.(107, 109, 645) 

Importantly, the role of IL-15 in CD8+ T cell responses is not limited to proliferative and 

survival signals. After a secondary challenge, IL-15 modifies the phenotype of secondary 

Tem reinforcing traits associated with terminal differentiation including lower CD27 and 

elevated granzyme B (Figure. 15).(646) So, whereas IL-15 has little impact in shaping 

CD8+ T cell differentiation during primary infections, this cytokine sustains terminal 

differentiation traits within secondary memory cells. This is in line with the fact that both 

IL-2 and IL-15 program CD8+ T cell terminal differentiation in vitro.(295) Collectively, 

IL-2 and IL-15 provide determinant signals that shape CD8+ T cell terminal 

differentiation during acute viral infections. However, their impact on CD8+ T cell 

responses to a chronic viral infection remains to be defined.     
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Figure. 14: Biology of IL-2 and IL-15. IL-2 and IL-15 are highly related members of the 

common gc family of cytokines due to shared receptor components (CD122[IL2Rb], CD132 [g-

chain]) and signaling pathways but differ the ways they are presented to CD8+ T cells. IL-2 

(mostly produced by T cells) first bind with low affinity to its unique IL2Ra-chain (CD25) and is 

subsequently presented in cis to the IL2Rbg complex on CD8+ T cells. IL-15 produced by DCs, 

macrophages and parenchymal cells is trans presented complexed to its unique IL15Ra-chain 

(CD215) to the IL2Rbg complex on CD8+ T cells. 
Adapted from Boyman Nature Reviews Immunology 2012 

 

6.3.2- IL-2 and IL-15: potential implication on CD8+ T cell exhaustion  

 

 Studies examining the role of IL-2 and IL-15 in CD8+ T cell responses both in 

vitro and during acute viral infections provided several clues regarding their potential 

involvement in directing the exhaustion program in chronic settings. As mentioned 

above, IL-2 and IL-15 are critical for proper differentiation and development of SLECs 

and these effectors share intriguing similarities with exhausted CD8+ T cells despites 

being distinct effector subtypes and lineage unrelated.(48, 51) First, both SLECs and 
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exhausted CD8+ T cells (Tex) have elevated and sustained expression of the TF BLIMP-

1.(30, 31, 162) This TF is mainly triggered by IL-2 in CD8+ T cells and is pivotal for both 

SLECs terminal differentiation and exhaustion establishment.(30, 35, 162, 311) Second, 

both Tex and SLECs loose potential to differentiate into memory cells and acquire their 

characteristics including homeostatic proliferation, heightened IL-2 production and strong 

secondary expansion.(2, 19, 20, 27, 28, 34, 51, 60, 106) This is in line with the fact that 

both IL-2 and IL-15 restrain memory CD8+ T cell development and/or acquisition of 

memory features.(67, 295, 647) Third SLECs and Tex present a defective ability to 

trigger the PI3K/AKT pathway in response to IL-15.(355, 359) Fourth, both IL-2 and IL-

15 trigger EOMES and granzyme B expression in CD8+ T cells, molecules that 

specifically mark the most terminally exhausted population (PD-1hi) during chronic.(269, 

282, 295) Finally, while IL-21 protects CD8+ T cells from severe exhaustion,(345-347) 

IL-2 and IL-15 confers an opposite transcriptional program.(295) Altogether, these 

evidences led us to the hypothesis that IL-2 and IL-15 are critical instigators of 

CD8+ T cell exhaustion during a chronic viral infection.  

 

 
 

Figure. 15: Impact of IL-2 and IL-15 on CD8+ T cell responses. During the priming 

phase of an acute viral infection IL-2 sustains effector CD8+ T cells proliferation and promotes 
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acquisition of effector functions (e.g. GRZB). IL-2 also modifies the transcriptional program of 

effector CD8+ T cells to promote their terminal differentiation toward SLECs. IL-15 supports the 

survival of SLECs and MPECs during the contraction phase, direct the homeostatic proliferation 

of memory cells and imprints terminal effector traits on CD8+ T cells upon several Ag-encounter. 

During a chronic viral infection however, the impact of IL-2 and IL-15 on multiple parameters 

associated with CD8+ T cell exhaustion remain unknown. 
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Results 
 

Article I. IL2Rb-dependent signals drive terminal exhaustion 

and suppress memory development during chronic viral 

infection 
 

Jean-Christophe Beltraa,b, Sara Bourbonnaisa, Nathalie Bédardc, Tania Charpentierd, 

Moana Boulangéa,b, Eva Michauda,b, Ines Boufaiede, Julie Bruneauc,f, Naglaa H. 

Shoukryc,g, Alain Lamarred, and Hélène Decaluwea,b,h 

 

This article is published in the journal “Proceedings of the National Academy of 

Sciences” PNAS, vol. 113 no. 37, doi: 10.1073/pnas.1604256113 (2016) PMID 

27573835. 

 

This article allowed me to define IL2Rb as a novel marker of terminal exhaustion in mice 

and humans and to evidence key functions of IL-2 and IL-15 in directing CD8+ T cell 

exhaustion. I designed all the experiments (conceptual contribution 90%) with advises 

from H. Decaluwe. I performed the majority of the experiments and analyzed the results 

(technical contribution 90%). During busy days I had help from S. Bourbonnais. I formed 

E. Michaud and M. Boulangé for in vitro protocols and they participated in these 

experiments. I received technical help from T. Charpentier. N. Bédard processed human 

samples and I analyzed the results. I. Boufaied performed cell-sorting. I wrote and 

corrected the entire manuscript with corrections from A. Lamarre, N. H. Shoukry and H. 

Decaluwe. 
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ABSTRACT 
Exhaustion of CD8+ T cells severely impedes the adaptive immune response to chronic 

viral infections. Despite major advances in our understanding of the molecular regulation 

of exhaustion, the cytokines that directly control this process during chronicity remain 

unknown. We demonstrate a direct impact of IL-2 and IL-15, two common gamma-

chain-dependent cytokines, on CD8+ T cell exhaustion. Common to both cytokine 

receptors, the IL-2 receptor b (IL2Rb) chain is selectively maintained on CD8+ T cells 

during chronic lymphocytic choriomeningitis virus and hepatitis C virus infections. Its 

expression correlates with exhaustion severity and identifies terminally exhausted CD8+ 

T cells both in mice and humans. Genetic ablation of the IL2Rb chain on CD8+ T cells 

restrains inhibitory receptor induction, in particular 2B4 and Tim-3; precludes terminal 

differentiation of highly defective PD-1hi effectors; and rescues memory T-cell 

development and responsiveness to IL-7-dependent signals. Together, we ascribe a 

previously unexpected role to IL-2 and IL-15 as instigators of CD8+ T cell exhaustion 

during chronic viral infection.   
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SIGNIFICANCE STATEMENT 
During chronic viral infection, CD8+ T cells are gradually deprived of their principal 

effector functions and irreversibly loose their plasticity to develop into memory 

populations, precluding the establishment of long-lasting protective immunity. Relevant 

host-derived factors directing this T-cell exhaustion process have remained elusive. 

Growing evidence suggests that the cytokine milieu dramatically impacts the outcome of 

chronic viral infection. However, it is unclear if cytokines directly promote CD8+ T-cell 

exhaustion and, if so, which specific cytokines are involved in this process. Here, we 

demonstrate a critical role for two highly related cytokines, IL-2 and IL-15, in the 

terminal differentiation of highly exhausted CD8+ T cells and the lack of immunological 

memory observed during chronic viral infection.   
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INTRODUCTION 
CD8+ T cells are the cornerstone of antiviral immunity. Throughout their differentiation, 

CD8+ T cells integrate signals that define their cellular fate and functional capacities (1-

3). Persistent infections with viruses such as HIV and hepatitis C (HCV) and B are 

associated with exhaustion of CD8+ T cells (4, 5). Exhaustion is characterized by 

progressive loss of effector functions (cytokine secretion, cytolytic potential, antigen-

driven proliferation), increased cell death and eventually physical deletion (6-9). This 

unresponsive state stems from increased expression of multiple inhibitory receptors on 

CD8+ T cells [including programmed cell death 1 (PD-1), lymphocyte-activation gene 3 

(LAG-3), 2B4 (CD244), T-cell Ig and mucin domain-containing molecule 3 (Tim-3), 

CD160 and cytotoxic T-lymphocyte associated protein 4 (CTLA4)] that use distinct and 

non-redundant ways to suppress T-cell functions (10-12). Further, CD8+ T cells are 

gradually and irreversibly deprived of their developmental plasticity as they commit to 

exhaustion, restricting the cell-fate potential for memory development and precluding the 

establishment of long-lasting protective immunity (13-15). 

 

Factors underlying T cell exhaustion are not understood (5, 16). Antigen persistence is a 

culprit, but little is known about the intrinsic factors that program CD8+ T cell 

differentiation to exhaustion. Certain transcription factors that regulate the differentiation 

of KLRG1hi IL7Ralo short-lived effector cells (SLECs) during acute infection, are also 

fundamental for sustaining the differentiation of highly exhausted T cells during chronic 

infection (1, 5). Despite being distinct effector subtypes (11, 13), both SLECs and 

exhausted CD8+ T cells have elevated and sustained expression of Blimp-1 (encoded by 

prdm1) (11, 17, 18). Blimp-1 is indispensable for SLEC development and terminal 

differentiation in acute infection (17, 19), but is also pivotal to the establishment of 

exhaustion in chronic infection (18). Similarly, the T-box transcription factor Eomes, 

which matures SLECs with full effector functions (20-22), is indispensable to generate 

PD-1hi terminally exhausted cells in chronic settings (23). Thus, some of the cardinal 

transcriptional requirements for SLEC terminal differentiation during acute infection are 

also fundamental to directing the exhaustion of CD8+ T cells during chronic infections. 

Therefore, we hypothesize that determinants shaping the transcriptional program toward 
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SLEC terminal differentiation during acute infections might also instigate CD8+ T-cell 

exhaustion in chronic viral infections. 

  

During acute viral infection, SLEC terminal differentiation is partly controlled by the 

common gamma chain (gc)-dependent cytokines IL-2 and IL-15. Indeed, we have 

previously shown that these closely related cytokines that share common receptor 

components [i.e., IL-2 receptor b (IL2Rb; CD122), IL2Rg (CD132)] and signaling 

pathways (24), directly promote SLEC development in both primary and secondary 

responses to acute viral infection (25). Concomitantly, CD8+ T cells deficient for the 

IL2Rb chain preferentially turn to KLRG1loIL7Rahi memory precursor effector cells and 

convert rapidly to CD62LhiCD127hi central memory T cells (Tcm) (25). These results 

demonstrate that IL-2 and IL-15-dependent signals direct CD8+ T-cell lineage choices 

toward SLEC terminal differentiation. Importantly, IL-2 and IL-15 mediate this effect 

through the modulation of key transcription factors that are also pivotal during the 

establishment of CD8+ T-cell exhaustion (i.e., Blimp-1 and Eomes). Indeed, IL-2 directly 

induces Blimp-1 expression (26, 27), and both IL-2 and IL-15 trigger high levels of 

Eomes in CD8+ T cells in vitro (21, 28). These pieces of evidence strongly predict a role 

for IL-2 and IL-15 in CD8+ T cell responses during a chronic viral infection. This role 

remains to be investigated. 

 

Using a mouse model of chronic viral infection, lymphocytic choriomeningitis virus 

(LCMV) clone 13 (Cl-13), we observed selective maintenance of CD122, common to IL-

2 and IL-15 receptors, on CD8+ T cells throughout antigen persistence. CD122 

expression levels on CD8+ T cells correlated with severe exhaustion and clearly 

discriminated PD-1hi terminal effectors in LCMV-infected mice and humans with 

persistent HCV infection. Using adoptive transfer experiments of transgenic (Tg) P14 

cells deficient for the IL2Rb chain, we also observed that IL-2 and IL-15 directly 

regulated several aspects of CD8+ T-cell exhaustion. These cytokines controlled the 

expression of 2B4 and Tim-3 and augmented the levels of several other inhibitory 

receptors on CD8+ T cells, leading to higher dysfunction. Further, signaling through 

IL2Rb instigated key transcriptional changes in CD8+ T cells that fostered the terminal 
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differentiation of highly exhausted PD-1hi effectors while precluding memory 

development and IL-7-dependent signaling. Together, our results show a previously 

unexpected role for IL-2 and IL-15 in the deviation of CD8+ T cells toward terminal 

exhaustion during chronic viral infection.   
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RESULTS 
Increased and Sustained Expression of CD122 on CD8+ T Cells Marks Severe 

Exhaustion 

To delineate the impact of IL-2 and IL-15 on the CD8+ T-cell response to chronic viral 

infection, we first analysed the expression kinetics of key IL-2 and IL-15 (IL-2/15) 

receptor components on H-2Db-restricted LCMV-specific CD8+ T cells throughout 

infection, focusing on the dominant epitope gp33-41 (Dbgp33). Following infection with 

LCMV Cl-13, CD25 (IL2Ra) expression was induced early, but vanished after 6 d post 

infection (p.i.) (Fig. 1A, Left), whereas CD132, the receptor chain shared by all cytokines 

of the common gc family, returned to baseline levels (Fig. 1A, Right and Fig. S1A). By 

contrast, CD122, exclusive to both IL-2 and IL-15, was expressed early and was 

sustained throughout the infection (Fig. 1A, Center), and its expression level declined 

gradually, mirroring the drop in viral titers (Fig. 1B). This association suggests that 

antigen persistence supports CD122 expression on CD8+ T cells. In line with this notion, 

the levels of CD122 were substantially higher at day 8 and 15 p.i. on chronically 

stimulated Dbgp33 CD8+ T cells than on Dbgp33 CD8+ T cells activated by the acute 

strain of LCMV, LCMV Armstrong (Arm), until day 30 p.i., when they reached 

comparable levels (Fig. 1C). Thereafter, CD122 expression continued to decline in mice 

previously infected with LCMV Cl-13 consistent with the inability of chronically 

stimulated cells to sustain its expression after viral elimination (14, 15). Maintenance of 

the IL2Rbg complex promoted signal transducer and activator of transcription 5 (STAT5) 

phosphorylation in response to IL-2 and, to a greater extent, to IL-15 at day 21 p.i., in 

agreement with previous reports  (Fig. 1D) (29). In response to IL-2 and IL-15, CD8+ T 

cells chronically stimulated with Cl-13 expressed levels of phospho-STAT5 similar to 

those in their counterparts acutely infected with Arm at day 30 p.i. (Fig. S1B). These 

results suggested that CD122-dependent signals supported important physiological 

functions during antigen persistence. To understand these functions, we performed direct 

ex vivo comparative analysis between freshly isolated CD8+ T cells expressing high 

(CD122hi) or low (CD122lo) levels of IL2Rb (see Fig. S1C for the gating strategy). We 

noted that a lower frequency of CD122hi Dbgp33-specific CD8+ T cells secreted IFNg 

compared with CD122lo cells (22% versus 33%, p=0.0086) (Fig. 1E and Fig. 
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S1D).  IFNg/TNFa double producers were also less frequent within CD122hi effectors 

than in CD122lo cells (5% versus 9%, p=0.0463); however, TNFa production was 

uniformly low (Fig. 1E and Fig. S1D). CD122hi effectors were also more apoptotic, as 

demonstrated by the higher frequency of 7-amino-actinomycin D (7AAD)+ and 

AnnexinV+/7AAD+ cells compared with CD122lo effectors (39% versus 13%, 

***p<0.0001 and 22% versus 9%, ***p<0.0001 respectively) (Fig. 1F). This restricted 

cytokine profile and limited survival potential were suggestive of T-cell exhaustion. To 

correlate these findings with the exhaustion status of the cells, we assessed the expression 

of a panel of inhibitory receptors. On day 21 p.i., CD122hi effectors expressed superior 

levels of several inhibitory receptors including PD-1, LAG-3, CD160, 2B4 and Tim-3 

than did CD122lo Dbgp33-specific T cells (Fig. 1G). Together, these results imply that 

high IL-2- and IL-15-dependent signaling may restrict T-cell function and survival 

through increased expression of inhibitory receptors, committing effector cells to severe 

exhaustion. 

 

Elevated CD122 Expression on CD8+ T Cells Identifies PD-1hi Terminal Effectors in 

Mice Infected with LCMV Cl-13 and Humans with Persistent HCV Infection  

During chronic infection, it was demonstrated that PD-1int/lo progenitor cells serve as a 

reservoir for continuously replenishing a PD-1hi progeny population (23). Conversion 

into PD-1hi is terminal and is associated with enhanced exhaustion, increased expression 

of inhibitory receptors, loss of cytokine production capacity and increased apoptosis (7, 

10, 23). As CD122hi cells presented these same characteristics (Fig. 1), we questioned the 

lineage relationship between CD122hi and PD-1hi cells. At day 21 p.i., we observed a 

correlation between CD122 and PD-1 expression on Ag-specific CD8+ T cells (Fig. 2A). 

PD-1hi cells expressed higher levels of CD122 than PD-1int/lo progenitors (see Fig. 2B and 

Fig. S2A for gating strategy). The majority of CD122hi Dbgp33 CD8+ T cells were also 

PD-1hi progenies and inversely, CD122lo cells were largely composed of PD-1int/lo 

progenitors (Fig. 2C). Conversion from PD-1int/lo to PD-1hi terminal effectors and 

subsequent increase in PD-1 levels follows extensive proliferation (23). Similarly, CD122 

levels increased with proliferation as most CD122hi Dbgp33 CD8+ T cells incorporated 5-

bromo-2-deoxyuridine (BrDU) between day 15 and 30 p.i. and preferentially expressed 
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the proliferative marker Ki67 (Fig. 2D and E and Fig. S2B). To delineate the lineage 

relationship between CD122lo and CD122hi cells, we tested whether CD122lo cells were 

the progenitors of the CD122hi terminal effector population. To do so, CD122lo and 

CD122hi CD45.2+ cells sorted at day 15 p.i. were transferred into infection-matched 

CD45.1+ mice (Fig. S2C and D). One week later (day 22 p.i.), 46% ± 4% of CD122lo 

transferred cells presented a CD122hi PD-1hi phenotype, while 74% ± 2% of CD122hi 

remained CD122hi PD-1hi (Fig. 2F). Conversion of CD122lo transferred cells into CD122hi 

PD-1hi effectors was accompanied by intense proliferation, as demonstrated by the 

incorporation of BrdU over one week, while the majority of CD122lo PD-1lo cells were 

BrdU- (Fig. 2G). Differentiation into PD-1hi effectors is associated with specific 

transcriptional changes including elevated levels of Eomes, Blimp-1, and the Forkhead 

box protein O1 (FoxO1) (18, 23, 29). Accordingly, CD122hi Dbgp33 CD8+ T cells 

isolated at day 21 p.i. expressed higher levels of Eomes and FoxO1 than their CD122lo 

counterparts (Fig. 2H and Fig. S2E). Prdm1 mRNA levels also appeared higher in 

CD122hi cells, although the difference did not reach statistical significance (Fig. 2I). 

Together, these results define CD122 as an independent marker distinguishing the PD-

1int/lo progenitors from the terminally exhausted PD-1hi progeny population and reveal 

CD122lo cells as the progenitors of the CD122hi PD-1hi population.  

 

To validate and extend our observations to human chronic viral infection, we performed 

similar analysis on peripheral blood samples obtained at different stages p.i. from 

individuals who developed persistent HCV infection (Fig. S3A). In these patients, we 

detected a substantial fraction of peripheral HCV-specific CD8+ T cells expressing 

CD122 (54.6% ± 7%, Fig. S3B). Interestingly, CD122+ HCV-specific CD8+ T cells were 

enriched in cells expressing PD-1, Eomes or both markers (Fig. 3A and B), indicating that 

these effectors were more exhausted and terminally differentiated (23). Concomitantly, 

the frequency of cells expressing these markers was reduced in CD122- HCV-specific 

CD8+ T cells (Fig. 3A and B). Similar patterns were observed when we gated bulk CD8+ 

T cells with an effector memory CD45RAloCCR7lo phenotype, which constitutes the 

majority of effector cells in HCV-infected patients (Fig. 3C and D and Fig. S3C). Taken 
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together, our results demonstrate that CD122 is a relevant biological marker of CD8+ T 

cell exhaustion and terminal differentiation in both mice and humans. 

 

Deleting CD122 on CD8+ T Cells Abrogates their Differentiation into PD-1hi 

Exhausted Cells  

To elucidate the cell-intrinsic significance of increased CD122 levels during PD-1hi 

conversion, we performed adoptive transfer of IL2Rb-deficient P14 (P14 IL2Rb-/-) cells 

or IL2Rb-sufficient controls (P14) into distinct C57BL/6 hosts 20 hours prior infection 

with LCMV Cl-13 (25). As expected, P14 cells could be identified in the spleen as two 

distinct populations on day 35 p.i.: PD-1int/lo progenitors (PD-1int/loCD44hi; 2.8´104 cells) 

and PD-1hi progenies (PD-1hiCD44int/lo; 1.8´104 cells) (Fig. 4A and B and Fig. S4A) (7, 

23). Strikingly, PD-1hi effectors were nearly undetectable in the absence of IL2Rb (8´102 

cells) while the number of PD-1int/lo cells was unaffected (1.8´104 cells) (Fig. 4A and B 

and Fig. S4A). Absence of PD-1hi cells correlated with a 3.8-fold reduction in the 

absolute number of P14 IL2Rb-/- cells compared with P14 controls at day 35 p.i. (Fig. 

S4B). This salient difference in cell numbers resulted mainly from reduced proliferation 

of IL2Rb-/- cells at day 8 p.i. rather than from a survival defect, as demonstrated by the 

lower frequency of Ki67hi cells in the absence of IL2Rb but equally low expression of 

active caspase-3 (Fig. S4C). The fold difference in absolute numbers did not increase but 

rather decreased between day 8 and 35 p.i., and both groups presented similar contraction 

phases (Fig. S4B and S4D). We and others have previously demonstrated that IL2Rb-

dependent signals improved the survival of terminal effectors during the contraction 

phase of an acute viral infection in a B-cell lymphoma (Bcl2)-dependent manner (24, 25, 

30, 31). Only 16 ± 8% of P14 PD-1hi cells, which present the highest levels of CD122 

(Fig. 2B), expressed Bcl2, as compared with 30 ± 10% of P14 PD-1int/lo cells (Fig. 4C). 

The absence of IL2Rb further increased the proportion of cells expressing Bcl2 in PD-

1int/lo cells (45% ± 6%, Fig. 4C). This increase resulted in a superior ratio of P14 IL2Rb-/- 

PD-1int/lo cells expressing Bcl2 over Bim as compared with either P14 PD-1hi or PD-1int/lo 

cells (Fig. 4D). Collectively, these data demonstrate that IL2Rb-dependent signals are 

essential for the development of PD-1hi cells rather than for their maintenance, and further 
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hamper the survival of the PD-1int/lo progenitor pool. Because PD-1hi development is the 

result of extensive proliferative events (23), we then questioned whether the defective 

development into PD-1hi cells seen in the absence of IL2Rb was caused by altered 

proliferation during viral persistence. To test this hypothesis, mice were given daily BrdU 

starting at day 15 p.i. At day 30 p.i., P14 and P14 IL2Rb-/- CD8+ T cells had incorporated 

equivalent amounts of BrdU (Fig. 4E). However, the immediate proliferation rate of P14 

controls was superior to P14 IL2Rb-/- cells as assessed by direct Ki67 staining at day 30 

p.i. (31 ± 2% versus 21 ± 4% respectively, Fig. 4F). Although 21% of P14 IL2Rb-/- cells 

underwent proliferation, they never acquired granzyme B expression, a cytotoxic 

molecule known to increase with PD-1hi terminal differentiation (Fig. 4G) (23). These 

findings indicate that IL2Rb-dependent signals sustain the immediate proliferation of 

CD8+ T cells during progression to chronic infection but also affect intrinsic 

differentiation pathways critical for the generation of terminally exhausted PD-1hi cells. 

To understand how IL2Rb-dependent signals impacted on the differentiation of PD-1hi 

progenies, we evaluated known transcription factors involved in the differentiation of 

PD-1hi terminal effectors (23). Unexpectedly, levels of T-bet were nearly equivalent in 

both groups of cells, while Eomes levels were slightly increased in P14 IL2Rb-/- cells, 

although not reaching statistical significance (Fig. 4H and Fig. S4E and F). However, we 

detected a marked reduction in Prdm1 mRNA levels (gene encoding Blimp-1) in P14 

IL2Rb-/- cells at day 35 p.i. compared to P14 controls (Fig. 4I). These results point to a 

critical role for IL-2 and IL-15 in driving the lineage choice to PD-1hi cells by promoting 

the expression of Blimp-1, a key transcription factor associated with CD8+ T cell terminal 

differentiation and exhaustion (17-19).  

 

Lack of IL2Rb-Dependent Signaling Restrains the Development of Highly 

Exhausted Effector Cells and Blocks 2B4 and Tim-3 Induction on CD8+ T cells 

To confirm the importance of IL2Rb-dependent signals on the development of highly 

exhausted CD8+ T cells, we analyzed the composition of the CD8+ T cell pool on day 35 

p.i.. First, we measured the frequency of highly dysfunctional P14 and P14 IL2Rb-/- cells 

co-expressing multiple inhibitory receptors (10). We observed that IL2Rb deficiency 
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enhanced the quality of the effector pool by favouring the accumulation of less exhausted 

CD8+ T cells, that co-expressed only 1 or 2 inhibitory receptors (Fig. 5A) (10). 

Conversely, most P14 controls were found to express 3 or 4 inhibitory receptors 

simultaneously, indicative of more pronounced exhaustion (10). In IL2Rb-/- cells, this 

correlated not only with a preserved capacity to produce IFNg and increased IFNg 

production on a per-cell basis (MFI) (Fig. 5B-C and Fig. S5A) but also the ability to 

proliferate in response to antigenic stimulation (Fig. 5D and, Fig. S5B), two fundamental 

characteristics lost by exhausted T cells (6, 8). Together, these results indicated that 

IL2Rb deficiency protected effector CD8+ T cells from severe exhaustion. When 

analyzed individually, we also observed that IL2Rb deficiency was associated with a 

major reduction in the expression of all tested inhibitory receptors (PD-1, LAG-3, 

CD160, 2B4 and Tim-3), with the exception of CD160, which was also reduced on P14 

cells from the lymph nodes (Fig. 5E and, Fig. S5C). Most striking was the near complete 

abolition of 2B4 and Tim-3 expression on IL2Rb-/- cells (Figure. 5E-F). These 

observations did not reflect discrepancies between the two groups of mice as endogenous 

Dbgp33 (CD45.1.2) cells of mice adoptively transferred with either P14 or P14 IL2Rb-/- 

cells expressed equivalent levels of PD-1 (Fig. S5D). Moreover, both groups had similar 

viral titers by day 35 p.i. (Fig. S5E). Because PD-1hi cells are known to express higher 

levels of inhibitory receptors (ref. 10 and Fig. S5F), we questioned whether the 

differences observed between both groups might reflect the defective development of PD-

1hi cells in the absence of IL2Rb. We compared the expression of LAG-3, CD160, 2B4 

and Tim-3 in the PD-1int/lo compartment of both P14 and P14 IL2Rb-/- cells. Highly 

significant differences in 2B4 and Tim-3 expression between both groups were observed 

while LAG-3 and CD160 expression were comparable (Fig. 5G). The restricted 

expression of 2B4 and Tim-3 in the absence of IL2Rb was detectable at earlier time 

points (Fig. S5G), excluding a potential selective loss of this population during 

chronicity. These results imply that LAG-3 and CD160 increase in expression resulted 

from an efficient conversion in PD-1hi progenies, while IL-2 and IL-15 directly controlled 

2B4 and Tim-3 expression. To confirm this finding, we designed an in vitro assay to 

assess the impact of IL-2 and IL-15 on the induction of inhibitory receptors, while 

keeping constant the antigenic stimulation throughout the assay. IL-2 or IL-15 was added 
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on day 2 of the culture, a time when IL-2/15 receptor components were efficiently 

induced (Fig. S5H). Adequate TCR stimulation was sufficient to trigger high levels of 

PD-1, LAG-3 and CD160 on P14 cells at day 2 of the culture, while IL-2 and IL-15 

maintained their expression thereafter (Fig. 5H). In contrast, 2B4 and Tim-3 expression 

were strictly dependent on the addition of IL-2 or IL-15 to the culture media (Fig. 5I). 

Our findings provide evidence that IL-2 and IL-15 use both direct and indirect routes to 

regulate CD8+ T cell exhaustion. First, IL-2 and IL-15 directly and redundantly promote 

2B4 and Tim-3 expression. Second, these cytokines control the terminal differentiation of 

PD-1hi effectors and subsequent increase in LAG-3 and CD160 levels. These data point to 

the critical role of IL-2 and IL-15 in the development of severe T cell exhaustion during 

chronic viral infection.       

 

IL2Rb deficiency restores CD8+ memory T cell development and IL-7-dependent 

signaling  

Resolution of an acute infection allows for the differentiation of a CD8 memory T cell 

pool that persists and protects the host from re-infection. During chronic viral infection 

however, CD8 memory T cell development is completely blocked (13-15). The factors 

involved in this arrested memory differentiation remain unclear, and very few 

immunomodulatory methods used to limit exhaustion have been shown to rescue CD8 

memory T cells. Strikingly, we noted that abrogation of IL2Rb-dependent signals led to 

the rapid re-expression of the cardinal memory marker CD127 from day 8 p.i. onwards 

(Fig. 6A). At that time point, frequency of CD127+ P14 IL2Rb-/- already exceeded that of 

P14 controls and rapidly increased thereafter (Fig. S6A). This suggested that IL2Rb-

deficiency caused an early differentiation bias allowing a substantial fraction of effector 

CD8+ T cells to escape exhaustion and conserve memory potential. Indeed, at day 65 p.i., 

when the virus was eliminated from most tissues except the kidneys (Fig. S6B), 74% ± 

5% of P14 IL2Rb-/- cells expressed CD127 in contrast to P14 controls (21% ± 3%), in 

which CD127 expression remained repressed, in line with previous reports (Fig. 6A and, 

Fig. S6A) (14, 15). 27% ± 2% of P14 IL2Rb-/- memory T cells (2.6.103 cells) efficiently 

converted to CD127highCD62Lhigh central memory T cells (Tcm) phenotype (Fig. 6B-C), 

whereas this population was numerically inferior (1.2.103 cells) in P14 controls; 65% ± 
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4% of the cells remaining CD127negCD62Lneg (1.6.104 cells), a state we refer to as 

exhausted T cells (Tex) (Fig. 6B-C). Rescued Tcm development in P14 IL2Rb-/- cells 

correlated with increased expression of the Tcm-associated transcription factor Bcl6 (32, 

33), while the levels of Eomes remained equivalent to P14 controls (Fig. 6D). Although 

equivalent numbers of CD127highCD62Lneg T effector memory cells (Tem) were 

generated with or without of IL2Rb  (Fig. 6C), these cells expressed higher levels of both 

CD127 and Bcl6 in the absence of IL2Rb compared to their P14 counterparts (Fig. 6E). 

Collectively, these results indicate that both the quality and the quantity of the memory T 

cell pool generated in the absence of IL2Rb-dependent signals is greatly enhanced. We 

show that Ag persistence associated with chronic viral infections does not impede the 

capacity of CD8+ T cells to differentiate into memory T cells as previously thought. 

Rather, we demonstrate that IL-2 and IL-15 are the main mediators of this arrested 

developmental process during viral persistence. Conventional memory T cells provide 

long-lasting protection and persist in the host through their ability to respond to the 

homeostatic cytokine IL-7 (34, 35). We thus tested if enhanced memory generation in the 

absence of IL2Rb was sufficient to restore responsiveness to IL-7-dependent signals. We 

first assessed STAT5 phosphorylation in response to IL-7 and showed that day 65 P14 

IL2Rb-/- memory T cells efficiently triggered STAT5 phosphorylation compared to P14 

controls albeit not to the same levels as conventional memory T cells (Fig. 6F). However, 

the majority of P14 IL2Rb-/- memory T cells re-expressed the pro-survival molecule Bcl2, 

a known target of IL-7, and its expression strictly overlapped with that of CD127 (Fig. 

6G). Conversely, few P14 control cells co-expressed CD127 and Bcl2, and the level of 

Bcl2 in CD127+ cells remained always inferior to that of their IL2Rb-/- counterparts (Fig. 

6G-H). These results indicate that lack of IL2Rb-dependent signaling reinstated 

responsiveness to IL-7-mediated homeostatic pathways signals (14, 15). This led to the 

generation of a stable population of CD127+ IL2Rb-/- memory T cells over time, in 

contrast to P14 controls (Fig. 6I). Together, our results strongly demonstrate that IL-2 and 

IL-15 are the main repressors of memory CD8+ T cell development during chronic viral 

infection. Absence of these signals restored Tcm development as well as responsiveness 

to IL-7-dependent signals and subsequent Bcl2 expression. This indicates that chronically 
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stimulated CD8+ T cells are able to overcome the typical Ag addiction that comes with 

exhaustion and restore a functional IL-7-STAT5-Bcl2 survival axis when IL2Rb-

dependent signals are interrupted.  
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DISCUSSION 

The physiological impact of IL-2 and IL-15, two key cytokines involved in the 

differentiation of CD8+ effector T cells (25, 36), has not been thoroughly evaluated 

during chronic infections. Here, we demonstrate a critical role for these two cytokines in 

the development of severe CD8+ T cell exhaustion and the associated abrogation of 

memory T cell development. We provide evidence for preferential maintenance of 

CD122, the IL2Rb chain common to IL-2 and IL-15, on CD8+ T cells during chronic 

viral infection in both humans and mice. We show that IL-2 and IL-15-dependent signals 

direct key aspects of CD8+ T cell exhaustion including i) the terminal differentiation of 

highly exhausted PD-1hi cells, ii) the expression of multiple inhibitory receptors at the 

surface of the cells, in particular 2B4 and Tim3, and their associated cellular dysfunctions 

and iii) the arrested CD8 memory T cell differentiation observed during chronic viral 

infection. These observations demonstrate for the first time a direct role of cytokines, in 

this case IL-2 and IL-15, in instigating CD8+ T cell exhaustion during chronic viral 

infection. 

