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Les cellules T CD8+ peuvent être programmées à leur état naïf avec des cytokines pro-
inflammatoires telles que l’IL-15 et l’IL-21. IL-15 induit la prolifération de cellules T CD8+ et permet 
la génération de cellules T CD8+ mémoire. IL-21 programme les cellules T CD8+ à devenir plus 
cytotoxiques tout en conservant un phénotype de type mémoire. Dans le laboratoire, nous avons 
étudié l’effet de ces deux cytokines dans différent contextes en utilisant le modèle de souris 
transgénique Pmel-1 qui possède des récepteurs de cellules T (TCR) spécifiques envers le peptide 
gp10025-33, exprimé par des cellules de mélanome et aussi par des mélanocytes.  
 
Premièrement, nous avons élucidé l’effet de l’IL-15 sur les cellules T CD8+ dans le modèle 
transgénique Pmel-1 déficient dans la protéine Suppressor of cytokine signaling 1 (SOCS1). SOCS1 
est un régulateur critique de l’homéostasie de lymphocytes T. Nous avons trouvé que ces souris 
ont de cellules T CD8+ exprimant des protéines de surface caractéristique de cellules T mémoire 
(CD44, Ly6C, CD122 et CD62L). Cependant, ces cellules diminuent l’expression du TCR et 
augmentent celle de CD5, ce qui témoigne d’une activation du TCR in vivo. Lorsque stimulées in 
vitro, ces cellules montrent un phénotype hautement cytotoxique mais une prolifération très 
faible. Lorsque nous avons fait des études de transfert cellulaire adoptive dans de souris Rag1-/-, 
ces cellules ont proliféré de façon importante causant des lésions inflammatoires sévères dans la 
peau, les extrémités et les yeux. Cette étude démontre l’importance de l’IL-15 et de SOCS1 dans la 
régulation de cellules auto-réactives qui peuvent être activées sous des conditions 
lymphopéniques et qui peuvent causer de maladies auto-immunitaires.  
 
Deuxièmement, nous avons étudié l’effet synergique d’IL-15 et d’IL-21 dans les cellules T CD8+ 
naïves pour l’immunothérapie du cancer. Nous avons utilisé le modèle B16-F10 (B16) de 
mélanome de souris qui exprime très faiblement des molécules de CMH-I. En parallèle, nous 
avons étudié l’effet de la surexpression de NOD-like receptor CARD domain containing 5 (NLRC5), 
le trans-activateur de gènes de CMH-I dans les cellules B16, dans le but d’augmenter leur 
immunogénicité et de restaurer l’immunité anti-tumorale. Nous avons généré des lignées stables 
de cellules B16 exprimant NLRC5 (B16-5); la molécule co-stimulatrice de cellules T, CD80 (B16-
CD80), ou les deux (B16-5 / 80). Les cellules sur-exprimant NLRC5 ont régulé positivement de 
manière constitutive les gènes MHC-I et LMP2, LMP7 et TAP1. Les cellules B16-5 ont efficacement 
présenté gp10025-33 aux cellules T CD8+ Pmel-1 et ont induit leur prolifération. Cette prolifération a 
été très robuste lorsque les cellules naïves Pmel-1 étaient pré-stimulées avec IL-15 et IL-21 avant 
leur activation. En présence de CD80, les cellules B16-5 stimulent les cellules Pmel-1 même sans 
l'addition de gp100, ce qui indique que NLRC5 facilite l’apprêtement et la présentation des 
antigènes tumoraux endogènes. Lors de l'implantation sous-cutanée, les cellules B16-5 ont 
montré une réduction significative de la croissance tumorale chez des hôtes C57BL/6, mais pas 
chez des hôtes immuno-déficients, ce qui indique que les cellules tumorales exprimant NLRC5 ont 
provoqué une immunité anti-tumorale. Cette réponse est dépendante de cellules T CD8+ puisque 
chez les souris déplétées de ces dernières, les cellules B16-5 ont formé de grandes tumeurs sous-
cutanées et pulmonaires. Enfin, l'immunisation avec des cellules B16-5 irradiées a permis une 
protection anti-tumorale lors de la réimplantation des cellules B16 parentales. Collectivement, nos 
résultats indiquent que NLRC5 pourrait être exploité pour restaurer l'immunogénicité tumorale et 
pour stimuler l’immunité anti-tumorale protectrice. 

 
Mots clés: cellules T CD8+, Pmel-1, SOCS1, IL-15, IL-21, B16-F10, CMH-I, NLRC5, immunothérapie 
du cancer.  
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CD8 + T cells can be programmed in their naïve state with pro-inflammatory cytokines 
such as IL-15 and IL-21. IL-15 induces the proliferation of CD8 + T cells and allows the 
generation of memory cells. IL-21 programs CD8 + T cells to become more cytotoxic while 
retaining a memory type phenotype. In the laboratory, we studied the effect of these two 
cytokines in different contexts by using the mouse model MHC-I-restricted Pmel-1 
transgenic TCR specific to the melanoma-derived gp10025-33 antigen, which is also 
expressed by normal melanocytes. 

First, we elucidated the effect of IL-15 on CD8 + T cells in the Pmel-1 transgenic model 
lacking the protein Suppressor of cytokine signaling 1 (SOCS1). SOCS1 is a critical regulator 
of T cell homeostasis. We have found that these mice have CD8 + T-cells expressing 
surface proteins characteristic of memory T cells (CD44, Ly6C, CD122 and CD62L). 
However, these cells decrease the expression of the TCR and increase that of CD5, 
indicative of TCR activation in vivo. When stimulated in vitro, these cells displayed a highly 
cytotoxic phenotype but very low proliferation. Adoptive cell transfer studies in Rag1 - / - 
mice showed that these cells can undergo homeostatic proliferation under lymphopenic 
conditions. This proliferation was characterized by severe inflammatory lesions in the 
skin, extremities and eyes. This study demonstrates the importance of IL-15 and SOCS1 in 
the regulation of self-reactive cells that can be activated under lymphopenic conditions 
and can cause autoimmune diseases. 

Second, we studied the synergistic effect of IL-15 and IL-21 in native CD8+ T cells for 
cancer immunotherapy. We used the mouse melanoma model B16-F10 (B16) which 
expresses very weakly MHC-I molecules. In parallel, we studied the effect of NOD-like 
receptor CARD domain containing 5 (NLRC5) overexpression, the trans-activator of MHC-I 
genes, in B16 cells in order to increase their immunogenicity and restore anti-tumor 
immunity. We generated stable lines of B16 cells expressing NLRC5 (B16-5); the co-
stimulatory molecule of T cells, CD80 (B16-CD80), or both (B16-5 / 80). The over-
expressing NLRC5 cells positively regulated the MHC-I and LMP2, LMP7 and TAP1 genes. 
B16-5 cells efficiently presented gp10025-33 to CD8+ Pmel-1 T cells and induced their 
proliferation. This proliferation was very robust when Pmel-1 naive cells were pre-
stimulated with IL-15 and IL-21 prior to activation. In the presence of CD80, B16-5 cells 
stimulate Pmel-1 cells even without the addition of gp100, indicating that NLRC5 
facilitates the treatment and presentation of endogenous tumor antigens. During 
subcutaneous implantation, B16-5 cells showed a significant reduction in tumor growth in 
C57BL/6 hosts but not in immunodeficient hosts, indicating that tumor cells expressing 
NLRC5 generated an anti-tumor immunity. This response is dependent on CD8 + T cells 
since in mice depleted of these cells, B16-5 cells formed large subcutaneous and 
pulmonary tumors. Finally, immunization with irradiated B16-5 cells allowed anti-tumor 
protection during challenge of parental B16 cells. Collectively, our results indicate that 
NLRC5 could be exploited to restore tumor immunogenicity and to stimulate protective 
antitumor immunity. 

Keywords: CD8 + T cells, PmeI-1, SOCS1, IL-15, IL-21, B16-F10, CMH-I, NLRC5, cancer 
immunotherapy.  
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CHAPTER 1- INTRODUCTION 

1. The immune system 

During the course of evolution, human beings have evolved in an environment governed 

by several types of microorganisms such as fungi, archaea, bacteria, protozoa and viruses. 

In order to coexist with all these living or, in the case of viruses, opportunistic organisms, 

our body has developed a complex system that allows it to cohabit in equilibrium, yet also 

eliminate potentially harmful pathogens with minimal damage to self (Hoffmann et al., 

1999). This complex defense system is known as the immune system, which is composed 

of different types of specialized cells that are able to recognize and mediate efficient 

responses against infection and cancer. 

Immune cells circulate through the blood as well as through the lymphatic system that 

infiltrates almost all of the tissues in the body. This network includes lymph nodes (LNs) 

and other organs, such as the spleen, thymus, tonsils and adenoids. The thymus and the 

bone marrow are the niche for the development and maturation of immune progenitor 

cells and they are, therefore, known as primary immune organs. The rest of the immune 

organs mentioned are known as secondary immune organs. 

The immune system consists of two interrelated arms, known as the innate and adaptive 

immune systems, which are formed of different types of cells, depending on their 

capability to be recruited and respond to a specific stress. 

