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Abstract 

The transcription factor HELIOS is best known for being expressed in CD4 

regulatory T cells. In mice, HELIOS is also expressed by exhausted CD8 T cells. 

However, data on the nature of human HELIOS+ CD8 T cells are scarce and 

contradictory. Here, we characterized human HELIOS+ CD8 T cells, which 

represent about 21% of blood CD8 T cells. We found that the majority of 

HELIOS+ CD8 T cells are antigen-experienced and recognize peptides presented 

by MHC class Ib molecule HLA-E. In contrast to HELIOS- T-BEThigh CD8 T cells 

(Tc1 effectors), HELIOS+ Tc1 effectors produce low amounts of IFN- and TNF-. 

HELIOS+ CD8 T cells express Th17/Tc17-related genes RORt, ROR, PLZF, 

CD161, CCL20 and IL-17A. Thus, HELIOS is expressed by several CD8 T cell 

populations, including Tc1 effectors (that produce low amounts of cytokines) 

and Tc17. Exhausted (TOX+) CD8 T cells isolated from ovarian carcinomas 

express HELIOS, suggesting the existence of either HLA-E-restricted anti-tumor 

CD8 T cells or two populations of exhausted T cells, namely TOX+ HELIOS- and 

TOX+ HELIOS+. It remains to be understood why so many individuals maintain 

high amounts of Tc1 effectors that secrete low amounts of cytokines upon 

activation in their blood and what the connection between HELIOS and HLA-E 

restriction means. 
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1.1 Preamble. 

Our defense against pathogens (bacteria, viruses, …) is ensured by the immune 

system, which is also able to recognize tumor cells but fails to eliminate them in 

cancer patients. Key players of this complex system are CD8 T cells, which are 

able to directly kill infected cells and tumor cells. In cancer patients, however, 

as well as in chronically infected patients, CD8 T cells fail to eradicate tumor 

cells or infected cells. Stimulating the immune system improves cancer 

patients’ outcome (Hamid et al. 2013; Hodi et al. 2010; Wolchok et al. 2013). 

However, not all patients respond to immunotherapeutic strategies. It is 

important to keep studying these cells to increase our knowledge about how 

they function to potentially increase the efficacy of treatments. 

In this introduction, I will first discuss T cell development in the thymus 

and how CD8 T cells get activated. I will briefly describe the different CD8 T cell 

subpopulations present in human blood. Then, I will describe a form of CD8 T 

cell dysfunction called T cell “exhaustion”. Finally, I will focus on transcription 

factors and their role in T cell biology as well as T cell dysfunction. 

1.2 T cell development in the thymus. 

Lymphoid progenitors leave the bone marrow and migrate to the thymus 

where TCR rearrangement takes place. During maturation, T cell precursors 

undergo positive and negative selection (Kumar, Connors, and Farber 2018). 

Positive selection describes the survival of T cells with a functional  TCR that 

weakly interact with self-HLA loaded with a self-antigen. T cells unable to 

interact with self-HLA loaded with a self-antigen die. Similarly, T cells undergo 

apoptosis if the interaction between  TCR and self-HLA loaded with a self-

antigen is too strong. This process is called negative selection and is a central 
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tolerance mechanism (Klein et al. 2014; Starr, Jameson, and Hogquist 2003). 

After positive and negative selection, the remaining T cells exit the thymus, 

migrate to the periphery and display naïve T cell markers: CCR7 and CD45RA 

(Kumar et al. 2018). 

1.3 Regulation of T cell activation. 

1.3.1 TCR signalling pathway. 

1.3.1.1 Initial steps of TCR activation. 

CD8 T cells recognize peptides presented by human leukocyte antigen (HLA) 

class I molecules. Some autoreactive T cells escape negative selection in the 

thymus. Under normal circumstances, such T cells do not provoke 

autoimmunity because of counteracting peripheral tolerance mechanisms, e.g. 

anergy or regulatory T cells (Bandyopadhyay, Soto-Nieves, and Macian 2007; 

Vignali, Collison, and Workman 2008). Under physiological conditions, most of 

human cells present peptides derived from self-proteins. But under 

pathological condition, e.g. an infection, peptides derived from non-self are 

presented. CD8 T cells recognize HLA class Ia-peptide complexes through the 

TCR. The TCR consists of alpha and beta chains that jointly recognize the 

antigen. However, neither TCR chain possesses intracellular signalling 

sequences. Instead, the TCR chains are non-covalently associated with six CD3 

chains (two , ,  and two that contain one to three immunoreceptor 

tyrosine-based activation motifs (ITAMs) (Smith-Garvin, Koretzky, and Jordan 

2009). Engagement of the TCR results in the activation of a cascade of signalling 

events that start with the exclusion of the phosphatase CD45 and the 

convergence of LCK towards immunoreceptor tyrosine-based activation motifs 

(ITAMs) of CD3, CD3, CD3 and CD3. LCK phosphorylates the three ITAMs of 
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each CD3, which recruits tyrosine kinase ZAP-70 to CD3. Next, ZAP-70 is also 

phosphorylated and activated by LCK (Chan et al. 1992; Iwashima et al. 1994). 

Active ZAP-70 then phosphorylates adaptor protein SLP76 and four tyrosines 

on the scaffold protein LAT (Wardenburg et al. 1996; Zhang et al. 1998) (Figure 

1). The Phosphorylated tyrosines of LAT serve as anchor points for SLP76, 

GRB2, ADAP, GADS, ITK, PLC1, NCK1 and VAV1. This complex of signalling 

molecules is called the LAT signalosome where the TCR signal is amplified and 

diversified. ITK, which is recruited to the LAT signalosome and activated there, 

phosphorylates PLC1, which cleaves PIP2 into DAG and IP3. The TCR signalling 

pathway separates into three main pathways downstream of ITK: Ca++-NFAT, 

NF-B and Ras-MAPKinase pathways (Figures 1 and 5) (Smith-Garvin, Koretzky, 

and Jordan 2009; Brownlie and Zamoyska 2013). 
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Figure 1. Early steps of the TCR signalling pathway. Upon contact between TCR and the 

appropriate major histocompatibility complex class Ia (MHC I)-peptide complex, activation of 

the TCR signalling pathway is triggered. LCK phosphorylates ITAMs on CD3 This recruits 

ZAP-70, which is then also phosphorylated by LCK. ZAP-70 phosphorylates SLP76 and LAT, 

which triggers the assembly of the LAT signalosome. ITK then phosphorylates PLC1, which 

cleaves PIP2 in DAG and IP3. Kinases are in blue, phosphate groups are in red dots, adaptor 

proteins are in yellow and guanine nucleotide exchange factors (GEFs) are in orange (inspired 

from Brownlie and Zamoyska 2013).  

1.3.1.2 The Ca++-NFAT pathway. 

IP3 activates its receptor on the endoplasmic reticulum (ER), which triggers Ca++ 

release from the ER. Ca++ forms a complex with calmodulin and activates CaMK. 

CaMK in turn phosphorylates and activates calcineurin, which 

dephosphorylates NFAT, allowing NFAT to translocate into the nucleus and 

modulate the expression of its target genes (Smith-Garvin, Koretzky, and 

Jordan 2009). The Ca++-NFAT pathway is involved in the induction of the 

expression of genes encoding T cell effector proteins (Figures 2 and 5). 
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Figure 2. The Ca++-NFAT pathway. IP3 initiates Ca++ efflux from the ER leading to NFAT 

dephosphorylation and translocation into the nucleus. This pathway is involved in the 

induction of the expression of genes coding effector proteins. Transcription factors are in 

purple (inspired from Brownlie and Zamoyska 2013).  

1.3.1.3 The NF-B pathway. 

DAG triggers PKC activation. PKC phosphorylates CARMA1, triggering the 

formation of the CARMA1/BCL10/MALT1 complex. This complex is responsible 

for the degradation of IKK the regulatory subunit of the IKK complex, probably 

through its polyubuquitination by TRAF6 (Sun et al. 2004). Thus, activated IKK 

phosphorylates IB, which is in turn polyubiquitinated and degraded (Smith-

Garvin, Koretzky, and Jordan 2009; Brownlie and Zamoyska 2013). IB binds to 
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NF-B and sequesters it within the cytosol. The degradation of IB releases NF-

B which translocates into the nucleus to modulate the expression of genes 

involved in T cell effector functions (Figures 3 and 5). 

 
Figure 3. The NF-B pathway. DAG activates PKC, resulting in activation of the IKK complex, 

which phosphorylates IB and targets it for degradation. NF-B bound to IB is thus released 

and translocates into the nucleus. This pathway is involved in inducing the expression of 

genes encoding effector proteins. Kinases are in blue, phosphate groups are represented by 

red dots and transcription factors are in purple (inspired from Brownlie and Zamoyska 2013).  

1.3.1.4 The Ras-MAP-kinase pathway. 

Besides initiating the NF-B pathway, DAG is also involved in the recruitment of 

RasGRP, a guanine nucleotide exchange factor (GEF) for Ras (Finco et al. 1998; 

Roose et al. 2005). Together with GRB2, another GEF for Ras also recruited to 
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the LAT signalosome, RasGRP1 activates Ras. Ras is responsible for activating 

the MAPKKK Raf-1, which in turn activates the MAPKKs MEK1 and MEK2. MEK1 

and MEK2 phosphorylate and activate the MAPKs ERK1 and ERK2. ERK1 and 

ERK2 activate AP-1, which is a heterodimeric transcription factor. AP-1 

cooperates with NFAT and modulates the expression of genes encoding 

effector proteins (Smith-Garvin, Koretzky, and Jordan 2009; Brownlie and 

Zamoyska 2013). The Ras-MAPK pathway is also involved in triggering T cell 

proliferation (Figures 4 and 5). 

 
Figure 4. The Ras-MAPK pathway. DAG recruits RasGRP1, a GEF for Ras, leading to Ras 

activation. Ras in turn initiates the MAP kinases cascade, resulting in the activation of the 

transcription factor AP-1. This pathway is involved in inducing the expression of genes 

encoding effector proteins and T cell expansion. Kinases are in blue, phosphate groups are 

represented by red dots, GEFs are in orange and transcription factors in purple (inspired from 

Brownlie and Zamoyska 2013).  
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Although not discussed in detail here, engagement of the TCR complex 

also results in the activation of signalling pathways involved in cytoskeleton 

rearrangement. Other pathways modulate the affinity of integrins and control 

the anchoring of T cells to their targets (Figure 5) (Smith-Garvin, Koretzky, and 

Jordan 2009; Brownlie and Zamoyska 2013). 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. The TCR signalling pathway. Upon prolonged contact between the TCR and the 

appropriate MHC class Ia-peptide complex, activation of the TCR signalling cascade is 

triggered. Phosphorylation of CD3 by LCK recruits ZAP-70 to the TCR, where it is also 

phosphorylated and activated by LCK. The activated ZAP-70 dissociates from the TCR and 

phosphorylates SLP-76 and LAT. This triggers the assembly of the LAT signalosome where the 

TCR signal is amplified and diversified. ITK, which is recruited to the LAT signalosome and 

activated there, phosphorylates PLC1, which cleaves PIP2 into DAG and IP3. The TCR 

signalling pathway separates into three main pathways downstream of ITK: The Ca++-NFAT 

pathway: IP3 triggers a Ca++ flux from the ER leading to NFAT dephosphorylation and 

translocation into the nucleus. This pathway is involved in inducing the expression of genes 

encoding effector proteins. The NF-B pathway: DAG activates PKC resulting in activation of 

the IKK complex, which phosphorylates IB, targeting it for degradation. This releases NF-B 

from its complex with IB and NF-B translocates into the nucleus. This pathway is involved 

in inducing the expression of genes encoding effector proteins. The third main pathway is the 

one of Ras and MAP kinases: DAG activates RasGRP1, a GEF for Ras, leading to Ras 

activation. Ras in turn initiates the MAP kinases cascade, resulting in the activation of the 

transcription factor AP-1. This pathway is involved in inducing the expression of genes 

encoding effector proteins and T cell expansion. Kinases are in blue, phosphate groups are 

represented by red dots, adaptor proteins are in yellow, GEFs are in orange and transcription 

factors in purple (inspired from Brownlie and Zamoyska 2013).   
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1.3.2 T cell co-stimulatory molecules. 

1.3.2.1 CD28. 

CD28 is a co-stimulation molecule present at the surface of T cells. Its activation 

is required during priming – first activation – of naïve T cells; otherwise they 

will undergo anergy. Anergy is a state in which T cells have lost the ability to 

respond to TCR stimulation. Upon interaction with one of its ligands, CD80 or 

CD86, on an antigen-presenting cell (APC), LCK phosphorylates tyrosines 191 

and 218 of CD28, triggering the recruitment of GRB2 and PI3K via YMNM and 

PYAP motifs (Boomer and Green 2010). PI3K phosphorylates PIP2 into PIP3, 

which leads to the activation of PDK1. PDK1 phosphorylates and activates the 

kinase Akt, which is responsible for the activation of the mTOR pathway. 

Another target of Akt is GSK3, which is inactivated through phosphorylation by 

Akt. The role of GSK3 is to phosphorylate NFAT and thus sequester it in the 

cytosol. Thus, by inactivating GSK3, Akt favors NFAT activation (Boomer and 

Green 2010; Lenschow, Walunas, and Jeffrey 1996; Smith-Garvin et al. 2009). 

PIP3 also increases the recruitment of TCR signalling proteins, including 

ITK and PLC1 via their PH domains (Figure 6). CD28 activation increases T cell 

survival, proliferation and interleukin-2 (IL-2) production. It is also involved in a 

metabolic reprogramming, for example, through the increased expression of 

glucose transporter 1 (GLUT1) (Boomer and Green 2010; Smith-Garvin et al. 

2009). 
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Figure 6. The CD28 signalling pathway. CD28 increases the signal strength transmitted 

through the TCR signalling pathway in several ways: Upon ligand binding, CD28 recruits PI3K, 

which phosphorylates PIP2 to PIP3. This leads to PDK1 activation, which in turn activates 

PKC increasing the signal through the NF-B pathway. PDK1 also activates Akt, which 

activates mTOR, promoting T cell proliferation. Akt phosphorylates GSK3 and inactivates it. 

This prevents GSK3 from phosphorylating NFAT increasing therefore the signal through the 

NFAT pathway. Kinases are in blue and phosphate groups are represented by red dots. 

1.3.2.2 Inducible T-cell costimulator (ICOS). 

ICOS contains an YMFM motif, like CD28, allowing the recruitment of PI3K and 

the activation of the Akt pathway. However unlike CD28, ICOS lacks a PYAP 

motif and is unable to recruit GRB2 through either the PYAP or YMFM motives. 

This could explain the distinct effects of ICOS and CD28 co-stimulation. For 

example ICOS induces lower levels of IL-2 production than CD28 (Chen and Flies 

2013). 

1.3.2.3 CD27. 

CD27, a TNF receptor superfamily (TNFRSF) member, plays an important role in 

T cell co-stimulation. Expression of its ligand CD70 is induced on APCs by 

interferon gamma (IFN-) and certain toll-like receptors (TLRs). CD27 activation 

leads to NF-B activation, reinforcement of AP-1 activation and expression of 
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anti-apoptotic molecules (Grant, Nüssing, Sant, Clemens, & Kedzierska, 2017). 

CD27 is particularly important for the priming of naïve CD8 T cells as shown in 

KO mouse models. Disturbing the CD27/CD70 axis leads to decreased 

proliferation, which is only partially overcome by an increase in CD28 co-

stimulation. In humans, increased CD27 co-stimulation in vitro enhanced CD8 T 

cell proliferation, IFN-release, and tumor necrosis factor alpha (TNF-) 

secretion ( Grant et al. 2017; Chen and Flies 2013). 

1.3.2.4 The TNFR superfamily. 

The TNFRSF contains several co-stimulatory molecules: e.g. CD27 (discussed 

before), 4-1BB (CD137), OX40, glucocorticoid-induced TNFR-related protein 

(GITR) and herpesvirus entry mediator (HVEM). These receptors have similar 

effects on T cell activation. Upon ligand binding, they recruit TRAFs adaptor 

proteins and will reinforce the activity of several signalling pathways such as 

the NF-B, MAPK and NFAT pathways. OX40 and 4-1BB also promote T cell 

survival similarly to CD27 by enhancing the expression of anti-apoptotic 

molecules ( Chen and Flies 2013). 

Other co-stimulatory molecules including class I–restricted T cell–

associated molecule (CRTAM or CD355), DNAX accessory molecule-1 (DNAM-1 

or CD226), and certain activating natural killer (NK) receptors are also 

expressed by T cells and enhance their activity. Lymphocyte function-

associated antigen 1 (LFA-1) and other adhesion molecules also function as co-

stimulatory molecules (Petit et al. 2016). 

Co-stimulatory receptors increase the activity of CD8 T cells. But their 

functions are balanced by inhibitory mechanisms to prevent deleterious effects 

of an uncontrolled or prolonged CD8 T cell response. Different kinds of 

regulatory mechanisms exist: e.g. immunosuppressive cells, 
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immunosuppressive enzymes, inhibitory receptors. Here, I will only discuss 

inhibitory receptors. Other inhibitory mechanisms are reviewed in detail 

elsewhere (Kitamura, Qian, and Pollard 2015; Vignali et al. 2008). 

1.3.3 Inhibitory receptors. 

1.3.3.1 Programmed cell death 1 (PD-1). 

PD-1 is a surface receptor encoded by the PDCD1 gene. Its ligands are 

programmed death-ligand 1 and 2 (PD-L1 and PD-L2). While PD-1 is absent on 

naïve T cells, its expression increases on activated T cells after TCR activation 

(Agata et al. 1996). PD-1 dampens the immune response to prevent 

immunopathology: PD-1 or PD-L1-KO mice infected with the LCMV virus die 

due to CD8 T cell-mediated immunopathology (Barber et al. 2006; Frebel et al. 

2012; Mueller et al. 2010). Furthermore, PD-1 plays a role in self-tolerance as 

ageing PD-1-KO mice spontaneously develop a lupus-like disease. Moreover, in 

a lupus mouse model (Fas mutation lpr), Nishimura and colleagues showed that 

PD-1 deletion accelerated and increased the lupus-like disease (Nishimura et al. 