 

Of first importance, we identified distinct subsets of exhausted CD8+ T cells expressing 

high (CD122hi) or low (CD122lo) levels of the IL2Rb chain, the latter being the 

progenitors of the former. These subsets had distinct patterns of exhaustion and 

selectively marked PD-1hi and PD-1int/lo effectors respectively (7, 18, 23). Hence, we 

defined CD122 as a new biological marker of severe exhaustion and terminal 

differentiation in both humans and mice with chronic viral infections. Moreover, our 

observations expanded the understanding of the dynamics involved in the conversion 

from PD-1int/lo progenitors to PD-1hi terminal effectors. Previous studies proposed that the 

development of PD-1hi effectors was dependent on proliferative events driven by Ag and 

Eomes (23). Here, IL2Rb-deficient CD8+ T cells expressed normal or even slightly 

increased Eomes levels, proliferated during chronicity albeit at a lower rate than control 

cells but did not terminally differentiate into PD-1hi progenies. This underscored a new 

level of regulation in which IL-2 and IL-15-dependent signals drove the terminal 

differentiation of PD-1hi effectors, likely through the induction of Blimp-1. This is in line 
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with the essential role of this transcriptional repressor in directing CD8+ T cell terminal 

differentiation in acute infection models and severe exhaustion in chronic settings (17-

19). We propose that conversion to PD-1hi effectors is a two-step process where Ag first 

drives the proliferation of PD-1int/lo progenitors. Then, IL-2 and IL-15 sustain this 

proliferation and cooperate to perfect PD-1hi terminal maturation and exhaustion. This 

defines a novel role for IL-2 and IL-15 in directing cell-fate decision to PD-1hi terminal 

differentiation during chronic viral infection. 

 

We further provided evidence for IL2Rb-dependent signals in supporting TCR-dependent 

PD-1, LAG-3 and CD160 expression during chronic antigenic stimulation. In addition, 

these two cytokines are mandatory for the induction of 2B4 and Tim-3 at the surface of 

the cells in conjunction with TCR signals. These results present evidence for distinct 

regulatory pathways for the induction of inhibitory receptor expression. Previous studies 

support the dichotomy observed in the regulation of inhibitory receptors (18, 37). Indeed, 

T-bet directly repressed PD-1 and decreased LAG-3 and CD160 expression on CD8+ T 

cells, while promoting Tim-3 and 2B4 to a lesser extent (37). Blimp-1 deficiency in CD8+ 

T cells prevented 2B4 induction while PD-1, LAG-3 and CD160 were less affected (18). 

These results point to specific inherent signals for the induction of distinct inhibitory 

receptors at the surface of the cells, fine-tuning the level of inhibition that is needed in 

different contexts. We unveil a novel immuno-regulatory role for IL-2 and IL-15 in 

governing the induction of a specific pattern of inhibitory receptors (i.e. 2B4 and Tim-3) 

on CD8+ T cells during chronic viral infection. Future research will entail determining the 

mechanisms underlying such selective induction.  

 

Our data strongly support that IL-2 and IL-15 cooperate to sustain the exhaustion of 

CD8+ T cells during chronic infections. Indeed, despite the early loss of CD25 expression 

on CD8+ effectors during chronic stimulation, exhausted CD8+ T cells integrate both IL-2 

and IL-15-dependent signals at day 21 p.i., likely through the IL2Rbg complex (38). 

However, in a setting where IL-2 production is severely hindered (6, 39), IL-15 

phosphorylated STAT5 at day 21 of infection more efficiently than IL-2, pointing to an 
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increased sensitivity of exhausted T cells to IL-15-dependent signals.  Interestingly, IL-15 

triggered Blimp-1 expression in CD8+ T cells in vitro, albeit to a lesser extent than IL-2 

(unpublished data), in accordance with the notion that both cytokines induce similar 

transcriptional programs in CD8+ T cells (24). Furthermore, IL-2 and IL-15 redundantly 

supported 2B4 and Tim-3 expression on CD8+ T cells in vitro. These results imply that 

IL-2 and IL-15 act in concert to direct the differentiation of exhausted cells during 

chronic viral infection. Determining the exact timeframe during which IL-2 and IL-15 

program and regulate this process will be an important question to address in the future.  

 

Finally, we demonstrate that IL-2 and IL-15 are responsible for the progressive and 

irreversible loss of memory development potential that marks CD8+ T cells during 

chronic viral infection (13-15). IL2Rb deficiency on CD8+ T cells allowed for CD127 re-

expression and Tcm development despite viral persistence, and reinstated a potent 

CD127-Stat5-Bcl2 survival axis. Transcriptionally, memory resurgence in IL2Rb-

deficient CD8+ T cells resulted from an imbalance in favour of Bcl6 over Blimp-1 

expression, two transcription factors promoting central memory development and 

terminal differentiation respectively (17, 32, 40). Similarly, in acute infection settings, 

CD25-/- and CD122-/- CD8+ T cells rapidly turned to memory precursor effector cells and 

preferentially developed into Tcm cells, through regulation of the same transcription 

factors (21, 25, 36, 41). Yet, the impact of IL-2 and IL-15 in chronic settings is far more 

dramatic since it leads to the complete abrogation of memory development. This 

interesting observation indicates that although chronic antigenic stimulation is a pre-

requisite to CD8+ memory T cell defects (14, 15), IL-2 and IL-15-dependent signals 

direct the arrested memory differentiation of CD8+ T cells during chronic viral infection.  

 

Not only chronic infections preclude memory T cell development, conversion to PD-1hi 

terminal effectors has dramatic consequences for the long-term outcome of the host. In 

fact, PD-1hi cells present critical survival defects and shorter lifespan than PD-1int/lo 

progenitors (7, 10, 23). Importantly, these terminal effectors barely proliferate to 

antigenic stimulation and mediate a poor immune protection upon secondary challenge 
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despite having better killing potential (7, 23). More importantly, prolonged and elevated 

viral loads in mice and humans continuously enforce the transition to PD-1hi cells leading 

to a gradual erosion of the progenitor pool and ultimately the loss of T cell immunity 

(23). The demonstration that IL2Rb-deficiency halts PD-1hi conversion, supports the 

survival of PD-1int/lo progenitors and promote memory T cell development paves the way 

to new therapeutic approaches aiming to restore T cell immunity during chronic viral 

infection. It gives salient therapeutic opportunities to limit poor outcomes associated with 

the loss of CD8+ memory T cells in patients with chronic viral infections by interfering 

with IL2Rb-dependent signals. By sustaining an IL-7-Stat5-Bcl2 survival axis, it would 

provide considerable survival advantage to anti-viral T cells following treatment-induced 

viral decline. Moreover, it provides an interesting complementary approach to anti-PDL1 

therapies, since limitations of such treatment is not only its ineffectiveness at rescuing 

terminally differentiated PD-1hi cells that represent the majority of the CD8+ T cell pool 

(7, 23), but also its inability to generate a stable pool of CD8+ memory T cells (42). 

Hence, limiting the conversion to PD-1hi cells (i.e. by blocking IL-2 and/or IL-15-

dependent signals) might increase the proportion of PD-1int/lo progenitors that are highly 

responsive to aPDL1 therapy, and improve treatment efficacy. Globally, our findings 

provide new promising therapeutic perspectives for the treatment of chronic viral 

infection. 

 

Taken together, we identified previously unknown immunosuppressive functions for IL-2 

and IL-15 on CD8+ T cell responses during chronic viral infection. This includes the 

induction of specific inhibitory receptors, the enforced terminal differentiation of CD8+ 

effectors and the suppression of memory potential. These findings provide the next 

crucial steps to innovative therapeutic measures for preventing the dramatic loss of 

immunity that comes with exhaustion during chronic viral infection.  
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MATERIALS AND METHODS 

Mice, virus and infection  

Six-week-old C57BL/6 (B6) mice were obtained from The Jackson laboratory. CD45.2+ 

P14 transgenic (Tg) mice bearing the H-2Dbgp33-41-specific TCR were kindly provided 

by A. Freitas (Institut Pasteur, Paris, France). RAG2-/- IL2Rb-deficient P14 Tg mice 

(CD45.2+) were obtained by breeding P14 mice with RAG2-/- IL2Rb-/- mice (both strains 

from The Jackson laboratory), and were previously shown to generate a monoclonal 

population of naïve CD8+ T cells (25). Adoptive transfer recipients (B6 CD45.1.2) were 

obtained by breeding Tg- littermate (CD45.2) mice with CD45.1 B6.SJL mice (The 

Jackson laboratory) to ensure genetic compatibility between donor and recipient mice 

avoiding rejection of transferred cells. P14 and P14 IL2Rb-/- chimeric mice were obtained 

by infusing splenocytes from 6 to 9-weeks-old Tg mice containing 104 P14 IL2Rb+/- or 

P14 IL2Rb-/- cells (CD45.2) into 6 to 10-weeks-old recipient mice (CD45.1/2) 20 hours 

prior to infection. To confirm the adoptive transfer of naïve cells, the activation status 

(CD69, CD25, CD62L, Ly6C) of Tg cells was verified before each experiment. LCMV 

Arm and LCMV Cl-13 were kindly provided by Rolf M.Zinkernagel (Zurich University 

Hospital, Switzerland), produced on BHK-21 and L929 cell respectively and titrated by 

plaque assays on MC57G cells as previously described (43, 44). Mice were infected i.p 

with 2.105 PFU of LCMV Arm or i.v with 2.106 PFU of LCMV Cl-13 to generate 

chronic infection. All donor and virus-free recipient mice were housed in specific 

pathogen-free facilities at the CHU Sainte-Justine Research Center. Infectious 

experiments were conducted at the Experimental Biological Centre of the Institut Armand 

Frappier and at the CHU Sainte-Justine Research Center in accordance with the Canadian 

Council on Animal Care guidelines. 

 

Study subjects 

HCV acutely-infected subjects were recruited among high-risk HCV-seronegative 

injection drug users participating in the Montreal Hepatitis C Cohort (HEPCO) at the 

Saint-Luc Hospital of the University of Montreal Health Center as previously described 

(45). Blood samples were processed and analysed as previously described (46). The 
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institutional ethics committee at the University of Montreal Hospital Research Center 

approved the human study (SL05.014). All participants signed informed consent forms 

upon enrolment and experiments were performed in accordance with the Declaration of 

Helsinki. 

 

Flow cytometry, intracellular staining and cell sorting 

Spleen and lymph nodes (axillary and inguinal) harvested from infected mice were 

filtered on a 100µM nylon mesh and treated with NH4Cl for erythrocyte removal. For all 

experiments, dead cells were stained with fixable LIVE/DEAD Aqua (ThermoFisher) and 

excluded from the analysis. Cells were Fc-blocked (BD) and extra-cellular staining was 

performed in 50-100µl of PBS with 2% FBS during 20 min on ice, before fixation. For 

cytokine release assays, splenocytes were re-stimulated 4 h with cognate gp33 peptide 

(0.1mM) in the presence of GolgiStop (BD). Cells were then fixed and permeabilized 

using the Cytofix/Cytoperm kit (BD) and stained for IFNg, TNFa and IL-2. Intracellular 

Granzyme B and active caspase 3 were assessed directly ex vivo using the same BD 

Cytofix/Cytoperm kit (BD). Transcription factors and intracellular proteins were detected 

using the Foxp3 Fixation/Permeabilization kit (eBioscience). To allow for Bim detection 

an additional 1 h staining was performed with a PE-conjugated donkey anti-rabbit 

secondary antibody (Jackson ImmunoResearch). Annexin V/7AAD stainings were 

realized using the Apoptosis detection Kit I (BD) in accordance with manufacturer’s 

protocols. Phosphorylated STAT5 was detected as follows. Briefly, splenocytes from P14 

and P14 IL2Rb-/- transferred mice were rested for 2–4 h in nude medium at 37oC as 

previously described (29). Cells were then stained with LIVE/DEAD Aqua prior to 30 

min of re-stimulation with IL-2, IL-15 (R&D; 20ng/ml) or IL-7 (PeproTech; 5ng/ml) in 

complete RPMI medium. Splenocytes were then fixed with methanol-free 4% 

formaldehyde, permeabilized with 90% ice-cold methanol and stained for 1 h at room 

temperature with surface and p-STAT5 antibodies in staining buffer (BD). Anti-mouse 

antibodies were purchased from eBioscience (CD8, TCRb, CD45.1, CD45.2, CD127, 

CD62L, CD25, CD122, LAG-3, CD160, 2B4, Tim-3 [RMT3-23 clone], CD69, Ly6C, 

Bcl2, Ki67, Eomes and Bcl6), BD Bioscience (active-Caspase 3, CD44, CD132, IFNg, 

TNFa, IL-2), BioLegend (PD-1 [RMP1-30 clone] and Tim-3 [RMT3-23 clone]), Santa 
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Cruz Biotech (T-bet), ThermoFisher (Granzyme B), Cell Signalling Technology (p-

STAT5, FoxO1, Bim). H-2Dbgp33 tetramers were kindly provided by F. Lemaître 

(Institut Pasteur, Paris, France) and coupled to ultra-avidin-R-phycoerythrin (Leinco). H-

2Dbnp396 tetramers were homemade and coupled to streptavidin R phycoerythrin 

(ThermoFisher). Human PBMC samples were stained with MHC class I tetramers 

carrying the HLA-A2 restricted NS3-1073 epitope (A2/NS3-1073) (National Institutes of 

Health Tetramer Core Facility, Emory University, Atlanta, GA). Anti-human antibodies 

were purchased from BD Bioscience (CD3, CD8, CCR7, CD45RA, CD122, PD-1) and 

eBioscience (Eomes). All data were acquired on a LSR FORTESSA II (BD) and analysed 

with FlowJo v9.7.6 (Tree Star). For quantitative PCR analysis, cells were sorted on an 

FACS Aria II (BD) based on Aqua-CD8+CD44+Tet+ for endogenous responses and an 

additional gating on CD45.2+CD45.1- congenic markers for transferred cells. Purity was 

routinely >95%. 

 

Adoptive transfers of CD122hi and CD122lo subsets 

CD45.2+ mice were infected with LCMV Cl-13 and spleens were harvested at day 15 p.i.. 

Activated CD11a+ PD-1+ CD8+ T cells were sorted based on their differential expression 

of CD122. CD122hi and CD122lo cells (1.106 each) were infused i.v. into infection-

matched CD45.1+ recipients and analysed one week later. 

 

BrdU treatment 

Mice were injected daily with 1 mg of BrdU (Sigma-Aldrich) intraperitoneally between 

day 15 and day 30 p.i.. Harvested splenocytes were stained with extracellular markers 

and BrdU incorporation was measured with the BrdU flow Kit (BD) in accordance with 

manufacturer’s protocol.  

 

In vitro stimulations 

For proliferative assay, splenocytes from day 35-infected mice were labeled with CFSE 

(2µM) and cultured with H-2Db-restricted gp33 peptide (0.1µM) in complete RPMI 

medium. Proliferation of CD45.2+ P14 and P14 IL2Rb-/- was assessed 72 h later by CFSE 

dilution. Inhibitory receptor induction was performed by co-culturing (ratio 1:1) naive 
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P14 cells with gp33-pulsed DCs (0.1µM) isolated by magnetic separation with CD11c 

MicroBeads (Miltenyi). At days 2, 4 and 6 of co-culture, P14 cells were numbered, 

normalized and cultured back in triplicates in RPMI medium complemented with gp33 

peptide (1nM) alone or in combination with IL-2 (R&D) or IL-15 (R&D) at 10 U/ml. 

 

Quantitative PCR 

Endogenous H-2Dbgp33 and adoptively transferred P14 and P14 IL2Rb-/- cells were 

sorted directly in Trizol (Invitrogen). Total RNA was precipitated by adding chloroform 

(Sigma-Aldrich), washed with 70% ethanol and purifyied using the RNeasy Micro Kit 

(Qiagen) according to manufacturer’s protocol. cDNA was generated with the 

SuperScript® Vilo cDNA Synthesis Kit (ThermoFisher) and quantitative PCR was 

realized in two steps using the Brilliant II SYBR Green qRT-PCR low ROX master mix 

(Agilent Technologies) on a Mx 3000p qRT-PCR system (Stratagene). PCR were 

performed in triplicates for mouse Blimp-1 (prdm1) (forward, 5′-ACA CAC AGG AGA 

GAA GCC ACA TGA-3′ and reverse, 5′-TCG AAG GTG GGT CTT GAG ATT GCT-3′) 

and hypoxanthine guanine phosphoribosyl transferase (HPRT) as internal control 

(forward, 5′-CTC CTC AGA CCG CTT TTT GC-3′ and reverse, 5′-TAA CCT GGT TCA 

TCA TCG CTA ATC-3′). For all experiments, mRNA levels are expressed as a fold 

increase compared to naive P14. 

 

Statistical analyses 

Statistical significance was determined by a standard Student’s t test or One-way 

ANOVA non-parametric tests (Dunnett’s t) using ABI Prism 6. Significance was set as 

any P value *<0.05, **<0,005 and ***<0,0005. 
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Fig. 1. CD122 expression is maintained on CD8+ T cells and identifies severely 

exhausted cells. C57BL/6 (B6) mice were infected with LCMV Cl-13; analyses were 

performed in spleens on LCMV-specific H-2Dbgp33+CD8+ T cells at day 21 p.i. (unless 

otherwise indicated). (A) Cell-surface expression of CD25, CD122 and CD132 at distinct 

time-points after infection. Values in quadrants indicate MFI (mean fluorescence 

intensity) and/or frequency of highly positive cells (day 4, below); grey filled histograms 

are isotype controls. (B) Cell-surface expression of CD122 (left Y axis; filled squatters 

representing D mean fluorescent intensity (D MFI) [MFI minus isotype control MFI]) and 

viral titers (right Y axis; dotted grey line) at indicated time-points. (C) Cell-surface 

expression of CD122 on H-2Dbgp33+CD8+ T cells isolated from either LCMV Arm 

(acute infection; red squatters) or LCMV Cl-13 (chronic infection; black squatters) 

infected mice at indicated time-points. (D) Intracellular expression of p-STAT5 in 

activated (CD11a+) CD8+ T cells following stimulation with the indicated cytokines; NS 

for unstimulated control. (E) Intracellular production of IFNg and TNFa in CD122lo (left 

quadrant) and CD122hi (right quadrant) H-2Dbgp33+CD8+ T cells. Values indicate 

frequency of cells in each quadrant. (F) Frequency of CD122lo (black bars) and CD122hi 

(white bars) H-2Dbgp33+CD8+ T cells positive for Annexin V and/or 7AAD. (G) 

Expression of the indicated inhibitory receptors on CD122lo (black bars) and CD122hi 

(white bars) H-2Dbgp33+CD8+ T cells. Bars representing the MFI. *p<0.05, **p<0.005, 

***p<0.0005, NS p≥ 0.05 (two-tailed unpaired Student’s t-test). Data are pooled from 
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two (C, G) or three (B, F) independent experiments with at least five mice per group or 

representative of three independent experiments (A, D, E) with similar results (two to 

three mice per group in each). (error bars (B, C, D, F, G), mean±s.e.m.). 
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Fig. 2. Lineage relationship between CD122hi cells and PD-1hi cells. Mice were infected 

and analysed as in Fig. 1. (A) Cell-surface expression of CD122 and PD-1 on H-

2Dbnp396+CD8+ T cells (left panel) and H-2Dbgp33+CD8+ T cells (right panel). Values 

indicate the frequency of CD122hiPD-1hi cells. (B) Expression of CD122 on PD-1int/lo 

(filled squatters) and PD-1hi (opened squatters) H-2Dbnp396+ (left) and H-2Dbgp33+ 

(right) CD8+ T cells. (C) Expression of PD-1 and CD44 on CD122hi (upper panel) and 

CD122lo (lower panel) H-2Dbgp33+CD8+ T cells. Values indicate the frequency of PD-

1hiCD44int and PD-1int/loCD44hi cells in each panel. (D) Frequency of CD122lo (filled 

squatters) and CD122hi (opened squatters) H-2Dbgp33+CD8+ T cells that incorporated 

BrdU between day 15 and 30 p.i. (E) Cell-surface expression of CD122, PD-1 and 

intracellular Ki67 in H-2Dbgp33+CD8+ T cells. Values indicate frequency of cells in each 

gate. (F) Cell-surface expression of CD122 and PD-1 on CD122lo (left panel) and 

CD122hi (right panel) transferred cells (CD45.2+) at day 22 p.i. (day 7 post-transfer). 

Values indicate the frequency of CD122hiPD-1hi (red) and CD122loPD-1lo (blue) cells. 

(G) BrdU incorporation (day 15 to 22 p.i.) by CD122hiPD-1hi (red histogram) and 

CD122loPD-1lo (blue histogram) CD45.2+ cells recovered from mice adoptively 

transferred with CD122lo (CD45.2+) cells. Values indicate the frequency of positive cells. 

(H) Intracellular Eomes and FoxO1 expression in CD122lo (black histograms) and 
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CD122hi (grey histograms) H-2Dbgp33+CD8+ T cells. Values indicate the MFI; grey 

filled histograms are isotype controls. (I) Expression of Prdm1 assessed by quantitative 

RT-QPCR analysis in sorted CD122lo (black bar) and CD122hi (white bar) H-

2Dbgp33+CD8+ T cells pooled from at least four mice. Values indicate the fold increase 

relative to naive P14 CD8+ T cells. **p<0.005, ***p<0.0005; two-tailed unpaired 

Student’s t-test. Data are pooled from two (I) or three (B) independent experiments with 

at least eight mice per group or representative of one (G), two (F, H) or three (A, C) 

independent experiments with similar results (two to three mice per group in each). (D, 

E) Data are representative of one experiment with ten mice per group. (error bars (B, D, 

E, I), mean±s.e.m.). 
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Fig. 3. CD122 identifies exhausted cells in individuals infected with HCV. PBMCs were 

collected during the first year of HCV infection from individuals with high viral titers and 

developing persistent viremia as described in Fig. S3A. (A) Expression of extracellular 

PD-1 and intracellular Eomes in CD122+ (upper panel) and CD122- (lower panel) HCV-

specific CD8+ T cells. . Gates for CD122+ and CD122- cells are set based on FMO 

controls. Values indicate the frequency of cells in each quadrant. (B) Frequency of 

CD122- (filled circles) and CD122+ (opened circles) HCV-specific CD8+ T cells positive 

for the indicated molecules. (C) Frequency of CD122- (filled circles) and CD122+ 

(opened circles) CD45RA-CCR7- effector memory CD8+ T cells positive for the indicated 

molecules. (D) Expression of PD-1 and Eomes in CD122- (filled circles) and CD122+ 

(opened circles) CD45RA-CCR7- effector memory CD8+ T cells represented by their 

MFI. *p<0.05, **p<0.005, NS p≥ 0.05; two-tailed unpaired Student’s t-test. Data are 

pooled from five to eight distinct time-points from two to three infected patients 

processed independently. 
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Fig. 4. IL2Rb deficiency abrogates PD-1hi terminal differentiation. Tg P14 or P14 IL2Rb-

/- (CD45.2) cells were adoptively transferred into recipient mice (CD45.1.2) prior to 

LCMV Cl-13 infection. Tg cells (CD45.2) were compared in the spleen at day 35 p.i. (A) 

Representative dot plots of PD-1hi and PD-1int/lo P14 (left) and P14 IL2Rb-/- (right) cells. 

Values indicate frequency of cells in each gate. (B) Absolute numbers of PD-1hi (left 

panel) and PD-1int/lo (right panel) splenic cells from P14 (black bars) and P14 IL2Rb-/- 

(white bars) chimeric mice. (C) Frequency of cells expressing Bcl2 in P14 PD-1hi (filled 

squatters), P14 PD-1int/lo (grey squatters) and P14 IL2Rb-/- PD-1int/lo cells (opened 

squatters). (D) Frequency of Bcl2+ over Bim+ P14 PD-1hi (filled squatters), P14 PD-1int/lo 

(grey squatters) and P14 IL2Rb-/- PD-1int/lo cells (opened squatters). (E) Frequency of P14 

(filled squatters) and P14 IL2Rb-/- cells (opened squatters) that incorporated BrdU 

between day15 and 30 p.i.. (F) Frequency of Ki67hi P14 (filled squatters) and P14 IL2Rb-

/- (opened squatters) cells. Data are representative of one experiment with five mice per 

group. (G) Expression of PD-1 and intracellular granzyme B in P14 (left dot plot) and 

P14 IL2Rb-/- (right dot plot) cells. Values indicate the frequency of cells in each gate. (H) 

Intracellular T-bet and Eomes expression in P14 (grey histograms) and P14 IL2Rb-/- 
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(black histograms) cells. Values indicate the MFI; grey filled curves are isotype controls. 

(I) Prdm1 levels assessed by quantitative RT-QPCR analysis in sorted P14 (black bar) 

and P14 IL2Rb-/- (white bar) cells relative to naïve P14 cells. *p<0,05, **p<0.005, 

***p<0.0005, NS p≥ 0.05; two-tailed unpaired Student’s t-test. Data are pooled from two 

(C, D, I) or three (B, E,) independent experiments with at least seven mice per group or 

representative of two (G, H) or three (A) independent experiments with similar results 

(two to four mice per group in each). (error bars (B, C, D, E, F, I), mean± s.e.m.).  
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Fig. 5. IL2Rb-dependent signals regulate the levels of inhibitory receptor expression. (A-

G) P14 or P14 IL2Rb-/- chimeric mice were generated and analysed as described in Fig. 

4. (A) Frequency of P14 (left pie; black bars) and P14 IL2Rb-/- (right pie; white bars) cells 

co-expressing PD-1, LAG-3, 2B4 and CD160. (B) Fold decrease in the frequency of P14 

(filled squatters) and P14 IL2Rb-/- (opened squatters) cells producing IFNg between days 

8 and 35 p.i. (C) Production of IFNg in CD8+CD45.2+ P14 (filled squatters) and P14 

IL2Rb-/- (opened squatters) cells; squatters representing the MFI. (D) Proliferation of P14 

(left histogram) and P14 IL2Rb-/- cells (right histogram) in response to gp33 stimulation. 

Proliferation is represented as CFSE dilution over 3 days with values indicating the 

frequency of CFSEint cells. Grey filled histograms are unstimulated controls. (E) 

Inhibitory receptors expression on P14 (grey histograms) and P14 IL2Rb-/- (black 

histograms) cells. Values indicate the MFI; grey filled histograms are isotype controls. 

(F) Cell-surface expression of 2B4 and Tim-3 on P14 (left plot) and P14 IL2Rb-/- (right 

plot) cells (left panel) and cumulative frequencies of 2B4+ and Tim-3+ P14 (filled 

squatters) and P14 IL2Rb-/- (opened squatters) cells (right panel). Values in the left panel 
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indicate frequency of cells in each quadrant. (G) Inhibitory receptors expression on PD-

1int/lo P14 (grey boxes) and P14 IL2Rb-/- (black boxes) cells represented by their D MFI. 

(H–I) Frequency of P14 cells expressing the indicated inhibitory receptors during co-

culture with gp33 peptide alone (grey lines) or with additional IL-2 (black lines) or IL-15 

(dotted lines). Data pooled from five independent experiments with triplicates in each. 

*p<0.05, **p<0.005, ***p<0.0005, NS p≥ 0.05; two-tailed unpaired Student’s t-test or 

(G, H) one-way ANOVA non parametric tests; Dunnett’s t). Data are pooled from two 

(A), three (B, C, G) or four (F) independent experiments with five to sixteen mice per 

group or representative of two (D) or five (E) independent experiments (D) with similar 

results (two to five mice per group in each). (error bars (A, B, C, F, G, H, I), mean± 

s.e.m.). 
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Fig. 6. IL2Rb deficiency restores CD8+ memory T cell development. P14 or P14 IL2Rb-/- 

chimeric mice were generated as described in Fig. 4. Cells were analysed in the spleen at 

day 65 p.i., unless otherwise indicated. (A) CD127 expression on P14 (grey histograms) 

and P14 IL2Rb-/- (black histograms) cells at the indicated time points. Values indicate the 

MFI. (B) Expression of CD62L and CD127 (contour plots; upper panel) and cumulative 

frequency of Tcm (CD62LhiCD127hi; red), Tem (CD62LloCD127hi; blue) or Tex 

(CD62LloCD127lo; green) cells (pie charts; lower panel) on P14 (left) and P14 IL2Rb-/- 

(right) cells. Values indicated the frequency in each quadrant. (C) Absolute numbers of 

Tex (CD62LloCD127lo; left), Tem (CD62LloCD127hi; middle) or Tcm (CD62LhiCD127hi; 

right) cells in P14 (filled bars) and P14 IL2Rb-/- (opened bars) cells. (D) Intracellular 

expression of Bcl6 and Eomes in P14 (grey histograms) and P14 IL2Rb-/- (black 

histograms) cells. Values indicate the MFI; grey filled histograms are isotype controls 

(Eomes) and TCRb-negative cells (Bcl6). (E) Expression of CD127 (left) and Bcl6 (right) 

on P14 (black bars) and P14 IL2Rb-/- (white bars) Tem cells. (F) Induction of p-STAT5 

in P14 (black bar) and P14 IL2Rb-/- (white bar) cells following stimulation with IL-7. 

Naive P14 cells are represented by stripped bar; Ag-specific memory cells are 

represented by red bar. (G) Expression of CD127 and Bcl2 (left panel) and cumulative 
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frequency of CD127+Bcl2+ cells (right panel) in P14 (left plot; filled squatters) and P14 

IL2Rb-/- (right plot; opened squatters) cells. Values in contour plots indicate frequency of 

double positive cells. (H) Expression of Bcl2 in CD127+ P14 (black bars) and P14 IL2Rb-

/- (white bars) cells. (I) Absolute numbers of CD127+ P14 (left) and CD127+ P14 IL2Rb-/- 

cells (right) at the indicated time points. *p<0.05, **p<0.005, ***p<0.0005, NS p≥ 0.05; 

two-tailed unpaired Student’s t-test. Data are pooled from two (G, H) or three (C, I) 

independent experiments with six to seventeen mice per group or representative of two 

(D, F) or three (A, B, E) independent experiments with similar results (two to seven mice 

per group in each).(error bars (C, E, F, G, H, I), mean± s.e.m.).   
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Fig. S1. CD122 expression on CD8+ T cells identifies severely exhausted cells. C57BL/6 

(B6) mice were infected with LCMV Cl-13; analyses were performed in spleens on day 

21 p.i. (unless otherwise indicated). (A) Cell-surface expression of CD132 (left Y axis; 

filled squatters representing D mean fluorescent intensity (D MFI) [MFI minus isotype 

control MFI]) and viral titers (right Y axis; dotted grey line) at indicated time-points. (B) 

Intracellular expression of p-STAT5 in H-2Dbgp33+CD8+ T cells following stimulation 

with the indicated cytokines from animals infected with LCMV Arm (acute infection; red 

boxes) or LCMV Cl-13 (chronic infection; black boxes) at day 30 p.i.; NS; unstimulated 

control. (C) Gating strategy for CD122hi (upper gate) and CD122lo (lower gate) H-

2Dbgp33+CD8+ T cells. Gates are set above and below the center of the population. 

CD122int/lo cells include cells negative for CD122. Values indicate frequency in each gate. 

(D) Frequency of CD122lo (black bars) and CD122hi (white bars) H-2Dbgp33+CD8+ T 

cells producing IFNg, TNFa or both IFNg and TNFa simultaneously. *p<0.05, 

**p<0.005, ***p<0.0005, NS p≥ 0.05; two-tailed unpaired Student’s t-test. Data are 

pooled from two (A) or three (D) independent experiments with four to eight mice per 

group or representative of three (C) or four (B) independent experiments with similar 

results (two to three mice per group in each). (error bars (A, B, D), mean±s.e.m.). 
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Fig. S2. CD122hi cells share functional and transcriptional features with PD-1hi cells. 

Mice were infected and analysed as in Fig. S1. (A) Gating strategy for PD-1hi (upper 

gates) and PD-1int/lo (bottom gates) H-2Dbnp396+ (left panel) and H-2Dbgp33+ (right 

panel) CD8+ T cells. Values indicate the frequency of cells in each gate. (B) Cumulative 

frequency of CD122lo (filled squatters) and CD122hi (opened squatters) H-

2Dbgp33+CD8+ T cells expressing high levels of Ki67. Data are representative of one 

experiment with ten mice per group. (C-D) Experimental approach (C) and sorting 

strategy (D) for adoptive transfer experiments of CD122lo and CD122hi cells. Splenocytes 

were harvested from CD45.2+ donor mice at day 15 p.i.. Activated CD11a+ PD-1+ CD8+ 

T cells were sorted based on high (CD122hi) or intermediate/low (CD122lo) expression of 

CD122 and infused i.v. in distinct CD45.1+ matched-infected recipient mice. Recipient 

mice were given daily BrdU from day 15 to 22 p.i. and CD45.2+ transferred cells were 

harvested at day 22 and analysed for surface markers and BrdU incorporation. (E) 

Intracellular Eomes and FoxO1 expression in CD122lo (black bars) and CD122hi (white 

bars) H-2Dbgp33+CD8+ T cells. **p<0.005, ***p<0.0005; two-tailed unpaired Student’s 

t-test. Data are pooled from two (E) independent experiments with at least six mice per 

group or representative of three (A) independent experiments with similar results (two to 

three mice per group in each). (error bars (B, E), mean±s.e.m.). 
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Fig S3. Chronically-infected patients with HCV. PBMCs were collected during the first 

year of HCV infection from individuals with high viral titers and developing persistent 

viremia. (A) Patients characteristics. (B) Frequency of CD122- (filled circles) and CD122+ 

(opened circles) HCV-specific CD8+ T cells. (C) Expression of CCR7 and CD45RA on 

total (left plot) and HCV-specific (right plot) CD8+ T cells. Values indicate frequency of 

cells in each gate. Data is representative of five to eight samples from three infected 

patients processed independently. 



 138 

 
 

Fig. S4. IL2Rb deficiency abrogates PD-1hi terminal differentiation. Tg P14 or P14 

IL2Rb-/- (CD45.2) CD8+ T cells, specific for the H-2Dbgp33 epitope of LCMV, were 

adoptively transferred into recipient mice (CD45.1.2) prior to LCMV Cl-13 infection. 