1.1. The innate immune system 

The innate immune system is the first line of defense characterized by rapid pleiotropic 

responses after exposure to microorganisms. All cells of a given type in our bodies express 

different types of receptors that are able to recognize self and non-self-patterns 

(Medzhitov and Janeway, 1997). However, innate immune responses are not specific to a 

particular pathogen. Upon infection, innate immune cells are recruited to the site of 

stress as infected cells are able to recognize unique molecular patterns exposed by 
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microorganisms. Cells are able to identify most conserved features of pathogens, known 

as the pathogen-associated molecular patterns (PAMPs) (Janeway, 1989), and cell 

components that are released during cell damage or death, danger-associated molecular 

patterns (DAMPs) (Matzinger, 1994), through the expression of germline-encoded 

receptors, the pattern recognition receptors (PRRs) (Medzhitov and Janeway, 1997). In 

order to detect the presence of any type of microbial infection or endogenous danger 

signals, different PRRs react with specific PAMPs and DAMPs activating specific signaling 

pathways to initiate an adequate innate immune response.  

1.1.1. The pattern recognition receptors 

There are several types of PRRs that are broadly classified based on structural homology 

and the requirement of different adaptor proteins that ensure their function and down-

stream signal transduction (Hansen et al., 2011). Transmembrane PRRs are composed of 

twelve members of Toll like-receptors (TLRs) that recognize bacterial cell wall 

components, including viral nucleic acids in endosomes, etc., from Gram negative and 

Gram positive bacteria, DNA and RNA viruses, protozoa and fungi (Iwasaki and Medzhitov, 

2004; Pasare and Medzhitov, 2005), as well as C-type lectins, which recognize fungal cell 

wall components, such as -glucan (Hardison and Brown, 2012; Taylor et al., 2006). While, 

some TLRs (TLRs 1, 2, 4, 5, and 6) are expressed on the cell surface, others (TLRs 3, 7, 8, 

and 9) are found almost exclusively in intracellular compartments such as endosomes, 

and their ligands, principally nucleic acids, need internalization by the endosome (Kawai 

and Akira, 2011). Antigen presenting cells (APCs), such as dendritic cells (DCs) and 

macrophages, that are able to engulf and degrade pathogens, prominently express TLRs. 

Activation of PRRs triggers downstream signaling cascades and production of pro-

inflammatory cytokines and chemokines (Akira et al., 2006). After activation, APCs 

migrate from the site of infection to the tissue draining LNs (dLNs). On site, APCs present 

processed peptides, known as antigens (Ag), to T and B lymphocytes.  
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In contrast to transmembrane PRRs, cytosolic PRRs can differentiate between intracellular 

and extracellular infections (Palm and Medzhitov, 2009). Cytosolic PRRs include the 

nucleotide-binding domain, leucine-rich repeat containing proteins (NLRs) (Wen et al., 

2013; Yeretssian, 2012), retinoic acid-inducible gene (RIG) I-like RNA helicases (Goubau et 

al., 2013), and AIM2-like receptors (ALRs) (Ratsimandresy et al., 2013). On one hand, 

members of this class of PRRs directly detect cytosolic PAMPs and activate several 

signaling cascades that induce anti-viral mediators like type I interferons (IFNs) and pro-

inflammatory cytokines (Meylan et al., 2006; Takeuchi and Akira, 2007). On the other 

hand, other cytosolic PRRs consists of members of the NLR family involved in the 

formation and activation of inflammasomes, which are large multimeric protein 

complexes that control the activation of caspase-1, and the secretion of caspase-1-

dependent pro-inflammatory cytokines IL1α, IL-1β and IL-18 (Martinon and Tschopp, 

2004). Some members of this class of cytosolic PRRs, such as Nacht domain-, leucine-rich 

repeats-, and pyrin domain-containing protein 3 (NALP3), can be activated by potassium 

efflux, which can result from microbial infection rather than cytosolic PAMPs (Palm and 

Medzhitov, 2009). 

1.1.1.1. NOD-like receptors  

NLRs can perceive microbes as well as homeostatic perturbations by recognizing PAMPs 

and DAMPs (Ting et al., 2008). To date, there are 22 known members of human NLRs that 

are grouped into four subfamilies depending on their N-terminal effector domains: NLRA 

has an acidic transactivation domain, NLRB a baculoviral inhibition of apoptosis protein 

repeat (BIR)-like domain, NLRC a caspase recruitment domain (CARD), and NLRP a pyrin 

domain (PYD); NLRX, does not present strong N-terminal homology to any other NLR 

member (Ting et al., 2008). All NLRs contain a central NACHT domain that facilitates 

oligomerization, and multiple leucine-rich repeats (LRRs) on their C-terminal end for 

ligand sensing (Harton et al., 2002).  
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1.1.1.1.1. The master regulators of major histocompatibility complexes class I and II 

expression 

During infections, innate immune cells such as macrophages and DCs will phagocytise 

pathogens and infected cells in order to process their content to generate antigens that 

will be presented via major histocompatibility complexes (MHC) class I (MHC-I) and II 

(MHC-II) to lymphocytes (Germain, 1994). Antigen presentation by APCs will make the 

bridge with the adaptive immune system allowing the generation of a specific immune 

response. While, MHC-I will present antigens to the CD8+ T cells, MHC-II will allow 

antigen-presentation to CD4+ T cells (Germain, 1994). T lymphocytes specifically 

recognize antigens by their T cell receptor (TCR) (Krogsgaard and Davis, 2005), as will be 

discussed later. 

NOD-like receptor CARD domain containing 5 (NLRC5) and NLRA/ Class II trans-activator 

(CIITA) are important in the biology of T lymphocytes considering they have key functions 

in their development, maturation, homeostasis and activation. NLRC5 and CIITA are the 

master regulators of MHC-I and MHC-II, respectively. MHC molecules are differently 

expressed on the surface of cells in the human body, and can be upregulated under 

inflammatory conditions in order to present extrinsic or intrinsic antigens to APCs and T 

lymphocytes (Table 1.1.1). 

Characteristic MHC-I pathway MHC-II pathway Reference 

Master 
regulator of 
gene 
expression 

NLRC5 (CITA) CIITA 

(Meissner et 
al., 2010; 
Steimle et al., 
1993) 

MHC complex 

Polymorphic α chain non-covalently 
linked to a non-polymorphic 
invariant chain β2m, accommodates 
peptides of 8–11 amino acids 

Polymorphic chains α and β, 
peptide binds to both, 
accommodates peptides of 12 or 
more amino acids 

(Neefjes et al., 
2011) 
Masternak et 
al., 2000) 

MHC types 
 

Classical MHC-Ia genes are highly 
Classical MHC-II genes HLA-DP, 
HLA-DQ, HLA-DR. Non-classical 

(Gao et al., 
2000; Parham 
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polymorphic: HLA-A, -B, -C. 

Non-classical MHC-Ib genes are 
homologous to classical Ia but less 
polymorphic: HLA-E, -G, -F. 

MHC-II genes HLA-DM and HLA-
DO 

et al., 1988; 
Steimle et al., 
1993) 

MHC 
expression 

 

Constitutively expressed on all 
nucleated cells 

Constitutively: DCs, 
macrophages, B lymphocytes, 

Inducible: other innate immune 
cells (basophiles, eosinophils, 
mast cells, ILC3), some 
endothelial cells, LN stromal 
cells, epithelium of thymus 

(van den Elsen 
et al., 2004; 
Kambayashi 
and Laufer, 
2014);  

Inducible MHC 
expression 

Type I and II interferons (IFNα/ and 

, respectively) 
Type II interferon (IFN) 

(Steimle et al., 
1994; (Benko 
et al., 2010; 
Kuenzel et al., 
2010; Meissner 
et al., 2010; 
Staehli et al., 
2012) 

Responding T 
lymphocytes 

CD8+ T lymphocytes CD4+ T lymphocytes 

(Germain, 
1994; Wang 
and Reinherz, 
2002) 

Origin of 
antigenic 
proteins 

cytosolic proteins (mostly 
synthetized by the cell; may also 
enter from the extracellular medium 
via phagosomes) 

Proteins present in endosomes 
or lysosomes (mostly internalized 
from extracellular medium) 

(Krogsgaard 
and Davis, 
2005) 

Location of 
loading the 
peptide on the 
MHC molecule 

ER 
Specialized vesicular 
compartment 

(Downs et al., 
2016) 

Molecules 
implicated in 
transporting 
the peptides 
and loading 
them on the 
MHC 
molecules 

TAP1/TAP2 

loaded on to MHC-I by PLC 
(consisting of the MHC-I heavy chain 
and β2m, TAP1, TAP2, tapasin, 
calreticulin, and ERp57) 

DM, invariant chain 

(Harding and 
Geuze, 1993; 
Blum et al., 
2013; Downs et 
al., 2016) 
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MHC-
dependent 
immune 
responses 

Inflammatory processes during viral 
infection, intracellular bacterial 
infection, organ transplantation and 
cancers 

Induced under inflammation by 
extracellular pathogens 

(Harding and 
Geuze, 1993; 
Yoshihama et 
al., 2016) 

Table 1.1: MHC-I and class II antigen processing and presentation pathways. ILC3 (Innate 
lymphocyte cells), ER (endoplasmic reticulum), TAP1/TAP2 (Transporter associated with 
Antigen Processing 1/2), PLC (peptide loading complex), β2m (β2-microglobulin).  