1999). 

 PD-1 is a transmembrane protein belonging to the immunoglobulin 

superfamily. Its intracellular domain contains an immunoreceptor tyrosine-

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

motif (ITSM). Upon binding of its ligand (PD-L1 or PD-L2), PD-1 is 

phosphorylated on tyrosines of ITIM and ITSM domains. This recruits protein 

tyrosine phosphatases like Src homology region 2 domain-containing 

phosphatase-1 (SHP-1) and SHP-2. These phosphatases interfere with the TCR 

but also the CD28 signalling pathways by dephosphorylating proteins within the 

signalling cascade. This interferes with the PI3K/Akt/mTOR pathway. 

Additionally, PD-1 induces the expression of the transcription factor Basic 
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Leucine Zipper ATF-Like Transcription Factor (BATF), which reduces the 

expression of effector genes (Pauken and Wherry 2015) (Figure 7). 

In chronic viral infections and cancer, PD-1 can be an obstacle to the 

elimination of the infected or cancerous cells. We will discuss this phenomenon 

in the chapter on T cell exhaustion. 
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Figure 7. The PD-1 signalling pathway. PD-1 inhibits T cells in multiple ways: it inhibits 

proximal TCR signalling by recruiting SHP-1/2; it interferes with the PI3K/Akt and Ras 

pathways, which impacts the proliferation of T cells; and it induces the expression of the 

transcription factor BATF, which in turn represses the expression of effector genes (inspired 

from Pauken and Wherry 2015). 

1.3.3.2 Other inhibitory receptors. 

Other inhibitory receptors include cytotoxic T-lymphocyte-associated protein 4 

(CTLA-4), which competes with CD28 for its ligands CD80/CD86, T cell 

immunoglobulin and mucin domain-containing protein 3 (TIM-3), Lymphocyte 
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activation gene 3 protein (LAG-3), T Cell immunoreceptor with Ig and ITIM 

domains (TIGIT), CD200R, B- and T-lymphocyte attenuator (BTLA) and CD160. 

These receptors will not be discussed here. Additional information can be 

found in these reviews (McLane, Abdel-Hakeem, and Wherry 2019; Pauken and 

Wherry 2015; Wherry 2011). 

1.4 CD8 T cell differentiation. 

During an acute infection, APCs prime naïve CD8 T cells in secondary lymphoid 

organs. After being activated through their TCR and co-stimulatory molecules, 

naïve CD8 T cells differentiate into effector cells. The pool of effector cells 

generated is heterogeneous. Most of activated CD8 T cells differentiate into 

short-lived effector cells (SLEC) (CD127- KLRG1+) and the rest into memory 

precursor effector cells (MPEC) (CD127+ KLRG1-). SLECs are governed by T-box 

protein expressed in T cells (T-BET) and B lymphocyte-induced maturation 

protein-1 (BLIMP-1), which promotes effector functions. In contrast, MPECs are 

governed by B-cell lymphoma 6 protein (BCL-6), Eomesodermin (EOMES) and T 

cell factor 1 (TCF-1). After pathogen clearance, most SLECs die and MPECs 

differentiate into memory cells (Cui and Kaech 2010). 

Several subsets of memory cells have been identified. In humans, they 

are defined as follows: central memory T cells (TCM) are C-C chemokine receptor 

type 7+ (CCR7+) CD27+ CD45RA-; effector memory T cells (TEM) are CCR7- CD27- 

and CD45RA-; effector memory CD45RA+ T cells (TEMRA) are CCR7- CD27- 

CD45RA+ (Figure 8). TCM have good proliferative capacity and low effector 

functions. TEM have lower proliferative capacity but higher effector functions 

than TCM. Upon antigen re-exposure, TCM require more time to re-express 

effector proteins compared to TEM, which respond immediately. TEMRA cells are 

called terminally differentiated, display short telomeres and express 
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senescence markers (Mahnke et al. 2013). However, these so called terminally 

differentiated CD8 T cells proliferate well in vitro. Moreover, the in vitro 

expression of CCR7 and CD45RA are activation-dependent with CD45RA being 

expressed on resting T cells (Carrasco et al. 2006). Thus, are CCR7- CD45RA+ 

CD8 T cells truly terminally differentiated or are they simply T cells that have 

not encountered their antigen for some time (Carrasco et al. 2006)? The TEMRA 

CD8 T cell population may be heterogeneous and only contain some terminally 

differentiated cells, as shown by Verma and colleagues. Using CD57, they 

sorted anti-cytomegalovirus (CMV) CD8 TEMRA CD57- and CD57+, showing that 

CD57- TEMRA have longer telomeres, proliferate better and produce more IFN- 

(Verma et al. 2017). Moreover, TEMRA CD57- lose CD45RA expression after 

stimulation, which is coherent with data from Carrasco and colleagues and 

indicates that CD57- TEMRA are not terminally differentiated. This was not the 

case for CD57+ TEMRA (Carrasco et al. 2006; Verma et al. 2017).  

 A more refined classification of memory CD8 T cell subsets present in 

human blood has been described by Romero and colleagues. The authors used 

CD28 and CD27 in addition to CCR7 and CD45RA. In the TCM compartment the 

vast majority of cells are CD28 and CD27 double positive. Four distinct TEM 

subsets have been identified: EM1 (CD27+/CD28+), EM2 (CD27+/CD28-), EM3 

(CD27-/CD28-) and EM4 (CD27-/CD28+). TEMRA were separated into three 

subsets: E (CD27-/CD28-), pE1 (CD27+/CD28+) and pE2 (CD27+/CD28-) (Romero 

et al. 2007) (Figure 8). According to the authors the differentiation of CD8 T 

cells happens in a sequential manner from naïve to central memory and then to 

the sequential effector memory stages EM1, EM2 and EM3. After reaching EM3 

stage of the effector memory compartment, cells arrive at the E stage of the 

TEMRA compartment (Romero et al. 2007). This way of thinking in which T cell 

differentiation is linear and not circular is not in line with other studies also 
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conducted with human cells (Carrasco et al. 2006; Verma et al. 2017). It is 

unclear where EM4, pE1 and pE2 stage are located in this differentiation 

model. Nevertheless, the addition of these two markers (CD27 and CD28) 

distinguishes four functionally different subsets in the TEM compartment. Of 

these, EM3 represents the population with the highest effector properties. For 

example, cytotoxicity is higher in EM3 than in the other TEM subpopulations 

(Romero et al. 2007). 

 

Figure 8. CD8 T cell subsets in human blood. Scheme describing markers used to distinguish 

CD8 T cells subsets. On the left panel, CCR7 and CD45RA distinguish naïve T cells from TCM, 

TEM and TEMRA. On the right panels, CD27 and CD28 identify TEM and TEMRA subpopulations. 

To conclude, CCR7 and CD45RA are useful tools to exclude naïve CD8 T 

cells from experimental analysis and distinguish TCM, TEM and TEMRA. Additional 

markers, such as CD27 and CD28, enable a more refined distinction of CD8 T 

cell populations in human blood. 
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1.5 CD8 T cell exhaustion and the LCMV model. 

CD8 T cell exhaustion has been defined by John Wherry as follows (McLane et 

al. 2019; Pauken and Wherry 2015; Wherry 2011):  

1) loss of function and proliferative capacity in a progressive or 

sequential way; 

2) increased and sustained expression of inhibitory receptors; 

3) altered response to homeostatic cytokines (IL-7/IL-15) involved in 

memory T cell maintenance; 

4) metabolic reprogramming; 

5) distinct expression pattern and use of transcription factors 

compared to effector and memory T cells, and; 

6) epigenetic reprogramming characteristic of exhausted CD8 T cells. 

This phenomenon occurs through prolonged contact between T cells and 

their antigen, e.g. during chronic viral infections or cancer. In mice, CD8 T cell 

exhaustion has been extensively studied in the LCMV model. 

1.5.1 Chronic viral infection. 

1.5.1.1 Lymphocytic choriomeningitis virus (LCMV) model. 

LCMV infections provide an interesting model because the Armstrong strain of 

the virus causes acute infection, while the clone 13 strain results in chronic 

infection (Zajac et al. 1998). The mutations that characterize these two strains 

do not occur in major CD8 T cell epitopes. Thus, it is possible to track CD8 T 

cells directed against the same epitope in acute versus chronic infections 

(McLane et al. 2019; Pauken and Wherry 2015; Wherry 2011). 
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 In this model, the loss of effector functions happens hierarchically. First, 

IL-2 production is lost. Then, TNF- production and the capacity to kill infected 

cells are impaired. The capacity to produce IFN- is altered at later and more 

severe stages of T cell exhaustion. Exhausted CD8 T cells can still produce some 

chemokines, including CCL3, CCL4 and CCL5 (Wherry et al. 2003, 2007; Zajac et 

al. 1998). The severity of the exhausted phenotype is influenced by the antigen 

load and the presence of CD4 T cells. While activated T cells normally express 

inhibitory receptors - as inhibitory receptors provide negative feedback loops 

to avoid deleterious effects of sustained immune responses on the organism -, 

exhausted CD8 T cells express a multitude of inhibitory receptors at higher and 

more sustained levels (Barber et al. 2006; Wherry et al. 2007). Transcriptomic 

and epigenetic studies have shown that exhausted CD8 T cells have a 

transcriptional program and epigenetic landscape distinct from effector or 

memory CD8 T cells (Wherry et al. 2007).  

 Inhibitory receptors restrain CD8 T cell responses in the LCMV model. For 

example, the team of Rafi Ahmed showed that PD-1 is transiently expressed 

during acute infections and then returns to basal level. However, in chronic 

infections the level of PD-1 expression is increased and sustained over time 

(Barber et al. 2006; Wherry et al. 2007). Blocking PD-1 with anti-PD-L1 

antibodies enhances CD8 T cell responses and viral clearance in chronic LCMV 

infections. PD-1 blockade also increases CD8 T cell proliferation and the 

number of CD8 T cells able to produce cytokines (IFN- and TNF-) in chronic 

LCMV infections (Barber et al. 2006). Blocking TIM-3 alone, another inhibitory 

receptor, alone increases the proliferation of virus-specific CD8 T cells in 

chronic LCMV infections, but has little effect on viral clearance. Combining TIM-

3 and PD-1 blockades results in more efficient viral clearance compared to PD-1 

blockade alone, indicating that targeting multiple inhibitory receptors may be 
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an answer in such context of T cell exhaustion (Jin et al. 2010). The inhibitory 

receptor LAG-3 is also expressed at a high and sustained level during chronic 

LCMV infections. Blocking LAG-3 alone fails to affect the number of virus-

specific CD8 T cells. However, combining LAG-3 and PD-1 blockade increases 

the number of virus-specific CD8 T cells and their ability to produce cytokines 

such as IFN- and TNF-compared to PD-1 blockade alone. The combination 

also enhanced viral clearance compared to either treatment alone (Blackburn 

et al. 2009). 

 Although the pathways initiating T cell exhaustion still remain to be 

elucidated, persistent antigenic stimulation plays a key role in T cell exhaustion: 

antigen burden and exposure time aggravate the exhaustion. Higher antigen 

burden leads to a more severe exhaustion. If T cells from chronically infected 

mice are adoptively transferred into uninfected mice early enough (less than 3 

weeks after infection), they can differentiate into memory cells. Negative co-

stimulation through inhibitory receptors and exposure to chronic inflammation 

are also important factors. The last element is the absence of CD4 help as 

shown by depleting CD4 T cells prior to infection (Matloubian, Concepcion, and 

Ahmed 1994). 

 Using bioinformatics, Doering and colleagues defined networks of 

transcriptional regulation that govern T cell exhaustion. Their study revealed 

that the role of T-BET, EOMES and BLIMP-1 is altered in exhausted CD8 T cells 

and drive a distinct transcriptional program. They also identified transcription 

factors less studied in T cell exhaustion: TOX, HELIOS, TCF-1 and interferon 

regulatory factor 4 (IRF4) (Doering et al. 2012). Recently, TOX has been 

confirmed as a key transcription factor of T cell exhaustion (Alfei et al. 2019; 
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Khan et al. 2019; Scott et al. 2019). We will discuss in detail the role of TOX in a 

next chapter focused on T cell transcription factors. 

Pitfalls of the LCMV model. 

 In experiments using the LCMV model, the time is a critical factor. 

Usually, in acute infections effector CD8 T cells are tested between days 6 and 

8 after infection, and memory CD8 T cells between days 30 to 35. In chronic 

infections, exhausted CD8 T cells are collected around day 20. However, the 

viral load in acute and chronic infections differs dramatically over time. In acute 

infections, the viral load between days 6 and 8 has already greatly decreased 

compared to the initial titers or to the viral load in chronic LCMV infections at 

day 20 (Wherry et al. 2003). This induces a bias when comparing effector CD8 T 

cells from acute infections with exhausted T cells from chronic infections: the 

amount of antigen to which T cells are exposed (Figure 9). Thus, observed 

differences could be attributed to exhaustion or to the difference of antigen 

load at the time cells are collected. For example, in such an experiment, 

inhibitory receptors like PD-1 and TIM-3 will have higher expression profiles in 

exhausted CD8 T cells compared to effector CD8 T cells from the acute 

infection. But would this be the case if effector CD8 T cells in the acute 

infections were taken earlier when the antigen burden is similar to that of the 

chronic infection at day 20? 
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Figure 9. Evolution of LCMV viral load in spleen over time. This figure illustrates the amount 

of antigen present at usual time-points of harvesting to compare CD8 T cells between the 

acute and the chronic LCMV infections. During acute infection, the antigen is already 

practically absent from the spleen on days 6 to 8 when CD8 T cells are called effector cells 

and harvested. Data are taken from Wherry et al. 2003. 

1.5.1.2 Human chronic viral infection. 

Parallels have been drawn between chronic LCMV infection in mice and chronic 

viral infection in humans, such as human immunodeficiency virus (HIV) or 

chronic infections with hepatitis C virus (HCV) or hepatitis B virus (HBV). In 

these diseases, T cells have been described as exhausted as they express 

inhibitory receptors like PD-1, have poor functions and fail to clear the infection 

(Goepfert et al. 2000; Gruener et al. 2001; Kaufmann et al. 2007; Petrovas et al. 

2006; Shankar et al. 2000; Urbani et al. 2006; Ye et al. 2015). In HCV-infected 
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patients, cytokine production (IFN- and TNF-) and upregulation of the 

activation marker CD69 are impaired after stimulation in HCV-specific CD8 T 

cells but not in bystander CD8 T cells (anti-CMV and anti- Epstein-Barr virus 

(EBV)) (Gruener et al. 2001). HCV-specific CD8 T cells express more inhibitory 

receptors (PD-1, 2B4 and CD160) than bystander CD8 T cells (anti-influenza). 

This is not surprising because anti-HCV CD8 T cells are in contact with their 

antigen, which is not the case for anti-influenza CD8 T cells (Bengsch et al. 

2010). In vitro, PD-1 blockade enhances the proliferation of HCV-specific CD8 T 

cells (Urbani et al. 2006). 

1.5.2 T cell exhaustion and cancer. 

In an analogy with chronic viral infections, tumor infiltrating lymphocytes (TILs) 

have often been described as exhausted due to their poor effector functions 

that include decreased IFN- production, and increased expression of a 

multitude of inhibitory receptors (PD-1, TIM-3, LAG-3, …) (Ahmadzadeh et al. 

2009; Fourcade et al. 2010; Matsuzaki et al. 2010; Zarour 2016; Zhang et al. 

2010). The two main exhausted CD8 T cell populations described in the LCMV 

model have also been described in murine tumor models by the team of 

Nicholas Haining. In similar experiments to those of Rafi Ahmed, they showed 

the existence of progenitor and terminally exhausted CD8 T cells in a B16-OVA 

melanoma model (Miller et al. 2019). Moreover, like in the LCMV model, 

blocking PD-1 reinvigorates progenitor exhausted CD8 T cells in cancer (Huang 

et al. 2017; Miller et al. 2019). In fact, blocking inhibitory receptors PD-1 or/and 

CTLA-4 have shown prominent clinical efficacy in cancer patients (Hamid et al. 

2013; Hodi et al. 2010; Wolchok et al. 2013). 
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1.6 T cell Transcription factors and their role under 

physiological and pathological conditions. 

1.6.1 T-BET and EOMES. 

T-BET is encoded by the TBX21 gene. Like EOMES, it belongs to the T-box 

transcription factor family. T-BET is well-known for its role in committing CD4 T 

cells to the Th1 lineage, where it is required for IFN- expression and to prevent 

IL-4 expression. IL-12 inversely regulates the expression of T-BET (increases) 

and EOMES (represses) (Takemoto et al. 2006). 

 In murine CD8 T cells, knocking-out T-BET has no effect on IFN- 

production. However, forcing the expression of dominant-negative T-BET 

dramatically reduces IFN- production by CD8 T cells. This experiment shows 

that another transcription factor exists, which is redundant to T-BET and 

ensures IFN- expression in CD8 T cells. This transcription factor is EOMES 

(Pearce et al. 2003). EOMES and T-BET also both regulate cytotoxic activity, 

albeit less stringently than IFN- production. Similarly, knocking-out T-BET 

alone results in a small decrease in granzyme B expression by CD8 T cells. But, 

when dominant-negative T-BET is expressed, a dramatic decrease in granzyme 

B expression is observed. Again, EOMES rescues granzyme B expression in CD8 

T cells in the absence of T-BET. There is however a small proportion of 

granzyme B expression that is strictly T-BET-dependent (Pearce et al. 2003). 

Supporting these data, T cell-specific T-BET-KO mice (CD4-Cre Tbx21fl/fl) 

managed to control LCMV acute infection. However, T cells in mice with the T 

cell-specific double-KO for T-BET and EOMES failed to control the infection. 

Additionally, CD8 T cells in the double-KO mice developed a Th17 phenotype, 
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typified by expressing RORt, the Th17 lineage transcription factor, and 

producing IL-17 (Intlekofer et al. 2008). 