Development of Tg CD8+CD45.2+ PD-1hi and PD-1int/lo cells was compared between the 

two groups of chimeric mice at day 35 p.i. (A) Cumulative frequencies of PD-1hi and PD-

1int/lo P14 and P14 IL2Rb-/- cells. (B) Absolute numbers of CD8+CD45.2+ P14 (black bars) 

and P14 IL2Rb-/- (white bars) splenic cells calculated based on H-2Dbgp33 tetramer and 

CD45.2 congenic marker staining at the indicated time points. Values indicate the fold 

difference in the absolute numbers of P14 cells over P14 IL2Rb-/- at that precise time 

point. (C) Intracellular expression of Ki-67 (left) and active-caspase 3 (right) in 

CD8+CD45.2+ P14 (grey histograms) and P14 IL2Rb-/- cells (black histograms) at day 8 

p.i.. Values indicate the frequency of Ki-67hi or active caspase-3+ cells. (D) Fold 

contraction of P14 (filled squatters) and P14 IL2Rb-/- (opened squatters) cells in the 

indicated time frames and calculated by dividing the average number of CD45.2+CD8+ T 

cells in the spleen at day 8 by the number of CD45.2+CD8+ T cells recovered from 

individual mice in the spleen at day 35 and 65 p.i.. (E-F) Frequency (E) and mean 

fluorescent intensity (F) of intracellular T-bet and Eomes in P14 (filled squatters) and 
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P14 IL2Rb-/- (opened squatters) cells at day 35 p.i. *p<0,05, ***p<0,0005, NS p≥ 0,05; 

two-tailed unpaired Student’s t-test. Data are pooled from two (E, F), three (A, D) or four 

(B) independent experiments with three to ten mice per group or representative of three 

(C) independent experiments with similar results (three mice per group in each). (error 

bars (A, B, D, E, F), mean±s.e.m.).  
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Fig. S5. IL2Rb-dependent signals regulate the level of inhibitory receptor expression and 

the associated cellular dysfunctions. P14 or P14 IL2Rb-/- chimeric mice were generated 

as described in Fig. S4. and cells were analysed at day 35 p.i. (A) Intracellular production 

of the indicated cytokines by CD8+CD45.2+ P14 (black bars) and P14 IL2Rb-/- (white 

bars) cells. (B) Cumulative frequency of P14 (filled squatters) and P14 IL2Rb-/- (opened 

squatters) cells proliferating to gp33 peptide stimulation, as assessed by a CFSE dilution 

assay. (C) Cumulative frequencies of PD-1+ (left), LAG-3+ (middle) and CD160+ (right) 

P14 (filled squatters) and P14 IL2Rb-/- (opened squatters) cells at day 35 p.i.. (D) 

Cumulative cell-surface expression of PD-1 on endogenous CD45.1.2+H-2Dbgp33+CD8+ 

T cells from chimeric mice transferred with P14 (filled circles) and P14 IL2Rb-/- (opened 
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circles) cells. Tg P14 CD45.2+H-2Dbgp33+CD8+ T (filled squatters) and Tg P14 IL2Rb-/- 

CD45.2+H-2Dbgp33+CD8+ T (opened squatters) cells are also represented. Grey filled 

histograms are isotype controls. (E) Viral titers in indicated organs (left axis) and serum 

(right axis) at day 35 p.i. from P14 (filled squatters) and P14 IL2Rb-/- (opened squatters) 

chimeric mice. (F) Expression of the indicated inhibitory receptors on P14 PD-1int/lo (grey 

histograms) and P14 PD-1hi (black histograms) cells. Values indicate the MFI; filled 

histograms are isotype controls. (G) Cumulative frequencies of 2B4+ (left) and Tim-3+ 

(right) P14 (filled squatters) and P14 IL2Rb-/- (opened squatters) cells at day 8 p.i.. (H) 

Expression of CD25, CD122 and CD132 on P14 cells after two days of in vitro 

stimulation with dendritic cells loaded with gp33-41. Values indicate the MFI; grey filled 

histograms are isotype controls. *p<0.05, **p<0.005, NS p≥ 0.05; two-tailed unpaired 

Student’s t-test. Data are pooled from one (D), two (B), three (A, E, G) or five (C) or 

three (A, B, D) independent experiments with four to eighteen mice per group or 

representative of one (H) or three (F) independent experiments with similar results (two 

to four mice per group in each). (error bars (A, B, C, D, E, G), mean±s.e.m.). 
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Fig. S6. IL2Rb deficiency restores CD127 expression. P14 or P14 IL2Rb-/- chimeric mice 

were generated as described in Fig. S4. (A) Frequency of CD127+ P14 (black bars) and 

P14 IL2Rb-/- (white bars) cells at indicated time points. (B) Viral titers in indicated 

organs at day 65 p.i. from P14 (filled squatters) and P14 IL2Rb-/- (opened squatters) 

chimeric mice. **p<0.005, ***p<0.0005, NS p≥ 0.05; two-tailed unpaired Student’s t-

test. Data are pooled from two (B) or three (A) independent experiments with five to ten 

mice per group. (error bars (A, B), mean±s.e.m.). 
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ABSTRACT  

IL2Rb (the b receptor chain common to IL-2 and IL-15)-dependent signals direct key 

aspects of CD8+ T cell exhaustion during chronic viral infections. However, the relative 

contribution of IL-2 and IL-15 in the process, the time-frame(s) during which each 

cytokine delivers critical signals to CD8+ T cells and the determinant intracellular 

mechanisms involved remain unclear. Using a mouse model of chronic viral infection 

(LCMV clone-13), we show that IL-2 and IL-15 redundantly control the primary 

induction of 2B4 and Tim-3 on CD8+ T cells, cooperatively promote their terminal 

differentiation but direct distinct aspects of memory developmental arrest. IL-2-

dependent signals during priming abrogate subsequent Tcm development while 

continuous IL-15 production throughout infection precludes Tem differentiation. Both 

cytokines selectively trigger STAT5 in exhausted CD8+ T cells. STAT5 inhibition 

restrains IL-2 and IL-15-induced 2B4 and Tim-3 expression and facilitates memory 

development. Together, we ascribe unique and redundant functions for IL-2 and IL-15 in 

directing CD8+ T cell exhaustion and identify JAK3/STAT5 as a determinant pathway in 

the process.  
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INTRODUCTION 
T cell exhaustion is as a major immunosuppressive mechanism hampering adaptive 

immune responses to severe pathologies including chronic viral infections and cancers 

(1). This unique and context specific differentiation program causes severe CD8+ T cell 

dysfunctions (loss of cytokines secretion, decreased proliferation potential and killing 

abilities) as a result of increased expression of several inhibitory molecules at the cell 

surface (PD-1, LAG-3, CD160, 2B4, Tim-3, CTLA4, TIGIT) (2-8). As antigen (Ag) 

persists, CD8+ T cells converge into a terminal exhaustion state and irreversible 

epigenetic marks are set up to perpetuate cell dysfunctions.(9-12) Fully exhausted CD8+ 

T cells irremediably lose developmental plasticity towards protective memory precluding 

establishment of long-term immune protection (6, 13, 14). Disruption of the PD-1/PD-L1 

axes and/or other immune checkpoints reinvigorates exhausted CD8+ T cells functions 

(cytokines secretion [IFNg, TNFa], proliferation and survival) and shows impressive 

results in the treatment of several human cancers.(3-5, 15) However, such approaches 

failed to overcome the exhaustion program or restore memory development and 

reinvigorated CD8+ T cells eventually fallback into terminal exhaustion after treatment 

interruption.(16, 17) To prevent such outcome, immunotherapeutic regimens are now 

converging into combinational therapies reinforcing our need to identify the determinant 

factors directing T cell exhaustion program and the relevant time-frame for therapeutic 

interventions.(18) 

 

 Among the potential factors, cytokines are of particular interest since these soluble 

mediators greatly influence CD8+ T cell differentiation and also have a critical impact on 

the outcome of chronic viral infections.(19-23) We previously demonstrated the critical 

role of the common gamma-chain (gc)-dependent cytokines IL-2 and IL-15 on CD8+ T 

cell exhaustion.(24) These cytokines directly control the induction of a specific pattern of 

immune checkpoint molecules (i.e., 2B4 and Tim3) on CD8+ T cells, instigate terminal 

exhaustion onto PD-1hi effectors and adversely preclude memory development.(24) 

However, the relative contribution of IL-2 and IL-15 in these processes as well as the 

critical time-frame and intrinsic mechanisms involved remain to be determined. 
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Using a mouse model of chronic viral infection (lymphocytic choriomeningitis virus 

[LCMV] strain clone-13 [Cl-13]), we demonstrate that IL-2 and IL-15 redundantly direct 

the primary induction of 2B4 and Tim-3 on CD8+ T cells, cooperatively promote terminal 

differentiation but regulate distinct aspects of memory developmental arrest. Early IL-2-

dependent signals suppress the developmental plasticity towards central memory T cells 

(Tcm) while prolonged exposure to IL-15 throughout infection arrests effector memory T 

cells (Tem) differentiation. Both cytokines selectively trigger signal transducer and 

activator of transcription 5 (STAT5) in exhausted CD8+ T cells. STAT5 inhibition 

restrains IL-2 and IL-15-induced 2B4 and Tim-3 expression and facilitates memory 

development. Together, we ascribe unique and redundant functions for IL-2 and IL-15 in 

directing CD8+ T cell exhaustion and identify JAK3/STAT5 as a determinant pathway in 

this process. 
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MATERIAL AND METHODS 

Mice, virus and infection  

Six-week-old C57BL/6 (B6) mice were obtained from The Jackson laboratory. Il15-/- 

mice were kindly provided by V. Abadie, CHU Sainte-Justine Research Center, 

Montreal. CD45.2+ P14 transgenic (Tg) mice were bred in-house and crossed with 

IL2Ra-/- mice (The Jackson laboratory) to generate P14 IL2Ra-/- animals. Adoptive 

transfer experiments of P14 and P14 IL2Ra-/- were performed as previously 

described.(24) LCMV Arm and LCMV Cl-13 were produced on BHK-21 cells and 

titrated by plaque assays on VERO cells. Mice were infected i.p with 2.105 PFU of 

LCMV Arm or i.v with 2.106 PFU of LCMV Cl-13. For cytokine dosages both viral 

strains were given i.v. and standardized at 2.106 PFU. All donor and virus-free recipient 

mice were housed in specific pathogen-free facilities at the CHU Sainte-Justine Research 

Center. Infectious experiments were conducted at the CHU Sainte-Justine Research 

Center in accordance with the Canadian Council on Animal Care guidelines. 

 

Flow cytometry  

For each experiment, splenocytes were stained with LIVE/DEAD Aqua (Thermo Fisher). 

Endogenous gp33 were identified as follows: Aqua-TCRb+CD8+CD44+tetramer+ and 

adoptively transferred P14 and P14 IL2Ra-/- as Aqua-TCRb+CD8+CD45.1-CD45.2+. 

Antibodies were purchased from Affymetrix eBioscience (CD8, TCRb, CD45.1, CD45.2, 

CD127, CD62L, LAG-3, CD160, 2B4, Tim-3 [clone RMT3-23], Bcl2 and Ki67), BD 

Bioscience (CD44, IFNg, TNFa, IL-2), BioLegend (Tim-3 [clone RMT3-23], PD-1 

[clone RMP1-30]) and Cell Signalling Technology (p-STAT5, p-S6). H-2Db gp33 

tetramers were from NIH Tetramer Core Facility. Intracellular staining for IFNg, TNFa, 

IL-2, Ki67, Bcl2 and p-STAT5 were performed as described previously.(24) For p-S6 

detection, splenocytes were rested 2-4h in nude medium at 37oC and re-stimulated with 

IL-15 (20 ng/ml) for 1h. Cells were then fixed with paraformaldehyde, permeabilized 

with methanol and stained for surface antibodies and p-S6 according to manufacturer’s 

protocol. All data were acquired on a LSR FORTESSA II (BD) and analyzed with 

FlowJo v9.9.3 (Tree Star).   
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Blocking antibody experiments 

Groups of B6 mice were given blocking antibodies against CD25 (clone 7D4, 100µg, i.p., 

BioXCell), CD122 (clone TM-b1, 200µg, i.p., BioXCell) or control antibodies (clone 

LTF2, 200µg, i.p., BioXCell) every two days starting at day -1 to day 7 post LCMV Cl-

13 infection. 

 

ELISA 

Serum and spleen sections were harvested at indicated time points. Spleen frozen sections 

were lysed in RIPA buffer and proteins were collected from lysate supernatants after 

centrifugation. Serum and splenic proteins were dosed using a Piercetm BCA Protein 

Assay Kit (Thermo Fisher Scientific) for normalization. Cytokine levels were detected 

using Mouse IL-2/IL-15 ELISA Ready-SET-go!® (affymetrix) according to 

manufacturer’s protocol and plates were read on a Multiskan Go instrument (Thermo 

Fisher Scientific).  

 

In vitro culture 

In vitro stimulation of P14 cells was performed as previously described.(24) STAT5 

inhibitor (N’-[(4-oxo-4H-chromen-3-yl)methylene]nicotinohydrazide, 100µM, 

Calbiochem) was added at day 2 and 4 of the culture.  

 

Quantitative PCR 

Total RNA was extracted from in vitro stimulated P14 cells (day 6) using the RNeasy 

Micro Kit (Qiagen) and cDNA was generated with the SuperScript® Vilo cDNA 

Synthesis Kit (ThermoFisher) as previously described.(24) Quantitative PCR were 

realized in two steps using the Brilliant II SYBR Green qRT-PCR low ROX master mix 

(Agilent Technologies) on a Mx 3000p qRT-PCR system (Stratagene). PCR were 

performed in triplicates for mouse KLF2 (klf2) (forward, 5’-TGT GAG AAA TGC CTT 

TGA GTT TAC TG-3’ and reverse, 5’CCC TTA TAG AAA TAC AAT CGG TCA TAG 

TC-3’), Bcl6 (bcl6) (forward, 5’-GGG ACA TCT TGA CGG ACG TT-3’ and reverse 5’-

TCA CGG GAG GTT TAA GTG C-3’), Blimp-1 (prdm1) (forward, 5′-ACA CAC AGG 

AGA GAA GCC ACA TGA-3′ and reverse, 5′-TCG AAG GTG GGT CTT GAG ATT 
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GCT-3′) and hypoxanthine guanine phosphoribosyl transferase (HPRT) as internal 

control (forward, 5′-CTC CTC AGA CCG CTT TTT GC-3′ and reverse, 5′-TAA CCT 

GGT TCA TCA TCG CTA ATC-3′). 

 

 Statistical analyses 

Statistical significance was determined by a standard Student’s t test or One-way 

ANOVA non-parametric tests using ABI Prism 6. Significance was set as any P value 

*<0.05, **<0,005 and ***<0,0005. 
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RESULTS AND DISCUSSION 
IL-2 and IL-15 redundantly initiate 2B4 and Tim-3 expression on CD8 T cells  

We previously demonstrated in a mice model of chronic viral infection that IL2Rb-

dependent signals (triggered by both IL-2 and IL-15) on CD8+ T cells increase inhibitory 

receptor expression and are mandatory for the induction of 2B4 and Tim-3 during a 

chronic viral infection.(24) Given the dominant role of IL-2 over IL-15 in the 

differentiation of short-lived effector cells (SLECs) during primary responses to acute 

viral infections, we first addressed the individual and direct contribution of that cytokine 

during a chronic viral infection. Therefore, we performed adoptive transfer of gp33-

restricted P14 TCR transgenic CD8+ T cells (CD45.2+) deficient for the IL2Ra-chain 

(unique to IL-2) or their sufficient controls (P14) into separate groups of recipient mice 

(CD45.1.2+). Chimeric mice were infected 20h later with LCMV Cl-13 and CD45.2+ P14 

and P14 IL2Ra-/- cells were analysed in the spleen at relevant time points as previously 

described.(24) We detected similar frequencies and numbers of P14 and P14 IL2Ra-/- 

cells in the spleen of infected mice throughout infection (Fig. 1A and Supplemental Fig. 

S1A). Accordingly, both groups of cells proliferated equivalently at days 8 and 21 p.i. 

(Supplemental Fig. S1B). This demonstrates that IL-2-dependent signals alone are 

dispensable to mount and maintain CD8+ T cell responses during a chronic viral 

infection. We then assessed the expression of inhibitory receptors and found equivalent 

levels of PD-1, LAG-3, CD160 but also 2B4 and Tim-3 between splenic P14 and P14 

IL2Ra-/- cells at days 8 and 21 p.i. (Fig. 1B). This result contrasted with the critical 

reduction and silencing of 2B4 and Tim-3 expression we previously reported at days 8 

and 35 p.i. respectively in the absence of IL2Rb-dependent signals.(24) Accordingly, P14 

and P14 IL2Ra-/- cells presented similar patterns of inhibitory receptors co-expression, 

cytokine profiles and secreted similar amounts of IFNg on a per cell basis testifying 

equivalent exhaustion severity (Fig. 1C and D and Supplemental Fig. S1C). These results 

raised two possibilities (i) IL-2 does not play any role in the establishment of CD8+ T cell 

exhaustion and IL-15 is prominent in the process or (ii) both IL-2 and IL-15 participate in 

the development of CD8+ T cell exhaustion but the absence of one cytokine is 

compensated by the presence of the other. To explore these possibilities, we infected 
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C57BL/6 (B6) and IL-15-/- (KO) mice with LCMV Cl-13 and examined inhibitory 

receptors induction on gp33-specific CD8+ T cells. The use of IL-15KO mice ensured a 

complete abrogation of IL-15-dependent signals compared to the cognate IL15RaKO 

model that does not entirely hamper these signals.(25) We found no differences in the 

induction of PD-1, CD160, 2B4 or Tim-3 in the blood at day 8 p.i. demonstrating that 

similar to IL-2, IL-15-deficiency alone barely affected inhibitory receptors levels at this 

time-point (Fig. 1E). These data suggested that IL-2 and IL-15 redundantly promote 

CD8+ T cell exhaustion and that each cytokine compensate for the lack of the other. In 

order to confirm this point, B6 mice were infected with LCMV Cl-13 and treated with 

blocking antibodies against CD25 (7D4), CD122 (TM-b1) or control antibody (LTF2) 

between day-1 and 7 p.i.. One-day post-treatment (day 8 p.i.), splenic gp33-specific CD8+ 

T cells from aCD122-treated mice expressed lower levels of 2B4 and Tim-3 (and CD160 

to lesser extent) in accordance with our previous observations (Fig. 1F-G), while others 

did not.(24) Collectively, these data suggest that IL-2 and IL-15 redundantly direct 

exhaustion traits on CD8+ T cells and that each cytokine alone is sufficient for optimal 

induction of 2B4 and Tim-3. 

 

IL2Ra-deficiency does not prevent terminal exhaustion but partially rescues memory 

differentiation during a chronic viral infection   

We next assessed the impact of IL2Ra-deficiency on the commitment of CD8+ T cells to 

terminal exhaustion and de novo acquisition of memory markers. At day 21 p.i., we 

detected similar frequencies and numbers of PD-1hi and PD-1int/lo cells between P14 and 

P14 IL2Ra-/- cells (Fig. 2A and B and Supplemental Fig. S1D). These results were in 

contrast with the complete loss of PD-1hi terminal differentiation observed in the 

combined absence of IL-2 and IL-15-dependent signals on CD8+ T cells at day 35 

p.i..(24) Furthermore, IL2Ra-deficiency did not allow for the rapid re-expression of the 

memory marker CD127 (IL7Ra) at time points when virus titers were still elevated (days 

8 and 21 p.i.) (Fig. 2C), in contrast to what we previously observed in the absence of the 

IL2Rb-chain.(24) However, by day 60p.i. when LCMV Cl-13 is generally cleared from 

most tissues except kidneys ,(2, 24) we detected a superior fraction of P14 IL2Ra-/- cells 
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(47,5% ± 3,1) expressing CD127 in the spleen compared to P14 cells (33% ± 4,8) (Fig. 

2C). In similar settings, around 50% of IL2Rb-deficient P14 cells had already re-

expressed CD127 at day 35p.i. despite high viral titers and a vast majority of these 

effectors were CD127-positive at day 65p.i.(24) This demonstrated that a fraction of 

IL2Ra-deficient effectors retained memory developmental plasticity after viral decline 

without reaching the levels of recovery observed with combined abrogation of IL-2 and 

IL-15-dependent signals.(24) It suggests that IL-2 and IL-15 likely cooperate to achieve 

complete loss of memory CD8+ T cell development during a chronic viral infection. More 

in depth analysis revealed that 20% ± 2 (8.5 x 103 cells) of P14 IL2Ra-/- cells  had 

regained a central memory phenotype (CD62L+CD127+) by day 60 p.i. while this 

population was nearly absent amongst P14 cells (4% ± 1; 1.1 x 103 cells), as previously 

described (Fig. 2D-E, and Supplemental Fig. S1E).(24) The frequency of Tcm generated 

without IL2Ra-dependent signals nearly reached what we previously reported in the 

absence of IL2Rb-dependent signals at day 65 p.i. (20% ± 2 and 27% ± 2 

respectively).(24) This demonstrated that IL-2 mainly governs the arrested development 

of Tcm cells during a chronic viral infection. In contrast to our previous observations 

with the IL2Rb-/- model, IL2Ra-deficiency neither rescued Tem cells development nor 

provided any developmental advantage to this population (Fig. 2D-E and Supplemental 

Fig. S1E-F).(24) Instead, a large proportion of P14 IL2Ra-/- cells remained deprived of 

their developmental plasticity toward Tem and retained a CD62L-CD127- Tex phenotype 

(Fig. 2D-E and Supplemental Fig. S1E). Thus, IL2Ra-deficiency rescued Tcm cells 

development but unlike IL2Rb-deficiency, failed to convert remaining Tex into Tem 

cells.(24) This implied a dominant role of IL-15 in the suppression of Tem cells 

development during a chronic viral infection. Superior central memory conversion of P14 

IL2Ra-/- cells resulted in higher proportion of cells co-expressing CD127 and the pro-

survival molecule B-cell lymphoma 2 (Bcl2) in vivo compared to P14 cells (Fig. 2F). 

Most Bcl2+ P14 IL2Ra-/- cells were actually Tcm cells (Supplemental Fig. S1G). This 

suggested that Tcm conversion in the absence IL-2-dependent signals was accompanied 

by Ag-independent, IL-7-Bcl2-dependent survival signals. Further, albeit IL2Ra-

deficiency did not restore Tem cells development, P14 IL2Ra-/- Tem cells gained survival 
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potential compared to P14 Tem (Supplemental Fig. S1G). Altogether, these results 

evidenced a critical cooperation between IL-2 and IL-15 in the arrested memory 

development of exhausted CD8+ T cells during a chronic viral infection and also 

suggested selective functions of the cytokines in the suppression of Tcm and Tem cells 

differentiation respectively.  

 

Early IL-2 and prolonged IL-15-dependent signals arrest memory CD8+ T cell 

development.  

To elucidate the relevant time-frame during which IL-2 and IL-15 instigate the loss of 

memory development, serum and splenic levels of the cytokines were quantified in 

C57BL/6 mice chronically infected with LCMV Cl-13. Substantial IL-2 levels were 

detected in the spleen (but not the serum) of infected mice between days 1 and 8 p.i., but 

the cytokine was undetectable thereafter (Fig. 3A and Supplemental Fig. S2A). This was 

in accordance with the rapid impairment of IL-2 production by CD4+ and CD8+ T cells 

during a chronic viral infection.(2, 26, 27) Further, we and others previously reported that 

the IL2Ra-chain expression vanished from effector CD8+ T cells from day 6 p.i..(7, 24) 

Thus, IL-2-dependent signals on CD8+ T cells that are able to suppress Tcm development 

are likely provided during the priming phase of a chronic viral infection. 

IL-15 production was also elevated during the first few days p.i. but as opposed to IL-2, 

substantial levels of the cytokine remained detectable during chronicity (Fig. 3A and 

Supplemental Fig. S2A). By day 6 and onwards, the amounts of IL-15 protein in LCMV 

Cl-13 infected mice even outcompeted levels found within animals acutely infected with 

LCMV Arm (Fig. 3B and C). These data suggest that Ag-persistence selectively sustains 

IL-15 production in vivo. This is in accordance with the heightened serum levels of IL-15 

found in HIV patients and the prolonged IFNa responses demonstrated in LCMV Cl-13 

mice, IFNa being a known enhancer of IL-15 production.(28-32) In addition, populations 

of monocytes/macrophages (CD11c-CD11b+) at day 8 and CD8+ and CD8- DCs 

(CD11c+CD11b-) at days 8 and 15 post LCMV Cl-13 infection expressed superior levels 

of the IL15Ra-chain compared to their equivalent in LCMV Arm mice (Fig. 3D and 

Supplemental Fig. S2B for gating strategy). This implied superior trans-presentation of 

IL-15 by professional APCs during Ag-persistence. Taken together, these results pointed 
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to important physiologic functions of IL-15 during chronicity, a time-frame during which 

exhausted CD8+ T cells are gradually deprived of their capacity to re-express CD127.(14) 

Collectively, our data and others suggest that IL-2 abolishes Tcm cells plasticity during 

priming while IL-15-signals gradually suppress CD127 re-expression potential during 

chronicity depriving Tex cells of their developmental potential into Tem cells.  

 

IL-2 and IL-15 direct CD8+ T cell exhaustion through STAT5  

We finally investigated the determinant signalling pathways by which IL-2 and IL-15 

direct CD8+ T cell exhaustion and preclude memory development. These cytokines 

activate multiple pathways in CD8+ T cells including Pi3K/AKT, MAPK and 

JAK/STATs (predominantly JAK3/STAT5) pathways.(33) During a chronic viral 

infection, responding CD8+ T rapidly lose their ability to trigger Pi3K/AKT and MAPK 

pathways in response to TCR and cytokine signals as a result of proximal interference 

dispensed by inhibitory receptors.(8, 34) Accordingly, we also detected insubstantial 

phosphorylation of the Pi3K/AKT downstream ribosomal S6 kinase (S6) in chronically 

stimulated CD8+ T cells at days 8 and 30 p.i. compared to their acute counterpart in 

response to IL-15 (Fig. 4A). In contrast, IL-2 and IL-15 triggered optimal STAT5 

phosphorylation in chronically-stimulated CD8+ T cells throughout infection (Fig. 4B and 

C).(24) This points to JAK3/STAT5 as being the prominent signalling pathway operating 

downstream of IL-2 and IL-15 in CD8+ T cells during a chronic viral infection. We 

previously demonstrated that IL-2 and IL-15 induces high expression of 2B4 and Tim-3 

on CD8+ T cells in vitro.(24) Using 2B4 and Tim-3 expression as a surrogate and IL-2 as 

a trigger, we found that specific inhibition of STAT5 with small molecules in vitro 

largely restrained 2B4, Tim-3 and to a lesser extent CD160 induction on CD8+ T cells 

while PD-1 and LAG-3 were unaffected (Fig. 4D). Similar results were obtained with IL-

15 (data not shown). STAT5 inhibition also accelerated re-expression of the L-selectine 

CD62L and favored establishment of a pro-memory transcriptional program in CD8+ T 

cells (i.e., higher KLF2 and Bcl6 levels) (Fig. 4E and F).(35, 36) Further, STAT5 

inhibition lowered Blimp-1 expression, a transcriptional repressor associated with CD8+ 

T cells terminal differentiation and exhaustion (Fig. 4F).(37-39) Together, these data 
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provide evidences that during a chronic viral infection, IL-2 and IL-15 instigate CD8+ T 

cell exhaustion and memory developmental arrest through STAT5. 

 

Together, we refine our understanding of the combined and individual functions of IL-2 

and IL-15 on CD8 T cell responses during a chronic viral infection. Impact of IL-2 is 

limited to the priming phase of infection due to arrested production of the cytokine and 

rapid downregulation of the IL2Ra-chain on CD8 T cells.(24) During this time-frame IL-

2 and IL-15 act in concert to promote the initial induction of 2B4 and Tim-3 on CD8+ T 

cells. Our data also indicate that IL-2-dependent signals provided during priming mainly 

direct the irreversible loss of Tcm cells development marking exhausted CD8+ T cells.(6, 

13) Previous work in acute infection settings also reported that early effectors (day 3.5 

post LCMV Arm infection) expressing higher levels of the IL2Ra-chain are fated to 

terminal differentiation and lose their developmental plasticity toward Tcm cells.(40) 

This unique function of IL-2 is far more dramatic during a chronic viral infection as it 

leads to a complete loss of Tcm cell development. Conversely, IL-2-deficiency failed to 

rescue Tem cells. Interestingly, exhausted CD8+ T cells retain the ability to re-express 

CD127 beyond the priming phase of a chronic viral infection (when removed onto an Ag-

free environment).(14) IL-15 but not IL-2 is still produced during this time-frame and this 

cytokine is known to restrains CD127 expression on CD8+ T cells.(41, 42) Thus, it is 

tempting to speculate that prolonged IL-15-dependent signalling during chronicity arrest 

Tem development during a chronic viral infection. Finally, we identify STAT5 as the 

dominant signalling molecule by which IL-2 and IL-15 signal in exhausted CD8+ T cells. 

STAT5 inhibition in vitro specifically restrains IL-2-mediated induction of 2B4 and Tim-

3 expression on CD8+ T cells, reinstates a pro-memory transcriptional program and 

dampens Blimp-1 expression. Previous works also suggested that STAT5 sustains a 

terminal differentiation program in CD8+ T cells at that expense of memory.(43-45) De 

facto, modulating STAT5 activity in CD8+ T cells might represent a relevant therapeutic 

approach to restrain exhaustion and rescue memory cell development in patients with 

chronic viral infections. 
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Fig. 1. IL-2 and IL-15 conjointly promote inhibitory receptors expression. Tg P14 or P14 

IL2Ra-/- (CD45.2+) cells were adoptively transferred into distinct groups of recipient 

mice (CD45.1.2+) prior to LCMV Cl-13 infection. Tg P14 and P14 IL2Ra-/- cells 

(CD45.2+) were compared in the spleen at indicated time points. (A) Absolute numbers of 

CD8+CD45.2+ P14 (black squatters) and P14 IL2Ra-/- (white squatters) splenic cells 

calculated based on H-2Dbgp33 tetramer and CD45.2 congenic marker staining at the 

indicated time points. (B) Inhibitory receptors expression on P14 (grey histograms) and 

P14 IL2Ra-/- (black  histograms) cells. Values indicate the MFI; grey filled histograms 

are isotype controls. (C) Frequency of P14 (left pie) and P14 IL2Ra-/- (right pie) cells co-

expressing PD-1, LAG-3, 2B4 and CD160. (D) Intracellular production of the indicated 

cytokines by CD8+CD45.2+ P14 (black bars) and P14 IL2Ra-/- (white bars) cells at day 21 

p.i.. (E) Inhibitory receptors expression on gp33-specific CD8+ T cells at day 8 p.i. in the 

blood of B6 (grey histograms) and IL-15-/- (black histograms) mice at day 8 p.i. Values 

indicate the MFI; grey filled histograms are isotype controls. (F) Inhibitory receptors 

expression on gp33-specific CD8+ T cells isolated at day 8 p.i. from the spleen of infected 

mice treated with aCD25 (black histograms), aCD122 (red histograms) or aCTR (grey 

dashed histograms). Values indicate the MFI; grey filled histograms are isotype controls. 

(G) Frequency of splenic gp33-specific CD8+ T cells expressing the indicated inhibitory 

receptors at day 8p.i.. *p<0.05, **p<0.005, ***p<0.0005, NS p≥ 0.05 (two-tailed 
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unpaired Student’s t-test). Data are pooled from three (A) or one (C, D, G) independent 

experiments with three to five mice per group or representative of one independent 

experiments (B, E, F) (three to five mice per group). (error bars (A, D, G), mean±s.e.m.). 
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Fig. 2. IL2Ra-deficiency rescues Tcm development. P14 and P14 IL2Ra-/- chimeric mice 

were generated as described in Fig. 1. (A-B) Representative dot plots (A) and absolute 

numbers (B) of PD-1hi and PD-1int/lo P14 (left; black bars) and P14 IL2Ra-/- (right; white 

bars) cells. Values indicate frequency of cells in each gate. (C) Frequency of CD127-

positive P14 (black squatters) and P14 IL2Ra-/- (white squatters) at indicated time points 

p.i.. (D-E) Representative dot plots (D) and absolute numbers (E) of splenic P14 (left; 

black bars) and P14 IL2Ra-/- (right; white bars) Tex (CD62L-CD127-), Tem (CD62L-

CD127+) and Tcm (CD62L+CD127+) at day 60 p.i.. Values indicate frequency of cells in 

each gate. (F) Expression of CD127 and Bcl2 in P14 (left plot) and P14 IL2Ra-/- (right 

plot) cells. Values indicate frequency of double positive cells. *p<0.05, **p<0.005, 

***p<0.0005, NS p≥ 0.05 (two-tailed unpaired Student’s t-test). Data are pooled from 

two (B, C, E) independent experiments with three to eight mice per group or 

representative of two independent experiments (A, D, F) with similar results (three to 

nine mice per group in each). (error bars (B, C, E), mean±s.e.m.). 
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Fig. 3. Distinct kinetics of IL-2 and IL-15 production during a chronic viral infection. (A) 

Splenic protein levels of IL-2 (grey bars) and IL-15 (black bars) in the spleen of infected 

mice at indicated time points assessed by ELISA dosage. (B-C) Splenic (B) and serum 

(C) levels of IL-15 proteins in LCMV Arm (red bars; red line) and LCMV Cl-13 (black 

bars; black lines) infected mice at indicated time points p.i. assessed by ELISA dosage 

(D) Cell surface expression of IL15Ra on monocytes/macrophages (TCRb-NK1.1-CD19-

CD11c-CD11b+, CD8+ and CD8- DCs (TCRb-NK1.1-CD19-CD11c+CD11b-CD8+ and 

CD8- respectively) and B cells (TCRb-NK1.1-CD19+) isolated from the spleen of LCMV 

Arm (red histograms) and LCMV Cl-13 (black histograms) at indicated time points p.i.. 

Values indicate the MFI; grey filled histograms are isotype controls. Data are pooled 

from two (A, B, C) independent experiments with four to six mice per group or 

representative of two independent experiments (D) with similar results (two to eight mice 

per group in each). (error bars (A, B, C), mean±s.e.m.). 
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Fig. 4. Prominent role of STAT5 in IL-2 and IL-15-induced CD8+ T cell exhaustion. (A) 

Intracellular expression of p-S6 in activated (CD11ahi) CD8+ T cells from LCMV arm 

(red histograms) and LCMV Cl-13 (black histograms) at indicated time points following 

1h of stimulation with IL-15 (20ng/ml). Unstim stands for unstimulated control; Values 

indicate the MFI. (B) Intracellular expression of p-STAT5 in activated (CD11ahi) CD8+ T 

cells from LCMV arm (red histograms) and LCMV Cl-13 (black histograms) infected 

mice at indicated time points following 30 min of stimulation with IL-2 (left panels) or 

IL-15 (right panels) (20ng/ml). Unstim stands for unstimulated control; Values indicate 

the MFI. (C) Kinetic of p-STAT5 induction in activated (CD11ahi) CD8+ T cells from 

LCMV arm (red lines) and LCMV Cl-13 (black lines) infected mice at indicated time 

points following 30 min of stimulation with IL-2 (solid lines) or IL-15 (dotted lines) 

(20ng/ml) or without stimulation (grey lines). (D) Inhibitory receptors expression on P14 

cells after 6 days of co-culture with gp33 peptide complemented with IL-2 (10U/ml) in 

the presence (black histograms) or absence (grey histograms) of a STAT5 inhibitor 

(100µM). Values indicate the MFI; grey filled histograms are isotype controls (N=5 with 

each condition realized in triplicates) (E) Frequency of CD62Lhi P14 cells recovered after 
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6 days of co-culture with gp33 peptide complemented with IL-2 (10U/ml) in the presence 

(white bars) or absence (black bars) of STAT5 inhibitor (100µM) (N=4 with each 

condition realized in triplicates). (F) Relative expression of indicated genes in P14 cells 

co-culture for 6 days with gp33 peptide complemented with IL-2 in the presence of 

STAT5 inhibitor (100µM) referred to P14 cells co-culture with gp33 peptide and IL-2 

alone (data pooled from one experiment). Data are pooled from five (C) independent 

experiments with four to nine mice per group or representative of five (B) or two (A) 

independent experiments (two to three mice per group in each). (error bars (C, E), 

mean±s.e.m.). 
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Fig. S1. IL2Ra-deficiency prevents complete loss of memory CD8+ T cell development. 