1.1.1.1.1.1. CIITA 

NLRA, better known as the MHC-II trans-activator (CIITA), is a key molecule in the 

regulation of adaptive immune responses. It is essential for MHC-II gene expression and 

functions as a trans-activator of MHC-II antigen presentation genes (Meissner et al., 2010; 

Steimle et al., 1993). MHC-II molecules are cell-surface glycoproteins displayed as 

heterodimeric chains (α chain/β chain), whose function is to present antigenic derived 

peptides from exogenous origin to CD4+ T helper cells. As mentioned before, these 

molecules are essential for the initiation of CD4+ T-cell-mediated immune responses, and 

also in the development and homeostasis of the CD4+T-cell population (Masternak et al., 

2000). MHC-II molecules are expressed constitutively in only a few cell types of the 

immune system, such as DCs, macrophages, and B lymphocytes. However, they are 

induced in the majority of cells after interferon-gamma (IFN-) stimulation (Steimle et al., 

1994). In the same way, CIITA is expressed in a cell type-specific manner, predominantly 

in hematopoietic cells, and the pattern of its expression correlates with that of MHC-II 

molecules in several cell lines and tissues (Steimle, 1993). CIITA regulates the transcription 

of MHC-II molecules HLA-DM, HLA-DQ, HLA-DR as well as other related proteins in the 

MHC-II presentation pathway, such as the invariant chain (li) (Steimle et al., 1993).  

In order to activate the transcription of MHC-II gene loci, CIITA does not possess a DNA 

binding domain nor directly binds DNA, but instead  forms an heteromultimeric protein 

complex called MHC II enhanceosome with transcription factors such as regulatory factor 

X (RFX) complex, CREB/ATF1 and nuclear factor Y (NFY) that associate with the X1, X2, and 

Y cis-elements, respectively, to transactivate promoter activity (Hake et al., 2000; 
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Masternak et al., 2000; Raval et al., 2001; Reith and Mach, 2001; Reith et al., 1988; Scholl 

et al., 1997; V Steimle et al., 1993). Moreover, CIITA also binds to the SXY module of MHC-

I and 2M to induce MHC-I transcription activation (Gobin et al., 1997; Martin et al., 

1997). However, in mice lacking CIITA, MHC-I expression was not impaired indicating the 

presence of other regulators that control MHC-I expression (Chang et al., 1996; Itoh-

Lindstrom et al., 1999; Williams et al., 1998).  

1.1.1.1.1.2. NLRC5 

1.1.1.1.1.2.1. MHC-I gene and NLRC5 structure  

MHC-I expression is closely regulated at the transcriptional level by several conserved 

regulatory elements in the proximal promoter region, which contain cis-regulatory 

elements that play a crucial role in both constitutive and inducible expression (Figure 1). 

On one hand, enhancer A contains one or two nuclear factor-κB (NF-B) binding sites. NF-

B binding to Enhancer A in the promoter of the HLA-A gene induces stronger 

transcriptional activation (Gobin et al., 1998). On the other hand, interferon regulatory 

factor 1 (IRF1) can bind to the ISRE region to induce MHC-I expression (Hobart et al., 

1997). Similarly to MHC-I, B2m and MHC-II promoters contain a SXY module, where 

regulatory factor X complex (on X1 box), CREB or activating transcription factor 1 (ATF1) 

(on X2 box), and NFY complex (on Y box) are able to bind and assemble to form a multi-

protein transcriptional activation complex (Gobin et al., 2001; Moreno et al., 1999, 1995). 

MHC-I products are cell-surface glycoproteins composed of a polymorphic heavy chain 

(α1, α2, α3 domains) associated with the non-polymorphic β2-microglobulin (β2m). The 

third component crucial for the structural stability of the MHC-I complex is a peptide, 

composed of 8- 10 amino acids, which is loaded in the ER. At the cell surface, the MHC-

I/peptide complex presents antigens to the TCR of CD8+ T lymphocytes (Neefjes et al., 

2011). 
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Figure 1.1: IFN upregulates NLRC5 expression to activate MHC-I gene expression. Upon 

IFN stimulation, STAT1 becomes activated and translocates to the nucleus where it binds 
the GAS elements in the NLRC5 promoter to activate its expression. NLRC5 protein 
interacts with other transcription factors including RFX components, CREB, ATF1 and NFY 

factors, to form an enhanceosome to activate MHC-I gene transcription.  IFN also 

activates IRF1 and NF-B, which modulate MHC-I transcription activity by interacting with 

ISRE and NF-B elements, respectively. STAT (signal transducer and activator of 
transcription), GAS (gamma-interferon-activation sites), CITA (class I transactivator), IRF1 

(interferon regulatory factor 1), NF-B (nuclear factor-kappa B), ISRE (interferon-sensitive 
response element) (Adapted from Downs et al., 2016). 
 
The largest member of the NLR protein family, NLR CARD domain containing 5 (NLRC5 or 

CITA, NOD4, NOD27), has recently been identified as a critical regulator of MHC-I genes as 

well as some related genes involved in MHC-I-dependent antigen processing and 

presentation pathway (Meissner et al., 2010). NLRC5 has been shown to induce the 

expression of classical MHC-I (i.e., HLA-A, HLA-B, HLA-C), non-classical class I (i.e., HLA-E, 

HLA-F, HLA-G), beta subunit (B2M), immunoproteasome component (PSMB9, i.e., LMP2) 

and peptide transporter (TAP1) (Biswas et al., 2012; Ludigs et al., 2015; Meissner et al., 
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2012, 2010). Similar to CIITA, NLRC5 associates with the RFX complex and CREB/ATF1 in 

the nucleus to form a transcriptional enhanceosome onto SXY modules of MHC-I and B2M 

genes in order to induce their expression (Figure 1) (Meissner et al., 2012a, 2012b; 

Neerincx et al., 2012; Robbins et al., 2012). 

NLRC5 possess three structural domains, including an effector domain in the atypical N-

terminal caspase activation and recruitment domain (CARD), a central nucleotide binding 

domain (NBD) and a C-terminal domain containing 27 leucine-rich repeats (LRRs), which 

makes it the largest member of the NLR family with a predicted size of more than 200 

kDa. NLRC5 also possesses a nuclear localization signal between the CARD and NBD 

domains (Meissner et al., 2012a) (Figure 1.2). Furthermore, at its N-terminal extremity, 

NLRC5 possesses an atypical CARD consisting of a death motif (DD) fold that shares little 

similarity with the CARD or PYD domains from other NLR family members. DD motifs in 

this extremity are commonly implicated in interactions with other protein family 

members in order to accomplish their effector functions by homotypic interaction. 

However, as the DD motif of NLRC5 does not display a defined homology of CARD, PYD 

and DD motifs of other known adaptor and effector proteins, it is difficult to predict 

NLRC5 binding partners and signaling pathways (Lamkanfi and Kanneganti, 2010). 

Interestingly, the N-terminal domain composed of the first 139 amino acids of human 

NLRC5 was shown to have intrinsic transcriptional activity toward MHC-I and MHC-II 

promoters. Importantly, the nuclear localization signals (NLS) located in this effector 

domain (121–122; 132–134 amino acids) are needed for its functionality (Neerincx et al., 

2014). Moreover, the NACHT domains of NLRC5 act as a single functional unit with the 

LRR extremity to induce transcriptional activity of MHC promoters (Neerincx et al., 2014).  
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Figure 1.2: Comparison of MHC master regulators CIITA and NLRC5/CITA. CIITA exists in 

three different isoforms found in DCs, B cells, and IFN stimulated cells, respectively. 
Both, CIITA and NLRC5 possess nuclear localization signals (NLS) allowing them to 
translocate into the nucleus. Both NLRC5 (1866 a.a.) and CIITA (1130 a.a.) contain a 
central nucleotide-binding domain (NBD) critical for their function. Their C-terminus 
extremity contains leucine-rich repeats (LRRs) (Adapted from Downs et al., 2016).  

In humans, NLRC5 is located on chromosome 16q13, covering a region of 96 Kbp and 

consisting of 1866 amino acids. In mice, it is located on chromosome 8 and consists of 

1915 amino acids (Kobayashi and van den Elsen, 2012; Meissner et al., 2010). Humans and 

mice share a 64% identity (Yao and Qian, 2013). Based on structural analysis from the 

Ensembl database, there are at least 10 protein coding isoforms of NLRC5 that display 

shorter LRRs. The mRNA levels of some NLRC5 isoforms have been detected in different 

tissues and cell lines, but their function is currently unknown (Neerincx et al., 2013, 2010; 

Staehli et al., 2012).   