Interestingly, during chronic LCMV infection the T-BET-KO mice display 

an altered phenotype. Viral titers are higher than in wild-type mice. PD-1 

expression is also higher in the absence of T-BET. But overexpression of T-BET 

lowered the expression of PD-1 and other inhibitory receptors (LAG3, CD160 

and BTLA). However, the authors do not mention whether T-BET 

overexpression impacts viral titers (Kao et al. 2011). Taylor and colleagues 

confirmed this link between T-BET and PD-1. In fact, T-BET is a repressor of PD-

1 expression: increasing T-BET expression through GSK3 inhibition leads to a 

decrease in PD-1 expression by CD8 T cells. Inhibiting GSK3 accelerates the viral 

clearance during an acute infection with murine hepatitis virus 68 in mice 

(Taylor et al. 2016). 
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1.6.2 BLIMP-1 is essential for effector CD8 T cell differentiation. 

BLIMP-1 (gene PRDM1) is a transcription factor that belongs to the PRDM 

family, which is characterized by the presence of a PR domain and a variable 

number of zinc finger domains. BLIMP-1 contains five zinc finger domains. 

 To prove that BLIMP-1 is essential for the regulation of T cell activity, 

Martins and colleagues used T cell-specific KO mice (Prdm1fl/fl Lck-Cre). Deletion 

of BLIMP-1 resulted in severe colitis. BLIMP-1-deficient CD4 T cells produce 

more IL-2 and IFN- and less IL-10 compared to CD4 T cells from control mice 

(Martins et al. 2006). Similar results were obtained using T cell-deficient mice 

(Rag1-KO mice) reconstituted with fetal liver stem cells that express a BLIMP-1 

mutant that lacks the DNA-binding domain. These mice rapidly developed a 

fatal autoimmune disease characterized by lymphocyte infiltration and tissue 

destruction of different organs (lung, liver and gut) (Kallies et al. 2006). 

 These observations suggest a role for BLIMP-1 in dampening T cell 

responses. However, Kallies and colleagues showed that BLIMP-1 is essential 

for an appropriate T cell response and the differentiation of short-lived effector 

cells (SLEC) (Kallies et al. 2009). Indeed, mice deficient for BLIMP-1 fail to 

control influenza infection. CD8 T cells lacking BLIMP-1 fail to fully develop their 

cytotoxic capacity with reduced expression of granzyme B, granzyme K and 

perforin (Kallies et al. 2006). Rutishauser and colleagues corroborated these 

observations by showing a decrease in granzyme B expression in BLIMP-1 KO 

CD8 T cells upon acute infection with the LCMV and a lack of SLEC 

differentiation. However, the killing capacity was unaffected in their model 

(Rutishauser et al. 2009). BLIMP-1 and T-BET are linked: in BLIMP-1-deficient 

CD8 T cells, the induction of T-BET expression was lower compared to control 

cells. In contrast, EOMES and BCL-6 expression were higher in BLIMP-1-
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deficient CD8 T cells (Kallies et al. 2009). These data - BLIMP-1 repressing BCL-6 

expression and inducing T-BET expression - has since been independently 

confirmed (Cimmino et al. 2008; Rutishauser et al. 2009). 

 However, Xin and colleagues failed to reproduce this BLIMP-1-dependent 

T-BET expression. They showed using both BLIMP-1 and T-BET-KO T cells that 

the expression of T-BET and BLIMP-1 are independent from each other. 

Instead, they showed that BLIMP-1 and T-BET are at the center of the 

regulation of effector CD8 T cell differentiation (Xin et al. 2016). T-BET and 

BLIMP-1 regulate a common set of genes in addition to their own distinct sets 

of genes, indicating that they are at least partially not redundant (Xin et al. 

2016). Data from acute infections with influenza or LCMV in both T-BET and 

BLIMP-1-KO mice showed a reduction in the generation of GZMB+ IFN-+ CD8 T 

cells. The double deficient mice die very quickly after the onset of the infection. 

This is due to immunopathology, which is not the case for single deficient mice. 

CD8 T cells cause the immunopathology and depleting them rescues the 

double-deficient mice. This indicates that while BLIMP-1 and T-BET are 

essential for SLEC differentiation, they are also crucial for avoiding 

immunopathology (Xin et al. 2016). 

During chronic LCMV infection, BLIMP-1 expression is increased in 

exhausted CD8 T cells compared to effector CD8 T cells from the acute 

infection. BLIMP-1 conditional KO using Gzmb-Cre Prdm1fl/fl had no effect on 

viral load. However, partial deletion of BLIMP-1 using Gzmb-Cre Prdm1fl/+ mice 

reduced expression of inhibitory receptor PD-1, increased IL-2 production and 

cytotoxic activity. Gzmb-Cre Prdm1fl/+ mice had a better control on viral 

replication (Shin et al. 2009). 
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 Collectively, these results clearly show that BLIMP-1 is not only important 

for mounting a robust immune response with appropriate effector CD8 T cell 

differentiation but also for preventing T cell-mediated immune pathology. 

Moreover, the level of BLIMP-1 expression needs to be tightly regulated as its 

increased expression participates to T cell exhaustion. 

1.6.3 TCF-1 is essential for memory CD8 T cell formation. 

TCF-1, which is encoded by the TCF7 gene, is downstream of the Wnt/-catenin 

pathway, but can also be activated through NOTCH signalling. Besides 

thymocytes development, TCF-1 plays a crucial role in T cell differentiation. It is 

highly expressed in naïve CD8 T cells. But upon activation, inflammatory signals 

like IL-12 downregulate TCF-1. TCF-1 is then re-expressed by memory precursor 

effector cells (MPEC) cells and is required for proper memory CD8 T cell 

differentiation (Kim et al. 2020). The impact of TCF-1 on the formation of T cell 

memory was shown by Jeannet and colleagues: TCF-1-deficient mice initially 

respond normally during acute LCMV infection. Similarly to wild-type mice, 

some CD8 T cells are maintained after the contraction phase. However, after 

re-challenge with LCMV, CD8 T cells from TCF-1-deficient mice expand poorly 

compared to wild-type, indicating impaired memory differentiation in the 

absence of TCF-1. The poor formation of CD8 T cell memory was caused by the 

lack of MPECs formation during the primary immune response. The poor 

secondary immune response was correlated with poor control of viral 

replication (Jeannet et al. 2010). 

However, controversy persists about the role of TCF-1 in primary T cell 

responses. Zhou and colleagues used TCF-1-deficient OT-1 CD8 T cells with a 

transgenic TCR that recognizes the ovalbumin SIINFEKL peptide. They 

transferred low numbers of T cells (6x103) into recipient mice and infected 
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them with ovalbumin-expressing Listeria monocytogenes. In this model, the 

expansion of CD8 T cells during the primary immune response was defective. 

Similarly to Jeannet et al, the secondary immune response was impaired due to 

poor T cell expansion after re-challenge (Zhou et al. 2010). 

In absence of TCF-1, MPECs and memory CD8 T cell formation are 

impaired. These “MPECs” express transcription factors associated with SLECs, 

such as T-BET and BLIMP-1, instead of expressing MPECs-associated 

transcription factors (TCF-1, EOMES and BCL-6) (Kim et al. 2020).  

In chronic viral infection, two main exhausted CD8 T cell populations 

have been identified: Progenitor-exhausted CD8 T cells are PD-1int, TIM-3-, 

CXCR5+, TCF-1+ and EOMESlow, and terminally-exhausted CD8 T cells express PD-

1high, TIM-3high and EOMEShigh, T-BETlow, CXCR5- and TCF1- (Im et al. 2016). 

Progenitor-exhausted CD8 T cells retain memory-like properties, like self-

renewal (Im et al. 2016). When progenitor-exhausted CD8 T cells are adoptively 

transferred into chronic LCMV-infected mice, these cells differentiate into 

terminally-exhausted. This is not the case when terminally-exhausted CD8 T 

cells are transferred (Im et al. 2016). In the absence of TCF-1, the formation of 

progenitor-exhausted CD8 T cells is impaired (Im et al. 2016; Jadhav et al. 

2019).Terminally-exhausted CD8 T cells retain some cytotoxic activity. They 

continue to proliferate but fail to proliferate further upon additional 

stimulation (Im et al. 2016; McLane et al. 2019). 

All these findings show that TCF-1 is important for T cell self-renewal and 

expansion. It is involved in memory CD8 T cell differentiation during acute 

infections. TCF-1 is also essential for “pseudo-memory” CD8 T cells during 

chronic viral infections. 
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1.6.4 TOX, the exhausted CD8 T cell-specific transcription factor. 

TOX belongs to the high mobility group (HMG) box proteins and, like TCF-1 and 

lymphoid enhancer-binding factor 1 (LEF-1), possesses a single DNA-binding 

HMG box motif. TOX has been predicted to bind in a sequence-independent, 

structure-dependent manner (O’Flaherty and Kaye 2003). 

During chronic LCMV infection, TOX is rapidly expressed at high levels, 

whereas during acute infection it is only transiently expressed at low levels 

(Alfei et al. 2019; Khan et al. 2019; Yao et al. 2019). In vitro, peptide-stimulated 

CD4 T cells or concanavalin A-stimulated splenocytes do not express TOX 

(Wilkinson et al. 2002). In concordance with models of what influence T cell 

exhaustion, TOX expression depends on antigen quantity rather than antigen 

affinity (Alfei et al. 2019). NFAT2 induces the expression of TOX in a calcineurin-

dependent manner. But sustained TOX expression requires neither calcineurin 

nor NFAT2 (Khan et al. 2019; Scott et al. 2019).  

Dietmar Zhen and colleagues examined the impact of deleting TOX in 

clone 13 chronic LCMV infections using T cells with a truncated version of TOX 

(TOX). At early stages of infection, TOX CD8 T cells present a more 

polyfunctionnal phenotype (increased IFN- and TNF- production) compared 

to TOX WT CD8 T cells. However, a dramatic decrease of both progenitor- and 

terminally-exhausted cells is observed in TOX CD8 T cells during chronic LCMV 

infection compared to WT CD8 T cells. The authors suggest that the decrease of 

terminally-exhausted CD8 T cells results from the loss of progenitor-exhausted 

CD8 T cells, indicating that TOX is required to maintain progenitor-exhausted 

CD8 T cells. Interestingly, when TOX is deleted 20 days after infection, no 

phenotypic differences were observed. It suggests that TOX is required for the 
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induction of the exhaustion program but not for its immediate maintenance 

(Alfei et al. 2019). 

Forcing TOX expression in CD8 T cells drives key features of T cell 

exhaustion, e.g. little IFN-/TNF- production and increased PD-1/LAG-3 

expression, indicating that TOX is sufficient to establish the exhaustion 

program. Moreover, expressing TOX in a fibroblast cell line induced a 

transcriptional signature that resembles the one of exhausted T cells (Alfei et 

al. 2019; Khan et al. 2019). 

In tumor models, TOX expression in TILs correlated with PD-1 expression 

(Khan et al. 2019; Scott et al. 2019; Yao et al. 2019). Schietinger and colleagues 

showed that TOX expression is dependent on chronic TCR stimulation rather 

than the immunosuppressive tumor microenvironment. Indeed, TOX 

expression is only detected in tumor-specific TILs and not in bystander TILs. In 

line with data from the LCMV model, complete deletion of TOX alters CD8 T cell 

survival (Scott et al. 2019). However, CD8 T cells heterozygous for TOX control 

tumor growth better than WT CD8 T cells (Khan et al. 2019; Yao et al. 2019). 

In humans, TOX expression has been detected in anti-HCV CD8 T cells of 

patients with chronic but not resolved HCV infection, but not in influenza-

specific memory CD8 T cells (Alfei et al. 2019). In cancer, TOX expression is 

detected in TILs from melanoma, lung, breast and ovarian tumors (Scott et al. 

2019). 

Collectively, these findings strongly suggest that TOX is one of the 

pioneer factors establishing the exhaustion transcriptional program. 

Additionally, TOX appears to be a better marker of exhausted CD8 T cells than 

inhibitory receptors. 
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1.6.5 IRF4 is essential for CD4 and CD8 T cell responses. 

IRF4 is a transcription factor that is upregulated in T cells after activation. This 

upregulation is dependent on signal strength. IRF4 regulates the expression of 

key T cell transcription factors including T-BET, BLIMP-1 and TCF-1 (Mahnke et 

al. 2016; Man et al. 2013; Wu et al. 2017). 

1.6.5.1 IRF4 is required for CD4 T cell responses. 

In CD4 T cells, IRF4 is required for successful Th1 responses. In a Listeria 

monocytogenes infection model, IRF4-KO mice fail to develop an appropriate 

Th1 response. CD4 T cells from IRF4-KO mice produce less IFN-, TNF- and 

CD40L. Not surprisingly, T-BET, the Th1 lineage transcription factor, is less 

expressed by CD4 T cells in IRF4-KO mice. CD4 T cells from IRF4-KO mice 

proliferate less, reduce glycolysis and have decreased maximal respiratory 

capacity compared to CD4 T cells from WT mice (Mahnke et al. 2016).  

In an allogeneic heart transplantation model, absence of IRF4 protects 

from graft rejection (Wu et al. 2017). Allograft rejection is mediated by CD4 T 

cells and is impaired in IRF4-KO mice. IRF4-deficient CD4 T cells have a 

decreased IFN- and IL-17 production and an increase in PD-1 expression. This 

increased PD-1 expression is due to HELIOS expression in absence of IRF4. 

Blocking PD-1 in IRF4-KO mice prevented allograft acceptance (Wu et al. 2017). 

1.6.5.2 IRF4 is essential for CD8 T cell responses but participates to T 

cell exhaustion. 

Deleting IRF4 impairs CD8 T cell responses to acute LCMV infection (Man et al. 

2013). Compared to WT, IRF4-KO CD8 T cells express less granzyme B, and 

produce less IFN- and TNF-. In IRF4-KO mice, the frequency of virus-specific 

CD8 T cells is dramatically reduced due to increased cell death. Regarding 
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metabolic reprogramming, IRF4-KO CD8 T cells have a reduced glycolysis (Man 

et al. 2013). 

 Impaired CD8 T cell response was also reported in acute influenza 

infection. IRF4 was dispensable to trigger T cell activation and proliferation but 

was essential for sustaining CD8 T cell expansion because IRF4-KO CD8 T cells 

die at higher rates. IRF4 was responsible for the repression of CDK inhibitors 

expression and the pro-apoptotic molecule Bim (Yao et al. 2013). 

 A third research group showed also an impaired CD8 T cell response in a 

Listeria monocytogenes infection model. IRF4-KO CD8 T cells fail to mount a 

protective immune response with similar defects as IRF4-KO CD8 T cells during 

acute viral infection: expression of effector molecules (Granzyme B and K, 

perforin, IFN- and TNF-) is downregulated in IRF4-KO CD8 T cells compared 

to WT ones. They also showed that IRF4 controls the expression of key 

transcription factors for CD8 T cell differentiation. IRF4-KO CD8 T cells express 

less T-BET and BLIMP-1 and more EOMES and BCL6 compared to WT CD8 T cells 

(Raczkowski et al. 2013). 

 Although IRF4 is essential for mounting effective CD8 T cell responses, 

IRF4 also seems important in initiating CD8 T cell exhaustion in the LCMV 

model. CD8 T cells from mice with chronic LCMV infections express higher level 

of IRF4 than CD8 T cells from mice with acute LCMV infections. To examine the 

impact of IRF4 in chronic LCMV infections, IRF4+/fl CD4-Cre mice were used. This 

partial IRF4-KO avoids excessive expansion issues of anti-LCMV CD8 T cells as 

seen in full KO. Partial deletion of IRF4 decreased the expression of inhibitory 

receptors PD-1, TIM-3, LAG-3, 2B4, TGIT and CTLA-4. It increased IFN-, TNF- 

and IL-2 production. Exhausted CD8 T cells have metabolic defects such as 

decreased membrane potential of mitochondria and decreased mitochondrial 



Introduction 
 

40 
 

mass. The partial deletion of IRF4 rescues metabolic defects: increased glucose 

uptake, expression of CD98 (an amino acid transporter chain) and expression of 

CD71 (a transferrin receptor). IRF4 participates in establishing the exhaustion 

transcriptional profile and represses memory differentiation by blocking TCF-1 

expression (Man et al. 2017). 

 The example of IRF4 clearly shows that while a transcription factor can 

be essential for mounting a robust immune response; its overexpression can 

result in T cell exhaustion in certain conditions, such as chronic viral infection. 

1.6.6 HELIOS. 

HELIOS is encoded by the IKAROS Zinc finger protein 2 gene (IKZF2). It belongs 

to the IKAROS family alongside IKAROS (IKZF1), HELIOS (IKZF2), AIOLOS (IKZF3), 

EOS (IKZF4) and PEGASUS (IKZF5). All IKAROS family members share a common 

structure characterized by one Zinc finger group at the N-terminal and another 

at the C-terminal. Members of the IKZF family form homo or heterodimers 

(McCarty et al. 2003). HELIOS has been shown to interact with components or 

the chromatin remodeling complex NuRD (Sridharan and Smale 2007). NuRD 

possesses a histone deacetylase activity and thus is associated with repression 

of gene expression. 

1.6.6.1 HELIOS stabilizes regulatory T cell phenotype. 

As shown by co-staining FOXP3 and HELIOS, around 70% of murine and human 

CD4 Tregs express HELIOS (Thornton et al. 2010). For humans, this is an 

approximation as FOXP3 is expressed by Tregs and some activated CD4 T cells 

(Baron et al. 2007). The authors claim that HELIOS is a marker that distinguishes 

thymic-derived from peripherally induced CD4 Tregs because over time FOXP3+ 

HELIOS- CD4 Tregs appear in the periphery. Supporting this theory, in vitro 
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differentiated human and mouse CD4 Tregs do not express HELIOS. Similar 

results were obtained with an in vivo mouse model in which peripheral CD4 T 

cells are converted into Tregs using oral exposure to the antigen (Mucida et al. 

2005; Sun et al. 2007; Thornton et al. 2010).  

HELIOS is required to maintain the Treg phenotype, but to a lesser extent 

than FOXP3. Ikzf2-KO mice develop autoimmune symptoms after 6 to 8 months 

compared to FOXP3-deficient (scurfy) mice which die within weeks (Ju et al. 