(A) Cumulative frequencies of CD8+CD45.2+ P14 (black squatters) and P14 IL2Ra-/- 

(white squatters) splenic cells calculated based on H-2Dbgp33 tetramer and CD45.2 

congenic marker staining at the indicated time points. (B) Cumulative frequencies of 

Ki67-positive P14 (black bars) and P14 IL2Ra-/- (white bars) at indicated time points. (C) 

Production of IFNg in P14 (black bars) and P14 IL2Ra-/- (white bars) cells; bars 

representing the MFI. (D) Cumulative frequencies of splenic P14 (black squatters) and 

P14 IL2Ra-/- (white squatters) PD-1hi (left panel) and PD-1int/lo (right panel) cells at day 

21 p.i.. (E) Cumulative frequencies of splenic P14 (black squatters) and P14 IL2Ra-/- 

(white squatters) Tex (CD62L-CD127-), Tem (CD62L-CD127+) and Tcm 

(CD62L+CD127+) cells at day 60 p.i.. (F) Expression of CD127 (left panel) and Bcl6 

(right panel) in P14 (black squatters) and P14 IL2Ra-/- (white squatters) Tem at day 60 

p.i. (G) Frequency of P14 (black squatters) and P14 IL2Ra-/- (white squatters) Tem (left 

panel) and Tcm (right panel) cells expressing Bcl2 at day 60 p.i. Data are pooled from 

three (A), two (D, E, F, G) or one (B, C) independent experiments with five to nine mice 

per group. (error bars (A, B, C, D, E, F, G), mean±s.e.m.). 
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Fig. S2. Chronic environment favors IL-15 production and trans-presentation by myeloid 

cells. (A) Serum protein levels of IL-2 (grey bars) and IL-15 (black bars) at indicated time 

points assessed by ELISA dosage. (B) Gating strategy for identification of 

monocytes/macrophages, CD8+ and CD8- DCs and B cells. Dot plots display a 

representative splenic sample harvested at day 8 post LCMV Cl-13 infection. Data are 

pooled from three (A) independent experiments with four to six mice per group or 

representative of two independent experiments (B) with similar results (two to eight mice 

per group in each). (error bars (A), mean±s.e.m.). 
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Discussion  
 

 CD8+ T cell exhaustion has been the focus of intense investigations over the last 

decade. This unique differentiation program is characterized by key phenotypic, 

functional, developmental, transcriptional and epigenetic features which dramatically 

hinder CD8+ T cell responses. Despite our growing knowledge of the molecular signature 

of T cell exhaustion, a precise understanding of the factors that directly control the 

establishment of such program in CD8+ T cells during a chronic viral infection is still 

lacking. Particularly, the involvement of cytokines in the process remains unknown. In 

the first article of the present thesis, we uncover for the first time one major impact of 

cytokines (i.e., IL-2 and IL-15) in directing key aspects CD8+ T cell exhaustion during a 

chronic viral infection. IL-2 and IL-15-dependent signals control the induction of a 

specific pattern of inhibitory receptors (i.e., 2B4 and TIM-3), instigate the terminal 

differentiation of highly exhausted PD-1hi effectors and preclude memory development. 

In the second article, we tackle several questions arising from the first article including i) 

the relative contribution of IL-2 versus IL-15 in these processes ii) the determinant time-

frame(s) during which IL-2 and/or IL-15 mediate their functions on CD8+ T cells and iii) 

the intracellular mechanisms involved. Our main results are discussed in this last section. 

 

I- Regulation of inhibitory receptors expression 
 
 Elevated and sustained expression of several inhibitory receptors (e.g., PD-1, 

LAG-3, CD160, 2B4 and TIM-3) are a hallmark of CD8+ T cell exhaustion.(48, 49) 

These receptors use distinct and non-redundant ways to suppress CD8+ T cell functions 

and are prime targets of current immunotherapeutic regimens in several human 

cancers.(50, 135, 648) However, little is known about factors controlling their expression 

on CD8+ T cells in vivo. 
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1.1- IL-2 and IL-15 direct 2B4 and Tim-3 expression on CD8 T cells 

  
 Our first article provides clues that IL-2 and IL-15-dependent signals chiefly 

direct the expression of 2B4 and TIM-3 on CD8 T cells during a chronic viral infection. 

Using adoptive transfer experiments of P14 and P14 IL2Rb-/- cells, we demonstrated that 

the combined absence of IL-2 and IL-15-dependent signals critically restrained the initial 

induction of 2B4 and TIM-3 on CD8+ T cells and abrogated their expression during 

chronicity (Article 1, Fig. 5E and F and S5G).(649) In vitro, TCR signals alone were 

unable to trigger 2B4 and TIM-3 but expression of these receptors strictly required 

additional stimulation with IL-2 or IL-15 (Article 1, Fig. 5I).(649) These data definitively 

prove that IL-2 and IL-15 directly control 2B4 and TIM-3 expression on CD8+ T cells 

and are the main actors of their induction during a chronic viral infection.  

 

 Our second article further explore the relative contribution of IL-2 versus IL-15 in 

the induction of 2B4 and TIM-3 on CD8+ T cells. Selective abrogation of IL-2-dependent 

signals alone using P14 cells deficient for the IL2Ra-chain (P14 IL2Ra-/-) or blocking 

antibodies against CD25 (7D4) had virtually no impact in the initial induction of 2B4 and 

TIM-3 on Ag-specific CD8+ T cells (Article 2, Fig. 1B and F).(649) Infection of IL15KO 

mice did not either influence 2B4 and TIM-3 expression on Ag-specific CD8 T cells at 

day 8p.i. (Article 2, Fig. 1E).(649) These results suggest that IL-2 and IL-15 redundantly 

instigate 2B4 and TIM-3 expression on CD8+ T cells during the priming phase of a 

chronic viral infection and each cytokine is able to compensate for the lack of the other. 

According to that assumption, our in vitro data showed that IL-2 and IL-15 similarly 

promote 2B4 and TIM-3 expression on CD8+ T cells (Article 1. Fig. 5I).(649) One way 

to definitively prove the point would be to perform adoptive transfer of P14 and P14 

IL2Ra-/- into WT and IL15KO recipients and to compare 2B4 and TIM-3 expression at 

day 8 p.i.. This approach would allow the direct comparison of CD8+ T cell responses in 

the absence of either IL-2, IL-15 and both signals. We would expect to observe a 

decrease in the induction of 2B4 and TIM-3 only in the condition in which IL-2 and IL-

15-dependent signals are neutralized (P14 IL2Ra-/- transferred into IL15KO mice).  
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 The relative contribution of IL-2 and IL-15 in the maintenance of 2B4 and TIM-3 

expression during chronicity remains unclear. IL-2-dependent signals were limited to the 

priming phase of infection (due to arrested production of the cytokine (Article 2, Fig. 3A) 

and rapid downregulation of CD25 by CD8+ T cells (Article 1, Fig. 1A)(2, 48, 649) while 

IL-15 was still produced and likely trans-presented throughout chronicity (Article 2, Fig. 

3B-D). P14 IL2Ra-/- cells expressed optimal levels of 2B4 and TIM-3 during chronicity 

demonstrating that IL-15-dependent signals alone were sufficient to maintain their 

expression (Article 2, Fig. 1B). So far, IL-15 seems to play a unique role in maintaining 

2B4 and Tim-3 expression on CD8+ T cells during chronicity. However, we cannot 

exclude the contribution of IL-2. As proposed in the above paragraph, comparing 2B4 

and TIM-3 expression (this time during chronicity [day 30p.i.]) on P14 and P14 IL2Ra-/- 

adoptively transferred into either WT and IL-15KO mice would allow to depict the 

individual and combined contribution of IL-2 and IL-15 in the maintenance of these 

receptors throughout infection. If IL-15 has a unique function in sustaining 2B4 and TIM-

3 during chronicity, we would expect to observe a similar decrease in the expression of 

these receptors in the condition in which only IL-15 signals are selectively extinguished 

(P14 transferred into IL-15KO mice) compared to the condition in which IL-2 and IL-15-

dependent signals are neutralized (P14 IL2Ra-/- transferred into IL-15KO mice).  

 

1.2- Regulation of 2B4   
 

 Several evidences point out a critical role of the TF BLIMP-1 in the expression of 

2B4 on CD8+ T cells. In vivo, 2B4 expression kinetic opposes that of other inhibitory 

receptors and increases from day 8 p.i. (until day 30p.i.) on CD8+ T cells following the 

pattern of BLIMP-1 expression.(48, 162) During a chronic viral infection, conditional 

deletion of BLIMP-1 in CD8 T cells abrogates 2B4 expression during chronicity.(162) 

Accordingly, we observed a critical reduction of 2B4 levels on BLIMP-1-deficient CD8 

T cells in vitro after stimulation with either IL-2 or IL-15 (Appendix. 2). We 

demonstrated that IL2Rb-deficiency reduced Prdm1 (BLIMP-1) mRNA levels in CD8+ T 

cells and abrogated 2B4 expression (Article 1, Fig. 4I and Fig. 5E and F).(649) In our 

second article, we showed that IL-2-mediated induction of 2B4 in vitro was partially 
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blocked in the presence of a STAT5 inhibitor (Article 2, Fig. 4D).  STAT5 directly 

promotes BLIMP-1 expression in CD8+ T cells and inhibition of STAT5 in vitro reduced 

BLIMP-1 levels (Article 2, Fig. 4F).(312, 650, 651) Finally, we demonstrated that IL-2 

and IL-15 selectively trigger activation of STAT5 in CD8+ T cells in vivo during a 

chronic viral infection in accordance with previous observations (Article 2, Fig. 4A-

C).(359) Together, we show that 2B4 expression on CD8+ T cells is controlled by an IL-

2/15>>STAT5>>BLIMP-1 axis during a chronic viral infection (Figure. 16). 

 

1.3- Regulation of Tim-3  
 

 During a chronic viral infection in mice, TIM-3 expression peaks at day 8 p.i. on 

Ag-specific CD8+ T cells and gradually declines thereafter. The TF T-bet plays an 

important role in the initial induction of TIM-3 on CD8+ T cells. Indeed, Tim-3 is barely 

detectable on CD8+ T cells at day 8p.i. in the absence of T-bet.(123) Similar control of 

Tim-3 expression by T-BET was also described on Th1 CD4+ T cells.(291) However, 

neither T-bet haploinsufficiency nor retrovirally overexpressed T-BET modifies TIM-3 

expression on CD8+ T cells during the chronic phase of infection.(123) Ag-specific CD8+ 

T cells from CD4-depleted LCMV Cl-13 infected mice (severe model of chronic 

infection) express lower levels of T-BET but persistent high expression of TIM-3 during 

the chronic phase.(110, 123) Still during chronicity, TIM-3 expression levels are higher 

on PD-1hi effectors that express the lowest levels of T-BET (Article 1, Fig. S5F).(269, 

649) Thus, T-BET is critical for initial induction of TIM-3 on CD8+ T cells but 

dispensable for its maintenance during chronicity. Similar to T-BET-deficient cells, we 

showed a critical reduction of TIM-3 at day 8 p.i. in the absence of IL2Rb-dependent 

signals (Article 1, Fig. S5G).(649) At this time-point, we often noticed a modest but 

reproducible reduction of T-BET expression within P14 IL2Rb-/- compared to P14 cells 

(Appendix. 3). IL-2 and IL-15 are poor inducers of T-BET in CD8+ T cells.(282) 

However, substantial decrease of that TF is often reported (including by our group) in 

effector CD8+ T cells deficient for the IL2Ra-chain or the IL2Rb-chain during the 

priming phase of an acute viral infection.(67, 282, 314) Thus, it is legitimate to speculate 

that during the priming phase of a chronic viral infection, IL2Rb-dependent signals favor 
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optimal levels of T-BET on effector CD8+ T cells and subsequent Tim-3 induction. Our 

data also indicate that STAT5 is critical for TIM-3 expression on CD8 T cells (Article 2, 

Fig. 4D). Interestingly STAT5 is a direct inducer of T-BET.(651) Collectively, primary 

induction of TIM-3 on CD8+ T cells during a chronic viral infection might rely on a IL-

2/15>>STAT5>>T-BET axis. However, as mentioned above, levels of T-BET at the peak 

of the response are only slightly lower without IL2Rb-signals (Appendix. 3). This 

suggests that TIM-3 induction at this time point requires optimal levels of T-BET or that 

additional mechanisms set up by IL-2/15 and STAT5 facilitate its expression (e.g. 

epigenetic remodeling facilitating the accessibility of TIM-3 promoter region for T-BET). 

 

 Similar to previous observations with 2B4, BLIMP-1-deficiency severely 

compromised TIM-3 expression on IL-2 and IL-15-stimulated CD8+ T cells in vitro 

(Appendix. 2). A recent report demonstrated that T-BET and BLIMP-1 display some 

overlapping functions in developing effectors CD8+ T cells during an acute viral 

infection.(312) RNAseq analysis evidenced a lower expression of TIM-3 (HAVCR2) in 

the absence of either T-BET or BLIMP-1 but the more striking decrease was observed in 

the combined absence of both TFs.(312) Hence, T-BET and BLIMP-1 operate 

redundantly to promote TIM-3 expression on CD8+ T cells. BLIMP-1 levels increase 

during chronicity while T-BET expression falls.(123, 162) On the other hand, IL2Rb-

signals sustained BLIMP-1 expression in exhausted CD8+ T cells in vivo likely through 

activation of STAT5 (Article 1, Fig. 4I and Article 2, Fig 4F).(312, 651) These 

observations strongly indicate that IL-2/15-STAT5-mediated BLIMP-1 expression 

supplants T-BET to sustain TIM-3 expression on CD8+ T cells during the chronic phase 

of infection (Figure. 16).   
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Figure. 16: Regulation of 2B4 and Tim-3 expression by IL-2 and IL-15. Unique and/or 

overlapping pathways might contribute to the IL-2/15-mediated induction of 2B4 and Tim-3 

expression on CD8+ T cells. 1 IL-2/15-induced STAT5 might direct the transcription of yet 

unidentified TF(s) that subsequently trigger 2B4 and TIM-3 expression. 2 STAT5 could also 

directly promote 2B4 and TIM-3 expression and/or establish permissive epigenetic marks on their 

respective genomic sequences. 3 Blimp-1 functions as a transcriptional repressor. De facto, its 

impact might involve repression of regulatory genes responsible for the silencing 2B4 and TIM-3 

expression.  

 

1.4- 2B4 and Tim-3 expression on secondary effectors  
 

 The direct control of 2B4 and TIM-3 expression by IL-2 and IL-15 is interesting 

in many ways. A previous study in mice has demonstrated that conventional memory 

CD8+ T cells challenged with a chronic viral infection exhaust more rapidly than naïve 

cells and are quickly eliminated.(214) This dramatic effect likely explains some 

therapeutic issues in the treatment of chronic diseases notably the poor efficacy of cell-
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mediated immunity vaccines against chronic viral infections (HIV).(652) In their study, 

West et al demonstrate that levels of 2B4 and TIM-3 but not PD-1 and LAG-3 are 

selectively magnified on secondary effectors (derived from memory CD8+ T cells) 

compared to primary effectors (derived from naïve CD8+ T cells) and genetic ablation of 

2B4 partially restores their maintenance.(214) Hence, 2B4 (and likely also TIM-3) 

possess the unique ability to rapidly terminate potent secondary T cell responses after 

challenge with a chronic viral strain. By challenging P14 IL2Rb-/- memory cells 

(generated after resolution of an acute LCMV Arm infection), we showed that IL-2 and 

IL-15 largely contributed to the massive induction of 2B4 and TIM-3 on secondary 

effectors (Appendix. 4). Hence, control of 2B4 and TIM-3 expression by IL-2 and IL-15 

not only exhausts primary effectors more severely but causes the rapid eradication of 

secondary effectors arising from fully competent memory cells.(649) Controlling IL-2 

and IL-15-dependent signals might help to design memory CD8+ T cells capable of 

protecting the host during chronic viral infections. This strategy should definitively be 

tested in mice but also in experimental models closer to the human pathology. For 

example, SIV-infected non-human primates (NHP) are a reliable predictive model of 

vaccine efficacy against HIV. Several constructions of SIV T-cell based vaccine have 

been developed. Combining these vaccination protocols with IL-2 and/or IL-15 blockade 

could result in the development of competent memory cells capable of performing robust 

secondary responses and overcoming 2B4-mediated deletion. Subsequent challenge of 

vaccinated animals and monitoring of SIV-specific responses in groups treated or not 

with IL-2/15 blocking antibodies should be a good approach to evaluate vaccine efficacy.   

 

1.5- Three classes of inhibitory receptors  
 

 While IL-2 and IL-15 are critical for the induction of 2B4 and TIM-3, the impact 

of these cytokines on other inhibitory receptors is more modest.(649) In vivo, IL2Rb-

deficiency reduced PD-1, LAG-3 and CD160 expression on CD8+ T cells at day 35 p.i. 

(Article 1, Fig. 5E and S5C).(649) However, this difference in expression resulted from 

the blockade of PD-1hi cell development in the absence of IL2Rb-signals. Indeed, PD-1hi 

cells expressed higher levels of PD-1, LAG-3 and CD160 compared to PD-1int/lo cells 
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(Article 1, Fig. 4A, S4A and S5F).(49, 649) LAG-3 and CD160 levels were equivalent 

between P14 and P14 IL2Rb-/- PD-1int/lo effectors demonstrating that IL-2 and IL-15 had 

little impact on their expression in vivo (Article 1, Fig. 5G). In vitro, TCR signals alone 

were sufficient to promote maximal levels of PD-1 and LAG-3 on CD8+ T cells (day 2 of 

culture) while IL-2 and IL-15 acted as supportive signals to maintain their expression 

thereafter (Article 1, Fig. 5H). This is reminiscent of the fact that PD-1 mainly relies on 

TCR-signals (and downstream NFATc1) for induction but that its expression is supported 

by cytokines in vitro (e.g., IL-6 and IL-12).(120, 122) Requirements for CD160 

expression on CD8+ T cells are two-sided. TCR signals promoted substantial levels of 

CD160 in vitro (day 2 of culture) but IL-2 and IL-15 were required to magnify its 

expression thereafter (Article 1, Fig. 5H). Conversely, 2B4 and TIM-3 expression were 

mainly controlled by IL-2 and IL-15 in vivo and in vitro (Article 1, Fig. 5E-F and I) 

(649) Previous studies also support this dichotomy in the regulation of inhibitory 

receptors expression. Indeed, T-BET represses PD-1, CD160 and LAG-3 but not 2B4 

expression on CD8+ T cells and conversely promotes TIM-3 induction.(123) In addition, 

Blimp-1 deficiency on CD8+ T cells precludes 2B4 induction, strikingly reduces TIM-3 

and CD160 while PD-1 and LAG-3 are less affected (Appendix. 2).(162) Hence, 

inhibitory receptors require specific and inherent signals for optimal induction on CD8+ T 

cells. Based on these requirements, we define three classes of inhibitory receptors with 

graded dependency over TCR and/or cytokines signals for their expression (Figure. 17). 

 

 

Figure. 17: Classification of 

inhibitory receptors based on 

their induction requirements. PD-

1 and LAG-3 expression is mainly 

driven by TCR signals. CD160 

expression is efficiently triggered by 

TCR signals but cytokines magnify its 

expression in vitro. 2B4 and TIM-3 

expression are mainly induced by 

cytokines (e.g. IL-2 and IL-15). 
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1.6- Perspectives 
 

 From the assertions presented on this section, some points remain unclear. First, 

the relative importance of IL-2 versus IL-15 in the maintenance of 2B4 and TIM-3 during 

chronicity is uncertain. Our data strongly point to a selective role of IL-15 during that 

time frame but IL-2-signals during priming might also facilitate their expression during 

chronicity. Second, BLIMP-1 appears to have a central role in both 2B4 and TIM-3 

expression on CD8+ T cells, particularly during chronicity when it reaches maximal 

level.(162) However, BLIMP-1 behaves as a transcriptional repressor. Then it is unlikely 

that BLIMP-1 directly promotes 2B4 and TIM-3 expression in CD8+ T cells. One 

possibility is that BLIMP-1 represses key regulators of 2B4 and TIM-3 expression 

allowing STAT5-induced TF(s) and/or STAT5 itself to bind to their promoter regions and 

activate transcription. STATs family of proteins has recently been shown to modify the 

epigenetic landscape of lineage specific genes in T cells.(356) Thus, STAT5 might be 

required to fully unlock 2B4 and TIM-3 promoter regions while BLIMP-1 might repress 

the expression of transcriptional regulators (Figure. 16).    

 

II- Acquisition and maintenance of effector functions 

 
 During a chronic viral infection, exhausted CD8+ T cell effector functions are 

severely compromised including production of cytokines (IFNg, TNFa, IL-2), Ag-driven 

proliferation, killing ability and survival potential (see Introduction section 1.2.3).(2, 60, 

106, 110) Our data show that the impact of IL-2 and IL-15 on CD8+ T cell effector 

functions during a chronic viral infection is dichotomous and biphasic. During the 

priming phase of infection, IL2Rb-dependent signals sustained the acquisition of full 

effector functions (IFNg production, GRZB) by primary effectors (Appendix. 5, Fig. 

3).(67) However, this effect was reversed during chronicity and some functions that are 

dramatically lost during exhaustion (IFNg production, Ag-driven proliferation)(2, 106) 

were better preserved without IL-2 and IL-15-signals (Article 1, Fig. 5B-D and S5A and 

B).(67, 649) However, the absence of GRZB without IL2Rb-dependent signals during 
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chronicity suggested decreased cytolytic potential. These functions of IL-2 and IL-15 are 

discussed below.  

 

2.1- Priming phase  
 

  During the priming phase of a chronic viral infection, IL2Rb-dependent signals 

on CD8+ T cells supported the production of IFNg and the expression of the cytotoxic 

molecule GRZB while being dispensable for degranulation (Appendix. 5, Fig. 3).(67) 

Reduced IFNg production in the absence of IL2Rb-dependent signals contrasted with 

previous observations (including by our group) demonstrating that IL-2 and IL-15 are 

dispensable to initiate IFNg production on effector CD8+ T cells during an acute viral 

infection (Appendix. 5, Fig. 2A).(67, 314, 627) However, IL-2 induces IFNg production 

in developing Th1 CD4+ T cells in a JAK3/STAT5 dependent-manner.(653) In vitro, 

IL2Rb-signals on CD8+ T cells increase IFNg protein and mRNA levels.(311, 654) The 

TF Eomes, a direct target of IL-2 and IL-15-dependent signals also directly promotes 

IFNg expression in CD8+ T cells.(282) Hence, IL2Rb-dependent signals are potent 

inducers of IFNg production in CD8+ T cells but at physiological level their impact on 

this precise function is limited and/or compensated during an acute viral infection. Thus, 

we evidence a context-specific role for IL2Rb-dependent signals in supporting IFNg 

production by CD8+ T cells during the priming phase of a chronic viral infection 

(Appendix. 5, Fig. 3A and B).(67) 

 

 A number of IL2Rb-induced TFs (BLIMP-1, STAT5, EOMES) directly or 

indirectly promote GRZB expression in CD8+ T cells.(30, 35, 286, 288, 355, 651) In 

acute infection models, IL2Rb-deficiency largely decreases GRZB induction in 

developing effectors.(67, 654, 655) We found that similar to acute infection settings, 

IL2Rb-dependent signals chiefly drive the initial GRZB expression in effector CD8+ T 

cells during a chronic viral infection.  (Appendix. 5, Fig. 3D).(67) However, suboptimal 

induction of IFNg and GRZB on IL2Rb-deficient effectors had little impact on their 

ability to eliminate target cells in vivo (Appendix. 5, Fig 3E). Together, IL2Rb-
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dependent signals sustain IFNg and GRZB expression during the priming phase of a 

chronic viral infection but absence of these signals minimally affects killing potential. 

 

2.2- Chronic phase 
 

 We show that IL2Rb-dependent signals accentuate CD8+ T cell dysfunctions 

during chronicity.(649) Ag-specific CD8+ T cells retained better IFNg production 

capacity (but not TNFa and IL-2) and higher proliferative potential to antigenic 

stimulation at day 35p.i. in the absence of IL2Rb-signals (Article 1, Fig. 5B-D and S5A 

and B).(649) These observations contrasted with the stimulatory functions which are 

usually assigned to IL-2 and IL-15. One logical explanation is that IL-2 and IL-15 

indirectly cause these dysfunctions through up-regulation of several inhibitory receptors 

on CD8+ T cells. IL2Rb-dependent signals magnify PD-1, LAG-3, CD160, 2B4 and 

TIM-3 levels on CD8+ T cells during chronicity (Article 1, Fig. 5E and F and S5C). 

Previous studies demonstrated that PD-L1 (PD-1 ligand) blockade in vivo restores IFNg 

production and CD8+ T cell proliferation. These effects are amplified by co-blockade of 

PD-L1 and LAG-3.(49, 106) 2B4 and TIM-3 are virtually absent on IL2Rb-deficient 

CD8+ T cells. Both receptors have been implicated in the loss of IFNg production and 

proliferative potential of exhausted CD8+ T cells in mice and patients with HIV, HBV or  

HCV.(49, 110, 210, 213, 226, 227) Inhibitory receptors cooperate to silence T cell 

functions during a chronic viral infection and the co-expression of several of these 

receptors at the cell surface causes higher dysfunctions.(49, 50) We showed that IL2Rb-

dependent signals fostered the co-expression of multiple inhibitory receptors on CD8+ T 

cells during chronicity (Article 1, Fig. 5A). This phenomenon likely participates in the 

aggravation of T cell dysfunctions.(49) Together, we ascribe new regulatory functions of 

IL-2 and IL-15 during a chronic viral infection. By promoting the expression of several 

inhibitory receptors, IL-2 and IL-15 instigate a regulatory loop that severely compromises 

cardinal functions of effector CD8+ T cells during Ag-persistence (Figure. 18).  
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 Another point to consider is the heterogeneity of the CD8+ T cell pool that 

accumulated at day 35 p.i. in the presence or absence of IL2Rb-dependent signals. 

IL2Rb-deficiency abrogated the development of highly exhausted PD-1hi cells (Article 1, 

Fig. 4A and B and S4A).(649) De facto, IL2Rb-deficient effectors were mainly (92±1%) 

PD-1int/lo progenitors whereas IL2Rb-proficient cells were composed of both PD-1int/lo and 

PD-1hi effectors (56±4% versus 35±5% respectively) (Article 1, Fig S4A). PD-1hi 

terminal effectors produce limited amounts of cytokines and barely proliferate to Ag 

compared to PD-1int/lo progenitors.(269, 649) Thus, superior functionality of IL2Rb-

deficient cells might have resulted from the absence of PD-1hi cells development. 

However, several points indicate otherwise. First of all, when examined thoroughly, PD-

1hi and PD-1int/lo effectors secrete similar amount of IFNg and only differ in their capacity 

to make TNFa.(269) Second, even if the frequency of PD-1int/lo cells was largely 

decreased within P14 controls compared to P14 IL2Rb-/- cells (56±4% versus 92±1% 

respectively) their absolute number remained equivalent at day 35p.i. (Article 1, Fig. 4B 

and S4A). Yet, P14 controls were still unable to proliferate to Ag in accordance with 

previous study(106)  whereas P14 IL2Rb-/- cells performed several rounds of division 

(Article 1, Fig. 5D and S5B). Together, these observations indicate that IL2Rb-dependent 

signals intrinsically worsen CD8+ T cell effector functions independently of their role in 

promoting terminal differentiation onto PD-1hi effectors.  

 

Figure. 18: Regulation of 

effector functions by IL-2 and 

IL-15 during a chronic viral 

infection. By directly (2B4, TIM-3) 

and indirectly (PD-1, LAG-3 and 

CD160) promoting inhibitory 

receptors expression, IL-2 and IL-15 

aggravate the silencing of effector 

CD8+ T cell functions during a 

chronic viral infection. 
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 Similar to our observations during the priming phase of infection, we showed a 

critical defect in the expression of the cytolytic molecule GRZB on CD8+ T cells lacking 

the IL2Rb-chain during chronicity (Article 1, Fig. 4G). Such defect likely resulted from 

the lowered induction of BLIMP-1 observed in the absence of IL2Rb-dependent signals 

(Article 1, Fig. 4G). Indeed, BLIMP-1 expression is critical to support GRZB production 

by CD8+ T cells during the chronic phase of infection.(162) We also propose that reduced 

BLIMP-1 levels in IL2Rb-deficient CD8+ T cells precluded the development of PD-1hi 

cells (discussed below) that despite been more severely exhausted retain higher GRZB 

expression compared to PD-1int/lo cells.(269) Thereby, lower BLIMP-1 expression and 

subsequent impaired terminal differentiation likely precluded optimal production of 

GRZB in the absence of IL2Rb-dependent signals. However, BLIMP-1-deficiency does 

not completely abrogate GRZB expression by exhausted CD8+ T cells while this cytolytic 

molecule remained nearly undetectable in IL2Rb-deficient cells (Article 1, Fig 4G).(162) 

This suggests that IL-2 and/or IL-15 use BLIMP-1-dependent and -independent routes 

(e.g. STAT5)(355, 651) to support GRZB expression in CD8+ T cells during the chronic 

phase of infection. Together, we demonstrate that IL2Rb-dependent signals mediate 

dichotomous functions in the maintenance of CD8+ T cell effector functions during 

chronicity. IL2Rb-dependent signals first aggravate CD8+ T cells dysfunctions through 

up-regulation of inhibitory receptors but these signals also sustain GRZB expression. 

These findings might represent a regulatory mechanism elaborated to prevent 

overwhelming T cell responses in conditions of prolonged exposure to Ag. 

 

III- Development of PD-1hi terminal effectors 
 

 As discussed in section 3.2.2 of the introduction, exhausted CD8+ T cells are not a 

homogenous population. Rather two subtypes and lineage related effectors so called PD-

1int/lo (T-bethi) and PD-1hi (Eomeshi) cells cooperate to contain the infection, the former 

being the progenitor of the later.(269) The discovery of these populations is relatively 

recent and the factors involved in the dynamic transition of PD-1int/lo progenitors into PD-

1hi terminal effectors remain to be defined. During this thesis, we unraveled a central role 
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for IL2Rb-dependent signals in the development of PD-1hi cells. Our results are discussed 

below. 

 

3.1- IL2Rb-dependent signals are dispensable for CD8+ T cells 

proliferation and survival during chronicity  
 

 Our results showed that IL2Rb-deficiency on CD8+ T cells selectively abrogated 

PD-1hi cells development during chronicity without altering the number of PD-1int/lo cells  

(Article 1, Fig. 4A and B and S4A).(649) Based on these findings we first considered that 

IL2Rb-dependent signals might be mandatory for the survival of PD-1hi terminal effectors 

during a chronic viral infection. However, several points excluded this possibility. Firstly, 

we barely detected any PD-1hi cells in the absence of IL2Rb-dependent signals during 

chronicity (day 35p.i.) whereas P14 IL2Rb-/- cells and P14 controls contracted 

equivalently between day 8 and 35p.i. (Article 1, Fig. 4A and B and S4A and D). 

Moreover, lower numbers of P14 IL2Rb-/- cells observed at day 35p.i. resulted from an 

altered proliferation at the peak of the response (day 8p.i.) rather than a selective loss of 

PD-1hi cells during chronicity (Article 1, Fig S4B and C). These results strongly argued 

toward a defective development rather than a selective loss of PD-1hi cells in the absence 

of IL-2 and IL-15-dependent signals. Secondly, CD122 levels were particularly elevated 

on PD-1hi cells compared to their PD-1int/lo counterpart (Article 1, Fig. 2B). Conversely 

PD-1hi cells expressed the lowest amounts of the IL-15-inducible survival factor BCL2 

compared to PD-1int/lo cells, that molecule even being nearly absent in the former. 

(Article 1, Fig. 4C).(649) Bcl2 expression even increased in CD8+ T cells lacking the 

IL2Rb-chain (Article 1, Fig. 4C).(649) These results excluded the possibility of an IL-

15-Bcl2 axis governing PD-1hi cells survival during a chronic viral infection in contrast to 

the major role of IL-15-induced BCL2 expression in the survival of SLECs during an 

acute viral infection.(67, 69, 70) Previous studies also reported extremely low levels of 

BCL2 in exhausted CD8+ T cells that mainly rely on Ag for survival.(19, 20) Together, 

our data indicate that IL2Rb-deficiency hampers the development rather than the survival 

of PD-1hi terminal effectors during a chronic viral infection. 
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 The development of PD-1hi cells relies on extensive proliferative events initiated 

at the PD-1int/lo state.(269) During an acute viral infection, IL-2 and IL-15 sustain the late 

expansion of effector CD8+ T cells and IL-15 is mandatory for the proliferative renewal 

of memory cells (Appendix. 5, Fig. 1B).(67, 107, 261, 313, 626, 645, 655) Then we 

explored the possibility that IL2Rb-deficiency might arrest the proliferation of exhausted 

CD8+ T cells during chronicity resulting in a defective development of PD-1hi cells. The 

absence of IL2Rb-dependent signals on CD8+ T cells did not affect the overall 

proliferation of CD8+ T cells during the chronic phase of infection (Article 1, Fig. 