1.1.1.1.1.2.2. Expression and biological functions 

NLCR5 expression has been observed in several human and mouse tissues. This protein is 

mainly expressed constitutively in immune tissues such as the thymus, the bone marrow, 

the lymph nodes and the spleen (Benko et al., 2010; Neerincx et al., 2010). Among the 

lymphoid tissues, high concentrations of NLRC5 mRNA have been mainly reported in B 

and T lymphocytes. NLRC5 transcripts are also detected in some mucosal-surface tissues 

such as the lung, small intestine, colon and uterus (Benko et al., 2010; Kuenzel et al., 
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2010). This expression pattern suggests that NLRC5 could be involved in the immune 

regulation of the host defence at these interfaces. Accordingly, NLRC5 expression has 

been reported in many cell lines including human THP-1 and murine RAW264.7 monocytic 

cell lines, the Jurkat T and Raji B cell lines, as well as the human cervical carcinoma cell 

line HeLa (Benko et al., 2010; Cui et al., 2010; Davis et al., 2011; Neerincx et al., 2010; 

Staehli et al., 2012). Interestingly, NLRC5 mRNA expression levels positively correlates 

with constitutive MHC-I expression level in several cell lines and tissues (Neerincx et al., 

2012). Moreover, ectopic NLRC5 expression is able to activate MHC-I promoter and 

knockdown of NLRC5 reduces MHC-I transcription both in immortalized cell lines and 

primary cells (Neerincx et al., 2012). 

NLRC5 is strongly induced by type I and type II interferons (Benko et al., 2010; Kuenzel et 

al., 2010; Meissner et al., 2010; Staehli et al., 2012). Indeed, two signal transducer and 

activator of transcription (STAT) binding sites are located within NLRC5’s promoter. Also, 

NLRC5 can be upregulated upon exposure to PAMP stimuli such as poly (I:C), LPS, CpG as 

well as by viral pathogens such as influenza, respiratory syncytial virus and Sendai virus  

(Benko et al., 2010; Guo et al., 2015; Neerincx et al., 2010; Ranjan et al., 2015). Recently, 

an interesting observation was made in an epigenome-wide differential DNA methylation 

study between HIV-infected and uninfected individuals (Zhang et al., 2016). This study 

found that two CpGs in the promoter of NLRC5 were significantly hypo-methylated in HIV-

infected subjects in comparison with the uninfected subjects, thus implying an important 

role for NLRC5 in HIV pathogenesis (Zhang et al., 2016).  

NLRC5 also associates with chromatin remodeling enzymes, such as histone 

acetyltransferases, to epigenetically control MHC-I promoter activity  (Meissner et al., 

2012b; Robbins et al., 2012). Recently, a study showed that NLRC5 interacts with miR-34a, 

a potent tumor suppressor, to inhibit NF-B signaling in cells infected with HPV16 in order 

to promote virus persistence (Li et al., 2016). These studies suggest NLRC5 as a target of 

immune evasion in viral infections (Benko et al., 2010; Guo et al., 2015; Li et al., 2016; 

Neerincx et al., 2010; Ranjan et al., 2015; Zhang et al., 2016).  
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While the functions of NLRC5 in the adaptive immune response are well established, its 

role in innate immune responses is quite controversial. Some studies have reported 

NLRC5 as a negative modulator of inflammatory pathways. In vitro studies have shown 

that NLRC5 downregulates NF-B activation and thus interferes downstream of the TLR4 

signaling (Benko et al., 2010). NLRC5 inhibited NF-B-dependent responses by interacting 

with IKKα and IKK and blocking their phosphorylation as well as inhibiting type I 

interferon responses by interacting with RIG-I (Cui et al., 2010). In contrast, other studies 

showed that type I interferon production is increased by NLRC5 (Kuenzel et al., 2010; 

Neerincx et al., 2010), and that Nlrc5-defiency does not impair TLR2, TLR4 and TLR9 

signaling pathways (Kumar et al., 2011; Staehli et al., 2012; Yao et al., 2012). Interestingly, 

NLRC5 is crucial for the elimination of intracellular bacterial infection such as Listeria 

monocytogenes in mice. Also in chickens, NLRC5 is needed for Salmonella pullorum 

elimination via STAT1 activation (Biswas et al., 2012; Qiu et al., 2017). In addition, some 

studies have reported that NLRC5 can interact with the NLRP3 inflammasome to activate 

IL-1 and IL-18 production (Davis et al., 2011), although another study showed that Nlrc5 

deficiency does not impair inflammasome activation nor IL-1 and IL-18 production 

(Kumar et al., 2011).  

In order to resolve discordances in NLRC5 studies, Dr. Guarda and Dr. Tschopp’s groups 

generated Nlrc5-deficient mice (Staehli et al., 2012). General observations from this 

mouse model showed that NLRC5 deficiency does not affect MHC-I expression 

completely, but reduces it in APCs. Moreover, T cell development and activation were not 

impaired in these mice, other than a small decrease in the number of CD8+ T cells in the 

spleen, blood and LNs. However, NLRC5 deficiency dramatically impaired the basal 

expression of MHC-I in T, natural killer (NK), and NKT lymphocytes. In contrast, B cells and 

conventional DCs displayed an intermediate and a slight reduction of MHC-I expression, 

respectively. NLRC5 expression is important for the cognate recognition of target cells by 

cytotoxic T lymphocytes (CTLs). Interestingly, this study also described low NLRC5 

expression in several murine and human lymphoid-derived tumor cell lines. The authors 

found a correlation between the presence of NLRC5 and the abundance of the MHC I α-
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chain mRNA for some tested cell lines (Staehli et al., 2012). Additionally, recent 

publications have highlighted the role of NLRC5 in activated DCs upon stimulation with 

different inflammatory stimuli. Indeed, DCs deficient in NLRC5 have decreased neo-

synthesized MHC-I and are defective at displaying endogenous antigens (Rota et al., 

2016). Surprisingly, this impairment does not affect T cell priming by endogenous antigens 

or cross-priming capability of DCs (Rota et al., 2016). In contrast, NLRC5 deficiency in NK 

cells reveals moderate alterations in inhibitory receptor expression and ability to 

eliminate target cells (Ludigs et al., 2016). Under inflammatory conditions, such as LCMV 

infection, T lymphocytes deficient in NLRC5 are eliminated by NK cells. Thus, NLRC5 

expression in T lymphocytes seems to be crucial to prevent them from NK-cell-mediated 

elimination (Ludigs et al., 2016). 

Hence, despite its crucial role as the master regulator of MHC-I and related genes, the 

implications of NLRC5 in NF-B activation, type I IFN signaling and inflammasome 

activation remain to be elucidated.  

1.1.1.1.1.3. Antigen cross-presentation by MHC-I 

Through the activation of CD8+ T cells, MHC-I-dependent responses elicit and induce 

significant adaptive immunity against viral infections, intracellular-bacterial infections, 

transplant rejection and cancers. Indeed, some professional APCs, such as DCs, possess 

the capability to present exogenous antigens on MHC-I molecules by a process termed 

antigen cross-presentation (Bevan, 1976; Nair-Gupta et al., 2014). During this process, 

exogenous antigenic peptides derived from phagocytosed microbes, infected cells, or 

tumor cells are loaded onto MHC-I and presented to CD8+ T cells (Bevan, 1976; Nair-

Gupta et al., 2014). Cross-presentation seems to be possible because MHC-I are recruited 

from an endosomal recycling compartment (Nair-Gupta et al., 2014). Furthermore, this 

process has a key role in cancer immunosurveillance through processing and presentation 

of tumor associated antigens (TAAs) (Mellman et al., 2011). 
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Cross-presentation process can be influenced by several factors such as the type of 

antigen, DC location and activation status and the presence and timing of inflammatory 

signals (Fehres et al., 2014; Nierkens et al., 2013). In most cases, cross-presentation is 

TAP- and proteasome-dependent (Kovacsovics-Bankowski and Rock, 1995) but other 

study also showed that this process can be TAP-independent as well (Merzougui et al., 

2011).  

1.2. The adaptive immune system 

When professional APCs such as DCs are activated by infection they present foreign 

antigens loaded on MHC molecules to a TCR on T cells in the dLNs of the affected tissue 

(Steinman, 2012). This tri-molecular interaction of MHC–peptide–TCR is central to the 

generation of antigen-specific immune responses. In contrast to the innate immune 

responses, the adaptive immune responses are generated against a specific pathogen to 

create memory and long-lasting immune protection (Dempsey et al., 2003). T and B 

lymphocytes are the main players of the adaptive immune responses displaying unique 

antigen-specific receptors that have been created through somatic DNA recombination 

(>1015 distinct TCRs are possible) (Davis and Bjorkman, 1988; Litman et al., 1999). The 

large number of receptors on lymphocytes increases the probability of recognizing and 

proliferating in response to a specific antigen. B lymphocytes originate from bone marrow 

precursors and generate antibody responses, whereas T lymphocytes development occurs 

in the thymus and generates cell-mediated immune responses (Rajewsky and von 

Boehmer, 2008) .  

1.2.1. CD8+ T lymphocytes  

CD8+ T cells, also known as CTLs after their TCR activation, are key players of the adaptive 

immune system that fight against intracellular pathogens as well as cancer cells (Zhang 

and Bevan, 2011). 

The term ‘‘naive’’ represents a state of quiescence for mature T lymphocytes that have 

not been activated via their TCR in the periphery (Sprent and Tough, 1994). In fact, naïve T 
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cells are long-lived cells that remain in the interphase, recirculating through the secondary 

lymphoid tissues waiting to be activated by their cognate peptide-MHC complex (Sprent 

and Tough, 1994). However, naive T lymphocytes are maintained by signals from the TCR 

engaging the self-peptide-MHC complexes. Importantly, cytokines such as interleukin-7 

(IL-7) and IL-15 are also essential for their homeostasis and survival (Berard et al., 2003; 

Takada and Jameson, 2009).  