2012; Kim et al. 2015). The role of HELIOS in T cells was confirmed using Rag2 

KO mice (mice without T cells) adoptively transferred with Ikzf2-KO T cells: 

these mice developed autoimmunity. Direct implication of Tregs was shown 

using Foxp3-Cre Ikzf2fl/fl mice as they developed autoimmune symptoms after 5 

months and bone marrow (BM) chimeras reconstituted with Ikzf2-/- BM and 

Scurfy BM rapidly developed autoimmunity (Kim et al. 2015). However, 

controversy still exists: CD4-Cre Ikzf2fl/fl mice lacked autoimmune symptoms, 

which is not coherent with the findings discussed above (Skadow et al. 2019; 

Thornton et al. 2010). 

The activity of both CD4 and CD8 Tregs are disturbed in the absence of 

HELIOS (Kim et al. 2015). HELIOS+ CD4 Tregs suppress T cell functions more 

effectively than HELIOS- CD4 Tregs (Sugita et al. 2015; Thornton et al. 2019). 

HELIOS binds directly to the IL-2 promoter and represses IL-2 expression in CD4 

Tregs (Baine et al. 2013). Additionally, it has been shown that engineered Tregs 

- which overexpress FOXP3 - that also overexpress HELIOS have better 

immunosuppressive properties (Seng et al. 2020). 

Although the term Tregs usually refers to CD4 Tregs, CD8 Tregs have 

been described. In a murine model of experimental autoimmune encephalitis 

(EAE), CD8 Tregs recognize and eliminate pathogenic CD4 T cells. Anti-MOG 
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(Myelin Oligodendrocyte Glycoprotein) TCR V8.2 CD4 T cells mediate EAE 

development. Immunizing mice with a non-self-antigen, which triggers a TCR 

V8.2 CD4 T cell response, protects mice from developing EAE. This protection 

is mediated by Qa-1-restricted CD8 Tregs that recognize peptides from TCR V 

leader sequences presented by Qa-1 (murine homolog of HLA-E) and lyse them 

(Hu et al. 2004; Jiang et al. 1998; Tang et al. 2006; Varthaman et al. 2010, 

2011)(Varthaman et al. 2011). CD8 Tregs are also able to inhibit lupus-like 

autoimmune disease through the specific recognition of Qa-1/peptide 

complexes on follicular helper CD4 T cells. HELIOS-deficient CD8 Tregs failed to 

protect mice against autoimmune disease underlying a similar role for HELIOS 

in CD8 Tregs and CD4 Tregs (Kim et al. 2015). 
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1.6.6.2 HELIOS role in effector CD8 T cells: activation, exhaustion marker 

or neither? 

In mice, HELIOS expression is upregulated in exhausted CD8 T cells during 

chronic LCMV infection (Doering et al. 2012; Khan et al. 2019; Pereira et al. 

2017). CD8 T cells from mice with dysregulated NFAT1-AP1 signalling share 

common characteristics with exhausted CD8 T cells (increased expression of 

PD-1, TIM-3 and LAG-3 and TOX) and upregulate HELIOS expression (Martinez 

et al. 2015). 

Akimova et al suggested that HELIOS is a marker of T cell activation 

because they observed increased HELIOS levels in proliferating T cells in vitro 

(Akimova et al. 2011). However, other authors failed to reproduce this 

observation: HELIOS was not expressed by CD8 T cells directed against the HLA-

A2-restricted epitope of the tick-borne encephalitis virus (TBEV) during the 

immune response (Blom et al. 2015). In fact, in complete contradiction to 

Akimova et al, activated CD8 T cells (Ki-67+ and CD38+) expressed less HELIOS 

than resting CD8 T cells (Ki-67- CD38-) (Blom et al. 2015). 

The precise role of HELIOS in CD8 T cells remains elusive. It is claimed to 

be essential for CD8 Tregs and upregulated in exhausted CD8 T cells in mice. In 

parallel, it is claimed as an activation marker for murine and human CD8 T cells 

in vitro which could not be corroborated in vivo in humans. 
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1.7 Aim of the study. 

1.7.1 Global objective: Study exhaustion-related transcription factors 

(IRF4, HELIOS and TOX) in CD8 T cells. 

The literature on transcription factors implicated in CD8 T cell exhaustion 

reports contradictory data obtained mostly in mice. One of the best examples 

is IRF4 which is required for initiating CD8 T cell responses but also involved in 

CD8 T cell exhaustion initiation. Another one is HELIOS which is reported as 

expressed by murine exhausted CD8 T cells but is already expressed by CD8 T 

cells from human blood donors. 

Our goal is to better understand the role of exhaustion-related 

transcription factors in human CD8 T cells. Long term, the results of this study 

could help improve chimeric antigen receptor (CAR) T cells against solid tumors 

by avoiding CAR T cell exhaustion. 

To achieve this goal, we used ovarian cancer TILs to correlate the 

expression of exhaustion-related transcription factors with CD8 T cell function, 

e.g. IFN- production. We also planned to perform scRNA-seq analysis on CD8 

TILs to have an unbiased approach. In parallel we tried to modulate in vitro the 

expression of these transcription factors and assess the impact on T cell 

functions (Figure 10). 
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Figure 10. Project plan. Step 1: Correlation between transcription factors expression and CD8 

T cell function (IFN-) in tumor samples. Step 2: Modulation of transcription factors 

expression and impact on T cell function. 
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1.7.2 Thesis objective: Characterize HELIOS+ CD8 T cells. 

During a preliminary experiment, we noticed in the blood of non-cancerous 

donors the presence of HELIOS+ CD8 T cells that did not produce high amounts 

of IFN- (Figure 11). This arouse our curiosity because HELIOS is expressed by 

murine exhausted CD8 T cells, by murine CD4 and CD8 Tregs and by human 

CD4 Tregs (Doering et al. 2012; Khan et al. 2019; Kim et al. 2015; Pereira et al. 

2017; Thornton et al. 2010). Moreover, data on the nature of human HELIOS+ 

CD8 T cells are scarce and contradictory. 

 
Figure 11. Preliminary observation: HELIOS+ CD8 T cells produce low amounts of IFN-. 

PBMCs were thawed for 2h at 37°C with 5U/ml DNase. Cells were stimulated with coated 

anti-CD3 (1g/ml) for 5h at 37°C. After the first hour of stimulation, 5g/ml of Brefeldin A 

was added to block cytokine secretion. At the end of the 5h stimulation, cells were stained for 

viability, CD2, CD8 and CD45RA. Cells were fixed and permeabilized overnight, and stained 

intracellularly for HELIOS and IFN-. Samples were analysed by flow cytometry. The graph 

shows IFN- production by HELIOS+ and HELIOS- CD45RA- CD8 T cells for one donor (naïve and 

TEMRA excluded). 

  



Introduction 
 

48 
 

We decided to study this HELIOS+ CD8 T cell population in the blood of 

donors to better define its characteristics and potentially understand its role. 

First, we decided to determine the distribution of HELIOS+ CD8 T cells among 

naïve, TCM, TEM and TEMRA and tried to identify their cognate antigens. Then, we 

used transcriptomic analysis to have an overview of HELIOS+ CD8 T cells 

characteristics. We evaluated their ability to produce and secrete cytokines and 

to proliferate. Finally, we looked at the activation status of HELIOS+ CD8 T cells 

in the blood of SARS-CoV2 patients and in TILs from ovarian cancer patients. 
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2.1 HELIOS+ CD8+ T cells are antigen-experienced. 

To determine the frequency and differentiation status of HELIOS+ CD8 T cells in 

the blood of donors, we analysed peripheral blood mononuclear cells (PBMCs) 

by flow cytometry. HELIOS+ CD8 T cells were present in every donor (mean of 

21% of CD8 T cells) (Figure 12A and B). This observation is comparable to 

previous works (mean of 15% of CD8 T cells, 5 donors) (Blom et al. 2015).  

Next, we analysed the expression of HELIOS by different CD8 T cell 

subpopulations (naïve, TCM, TEM and TEMRA) by co-staining the cells with CCR7 

and CD45RA. We observed that most HELIOS+ CD8 T cells have already 

encountered their antigen and are either TEM (CCR7- CD45RA-) or TEMRA (CCR7- 

CD45RA+) (Figure 12C and D). 
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Figure 12. The majority of HELIOS+ CD8 T cells are antigen-experienced. PBMCs were 

thawed and rested for 2h at 37°C. The cells were stained for viability, CD2, CD8, CCR7 and 

CD45RA. Next, the T cells were fixed and permeabilized overnight and stained intracellularly 

for HELIOS at 4°C. The samples were analysed by flow cytometry. (A) The prevalence of 

HELIOS+ cells in living CD2+ CD8+ cells is shown for one representative donor and (B) for 58 

donors. (C) Distribution of living CD2+ CD8+ HELIOS+ cells among T cell subsets is shown for 

one representative donor and (D) for 51 donors. Mean +/- SEM are shown. P values * = < 

0,05, ** = < 0,01, *** = < 0,001 (one-way ANOVA). 
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2.2 HELIOS+ CD8 T cells are mostly HLA-E-restricted. 

As the majority of HELIOS+ CD8 T cells are antigen-experienced, we tested if 

HELIOS+ CD8 T cells could be stained by HLA class Ia (HLA-A/B/C) multimers 

loaded with either CMV, EBV or influenza peptides on HLA-A2 or by CMV 

peptides on HLA-B7. Strikingly, none of these multimers stained the HELIOS+ 

CD8 T cells (Figure 13A).  

Next, we examined if HELIOS+ CD8 T cells recognize a CMV peptide 

presented by the HLA class Ib molecule HLA-E. As CD94/NKG2 receptors bind to 

HLA-E, CD94 was blocked with an antibody during the staining. An HLA-E 

multimer loaded with a Mycobacterium tuberculosis (Mtb) peptide was used as 

a negative control for staining specificity. HELIOS was expressed by some HLA-

E-restricted anti-CMV CD8 T cells (between 5% and 90%) (Figure 13A and B). 

This HLA-E-restricted anti-CMV CD8 T cell population represents about 17% of 

HELIOS+ CD8 T cells and 6% of CD8 T cells (Figure 13C and D). Using an HLA-E 

multimer loaded with an EBV peptide, we only found one donor in whom 

multimer+ CD8 T cells were detected. In this donor, the majority of HLA-E-

restricted CD8 T cells expressed HELIOS (Figure 13A and C). 

These results suggest that HELIOS expression is rather HLA-dependent 

than virus-dependent because CD8 T cells that recognized peptides on HLA-E 

expressed HELIOS at significantly higher frequency than CD8 T cells that 

recognized peptides of the same virus presented on HLA class Ia. 
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Figure 13. HELIOS+ CD8 T cells are found in HLA-E-restricted T cells. PBMCs were thawed and 

rested for 2h at 37°C. The cells were labelled with a multimer and stained for viability, CD2, 

CD8, CCR7, CD45RA. Next, cells were fixed and permeabilized overnight and stained 

intracellularly for HELIOS at 4°C. Samples were analysed by flow cytometry. (A) Frequency of 

HELIOS+ cells in living CD2+ CD8+ multimer+ cells are shown for virus-derived peptides 

presented by HLA-A2, HLA-B7 and HLA-E. CMV.A2 (pp65: NLVPMVATV) and EBV.A2 (BMF-L1: 

GLCTLVAML) multimer+ CD8 T cells were detected in 6 out of 11 HLA-A2 donors and 5 out of 

11 for Flu.A2 (M1: GILGFVFTL) multimer. CMV.B7 (pp65: RPHERNGFTVL or TPRVTGGGAM) 

multimer+ CD8 T cells were detected in 2 out 4 HLA-B7 donors for peptide RPHERNGFVTL and 

1 out of 4 HLA-B7 donors for peptide TPRVTGGGAM. CMV.E (UL40: VMAPRTLIL) multimer+ 

CD8 T cells were detected in 13 out of 20 non-typed donors. EBV.E (BZF-L1: SQAPLPCVL) 

multimer+ CD8 T cells were detected in 1 out of 20 non-typed donors. (B) Percentage of 

HELIOS+ cells among multimer+ cells are shown for one donor with the CMV.E multimer. (C) 

Percentage of multimer+ cells among HELIOS+ CD8 T cells are shown for CMV.E and EBV.E 

multimers. (D) Frequency of multimer+ cells for patients with multimer+ cells are shown. (E) 

Percentage of multimer+ cells among CD8 T cells are shown for one patient with the CMV.E 

multimer. Mean +/- SEM are shown. P values * = < 0,05, ** = < 0,01, *** = < 0,001 (Kruskal-

Wallis test). 



Results 
 

55 
 

2.3 Transcriptomes of HELIOS+ and HELIOS- CD8 TEM. 

To better understand their characteristics, we compared HELIOS+ with HELIOS- 

CD8 T cells using RNA-sequencing. Freshly isolated CD8 peripheral blood 

lymphocytes (PBLs) from 3 donors were activated or not for 5h with plate-

bound anti-CD3 at 37°C. Activation was used to detect the whole panel of 

cytokines differentially expressed between both populations. After activation, 

cells were separated by flow cytometry into HELIOS+ and HELIOS- populations. 

Fixing and permeabilising cells for intracellular antibody staining, as is required 

for HELIOS, degrades RNA. To avoid RNA degradation, we added RNase 

inhibitors to the buffers until RNA extraction could be performed (Hrvatin et al. 

2014) (Figure 14). We only analysed the transcriptomes of TEM because in the 

donors we used, we isolated more TEM than TEMRA and were able to extract 

sufficient amounts of RNA only from TEM. Library construction and RNA-

sequencing were performed by Genewiz. 

 
Figure 14. RNase inhibitors improve extraction of good quality RNA from sorted fixed and 

permeabilized cells. PBMCs were thawed and rested for 2h at 37°C. Next, cells were 

submitted to the intracellular staining procedure in presence or absence of RNase inhibitors. 

RNA was then extracted and RNA integrity number (RIN) was measured using the bioanalyzer 

from Agilent. N/D means not determined: RNA was too degraded to determine a RIN score. 
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2.3.1 Transcriptomic differences between CD8 TEM expressing HELIOS 

or not. 

The principal component analysis (PCA) plot shows that HELIOS+ and HELIOS- 

CD8 TEM have distinct transcriptional programs. Within each group, samples are 

separated based on activation (Figure 15A). We analysed the differentially 

expressed genes (DEGs) between resting HELIOS+ and HELIOS- CD8 TEM, and 

activated HELIOS+ and HELIOS- CD8 TEM. DESeq2 was used for DEGs analysis. We 

identified 1822 DEGs in resting and 1179 DEGs in activated conditions (adjusted 

p-value < 0,05) (Love, Huber, and Anders 2014) (Figure 15B and C).  

 

 

 

 

 
 
 
 

 
Figure 15. HELIOS+ and HELIOS- CD8 TEM have distinct transcriptional programs. Freshly 

isolated CD8 PBLs from 3 donors were activated or not with plate-bound anti-CD3 antibody 

(1g/ml) for 5h at 37°C. Cells were labelled for viability, CD2, CD8, CCR7 and CD45RA. Next, 

cells were fixed and permeabilized overnight and stained intracellularly for HELIOS in the 

presence of RNase inhibitors at 4°C. HELIOS+ and HELIOS- CD8 TEM (CCR7- CD45RA-) were 

sorted by flow cytometry. RNA was extracted to perform paired-end RNA-sequencing. Data 

normalization was done with DESeq2. (A) Principal component analysis of RNA-seq 

expression data is shown. Each dot represents one sample. (B) Heatmap of differentially 

expressed genes between resting HELIOS+ and HELIOS- CD8 TEM. (C) Heatmap of differentially 

expressed genes between activated HELIOS+ and HELIOS- CD8 TEM. Analysis was performed 

with DESeq2 (differentially expressed gene: adjusted p-value < 0,05). 
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2.3.2 HELIOS+ CD8 TEM react to anti-CD3 activation. 

We compared resting versus activated HELIOS+ CD8 TEM and resting versus 

activated HELIOS- CD8 TEM. Activation caused the differential expression of 

2857 genes in HELIOS+ CD8 TEM and 3447 genes in HELIOS- CD8 TEM. 1936 genes 

are differentially expressed upon activation in both HELIOS+ and HELIOS- CD8 

TEM (Figure 16). Yet, 1511 genes are differentially expressed upon activation 

uniquely in HELIOS- CD8 TEM and 921 genes in HELIOS+ CD8 TEM (Figure 16).  

 
Figure 16. Different gene sets are differentially expressed in HELIOS+ and HELIOS- CD8 T 

cells upon T cell activation. Freshly isolated CD8 PBLs from 3 donors were activated with 

plate-bound anti-CD3 antibody (1g/ml) for 5h at 37°C. Cells were labelled for viability, CD2, 

CD8, CCR7 and CD45RA. Cells were then fixed and permeabilized overnight and stained 

intracellularly for HELIOS in presence of RNase inhibitors at 4°C. HELIOS+ and HELIOS- CD8 TEM 

(CCR7- CD45RA-) were sorted by flow cytometry. RNA was then extracted to perform paired-

end RNA-sequencing. Data normalization and analysis was done with DESeq2. Activation-

induced DEGs in both HELIOS+ and HELIOS- CD8 TEM were compared using a Venn diagram. 

2.3.3 HELIOS+ CD8 TEM express more CCL20 and IL-17A but less IFN-, 

TNF- and IL-2. 

We selected differentially expressed cytokines in HELIOS+ CD8 TEM based on 

gene ontology annotations. Most of the differentially expressed cytokines are 

less expressed in HELIOS+ CD8 TEM (Figure 17A). They express less IFNG, TNF 

and IL2; three cytokines associated with effector CD8 T cell functions (Figure 

17A, B, C and D). In contrast, LTB, IL17A and CCL20 are expressed at higher 

levels by HELIOS+ CD8 TEM (Figure 17A, E, F and G). IL17A and CCL20 are two 
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cytokines expressed by Th17/Tc17. The expression of WNT11, SCGB3A1 and 

IL17C is increased in HELIOS+ CD8 TEM and activation independent (Figure 17H, I 

and J). IL22, a cytokine expressed by Th22/Tc22 that can also be expressed by 

Th17/Tc17, is expressed at lower levels in HELIOS+ CD8 TEM (Figure 17K). 