4E).(649) Nevertheless, we showed a slight decrease in the proliferation rate of P14 

IL2Rb-/- cells compared to P14 controls at day 35p.i. (Article 1, Fig. 4F).(649) Previous 

studies demonstrated that exhausted CD8+ T cells proliferate in vivo in response to 

exogenous IL-2 provided during chronicity.(111) Accordingly, we showed that exhausted 

CD8+ T cells were responsive to IL-2 and IL-15-dependent signals during the chronic 

phase as assessed by their capacity to trigger STAT5 phosphorylation ex vivo (Article 1, 

Fig. 1D and S1B and Article 2. Fig. 4B and C).(649) Hence, exhausted CD8+ T cells 

retain the capacity to expand in vivo in response to IL2Rb-dependent signals. However, at 

physiological level, IL-2 and IL-15 only played a modest role in driving CD8+ T cells 

proliferation during chronicity (Article 1, Fig. 4E and F).(649) Interestingly, Paley et al 

demonstrated that gp33-specific PD-1hi and PD-1int/lo cells stop proliferating after transfer 

in mice chronically infected with the LCMV Cl-13 variant V35A (this variant generates a 

chronic viral infection in mice similar to the parental Cl-13 strain but specifically lacks 

the gp33 epitope).(269) This demonstrates that the inflammatory milieu alone is not 

sufficient to sustain CD8+ T cell proliferation but Ag-dependent signals have a dominant 

role in this process.(269) Collectively, IL2Rb-dependent signals modestly supported 

CD8+ T cell proliferation during chronicity but were not mandatory in the process. In the 

absence of IL2Rb-dependent signals, a substantial fraction of CD8+ T cells still 

proliferated but these effectors did not convert into PD-1hi cells (Article 1, Fig. 4A, B, E 

and F and S4A). We then conclude that IL2Rb-dependent signals arrest PD-1hi cell 

development independently of their slight impact on CD8+ T cell proliferation. Of note, 

abrogation of IL-2-dependent signals alone did not impact CD8+ T cell proliferation 

during a chronic viral infection (Article 2, Fig. S1B). This suggests that the lack of IL-2 



 184 

is compensated by IL-15 in vivo or that IL-15 selectively sustains CD8+ T cell 

proliferation during chronicity.  

 

3.2- IL2Rb-dependent signals instigate CD8+ T cell terminal 

differentiation during chronicity 
 

 In the previous section, we show that the absence of PD-1hi cells without IL2Rb-

dependent signals is not caused by an altered proliferation or survival defect. Our data 

rather indicate a new role for IL-2 and/or IL-15 in directing the differentiation of PD-1hi 

terminal effectors during a chronic viral infection.(649) This conclusion challenges 

previous work which showed that Ag-dependent signals and EOMES are the main actors 

in PD-1hi cells development.(269) As mentioned, Ag-dependent signals but also EOMES 

promote CD8+ T cell proliferation during chronicity that subsequently leads to the 

generation of PD-1hi cells.(269) But it remains undefined whether these factors instigate a 

terminal differentiation program in proliferating effectors.(269) In acute infection 

settings, the “decreasing potential” model supports the notion that prolonged exposure to 

antigenic signals enforces CD8+ T cells terminal differentiation  (albeit that model does 

not rule out the involvement of other signals).(43) It remains a possibility that prolonged 

antigenic signals also sustain PD-1hi terminal differentiation in synergy with IL2Rb-

dependent signals during a chronic viral infection. However, PD-1hi cells failed to 

develop without IL2Rb-signals despite high viral loads (Article 1, Fig 4A, B, S4A and 

S5E).(649) In the absence of IL2Rb-dependent signals, EOMES levels in exhausted 

CD8+ T cells were conserved and even slightly superior compared to control (Article 1, 

Fig. 4H).(649) Hence, combination of Ag-dependent signals and EOMES are not 

sufficient to trigger PD-1hi cells development in the absence of IL2Rb-dependent 

signals.(649) These observations further emphasize the central role of IL2 and IL-15 in 

directing CD8+ T cells terminal differentiation during a chronic viral infection.  
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3.3- A new model of PD-1hi terminal effector development 
 

 Similar to PD-1, we demonstrated that IL2Rb expression on CD8+ T cells 

increased during the transition from PD-1int/lo to PD-1hi cells (Article 1, Fig. 2D and 

E).(649) Both TCR-signals and EOMES (that directly binds to the IL2Rb promoter 

region) promote IL2Rb expression on CD8+ T cells.(286) Further, PD-1hi cells 

development is characterized by a coordinated increase in EOMES and IL2Rb expression 

(Article 1, Fig. 2B).(269) Thus, beside their role in promoting CD8+ T cell proliferation, 

Ag-dependent signals and/or EOMES likely magnify IL2Rb-expression on proliferating 

effectors during chronicity. Expression of the transcriptional repressor BLIMP-1 also 

increases during the conversion onto PD-1hi cells.(162) IL-2 is a key inducer of BLIMP-1 

and IL2Rb-deficiency reduced BLIMP-1 levels in exhausted CD8+ T cells during 

chronicity (Article 1, Fig. 4I).(311) A previous study demonstrated that IL-15 is a poor 

inducer of BLIMP-1 in CD8+ T cells in vitro.(311) However, IL-2 and IL-15 trigger a 

similar transcriptional program in CD8+ T cells and the impact of IL-15 on BLIMP-1 

expression in vivo during a chronic viral infection is unknown.(68) The IL-2-BLIMP-1 

axis is critical to drive SLECs terminal differentiation in acute infection settings and 

BLIMP-1 is a central TF involved in CD8+ T cells terminal differentiation and 

exhaustion.(30, 33, 35, 162) As mentioned earlier, STAT5 is a direct inducer of BLIMP-1 

and we showed that STAT5 inhibition in vitro restrained BLIMP-1 expression in CD8+ T 

cells (Article 2 , Fig. 4F). Together, we propose a new model for the generation of PD-1hi 

cells during a chronic viral infection. Firstly, Ag-dependent signals and EOMES trigger 

PD-1int/lo cell proliferation and likely increase IL2Rb expression at the cell surface. 

Finally, IL2Rb-dependent signals direct the terminal differentiation of proliferating 

effectors into PD-1hi cells through a STAT5-BLIMP-1 axis (Figure. 19). 
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Figure. 19: IL-2 and IL-15 direct PD-1hi cells terminal differentiation. Our data 

suggest that the development of PD-1hi cells is multifactorial and biphasic. 1 Ag-dependent 

signals and Eomes promote PD-1int/lo cells proliferation and probably increase CD122 (IL2Rb) 

expression on these effectors. 2 IL2Rb-dependent signals fulfill the terminal differentiation of 

proliferating effectors into PD-1hi cells likely through a STAT5/BLIMP-1 axis. 

 

3.4- Therapeutic potential 
 

 Our findings demonstrate that IL2Rb-dependent signals on CD8+ T cells direct 

the terminal differentiation of PD-1hi cells opens new perspectives for the treatment of 

chronic viral infections and cancers. Indeed, the conversion of PD-1int/lo progenitors into 

PD-1hi cells has dramatic consequences for the establishment of long-term immune 

protection. Firstly, this transition is terminal and associated with a global increase in 

exhaustion severity notably a higher level of several inhibitory receptors, a loss of 

proliferative potential and most particularly a shorter lifespan that precludes long-term 

persistence of these effectors in vivo.(49, 60, 269, 649) Secondly, prolonged periods of 

Ag exposure gradually erode the PD-1int/lo subset leading to a preferential accumulation of 

PD-1hi cells and ultimately a complete loss of CD8+ T cell responses. This was notably 
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evidenced in patients with chronic HCV.(269) In cancer patients, relapse after cessation 

of aPD-L1 therapy coincides with a massive conversion of CD8+ T cells onto PD-1hi 

(Eomeshi) terminal effectors.(636) In contrast, PD-1hi cells conserve higher cytolytic 

potential compared to PD-1int/lo cells despite been more severely exhausted.(649) Hence, 

tempering (but not abrogating) IL2Rb-dependent signals might be a relevant approach to 

slow down the conversion into PD-1hi cells and prolonged immune protection while 

preserving cytolytic potential. Treating patients at relevant time-points with the newly 

described janus kinase-3 inhibitor Tofacitinib (safely used for the treatment of 

rheumatoid arthritis)(656) might be an interesting therapeutic avenue to explore. For 

example, providing Tofacitinib to cancer patients during and/or after PD-1 blockade 

might prevent the massive terminal differentiation of responding CD8+ T cells (often 

associated with cancer relapse) and provide memory development advantage. Our results 

suggest that BLIMP-1 is central for PD-1hi cells development.(649) BLIMP-1-deficiency 

restrains CD8+ T cells cytotoxicity consistent with a lack of PD-1hi cells development and 

delays viral clearance.(162) However, BLIMP-1 haploinsufficiency conserves CD8+ T 

cells cytotoxic potential, reduces their exhaustion and accelerates viral clearance. This 

result further emphasizes our conviction that tempering IL2Rb-dependent signals on 

CD8+ T cells and subsequently BLIMP-1 induction might be beneficial for the control of 

chronic viral infections. 

 

3.5- Perspectives 
 

 On this subject, several points need to be fully explored. Firstly, we must define if 

the differentiation into PD-1hi cells results from a combined impact of IL-2 and IL-15 or 

if IL-15 alone mainly controls this conversion. The fact that PD-1hi cells developed 

normally in the absence of IL-2-dependent signals demonstrates that IL-15 alone is 

sufficient to direct their differentiation (Article 2, Fig. 2A, B and S1D). Examining PD-

1hi cells development in IL-15KO mice will provide a definitive answer to this question. 

Given the central role of BLIMP-1 on CD8+ T cell terminal differentiation and 

exhaustion,(30, 35, 162) we propose that this TF mainly controls PD-1hi cells 

development.(649) However, this must be proven using a mouse model carrying a CD8+ 
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T cell-restricted deletion of BLIMP-1. We would expect to observe a defective 

differentiation of PD-1hi cells in these mice mirroring the results we observed with the 

IL2Rb-deficient model. Finally, since STAT5 directly modulates BLIMP-1 expression in 

CD8+ T cells, we postulate that IL2Rb-dependent signals instigate CD8+ T cell terminal 

differentiation through a STAT5-BLIMP-1 axis. This point remains to be fully 

demonstrated. A first step would be to observe PD-1hi cells development in P14 cells 

retrovirally transduced with a constitutively active form of STAT5. If our assumption is 

correct, we would expect to observe an increase expression of BLIMP-1 accompanied by 

an accelerated development of PD-1hi cells. In a second time, we could perform similar 

experiments in BLIMP-1-deficient P14 cells. The aim would be to demonstrate that 

constitutive STAT5 activation requires BLIMP-1 to accelerate PD-1hi cells development. 

These experiments will definitively prove that the differentiation of PD-1hi cells during a 

chronic viral infection rely on an IL-2/15>STAT5>BLIMP-1 axis. 

 

IV- Development of memory CD8+ T cells 
 

 The complete loss of developmental plasticity towards competent memory cells is 

another dramatic consequence of CD8+ T cell exhaustion during a chronic viral 

infection.(19, 20) Reversing and/or preventing such outcome is of first importance to 

ensure long-term immune protection in patients with chronic viral infections. Recent 

advances in the field underline that this process is progressive and might involve 

repressive epigenetic modifications.(51, 104, 105) However, the causative factors of such 

memory developmental arrest that could represent relevant therapeutic targets needs to be 

identified. During this thesis, we demonstrate for the first time that IL-2 and IL-15 

coordinately suppress memory CD8+ T cell development during a chronic viral infection 

and that these cytokines are the main actors in the process. Our main results are discussed 

below.  
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4.1- IL2Rb-dependent signals preclude memory CD8+ T cell 

differentiation during a chronic viral infection  
 

4.1.1- Persistent antigenic stimulation versus IL2Rb-dependent signals 

 

 Previous studies demonstrated that cardinal markers of memory CD8+ T cell (e.g. 

CD127 and CD62L) are critically repressed during a chronic viral infection.(19, 20, 48) 

Our first striking observation was that in the absence of IL-2 and IL-15-dependent 

signals, a substantial fraction of CD8+ T cells re-express CD127 in the midst of the 

chronic phase (day35p.i.) despite heightened viral loads (Article 1, Fig. 6A, S5E and 

S6A).(649) At day 65p.i., when LCMV Cl-13 virus was cleared from most tissues except 

kidneys (Article 1, Fig. S6B), a large majority of IL2Rb-deficient CD8+ T cells had re-

expressed CD127 and a fraction even converted into a Tcm phenotype (Article 1, Fig. 

6A-C and S6A).(649) These data demonstrate that persistent antigenic stimulation is not 

the primary cause of memory developmental arrest that often occurs during a chronic 

viral infection. Rather, IL2Rb-dependent signals are the main instigators of such defect.  

 

 Importantly, we provide evidence that the restoration of memory CD8+ T cell 

development in the absence of IL2Rb-dependent signals results from a bias of 

differentiation rather than a selective loss of CD127-negative cells over time. First, we 

demonstrated that at day 65p.i., IL2Rb-deficiency resulted in a superior number of Tcm 

cells in spite of a 2.4 fold reduction in the total number of P14 IL2Rb-/- cells compared to 

P14 controls at this time point (Article 1, Fig. 6C and S4B).(649) Similarly, IL2Ra-

deficiency also generated more Tcm cells compared to P14 controls despite equivalent 

numbers of cells at day 60 p.i. (Article 2, Fig. 1A and 2E). Globally, P14 controls failed 

to generate Tcm cells in accordance with previous observations (19, 20, 48) and this 

population only differentiated in the absence of either the IL2Ra or the IL2Rb-chain 

(Article 1, Fig. 6B and C and Article 2, Fig. 2D and E).(649) Secondly, at day 65p.i., we 

demonstrated that Tem cells generated within P14 and P14 IL2Rb-/- cell populations were 

not similar.(649) IL2Rb-deficient Tem expressed higher levels of CD127 and the pro-
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memory TF BCL6 (Article 1, Fig. 6E). This demonstrates that even if a small fraction of 

Tem are generated within P14 controls, these cells do not reach a state of memory 

differentiation as advanced as that of P14 IL2Rb-deficient Tem. Finally, previous studies 

clearly define that exhausted CD8+ T cells mainly rely on Ag rather than homeostatic 

signals (provided by IL-7 and IL-15) for survival.(19, 20) Together, we demonstrate that 

IL2Rb-deficiency causes a bias of differentiation that reinstates a memory developmental 

program in exhausted CD8+ T cells during a chronic viral infection. 

  

4.1.2- Tcm development 

 

 In our first article, we demonstrate that the combined absence of IL-2 and IL-15-

dependent signals preserved Tcm developmental potential in a substantial fraction of Ag-

specific CD8+ T cells (Article 1, Fig. 6B and C). In similar settings, specific abrogation 

of IL-2-dependent signals alone also restored Tcm differentiation in nearly similar (albeit 

slightly reduced) proportions compared to the IL2Rb-deficient model (Compare Article 

1, Fig. 6B and Article 2, Fig 2D). These results clearly demonstrate that i) IL2Rb-

dependent signals mainly instigate the arrested development of Tcm cells during a 

chronic viral infection and ii) IL-2 has a dominant role over IL-15 on this particular 

defect. Despite the apparent limited role of IL-15 in Tcm developmental arrest, it remains 

to be defined whether Tcm generated in the absence of either the IL2Ra-chain or the 

IL2Rb-chain are the exact same cells. In addition, examining the development of Tcm in 

IL15KO mice will be necessary to definitively rule out a contribution of IL-15 in Tcm 

developmental defect during a chronic viral infection. 

 

 As mentioned before, IL-2-dependent signals were limited to the priming phase of 

infection (Article 1, Fig. 1A and Article 2, Fig. 2A and B).(649) This suggests that IL-2-

dependent signals instigate an “anti-Tcm” developmental program in CD8+ T cells during 

the priming phase of infection (Figure. 20). This assertion contrasts with previous work 

which demonstrated that loss of memory potential during a chronic viral infection is 

progressive and fully acquired only from day 30 p.i. onward.(51) Work by Angelosanto et 

al also demonstrates that signals beyond day 8 p.i. also alter memory CD8+ T cell 
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development albeit the authors did not thoroughly examine Tcm differentiation and 

limited their observations to CD127 expression.(51) From these evidences, two 

possibilities subsist i) by day 8 p.i., chronically stimulated CD8 T cells have already lost 

their developmental plasticity towards Tcm because of IL-2-dependent signals (but are 

still able to re-express CD127) or ii) IL-2 instigate the “anti-Tcm” program on CD8+ T 

cells during priming but that program requires a prolonged chronic environment to persist 

and to become irreversible. In support of the first hypothesis, early after initiation of an 

acute LCMV infection, effector CD8+ T cells with distinct cell fate can be identified 

based on their expression level of the IL2Ra-chain.(31) Adoptive transfer experiments 

into infection matched recipients revealed that IL2Rahi effectors (sorted early by day 3.5 

p.i.) present a defective differentiation into Tcm cells after viral elimination compared to 

their IL2Ralo counterpart.(31) This demonstrates that even in a “pro-memory” acute 

infection context, IL-2-dependent signals provided early after infection restrain CD8+ T 

cells memory developmental plasticity after viral clearance. Further experiments will be 

necessary to determine whether a similar “programming” occurs during a chronic viral 

infection. A relevant approach would be to block IL-2-dependent signals during the 

priming phase of infection (using blocking antibodies against CD25) and determine if 

such treatment is sufficient to rescue Tcm cells development. 

 

 
 

Figure. 20: Gradual loss of memory CD8+ T cell potential. During the priming phase of a 

chronic viral infection, IL-2 suppresses CD8+ T cells developmental plasticity toward Tcm. 
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During the chronic phase, prolonged exposure to IL-15 further preclude Tem cell developmental 

potential. Such developmental failures are irreversible and fully exhausted (Tex) CD8+ T cells 

remain incapable to differentiate into either Tcm or Tem even after viral decline.  
 

4.1.3- Tem development 

 

We demonstrated that in the absence of IL2Rb-dependent signals, nearly all CD8+ 

T cells that failed to convert into Tcm cells presented a CD62L-CD127+ Tem phenotype 

at day 65 p.i. whereas the vast majority of P14 controls remained CD62L-CD127- (Tex) 

(Article 1, Fig. 6B).(649) IL2Rb-deficient Tem expressed higher CD127 and Bcl6 

compared to the few Tem cells generated within P14 controls (Article 1, Fig. 6E).(649) 

This demonstrates that IL2Rb-deficiency confers a developmental advantage to that 

population during a chronic viral infection. In contrast, IL2Ra-deficiency did not rescue 

Tem cell development (Article 2, Fig. 2D-E and S1E). This shows that IL-15-dependent 

signals alone are sufficient to impede Tem cell development during a chronic viral 

infection. As mentioned above chronically stimulated CD8+ T cells gradually lose their 

ability to re-express CD127 during chronicity a time-period during which only IL-15 was 

produced (no IL-2) (Article 2, Fig. 3).(51) Together, our results very much indicate that 

prolonged exposure to IL-15 during chronicity is necessary to abrogate Tem cells 

development during a chronic viral infection (Figure. 20). On the other hand, we cannot 

at this point exclude the possibility that IL-2 and IL-15 act redundantly during priming to 

imprint an “anti-Tem” program on CD8+ T cells. But even in the case, our data clearly 

demonstrate that IL-15 substantiate the lack of IL-2 to silence Tem development. Hence, 

IL-15 has clearly a dominant role over IL-2 in the repression of Tem differentiation 

during a chronic viral infection. Further studies using IL-15KO mice will definitively 

enlighten this point. A relevant experiment would be to transfer P14 CD8+ T cells at day 

8p.i. into match-infected WT and IL-15KO recipients and examine Tem development at 

day 60p.i.. If our assumption is correct, we would expect to observe a rescued Tem 

development in IL-15KO but not WT recipients. This result would definitively 

demonstrate that IL-15-dependent signals during chronicity selectively arrest Tem cell 

development.  
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4.2- Transcriptional control of memory differentiation arrest during a 

chronic viral infection  
 

 Our data showed that IL2Rb-dependent signals played a critical role in controlling 

the relative expression of BLIMP-1 and BCL6 during a chronic viral infection tipping the 

balance towards terminal differentiation while precluding memory development.(649) 

BLIMP-1 supports CD8+ T cell terminal differentiation while BCL6 sustains Tcm 

development and both TFs directly antagonize each other’s expression.(30, 35, 657, 658) 

BLIMP-1-deficient CD8+ T cells are able to re-express CD127 and even CD62L during a 

chronic viral infection in mice.(162) In our IL2Rb-deficient model, BLIMP-1 expression 

was reduced in CD8+ T cells at day 35 p.i. while BCL6 levels increased by day 65 p.i. 

(Article 1, Fig, 4I and 6D).(649) Growing amounts of literature also evidenced that 

STAT5 negatively regulates memory CD8+ T cell differentiation.(355, 650, 651, 659, 

660) STAT5 directly promotes BLIMP-1 expression in CD8+ T cells and conversely 

decreases BCL6.(312, 650, 651) In CD4+ T cells, STAT5 inhibits Tfh cells differentiation 

by increasing BLIMP-1 levels at the expense of BCL6.(310) Finally, we demonstrated 

that STAT5 was the dominant pathways by which IL-2 and IL-15 signaled in exhausted 

CD8+ T cells and STAT5 inhibition in vitro decreased BLIMP-1 levels but enhanced 

BCL6 expression (Article 2, Fig. 4A-C and F). Together we propose that IL2Rb-

dependent signals and downstream STAT5 activation arrest memory CD8+ T cells 

development during a chronic viral infection by tipping the balance in favor of BLIMP-1 

at the expense of BCL6.  

 

4.3- Antigen addiction versus IL-7-mediated survival  
  

 CD8 T cells committing to severe exhaustion irreversibly loose cell-surface 

expression of homeostatic cytokine receptor-chains including the IL2Rb-chain (CD122) 

and the IL7Ra-chain (CD127) required for IL-15 and IL-7-dependent signaling 

respectively (Article 1, Fig. 1C and 6A).(649) De facto, exhausted CD8+ T cells become 

unable to sense homeostatic cytokines and develop an Ag-addiction for survival.(20) 
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IL2Rb-deficient memory cells not only re-expressed CD127 but responded to IL-7 ex 

vivo (Article 1, Fig. 6F).(649) Rescued IL-7 sensitivity coincided in vivo with increased 

levels of the pro-survival molecule BCL2 required for memory CD8+ T cell survival 

(Article 1, Fig. 6G).(259, 649) STAT5 is well-known at inducing BCL2 in CD8+ T cells, 

we conclude that IL2Rb-deficient memory cells bypass the typical Ag-addiction of 

exhausted cells  and restore an IL-7/STAT5/BCL2 survival axis. However, that point 

must still be formally addressed by monitoring the maintenance of IL2Rb-deficient 

memory cells in an Ag-free environment.  

 

4.4- Therapeutic interests  
 

 Current therapeutic trials using aPD-L1 blocking Abs in mice with chronic viral 

infections encounter two major problematics. First, CD8+ T cells that expand after PD-L1 

blockade tend to become more terminally exhausted after cessation of treatment.(104) 

Secondly, aPD-L1 treatment fails to reinstate memory CD8+ T cells development even 

when they are combined with repetitive IL-7 infusions.(104) Hence, combining aPD-L1 

therapy with well-timed injections of Tofacitinib (JAK3 inhibitor) could represent a 

powerful approach to i) prevent uncontrolled terminal differentiation and ii) preserve a 

pool of competent memory cells in patients with chronic viral infections. Infusion of 

CAR T cells in cancer patients has become a major approach for the treatment of cancers 

notably B-cell malignancies. Several groups are now trying to apply that technology for 

the treatment of chronic viral infections. However, several parameters restrain CAR T 

cell therapy effectiveness including i) the early exhaustion of these cells and ii) their 

limited capacity to maintain in the host and develop long-term immunological memory. 

Tempering IL2Rb-dependent signals in CAR T cells could slow-down their exhaustion, 

restrain their conversion toward short-lived terminal effectors without altering cytotoxic 

potential and might preserve memory plasticity. Together, our results answer real clinical 

issues and provide salient opportunities to improve actual immunotherapeutic approaches 

to cure human cancers and chronic viral infections.   
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4.5-  Perspectives 
 

 An important point to assess is whether memory CD8+ T cells generated in the 

absence of IL2Rb-dependent signals are fully functional and efficiently contain a 

secondary viral burst. A second key question is if these memory cells are maintained in 

the host in the absence of Ag. This is extremely important regarding actual issues in HIV 

patients treated with highly active antiretroviral therapy (HAART). In these patients, 

HAART-induced viral decline coincides with a decrease number of Ag-specific CD8+ T 

cells that rely on Ag for survival. Another unexplored question is whether IL2Rb-

dependent signals also affect the development of memory CD8+ T cells in peripheral 

tissue (notably the mucosa). Recently, a population of resident memory T cells (Trm; 

CD69hiCD103hi) localized in peripheral tissues and mucosa was described in mice.(661, 

662) This non-recirculating population of memory CD8+ T cells provides a first-line on-

site protection against invading pathogens (e.g. HSV).(663) The development of Trm 

cells was shown to be partly dependent on IL-15 and TGF-b in acute infection 

systems.(664, 665) However, how this population evolves during a chronic viral infection 

and how IL-15 affects its development remains to be defined. These perspectives will be 

important questions to answer in the future.  

 

V- Conclusion, significance and future directions  
 

 T cell exhaustion represents the most recently evidenced differentiation program 

of CD8+ T cells and tremendous work is still needed to fully elucidate the causative 

factors and molecular events governing such process. Reversing and/or preventing CD8+ 

T cell exhaustion has become the primary aim of numerous recent immunotherapeutic 

regimens against human cancers and chronic viral infections. Our lack of knowledge 

regarding the causative factors of CD8+ T cell exhaustion impedes the improvement of 

novel immunotherapeutic approaches. Given that exhaustion establishment in CD8+ T 

cells requires persistent antigenic stimulation, Ag-dependent signals have been 

considered the primary cause of CD8+ T cell exhaustion. Hence, involvement of other 
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factors and particularly cytokines has been neglected. For the first time our study 

provides evidence that cytokines (i.e. IL-2 and IL-15) control distinct aspects of CD8+ T 

cell exhaustion. 

 

 During this thesis, we define IL2Rb (CD122) as a new reliable marker of severe 

exhaustion and terminal differentiation in LCMV-infected mice and patients with chronic 

HCV. Using IL2Rb-deficient CD8+ T cells, we also demonstrate that IL-2 and IL-15-

dependent signals control key aspects of CD8 T cell exhaustion including i) the induction 

of a specific pattern of inhibitory receptors (i.e. 2B4 and TIM-3), ii) the terminal 

differentiation of PD-1hi terminal effectors and iii) the arrested development of memory 

CD8+ T cells (Figure. 21). We also define that IL-2 and IL-15 display overlapping and 

individual functions in these processes. And, we provide evidences that IL-2 and IL-15 

mediate their functions mainly through activation of the TF STAT5. Together our study 

adds to our understanding on the development of CD8+ T cell exhaustion during a 

chronic viral infection and reinstates cytokines as a primary cause of such process.   

 

  As discussed in this last section, our results and previous work greatly indicate 

that IL-2 and IL-15 mediate their action through a STAT5-BLIMP-1 axis.(162, 649) 

Defining whether STAT5 only functions to promote BLIMP-1 expression or displays 

additional BLIMP-1-independent functions will be an interesting point to decipher. The 

pro-exhaustion functions of IL-2 and IL-15 contrast with the protective role of IL-21, 

another member of the gc-family of cytokines.(345-347) During a chronic viral infection, 

cell-intrinsic IL-21-dependent signals are essential for the maintenance of CD8+ T cell 

responses.(345) In vitro, IL-21 confers an opposing transcriptional program to that of IL-

2 and IL-15 in CD8+ T cells.(295) This cytokine restrains terminal differentiation but 

sustains memory development and our data clearly show that during a chronic viral 

infection, IL-2 and IL-15 promote CD8+ T cell terminal differentiation at the expense of 

memory development.(295, 649) IL-21 primarily signals through STAT3 while IL-2 and 

IL-15 preferentially trigger STAT5. As opposed to STAT5, STAT3 sustains memory 

CD8+ T cell development.(355, 650, 651, 666) Finally, IL-21 restrains IL2Rb-expression 

in CD8+ T cells.(295, 667) Hence, IL-21 might not only counteract IL-2/15-dependent 
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signals but could also temper IL2Rb expression on CD8+ T cells. Therefore, the rate of 

CD8+ T cell terminal exhaustion during a chronic viral infection could be dictated by a 

balance between IL-2/15-STAT5 and IL-21-STAT3-dependent signals. Examining the 

reciprocal action of these cytokines in the development of CD8+ T cell exhaustion will be 

an interesting point to uncover in the future. Particularly, the impact of IL-21 in the 

development of PD-1int/lo progenitors and PD-1hi terminal effectors remains 

unanswered.(345-347) Comparing the role of IL-21 in the development of these 

populations might reveal opposing functions compared to IL-2 and IL-15. This should 

highlight novel information regarding the involvement of cytokines in the dynamic of 

PD-1int/lo progenitors and PD-1hi terminal effectors. 

 

 Altogether the data presented during this thesis suggest that tempering IL-2 and/or 

IL-15-dependent signals during a chronic viral infection can be beneficial in several 

ways. A next step would be to refine the window of opportunity for such therapeutic 

intervention in patients. One major issue to achieve this goal in mouse is that the viral 

course of LCMV differs drastically compared to human chronic viral infections. For 

example, while LCMV and HIV trigger very similar immunological processes, the viral 

kinetic of these viruses is very different. LCMV Cl-13 causes a persistent infection with 

heightened viral titers for months before being kept under control by the immune system. 

HIV primary infection is also controlled in humans but the virus persists in a latent mode 

in reservoir cells and gradually re-emerged over the years [of note, other determinants 

including the genetic composition, the replicative strategy and the mechanism of 

infection vary between HIV and LCMV]. A similar issue is to consider for HCV 

infections that are characterized by several episodes of viral flare-ups. Therefore, 

additional experimental models closer to the human pathology and more predictive 

should be used to determine accurate windows of opportunity to target IL-2 and/or IL-15. 

The use of rhesus macaques infected with SIV would be a relevant option to consider. 

 

 Finally, the work realized during that thesis enlightens new functions of IL-2 

and IL-15 in directing several key aspects of CD8+ T cell exhaustion during a chronic 

viral infection. Our results also represent a great advancement in the field as we 
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demonstrate for the first time that cytokines play a major role in the development of 

CD8+ T cell exhaustion challenging the previous dogma that persistent Ag-dependent 

signals were the main culprits. That result is quite important as it might explain why IL-2 

treatment (provided to HIV patients during the late 90’s) did nor produced the expected 

results. Restraining CD8+ T cell terminal differentiation and restoring memory 

development represent the main challenge of actual immunotherapeutic strategies 

including immune checkpoint blockade and engineered T cells. Until now such goal 

could not be achieved as we ignored the causative factors of such developmental issues. 

Our results identified IL-2/IL-15 and downstream STAT5 as the main regulators of CD8+ 

T cell terminal exhaustion and memory developmental arrest during a chronic viral 

infection. We are convinced that this discovery will open novel avenues to improve 

actual immunotherapeutic regimens against chronic viral infections and cancers. We also 

hope that this work will encourage future research regarding the role of cytokines on the 

T cell exhaustion process.    

 

Finally, I hope you have appreciated reading this thesis. 
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Figure. 21: Conclusion scheme: Impact of IL-2 and IL-15 on CD8+ T cell responses 

during a chronic viral infection. During a chronic viral infection, selective maintenance 

of the IL2Rb-chain (in addition to basal levels of IL2Rg-chain) allows IL-2 and IL-15 to 

signal on responding CD8+ T cells. These cytokines selectively trigger STAT5 activation 

and likely the transcriptional repressor BLIMP-1. Through that axis, IL-2 and IL-15 

control several aspects of CD8+ T cell exhaustion. 1 IL-2 and IL-15 directly and 

redundantly control the expression of 2B4 and TIM-3 on CD8+ T cells. These cytokines 

also indirectly increase the expression of PD-1, LAG-3 and CD160. 2 IL-2 and IL-15-

dependent signals also instigate the terminal differentiation of PD-1hi terminal effectors 

likely in a BLIMP-1 manner. 3 Finally, IL-2 and IL-15 cooperate to suppress the 

developmental plasticity of CD8+ T cells to memory. IL-2-dependent signals during 

priming preclude Tcm differentiation while continuous IL-15-dependent signals are likely 

required to extinguish Tem development. 
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a b s t r a c t

Intracellular pathogens such as the human immunodeficiency virus, hepatitis C and B or Epstein–Barr virus
often cause chronic viral infections in humans. Persistence of these viruses in the host is associated with a
dramatic loss of T-cell immune response due to functional T-cell exhaustion. Developing efficient
immunotherapeutic approaches to prevent viral persistence and/or to restore a highly functional T-cell
mediated immunity remains a major challenge. During the last two decades, numerous studies aimed to
identify relevant host-derived factors that could be modulated to achieve this goal. In this review, we focus
on recent advances in our understanding of the role of cytokines in preventing or facilitating viral persis-
tence. We concentrate on the impact of multiple relevant cytokines in T-cell dependent immune response
to chronic viral infection and the potential for using cytokines as therapeutic agents in mice and humans.
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1. Introduction

Anti-viral T-cell response to acute viral infections is a tightly
regulated process. After activation, antigen (Ag)-specific T cells
undergo massive clonal expansion and acquire cardinal effector
functions essential for the eradication of virally-infected cells. Fol-
lowing resolution of infection, the majority of expanded T cells are
rapidly eliminated during the contraction phase to prevent exces-
sive immune activation. A small fraction of these effectors survive
to form a long-lasting protective memory pool [1]. However,
chronic viruses such as the human immunodeficiency virus
(HIV), hepatitis C and B viruses (HCV and HBV) and Epstein–Barr
virus (EBV) often manage to avoid immune surveillance and estab-
lish a persistent infection in the host. In these particular conditions,
the immune system elaborates inherent suppressive strategies to
prevent uncontrolled T-cell expansion that might cause severe
pathology to the host. However, these immune-derived suppres-
sive functions, while being host protective, further facilitate viral
persistence and lead to the gradual loss of T-cell immunity by a
process called T-cell exhaustion [2,3]. During that exhaustion pro-
cess, CD8 T cells are progressively deprived of their cardinal effec-
tor functions (i.e. cytokine production, proliferation potential,
killing ability) because of increased expression of multiple inhibi-
tory receptors including PD1, LAG-3, 2B4, Tim3 and CD160 [4–6].
In addition, commitment to exhaustion suppresses the develop-
ment of memory cells precluding the establishment of long-term
protective immunity [7,8]. Similarly, CD4 T cells also become
exhausted as evidenced by a rapid loss of effector cytokine produc-
tion (i.e. IL-2, TNFa and IFNc), sustained expression of PD1, CTLA4
and increased production of IL-10 and/or IL-21 [9–11]. While
exhausted T cells continue to display some level of antiviral func-
tions, the effector T-cell pool progressively erodes as the infection
persists, which ultimately leads to the complete loss of T-cell
immunity [12]. Consequently, identifying the immune-derived fac-
tors that favor viral persistence and T-cell dysfunction with the
goal of developing new therapeutic strategies to prevent or reverse
exhaustion has been the subject of intense research during the last
decades. Among the immune-derived factors, there has been a par-
ticular focus on cytokines because of their capacity to drive essen-
tial stimulatory and suppressive functions on both innate and
adaptive immune cells. Based on observations in humans and mice,
we discuss recent advances in the understanding of the role of
cytokines in preventing or facilitating viral persistence. Our review
focuses on the impact of several relevant cytokines on T-cell
responses and their potential use as therapeutic agents for humans
and mice.