Naive T lymphocytes have the ability to circulate through the LNs to look for their cognate 

antigen, maximizing their chances of being activated and returning to the blood stream 

(Masopust and Schenkel, 2013). CD8+ T cell subsets are characterized by the expression of 

surface proteins allowing them to perform diverse functions and to home to different 

tissues (Masopust and Schenkel, 2013). Among those proteins, some are used as markers 

to distinguish phenotypic and functional profiles relying on the stage of T cell 

differentiation. Resting CD8+ T cells displaying a naive phenotype are characterized by the 

expression of high (hi) levels of CD62L (L-selectin), CC-chemokine receptor 7 (CCR7), 

CD127 (IL-7 receptor alpha), and low (lo) levels of CD44 (an activation marker).  

1.2.1.1. CD8+ T cells homing receptors 

CD62L and CCR7 are LN homing receptors allowing naïve CD8+ T cells to accomplish their 

immunosurveillance role (Gallatin et al., 1983; Rosen, 2004). CD62L is a protein that 

enables naive CD8+ T cells to tether to the high endothelial venules (HEVs), a specialized 

type of post-capillary vascular endothelium existing within LN paracortical areas (T cell 

zone), to enter to the LNs (Gallatin et al., 1983; Rosen, 2004). This is accomplished via 

short-term interactions between CD62L on CD8+ T cells and 6-sulpho sialyl Lewis X 

oligosaccharides covering several proteins expressed on HEVs (Gallatin et al., 1983; Rosen, 

2004). Then, a G-protein coupled chemokine receptor named CCR7 recognizes its ligands 

CCL21 and CCL19 immobilized on the HEVs via binding to heparin glycosaminoglycans. 

Finally, CCR7-signaling activates LFA1 (lymphocyte function-associated antigen 1), which 

interacts with ICAM1 (intercellular adhesion molecule 1) to arrest the naive T cell, 

allowing its passage into the LN (Moschovakis and Förster, 2012). Therefore, CD62L, CCR7 
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and LFA1 together are essential for the rolling, activating and arresting processes enabling 

naive T cells to selectively go into lymph nodes (Bao et al., 2010; Masopust and Schenkel, 

2013; Springer, 1994).  

1.2.1.2. Effect of some cytokines of the -chain family on CD8+ T cells 

Cytokines are small proteins (~5–20 kDa) that serve as intracellular messengers between 

cells within and outside the immune system. They are involved in autocrine, paracrine and 

endocrine signalling, and act as immunomodulating agents (Leonard et al., 1999). 

Cytokines have essential functions in modulating cellular proliferation, differentiation and 

survival as well as in homeostasis (Overwijk and Schluns, 2009). Cytokines are divided 

depending on their effector function, cellular origin, or target of action, and include 

chemokines, interferons, interleukins, and tumour necrosis factors (Cameron and Kelvin, 

2000). Cytokines are classified depending on their tridimensional structures (Leonard, 

2001). Type I cytokines have a four α‑helical bundles structure that includes several 

interleukins and some growth and hematopoietic factors (Leonard, 2001). One family of 

cytokines belonging to the type I has the particularity to share a common receptor 

subunit. Among them, a crucial family that plays a key role in T lymphocyte homeostasis is 

the common cytokine receptor chain  (c), which is denoted in this manner because the 

receptor chain (also known as IL-2R or CD132) is shared by several cytokines. The c 

family includes IL‑2, IL‑4, IL‑7, IL‑9, IL‑15 and IL‑21 (Leonard, 2001; Spolski and Leonard, 

2008) (Figure 1.3).   
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Figure 1.3: Common -chain receptor family of cytokines. When a c family interleukin 

binds its receptor, c receptor (CD132 hereafter) cytoplasmic tail initiates signaling via to 
the Janus kinase- signal transducer and activator of transcription (JAK-STAT) pathway. 
These pathways culminate in the transcription of several genes involved in immunity, 
proliferation, differentiation, apoptosis and oncogenesis (Aaronson and Horvath, 2002). 
Inspired from Liao et al., 2013. 

The importance of the c cytokine family was revealed by a disease that accounts for 

about half of the cases of severe combined immunodeficiency (SCID), the X-linked (X-

SCID), in which both cellular and humoral immunity are profoundly compromised (Table 

1.2). This syndrome is a consequence of mutations in the c chain. The disease is 

characterized by an absence of T cells and NK cells, highlighting the crucial role of these 

cytokines in the development of these cells. B cells are normal in number but are non-

functional (Conley, 1992; Leonard, 1996; Noguchi et al., 1993). 
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Knockout phenotypes of some gamma chain family cytokines/receptors 

 
Cytokine Receptor α-subunit 

Receptor -

subunit 

Receptor 

-subunit 
Reference 

IL-2 IL-2-/-: 

spontaneous 

accumulation of 

activated 

lymphocytes, lethal 

inflammatory 

bowel disease, 

elevated 

immunoglobulin 

secretion, absence 

of Tregs. 

CD25-/-: adult mice 

develop massive 

enlargement of 

peripheral lymphoid 

organs associated with 

polyclonal T and B cell 

expansion, which, for T 

cells, is correlated with 

impaired AICD in vivo. 

Absence of Tregs. Older 

mice develop 

autoimmunity. 

 

CD122-/-: Lethal 

autoimmune 

syndrome caused by 

absence of Treg. 

Premature death. 

Spontaneous T cell 

activation, 

exhaustive 

differentiation of B 

cells and high serum 

concentrations of 

immunoglobulins 

and autoantibodies.   

Defects in NK and 

NKT cells, and IELs.  

CD132-/-: 

X-SCID. 

 (von 

Freeden-

Jeffry et 

al., 1995; 

Peschon et 

al., 1994)     

IL-7 IL-7-/-: severe 

lymphoid 

hypoplasia, 

lymphocytes 

deficiency. 

CD127-/-: Similar to IL-

7-/- but more severe 

lymphopenia. 

No -chain See  

CD132-/- 

 (Kennedy 

et al., 

2000; 

Lodolce et 

al., 1998)   

IL-15 IL-15-/-: selective 

loss of memory 

CD8+ T cells, NK 

and NKT cells, IELs. 

Unable to mount 

recall responses 

upon rechallenge. 

CD215-/-: marked 

lymphopenia but 

normal lymphocytes 

development. Similar 

to IL-15-/- mice. 

See CD122-/- See  

CD132-/- 

 (Kasaian 

et al., 

2002; et 

al., 2002)   

IL-21 IL-21-/-: viable. Do 

not exhibit any 

phenotype. 

CD360-/-: normal NK 

cell and lymphoid 

development,  after 

immunization high  

production of IgE, low 

IgG1 

No -chain. See  

CD132-/- 

 (Surh and 

Sprent, 

2008)  

Table 1.2: Biological effects of some -chain cytokines deficiencies in mouse models. 
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1.2.1.2.1. Interleukin 2  

The cytokine IL-2 is a powerful T cell mitogen of activated T cells that influences several 

lymphocyte subsets during differentiation, immune responses, and homeostasis. IL-2 has 

essential roles in protective immunity but especially in peripheral immune tolerance. 

Indeed, the functions of IL-2 are almost exclusively restricted to T cells and plays crucial 

roles in the differentiation of regulatory CD4+ T cells (Treg) (Malek, 2008), as highlighted 

by IL-2/IL-2R deficiencies in mouse models (Table 1.2).  

Under physiological conditions, IL-2 is produced mainly by CD4+ T helper cells that are 

activated by pathogens or self-peptide-MHC-II complexes on DCs in secondary lymphoid 

organs (Setoguchi et al., 2005). IL-2 is strongly induced after TCR stimulation and is also, 

to a lesser extent, produced by CTLs, NK and NKT cells (Malek, 2008), activated DCs 

(Granucci et al., 2001) and mast cells (Hershko et al., 2011). Its production is tightly 

regulated by the transcription factor B lymphocyte-induced maturation protein 1 (BLIMP1 

or PRDM1). Blimp1 is upregulated following IL-2 signaling, which in turn negatively 

regulates IL-2 transcription, thus weakening T cell proliferation and survival (Martins et 

al., 2008).  

The main consumers of IL-2 are Tregs CD25+ and to a lesser extent CD4+ and CD8+ T cells 

(Malek, 2008). Activated DCs also express CD25 and can bind IL-2 to trans-present this 

complex to T lymphocytes. Similar to IL-15, IL-2 possesses a high binding affinity with the 

trimeric IL-2R (CD25/CD122/CD132) and a low affinity to the dimeric form (CD122/CD132) 

(Taniguchi and Minami, 1993). Interestingly, the low affinity IL-2R is weakly expressed on 

naive CD4+ T cells, moderately on naive CD8+ T cells and memory CD4+ T cells, and 

strongly on memory CD8+ T cells and NK cells. The robust expression of the dimeric form 

of IL-2R renders the latter cells more sensitive to low concentrations of IL-2 (Boyman et 

al., 2006a). CD25 is constitutively expressed on Tregs, but is upregulated on CD4+ and 

CD8+ T cells upon TCR activation and IL-2 signaling (Malek, 2008).  
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IL-2 binds CD25 to eventually recruit CD122/CD132. This quaternary complex activates the 

transcription of CD25 through several signaling pathways, such as the JAK1-3/STAT5, 

phosphoinositide 3-kinase (PI3K)-AKT and mitogen-activated protein kinase (MAPK) 

pathways. After IL-2 binding, the quaternary complex is internalized and degraded but 

CD25 can be recycled to the cell surface (Malek, 2008). 