Although DESeq2 does not allow to compare expression levels between genes, 

TPM normalisation shows that WNT11, SCGB3A1, IL17C and IL22 are expressed 

at much lower levels compared to the other cytokines mentioned above (data 

not shown). Thus our results suggest the presence of Tc17 among HELIOS+ CD8 

T cells. 

 

  



Results 
 

60 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 17. Heatmap of differentially expressed cytokines between activated HELIOS+ and 

HELIOS- CD8 TEM. Freshly isolated CD8 PBLs were activated or not with plate-bound anti-CD3 

antibody (1g/ml) for 5h at 37°C. Cells were labelled for viability, CD2, CD8, CCR7 and 

CD45RA. Next, cells were fixed and permeabilized overnight and stained intracellularly for 

HELIOS in presence of RNase inhibitors at 4°C. HELIOS+ and HELIOS- CD8 TEM (CCR7- CD45RA-) 

were sorted by flow cytometry. RNA was extracted to perform paired-end RNA-sequencing. 

Data normalization and analysis was done with DESeq2 (A) Heatmap of differentially 

expressed cytokines between activated HELIOS+ and HELIOS- CD8 TEM. Cytokines were 

selected based on gene ontology annotations GO:0005125 (cytokine activity) and 

GO:0008009 (chemokine activity). Gene expression values for (B) IFNG, (C) TNF, (D) IL2, (E) 

CCL20, (F) IL17A, (G) LTB, (H) WNT11, (I) IL17C, (J) SCGB3A1 and (K) IL22 are shown in 

normalized read counts. P values * = < 0,05, ** = < 0,01, *** = < 0,001 (DESeq2 paired 

samples analysis). 
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2.3.4 HELIOS+ CD8 TEM express Th17-related transcription factors. 

IKZF2 encodes HELIOS. Accordingly, IKZF2 is expressed at higher levels by 

HELIOS+ than HELIOS- CD8 TEM (Figure 18A and B). We found that other 

members of the IKZF family were differentially expressed: IKZF3 and IKZF4. We 

observed 1,5 fold higher expression in HELIOS- CD8 T cells of IKZF3 and IKZF4. 

IRF4 was twice as highly expressed by HELIOS- CD8 TEM (Figure 18A). 

Surprisingly, Th17-lineage transcription factors or transcription factors related 

to Th17 are more highly expressed by HELIOS+ CD8 TEM: RORA (ROR) 3,3x, 

RORC (RORt) 18,8x and ZBTB16 (PLZF) 41,5x (Figure 18A and B). These results 

suggest again the presence of Tc17 among HELIOS+ CD8 T cells. 

 

 

 

 

 
 
 
 
Figure 18. HELIOS+ CD8 TEM express Th17/Tc17-related transcription factors. Freshly 

isolated CD8 PBLs from 3 donors were activated with plate-bound anti-CD3 antibody 

(1g/ml) for 5h at 37°C. Cells were labelled for viability, CD2, CD8, CCR7 and CD45RA. Then, 

cells were fixed and permeabilized overnight and stained intracellularly for HELIOS in 

presence of RNase inhibitors at 4°C. HELIOS+ and HELIOS- CD8 TEM (CCR7- CD45RA-) were 

sorted by flow cytometry. RNA was then extracted to perform paired-end RNA-sequencing. 

Data normalization and analysis was done with DESeq2 (A) Heatmap of differentially 

expressed transcription factors between resting HELIOS+ and HELIOS- CD8 TEM. Transcription 

factors were selected based on gene ontology annotations GO:0003700, GO:0001228 and 

GO:0001227. (B) Expression values for IKZF2, ZBTB16, RORC and RORA are shown for the 3 

donors in resting state. Expression values after 5h of activation are not relevant in this case. P 

values * = < 0,05, ** = < 0,01, *** = < 0,001 (DESeq 2 paired samples analysis). 
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2.3.5 CD161 is a surface marker specific to HELIOS+ CD8 T cells. 

We retrieved a list of potential surface markers based on gene ontology 

annotations (Figure 19A). We observed that CD161 (KLRB1), a NK cell receptor 

and Tc17 marker, is expressed by HELIOS+ but not HELIOS- CD8 TEM (Figure 19B) 

(Maggi et al. 2010). 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 19. Heatmap of differentially expressed surface markers between resting HELIOS+ 

and HELIOS- CD8 TEM. Freshly isolated CD8 PBLs from 3 donors were stimulated with plate-

bound anti-CD3 antibody (1g/ml) for 5h at 37°C. Cells were stained for viability, CD2, CD8, 

CCR7 and CD45RA. Cells were then fixed and permeabilized overnight and stained 

intracellularly for HELIOS at 4°C. Cells were then FACS sorted. RNA was then extracted to 

perform paired-end RNA-sequencing. (A) Heatmap of differentially expressed surface 

markers between resting HELIOS+ and HELIOS- CD8 TEM. Potential surface markers were 

selected base on the following gene ontology annotations: GO:0005886, GO:0004872 and 

GO:0009897. (B) Expression values for CD161/KLRB1 are shown for the 3 donors in resting 

state. Expression values after 5h of activation are not relevant in this case. P values * = < 

0,05, ** = < 0,01, *** = < 0,001 (DESeq 2 paired samples analysis). 
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To confirm this observation, we analysed by flow cytometry CD8 PBLs 

labelled with anti-HELIOS and anti-CD161 antibodies. However, CD161 is not 

sufficient as a surface marker for HELIOS+ CD8 TEM to reliably separate pure 

HELIOS+ and HELIOS- CD8 TEM from each other by flow cytometry (Figure 20A, B 

and C). In some donors, HELIOS+ CD8 TEM and HELIOS- CD8 TEM are separable 

with over 90% purity by using CD161 (Figure 20A and B). But in other donors 

less than 90% of CD161+ CD8 T cells or more than 10% of CD161- CD8 T cells are 

HELIOS+. Furthermore, only about one third of HELIOS+ CD8 TEM express CD161 

(Figure 20C). However, while imperfect, it is the best surface marker that 

correlates to HELIOS+ CD8 TEM in some donors.  
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CD161 (KLRB1/NKRP-1A) is a C-type lectin that is expressed by a subset 

of NK cells. Upon LLT1 ligation, CD161 inhibits NK cell cytotoxicity (Aldemir et 

al. 2005; Rosen et al. 2005). CD161 is also expressed by a subset of CD8 T cells 

identified as TC17 (Maggi et al. 2010). 

About a third of HELIOS+ CD8 TEM express CD161 and around a quarter of 

HELIOS+ CD8 T cells (naïve excluded) (Figure 20C and D). By co-staining CD161, 

T-BET and FOXP3, we showed that HELIOS+ CD8 T cells (naïve excluded) contain 

around 40% T-BEThigh cells (Tc1 effectors), 25% CD161+ cells (Tc17) and 2,5% 

FOXP3+ cells (potentially Tregs) (Figure 20D and E). Additionally, we showed 

that HELIOS+ Tc1 effectors and HELIOS+ FOXP3+ CD8 T cells express slightly 

more HELIOS than HELIOS+ Tc17 (Figure 20F and G). 

Our results suggest that HELIOS+ CD8 T cells are heterogeneous and 

composed of several subpopulations. In the two next chapters, we will first 

focus on the cytokines produced and secreted by HELIOS+ T-BEThigh CD8 T cells 

(Tc1 effectors) and then on the cytokines secreted and proliferation capacity of 

CD161+ HELIOS+ CD8 T cells (Tc17). 

 
 
 
 

 
Figure 20. CD161 is selectively expressed by HELIOS+ CD8 TEM. PBMCs were thawed for 2h at 

37°C. Cells were labelled for viability, CD2, CD8, CCR7, CD45RA and CD161. Then, cells were 

fixed and permeabilized overnight and stained intracellularly for HELIOS. Samples were 

analysed by flow cytometry. (A) Percentage of HELIOS+ cells among CD161- and CD161+ CD8 

TEM (CCR7- CD45RA-) are shown for 42 donors and (B) one donor. (C) Frequency of CD161+ 

cells among HELIOS+ CD8 TEM (CCR7- CD45RA-). (D) Frequency of Tc1 (T-BEThigh), Tc17 

(CD161+) and FOXP3+ cells among HELIOS+ CD8 T cells are shown for 10 donors and (E) for 

one donor. (F) Intensity (MFI) of HELIOS staining is shown for one donor and (G) for 10 

donors. Mean +/- SEM are shown. P values * = < 0,05, ** = < 0,01, *** = < 0,001 ((B) 

Wilcoxon signed-rank test and (G) one-way ANOVA). 
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2.4 HELIOS+ Tc1 effectors produce low amounts of Tc1-

related cytokines. 

2.4.1 HELIOS+ Tc1 effectors produce low amounts of IFN-

To confirm whether the low expression of IFNG results in reduced production 

of IFN- by HELIOS+ T-BEThigh CD8 T cells (HELIOS+ Tc1 effectors), we performed 

IFN- intracellular production assays with HELIOS+ and HELIOS- CD8 T cells. 

PBMCs were activated for 5h with plate-bound anti-CD3 at 37°C. We only 

analysed IFN- production by TEM and TEMRA because naïve CD8 T cells and TCM 

do not produce IFN- within 5h of activation by anti-CD3. 

We compared the IFN- production in HELIOS+ versus HELIOS- Tc1 

effectors TEM and TEMRA. The data shows that HELIOS+ CD8 TEM and TEMRA 

produce less IFN- than HELIOS- cells both in frequency and intensity (Figure 

21A, B and C). HELIOS+ CD8 TEM and TEMRA activated with PMA-ionomycin, which 

bypasses early TCR signalling events, produce also less IFN- than HELIOS- CD8 T 

cells (Figure 21D and E). 

This result suggests the presence of Tc1 effectors characterized by low 

Tc1-related cytokines production capacity and HELIOS expression. Moreover, 

results obtained with PMA-ionomycin indicate that late TCR signalling events or 

even IFNG gene accessibility differ between HELIOS+ and HELIOS- CD8 T cells. 
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Figure 21. HELIOS+ CD8 T cells produce less IFN- than HELIOS- CD8+ T cells. PBMCs were 

thawed for 2h at 37°C with 5U/ml DNase. Cells were stimulated with coated anti-CD3 

(1g/ml) or PMA (1ng/ml) and ionomycin (1g/ml) for 5h at 37°C. After the first hour of 

stimulation 5g/ml of Brefeldin A was added to block cytokine secretion. At the end of the 5h 

stimulation cells were stained for viability, CD2, CD8, CCR7 and CD45RA. Cells were then 

fixed and permeabilized overnight and stained intracellularly for T-BET, HELIOS and IFN-. 

Sample were analysed by flow cytometry. (A) Representative plots for anti-CD3 activation are 

shown for TEM and TEMRA for one donor. (B) Percentage of IFN-+ cells and (C) median of 

fluorescence intensity are shown for TEM and TEMRA of 12 donors. (D) Representative plots for 

PMA-ionomycin activation are shown for TEM and TEMRA for one donor. (E) Median of 

fluorescence intensity are shown for TEM and TEMRA of 12 donors P values * = < 0,05, ** = < 

0,01, *** = < 0,001 (paired t test). 
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2.4.2 HELIOS+ Tc1 effectors secrete low amounts of TNF-. 

To confirm that the HELIOS+ CD8 T cells that express low levels of the gene TNF 

secrete no or low levels of TNF-, we assessed TNF- secretion at the single 

cell level. We wished to analyse secretion rather than production (intracellular 

accumulation of the cytokine) because production does not always correlate 

with secretion (Petit et al. 2016). 

We took advantage of the unique mechanism of secretion of TNF-. TNF-

 is produced as a membrane-bound precursor that is later released from the 

plasma membrane by the enzyme ADAM17/TACE. Blocking ADAM17/TACE with 

TAPI-0 sequesters TNF- on the surface of TNF--producing cells. Cells with 

membrane-sequestered TNF- can be identified by flow cytometry (Figure 

22A). As membrane-bound TNF- is internalised by the cells, cells have to be 

stained for TNF- during the stimulation (Figure 22B) (Bueno et al. 2002; Haney 

et al. 2011; Huang et al. 2013). 
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Figure 22. ADAM17/TACE inhibitors to assess TNF- secretion by T cells. (A) When T cells 

are activated, TNF- is produced as a membrane-bound trimer. ADAM17/TACE releases TNF-

 from the plasma membrane. In the presence of TAPI-0 an ADAM17/TACE inhibitor, TNF- 

is not released from the plasma membrane, allowing for TNF- to be stained with an 

antibody. When TNF- is not released from the plasma membrane, TNF- is internalized. (B) 

Anti-TNF- antibodies have to be present during activation. Activation time has to be short, 

e.g. not 20h, to avoid fluorophore degradation after internalisation of TNF--antibody 

complexes. 
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PBMCs were activated for 5h with plate-bound anti-CD3 at 37°C. We only 

analysed TNF- production by TEM and TEMRA because naïve CD8 T cells and TCM 

do not produce TNF- within 5h of anti-CD3 activation. 

We compared TNF- secretion by HELIOS+ versus HELIOS- Tc1 effectors 

TEM and TEMRA. The data shows that HELIOS+ CD8 TEM and TEMRA secrete less TNF-

 than HELIOS- (Figure 23A and B). Using a PMA-ionomycin cocktail, we 

observed less striking differences (Figure 23C, D and E).  

Taken together, the TNF- secretion and IFN- production assays suggest 

the presence of HELIOS+ Tc1 effectors (T-BEThigh) with low Tc1-related cytokines 

production capacity. 

 

 

 

 
 
 
 

 
Figure 23. HELIOS+ CD8 T cells secrete less TNF- than HELIOS- CD8 T cells. PBMCs were 

thawed for 2h at 37°C with 5U/ml DNase. Cells were stimulated with coated anti-CD3 

(1g/ml) or PMA (1ng/ml) and ionomycin (1g/ml) for 5h at 37°C. During the stimulation 

10nM of TAPI-0 (TACE inhibitor) and anti-TNF- antibody at 2g/ml was added to the cells. 

At the end of the 5h stimulation cells were stained for viability, CD2, CD8, CCR7 and 

CD45RA. Cells were then fixed and permeabilized and stained intracellularly for T-BET and 

HELIOS at 4°C. Cells were analysed by flow cytometry. (A) Representative plots for anti-CD3 

stimulation are shown for TEM and TEMRA for one donor. (B) Percentage of TNF-+ cells are 

shown for TEM and TEMRA of 8 donors. (C) Representative plots for PMA-ionomycin activation 

are shown for TEM and TEMRA for one donor. (D) Percentage of TNF-+ cells and (E) median of 

fluorescence intensity are shown for TEM and TEMRA of 8 donors. P values * = < 0,05, ** = < 

0,01, *** = < 0,001 (paired t test). 
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2.5 HELIOS+ CD161+ CD8 T cells secrete Tc17-related 

cytokines and have less proliferative capacity. 

2.5.1 CD161+ CD8 TEM secrete Th17- and Tc17-related cytokines. 

Human CD161+ CD8 T cells have been described as Tc17 (Maggi et al. 2010). To 

confirm whether the increased expression of IL17A results in increased IL17-A 

secretion by HELIOS+ CD8 T cells, we performed cytokine secretion assays. We 

sorted HELIOS+ (CD161+) and HELIOS- (CD161-) CD8 TEM from PBMCs by CD161. 

Sorted CD8 T cells were activated with anti-CD3-CD28 beads or PMA-ionomycin 

for 20h at 37°C. 

We showed that CD161+ CD8 TEM secrete more IL-17A in response to 

PMA-ionomycin compared to CD161- CD8 TEM. However, T cell activation with 

anti-CD3-CD28 beads failed to elicit IL-17A secretion (Figure 24). 
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Figure 24. CD161+ CD8 TEM secrete IL-17A. CD8 T cells were thawed for 2h at 37°C with 

5U/ml of DNase. Cells were labelled at 4°C with antibodies against CD8, CCR7, CD45RA and 

CD161. CD161+ and CD161- CD8 TEM (CCR7- CD45RA-) were sorted by flow cytometry. T cells 

were activated with either anti-CD3-CD28 beads (1b:3T) or 1ng/ml PMA and 1g/ml 

ionomycin at 37°C for 20h. IL-17A was measured in the supernatant using LEGENDplex 

(Biolegend). The experiment was performed on 5 donors. LOD = limit of detection. Mean +/- 

SEM are shown. P values * = < 0,05, ** = < 0,01, *** = < 0,001 (one-way ANOVA). 

2.5.2 CD161+ HELIOS+ CD8 TEM have less proliferative capacity. 

We looked at the proliferative capacity of CD161+ HELIOS+ CD8 T cells. At the 

same time, we looked at the impact these cells could have on proliferation of 

other T cells. Indeed, HELIOS expression has been connected to CD4 and CD8 

Tregs in mice which are known to suppress T cell activity at least in part 

through inhibition of proliferation. We performed a co-culture experiment 

between CD4 T cells and CD161+ and CD161- CD8 TEM. To do so, Autologous 
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CD2- PBMCS were isolated by rosetting and -irradiated to serve as feeder cells 

to support T cell proliferation. CD4 T cells were sorted by MACS and labelled 

with cell tracker CMFDA. CD161+ (HELIOS+) and CD161- (HELIOS-) CD8 TEM were 

sorted from PBMCs by flow cytometry and labelled with distinct cell trackers 

(CTV and CMFDA). CD4 T cells, CD161+ and CD161- CD8 TEM were activated with 

plate-bound anti-CD3 in the presence of feeder cells (-irradiated autologous 

CD2- PBMCs) and 5U/ml IL-2 (Figure 25A). After 4 days, the total number of 

CD4, CD161- CD8 and CD161+ CD8 T cells was determined by flow cytometry. 

CD161+ CD8 TEM proliferated less than CD161- CD8 TEM (Figure 25B). This 

lower proliferative capacity could not be transferred to co-cultured CD4 or 

CD161- CD8 T cells (Figure 25C and D). The proliferation of CD161+ CD8 TEM was 

not affected by the presence of CD4 T cells and CD161- CD8 TEM (Figure 25E) 

These results show that CD161+ (HELIOS+) CD8 TEM do not display 

regulatory properties - at least concerning the ability to suppress T cell 

proliferation. 