2. Immuno-regulatory cytokines

2.1. IL-10

Several hematopoietic cell types produce IL-10 including den-
dritic cells (DCs), B cells, monocytes, macrophages, CD4 T cells,
CD8 T cells and regulatory T cells [13]. IL-10 signals via a heterodi-
meric class II cytokine receptor composed of an inducible IL10R1-
chain and an IL10R2-chain constitutively expressed on both
hematopoietic and non-hematopoietic cell types that are also
shared by the class II cytokines IL-22, IL-26, IL-28 and IL-29
[14,15]. Engagement of IL-10 to its cognate receptor triggers acti-
vation of the janus tyrosine kinases Jak1 and Tyk2 and phosphory-
lation of the signal transducers and activators of transcription
STAT3, STAT1 and also STAT5 [16–20]. Subsequent signals allow
IL-10 to mediate its immuno-suppressive functions that affect
multiple hematopoietic cell types.

In several persistent infections, notably in patients with HIV,
HBV, HCV or EBV infections, IL-10 levels were reported to be ele-
vated [13,21–25]. Concomitantly, polymorphisms within the IL-
10 promoter region that reduce the secretion of the cytokine were
correlated with enhanced control of these viruses [26–32]. More-
over, numerous viruses including EBV, human cytomegalovirus
(HCMV) and some poxviruses produce their own IL-10 homologs
to dampen antiviral immunity and favor their persistence in the
hosts [33]. Interestingly, IL-10 blockade potently increases the pro-
liferation and cytokine secretion of T cells isolated from chronically
infected HIV or HCV patients [34–38]. On the contrary, engage-
ment of PD1 with its ligand PDL1 can trigger IL-10 expression,
thus contributing to functional T-cell exhaustion [37,39]. Together,
these cumulative evidence suggest a potential immuno-
suppressive role of IL-10 during chronic viral infections in humans.

Two concomitant studies of Brooks and Ejrnaes modeled
chronic viral infection in mice and unravelled an essential role of
IL-10 in promoting viral persistence [40,41]. Similar to what was
observed in persistent human infections, both teams reported
superior IL-10 levels after infection with the variant lymphocytic
choriomeningitis virus (LCMV) strain clone 13 (Cl-13), which
induces a 2–3 month viremia in the host, compared to the LCMV
Armstrong (Arm) strain, which is rapidly cleared [42,43]. Remark-
ably, infection of IL-10-deficient mice by LCMV Cl-13 led to rapid
viral control by day 9 post infection (p.i.). Early blockade of IL-10
signals with anti-IL10R specific antibodies similarly resulted in
accelerated clearance of Cl-13 infection [40,41]. Rapid elimination
of the Cl-13 virus was associated with enhanced magnitude and
functionality of CD4 and CD8 T cells. Importantly, IL-10 blockade
at later time points also led to enhanced viral control and T-cell
responses. However, in both studies, these effects were less
impressive than what was observed in IL-10!/! mice or mice trea-
ted early with anti-IL10R specific antibodies. Hence, IL-10 acts
essentially as an early determinant of viral persistence, while it
continuously dampens immune functions throughout chronicity.
This latter point was emphasized in a study that demonstrated that
IL10R-antibody treatment of mice with a well-established persis-
tent Cl-13 infection still improved T-cell immunity and substan-
tially decreased viral loads [44]. More importantly, this study
revealed that IL-10 blockade was even more effective when com-
bined with anti-PDL1 treatment, suggesting that this dual regimen
might be effective in combating established persistent infections.

Remaining is the question of how IL-10 favors viral persistence
(Fig. 1). IL-10 was previously shown to alter DC maturation by
reducing the expression of MHC class I and II as well as the co-
stimulatory molecules CD80 (B7.1) and CD86 (B7.2) [13,16,45,46].
Hence, IL-10-primed DCs or DCs isolated from HIV patients are
poor inducers of CD4 T-cell proliferation [45–47]. Further, DCs
from chronically-infected mice diverge naïve CD4 T cells from a
Th1 IFNc+ profile to an IL-10 secretion profile (Fig. 1) [41]. That
effect was not observed when DCs were isolated from anti-IL10R
treated mice [41]. This is in support of a direct impact of IL-10
on DCs’ priming abilities that favor the accumulation of suppres-
sive IL-10+ CD4 T cells (Fig. 1). Thus, IL-10 indirectly promotes
CD4 T-cell exhaustion by altering DC maturation leading to damp-
ened priming of the cells and divergence to a suppressive IL-10
producing profile. Conversely, IL-10 can behave as a proliferative
factor for CD8 T cells in vitro and as a growth factor in vivo during
primary response to Listeria monocytogenes [48–50]. However, IL-
10 restrains HIV-specific CD8 T-cell proliferation in vitro [34].
Hence, the impact of IL-10 on CD8 T-cell response is likely
context-dependent and preferentially inhibiting during chronic
viral infections (Fig. 1). Those assertions define IL-10 as an overall
suppressor of T-cell response during persistent viral infections.
However, whether IL-10 favors viral persistence by directly pro-
moting T-cell exhaustion remains to be determined.
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2.2. Transforming growth factor b (TGF-b)

The TGFb superfamily in mammals includes three isoforms,
TGFb1, TGFb2 and TGFb3, that are encoded by distinct genes
[51]. The dominant TGFb1 form can be selectively produced by
activated T cells, macrophages, DCs as well as non-immune cell
types including stromal cells from lymphoid tissues [51–55].

TGFb1 is first secreted in an inactive ‘‘latent form”, trapped by
the so-called latency-associated protein (LAP) that form the small
latent complex (SLC). Eventually other latent TGFb binding pro-
teins (LTBP) can bind the SLC to form a large latent complex
(LLC) [56,57]. Once freed from these accessory proteins, TGFb1
homodimers bind to their cognate receptor composed of two sub-
units of TGFbRI and two subunits of TGFbRII [58–60]. Engagement

Fig. 1. Cytokines regulate T-cell responses during chronic viral infection. IL-10: Infection of mice with LCMV Cl-13 causes a gradual decline in the number of CD8a+ DCs,
shifting the ratio in favor of the suppressive CD8a! DCs. This imbalance during chronic viral infection is sustained by IL-10, which supports the subsequent differentiation of
suppressive IL-10+ CD4 T cells. IL-10 produced by CD8a! DCs, CD4 T cells as well as macrophages and monocytes (not depicted) directly and/or indirectly reduces T-cell
numbers and hinders their functions, which lead to viral persistence. However, a cell-intrinsic impact of IL-10 on T-cell dysfunction and exhaustion remains to be established.
TGFb: TGFb directly reduces the number of Ag-specific CD4 and CD8 T cells likely through increased Bim-mediated apoptosis. However, TGFb neutralization in vivo has
minimal to no impact on viral control during a chronic infection. Type I IFNs: Type I IFNs cause a dramatic disorganization of secondary lymphoid tissues that limits efficient
cross-talk between APCs and T cells. Type I IFNs further limit DCs number and impair their maturation by decreasing MHC Class II and CD80/86 levels while promoting PDL1
expression. These cytokines also increase circulating levels of IL-10. These combined alterations likely hamper the magnitude of CD4 and CD8 T-cell responses, reducing their
functionality and favoring viral persistence. Gp130-dependent cytokines: During the chronic phase of LCMV Cl-13 infection, follicular dendritic cells (FDC) produce the
highest amounts of IL-6. IL-6 promotes the development of Tfh cells that in turn support GCB cells accumulation and anti-LCMV antibody production necessary for viral
control. IL-6 and IL-27 redundantly promote IL-21 production by Ag-specific CD4 T cells. IL-21 maintains the number of Ag-specific CD8 T cells leading to better viral control,
while IL-27 has the unique capacity to support the maintenance Ag-specific CD4 T cells during chronicity. cc-dependent cytokines: CD4-derived IL-21 provides cell-intrinsic
signals that are essential for the maintenance of a functional Ag-specific CD8 T-cell population. This critical cytokine is essential to contain a chronic viral infection. Prolonged
IL-7 therapy augments the number of polyfunctional CD8 T cells through increased proliferation and survival leading to accelerated viral clearance. IL-7 also displays other
beneficial effects including the improvement of thymic output and prevention of organ pathology through IL-22 induction. Low-dose IL-2 regimen in chronically infected
mice increases the number of polyfunctional CD8 T cells, especially when combined with aPDL1 treatment, to sustain viral decline. However, IL-2 administration into CD4-
depleted Cl-13 mice adversely increases viral loads (not depicted).
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of TGFb1 activates the kinase activity of TGFbRI and II. This allows
for recruitment and phosphorylation of SMADs proteins notably
SMAD2 and SMAD3 that complex with SMAD4 to access the
nucleus and achieve the transcription of SMAD-responsive genes
[58–65]. Thereby, TGFb1 exerts several regulatory functions in
almost all immune cell types and particularly affects the T-cell
compartment [66].

TGFb has long been associated with a plethora of regulatory
functions in multiple hematopoietic cell types. Indeed, mice defi-
cient for TGFb1 (TGFb1!/!) develop a lethal inflammatory syn-
drome associated with massive infiltration of immune cells
including lymphocytes in several organs [67,68]. Interestingly,
depletion of CD4 or CD8 T cells alleviates this overwhelming
inflammatory syndrome suggesting that TGFb directly suppresses
T-cell auto-activation [69,70]. Accordingly, mice with a T-cell
restricted deficiency for TGFbRII develop uncontrolled expansion
and activation of peripheral CD4 and mostly CD8 T cells associated
with severe organ lesions and rapid demise [71,72]. Consistent
with these observations, TGFb was shown to directly suppress sev-
eral primary T-cell functions that are also lost during chronic viral
infection including proliferation, antiviral cytokine production
(IFNc) and cytotoxicity [43,66,73–77]. Besides its suppressive
functions, TGFb also greatly influences the differentiation of acti-
vated T cells. Hence, TGFb restrains Th1 and Th2 CD4 T-cell differ-
entiation while directing regulatory T-cell development in vitro
[66]. TGFb-mediated alteration of Th1 CD4 T-cell differentiation
is at least partially due to its capacity to repress the expression
of the T-box transcription factor T-bet [78]. Of note, T-bet directly
represses PD1 expression on CD8 T cells, restrains terminal CD8 T-
cell exhaustion and sustains CD4 T-cell response during chronic
viral infection [9,12,79]. Thus, we may speculate that TGFb directly
aggravates T-cell exhaustion through repression of T-bet, although
this has not been demonstrated to date (see below).

In mice, Tinoco et al. examined the impact of cell-intrinsic TGFb
in the silencing of T-cell responses during a chronic viral infection
(Fig. 1) [80]. In accordance with the heightened TGFb production
often observed in humans during chronic viral infections –
although no clear correlations have been established between
TFGb1 levels and disease progression in humans [81–83] – TGFb
production and signaling were increased in T cells isolated from
chronically infected Cl-13 mice compared to Arm mice. This con-
firmed that elevated and persistent levels of TGFb are a hallmark
of chronic viral infections. However, attenuation of TGFb signaling
in T cells by the transgenic expression of a dominant negative form
of the TGFBRII receptor (dnTGFBRII) mainly limited the Bim-
dependent apoptosis of effector T cells (Fig. 1) [80,84,85]. This
resulted in a greater accumulation of Ag-specific CD8 T cells that
appeared less exhausted as they produced more cytokines,
expressed lower levels of PD1 and displayed enhanced killing func-
tions [80]. However, these functional enhancements reflected the
more rapid viral clearance in mice with attenuated TGFb signaling
rather than a cell-intrinsic effect of TGFb. Indeed, dnTGFBRII mice
rapidly cleared a Cl-13 infection without presenting organ patholo-
gies. This allowed for the development of a competent memory
pool that fails to develop normally in that model [7,8,80].

The demonstration by Tinoco and colleagues that a T-cell-
restricted attenuation of TGFb signals led to the rapid clearance
of Cl-13 infection suggested that in vivo neutralization of TGFb
might represent a relevant therapeutic option for purging a chronic
viral infection [80]. Unfortunately, several groups tested the
impact of TGFb blockade in vivo with disappointing results. In fact,
TGFb blockade during priming or during the chronic phase of Cl-13
infection only slightly increased the number of CD4 and CD8 T cells
[86,87]. Yet, the functionality of these effectors was barely
improved and no reduction in inhibitory receptor expression (i.e.
PD1, 2B4) was reported. Importantly, the modest effects of TGFb

neutralization had no impact on viral control regardless of the tim-
ing of treatment [86,87]. These results imply that targeting TGFb
alone is neither sufficient to prevent the establishment of chronic
viral infection nor to promote the clearance of an established
chronic viral infection (Fig. 1). However, it remains possible that
combining TGFb blockade with other regimens might efficiently
improve the control of chronic viral infections.

3. Inflammatory cytokines

3.1. Type I interferons (IFNs)

Type I IFNs are a large family of soluble mediators comprising
the most described IFNa and IFNb and the less defined classes
IFNj, x, e, d, s and f. Plasmacytoid dendritic cells are a major
source of IFNa while several other cell types can produce type I
IFNs after viral sensing by pathogen recognition receptors
[88,89]. Once secreted, type I IFNs engage a unique heterodimeric
receptor composed of the IFNAR1 and IFNAR2 subunits; activate
the janus tyrosine kinases Jak1 and Tyk2 and trigger several down-
stream molecules (STAT1, STAT2, STAT3, STAT4, STAT5a, STAT5b,
STAT6) and signaling pathways (PI3K and MAPK) [89,90]. Activa-
tion of those signaling pathways leads to the transcription of hun-
dreds of interferon-stimulated genes (ISGs) creating a typical type I
IFN signature [91,92]. ISGs encode proteins with direct antiviral
functions and are responsible for type I IFN-mediated enhance-
ment of innate and adaptive immune functions and maturation.

While often being associated with positive antiviral functions,
type I IFNs recently received attention regarding their potential
deleterious effects during persistent viral infections. Indeed,
heightened inflammation and sustained type I IFN signature often
correlate with disease progression in chronic viral infections. For
example, HIV infection is associated with chronic immune activa-
tion and unremitting type I IFN responses, which correlate with
disease severity and reduction of CD4 T-cell counts [93–96]. Con-
comitantly, comparative transcriptional analysis of CD4 and CD8
T cells between HIV progressor patients and viral ‘‘elite” controllers
revealed an elevated level of ISGs in the former, implying that type
I IFN signals may contribute to disease progression [97,98]. Simi-
larly, the relative resistance of African green monkeys or sooty
mangabeys to simian immunodeficiency virus (SIV)-induced
immunodeficiency is associated with a restrained type I IFN signa-
ture as opposed to SIV-infected rhesus macaques who often pro-
gress to AIDS and present persistent high levels of ISGs [99,100].
Hence, levels and persistence of type I IFN signals have become a
relevant biological determinant of viral persistence and disease
progression during chronic viral infections. In addition to those
correlative observations, type I IFNs exert a set of immunosuppres-
sive functions intimately linked to viral persistence. Indeed, type I
IFNs are critical inducers of IL-10 and PDL1 expression, two major
components that promote viral persistence [101–103]. In addition,
priming of naïve CD8 T cells with type I IFNs reduced their prolif-
erative potential to cognate Ag-encounter [104]. IFNa also
enhanced the Fas/FasL-mediated antigen-induced cell death in
human T cells [105]. Further, type I IFNs potently damped IFNc
secretion by murine T and NK cells in a STAT1-dependent manner
[106]. Hence, sustained inflammatory responses, induction of
immuno-suppressive factors and attenuation of T-cell responses
through PD1 ligation represent three distinct pathways by which
type I IFNs can mediate virus persistence.

Two studies by Teijaro et al. and Wilson et al. examined more
thoroughly the role of IFNa/b during a chronic viral infection using
the LCMV Cl-13 mouse model [107,108]. As expected, persistent
infection with Cl-13 led to superior levels of IFNa and IFNb
compared to mice infected with LCMV Arm. In addition, viral
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persistence in Cl-13-infected mice was associated with prolonged
expression of ISGs, STATs and IFN-I regulatory elements, in accor-
dance with the sustained type I IFN response observed in humans
with HIV and HCV [94–96,109]. Importantly, both studies reported
that early IFNAR1 blockade, which prevents ligation of all type I
IFNs to their common receptor chain, although initially permissive
for viral replication, led to enhanced control of viremia and accel-
erated viral clearance at later time points. Moreover, blockade of
IFNAR1 when chronicity was well established similarly decreased
viral titers. Conversely, Wang and colleagues demonstrated that
providing exogenous IFNa/b efficiently boosted T-cell responses
and accelerated Cl-13 elimination when given at the time of T-
cell priming, while providing IFNa/b at earlier time points or after
the peak of the T-cell expansion was ineffective [110]. These obser-
vations suggest that type I IFNs modulation needs to be finely tuned
since divergent outcomes may arise depending on the timing since
infection. This latter point is of critical importance for the treatment
of chronic viral infections in humans. Indeed, IFNa has been success-
fully used for years as a first-line treatment of HCV in combination
with the antiviral drug ribavirin [111]. However a significant number
of patients are refractory to IFNa therapy. In fact, treatment outcome
appear to correlate with the extent of type I IFN signature in HCV
patients, with refractory patients presenting the strongest signature
[111,112]. Hence, defining the optimal time frame for type I IFNs
modulation to achieve a positive antiviral response in patients
remains to be studied.

Disrupting type I IFNs signaling with anti-IFNAR1 antibodies
revealed how these cytokines suppressed antiviral responses dur-
ing chronic viral infection (Fig. 1). Early IFNa/b burst sustained
the secretion of multiple pro-inflammatory cytokines and caused
a dramatic disorganization of secondary lymphoid tissues (Fig. 1)
[107,108]. IFNAR1 blockade efficiently prevented secondary lym-
phoid tissue disorganization and increased the number of several
innate and adaptive immune cells including DCs, NK cells, B cells
and CD4 T cells. Levels of suppressive factors such as IL-10 and
PDL1 were also largely reduced with IFNAR1 blockade, while DC
maturation and CD4 T-cell functions were readily improved
(Fig. 1) [107,108]. Notably, the rapid control of viremia with early
IFNAR1 blockade strictly required the presence of CD4 T cells.
Interestingly, neutralization of IFNb-signals alone – although to a
lesser extent than IFNAR1 blockade – also enhanced CD4 T-cell
responses, preserved lymphoid tissue architecture and accelerated
viral clearance while IFNa blockade did not [113]. Rather, IFNa
likely dispensed early antiviral effects while being dispensable
for viral clearance thereafter. However, IFNb blockade did not alter
IL-10 and PDL1 levels. In addition, while IFNAR1 blockade had little
impact on CD8 T-cell responses, IFNb neutralization greatly
improved their number and functionality [107,108,113]. Together,
these results point to a dominant role for IFNb over IFNa in medi-
ating suppressive functions during a chronic viral infection, but
also suggest that type I IFNs use redundant and unique pathways
to impair anti-viral immune responses and favor viral persistence.

3.2. Glycoprotein 130 (gp130)-dependent cytokines

The gp130 family of cytokines is a subclass of type I cytokines
composed of the prototypical IL-6 as well as IL-11, IL-27, leukemia
inhibitory factor (LIF), cardiotrophin-1, ciliary neurotrophic factor
and oncostatin M (OSM) [114]. These soluble mediators bind to
and signal through unique multimeric receptors composed of one
(IL-27, LIF, OSM) or two (IL-6, IL-11) common gp130 subunits asso-
ciated with distinct a-chains inherent to each cytokine [114,115].
The gp130 receptor subunit is essential for signal transduction
and predominantly activates JAK/STAT molecules (notably JAK1,
JAK2, Tyk2 and STAT1, STAT3, STAT5) but also the PI3K/AKT and
MAPK pathways [116–119]. Gp130 is ubiquitously expressed

within hematopoietic and non-hematopoietic tissues [120]. Thus,
cytokines that signal through the gp130 receptor chain mediate a
broad spectrum of actions in the development of innate and adap-
tive immune responses.

Several aspects of the biology of gp130-dependent cytokines
have suggested a role for these cytokines in the control of chronic
viral infection. First, numerous studies uncovered the dominant
role of gp130-dependent cytokines in the regulation of inflamma-
tory responses. Particularly, IL-6 displays key pro-inflammatory
properties essential for the initiation of inflammatory responses
and subsequent recruitment of innate and adaptive mediators to
inflamed tissues [114]. These functions of IL-6, besides being asso-
ciated to multiple inflammatory autoimmune diseases, are also
essential to sustain immune responses to pathogenic infections
[121]. Indeed, several reports have underlined the incapacity of
IL-6!/! mice to control fungal, parasitic, bacterial and viral infec-
tions as a result of defective innate cells recruitment and subopti-
mal T-cell responses [122–128]. Conversely, gp130-dependent
cytokines, notably IL-6 and IL-27, also display anti-inflammatory
properties [114,129]. For instance, IL-6 prevents uncontrolled
accumulation of neutrophils to inflamed tissues and limits severe
lung pathology in a mouse model of influenza infection [130–
133]. Further, IL-27 tempers overwhelming T-cell activation during
infection and prevents the development of pathogenic Th17 cells in
multiple autoimmune diseases, in contrast to IL-6 [114,133,134].
Thus, not only gp130-dependent cytokines have the potency to
sustain adaptive responses during infection but also prevent T-
cell hyperactivation and limit organ immunopathologies.

These observations suggest that gp130-dependent cytokines
sustain T-cell responses during chronic viral infection while limit-
ing exacerbated responses. Of importance, IL-6 is known for its
direct impact on the differentiation of T follicular helper (Tfh) cells
[129,135,136]. Interestingly, a higher proportion of Tfh cells was
reported in mice infected with LCMV Cl-13 compared to LCMV
Arm, and that CD4 T-cell subset was critical to support B-cell
responses and viral control [9,137]. In line with its capacity to
promote Tfh-cell differentiation, IL-6 but also IL-27 induce IL-21
production by CD4 T cells, an essential cytokine for the mainte-
nance of CD8 T-cell responses during chronic viral infection
(discussed below) [11,138–143]. These results suggest that
gp130-dependent cytokines are required to sustain both cellular
and humoral immune responses during chronic viral infection.

In humans, elevated serum levels of IL-6 were reported in
patients with HIV, HCV and HBV infections, and in the former,
disease progression was correlated with lower levels of IL-6
[144–146]. Additional studies also reported an inverse correlation
between serum levels of IL-27 and markers of disease progression
in HIV and HCV patients, while others did not [147–150]. Finally,
patients suffering from rheumatoid arthritis (or other inflamma-
tory autoimmune diseases) and treated with tocilizumab, a mono-
clonal antibody against IL6R that induces rapid and sustained
clinical responses, may reactivate Mycobacterium tuberculosis,
HBV or HCV, suggesting a role for IL-6 in the control of latent infec-
tions [121]. Taken together, these observations are highly predic-
tive of a role for gp130-dependent cytokines in the control of
adaptive responses to chronic viral infection.

Using a mouse model carrying a T-cell restricted deletion of
gp130, Harker et al. uncovered an essential role for gp130-
dependent signals for the control of LCMV Cl-13 [151]. Indeed,
while being dispensable during the acute phase of infection (day
9 p.i.), gp130-dependent signals were essential for late accumula-
tion of Ag-specific CD4 and CD8 T cells during viral persistence
[151]. More in depth analysis revealed that the CD4 T-cell com-
partment was particularly affected in the absence of gp130. In fact,
T-cell restricted gp130-deficiency impaired the accumulation of
Tfh cells during chronicity, restrained Ag-specific CD4 T-cell sur-
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vival and production of both IFNc and IL-21 [151]. In contrast,
gp130-dependent signals only modestly affected the functionality
of CD8 T cells. However, as for CD4 T cells, the maintenance of
Ag-specific CD8 T cells was defective during viral persistence. This
observation likely resulted from the lack of CD4-derived IL-21
rather than a direct impact of gp130-dependent signals on CD8
T-cell maintenance [11,141,142,151]. Of note, defective Tfh cell
generation and lack of IL-21 production correlated with a critical
reduction in the number of germinal center B (GCB) cells and
anti-LCMV antibody production [151]. Together, these results
demonstrate that gp130-dependent signals directly and indirectly
sustain T and B cell responses during chronic viral infection and are
critically required for the control of viremia.

Additional work by the same group investigated the relevant
gp130-dependent cytokines involved in the control of persistent
viral infections [151,152]. Interestingly, the decline in T-cell num-
bers seen in infected gp130-deficient mice correlated with IL-6 and
IL-27 being the only two gp130-dependent cytokines able to trig-
ger the phosphorylation of STAT3 in Ag-specific CD4 T cells
ex vivo, while IL-27 also selectively induced the phosphorylation
of STAT1 [151]. Infection of either IL-6!/! or IL27Ra!/! mice with
LCMV Cl-13 resulted in impaired viral control similar to what
was observed in gp130-deficient mice [151,152]. This demon-
strated that both cytokines were individually essential for the con-
trol of chronic viral infection. In IL27Ra-deficient mice, this
correlated with a gradual decline in the number of Ag-specific CD4
T cells during chronicity that was not observed in IL-6!/! mice
[151,152]. However, the proportion of Tfh cells was substantially
reduced in the absence of IL-6, but not within IL27Ra!/! mice. The
lack of Tfh cells in IL-6!/! mice impaired the development of GCB
cells and led to severe reduction in anti-LCMV IgG levels, which
led to uncontrolled viremia (Fig. 1) [152,153]. Of note, neither IL-6
nor IL27Ra-deficiency impaired Ag-specific CD4 T-cell capacity to
produce IL-21 while this function was critically diminished in
gp130-deficient mice. This indicated that IL-6 and IL-27 likely act
redundantly to sustain IL-21 production by Ag-specific CD4 T cells
during chronic viral infection (Fig. 1) [151,152]. This is in accordance
with the fact that both IL-6 and IL-27 induce IL-21 production by Ag-
specific CD4 T cells ex vivo [151]. Taken together, these results
demonstrate that IL-6 and IL-27 display individual and redundant
functions to regulate adaptive immune responses to chronic viral
infection. IL-27 further inhibits HIV replication in humanmonocytes,
macrophages, DCs and CD4 T cells in vitro [154–157]. These com-
bined abilities would be of great interest in the design of novel ther-
apeutic strategies for chronic viral infections.

4. Common gamma (cc) chain-dependent cytokines

The cc-dependent cytokines that include IL-2, IL-4, IL-7, IL-9, IL-
15 and IL-21 are pleiotropic factors, dispensing multiple functions
in several immune cell types [158]. This family of cytokines has
long been associated with T-cell development. Notably, cc-
dependent cytokines display essential signals for the generation,
differentiation and homeostasis of naïve and memory T cells
[159–162]. De facto, the potential of these cytokines as immuno-
therapeutic agents to boost T-cell responses during persistent viral
infections and cancers has been under the scope for numerous
years [163,164].

4.1. IL-21

IL-21 is the most recently discovered member of the cc-
dependent cytokine family [165]. During viral infections, IL-21 is
primarily produced by Th17 CD4 T cells [166–168]. IL-21 signals
through a dimeric receptor composed of the cc chain (CD132)

and a unique IL-21-receptor (IL21R) chain (CD360). Engagement
of IL-21 to its cognate receptor activates Jak1, Jak3 and subse-
quently STATs notably STAT1, STAT5a, STAT5b and predominantly
STAT3 [169]. In addition, IL-21 signals though the canonical PI3K
and MAPK pathways. As multiple immune cell types express the
IL21R, this cytokine exerts pleiotropic modulatory functions in
both innate and adaptive cells including NK cells, B cells, CD4
and CD8 T cells [169].

CD4 T-cell help is essential for maintaining an effective antiviral
CD8 T-cell response during chronic viral infections [170–172]. For
example, loss of CD4 T cells during acute HCV infection often leads
to viral persistence [173–175]. In rodents, CD4 T-cell depletion
before LCMV Cl-13 inoculation causes lifelong viremia [171]. These
observations were correlated with critical loss of CD8 T-cell immu-
nity. Hence, efforts were made to identify the CD4-derived ‘‘helper”
factor required to maintain a potent antiviral CD8 T-cell response
during chronic viral infection. Because IL-2 production by T cells
rapidly vanishes due to functional exhaustion, IL-21 became the
candidate cytokine. Three independent studies used the LCMV Cl-
13 model to explore the impact of IL-21 in maintaining efficient
T-cell responses during chronic viral infection [11,141,142]. IL-21
was readily detected at distinct phases of chronic LCMV infection
and CD4 T cells were uniformly reported to be the main source
of the cytokine [11,141,142]. Interestingly, chronically stimulated
CD4 T cells appeared to rapidly shift from an IL-2 to an IL-21 secre-
tion profile [11]. The importance of IL-21 was further underlined
by the fact that IL21R!/! or IL-21!/! mice failed to control chronic
LCMV infection despite the maintenance of high numbers of CD4 T
cells. More in depth analysis revealed that CD4-derived IL-21 criti-
cally sustained the maintenance and polyfunctionality of CD8 T cells
in a cell-intrinsic manner (Fig. 1) [11,141,142]. Treatment of chron-
ically infected mice with exogenous IL-21 improved the number and
functionality of CD8 T cells, decreased viral titers, but led to animal
demise in 70% of cases [141]. However, in this study, IL-21 treatment
was only attempted during the acute phase of the infection and in
severe conditions, when CD4 T cells were depleted. Hence, further
work is needed to determine if IL-21 administration in conditions
of reduced viral loads can improve CD8 T-cell responses without
lethal adverse effects. Concomitantly, determining how IL-21 intrin-
sically sustains CD8 T-cell maintenance and effector functions is an
important future research question.

4.2. IL-7

IL-7 is a central cytokine for the development of T cells and an
essential component for the homeostasis of naïve and memory T
cells [160,176–181]. Primarily produced by stromal cells in pri-
mary and secondary lymphoid tissues, IL-7 signals through a
dimeric receptor composed of the IL7Ra-chain (CD127) and the
cc chain (CD132). IL7R principally triggers Jak1 and Jak3 and sub-
sequently STAT5, but can also activate the PI3K and MAPK path-
ways [178,182]. Hence IL-7 regulates several key functions of T-
cell biology including metabolism, migration, cell cycle progres-
sion and survival [178,182].

The unique capacity of IL-7 to promote T-cell development, sur-
vival and homeostasis raised interest in using this cytokine as an
immunotherapeutic agent to reverse the severe lymphopenia that
often comes with chronic viral infections [183–185]. IL-7 adminis-
tration to patients with HIV or primates with SIV greatly enhanced
the number of circulating CD4 and CD8 T cells with a preferential
peripheral expansion of naïve and central memory T cells [186–
190]. Thus, IL-7 appeared as a powerful supportive agent for main-
taining substantial numbers of T cells during chronic viral infec-
tion. In addition, when used as antitumor vaccine adjuvant in
mice, IL-7 increases the proliferation and cytotoxicity of CD8 T cells
[191,192]. Further, IL7R expression on effector CD8 T cells from
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chronically infected mice was inversely correlated with the sever-
ity of exhaustion [193]. Thus, besides its capacity to enhance the
number of circulating T cells, IL-7 might also prevents their
exhaustion.

Studies by Nanjappa et al. and Pellegrini et al. recently exam-
ined more accurately the therapeutic benefits of prophylactic IL-
7 in mice that were chronically infected with LCMV Cl-13
[194,195]. Similar to observations in humans, both studies
reported that prolonged IL-7 treatment largely expanded the num-
ber of polyfunctional CD4 and CD8 T cells which led to accelerated
viral elimination (Fig. 1) [194,195]. This later effect was dependent
on T cells as depletion of either CD4 or CD8 T cells abrogated the
beneficial effects of IL-7 [195]. In parallel, IL-7 treatment also
increased the number of non-Ag specific CD8 T cells in the periph-
ery, likely by enhancing thymic output (Fig. 1) [195]. This suggests
that IL-7 treatment could be particularly interesting for HIV
patients to restore a normal T-cell repertoire and prevent bystan-
der infections associated with AIDS. Importantly, exogenous IL-7
augmented IL-22 levels, a cytoprotective cytokine that prevented
liver damage that could arose from the important expansion of T
cells after treatment (Fig. 1) [195–197]. Together, these observa-
tions suggest that IL-7 represents a promising immunotherapeutic
agent capable of boosting Ag-specific T-cell immunity without
causing collateral damage to the host.

More in depth analysis of adaptive responses also revealed that
IL-7 treatment critically reduced levels of the suppressor of cyto-
kine signaling 3 (Socs3), a known inhibitor of IL-6 signaling, within
T cells [195,198]. Interestingly, IL-6 levels were increased in the
serum of treated mice and IL-7-mediated viral control was hin-
dered in IL-6-deficient animals [195]. Further, mice with T-cell
restricted Socs3-deficiency recapitulated some aspects of IL-7
treatment and rapidly cleared Cl-13 infection [195]. Taken
together, IL-7 therapy augments T-cell immunity directly by
restoring T-cell responsiveness to IL-6 through Socs3 modulation
and indirectly by augmenting IL-6 serum levels. So far, a direct
impact of IL-7 in preventing and/or reversing T-cell exhaustion
remains a possibility that requires further investigations.

4.3. IL-2

CD4 and CD8 T cells are the primary source of IL-2 during viral
infection [199–201]. IL-2 signals on T cells via a trimeric receptor
composed of a unique IL2Ra chain (CD25); an IL2Rb chain
(CD122) that is also shared with IL-15; and the cc chain (CD132)
[201]. As other members of the cc-dependent cytokine family, IL-
2 binding to its cognate receptor engages JAK/STAT molecules, par-
ticularly STAT5a and STAT5b and also triggers the PI3k and MAPK
pathways [202]. Since its first description as a powerful growth
factor for T cells in vitro, IL-2 was shown to mediate a broad spec-
trum of positive and negative functions on T-cell immunity
[201,202].

Numerous in vitro and in vivo studies using IL-2!/! or IL2Ra!/!

transgenic (Tg) mouse models have elucidated multiple positive
functions of IL-2 in the enhancement of CD8 T-cell responses. Dur-
ing acute viral infection, IL-2 augments the late proliferation of
effector CD8 T cells, especially at non-lymphoid locations, magnify-
ing the overall antiviral T-cell response [203–206]. In addition to
the quantity, IL-2 also fine-tunes the quality of primary effectors
by promoting the secretion of cytolytic and antiviral molecules
(i.e. granzyme, perforin, IFNc) [207,208]. During chronic viral
infection, numbers of those functions decrease due to functional
exhaustion and T cells rapidly cease to produce IL-2 [43]. Hence,
providing exogenous IL-2 to compensate for this early loss was
considered a relevant therapeutic option.