IL-2 mainly induces robust proliferation of CTLs by autocrine production but can also 

induce proliferation by paracrine production from CD4+ T cells or DCs (Feau et al., 2011). 

However, this strong stimulation leads CTLs to differentiate into short-lived effector cells 

that rapidly die by apoptosis, or into long-lived memory T cells that decrease CD25 

expression early during the expansion stage (Kalia et al., 2010; Obar et al., 2010; Pipkin et 

al., 2010). Indeed, prolonged exposure to IL-2 after TCR activation promotes terminal 

effector differentiation of CD8+ T cells (Kalia et al., 2010; Lenardo, 1991). Moreover, 

persistent T cell stimulation of TCR by foreign or self-peptides along with IL-2 induces 

activation-induced cell death (AICD), which is mediated by Fas (CD95) and FasL (CD95L) on 

T cells (Lenardo, 1991; Van Parijs and Abbas, 1998).  

IL-2 signaling also induces Eomesodermin (Eomes) transcription factor and upregulates 

perforin (Prf1) transcription (Pipkin et al., 2010). Conversely, IL-2 repressed the expression 

of B-cell lymphoma 6 (Bcl-6) and CD127, which are known as memory markers and will be 

discussed in further detail in subsequent sections (Pipkin et al., 2010).  

1.2.1.2.2. Interleukin 7 

In order for naive T lymphocytes to remain viable, they require pro-survival signals from 

their environment through TCR contact with self-peptide/MHC complexes provided by 

DCs as well as by IL-7, secreted by fibroblastic reticular cells in the secondary lymphoid 

organs (Surh and Sprent, 2008). Upon IL-7 binding, JAK-3, which is associated with c, and 

JAK-1, associated with IL-7R α chain, CD127, become phosphorylated which in turn 

activate STAT5 protein (Figure 1.3). Once activated, STAT dimers recognize a target 

promoter and increase its transcription. 
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IL-7 is essential for T cell development in humans and mice and is a potent survival factor 

for T cells (Table 1.2) (Mazzucchelli and Durum, 2007). A unique feature of IL-7, in 

comparison with other c cytokines, is that it is constitutively produced by stromal and 

epithelial cells in the bone marrow and thymus and by fibroblastic reticular cells in the T-

cell zones of secondary lymphoid organs  (Link et al., 2007; Surh and Sprent, 2008). 

Moreover, its receptor CD127 is downregulated after TCR activation. Due to the fact that 

IL-7 is essential for T cell survival, CD127 is highly expressed on naive and memory T 

lymphocytes but downregulated in activated effector T lymphocytes (Alves et al., 2008; 

Schluns et al., 2000). This phenomenon seems to support the idea that reducing CD127 

expression on T cells that have already received cytokine-mediated survival signals, as 

with TCR/IL-2 or IL-15, will not compete for the remaining IL-7, making it available to 

unsignaled naive T cells (Park et al., 2004). 

In addition, naive CD8 +T cells are also partly dependent on signals from IL-15 expressed 

by different types of stromal cells for their survival and homeostasis (Surh and Sprent, 

2008).  

1.2.1.2.3. Interleukin 15  

1.2.1.2.3.1. Structure and Expression 

IL-15 is a pleiotropic cytokine with unique characteristics in its synthesis, presentation, 

secretion and cytokine-induced signaling events. In 1994, IL-15 was discovered 

simultaneously by two teams as a T cell growth factor sharing many biological properties 

with IL-2 as well as two of its sub-units receptors IL-2R/IL-15R (CD122) and the c CD132 

(Burton et al., 1994; Grabstein et al., 1994). IL-15 and IL-2, share the particularity of 

binding to three receptor subunits, with a unique ligand-binding subunit IL-15Rα (CD215) 

and IL-2Rα (CD25), respectively (Giri et al., 1995) (Figure 1.3). This feature allows them to 

share the same signaling pathway mediated by JAK1-JAK3/STAT5 and also several 

functions, including T cell proliferation, generation of CTLs, stimulation of immunoglobulin 
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synthesis by B cells and the generation and homeostasis of NK cells (Steel et al., 2012; 

Waldmann and Tagaya, 1999).  

IL-15 is a small glycoprotein of 14-15 KDa with two known mRNA isoforms produced by 

alternative splicing, containing either a long signal peptide (LSP) (48 amino acids) or a 

short signal peptide (SSP) (21 amino acids) (Meazza et al., 1997, 1996; Nishimura et al., 

1998; Onu et al., 1997; Tagaya et al., 1996). The two isoforms show a distinct intracellular 

trafficking but produce the same mature protein in both human and mouse. While one 

isoform is secreted through the secretory pathway, the other remains located near the 

nucleus, potentially due to its regulatory roles (Tagaya et al., 1997). In fact, one study 

reported that the non-secreted SSP IL-15 is found in the nucleus associated with CD215, 

where it decreases IL-15 gene expression by an autocrine regulatory mechanism 

(Nishimura et al., 2005). As a result of different intracellular processing, the SSP IL-15 can 

also be secreted in complex with CD215 but display a shorter half-life in comparison to 

the LSP IL-15 (Bergamaschi et al., 2009). Furthermore, IL-15 promoter possesses several 

different motifs regulated by transcription factors, including NF-B, IRF-E, γIRE, NF-IL-6, 

myb, αIFN-2 and GCF (Azimi et al., 1998; Budagian et al., 2006).  

IL-15 is produced by many cell types. Indeed, its mRNA is constitutively expressed by 

several organs, including the placenta, skeletal muscle, and kidney (Grabstein et al., 

1994). However, IL-15 mRNA can also be found in fibroblasts, keratinocytes and epidermal 

skin cells, nerve cells, lung, heart as well as epithelial cells from different tissues (Budagian 

et al., 2006). Conversely, the IL-15 protein is only found in a small subset of cells including 

thymic epithelial cells, bone marrow stromal cells, lymph node stromal cells, blood 

endothelial cells, monocytes/macrophages and CD8+ DCs, making it difficult to detect in 

in vitro cultures and indicating its regulation at a post-transcriptional level (Cui et al., 

2014). IL-15 is a potent pro-inflammatory cytokine enabling the induction of other strong 

inflammatory cytokines, such as tumor necrosis factor alpha (TNF-α), IL-1β, and IFN-, 

among others. Consistent with this, autoimmune disorders, such rheumatoid arthritis and 
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celiac disease, are associated with IL-15 dysregulation (Waldmann, 2004; McInnes et al., 

1997; Mention et al., 2003). 

Another particularity of IL-15 is its trans-presentation to activate signaling on target cells. 

IL-15 cytokine binds CD215 on an APC, such as DC, and this complex is trans-presented to 

nearby T lymphocytes or NK cells bearing CD122/CD132 subunit receptors. This trans-

presentation is believed to avoid aberrant immune stimulation of uncontrolled IL-15 

exposure (Dubois et al., 2002; Kobayashi et al., 2005). The primary role of the alpha 

subunits CD215 and CD25 (for IL-2) is to confer high affinity binding to their cognate 

cytokines. Importantly, despite the fact that CD215 has a 1000-fold higher affinity for IL-

15 (Ka greater or equal to 1011 M−1) than CD25 for IL-2 (Ka ∼108 M−1) in the absence of the 

other subunits (Wang et al., 2005), both cytokines are able to signal through complex 

CD122/CD132 in the absence of their alpha sub-units (Anderson et al., 1995). In fact, IL-15 

displays an intermediate affinity (Ka ∼109 M−1) towards the CD122/CD132 complex (Giri et 

al., 1994). Interestingly, CD215 has an expression pattern very similar to that of IL-15, 

suggesting that both of them may bind internally before being sent to the cell surface (Giri 

et al., 1995; Rückert et al., 2003). 

IL-15 trans-presentation/binding into CD122/CD132 complex on T lymphocytes leads to 

their oligomerization in order to cross-phosphorylate and activate JAK1/JAK3, which in 

turn activates STAT3/STAT5 (Johnston et al., 1995) transcription factors allowing them to 

form homo- and/or heterodimers that will translocate to the nucleus to activate gene 

expression (Leonard, 2001a). Additionally, this signaling pathway allows the activation of 

Lck kinase and Shc, which activates the PI3K/Akt and Ras/Raf/MAPK signaling cascades. 

These pathways enable the subsequent expression of bcl-2, c-myc and c-fos/jun genes 

and NF-B activation (Bianchi et al., 2006; Gu et al., 2000; Miyazaki et al., 1995; Zhu et al., 

1994). 

Overall, in vivo studies have reported evidence demonstrating that trans-presentation is 

the main mechanism that mediates IL-15 functions being used potentially by several cell 

types. However, some target cells for IL-15 can express all three receptor subunits, such 
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as memory CD8+ T cells, raising the possibility that these cells can use a heterotrimeric 

receptor complex (Berard et al., 2003). Nevertheless, as mentioned before, CD215 

coupled with IL-15 facilitates binding to the receptor complex, thus enabling a faster IL-15 

activation signaling pathway in the target cell and enhancing CD8+ T cell sensitivity to low 

concentrations of IL-15 (Dubois et al., 2002). Additionally, some studies have reported 

that IL-15/CD215 complexes are recycled through endosomal vesicles for many days 

(endosomal recycling), resulting in the persistence of membrane-bound IL-15 that is 

necessary for the long-term survival of CD8+ T cells in the absence of IL-15 (Schluns et al., 

2005). Correspondingly, it is possible that CD8+ T cells that express CD215 could trans-

present IL-15 to their adjacent cells in vitro (Budagian et al., 2006).   