 
 
 

 
Figure 25. CD161+ CD8 TEM have less proliferative capacity than CD161- CD8 TEM. CD4 and 

CD8 T cells were thawed for 2h at 37°C with 5U/ml of DNase. Cells were then labelled at 4°C 

with antibodies against CD8, CCR7, CD45RA and CD161. CD161+ and CD161- CD8 TEM were 

FACS sorted. CD4 T cells and CD161- CD8 TEM were labelled with cell tracker 5-

chloromethylfluorescein diacetate (CMFDA) and CD161+ CD8 TEM with cell trace violet (CTV). 

CD4 T cells, CD161+ and CD161- CD8 TEM were activated with plate-bound anti-CD3 (1g/ml) 

in the presence of -irradiated autologous CD2- PBMCs (ratio 1:1) and 5U/ml IL-2 for 4 days 

at 37C. The total number of cells for each T cell population was determined. (A) Plan of co-

culture conditions. (B) Number of CD4 T cells, (C) CD161- CD8 TEM and (D) CD161+ CD8 TEM 

after at the end of co-culture. (E) Comparison of CD161+ and CD161- CD8 TEM proliferation. 

The experiment was performed on 6 donors. Mean +/- SEM are shown. P values * = < 0,05, ** 

= < 0,01, *** = < 0,001 (paired t test). 
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2.5.3 Knocking out HELIOS increases CD161+ CD8 TEM proliferation. 

We used CRISPR-Cas9 to knock out HELIOS in primary CD161+ CD8 T cells. 

CD161+ (HELIOS+) and CD161- (HELIOS-) CD8 TEM were sorted by flow cytometry 

from PBMCs of blood donors. Cells were electroporated with guide RNA-Cas9 

complexes. Then, cells were activated with anti-CD3-CD28 beads in the 

presence of 50U/ml IL-2 at 37°C, and counted 7 days later. A fraction of the 

cells were reactivated for 5h with plate-bound anti-CD3 at 37°C and sent for 

RNA-sequencing. RNA-sequencing is ongoing. 

As shown in Figure 26, we confirmed the reduced proliferative capacity 

of CD161+ CD8 TEM compared to CD161- ones. Knocking out HELIOS increased 

the proliferation of CD161+ CD8 TEM to levels comparable to those of CD161- 

CD8 TEM (Figure 26). The density of cells is shown rather than an amplification 

fold because of the high mortality of cells during electroporation. To confirm 

the impact of HELIOS-KO on CD161+ CD8 TEM proliferation, this experiment 

should be performed again with the addition of a cell tracker. 

This observation indicates that knocking out HELIOS impacts HELIOS-

expressing CD8 T cells. Details about how HELIOS regulates CD8 T cells will be 

revealed by the transcriptomic analyses. 
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Figure 26. Impact of knocking out HELIOS on HELIOS+ CD8 T cell proliferation. CD8 T cells 

were thawed for 2h at 37°C with 5U/ml of DNase. Cells were then labelled at 4°C with 

antibodies against CD8, CCR7, CD45RA and CD161. CD161+ and CD161- CD8 TEM were FACS 

sorted. Cells were then electroporated with gIKZF2-Cas9 or gCTRL-Cas9 complexes. After 5h 

of resting, cells were activated with beads anti-CD3-CD28 in presence of 50U/ml IL-2 for a 

week at 37°C. Cells were then counted with a haemocytometer and trypan blue. The density 

of cells is shown. Mean +/- SEM are shown for 4 donors. P values * = < 0,05, ** = < 0,01, *** 

= < 0,001 (paired t test). 
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2.6 HELIOS expression and activation status in pathology. 

2.6.1 HELIOS+ CD8 T cells are activated during SARS-CoV2 viral 

infection. 

We showed with the transcriptomic analysis that HELIOS+ CD8 T cells could be 

stimulated in vitro. To confirm that HELIOS+ CD8 T cells are reactive in vivo, we 

collected blood samples from COVID-19 patients hospitalized at the Cliniques 

universitaires Saint-Luc (Brussels) during the SARS-CoV2 pandemic. We 

analysed the expression of the T cell activation marker CD38 by flow cytometry. 

CD38 and the proliferation marker Ki-67 are upregulated by CD8 T cells during 

acute viral infections (Agrati et al. 2016; Mathew et al. 2020). 

 More CD8 T cells of COVID-19 patients than of healthy controls express 

Ki-67 or CD38 (Figure 27A, B, C and D). This is true for HELIOS- as well as for 

HELIOS+ CD8 T cells (Figure 27A, B, C and D). No significant difference was 

observed between HELIOS- and HELIOS+ CD8 T cells (Figure 27A, B, C and D). 

The proportion of HELIOS+ cells among the CD8 T cells did not differ between 

blood of healthy donors and COVID-19 patients (Figure 27E). 

We conclude that HELIOS+ CD8 T cells are activated and proliferate 

during acute viral infection. Despite their low ability to produce cytokines in 

general in blood donors, they are not anergic but respond to infection. 

 
Figure 27. HELIOS+ CD8 T cells are activated during acute SARS-CoV2 infection. PBMCs were 

thawed for 2h at 37°C. Cells were labelled for viability, CD19, CD20, CD33, CD8, CCR7, 

CD45RA and CD38. Cells were fixed, permeabilized and stained intracellularly for HELIOS and 

Ki-67. Samples were analysed by flow cytometry. (A) Frequency of Ki-67+ cells in living non-

naïve CD8+ cells for several donors and (B) for one healthy and one COVID-19 patient. (C) 

Frequency of CD38+ cells in living non-naïve CD8+ cells. and (D) for one healthy and one 

COVID-19 patient. (E) Frequency of HELIOS+ cells in living CD2+ CD8+ cells are shown for 

healthy controls and SARS-CoV2 infected patients. Mean +/- SEM are shown. P values * = < 

0,05, ** = < 0,01, *** = < 0,001 ((A) and (B) one-way ANOVA, (C) t-test). 
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2.6.2 HELIOS+ CD8 T cells are activated in ovarian carcinoma. 

To assess if HELIOS+ CD8 T cells are activated and/or exhausted in tumors, we 

collected blood and tumor samples from patients with ovarian carcinoma at 

the Cliniques universitaires Saint-Luc (Brussels). Tumor tissues underwent 

mechanical and enzymatic dissociation. Then, the expression of the 

proliferation marker Ki-67 and the exhaustion marker TOX were analysed in 

CD8 TILs. 

HELIOS+ CD8 T cells are less frequent among non-naïve CD8 T cells within 

tumors than in the blood of ovarian cancer patients (12,5% versus 24%) (Figure 

28A). HELIOS+ and HELIOS- CD8 T cells express Ki-67 equally but more HELIOS+ 

CD8 T cells express TOX compared to HELIOS- CD8 T cells (Figure 28B, C, D and 

E).  

These observations suggest that HELIOS+ CD8 T cells are activated within 

tumors similarly to HELIOS- CD8 T cells. Some intratumoral HELIOS+ CD8 T cells 

probably recognize tumor antigens, based on knowledge about TOX in murine 

models. Indeed, TOX is selectively expressed in anti-tumor TILs but not in 

bystander TILs (Scott et al. 2019). 
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Figure 28. HELIOS+ CD8 T cells are activated in ovarian carcinoma. Cells isolated from 

ovarian tumors were thawed for 2h at 37°C. Cells were labelled for viability, CD19, CD20, 

CD33, CD326, CD2, CD8, CCR7, CD45RA. Then, cells were fixed and permeabilized overnight 

and stained intracellularly for HELIOS, Ki-67 and TOX at 4°C. Samples were analysed by flow 

cytometry. (A) Frequency of HELIOS+ cells in living non naïve CD2+ CD8+ cells are shown for 

blood and tumors from ovarian cancer patients. (B) Frequency of Ki-67+ cells in living non-

naïve CD8+ cells for multiple patients and (D) for two patients. (C) Frequency of CD38+ cells 

in living non-naïve CD2+ CD8+ cells for multiple patients and (E) for two patients. Mean +/- 

SEM are shown. P values * = < 0,05, ** = < 0,01, *** = < 0,001 ((A) t-test, (B) and (C) paired t-

test). 
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3.1 What drives HELIOS expression? 

Before discussing what signal(s) drive HELIOS expression, it is important to 

consider where HELIOS expression is acquired: in the thymus or in the 

periphery. The majority of HELIOS+ CD8 T cells are TEM and TEMRA, thus are 

antigen-experienced T cells. However, few HELIOS+ CD8 T cells express CCR7 

and CD45RA, which identify naïve T cells. This suggests that HELIOS expression 

is acquired during T cell maturation in the thymus and is not induced during or 

after CD8 T cell priming in the periphery. In accordance, HELIOS is only 

expressed by murine thymic-derived CD4 Tregs and not by peripherally-induced 

CD4 Tregs (Thornton et al. 2010).  

Our data, as well as data from the literature, suggest that HELIOS+ CD8 T 

cells are HLA-E-restricted (Kim et al. 2015). Is there a link between HLA-E 

restriction and HELIOS expression? If this is the case, why is HELIOS expressed 

by only a fraction of HLA-E-restricted CD8 T cells? Interestingly, Qa-1 (HLA-E 

homolog)-restricted CD8 T cells in mice are positively selected in the thymus by 

different cell types compared to MHC class Ia-restricted CD8 T cells. Briefly, 

positive selection is the process selecting CD8 T cells able to interact 

moderately with self-MHC molecules. While MHC class Ia-restricted CD8 T cells 

undergo positive selection on thymic epithelial cells, Qa-1-restricted CD8 T cells 

do so on either thymic epithelial cells or hematopoietic cells (Anderson and 

Brossay 2016; Sullivan et al. 2002). Thus, MHC class Ib-restricted CD8 T cells 

certainly receive different signals during positive selection. If some HLA-E-

restricted CD8 T cells are positively selected by hematopoietic cells (dendritic 

cells), this could explain why a fraction of HLA-E-restricted CD8 T cells express 

HELIOS. 
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HELIOS expression can be induced in the periphery in a context of 

antigen persistence. It has been shown that HELIOS mRNA is upregulated in 

exhausted CD8 T cells compared to naïve, effector or memory CD8 T cells in 

mice (Doering et al. 2012; Khan et al. 2019; Pereira et al. 2017). However, these 

data are only based on gene expression and not protein level. 

Based on current knowledge about HELIOS and CD8 T cells, it is likely that 

part of HELIOS-expressing CD8 T cells acquire HELIOS expression in the thymus. 

However, in certain contexts HELIOS expression is likely acquired in the 

periphery. 

3.2 Is there a causal link between HELIOS expression and low 

IFN-, TNF- and IL-2 production? 

We established a correlation between HELIOS expression and low expression of 

IFN-, TNF- and IL-2, but is HELIOS the cause? To answer if HELIOS binds 

directly to the promoter of these cytokines encoding genes, ChIP-Seq for 

HELIOS should be performed. As HELIOS binds to the IL2 promoter in CD4 Tregs 

in mice (Baine et al. 2013), it is highly probable that this is also the case in CD8 

T cells. We think it is likely that HELIOS also binds to the promoter of IFNG 

because the IFNG promoter contains core sequence motifs (GGGA and GGAAA) 

that HELIOS recognizes (Hahm et al. 1998). While confirmatory data are lacking 

it is likely that HELIOS repress the transcription of effector cytokines including 

IL-2 and IFN- (Figure 29). 
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Figure 29. Does HELIOS prevent Tc1-related cytokines expression in human CD8 T cells? As 

shown in Tregs, HELIOS binds directly to the IL2 promoter to prevent its expression. HELIOS 

likely suppresses IL-2 expression in human CD8 T cells by the same mechanism. Moreover, the 

IFNG promoter contains core sequences recognized by HELIOS. Although this requires 

confirmation, it is likely that HELIOS represses IFN- expression in human CD8 T cells. 
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3.3 Are HELIOS+ CD8 T cells anergic?  

T cell anergy participate to peripheral tolerance. It occurs when T cells 

encounter their antigen in the absence of co-stimulatory signals, e.g. 

CD80/CD86. This leads to low IL-2 production and cell cycle arrest at the G1/S 

phase (Crespo et al. 2013). HELIOS+ CD8 T cells are not anergic: while they 

produce low amounts of IL-2, they do proliferate in vitro and express the 

proliferation marker Ki-67 in response to SARS-CoV2 infection and in tumors. 

Moreover, EGR2 and EGR3, two anergy-related transcription factors, are not 

upregulated in HELIOS+ CD8 T cells (Safford et al. 2005). In fact, EGR2 and EGR3 

are upregulated in HELIOS- CD8 T cells compared to HELIOS+ CD8 T cells.  

As HELIOS+ CD8 T cells aren’t anergic, what type of CD8 T cells are they? 

3.4 Do HELIOS+ CD8 T cells share characteristics with Tregs? 

Very few HELIOS+ CD8 T cells express FOXP3 (2,5% of non-naïve HELIOS+ CD8 T 

cells), which is the lineage-defining transcription factor of CD4 Tregs. This could 

suggest that most HELIOS+ CD8 T cells are not Tregs although FOXP3 is not an 

exclusive marker of Tregs in humans (Baron et al. 2007). CD4 Tregs produce 

TGF-1 which is activated by GARP (Cuende et al. 2015; Liénart et al. 2018; 

Stockis et al. 2009; Stockis, Dedobbeleer, and Lucas 2017; Vignali et al. 2008). 

HELIOS+ CD8 T cells do not express more TGF-1 or GARP than HELIOS- CD8 T 

cells in our transcriptomic analysis. HELIOS+ CD8 T cells produced even less IL-

10 than HELIOS- CD8 T cells. Furthermore, CD161+ CD8 T cells (HELIOS+) failed 

to suppress the proliferation of other T cells (CD161- CD8 T cells and CD4 T 

cells). We did not observe suppressive activity at least for CD161 expressing 

HELIOS+ CD8 T cells. 
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Murine CD8 Tregs lyse CD4 T cells following the recognition of Qa-

1/peptide complex (Hu et al. 2004; Jiang et al. 1998; Varthaman et al. 2010, 

2011). Human T cell clones that recognize TCR-V peptides bound to HLA-E 

have been identified (Li et al. 2001; Ware et al. 1995). Here, we showed that 

HELIOS+ CD8 T cells recognized a CMV peptide and an EBV peptide (1 donor) 

presented by HLA-E (Qa-1 homolog). It yet remains to be determined if HLA-E-

restricted HELIOS+ CD8 T cells recognize TCR-V-derived peptides, and thus lyse 

CD4 T cells.  

In conclusion, our data suggests that HELIOS+ CD8 T cells differ from CD8 

Tregs. Although this hypothesis deserves further investigation, the majority of 

HELIOS+ CD8 T cells lacked the expression of transcription factors or of 

cytokines typical to Tregs. However, as HLA-E-restriction seems to correlate 

with HELIOS expression, it remains possible that a fraction of HELIOS+ CD8 T 

cells recognize and lyse other T cells and thus portray regulatory capacities.  

3.5 Are HELIOS+ CD8 T cells Tc17? 

In our transcriptomic data, we noticed the expression of several genes 

characteristic of Th17 cells: RORt, ROR, PLZF and CCL20. RORt and ROR are 

the two lineage-determining Th17 transcription factors. PLZF is a transcription 

factor involved in Th17 differentiation and stability. It binds to the RORt and 

CCR6 promoters and positively regulates their expression (Singh et al. 2015). 

CCL20 is a chemokine selectively expressed by Th17.  

We observed that the surface marker CD161 was selectively expressed 

by about 25% of non-naïve HELIOS+ CD8 T cells. CD161high CD8 T cells have been 

described to display Th17-like features such as RORt, ROR and PLZF 

expression, IL-17A secretion and low IFN- production (Billerbeck et al. 2010; 
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Fergusson, Fleming, and Klenerman 2011; Konduri et al. 2021; Maggi et al. 

2010). The CD161+ HELIOS+ CD8 T cells that we analysed seem to correspond to 

this previously described CD161high CD8 T cell population. 

The RORt+ CD8 T cells that produce IL-17A and IL-22 are called Tc17. 

Cytokines involved in Tc17/Th17 differentiation are the same, e.g. IL-6 and TGF-

1 (Liang, Pan, and Ye 2015; Mittrücker, Visekruna, and Huber 2014; Yen et al. 

2009). HELIOS+ CD8 T cells expressed more IL-17A and CCL20 upon activation 

than HELIOS- CD8 T cells. However, IL-22 was expressed more by HELIOS- CD8 T 

cells. Tc17 are known to produce IL-17A and can also produce IL-22. CD8 T cells 

that produce IL-22 but not IL-17A and have been described and called Tc22 

(Nograles et al. 2009). If there is an enrichment of Tc22 in HELIOS- CD8 T cells, 

this would explain the opposite observations for IL-17A and IL-22 expression.  

We failed to detect IL-17A secretion with anti-CD3-CD28 beads. Upon 

PMA-ionomycin stimulation, CD161+ (HELIOS+) CD8 T cells did secrete IL-17A 

but CD161- (HELIOS-) CD8 T cells did not. PMA-ionomycin is usually used to 

trigger cytokine production by Tc17 (Flores-Santibáñez et al. 2018; Yen et al. 

2009). However, it is a strong stimulus, bypassing early TCR signalling events 

and thus not at all physiological. While anti-CD3 antibodies mimic physiological 

T cell activation mechanisms better because it activates the TCR-CD3 complex, 

they fail to form immunological synapses or provide co-stimulatory signals. In 

our experiments, CD28 co-stimulation signal was present but many other 

signals were lacking. The use of non-physiological methods of T cell activation 

through anti-CD3-CD28 antibodies could explain the lack of IL-17A secretion in 

this case.  