Recent studies examined both the therapeutic potential of pro-
viding low-dose exogenous IL-2 in mice chronically infected with

LMCV Cl-13 and the effects of such treatment on Ag-specific CD8
T-cell responses [209,210]. Daily low-dose IL-2 regimen for eight
days in mice with established Cl-13 infection greatly improved
the number of polyfunctional Ag-specific CD8 T cells at multiple
lymphoid and non-lymphoid anatomical locations (Fig. 1) [210].
This increased number of CD8 effectors correlated with both a
reduction in plasma viral titers assessed directly after treatment,
and a subsequent reduction in inhibitory receptor levels, a typical
signature of exhaustion [4,5,209,210]. Importantly, combining IL-2
therapy with PDL1 blockade exponentially increased the number
of Ag-specific CD8 T cells and led to viral clearance in a majority
of mice (Fig. 1) [210]. Those exciting results provided a new ther-
apeutic opportunity for treating established chronic viral infections
in humans.

There are however serious concerns about the use of IL-2 as a
treatment for boosting CD8 T-cell responses in humans. First, a
plethora of clinical trials in HIV patients demonstrated the limited
impact of IL-2 for increasing the number of functional CD8 T cells
and decreasing HIV titers [211–215]. Second, providing IL-2 alone
in mice with severe life-long LCMV Cl-13 infection adversely
increased viral titers [210]. Also, CD8 effectors expanded in vivo
by exogenous IL-2 during an Arm infection were less efficient in
containing a subsequent infection by the more virulent Cl-13 strain
[209]. In vitro, IL-2-expanded CD8 T cells were not maintained after
transfer into tumor-bearing mice and displayed modest anti-tumor
effects [216]. Hence, care must be taken when designing therapeu-
tic regimens with this cytokine. Finally, while IL-2 delivers critical
signals to shape the differentiation of CD8 T cells during an acute
viral infection [162,206–208,217], the possible contribution of this
cytokine in the deflection toward T-cell exhaustion in chronic set-
tings remains unknown. Hence, a better understanding of the
physiological functions of IL-2 in that process should decipher
the positive and potential suppressive functions of this cytokine
on CD8 T-cell responses to chronic viral infection.

5. Concluding remarks

It has now become clear that cytokines have a major impact in
immune responses to persistent viral infections. At early time
points following a viral infection, these soluble mediators, in par-
ticular IL-10 and type I IFNs, dispense direct and indirect suppres-
sive signals, essential for the persistence of the virus in the host.
Evenmore, cytokines contribute to the continuous silencing of
immune functions, which can be reversed by antibody blocking
approaches [40,41,107,108]. Conversely, gp130-dependent cytoki-
nes deliver key signals to T cells to support continuous cellular
and humoral immune responses [129,143,151,152]. Concomi-
tantly, cc-dependent cytokines are essential at a physiological level
for preserving a stable adaptive T-cell pool and can be modulated
to reinvigorate these responses and achieve viral elimination
[11,141,142,194,195,209,210]. It has also become evident that
the functional impact of a cytokine can be strikingly distinct and
even opposite in acute versus chronic contexts of infection. For
instance, IL-21 is of negligible importance during both primary
and secondary T-cell responses to acute Arm infection in mice
[142,218], while it is vital during Cl-13 infection [11,141,142]. Still
more, blockade of type I IFNs precludes rapid clearance of LCMV
Arm, while it accelerates the elimination of the chronic strain Cl-
13 [107]. These ascertainments reinforce the need to revisit some
of our certitudes on the role of cytokines in immune responses
using chronic infection models. With this newer understanding,
we will be enabled to design better immunotherapeutic strategies
through the usage of appropriate cytokines, cytokine-blocking
antibodies or Jakinibs, for combating chronic viral infections in
humans.
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Annex. 2. 
 
Blimp-1 deficiency alters inhibitory 
receptors expression in vitro. A) 2.104 
OT1 CD8 T cells from Blimp-1+/+ E81-cre 
(WT) and Blimp-1fl/fl E81-cre (Tg) mice 
were activated 48h in vitro with 2.104 

peptide loaded DCs (OVA257-264 SIINFEKL 
peptide; 0,1PM). At days 2, 4 and 6, WT and 
Tg CD8 T cells were numbered, normalized 
and cultured back in complete medium 
supplemented with 10U/ml of IL-2 (left 
panels) or IL-15 (right panel). Graphs 
represent the MFI of indicated inhibitory 
receptors on WT (black bars) and Tg (white 
bars) CD8 T cells throughout the culture. 
Data are representative of two independent 
experiments with all conditions realized in 
triplicates. error bars, mean± s.e.m. 
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Annex. 3. 
 
 
 

 
 

IL2RE-deficiency reduces T-bet expression at day 8p.i. Tg P14 or P14 IL2RE-/- (CD45.2) 
cells were adoptively transferred into recipient mice (CD45.1.2) prior to LCMV Cl-13 infection. 
A) Intracellular T-bet expression in P14 (grey histograms) and P14 IL2RE-/- (black histograms) 
cells at day 8 p.i.. Values indicate the MFI; grey filled curves are isotype controls. Data are 
representative of two independent experiments (three mice per group in each). 
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Annex. 4. 
 
 
 
 
 

 
 
IL2RE-deficiency prevents 2B4 and Tim-3 expression on secondary effectors. 105 Tg 
P14 or P14 IL2RE-/- (CD45.2) cells were adoptively transferred into recipient mice (CD45.1.2) 
prior to LCMV Arm infection. At day 70 p.i., memory P14 and P14 IL2RE-/- were sorted and 
transferred into new naive recipient mice (CD45.1.2) 20 hours before re-challenge with 2.106 PFU 
of LCMV Cl-13. A-B) Cumulative MFI of A) 2B4 and B) Tim-3 on P14 (filled squatters) and P14 
IL2RE-/- (opened squatters) memory (left) and secondary effectors (right) at day 8 after secondary 
infection. Data are pooled from one experiment with 3 to 4 mice per groups. error bars (A, B) mean± 
s.e.m. 
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The ability to mount effective secondary responses is a cardinal feature of memory CD8+

T cells. An understanding of the factors that regulate the generation and recall capaci-
ties of memory T cells remains to be ascertained. Several cues indicate that two highly
related cytokines, IL-2 and IL-15, share redundant functions in this process. To establish
their combined roles in memory CD8+ T-cell development, maintenance, and secondary
responses, we compared the outcome of adoptively transferred IL2Rβ+/− or IL2Rβ−/− CD8+

T cells after an acute viral infection in mice. Our results demonstrate that both IL-2 and
IL-15 signals condition the differentiation of primary and secondary short-lived effec-
tor cells by altering the transcriptional network governing lineage choices. These two
cytokines also regulate the homeostasis of the memory T-cell pool, with effector memory
CD8+ T cells being the most sensitive to these two interleukins. Noticeably, the inability to
respond to both cytokines limits the proliferation and survival of primary and secondary
effectors cells, whereas it does not preclude potent cytotoxic functions and viral control
either initially or upon rechallenge. Globally, these results indicate that lack of IL-2 and
IL-15 signaling modulates the CD8+ T-cell differentiation program but does not impede
adequate effector functions.
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Introduction

CD8+ T lymphocytes are the cornerstones of antiviral immunity
and the critical pawns in the chess game against intracellular
pathogens. Development of functional CD8+ memory T cells is a
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tightly regulated process during which cells pass through an effec-
tor state before establishing long-term immune protection [1].
The recognition of pathogen-encoded peptides and their stimula-
tion through costimulatory and cytokine signals initiate a specific
transcriptional program critical for CD8+ T-cell lineage choices
and functions [2, 3]. As the memory T-cell pool is the direct
progeny of these effectors cells, understanding the cellular and
molecular mechanisms involved in the transition from cytotoxic T
lymphocytes (CTLs) to memory cells constitutes an area of intense
investigation.

In the quest to dissect these mechanisms, two effector CD8+

T-cell populations were identified, based on their distinct expres-
sion of CD127 and KLRG1, and correlated with their propensity to
persist and become memory [4–6]. While KLRG1hi CD127lo Short-
Lived Effector Cells (SLECs) are destined to become terminal effec-
tors, KLRG1lo CD127hi Memory Precursor Effector Cells (MPECs)
are fated to develop into long-lived memory cells. Since, multi-
ple factors were shown to modulate the lineage choices between
these two effector subsets. Limited antigenic stimulation prefer-
entially commits effector CD8+ T cells toward a MPEC phenotype
while prolonged antigen encounter promotes terminal SLEC dif-
ferentiation [7, 8]. Similarly, inflammatory cytokines (in partic-
ular IL-12) enhance SLEC generation in a T-bet-dependent man-
ner, whereas low levels of inflammation favor memory formation
[6, 9]. Finally, cytokines that signal through the common gamma
(γc) chain (IL-2, IL-4, IL-7, IL-9, IL-15, IL-21) modify the CD8+

T-cell differentiation program upon infection and are indispens-
able for the generation of CD8+ memory T cells [10]. While IL-7
promotes MPEC and CD8+ memory T-cell survival [11], IL-2 and
IL-15 cooperate to sustain SLEC proliferation, differentiation, and
survival [9, 10, 12–15]. IL-15 is also a pivotal cytokine involved in
the maintenance and homeostatic proliferation of the CD8+ mem-
ory T-cell pool [16, 17]. Interestingly, IL-21, which is critical dur-
ing chronic viral infection to limit exhaustion, has a minimal role
on SLEC/MPEC lineage choices and CD8+ memory T-cell forma-
tion during an acute viral infection in help-independent infection
models [18].

While the role of γc-dependent signals on CD8+ memory
T-cell development is indisputable, the biological impact of IL-2
and IL-15 on CD8+ memory T-cell functions remains controversial.
Studies have demonstrated a critical role for IL-2 in the regula-
tion of Blimp-1 and Eomes transcription [9, 12], two transcription
factors that have an opposite effect on the development of CD8+

memory T cells [19–21]. Moreover, some authors suggest that
IL-2 present at the time of priming sustain the expansion of sec-
ondary effectors, while others do not [9, 14, 22, 23]. Conversely,
IL-15, a γc-cytokine closely related to IL-2, appears dispensable
for secondary effector expansion, while it may affect secondary
effector memory (TEM) differentiation [15, 24]. Thus, while IL-2
and IL-15 are known to modify the differentiation of effectors,
their impact on the generation and maintenance of central mem-
ory (TCM) and TEM CD8+ T cells, and ultimately on their capacity
to mount protective responses, remains ill-defined.

IL-2 and IL-15 not only share the γc and IL2Rβ chains, they
similarly activate JAK1, JAK3, and STAT5. Moreover, upon liga-

tion of the appropriate cytokine, their quaternary receptor struc-
ture is nearly indistinguishable from each other [25, 26]. We thus
hypothesized that, in light of their common receptor components
and signaling pathways, IL-2 and IL-15 likely co-regulate similar
genes and share redundant functions during an immune response.
To circumvent the compensatory impact of one cytokine in the
absence of the other, we decided to evaluate the role of combined
IL-2 and IL-15 signals on CD8+ memory T-cell function. To do
so, we used a P14 TCR transgenic mice model deficient for the
IL2Rβ chain and found that IL2Rβ signals condition the expansion
and differentiation of primary SLECs in a more profound man-
ner than what was reported in the absence of either IL-2 or IL-15
[9, 12, 14–16]. This supports the concept of biological redun-
dancy of these cytokines in vivo. We also found that IL-2 and IL-
15 were pivotal for the generation of TEM and secondary SLECs.
However, these cytokines were dispensable for adequate effector
functions, by both primary and secondary effectors, despite sig-
nificantly lower numbers of effector cells and reduced granzyme
levels. Hence, our findings attest of the central role for IL-2 and
IL-15 in the proliferation, survival and differentiation of primary
and secondary effectors during an acute viral infection, and in the
maintenance of the CD8+ TEM pool.

Results

IL-2 and IL-15 sustain survival and proliferation of
effectors and their differentiation in SLECs

To abrogate specifically combined IL-2 and IL-15 signals in CD8+

T cells, we generated a mouse model carrying a deletion in the
IL2Rβ chain. This TCR transgenic mouse (P14) on the Rag2-
deficient background harbors a monoclonal population of näıve
CD8+ T cell specific for the envelope glycoprotein epitope 33–41
(GP33-41) of the lymphocytic choriomeningitis virus (LCMV) (Sup-
porting Information Fig. 1). 105 P14 IL2Rβ−/− or IL2Rβ+/− CD8+

T cells were adoptively transferred into näıve C57BL/6 recipi-
ents 20 h prior to LCMV Armstrong infection. This strain of virus
causes an acute infection in mice, with pathogen clearance in
7–10 days [27]. Although IL2Rβ+/− and IL2Rβ−/− cells prolifer-
ated initially with the same kinetics, the peak of expansion was
significantly reduced in IL2Rβ−/− T cells by day 7 (38,6.106 versus
10,9.106 antigen-specific cells respectively, p = 0,0001) (Fig. 1A).
This hampered expansion could be explained by a reduced pro-
liferation rate, as depicted by the lower percentage of Ki-67+

IL2Rβ−/− cells (80 versus 90% in IL2Rβ+/− cells), and an increased
apoptosis, both in terms of active caspase-3 and Annexin V/7-
AAD expression (14 and 27% of IL2Rβ−/− being caspase-3+ or
Annexin V+ 7-AAD+ as opposed to 7 and 17% of the IL2Rβ+/−

cells at day 7, p = 0,0033) (Fig. 1B upper panel, Supporting
Information Fig. 2A). This enhanced apoptosis was correlated
to a slight increase in the expression of Bim, a pro-apoptotic
molecule, while the levels of Bcl-2, its anti-apoptotic counter-
part, remained unchanged (Fig. 1B, lower panel) [28]. Despite
reduced cell expansion, the dynamics of activation (as assessed by
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monitoring cell surface markers) were largely unchanged in the
absence of IL2Rβ (Supporting Information Fig. 2B). However, dif-
ferences were noted in terms of KLRG1, CD27, CD62L, and CD127
expression at day 7 (Fig. 1C, Supporting Information Fig. 2C).
Whereas IL2Rβ+/− cells presented a terminally differentiated phe-
notype (CD62Llow CD127low KLRG1high), a fraction of IL2Rβ−/−

cells was already expressing markers of memory T cells at day 7
(CD62Lhigh CD127high KLRG1low CD27high). In fact, the proportion
of KLRG1high CD127low SLECs at day 7 was significantly reduced in
the absence of IL-2 and IL-15 signaling, while KLRG1low CD127high

MPEC differentiation was accelerated (Fig. 1D left panel, Support-
ing Information Fig. 2D). A preferential accumulation of KLRG1high

CD127low SLECs over KLRG1low CD127high MPECs was seen in
control mice, while SLEC and MPEC numbers were equivalent in
IL2Rβ−/− mice (Fig. 1D, right panel). These data demonstrate a
preponderant role for IL-2 and IL-15 signals in the development
of SLECs, as demonstrated for IL-2 by others [9, 12, 15]. We then
analyzed the intracellular expression of T-bet and Eomes, key
transcription factors implicated in effector and memory lineage
choices [6, 29]. While IL2Rβ−/− cells presented slightly reduced
levels of T-bet at day 5 and 7, Eomes levels were significantly
increased at day 7 of infection, but not at day 5 (Fig. 1E). Even
more, the absence of IL2Rβ signals increased the proportion of
cells expressing both Eomes and T-bet, thus shifting the balance
in favor of MPEC differentiation. (Fig. 1F). Of note, the expression
level of CD127 at the surface of the cells did not explain the dif-
ference seen in Eomes expression, as MPECs and SLECs, as well as
CD127high and CD127low subsets, both expressed higher levels of
Eomes in the absence of IL2Rβ signaling (Supporting Information
Fig. 2E–F). This accelerated MPEC differentiation correlated with
increased Klf2, Bcl6, and Eomes mRNA levels and reduced Prdm1
and Tbx21 levels (Fig. 1G), in accordance with the known role of
these transcription factors in memory and effector T-cell differen-

!
Figure 1. IL2Rβ-dependent cytokines condition the survival, prolifer-
ation and terminal differentiation of KLRG1high CD127low SLECs via
transcriptional network modulation. 105 P14 IL2Rβ+/− or P14 IL2Rβ−/−

CD45.2+ CD8+ T cells were adoptively transferred into naive CD45.1.2+

mice that were subsequently infected with 2 × 105 PFU of LCMV Arm-
strong. Expansion and contraction of antigen-specific splenocytes were
analyzed by flow cytometry at specific time points. (A) Total number of
antigen-specific CD8+ T cells was calculated based on GP33-41 tetramer
and CD45.2 congenic marker staining. Data represent the mean ± SEM
of eight mice per time point, pooled from four separate experiments
(B) Intracellular staining of Ki67, active Caspase 3, Bcl-2, and Bim by
P14 IL2Rβ+/− (gray line histogram) or P14 IL2Rβ−/− (black line histogram)
effector CD8+ T cells at day 5 and 7 post-infection (pi). Isotype control
in shaded gray histogram. Values indicate the respective frequency of
positive cells for each marker or its mean fluorescence intensity (MFI).
Results are representative of nine mice per genotype pooled from three
independent experiments. (C) Cell surface expression of the indicated
differentiation markers by P14 IL2Rβ+/− (gray line histogram) or P14
IL2Rβ−/− (black line histogram) at day 5 and 7 pi. Values indicate the
frequency or MFI from one representative experiment (n = 14 per geno-
type pooled from three independent experiments). (D) Dot plot (left) and
absolute numbers (right) of SLECs or MPECs, based on KLRG1 and CD127
expression from P14 IL2Rβ+/− (filled circle) or P14 IL2Rβ−/− (opened cir-
cle) CD8+ T cells at day 7 pi. Values in dot plot indicate the percentage
of each correspondent population from a representative experiment.
SLEC and MPEC numbers represent the total samples pooled from four
independent experiments (n = 12). (E) Intracellular expression of T-bet
and Eomes in P14 IL2Rβ+/− (gray line histogram) or P14 IL2Rβ−/− (black
line histogram) cells at day 5 and 7 pi. Isotype control is shown in
shaded gray and numbers indicate MFI (n = 6 per genotype from two
separate experiments). (F) Ratio of the frequency of Eomes+ T cells over
the frequency of T-bet+ T cells among P14 IL2Rβ+/− (black bar) or P14
IL2Rβ−/− (white bar) CD8+ T cells at day 7 pi (mean ± SEM pooled from
two separate experiments, n = 6). (G) Expression of the indicated genes
was evaluated by RTqPCR. Values indicate the fold decrease (top) or
increase (bottom) in each expression level in P14 IL2Rβ−/− versus P14
IL2Rβ+/− CD8+ T cells at day 7 pi (n = 5 per genotype from two inde-
pendent experiments). *p < 0.05, **p < 0.005, ***p < 0.0005, NS p ! 0.05;
two-tailed unpaired Student’s t-test.
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tiation, respectively [3, 30]. Together, our data indicate that IL-2
and IL-15 condition the expansion and differentiation of SLECs,
by regulating the survival and proliferation of CD8+ effectors and
modulating the transcriptional network governing lineage choices.

IL2Rβ signals are dispensable for potent T-cell effector
functions

We next evaluated the consequences of abrogated IL2Rβ-
dependent signals on the functional capacities of P14 CD8+ T cells.
At day 7 of infection, similar proportions of IL2Rβ−/− or IL2Rβ+/−

CD8+ effector T cells produced IFN-γ or TNF-α following ex vivo
restimulation, while two-fold more IL2Rβ−/− cells secreted IL-
2 (Fig. 2A). This could be related to the increased frequency
of MPECs among IL2Rβ−/− cells, which are known to secrete
more IL-2 than SLECs [4]. The absence of IL-2 and IL-15 also
slightly increased the proportion of triple producers (IFN-γ+ TNF-
α+ IL-2+) (16% of IL2Rβ−/− cells versus 11% of IL2Rβ+/− cells)

(Fig. 2B), suggesting that the presence of these cytokines may
somewhat limit T-cell function. To test the cytotoxic functions of
CD8+ T cells in the presence or absence of IL2Rβ, we performed
an in vivo killing assay using GP33-41-loaded target cells in adop-
tively transferred perforin-deficient (Pfp−/−) mice infected 7 days
prior to the assay. These recipient mice are incapable of control-
ling a LCMV infection due to defective granule-dependent cyto-
toxicity [31]. It serves as a good tool to evaluate specifically the
functionality of the adoptively transferred P14 cells. This assay
demonstrated that although IL2Rβ−/− T cells presented a slight
delay in their capacity to eliminate GP33-41

+ target cells (Sup-
porting Information Fig. 3A), they were as potent killers as their
IL2Rβ+/− counterparts (Fig. 2C). These results were unexpected
considering the significant reduction in the number of effectors
in the absence of IL2Rβ (Fig. 1A). To confirm these findings, we
further performed an adoptive transfer of one-log less näıve cells
prior to infection. Yet, IL2Rβ−/− effectors cells were still able to
eliminate antigen-specific targets cells (Supporting Information
Fig. 3B). This was also in contrast with the significant reduc-
tion in granzyme levels in the absence of IL2Rβ signaling (Fig.
2D, Supporting Information Fig. 3C), in accordance with previ-
ous reports [15, 32]. However, potent effector functions corre-
lated with similar expression of the cytotoxic molecule perforin
and the degranulation marker CD107a (Fig. 2D), and equiva-
lent viral loads at day 7 of infection (Fig. 2E). To refine the
evaluation of effector functions, we then assessed if IL2Rβ−/− P14
cells could prevent LCMV-induced hemophagocytic lymphohisti-
ocytosis (HLH) in Pfp−/− hosts [33]. Pfp−/− recipients receiving

!
Figure 2. IL2Rβ-deficient CD8+ T cells are potent cytotoxic cells despite
a significant reduction in granzyme levels. P14 IL2Rβ+/− and P14 IL2Rβ−/−

chimeric mice were generated as described in Fig. 1. (A) Frequency
of P14 IL2Rβ+/− (black bars) or P14 IL2Rβ−/− (white bars) CD8+ T cells
expressing IFN-γ, TNF-α, or IL-2 at day 7 pi after 4 h ex vivo restim-
ulation with GP33-41 peptide (mean ± SEM pooled from two separate
experiments; n = 11 per genotype). (B) Pie charts representing the per-
centage of splenic P14 IL2Rβ+/− (left) and P14 IL2Rβ−/− (right) effector
CD8+ T cells secreting multiple cytokines simultaneously. Values indi-
cate percentage of the correspondent phenotype from n = 6 per geno-
type pooled from two separate experiments. (C) In vivo cytotoxic assay
testing the killing function in 3 h of day 7 P14 IL2Rβ+/− (filled circle) and
P14 IL2Rβ−/− (opened circle) CD8+ effector T cells compared with that
of infected (filled square) and uninfected/naı̈ve (opened square) Pfp−/−

cells. Target cell killing was calculated by dividing the percentage of
peptide-loaded target cells divided by the percentage of unloaded tar-
get cells in infected mice by the percentage of peptide-loaded target
cells divided by the percentage of unloaded target cells in uninfected
mice. Data are shown as mean ± SEM from six mice per genotype pooled
from two separate experiments. (D) Intracellular Granzyme B (Grz B),
perforin and CD107a expression of day 7 infected P14 IL2Rβ+/− (gray line
histogram) or P14 IL2Rβ−/− (black line histogram) CD8+ T cells. Isotype
control in shaded gray histogram. Values on histograms indicate MFI
from a representative experiment (n = 8 per genotype pooled from three
separate experiments). (E) Viral titers in spleen of P14 IL2Rβ+/− (filled cir-
cle) or P14 IL2Rβ−/− (opened circle) recipient mice at day 7 pi (mean ±
SEM pooled from two independent experiments; n = 6 per genotype). (F)
Naive perforin knock-out (Pfp−/−) mice were infected with 2 × 105 PFU
of LCMV Armstrong 24 h after adoptive transfer of 2 × 105 P14 IL2Rβ+/−

(filled circle) and P14 IL2Rβ−/− (opened circle) T cells. Survival and clin-
ical signs were followed over time. Kaplan-Meier curve of six to eight
mice per genotype pooled from two separate experiments. **p < 0.005,
***p < 0.0005, NS p ! 0.05; two-tailed unpaired Student’s t-test.
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either IL2Rβ+/− or IL2Rβ−/− CD8+ T cells survived equally well
(Fig. 2F) and did not demonstrate clinical signs of HLH, including
weight loss, hypothermia, and pancytopenia (Supporting Informa-
tion Fig. 3D–E), confirming viral control by IL2Rβ−/− cells.

We then questioned if the lack of functional impact in the
absence of IL2Rβ-signals was related to the low viral load at that
time of the response. To answer this question, we took advan-
tage of the LCMV clone 13 strain that generates a chronic infec-
tion in mice [34], and compared the response of IL2Rβ+/− and
IL2Rβ−/− cells at day 8 of infection in this context. It is impor-
tant to note that, in this chronic infection model, the number
of effector cells at day 8 post infection is reduced by two-logs
compared to the acute infection model, giving us also the oppor-
tunity to compare cytotoxic functions in the presence of signifi-
cantly lower number of effectors (3,9.107 IL2Rβ+/− in acute versus
4,1.105 IL2Rβ+/− in chronic infection, 1,1.107 IL2Rβ−/− in acute
versus 7,1.104 IL2Rβ−/− cells in chronic infection, p = 0.0001).

IL2Rβ+/− CD8+ T cells produced significantly less TNF-α (16 ver-
sus 84%, p<0.0001) and IL-2 (5 versus 11%, p = 0.003) during
a chronic rather than an acute infection, as previously described
[34], while their capacity to secrete IFN-γ was preserved (Fig. 3A,
left panel). In contrast, in the context of a chronic infection,
the abrogation of signaling through the IL2Rβ chain limited the
capacity of the cells to secrete the three cytokines, with again an
increased sensitivity for TNF-α (8 versus 84%, p<0.0001) and IL-2
(9 versus 16%, p = 0.0004) (Fig. 3A, right panel). Interestingly,
as demonstrated during an acute infection, under this constant
inflammatory and antigenic stimulation, IL2Rβ−/− CD8+ effector
T cells secreted slightly more IL-2 than their IL2Rβ+/− counterparts
(Fig. 3B). The capacity of IL2Rβ−/− cells to secrete IFN-γ was also
restricted during this chronic infection, while TNF-α secretion,
already severely hampered in this context, could not be further
diminished by the absence of IL2Rβ signals (Fig. 3B). Neverthe-
less, these minor differences were not associated with significant
changes in the proportion of cells secreting one, two or three
cytokines simultaneously (Fig. 3C). As during an acute viral infec-
tion, granzyme B expression was severely hindered in the absence
of IL2Rβ-dependent signals (Fig. 3D). Despite this, the capacity to
degranulate was mostly preserved, as assessed by the expression
of CD107a after 5 h of in vitro stimulation (Fig. 3D). To test if the
differences in cytokine production and granzyme B levels would
limit cytotoxic functions in vivo, we performed a 6-h functional
assay in Pfp−/− mice, as described above. Interestingly, IL2Rβ−/−

cells were as efficient as IL2Rβ+/− cells to eliminate target cells
(Fig. 3E), even though in this context the number of effector cells
present was significantly reduced, as already mentioned. This rein-
forces the idea that IL2Rβ−/− cells are highly effective cytotoxic
effectors. Collectively, our results confirm that IL-2 and IL-15 sus-
tain the expression of cytotoxic granzymes but demonstrate that

!
Figure 3. IL-2 and IL-15 have minimal impact on effector functions dur-
ing the acute phase of a chronic viral infection. 104 P14 IL2Rβ+/− or P14
IL2Rβ−/− CD45.2+ CD8+ T cells were adoptively transferred into naive
CD45.1.2+ mice that were subsequently infected with 2 × 106 PFU of
LCMV Clone 13. (A) The respective production of IFN-γ, TNF-α, and IL-2
by P14 IL2Rβ+/− (left panel) and P14 IL2Rβ−/− (right panel) cells at the
peak of the response following infection with LCMV Armstrong (black
boxes) or LCMV Clone 13 (gray boxes). Box-and-whiskers plots represent
the mean ± SEM pooled from two to five independent experiments; n =
8–12 per genotype. (B) IFN-γ, TNF-α, and IL-2 production by P14 IL2Rβ+/−

(black bars) and P14 IL2Rβ−/− (white bars) cells at day 8 after LCMV
Clone 13 infection (n = 9–12 per genotype pooled from five separate
experiments). (C) The frequency of splenic P14 IL2Rβ+/− (upper panel)
and P14 IL2Rβ−/− (lower panel) effector CD8+ T cells secreting multiple
cytokines simultaneously are represented. Values in pie charts indi-
cate percentage of the correspondent phenotype from nine to twelve
mice per group pooled from five separate experiments. (D) Granzyme B
(Grz B) and CD107a levels of P14 IL2Rβ+/− (gray line histogram) and P14
IL2Rβ−/− (black line histogram) cells at day 8 pi. Isotype control is shown
in shaded gray. Values represent the MFI from a representative exper-
iment (n = 9–10 per genotype pooled from three to four independent
experiments). (E) Cytotoxic function of P14 IL2Rβ+/− (filled circle) and
P14 IL-2Rβ−/− (opened circle) effector cells at day 8 pi in Pfp−/− recipi-
ents was evaluated in a 6-h in vivo CTL assay. Target cell killing was
calculated as described in Fig. 2C. Each symbol represents an individ-
ual mouse and bars represent the mean of one of two representative
experiments (n = 6 per genotype). *p < 0.05, **p < 0.005, ***p < 0.0005, NS
p ! 0.05; two-tailed unpaired Student’s t-test.

C⃝ 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.eji-journal.eu



6 Cédric Mathieu et al. Eur. J. Immunol. 2015. 00: 1–15

Figure 4. IL-2 and IL-15 condition the generation and maintenance of the memory CD8+ T-cell pool. P14 IL2Rβ+/− and P14 IL2Rβ−/− chimeric mice
were generated as described in Fig. 1. (A) The frequency of GP33-41 Tetramer (Tet)+ CD45.2+ CD8+ T cells from the blood of P14 IL2Rβ+/− (filled
circle) and P14 IL2Rβ−/− (opened circle) mice was evaluated over a 90-day time course by flow cytometry. Results are shown as mean ± SEM of five
to ten mice per genotype pooled from three independent experiments. (B) Absolute numbers of Tet+ CD45.2+ in spleen and bone marrow of P14
IL2Rβ+/− (black bar) and P14 IL2Rβ−/− (white bar) CD8+ T cells in mice at day 70 pi. Data are shown as mean ± SEM pooled from three independent
experiments, n = 9 mice per genotype. (C) The fold contraction of P14 IL2Rβ+/− (black bar) and P14 IL2Rβ−/− (white bar) cells between day 7 and 10
(left), day 10 and 15 (middle), day 15 and 70 (right) pi is shown. Fold contraction was calculated by dividing the absolute number of cells at one
time point by the absolute number of cells at the second time point. Results are shown as mean ± SEM pooled from five separate experiments (n =
10 per genotype). (D) Absolute number of Tet+ CD45.2+ CD8+ T cells from P14 IL2Rβ+/− (filled circle) and P14 IL2Rβ−/− (opened circle) mice at day 70
and 100 pi. Each symbol represents an individual mouse and bars represent the mean of 10–14 mice per genotype pooled from three independent
experiments. (E) Bcl-2, Bim, and Mitotracker Deep Red staining was quantified by flow cytometry at day 70 pi. Results are representative of 7–14
mice pooled from three independent experiments. *p < 0.05, **p < 0.005, ***p < 0.0005, NS p ! 0.05; two-tailed unpaired Student’s i-test.

these two redundant cytokines are not mandatory for effective
killing abilities in both acute and chronic contexts.

IL2Rβ-dependent signals condition TEM-cell
maintenance but are dispensable for TCM-cell
homeostasis

IL-15 plays a critical role in the generation and self-renewal capa-
city of the memory CD8+ T pool [16, 24]. However, little is known
on its impact on the different populations of memory cells and
the role of its related cytokine, IL-2. We thus assessed whether
the absence of combined IL-2 and IL-15 signals would affect
CD8+ memory T-cell differentiation by following LCMV-infected
mice more than 70 days after infection. As expected, IL2Rβ−/−

cells were present in much lower proportions than IL2Rβ+/−

cells throughout the response (Fig. 4A). The spleen and bone
marrow were similarly diminished in the number of IL2Rβ−/−

CD8+ memory T cells generated (1,6.106 IL2Rβ+/− versus 0,2.106

IL2Rβ−/− cells in spleens, p = 0,006; 2,8.104 IL2Rβ+/− versus
0,4.104 IL2Rβ−/− cells in bone marrows, p = 0,002) (Fig. 4B). This
was associated with an accentuated contraction in the absence of
IL2Rβ, as measured by the higher fold-contraction of IL2Rβ−/−

cells compared to their IL2Rβ+/− counterparts (Fig. 4C). The long-
term maintenance of CD8+ memory T cells was also influenced by
the absence of IL2Rβsignals, as depicted by the significant reduc-
tion in IL2Rβ−/− T-cell numbers between day 70 and 100 cells
(Fig. 4D). This could be correlated with a reduced expression of
Bcl-2 and a noticeable diminution in mitochondrial mass in the
absence of IL2Rβ, as depicted by a mitotracker staining (Fig. 4E).
These findings suggest that IL-2 and IL-15 contribute to the Bcl-2-
dependent survival of CD8+ memory T cells, likely by increasing

mitochondrial numbers. This hypothesis would be in accordance
with recent in vitro experiments demonstrating that mitochon-
drial fatty acid oxidation is a cardinal feature of memory CD8+

T cells and sustains memory T-cell survival [35]. Together, our
data emphasize that the absence of IL-2 and IL-15 signals, while it
significantly decreases the number of memory CD8+ T cells gen-
erated, does not abrogate memory formation. However, IL-2 and
IL-15 regulate the size of the CD8+ memory T-cell pool by (i) con-
trolling the magnitude of effector cell expansion, (ii) governing
the extent of T-cell contraction, (iii) promoting long-term T-cell
survival, and (iv) possibly sustaining oxidative metabolism and
mitochondrial biogenesis.