1.2.1.2.3.2. Functions 

IL-15 plays key roles in both innate and adaptive immunity. As a pleiotropic cytokine, it 

exerts a broad spectrum of activity mostly in innate immune cells (Table 1.3).  

Cell type IL-15 functional effects 

B lymphocytes 
Protection from apoptosis, induction of proliferation and 

differentiation, and Ig production. 

Mast cells Inhibition of apoptosis, support of proliferation, IL-4 secretion. 

Neutrophils 
Protection from apoptosis, activation of phagocytosis, production 

of IL-8 and IL-1R antagonist, activation of anti-microbial functions. 

Eosinophils Protection from apoptosis, stimulation of GM-SCF production. 

Monocytes/macrophages 

Increases phagocytosis and bacterial clearance, induction of IL-8, 

IL-12, MCP-1, and superoxide production. Stimulation of IL-6, IL-8, 

TNFα secretion and migration via reverse signaling. 

Dendritic cells 
Protection from apoptosis. Increases expression of CD86, CD40 and 

MHC II, IFN release and enhances the ability to stimulate T cells. 

NK, NKT cells Increases proliferation, activation and survival. 

Table 1.3:  Functional effects of IL-15 on immune cells (besides T cells). (Adapted from 
Budagian et al., 2006). 
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In the context of adaptive immune cells, IL-15 is involved in the maintenance and survival 

of memory CD8+ T cells that will be discussed later. Its importance was revealed by using 

IL-15Rα-/- and IL-15-/- mice. In fact, both mouse models displayed a decreased total 

number of CD8+ T cells, deficiency in memory CD8+ T cells, as well as NK cells, NKT cells 

and some types of intestinal intraepithelial lymphocytes (IELs), hence reflecting the 

importance of IL-15 for expansion and/or survival of these cells (Table 1.2) (M. K. Kennedy 

et al., 2000; Lodolce et al., 1998). 

IL-15 is able to stimulate the proliferation and turnover of memory phenotype CD8+ T 

cells displaying a CD44hi phenotype. Although, at low concentrations, IL-15 is also capable 

of affecting the life span of both CD44lo naive and CD44hi memory CD8+ T cells, promoting 

their survival by up-regulating Bcl-2 in both phenotypes and Bcl-XL in the memory subset 

(Berard et al., 2003). These effects were possible even in the absence of CD215 but not 

CD122/CD132 receptor complex (Berard et al., 2003).  

1.2.1.2.4. Interleukin 21 

1.2.1.2.4.1. Structure and expression 

IL-21, a potent immunomodulatory cytokine, is the most recently discovered member of 

the c cytokine family (Ozaki et al., 2000; Parrish-Novak et al., 2000). The IL-21 gene is 

located on human chromosome 4q26-q27, near the IL-2 gene, producing a mature 

cytokine consisting of 131 amino acids similar to IL-15. Its receptor, the IL-21R (CD360) 

gene, is located downstream of IL-4Rα on chromosome 16 generating a sequence similar 

to that of CD122 (Parrish-Novak et al., 2000).  

IL-21 is induced by TCR stimulation as well as by co-stimulation and cytokines such as IL-

1, IL-6, and IL-27 and by IL-21 itself. This induction is regulated by the transcription 

factors c-Maf and IRF1 (Bauquet et al., 2009; Pot et al., 2009; Végran et al., 2014). IL-21 

binds to IL-21R and CD132 to form a heterodimeric complex that enables the signaling via 

JAK1/JAK3 and STAT1/STAT3 (Asao et al., 2001). IL-21 signaling pathway activates 
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primarily STAT3, then STAT1 and briefly STAT5 as well as STAT4 (Strengell et al., 2003). In 

addition, IL-21 also activates other pathways, such as the PI3K-AKT and MAPK, to induce 

cell proliferation (Asao et al., 2001; Zeng et al., 2007). IL-21 promotes the transcription of 

several genes including cyclin A/B/E, granzyme A/B, IFN, CXCR3, CXCR6, Bcl-3, JAK3, IL-21 

and IL-21R (Caprioli et al., 2008; Frederiksen et al., 2008; Zeng et al., 2005). This 

transcriptional program indicates that IL-21 is involved in cell cycle progression, cellular 

activation, trafficking, cell survival and upregulation of its own expression. Additionally, IL-

21 can also indirectly induce the expression of other genes, such as IL-22, by enabling 

histone acetylation of the Il22 promoter (Yeste et al., 2014). Moreover, several studies 

have reported that IL-21 influences the expression of other transcription factors, including 

Bcl-6, Blimp-1, Eomes, TCF-1 and lymphoid enhancer-binding factor-1 (LEF-1) (Linterman 

et al., 2010; Tian and Zajac, 2016). These transcriptions factors are implicated in T cell fate 

programming and lineage fitness. Interestingly, a recent study showed that IL-21 supports 

expansion and effector functions of CD8+ T cells during chronic viral infection via the 

transcription factor basic leucine transcription factor ATF-like (BATF) activated by STAT3 

(Xin et al., 2015). 

IL-21 is selectively expressed in lymphoid tissues, mainly produced by activated CD4+ T 

cells and NKT cells, while its receptor IL-21R is widely expressed by myeloid and lymphoid 

cell lineages, such as B cells, T cells, NK cells, NKT cells, DCs, macrophages, keratinocytes, 

and intestinal fibroblasts, highlighting a varied range of actions (Caprioli et al., 2008; 

Coquet et al., 2007; Monteleone et al., 2006; Parrish-Novak et al., 2000; Spolski and 

Leonard, 2008). In T cells, IL-21R begins being expressed early during thymocyte 

development when cells are CD4 and CD8 double positive. After their maturation, all 

lymphocytes express low levels of IL-21R, which is upregulated after TCR activation (Jin et 

al., 2004). IL-21R deficient mice display a normal lymphoid development but after 

immunization, these mice have impaired immunoglobulin production (Ozaki et al., 2002) 

(Table 1.2). 
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1.2.1.2.4.2. Biological functions 

Like IL-15, IL-21 has pleiotropic effects on both innate and adaptive immune responses. 

The effects of IL-21 are usually context dependent on the type of co-stimulation that 

determines the cellular response. For example, IL-21 acts positively on lymphoid cells such 

as CTLs, NKT and NK cells promoting their cytotoxicity and promoting B cell differentiation 

to plasma cells (Coquet et al., 2007; Parrish-Novak et al., 2000). In contrast, IL-21 induces 

apoptosis in B cells and NK cells and diminishes antigen-presentation function of DCs 

(Brandt et al., 2003; Jin et al., 2004; Kasaian et al., 2002). This cytokine is essential for the 

development of Th17 cells, which are important producers of IL-21 (Silver and Hunter, 

2008). In fact, IL-21 modulatory capacity on T cell differentiation depends on the type of 

infection, inflammation, differentiation state of target cells, as well as on other cytokines 

or costimulatory signals (Table 1.4).  

Cell type IL-21 functional effects 

B cells 

Enhances BCR/CD40 stimulated proliferation, but induces apoptosis in the 

absence of costimulation, plasma differentiation via Blimp-1 induction; promotes 

immunoglobulin class switching, differentiation of germinal center B cells into 

memory B cells via Bcl-6, apoptosis when TLR stimulation. 

CD4+ T cells 

Main producers of IL-21 when activated, increased resistance to Treg suppression, 

increase their proliferation in the presence of costimulatory signal. Regulate 

differentiation and function of Th1, Th2. 

Tfh: express high levels of IL-21 required for their development and 

differentiation, cognate help to B cells and GC formation. 

Th9, Tfr and IL-22-producing cells: accentuate their differentiation. 

Th17: increase their differentiation by autocrine expansion, proliferation. Induces 

IL-23R. 

Treg: decrease their differentiation, generation and survival. 

NKT cells 
Produce IL-21, induce proliferation and survival, increase granularity, granzyme B 

expression and cytokine production. 

NK cells Promote differentiation and maturation, cytotoxicity, IFN and perforin 
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Table 1.4: IL-21 effects on immune cells (besides CD8+ T cells). Tfh (follicular helper T 
cells); GC (germinal center); Tfr (follicular regulatory T cells); Th9 (T helper type 9 
producing IL-9 and IL-21); Th17 (helper T cells producing IL-17); Treg (regulatory CD4+ T 
cells) (Sondergaard and Skak, 2009; Tian and Zajac, 2016).   

CD8+ T cells are one of the primary responders to IL-21, which modulates their 

proliferation, differentiation, function, and survival (Figure 1.4). IL-21 is crucial during 

chronic infections and as well as under specific conditions. IL-21 does not induce 

proliferation of naive CD8+ T cells but after their activation, CTLs upregulate IL-21R to 

respond to IL-21 stimulation. However, in concert with other cytokines such as IL-15 or IL-

7, naive CD8+ T cells undergo antigen-independent proliferation, which will be discussed 

later (Alves et al., 2005; Gagnon et al., 2008; Zeng et al., 2005).  