Some but not all HELIOS+ CD8 T cells are certainly Tc17. In fact, some 

HELIOS+ CD8 T cells express high levels of T-BET, which is not the case for 
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Th17/Tc17 (Loyal et al. 2020). To assess if HELIOS+ CD8 T cells present a 

transcriptomic signature typical to Th17/Tc17 by gene set enrichment analysis 

(GSEA), we first compiled four Th17 versus Th1 gene signatures from the 

MSigDB data base (Subramanian et al. 2005). However, the four retrieved Th17 

gene signatures strikingly lacked overlap (Figure 30). We at least expected 

higher similarity especially between the GSE11924 and GSE14308 gene sets 

because the T cells used for these signatures were treated similarly. Given the 

dissimilarity between Th17 gene signatures we did not perform GSEA on our 

data. This observation underlines the need for better quality and more 

consistent data sets, and the need to critically assess GSEA comparisons. 
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Figure 30. Known Th17 gene signatures differ dramatically. We compared four Th17 versus 

Th1 gene signatures: GSE11924 and GSE14308 signatures compare in vitro polarized Th1 and 

Th17 (Nurieva et al. 2008; Wei et al. 2009), GSE14026 represents in vitro polarized Th1 and 

Th17 that were transferred back into mice and then sorted 15 days after transfer (Lee et al. 

2009), and GSE26030 compares in vitro polarized Th1 and Th17 that were further enriched in 

IFN-+ and IFN-- cells respectively (Muranski et al. 2011). (A) Downregulated and (B) 

upregulated genes in Th1 versus Th17. 
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Tc17 help control fungal and viral infections (Hamada et al. 2009; 

Nanjappa et al. 2017, 2018). In vitro polarized Tc17 protect mice against lethal 

influenza infection comparably to in vitro polarized Tc1 (Hamada et al. 2009). 

MHC class Ib-restricted Tc17 also maintain skin homeostasis by controlling skin-

specific microbiota (Linehan et al. 2018; Naik et al. 2015). Tc17 cells are also 

involved in inflammatory diseases such as psoriasis ; their accumulation is 

observed in skin psoriatic lesions (Res et al. 2010). 

Tc17 functions are mediated by cytokines that include the pro-

inflammatory IL-17A. IL-17A induces the expression of chemokines CXCL1, 

CXCL2 and CXCL8 by keratinocytes, which attract neutrophils (Furue et al. 2020; 

McGeachy, Cua, and Gaffen 2019). Furthermore, IL-17A induces the expression 

by keratinocytes of antimicrobial peptides, e.g. -defensins, and thus protects 

against extracellular pathogens (Candida albicans, Staphylococcus, …) (Furue et 

al. 2020; McGeachy et al. 2019). Although IL-17A contributes to the wound 

healing process of the skin, it drives inflammation and keratinocytes 

hyperproliferation in psoriasis (Liang et al. 2015; McGeachy et al. 2019). 

Accordingly, targeting IL-17A in psoriasis has shown clinical efficacy in phase III 

studies (Langley et al. 2014).  

We noticed high expression of CCL20 in our HELIOS+ CD8 T cells. CCR6, 

the CCL20 receptor, is expressed by Tc17, Th17 and Tregs cells. The 

CCL20/CCR6 axis is crucial for the recruitment of both pro-inflammatory 

(Tc17/Th17) and anti-inflammatory T cells (Tregs) (Schutyser, Struyf, and Van 

Damme 2003). Although both types of T cells are recruited through the 

CCL20/CCR6 axis, disruption of this axis leads to amelioration of symptoms in 

autoimmune disease models (EAE, psoriasis, rheumatoid arthritis) (Ranasinghe 

and Eri 2018). 
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It would be interesting to see if HELIOS is expressed by Th17. Based on 

the literature, it does not seem to be the case. In mice, IL-17A-producing T cells 

lack HELIOS (Mercer et al. 2014). In humans, HELIOS expression has not been 

detected in Th17 from either healthy individuals or rheumatoid arthritis and 

osteoarthritis patients. These data combined with our observations suggest 

that HELIOS is expressed by Tc17 but not Th17 (Paradowska-Gorycka et al. 

2020). What is the role of HELIOS in Tc17? T cells that produce both IL-17A and 

IFN- have been described (Duhen et al. 2013). Would HELIOS be expressed in 

Tc17 to prevent IFN- an IL-2 production and stabilize their phenotype as 

suggested for CD4 Tregs (Baine et al. 2013; Kim et al. 2015)? It would be 

interesting to see if the frequencies of IFN-+ IL-17A+ are higher in Th17 

compared to Tc17. Additionally, forcing HELIOS expression in Th17 or deleting 

HELIOS from Tc17 and performing a transcriptomic analysis, as well as IFN- 

and IL-17A production assays, would provide interesting information. 

3.6 Are HELIOS+ CD8 T cells Tc1 effectors? 

T-BET is a transcription factor expressed in Th1 and Tc1 effectors that produce 

type 1 cytokines, e.g. IFN- (Cerwenka et al. 1998; Croft et al. 1994; Sad, 

Marcotte, and Mosmann 1995). T-BET is highly expressed by a fraction of 

HELIOS+ CD8 T cells. However, HELIOS+ T-BEThigh CD8 T cells produce low 

amounts of the Th1/Tc1 effector-related cytokine IFN-. 

We identified CD161 as a marker that is selectively expressed by a 

fraction of HELIOS+ CD8 T cells, which correspond to Tc17. To date, we lack 

specific surface markers for HELIOS+ Tc1 effectors. Thus, HELIOS+ CD8 T cell 

populations cannot be studied specifically or entirely. To identify markers 

specific to HELIOS+ CD8 T cell subpopulations, RNA-seq on fixed and 
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permeabilized cells, previously labelled for HELIOS, T-BET and CD161, should be 

performed to compare all subpopulations. 

HELIOS+ CD8 T cells contain Tc1 effectors that produce low amounts of 

IFN- and TNF-. But are HELIOS+ Tc1 effectors lytic? Having lytic cells that 

produce little pro-inflammatory cytokines might be beneficial for lysing 

infected target cells while avoiding potentially damaging cytokine-induced 

inflammation. This would increase the pool of lytic cells without increasing too 

much the amount of cytokines released. To answer this question, we would 

need a surface marker to sort HELIOS+ Tc1 effectors to compare their lytic 

activity with that of HELIOS- Tc1 effectors. If HELIOS+ Tc1 effectors fail to lyse 

their targets, the role of these CD8 T cells would still remain elusive. 

3.7 Heterogeneity within HELIOS+ CD8 T cell population. 

As discussed in previous chapters, HELIOS+ CD8 T cells are heterogeneous and 

composed of several subpopulations. Identify selective markers for each 

subpopulation would enable more detailed analysis of each subpopulation. A 

summary of the potential CD8 T cell subpopulations among HELIOS+ CD8 T cells 

is shown in Figure 31. 
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Figure 31. Heterogeneity among HELIOS+ CD8 T cell population. Our data suggest that 

HELIOS+ CD8 T cells contain at least Tc17 (CD161+, RORt+ and ROR+) and Tc1 effectors (T-

BEThigh). In addition, based on the literature, HELIOS+ CD8 T cells may contain CD8 Tregs that 

recognize TCR V peptides. 

3.8 Is there a link between HLA-E restriction and the 

immunological role of HELIOS+ CD8 T cells? 

HLA-E-restricted CD8 T cells are directed against various pathogens (e.g. CMV, 

HCV, EBV, Mycobacterium tuberculosis (Mtb), and Salmonella enterica serovar 

typhi (typhoid fever)) (Joosten, Sullivan, and Ottenhoff 2016). Depending on 

the context, these cells have distinct properties. HLA-E restricted anti-CMV CD8 

T cells are able to lyse target cells and produce IFN- upon stimulation (Joosten 

et al. 2016; Mazzarino et al. 2005; Romagnani et al. 2004). In response to Mtb-

derived peptides presented on HLA-E, CD8 T cells show limited TRAIL-

dependent cytotoxicity and produce TNF-, IL-4 and IL-13 but not IFN- 

(Caccamo et al. 2015). Harriff et al. reported that CD8 T cells directed against a 
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glycosylated peptide from Mtb presented by HLA-E secreted IFN- (Harriff et al. 

2017). Interestingly, the frequency of HLA-E-restricted anti-Mtb CD8 T cells 

decreases during antibiotic treatment while HLA-A2-restricted CD8 T cells 

frequency increases (Caccamo et al. 2015). 

Taken together, these observations show that HLA-E-restricted CD8 T 

cells develop pathogen-specific functions. Thus, it is difficult to speculate what 

role HELIOS+ CD8 T cells fulfill based only on the observed HLA-E restriction – 

particularly because not all HLA-E-restricted CD8 T cells express HELIOS. 

Comparing HLA class Ia-restricted, e.g. HLA-A2 or HLA-B7, anti-CMV CD8 T cells 

with HLA-E-restricted HELIOS+ and HELIOS- anti-CMV CD8 T cells might define 

their functions more clearly.  

Interestingly, CD8 T cells restricted by HLA-G, another MHC class Ib, exist 

in transgenic mice (expressing HLA-G, h2m and hCD8): these mice, when 

infected with hCMV, develop HLA-G-restricted anti-CMV CD8 T cells (Lenfant et 

al. 2003). However, the existence of HLA-G-restricted anti-CMV CD8 T cells in 

humans has not been shown. If HLA-G-restricted CD8 T cells are identified in 

humans, determining whether these cells express HELIOS could strengthen the 

hypothesis that the expression of HELIOS depends on MHC class Ib restriction. 

3.9 Significance of HELIOS+ CD8 T cells in tumors 

As HELIOS expression is upregulated in exhausted T cells in mice, we analysed 

HELIOS expression in tumors (Doering et al. 2012; Khan et al. 2019; Pereira et 

al. 2017). HELIOS+ CD8 T cells are present in ovarian tumors. Using the T cell 

exhaustion marker TOX, we showed that some HELIOS+ and HELIOS- CD8 T cells 

express TOX. In mice, it has clearly been shown that only anti-tumor CD8 TILs 

express TOX. Bystander TILs do not express TOX (Scott et al. 2019). This leads to 
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a tentative conclusion – the existence of anti-tumor HELIOS+ CD8 T cells – and 

three hypotheses: (1) HLA-E-restricted anti-tumor CD8 T cells exist because we 

showed that only HLA-E-restricted CD8 T cells express HELIOS (Figure 32A); (2) 

HELIOS is expressed by some exhausted TOX+ CD8 TILs irrespective of HLA-E 

restriction (Figure 32B); (3) a combination of both (Figure 32A and B). Although 

TOX is transiently expressed in non-exhausted CD8 T cells after activation, in 

our tumor samples, TOX expression correlated with poor IFN- production and 

therefore exhaustion (data not shown) (Maurice et al. 2021). 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 32. Why is HELIOS expressed by CD8 T cells in tumors? HELIOS+ CD8 T cells are 

present within tumors. Three reasons are conceivable: (A) HELIOS is expressed by HLA-E-

restricted anti-tumor CD8 T cells; (B) Exhaustion induces HELIOS expression in HLA class Ia-

restricted TOX+ CD8 T cells and possibly indicates a more severe stage of exhaustion; the 

situation could be a combination of (A) and (B). 
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3.10 Concluding remarks. 

Our data suggest that HELIOS should not just be considered as a Tregs or an 

exhausted CD8 T cell transcription factor. Indeed, we have shown that HELIOS+ 

CD8 T cells are present in healthy individuals and the vast majority of them are 

certainly not Tregs. On the contrary, HELIOS+ CD8 T cells comprise Tc1 effectors 

and Tc17.  

We found HELIOS expressed by some HLA-E-restricted anti-viral CD8 T 

cells but not by MHC class Ia-restricted ones. This is in line with data on murine 

CD8 Tregs which express HELIOS and are Qa-1 (HLA-E homolog)-restricted. 

Interestingly, we found that some HELIOS+ CD8 T cells are Tc17, which have 

been described as MHC class Ib-restricted in mice.  

HELIOS has been shown to prevent IL-2 expression in Tregs. We found 

lower expression of IL-2, as well as other cytokines (IFN-, TNF-), in HELIOS+ 

CD8 T cells. As discussed in a previous chapter, if HELIOS+ Tc1 effectors are able 

to lyse target cells and HELIOS is responsible of the lower expression of IFN- 

and/or TNF- in CD8 T cells, this may be interesting for example in CAR T cell 

therapy. Indeed, adverse events due to inflammation are often met with CAR T 

cells (Brudno and Kochenderfer 2016; Gust et al. 2020; June et al. 2018; 

Santomasso et al. 2019; Wei et al. 2020). Being able to increase the number of 

lytic CAR T cells without increasing too much the amount of pro-inflammatory 

cytokines produced might be interesting. 
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4.1 Cell lines and media. 

LG2-EBV were cultured in Iscove’s Modified Dulbecco’s Medium (IMDM) 

(Thermo Fischer Scientific, Waltham, Massachusets, 21980065) supplemented 

with 10% fetal bovine serum (FBS), GlutaMAX (Thermo Fischer Scientific, 

35050061) and penicillin (100U.ml-1) streptomycin (100g.ml-1) (Sigma Aldrich, 

St Louis, Missouri, P4333). T cells were cultured with IMDM supplemented with 

10% human serum (HS) (Ludwig Institute for Cancer Research (LICR), Brussels 

branch), GlutaMAX and penicillin (100U.ml-1) streptomycin (100g.ml-1) 

referred as T cell medium. When indicated IL-2 (Novartis, Bâle, Switzerland) 

was added. 

4.2 Isolation of cells from blood and tumors. 

PBMCs were isolated from blood from healthy, hemochromatosis, COVID-19 

and ovarian cancer patients using density gradient. Blood was added on top of 

lymphoprep (Alere Technologies, Oslo, Norway, 1114547) and then centrifuged 

at 870g for 20min at room temperature (RT) with minimum acceleration and 

brake. The cellular ring was recovered and then washed thrice with PBS/EDTA 

1mM to remove platelets. First centrifugation was done at 400g for 10min at 

RT and the two following at 300g for 7min at RT. PBMCs were frozen in 50% 

IMDM 40% HS and 10% DMSO (Santa Cruz Biotechnology, Dallas, Texas, sc-

358801). Cells from ovarian tumors were isolated by mechanical dissociation of 

small tumor pieces using MACS dissociator (Miltenyi Biotec, Paris, France) 

followed by a 45min enzymatic digestion at 37°C using liberase low dispase 

(Sigma Aldrich, 5466202001) and low thermolysin (Sigma Aldrich, 5401020001) 

at recommended dilutions. A second mechanical dissociation using MACS 

dissociator (Miltenyi, Bergisch Gladbach, Germany) has been performed and 

the subsequent cell suspension has been 40m filtered to remove remaining 
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aggregates. Cells were then washed thrice with PBS/EDTA 1mM and spun down 

at 300g for 7min at RT and frozen in 50% IMDM 40% HS and 10% DMSO. 

4.3 CD2+ and CD2- PBMCs isolation by Rosetting. 

PBMCs were resuspended at 1x107 cells.ml-1 in Roswell Park Memorial Institute 

medium (RPMI) (Life technologies, 52400041). 2 –aminoethyl-isothiouronium 

bromide pre-treated sheep red blood cells (Labormerk, Ochsenhausen, 

Germany, E-410) were added (1ml for 1x108 PBMCs). Cell suspension was 

added on top of lymphoprep and spun down at 870g for 20min at RT with 

minimum acceleration and brake. The cellular ring containing CD2- PBMCs was 

recovered and frozen in 50% IMDM 40% HS and 10% DMSO. The cell pellet 

containing CD2+ PBMCs was resuspended in lysis buffer composed of 10% 

RPMI, 10% FBS and 80% NH4Cl 160mM pH7,4. After one minute of incubation, 

cells were spun down at 800g for 1min at RT. Supernatant was removed and 

cells were washed with RPMI. 

4.4 CD8 magnetic‐activated cell sorting (MACS). 

PBMCs were resuspended at 2x108 cells/ml in staining buffer (PBS, 1mM EDTA 

and 1% HS) containing FCR blocking reagent (Miltenyi, 130-059-901) and CD8 

microbeads (Miltenyi, 130-045-201) for 15 minutes at 4°C. Then, cells were 

passed on a 40m filter and sorted with the AutoMACS (Miltenyi). CD8 T cells 

were frozen in 50% IMDM 40%HS and 10% DMSO. 

4.5 Cytokine production assay. 

High binding 96-well flat bottom plates (Greiner bio-one, 655061) were coated 

with 100l of 1g/ml anti-CD3 antibody (Biolegend, San Diego, California, clone 

OKT3, 317326) diluted in PBS overnight at 4°C. Human PBMCs were thawed for 
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2h at 37°C in T cell medium with 5U/ml DNAse. Anti-CD3 coated plates were 

brought at 37°C for half an hour before stimulation. A total of 2x105 cells were 

added per well in T cell medium. Cells were spun down 1min at 400g, and 

incubated at 37°C 8% CO2. After 1 hour, 5g/ml brefeldin A (Sigma Aldrich, 

B7651) were added and cells were incubated for an additional 4h at 37°C 8 % 

CO2. After a total of 5h of stimulation, cells were brought to 4°C and stained as 

described in the flow cytometry section. 

4.6 TNF- secretion assay. 

High binding 96-well flat bottom plates were coated with 100l of 1g/ml anti-

CD3 antibody diluted in PBS overnight at 4°C. Human PBMCs were thawed for 

2h at 37°C in T cell medium with 5U/ml DNAse. Anti-CD3 coated plates were 

brought at 37°C for half an hour before stimulation. A total of 2x105 cells were 

added per well in T cell medium containing 10g/ml TAPI-0 (Sigma, SML1292) 

and 2g/ml anti-TNF- Alexa Fluor 700 antibody (Biolegend, clone Mab11, 

502928) and spun down 400g for 1min before incubation at 37°C 8% CO2 for 

5h. Next, cells were brought to 4°C and stained as described in the flow 

cytometry section. 
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4.7 Flow cytometry. 

4.7.1 Multimer staining. 

Cells were harvested, washed once with staining buffer and then labelled with 

10nM PE-multimer for 10min at RT (Table 1). After, cells were diluted with one 

volume of staining buffer an incubated 15min at RT. Cells were washed twice 

with staining buffer at 4°C and spun down at 400g. Next, extracellular and 

intracellular staining with antibodies and fixable viability dye were performed 

as described below. 