As IL-2Rβ-dependent signals specifically regulate effector lin-
eage choices, we then questioned if IL-2 and IL-15 would influence
the composition of the memory CD8+ T-cell pool. We thus com-
pared the expression of CD62L, CD127, CCR7, CXCR3, CD43, and
CD27 on CD8+ memory T cells. While IL2Rβ+/− and IL2Rβ−/−

cells had uniformly re-expressed CD127, they presented striking
differences in their expression of CD62L, CCR7, KLRG1, CD27,
and CXCR3 (Fig. 5A, Supporting Information Fig. 4A). In fact,
most IL2Rβ−/− cells exhibited phenotypic features characteristic
of TCM differentiation (CD62Lhigh CCR7high CD127high KLRG1low)
(Fig. 5B and C). Moreover, the absence of IL-2 and IL-15 signaling
restrained the development of memory cells with effector char-
acteristics defined as CD27low CD43low CXCR3low KLRG1high and
accelerated the development of CD27high CD43low memory T cells,
known for their superior recall responses (Fig. 5B and C) [36].
Interestingly, IL2Rβ deficiency did not abort the generation of TEM

cells, as demonstrated by the similar frequency of these cells at
day 15 and day 30 post infection (Supporting Information Fig. 4B
left panel), but severely hampered their maintenance, as shown
by their attrition over time, in contrast to IL2Rβ+/− cells (Fig. 5D
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Figure 5. TEM cells are highly dependent on IL-2 and IL-15 signals for their maintenance. P14 IL2Rβ+/− and P14 IL2Rβ−/− chimeric mice were
generated as described in Fig. 1. (A) Cell surface expression of the indicated molecules by P14 IL2Rβ+/− (gray line histogram) and P14 IL2Rβ−/−

(black line histogram) cells at day 70 pi was evaluated by flow cytometry. Values on histograms indicate the respective frequency or MFI. Data
are representative of 7–14 mice pooled from four independent experiments. (B) The expression of CD62L, CD127, CD27 and CD43 in the spleen by
P14 IL2Rβ+/− (top) and P14 IL2Rβ−/− (bottom) memory CD8+ T cells. Numbers indicate the percentage of cells in each quadrant (representative of
eight mice per genotype pooled from three independent experiments). (C) Frequency of TEM cells (CD127hi CD62Llo) and TCM cells (CD127hi CD62Lhi)
(left panel) and frequency of CD43− CD27−, CD43− CD27+ and CD43+ CD27+ cells (right panel) from P14 IL2Rβ+/− (filled circle) and P14 IL2Rβ−/−

(opened circle) CD8+ T cells. Each symbol represents an individual mouse and bars represent the mean of 8–14 mice per genotype pooled from
three separate experiments. (D) Numbers of TEM cells (left panel) and TCM cells (right panel) at day 70 and day 100 pi, from P14 IL2Rβ+/− (gray
boxes) and P14 IL2Rβ−/− (white boxes) mice. Results are shown as mean ± SEM pooled from three separate experiments (n = 8–14 per genotype).
(E) Intracellular expression of T-bet and Eomes in P14 IL2Rβ+/− (gray line histogram) and P14 IL2Rβ−/− (black line histogram) memory CD8+ T cells.
Numbers indicate respective MFI (n = 6 per genotype from two separate experiments). *p < 0.05, **p < 0.005, ***p < 0.0005, NS p ! 0.05; two-tailed
unpaired Student’s t-test.

left panel). Noticeable, and in clear contrast to TEM cells, TCM cells
were better sustained in the absence of IL2Rβ signals (Fig. 5D and
Supporting Information Fig. 4B, right panels). This was correlated
with a higher expression of Eomes and lower expression of T-bet
in IL2Rβ−/− cells (Fig. 5E), in accordance with the fundamen-
tal importance of Eomes in TCM differentiation [19]. Altogether,
our findings indicate that IL-2 and IL-15 are key regulators of the
maintenance of the effector memory T-cell pool, whereas their
absence accelerates TCM development while it does not preclude
its homeostasis.

IL-2 and IL-15 promote secondary SLEC expansion but
do not regulate secondary effector functions

We next questioned whether these phenotypic changes would
impact the functional capacity of CD8+ memory T cells. To do
so, 104 P14 IL2Rβ+/− or P14 IL2Rβ−/− FACS-sorted memory
T cells were adoptively transferred in näıve congenic hosts prior
to re-infection with LCMV Armstrong. Although IL2Rβ−/− CD8+

memory T cells demonstrated a sustainable expansion between
day 0 and day 5 after viral rechallenge, their expansion was
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Figure 6. IL2Rβ-deficiency restricts the expansion of secondary SLECs. 104 P14 IL2Rβ+/− or P14 IL2Rβ−/− CD45.2+ memory CD8+ T cells were cell-
sorted at day 70 pi and transferred into naive CD45.1.2+ mice subsequently infected with 2 × 105 PFU of LCMV Armstrong. Expansion of secondary
effector CD8+ T cells was analyzed by flow cytometry at day 5 (day 70 + 5) and day 7 (day 70 + 7) post challenge. (A) Absolute numbers of P14
IL2Rβ+/− (black bars) and P14 IL2Rβ−/− (white bars) CD8+ T cells in the spleen at day 5 and 7 pi. Data represent the mean ± SEM of six to nine mice
per time point, pooled from three experiments. Values in brackets indicate the fold expansion for each cell population. Day 70+5 fold expansion
was calculated by taking into account a 90% mortality rate of transferred cells. (B) Intracellular staining of Ki67, Bcl-2 and Bim by P14 IL2Rβ+/− (gray
line histogram) or P14 IL2Rβ−/− (black line histogram) effector CD8+ T cells at day 5 and 7 pi. Values indicate respective frequency of positive cells
or MFI for each marker. Histograms are representative of nine mice per genotype pooled from three experiments. (C) Cell surface expression of the
indicated differentiation markers by P14 IL2Rβ+/− (gray line histogram) and P14 IL2Rβ−/− (black line histogram) secondary effectors at day 5 and 7
pi. Numbers on histograms indicate the frequency or MFI. Histograms are representative of ten mice pooled from three independent experiments.
(D) Dot plot at day 7 pi (left panel) and absolute numbers of SLECs at day 5 and 7 pi (right panel) based on KLRG1 and CD127 expression from P14
IL2Rβ+/− (filled circle) or P14 IL2Rβ−/− (opened circle) CD8+ T cells. Values in dot plot indicate the percentage of each correspondent population from
one of two to three separate experiments. Individual SLEC numbers are pooled from two to three independent experiments and bars represent the
mean of five to ten mice per genotype. (E) Expression of the indicated genes was evaluated by RTqPCR. Values indicate the fold decrease (top) or
increase (bottom) in each expression level in P14 IL2Rβ−/− versus P14 IL2Rβ+/− CD8+ T cells at day 7 pi (n = 5 per genotype from two independent
experiments). (F) Intracellular expression of T-bet and Eomes in P14 IL2Rβ+/− (gray line histogram) and P14 IL2Rβ−/− (black line histogram) T cells.
Values indicate respective MFI (n = 6 per genotype from two independent experiments). Isotype control is shown in shaded gray. (G) Ratio of the
frequency of Eomes+ cells over the frequency of T-bet+ cells among P14 IL2Rβ+/− (black bar) or P14 IL2Rβ−/− (white bar) T cells at day 7 pi (mean ±
SEM pooled from two separate experiments, n = 6 per genotype). **p < 0.005, ***p < 0.0005, NS p ! 0.05; two-tailed unpaired Student’s t-test.

severely limited thereafter (reaching a maximum of 0.9.106

IL2Rβ−/− cells at day 70+7 compared to 4.7.106 IL2Rβ+/− cells,
p = 0,003) (Fig. 6A). This was correlated with an almost com-
plete arrest of cell proliferation and an increased expression of
Bim relative to Bcl2 (Fig. 6B). Assessment of cell surface markers
further demonstrated that IL2Rβ−/− memory T cells could develop

into secondary effectors upon re-infection (Fig. 6C). However, the
number and proportion of secondary SLECs at day 7 were sig-
nificantly reduced in the absence of IL2Rβ signals, while they
were equivalent at day 5 (Fig. 6D). This was correlated as dur-
ing the primary infection with reduced Prdm1 and Tbx21 mRNA
levels, increased Klf2, Bcl6, and Eomes levels and a preferential
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Figure 7. IL2Rβ-deficient secondary effectors efficiently control a viral infection. Memory P14 IL2Rβ+/− and P14 IL2Rβ−/− chimeric mice were
generated as described in Fig. 6. (A) Intracellular cytokine staining for IFN-γ, TNF-α, and IL-2, at day 7 post-challenge, from splenic P14 IL2Rβ+/−

(black bars) and P14 IL2Rβ−/− (white bars) CD8+ T cells. Data are shown as mean ± SEM of n = 6 samples pooled from two independent experiments.
(B) The frequency of cells secreting multiple cytokines simultaneously at day 70 (prior to challenge, left), and at day 70+7 (7 days after challenge,
right) among splenic P14 IL2Rβ+/− (top) and P14 IL2Rβ−/− (bottom) cells. Values in pie charts indicate the percentage of each correspondent
phenotype from one representative experiment (n = 6 per genotype pooled from two separate experiments). (C) Intracellular Grz B expression (top
panel) in splenic P14 IL2Rβ+/− (gray line histogram) or P14 IL2Rβ−/− (black line histogram) at day 70 pi and day 7 post challenge (D70+7). Isotype
control is shown in shaded gray. Values on histograms indicate MFI (n = 10 per genotype from three separate experiments). Expression of the
indicated genes was evaluated by RTqPCR (bottom panel). Values indicate the fold decrease between P14 IL2Rβ−/− versus P14 IL2Rβ+/− CD8+ T cells
at day 7 pi (n = 4 from two separate experiments). (D) Target cell killing after in vivo transfer of GP33-41-loaded splenocytes by P14 (filled circle) and
P14 IL-2Rβ−/− (opened circle) effectors at day 7 pi in Pfp−/− recipients (filled square) and calculated as described in Fig. 2C. Values below the x-axis
indicate the number of hours since target cells were injected. Each symbol represents an individual mouse and bars represent the mean of three
mice per genotype from one representative experiment. (E) Viral titers in P14 IL2Rβ+/− or P14 IL2Rβ−/− spleens at day 5 and 7 pi were evaluated by
viral plaque assays. Data are shown individually and bars represent the mean ± SEM from n = 3–9 mice per genotype pooled from one to three
separate experiments. *p < 0.05, **p < 0.005, ***p < 0.0005, NS p ! 0.05; two-tailed unpaired Student’s t-test.

expression of Eomes over T-bet in IL2Rβ−/− cells (Fig. 6E–G). Col-
lectively, these data highlight the decisive contribution of IL-2 and
IL-15 in the proliferation, survival, and terminal differentiation
of late-phase secondary SLECs (between day 5 and 7 after viral
rechallenge).

By controlling secondary effector differentiation, IL2Rβ sig-
nals may affect the cytotoxic functions of these cells. To assess
this question, we evaluated the capacity of memory CD8+ T cells
and secondary effectors to secrete cytokines and eliminate tar-
get cells. Interestingly, IL2Rβ+/− and IL2Rβ−/− memory cells had
similar cytokine profiles prior to re-infection (Fig. 7B). Upon
viral challenge, more than 80% of the cells could produce IFN-γ
(Fig. 7A). IL2Rβ+/− and IL2Rβ−/− secondary effectors also pre-
sented the same functional characteristics, differentiating away
from being a double-cytokine producer (IFN-γ, TNF-α) to secret-

ing mostly IFN-γ after re-infection (Fig. 7B). In addition, a higher
proportion of triple-cytokine producers was seen in the absence
of IL2Rβ (p = 0.03). The cytotoxic functions of the cells were
then further assessed. While IL2Rβ−/− memory cells presented
similar granzyme B levels at baseline, the granzyme B content
was reduced when compared to their IL2Rβ+/− counterparts once
challenged (Fig. 7C). Similarly, the amount of granzyme A and
B mRNA was reduced in IL2Rβ-deficient cells (Fig. 7C). Inter-
estingly, these differences were less drastic then what they were
in primary effectors (Fig. 2D). IL2Rβ−/− secondary effectors also
retained the ability to eliminate target cells in vivo, despite a
slight delay in the killing kinetic that can easily be explained by
the reduced number of secondary effectors in the absence of IL2Rβ

signals (Fig. 7D). Furthermore, we detected similar viral loads in
the presence or absence of the IL2Rβ chain (Fig. 7E). Thus, our
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findings indicate that IL-2 and IL-15 condition the differentiation
of secondary effectors but are dispensable for potent cytotoxic
functions and viral control.

We finally questioned if the absence of IL2Rβ signaling during
the first week of infection would impact secondary effectors. In
fact, it was previously suggested that IL-2 availability during the
initial infection would program the expansion capacity of memo-
ry cells upon rechallenge [14, 23]. To revisit this question, we
treated WT mice with an anti-CD122 antibody (or a mock anti-
body as control) during either the first week of infection or reinfec-
tion or both (Fig. 8A). This approach allows testing precisely the
combined impact of IL-2 and IL-15 on the initial programming of
the cells and on their cytokine requirements during re-expansion.
Of note, the anti-CD122 blocking antibody efficiently blocked the
phosphorylation of STAT5 upon in vivo treatment (Fig. 8B). As
expected, it reduced both the frequency and number of primary
SLECs (Fig. 8C) while it did not modify the number and phenotype
of the CD8+ memory T-cell pool when given only during the first
week of infection (data not shown). Of particular interest, CD8+

memory T cells generated in the initial absence of IL2Rβ signal-
ing efficiently expanded upon rechallenge (1.4.106 versus 1.1.106

secondary effectors in CD122-treated and nontreated mice, respec-
tively, Fig. 8D group 2 versus group 1, respectively). This was not
the case if IL2Rβ signaling was interrupted during reinfection (Fig.
8D, group 3). Moreover, anti-CD122 treatment during secondary
infection impeded secondary SLEC expansion, as depicted by the
reduction in the frequency of secondary SLECs in this group, while
it did not if IL2Rβ signaling was restored at the time of chal-
lenge (Fig. 8E, group 3 versus group 2). Altogether, these results
demonstrate that IL-2 and IL-15 signals must be present to sustain
secondary SLEC development and that transient absence of these
cytokines during the initial phase does not impact the expansion
capacities of CD8+ memory T cells.

Discussion

γc-dependent cytokines have multiple and diverse roles in immu-
nity and are an essential component of the adaptive immune
response to infections. While they are central to the development
of mature T cells in the thymus, γc cytokines influence the survival
and homeostasis of näıve and memory T cells in the periphery.
Moreover, we have previously demonstrated that combined γc-
dependent signals regulate the CD8+ T-cell differentiation process
during an acute viral infection and are critical for the generation
of CD8+ memory T cells, in a Bcl-2 independent manner [10].
The complete abrogation of memory development in the absence
of γc suggests that these cytokines share essential overlapping
and redundant functions during infection, despite the presence of
inflammatory signals and potent antigenic stimulation. In this con-
text, IL-2 and IL-15 exhibit the highest degree of redundancy by
presenting close structural similarities of their receptor, by signal-
ing through the same receptor chains (IL2Rβ, γc) and molecules
(JAK1/JAK3/STAT5, PI3K/AKT, RAS/MAPK), and by inducing the
transcription of similar genes [26, 37]. To address the combined

Figure 8. Blocking CD122 signals during viral rechallenge restrains
the expansion of secondary SLECs. (A) P14 IL2Rβ+/− and P14 IL2Rβ−/−

chimeric mice were generated as described in Fig. 1, but recipient mice
received 200 µg of anti-CD122 (TM-β1) or LTF-2 (control antibody) ip
every other day starting 1 day prior to cell transfer until day 6 post
infection or post challenge. (B) Intracellular staining of phospho STAT5
(Y694) in P14 IL2Rβ+/− CD45.2+ effectors CD8+ T cells treated (black line
histogram) or not (gray line histogram) with the anti-CD122 antibody.
Isotype control in shaded gray histogram. Values indicate the MFI (n =
3 per genotype). (C) Frequency (left panel) and absolute numbers (right
panel) of primary SLECs in P14 IL2Rβ+/− (filled circle) and P14 IL2Rβ+/−

anti-CD122 treated (opened circle) mice. Each symbol represents an
individual mouse and bars represent the mean of seven mice per geno-
type pooled from three independent experiments. (D-E) 104 P14 IL2Rβ+/−

CD45.2+ memory CD8+ T cells were cell-sorted at day 70 and transferred
into naive CD45.1.2+ mice subsequently infected with 2 × 105 PFU of
LCMV Armstrong. (D) Absolute numbers of CD45.2+ cells at day 7 post-
challenge in P14 IL2Rβ+/− and P14 IL2Rβ+/− anti-CD122 treated during
primary or secondary infection or both (n = 3 per genotype). (E) SLEC
frequencies of CD45.2+ cells at day 7 post-challenge in P14 IL2Rβ+/− and
P14 IL2Rβ+/− anti-CD122 treated during primary or secondary infection
or both (n = 3 per genotype). *p < 0.05, **p < 0.005, NS p ! 0.05; two-
tailed unpaired Student’s t-test for (C) and Kruskal–Wallis ANOVA for
(D-E).
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contribution of IL-2 and IL-15 signals in vivo, we have designed
a novel TCR transgenic mouse model that abrogates specifi-
cally IL2Rβ-dependent signals while preserving signaling by other
γc-dependent cytokines. This model has a significant advantage
over previous models that attempted to elucidate the combined
contribution of both cytokines to CD8+ T-cell differentiation [15].
Not only it precludes signaling through the intermediate affinity
IL2Rβγ receptor, a known limitation of approaches using IL2Rα−/−

cells, it also preserves adequate dendritic cell survival, matura-
tion, and antigen presentation, which are known to be altered in
IL-15−/− hosts [38, 39].

In the absence of IL2Rβ signaling, we demonstrate that
combined IL-2 and IL-15 signals modulate both the proliferation
and survival of CD8+ late effectors. With a significant reduction
in the number of antigen-specific effector cells at the peak of the
response, our results are consistent with previous reports showing
that IL-2 signals sustain T-cell expansion in vivo [22, 40, 41].
However, by accounting for the redundant contribution of IL-2
during T-cell expansion, we clarify the role of IL-15 during this
phase of the response, since some authors had demonstrated that
the absence of IL-15 limits T-cell expansion [13] while others
did not [42, 43]. Even more, the impact of both cytokines is not
only redundant but likely additive since IL2Rβ deficiency reduces
the number of effectors by 3.5-fold while others had previously
demonstrated that IL2Rα deficiency leads to a two-fold reduction
in effector numbers in the same infectious context [14, 15].
Thus, our data suggest that IL-15 contributes to the expansion
of late effectors, even before the contraction phase, as IL-2 does.
Interestingly, we confirm that the initial expansion of T cells is
surprisingly independent of IL-2 and IL-15 signals, although both
receptor chains are rapidly expressed at the surface of the cells
upon viral challenge. This is consistent with the notion that CD8+

T-cell expansion is programmed upon a short encounter with the
pathogen, thus hindering requirements for prolonged IL-2 and
IL-15 stimulation initially [44, 45]. It also highlights that other
inflammatory cytokines present at the time of priming likely
provide accessory redundant signals to T cells for their expansion
[46].

The impact of IL-2 and IL-15 during the expansion phase is
particularly critical for SLECs, during both primary and secondary
responses, while MPECs are preserved in the absence of IL2Rβ-
signaling. This is in accordance with the notion that IL-2 and
IL-15 regulate the proliferation and survival of SLECs, as previ-
ously demonstrated by others [12, 13, 15, 22], but expands this
notion to secondary effectors. It also reinforces the concept that
SLECs and MPECs respond to distinct signals during an infection
and that similar cytokinic signals are intergraded by these effector
cells for their proper differentiation, independently of the time of
infection, being initially or upon rechallenge. We further demon-
strate that CD8+ T-cell differentiation per se is severely hampered
in the absence of IL2Rβ signaling, and that both cytokines are
likely redundant for this function. Our results suggest that IL-2
and IL-15 influence lineage choices by modifying the transcrip-
tional program of the cells, favoring the transcription of Tbx21
and Prdm1 over Eomes, Bcl6 and Klf2. Although we did not eval-

uate per se the exact contribution of each cytokine on the tran-
scriptional network of the cells, IL-2 and IL-15 likely mediate their
transcriptional effect through phosphorylation of Foxo1 in an Akt-
dependent manner, since Foxo1 was shown to restrain T-bet medi-
ated terminal effector differentiation and sustain the transcription
of several memory-associated genes such as Eomes, IL7Ra, Klf2,
and Ccr7 [47, 48]. Further studies would be required to explore
this hypothesis.

We had previously demonstrated that γc-dependent cytokines
were mandatory for the generation of memory T cells in a Bcl-2-
independent manner [10]. This was surprising knowing that IL-7
and IL-15 promote T-cell survival through enhanced expression
of anti-apoptotic Bcl2 family members [49–51]. It suggested that
IL-7 and/or IL-15 were indispensable for T-cell survival, indepen-
dently of Bcl2, as suggested by others [49, 50, 52]. In this report,
we emphasize the critical role of IL2Rβ-dependent cytokines on
the survival of CD8+ effector T cells, as suggested by the reduced
survival and accelerated contraction of IL2Rβ−/− effector cells.
This is in accordance with the prosurvival function of IL-15,
especially during the contraction phase [6, 11, 13, 15, 43],
although the role of Bcl-2 in this context remains debatable, since
Bcl-2 overexpression does not rescue T-cell contraction [10]. We
also demonstrate that, in the absence of IL-2 and IL-15, memory
cell development was severely restrained, with significant reduc-
tion in the number of CD8+ memory T cells generated and slow
attrition of these cells over time. These findings highlight not
only the critical importance of IL-7 in the generation of CD8+

memory T cells [53, 54], but also its incapacity to completely
compensate the lack of IL-15-signaling [4, 16]. It also confirms
that memory T cells are maintained through both IL-7 and IL-15-
dependent homeostatic mechanisms [16, 53]. One of these mech-
anisms could be through the regulation of fatty acid oxidation, a
cardinal metabolic pathway involved in memory T-cell develop-
ment and survival [35]. This is suggested by our demonstration
of a reduced memory T-cell mitochondrial mass in the absence of
IL2Rβ-signals. Further work remains to be performed to establish
the γc-dependent downstream pathways that regulate cell-cycle
proteins, pro- and anti-apoptotic molecules, and mitochondrial
proteins decisive for CD8+ memory T-cell homeostasis.

Distinct populations of memory cells likely respond differen-
tially to IL-2 and IL-15. Interestingly, memory cells with effector-
like characteristics (CD62Llow CD27low CD43low cells) [36] were
much more sensitive to IL-2 and IL-15 signals than other memory
subsets. This is in accordance with the accelerated TCM develop-
ment in the absence of IL2Rα signaling and the loss of CD27low

CD43low cells in IL-15−/− hosts [15, 22, 24]. In addition, we show
that TEM cells were not only significantly reduced in numbers in
the absence of IL2Rβ-signaling, their maintenance was severely
hampered over time. In contrast, IL-2 and IL-15 were largely dis-
pensable for the maintenance of TCM cells, although the presence
of CD127 on MPEC did not prevent contraction of these cells [55].
These critical findings suggest that memory subsets are differen-
tially regulated and possess distinct transcriptional networks that
control their development and maintenance. Thus, IL-2 and IL-
15 likely sustain effector-like memory differentiation by limiting
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the activation of the Foxo1 pathway (and Eomes transcription),
while promoting mTORC1 activation, in an AKT-dependent man-
ner [56], as suggested above for SLEC differentiation. Similarly
IL-2 and IL-15 may promote Blimp-1 expression, thus favoring not
only the quantity of memory T cells generated but also the pheno-
typic characteristics of these cells [20, 57]. Alternatively, IL-2 and
IL-15 might hamper TCM differentiation by limiting, directly or
indirectly, Klf2, Eomes or Bcl6 transcription, as suggested by our
findings [19, 58, 59]. Altogether, these data suggest that IL-2 and
IL-15 induce multiple signaling pathways and regulate multiple
transcription factors to ultimately dictate the fate of CD8+ T cells.

As one of the specificities of memory cells is their ability to
rapidly proliferate upon rechallenge, the question of the impact of
IL-2 and IL-15 on secondary expansion is of particular impor-
tance, in light of the numerous conflicting reports available
[14, 15, 22–24, 42]. While some authors suggest that IL-2 pro-
grams future T-cell expansion [14, 15, 23], others do not [22].
Conversely, few reports suggest a trivial contribution of IL-15
on secondary expansion [14, 24, 42]. However, because previ-
ous work by Bevan’s team had revealed the key contribution of
IL2Rβ-signaling in the programming of secondary T-cell expan-
sion [14], and knowing the redundant functions of IL-2 and IL-15
on primary effectors, we further tackled this question. To clar-
ify the situation, we revisited the contribution of IL-2 and IL-15
during secondary infection by (i) preventing any possible redun-
dancy of the two cytokines, (ii) abolishing any possible signaling
through the IL2Rβ/γc heterodimer, (iii) eliminating the contribu-
tion of paracrine IL-2 secretion on effector cells, (iv) conserving
proper lymphoid organ architecture and antigen presentation, and
(v) testing secondary responses to the same infectious agent in
a näıve environment. We demonstrate that not only secondary
effectors can substantially expand, they are readily functional and
cytotoxic. Although the expansion is considerable, it does present
some restriction in late phases of the response, as it did during
the primary response. Though this underscores that primary and
secondary effectors largely rely on similar cytokinic signals for
their proper expansion, as they did for their differentiation, sec-
ondary effectors appear to be slightly more sensitive to the absence
of IL-2 and IL-15 signals since the difference between WT and
IL2Rβ−/− cells numbers after the second infection is slightly more
important than after the initial infection (4.7-fold versus 3.5-fold
difference, respectively). We then deciphered whether reduced
expansion among secondary IL2Rβ−/− effectors resulted from an
abnormal programming initially, as suggested by Bevan, or if IL-2
and IL-15 signals were required during reinfection. Using an anti-
CD122 blocking antibody during either the first week of infection
or reinfection, we demonstrated that IL-2 and IL-15 needed to be
present at the time of the challenge in order to sustain secondary
T-cell expansion. This suggests that these two redundant cytokines
do not permanently imprint a specific differentiation and expan-
sion program to effector T cells and that transient IL-2 and IL-15
deficiency would not impact long-term memory responses. Fur-
ther studies will be required to tackle the genetic and epigenetic
changes regulated by combined IL-2 and IL-15 signals to control
recall responses.

All together our data highlight the critical role for combined
IL-2 and IL-15 signals in the proliferation and survival of primary
and secondary effectors and their differentiation into SLECs. It also
demonstrates that IL2Rβ signaling condition the maintenance of a
memory T-cell pool with effector characteristics. Unexpectedly, IL-
2 and IL-15 are dispensable for potent effector functions and viral
clearance, suggesting that multiple redundant signals are in place
to preserve effective cytotoxic functions upon viral challenge.

Materials and methods

Mice

CD45.2+ Rag2−/− P14 TCR Transgenic (Tg) mice (expressing a
TCR specific for the LCMV H2-Db-restricted GP33-41 epitope) [60]
were provided by A. Freitas (Institut Pasteur, Paris, France) and
backcrossed onto the C57BL/6 (B6) background. P14 mice, with
or without IL2Rβ chain, were then produced by breeding P14 mice
with IL2Rβ−/− mice (Jackson Laboratory). P14 IL2Rβ+/− or P14
IL2Rβ−/− chimeric mice were generated by adoptive transfer of
7- to 10- week-old 105 näıve CD45.2+ TCR Tg CD8+ T cells into
8- to 10-week-old näıve CD45.1.2+ B6 recipient mice. 104 näıve
P14 IL2Rβ+/− or IL2Rβ−/− cells were used in the chronic infec-
tion model. To prevent rejection of adoptively transferred cells,
CD45.1.2+ B6 recipient mice were generated by crossing Tg−

CD45.2+ mice with CD45.1+ B6 mice (B6.SJL, Jackson Labora-
tory). For secondary infection, 104 P14 or P14 IL2Rβ−/− CD45.2+

memory CD8+ T cells (Day 70 post-infection) were adoptively
transferred into 8- to 10-week-old näıve CD45.1.2+ B6 recipient
mice. For in vivo killing assays, Pfp−/− mice (B6Prf1tm1sdz/J, Jack-
son Laboratory) were used as recipients. All donor and virus-free
recipient mice were housed in specific pathogen-free facilities at
the CHU Sainte-Justine Research Center. Experiments were con-
ducted in accordance with institutional guidelines.

Virus, viral titers, and mice infection

LCMV Armstrong and LCMV clone 13 were obtained from Rolf
M.Zinkernagel (Zurich University Hospital, Switzerland) and were
grown respectively on BHK-21 and L929 cells, as previously
described [61]. Virus titers were determined by focus-forming
assay on MC57G cells [62]. Mice were infected 20 h after adoptive
transfer of näıve or memory T cells. For acute infections and recall
responses, mice were injected ip with 2 × 105 PFU of LCMV Arm-
strong. For chronic infection, mice were injected iv with 1 × 106

PFU of LCMV Clone 13. All infected mice were housed in specific
infectious facilities at the INRS-IAF Experimental Biology Center.

Blocking antibody treatment

In some experiments, an anti-CD122 blocking antibody (TM-β1,
200 µg/injection ip) was injected one day prior to adoptive cell
transfer and every other day thereafter, until day 6 post-infection.
Other groups of mice received the same treatment during the
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re-infection phase exclusively, or during both the primary or sec-
ondary infection. Control mice were similarly injected with a mock
antibody (LTF-2). Both anti-CD122 and LTF-2 antibodies were
purchased from BioXcell.

Cell isolation, flow cytometry analysis, and cell sorting

Peripheral blood (100 µL) was obtained retro-orbitally, by the
saphenous vein or from the facial artery in tubes containing
100 µL of PBS 1× EDTA (5 mM). Bone marrow was obtained
by flushing both femurs. Single cell suspensions were generated
from spleen and bone marrow by pressing the organs and filter-
ing the cells through a 100-µM nylon mesh, prior to erythrocyte
lysis (NH4Cl or BD FACS lysing buffer). Cell suspensions were
stained in 50–100 µL of PBS with 2% FBS during 15 min on ice.
Prior to staining, cells were Fc-blocked. Monoclonal antibodies
were purchased from eBioscience and BD Bioscience except for
Granzyme B (Molecular Probes) and CD43 (BioLegend). CCR7
staining was performed by incubating cells 40 min at 37°C with
CCR7-biotin (eBioscience). Ultra-avidin-R-phycoerythrin (Leinco)
was used to reveal CCR7-biotin staining. MHC class I peptide
tetramers were produced by F. Lemaitre (Institut Pasteur, Paris),
coupled to ultra-avidin-R-phycoerythrin (Leinco) and used simul-
taneously with other extracellular antibodies. Dead cells were
excluded using Live/Dead Fixable Aqua Dead Cell stain kit prior
to fixation (Molecular Probes). Mitotracker Deep Red (Invitro-
gen) and Annexin V / 7-AAD (eBioscience) staining was performed
according to manufacturer’s instructions and was processed before
dead cell and monoclonal antibodies staining. Data were acquired
using an FACS LSRFortessa flow cytometer (BD Biosciences) and
analyzed using FlowJo software (Treestar). For recall responses,
alive CD8+ CD3+ CD45.1− CD45.2+ TCR Tg cells were cell-sorted
on a BD FACSAria II (98% purity).

Intracellular staining and in vivo cytotoxic assay

Intracellular staining was done on freshly isolated splenocytes
according to manufacturer’s instructions, with the fixation and
permeabilization kits from eBioscience or BD Bioscience. IFN-γ,
TNF-α, and IL-2 quantification was evaluated after ex vivo res-
timulation with GP33-41 peptide (0.2µg/mL) in the presence of
brefeldin A (10µg/mL) for 4 h. Degranulation was similarly
assessed after 5 h of ex vivo restimulation by staining for CD107a
(BD Bioscience). Granzyme B and perforin staining were per-
formed without stimulation. Bim (Cell Signaling), Bcl2 (BD Bio-
sciences), active-caspase 3 (BD Biosciences), Ki-67 (eBioscience),
T-bet (BD Bioscience), Eomes (eBioscience), and pSTAT5 Y694
(Cell Signaling) antibodies were used as suggested by manufac-
turers. FITC conjugated donkey anti-rabbit was used as secondary
antibody for intracellular Bim staining (Jackson ImmunoRe-
search). In vivo cytotoxic assay was performed by transferring
106 CFSEhigh-labeled (1 µM) GP33-41-loaded splenocytes and 106

CFSElow-labeled (0.1 µM) unloaded splenocytes in Pfp−/− mice
at day 7 post-infection, as previously described [10]. Percentage

of target cell killing was calculated as follows: 100 – (100 × ((%
peptide-loaded infected/% unloaded infected)/(% peptide-loaded
control/% unloaded control))).

RNA extraction and real-time quantitative PCR
analysis

RNA was isolated from 2 × 104 cell-sorted P14 IL2Rβ+/− or
P14 IL2Rβ−/− at distinct time-points post-infection by mixing
with TRIzol reagent (Invitrogen) on ice. RNA was next purified
with RNeasy Micro Kit (Qiagen) and cDNA was synthesized
with SuperScript VILO Kit (Invitrogen). Real-time quantitative
RT-PCR was performed on a Stratagene Mx3000P (Agilent
Technologies) with SYBR Select Master mix (Applied Biosys-
tems) using the following primer sets: Prdm1 forward, 5′ -AC
ACACAGGAGAGAAGCCACATGA-3′ and reverse, 5′ -TCGAAGGT
GGGTCTTGAGATTGCT-3′ ; Tbx21 forward 5′ -AGGGGACACTCGC
AACAGA-3′ and reverse, 5′ -AGGGGGCTTCCAACAATG-3′ ; Eome
sodermin forward, 5′ -CCGCCCACTACAATGTTTTC-3′ and reverse
GAAATCTCCTGCCTCATCCA-3′ ; Klf2 forward, 5′ -TGTGAGAA
ATGCCTTTGAGTTTACTG-3′ and reverse, 5′ -CCCTTATAGAAAT
ACAATCGGTCATAGTC-3′ ; Bcl6 forward 5′ -GGGACATCTTGAC
GGACGTT-3′ and reverse, 5′ - TCACGGGAGGTTTAAGTGC; Granz
yme A forward, 5′ TTTCATCCTGTAATTGGACTAA-3′ and reverse,
5′ -GCGATCTCCACACTTCTC-3′ ; Granzyme B forward, 5′ -CCTCC
TGCTACTGCTGAC-3′ and reverse, 5′ -GTCAGCACAAAGTCCTCT
C-3′ ; Hprt forward, 5′ -CTCCTCAGACCGCTTTTTGC-3′ , and
reverse, 5′ -TAACCTGGTTCATCATCGCTAATC-3′ .

Statistical analysis

Statistical significance was determined by two-tailed unpaired Stu-
dent’s t-test and Kruskal–Wallis ANOVA using ABI Prism 6. Signif-
icance was set as any p value less than 0.05.
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