Origin Protein Peptide HLA Fluorochrome 

CMV pp65 NLVPMVATV HLA-A*02:01 PE 

CMV pp65 RPHERNGFTVL HLA-B7*07:02 PE 

CMV pp65 TPRVTGGGAM HLA-B7*07:02 PE 

CMV UL-40 VMAPRTLIL HLA-E*01:01 PE 

EBV BMFL-1 GLCTLVAML HLA-A*02:01 PE 

EBV BZLF-1 SQAPLPCVL HLA-E*01:03 PE 

Influenza M1 GILGFVFTL HLA-A*02:01 PE 

Mycobacterium 

tuberculosis 

Rv1508 VMATRRNVL HLA-E*01:01 PE 

Table 1. List of multimers used. 

4.7.2 Extracellular and intracellular staining. 

Cells were harvested, washed once with staining buffer (PBS, 1mM EDTA and 

1% HS) and then labelled extracellularly for 20min at 4°C with antibodies and 

fixable viability dye eFluor780 (Thermo Fischer Scientific, 65-0865-18) to 

exclude dead cells (Table 2). Cells were washed twice with staining buffer and 

once with PBS. Then, cells were fixed and permeabilized overnight at 4°C using 

eBioscience Foxp3 / Transcription Factor kit (Thermo Fisher Scientific, 00-5523-

00). Cells were washed thrice with permeabilisation buffer at 4°C, resuspended 
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in blocking solution (permeabilisation buffer 8% HS) and incubated for 15min at 

4°C. Next, antibodies, diluted in permeabilisation buffer, were added for 2h at 

4°C (Table 3). Cells were washed thrice with permeabilisation buffer. Finally, 

cells were resuspended in PBS 1% PFA and analyzed by flow cytometry using 

BD LSRII Fortessa (Becton Disckinson (BD) Biosciences, Franklin lakes, New 

Jersey). Data were analyzed using Flowjo (BD Biosciences). 

Target Fluorochrome Clone Dilution Reference 

CD19 APC-Cy7 SJ25C1 1/50 Biolegend, 363010 

CD20 APC-Cy7 2H7 1/200 Biolegend, 302314 

CD33 APC-Cy7 WM53 1/400 Biolegend, 303442 

CD326 APC-Cy7 9C4 1/200 Biolegend, 324246 

CD2 BV480 RPA-2.10 1/500 BD Biosciences, 746538 

CD8 PerCP-Cy5.5 2ST8.5H7 1/100 BD Biosciences, custom antibody 

CCR7 PE G043H7 1/80 Biolegend, 353204 

CCR7 BV650 G043H7 1/40 Biolegend, 353234 

CD45RA FITC HI100 1/200 Biolegend, 304148 

PD-1 BV786 EH12.2H7 1/40 Biolegend, 329930 

CD38 BV480 HIT2 1/30 BD Biosciences, 566137 

Table 2. List of antibodies used for extracellular staining. 
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Target Fluorochrome Clone Dilution Reference 

Ki-67 BV421 B56 1/50 BD Biosciences, 562899 

HELIOS PE-Cy7 22F6 1/25 Biolegend, 137236 

HELIOS PE 22F6 1/25 Biolegend, 137216 

HELIOS APC 22F6 1/25 Biolegend, 137222 

T-BET BV421 4B10 1/200 Biolegend, 644816 

T-BET APC 4B10 1/200 Biolegend, 644814 

IFN- Alexa-Fluor 700 B27 1/167 Biolegend, 506516 

TNF- Alexa-Fluor 700 Mab11 1/200 Biolegend, 502928 

IL-2 PE MQ1-

17H12 

1/25 Biolegend, 500307 

Histone H1 Alexa Fluor 488 AE-4 1/20 Santa Cruz Biotechnology, sc-8030 

AF488 

Histone H1  Alexa Fluor 647 AE-4 1/20 Santa Cruz Biotechnology, sc-8030 

AF647 

Table 3. List of antibodies used for intracellular staining. 

4.7.3 Particularities for intracellular staining followed by RNA 

extraction. 

When cells were stained intracellularly and FACS sorted for RNA extraction, 

RNAse inhibitor RNAsin Plus (Promega, Madison, Wisconsin, N2615) was added 

during the fixation/permeabilisation overnight at 2U/l. During washes, RNAsin 

Plus was added at 0,04U/l. During the staining, RNAsin Plus was at 2U/l and 

at the end, cells were not resuspended in PFA 1% in this case but in the 

permeabilisation buffer containing 0,4U/l RNAsin Plus. During the FACS 

sorting, cells were recovered in permeabilisation buffer containing 0,04U/l 

RNAsin Plus. 
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4.8 Cytokine secretion assay. 

CD8 T cells were resuspended in T cell medium. Cells were seeded at 50 000 

cells per well in a 96-well round bottom plate. Three conditions were set up. T 

cells were either kept unstimulated, stimulated with anti-CD3-CD28 beads 

(1b:3T) (Thermo Fisher Scientific, 11132D) or a cocktail of 1ng/ml PMA (LC 

laboratories, Woburn, Massachusetts, P-1680) and 1g/ml Ionomycin (Sigma 

Aldrich, I0634). After 20h incubation at 37°C 8% CO2, supernatants were 

recovered and stored at -80°C until cytokines quantification. 

4.9 IL-17A quantification by LEGENDPlex. 

LEGENDplex™ Human CD8/NK Panel kit (Biolegend, 740267) was used. The 

manufacturer protocol was followed. In brief, supernatants were diluted two 

times in assay buffer. Samples and standards were incubated with beads 

coated with capture antibodies for 2h at RT. Plates were washed twice with 

wash buffer and spun down at 250g 5min at RT. Beads were incubated with 

detection antibodies for 1h at RT. Without washing, streptavidin-PE was added 

during 30min at RT out of light. Plates were washed twice with wash buffer and 

spun down at 250g 5min at RT. Beads were resuspended in wash buffer and 

analysed by flow cytometry with a BD LSR II Fortessa. Data were analysed with 

the manufacturer software. 

4.10 T cell co-culture. 

-irradiated (100Gy) CD2- PBMCs, CD8 and CD4 PBLs from hemochromatosis 

patients were thawed for 2h at 37°C. CD161+ and CD161- CD8 TEM were sorted 

by flow cytometry. After sorting, cells were left for 1h at 37°C 8% CO2. Cells 

were labelled with following cell trackers for 20min at 37°C: CD4 T cells and 

CD161- CD8 TEM were labelled with CFMDA at 1M (Thermo Fischer Scientific, 
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C2925) and CD161+ CD8 TEM with cell trace violet at 5M (Thermo Fischer 

Scientific, C34571). Then, cells were washed twice with T cell medium. Cells 

were resuspended and added in 96-well round bottom plate coated with anti-

CD3 antibody (1g/ml). Details regarding co-culture conditions are shown in 

Figure 33. CD2- PBMCs were used as feeder cells and added at 1:1 ratio with 

5U/ml IL-2. After 4 days, cells were labelled extracellularly as described and 

analysed by flow cytometry on a FACS ARIA III (BD Biosciences). 

 
Figure 33. Co-culture conditions. CD4 and CD8 T cells were thawed for 2h at 37°C with 5U/ml 

of Dnase. Cells were then labelled at 4°C with antibodies against CD8, CCR7, CD45RA and 

CD161. CD161+ and CD161- CD8 TEM were FACS sorted. CD4 T cells and CD161- CD8 TEM were 

labelled with cell tracker 5-chloromethylfluorescein diacetate (CMFDA) and CD161+ CD8 TEM 

with cell trace violet (CTV). CD4 T cells, CD161+ and CD161- CD8 TEM were activated with 

plate-bound anti-CD3 (1g/ml) in the presence of -irradiated autologous CD2- PBMCs (ratio 

1:1) and 5U/ml IL-2 for 4 days at 37C 

4.11 CRISPR-Cas9. 

CD8 PBLs from hemochromatosis patients were thawed for 2h at 37°C. After 

thawing, CD161+ and CD161- CD8 TEM were sorted from blood of 

hemochromatosis patients by flow cytometry. After sorting, cells were left for 

1h at 37°C. Cas9/gRNA complexes were prepared in RNAse free water (Ambion, 

AM9906). A total of 5g of Cas9 (Thermo Fischer Scientific, A36499) and 



Materials and methods 
 

115 
 

150pmol of gRNA (table 2) were incubated for 5min at RT. Then, cells were 

washed and medium was completely removed. Cells were resuspended in P3 

primary cell electroporation buffer (Lonza, Bâle, Switzerland, V4XP-3024). 

Cas9/gRNA complexes were added directly and incubated 2min with T cells in 

electroporation buffer. Next, cells were electroporated using “T cell human 

unstim high efficiency” program (FI115) of the 4D-nucleofector (Lonza). Directly 

after electroporation, warm T cell medium containing 50U/ml IL-2 was added. 

Cells were left for 5h at 37°C 8% CO2. Cells were washed once with T cell 

medium and resuspended in fresh T cell medium with 50U/ml IL-2. Feeder cells 

(LG2-EBV) were added at 3 feeder cells for 1 T cell. Cells were activated using 

anti-CD3-CD28 beads (Thermo Fischer Scientific, 111.32D) (1b:3T) during 7 days 

at 37°C 8% CO2. After 7 days, cells were counted using trypan blue (Sigma, 

T8154). 

4.12 RNA extraction from fixed and permeabilized cells. 

Recover all total nucleic acid isolation kit (Thermo Fisher Scientific, AM1975) 

was used. The reverse crosslinking with protease was done for 1h at 60°C. 

Then, RNA was extracted using the manufacturer protocol. After elution in 

water, RNA was precipitated by adding 0,1 volume sodium acetate 3M (Thermo 

Fischer Scientific, AM9740), 3 volumes ice cold ethanol 100% and 1g glycogen 

(Thermo Fisher Scientific, R0551). Samples were incubated at -20°C overnight 

and spun down at 14000g 30min at 4°C. Samples were then washed 2 times 

with ice cold ethanol 75% and spun down at 14000g 10min at 4°C. After 

supernatant removal, samples were dried at RT and then resuspended in 

RNAse free water. 

  



Materials and methods 
 

116 
 

4.13 RNA-sequencing and transcriptomic analysis. 

RNA integrity was checked using Agilent RNA 6000 pico kit (Agilent, Santa 

Clara, California, 5067-1513) and sent for ultra-low input RNA-sequencing 

(Genewiz, Leipzig, Germany). Library construction is unstranded and poly-A-

based. Between 20 and 30 million paired-reads were sequenced per sample on 

an Illumina HiSeq 2x150 platform. Data were analysed with the help of 

Christophe Vanhaver. In brief, after an initial quality control of FASTQ files, 

reads were trimmed using Trimmomatic and checked again for quality (Bolger, 

Lohse, and Usadel 2014). Next, trimmed reads were aligned to GRCh38 human 

genome with HISAT2 (Kim et al. 2019). Read counts were determined with 

featuresCount (Liao, Smyth, and Shi 2014). Normalization of read counts and 

analysis of differentially expressed genes were performed using DESeq2 (Love 

et al. 2014). Data visualization was done with Qlucore (Qlucore, Lund, Sweden). 

4.14 Statistical analysis. 

Statistical analysis were made with GraphPad Prism v5 (GraphPad, San Diego, 

California) with the exception of RNA-sequencing for which paired samples 

analysis with DESeq2 was done. Statistical tests are indicated in figure legend. 
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ADAP Adhesion and degranulation-promoting adapter protein 
AP-1  Activating protein 1 
APC  Antigen presenting cell 

 
 Bat3  HLA-B-associated transcript 3 

BATF Basic Leucine Zipper ATF-Like Transcription Factor 
Bcl10 B-cell lymphoma/leukemia 10 
BCL6 B-cell lymphoma 6 protein 
BLIMP1  B lymphocyte-induced maturation protein-1 
BM  Bone marrow 
BTLA B- and T-lymphocyte attenuator 

  
CAMK  Calcium/calmodulin-dependent protein kinase 
CAR Chimeric antigen receptor 

CARMA1 
Caspase recruitment domain-containing membrane-associated guanylate kinase 
protein-1 

CCL… (C-C motif) ligand … 

CCR… C-C chemokine receptor type … 
CD…  Cluster of differentiation … 
CMFDA 5-chloromethylfluorescein diacetate 
CMV  Cytomegalovirus 
CRTAM Cytotoxic And Regulatory T Cell Molecule 

CSK C-Terminal Src Kinase 
CTLA-4 Cytotoxic T-lymphocyte-associated protein 4 
CTV Cell trace violet 

  
DAG Diacylglycerol 
DEG Differentially expressed genes 
DMEM  Dulbecco’s Modified Eagle Medium 
DMSO Dimethylsulfoxide 
DNA Deoxyribonucleic acid 
DNAM-1 DNAX Accessory Molecule-1 

  
EAE Experimental autoimmune encephalitis 
EBV  Epstein-Barr virus 
EDTA Ethylenediamine tetra-acetic acid 
EOMES Eomesodermin 
ER  Endoplasmic reticulum 
ERK Extracellular signal regulated kinase 

  
FBS  Extracellular signal regulated kinase 
FOXP3 Forkhead box P3 

 
 GADS GRB2-related adaptor downstream of Shc 

GEF Guanine nucleotide exchange factor 
GITR Glucocorticoid-induced tumor necrosis factor receptor 
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GLUT1  Glucose transporter 1 
GRB2 Growth factor receptor-bound protein 2 
GSEA Gene set enrichment analysis 
GSK3 Glycogen synthase kinase-3 

  
HBV  Hepatitis B virus 
HCV Hepatitis C virus 
HIV  Human immunodeficiency virus 
HLA  Human leukocyte antigen 
HMG High–mobility group  
HMGB1 High–mobility group box 1 

HS Human serum 
HVEM Herpes Virus Entry Mediator 

  
ICOS Inducible T-cell COStimulator 
ICU Intensive care unit 

IFN-  Interferon gamma 

IB  Inhibitor of NF-kB 

IKK Inhibitor of nuclear factor kappa-B kinase 
IKZF  Ikaros family zinc finger protein 
IL-… Interleukin … 

IMDM Iscove’s Modified Dulbecco’s Medium 
IP3 Inositol 1,4,5-trisphosphate 
IRF… Interferon regulatory factor … 
ITAM Immunoreceptor tyrosine-based activation motif 
ITIM Immunoreceptor tyrosine-based inhibitory motif 
ITK IL-2 inducible T-cell kinase 
ITSM Immunoreceptor Tyrosine-Based Switch Motif 

  
LAG-3 Lymphocyte-Activation Gene 3 
LAT Linker for activation of T cells 
LCK Lymphocyte-specific protein tyrosine kinase 

LCMV  Lymphocytic choriomeningitis virus 
LFA-1 Lymphocyte function-associated antigen 1 
LSECTIN Liver Sinusoidal Endothelial Cell Lectin 
LTB Lymphotoxin beta 

  
MACS Magnetic-activated cell sorting 
MALT1 Mucosa-associated lymphoid tissue lymphoma translocation protein 1 
MAPK  Mitogen activated protein kinase 
MAPKK Mitogen activated protein kinase kinase 
MAPKKK Mitogen activated protein kinase kinase kinase 
MEK Mitogen-activated protein kinase, extracellular signal-regulated protein kinase 

MFI Median fluorescence intensity 
MHC Major histocompatibility complex 
MPECs  Memory precursor effector cells 
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Mtb Mycobacterium tuberculosis 
mTOR  Mammalian target of rapamycin 

  
NCK1 Non-catalytic region of tyrosine kinase adaptor protein 1 
NFAT  Nuclear factor of activated T cells 

NFB  Nuclear factor kappa b 

NK Natural killer 
NKG2 Natural killer group 2 

  
OVA Ovalbumin 

  
PAG Glycosphingolipid-enriched microdomains 
PBLs Peripheral blood lymphocytes 
PBMCs Peripheral blood mononuclear cells 
PBS  Phosphobuffered saline 
PCA Principal component analysis 
PD-1 Programmed cell death 1 
PDK1 Phosphoinositide-dependent kinase-1 
PD-L1 Programmed death-ligand 1 
PFA  Paraformaldehyde 
PH Pleckstrin homology domain 

PI3K  Phosphoinositide 3-kinase 
PIP2 Phosphatidylinositol 4,5-bisphospahte 
PIP3 Phosphatidylinositol (3,4,5)-trisphosphate 

PKC  Protein kinase C theta 

PLC1  Phospholypase C gamma 1 

PLZF Promyelocytic leukaemia zinc finger protein 
PMA Phorbol 12-myristate 13-acetate 

  
RasGRP1 RAS guanyl nucleotide-releasing protein 1 
RIN RNA integrity number 
RNA Ribonucleic acid 

ROR Receptor-related orphan receptor alpha 

RORt RAR-related orphan receptor gamma 

RPMI Roswell Park Memorial Institute Medium 
RT  Room temperature  

  
SHP1/2 Src homology region 2 domain-containing phosphatase-1 
SLECs  Short lived effector cells 
SLP76 SH2 domain containing leukocyte protein of 76kDa 

  
T-BET T-box protein expressed in T cells 
TBEV Tick-borne encephalitis virus  

Tc1 Type 1 cytotoxic CD8 T cells 
Tc17 IL-17-secreting CD8 T cells 
Tc22 IL-22-secreting CD8 T cells 



Abbreviations 
 

122 
 

TCF-1 T cell factor 1 
TCM Central memory T cells 
TCR T cell receptor 
TEM Effector memory T cells 
TEMRA Effector memory CD45RA+ T cells 
Th1 T helper cells type 1 
Th17 T helper celsl type 17 
Th2 T helper cells type 2 
Th22 T helper cells type 22 
TIGIT T cell immunoreceptor with Ig and ITIM domains 
TILs  Tumor infiltrating lymphocytes 

TIM-3 T-cell immunoglobulin and mucin-domain containing-3 
TLR Toll like receptor 

TNF-  Tumor necrosis factor alpha 

TNFR Tumor necrosis factor receptor 
TNFRS Tumor necrosis factor receptor superfamily 
TOX Thymocyte selection-associated high mobility group box protein 
TRAF… Tumor necrosis factor receptor–associated factor … 
Tregs Regulatory T cells 
TRM Resident memory T cells 
  
ZAP-70  Zeta-chain-associated protein kinase 70 
ZBTB16 Zinc finger and BTB domain-containing 16 
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