 

Figure 1.4: Modulation of CD8+ T cell responses by IL-21. IL-21 promotes the generation 
of memory precursor cells (MPCs) along with IL-10, terminal effector T cells (TECs), and 
central memory T cells (TCM), effector memory T cells (TEM), and resident memory T cells 

expression. Decrease proliferation and viability in concert with IL-2 or IL-15. 

DCs 
Promote antigen uptake and induce apoptosis, decrease antigen presentation and 

maturation. 

Macrophages Induce production of CXCL8/IL-8, promote their activation and phagocytosis. 
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(TRM). Importantly, IL-21 is crucial to counteract exhausted T (TEX) cells during chronic viral 
infections. (Adapted from Tian and Zajac, 2016).  

IL-21 produced by CD4+ T cells is essential for the long-term maintenance and 

functionality of CD8+ T cells to effectively control viral infection (Elsaesser et al., 2009; 

Fröhlich et al., 2009; Yi et al., 2009). Moreover, IL-21 is necessary for the generation of 

effector CD8+ T cells (TEFF) KLRG1+ cells during acute infection (Moretto and Khan, 2016), 

as well as for the generation of optimal recall responses by memory CD8+ T cells (TMEM)   

(Barker et al., 2010). Notably, CD8+ T cells generated under IL-21 deficient conditions 

during infection express increased levels of TNF-related apoptosis-inducing ligand (TRAIL) 

contributing to their contraction via AICD and poor ability to accumulate upon rechallenge 

(Barker et al., 2010; Janssen et al., 2005). In fact, IL-21 is crucial for the acquisition of poly-

functionality traits, such as IL-2 production by both TEFF and TMEM cells and for their 

survival as well as for the generation of long-lived memory cells (Yi et al., 2010). The 

intrinsic IL-21-survival mechanism is modulated by the activation of the STAT1 and STAT3 

pathways that promote the upregulation of Bcl-2 and Bcl-xL (Novy et al., 2011). In 

addition, IL-21 acts along with IL-10 to promote the maturation of CD127hi KLRG1lo 

memory CD8+ T cells via STAT3. Certainly, in the absence of either IL-10 and IL-21 or 

STAT3, virus-specific CD8+ T cells maintain a terminal effector differentiation state and fail 

to mature into protective memory T cells such as central memory T cells (TCM) (Cui et al., 

2011). 

During viral infection, IL-21 supports cytotoxicity of CD8+ T cells by promoting 

degranulation and production of perforin (Chevalier et al., 2010; White et al., 2007). 

Interestingly, IL-21 is crucial to prevent CD8+ T cell exhaustion during chronic infection or 

tumor growth. Indeed, T cells submitted to sustained antigenic activation undergo 

progressive functional deterioration and increase the expression of several inhibitory 

receptors that can eventually result in the removal of the T cell population (Kahan et al., 

2015; Zajac et al., 1998). Many studies have reported that IL-21 is essential for CD8+ T 

cells to avoid deletion, maintain immunity and resolve persistent infection while limiting 

exhaustion during chronic infections (Elsaesser et al., 2009; Fröhlich et al., 2009; Yi et al., 
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2009). Indeed, exhausted CD8+ T cells have the particularity to downregulate CD122 and 

CD127, which impair them to respond to either IL-15 or IL-7 but not to IL-21 (Tian and 

Zajac, 2016).  

CD8+ T cells are also able to produce IL-21 under excessive chronic immune activation 

such as autoimmune diseases and HIV infection (Williams et al., 2014). Moreover, IL-21 

supports CD8+ T cell functionality by inducing the transcription factor BATF that is 

activated by STAT3. BATF cooperates with IRF4 to induce Blimp1 and upregulate both 

effector functions of CD8+ T cells, thus exacerbating the exhaustion state at the same 

time through upregulating inhibitory molecules such as PD-1 and 2B4 (Rutishauser et al., 

2009; Shin et al., 2009; Xin et al., 2015). Therefore, IL-21 shapes the quantity and 

functional quality of antiviral CD8+ T cells responses. 

In addition to BATF, IL-21 can modulate the expression of other transcription factors, 

including T-bet, Eomes, Bcl6, and Blimp1. In fact, IL-21 confers an opposite differentiation 

program in comparison to IL-2. After TCR stimulation, IL-2 induces maturation of naive 

CD8+ T cells into granzyme B+ CD44hi TEFF, while IL-21 represses the expression of CD25 

and inhibits the acquisition of the cytolytic phenotype induced by IL-2. Hence, IL-21 

rescues the loss of expression of CD62L after TCR activation (Hinrichs et al., 2008). T-bet is 

also induced by IL-21 via STAT1 activation. T-bet is crucial for the acquisition of cytolytic 

capacities of TEFF cells, such as perforin and granzyme B production (Sutherland et al., 

2013). Conversely, IFN production is inhibited by IL-21 stimulation via Eomes repression 

(Suto et al., 2006), while Blimp-1 expression is induced via STAT3/IRF4 transcription 

factors (Kwon et al., 2009). Bcl-6 is induced by IL-6 as well as by IL-21 on TFH (Nurieva et 

al., 2009). In addition, IL-21 induces TCF-1 and LEF-1 transcription factors that upregulate 

Eomes in CD8+ T cells that contribute to the T-cell memory formation (Hinrichs et al., 

2008; Zhou and Xue, 2012). 

Interestingly, IL-21 also activates the PI3K-AKT and MAPK signaling pathways that 

participate in CD8+ T cell proliferation. The PI3K-AKT pathway enables the activation of 

mTOR, which modulates T cell metabolism and differentiation (Zeng et al., 2007). Thus, IL-
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21 signaling shapes T cell outcomes that rely on the abundance of several transcription 

factors and other signaling pathways that will finally dictate the functional program of T 

cells.  

1.2.1.3. Activation of CD8+ T cells 

CTL responses to primary acute infection can be divided into four phases that include 

expansion, contraction, memory maintenance, and recall response (Butz and Bevan, 1998; 

Callan et al., 1998; Doherty, 1998; Murali-Krishna et al., 1998). During infection, most 

antigen presentation takes place during the first 2-3 days post-infection (priming). When 

naive CD8+ T cells are aroused by activation of their TCR, they proliferate vigorously to 

expand and become potent antigen-specific killers that accomplish their effector 

functions by entering the infected tissue to eliminate their targets by direct killing of the 

infected cells and secreting effector cytokines (Zhang and Bevan, 2011). Activated CTLs 

(antigen recognition and priming) expand extensively (expansion phase), undergoing up 

to 15 divisions in order to produce more than 104 progeny within 7 days of infection and 

they can even divide every 4-8 hours during the process of clonal expansion (Arens and 

Schoenberger, 2010). This expansion leads to a large population of effector cells, most of 

which will eventually die (90-95%) during the contraction phase of the response (Butz and 

Bevan, 1998; Callan et al., 1998; Doherty, 1998; Murali-Krishna et al., 1998). Some 

progeny of this wave of expansion yields memory CD8+ T cells that persist to confer 

protection in case of reappearance of the pathogen (recall), whether it is a chronic 

infection or new infection. The recall response is even stronger, more sensitive to low 

doses of antigen and faster than the primary response was towards the same pathogen 

(Harty and Badovinac, 2008; Kaech and Wherry, 2007; Williams and Bevan, 2007) (Figure 

1.5).    
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Figure 1.5: Antigen-specific expansion of CD8+ T cells during an acute immune response. 
See text for more details. Inspired from Harty and Badovinac, 2008; Kaech and Wherry, 
2007; Williams and Bevan, 2007. 
 

Interestingly, before infection, the frequency of a specific naive CD8+ T cell for any 

particular antigen is about 1 in 100,000. However, after the contraction phase occurs, 

antigen-specific CTL frequency is about >1000 in 100,000 (Blattman et al., 2002). TMEM 

cells have unique properties that enable them to rapidly acquire an effector function and 

migrate to peripheral sites of infection (Kaech et al., 2002). 

1.2.1.3.1. The three signals model 

In order to become full and properly activated, naive CD8+ T cells require three different 

signals. Signal #1 is delivered by TCR/MHC interactions; signal #2 is delivered by 

costimulatory proteins expressed on the cell surface of activated DCs and CD8+ T cells; 

and signal #3 is mediated by the cytokines released by innate immune cells during the 

infection (Curtsinger et al., 1999). DCs are the central players of T-cell priming through 
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antigen presentation and co-stimulation during primary and secondary CD8+ T cell 

responses (Jung et al., 2002). In LNs, DCs can form stable and long-term associations with 

naive CD8+ T cells by presenting a specific antigen via MHC-I molecules to the specific TCR 

on a CD8+ T cell. After 8h of contact with the DC, CD8+ T cells upregulate activation 

markers, such as CD25, CD44, and CD69, and begin to secrete IL-2 and IFN, by 12h. After 

activation, CTLs downregulate CD62L and CD127 surface markers and by 48h T cells 

proliferate robustly and exit the LN to migrate to the site of infection (Mempel et al., 

2004). 

When signal #1 is delivered without proper co-stimulation (via CD28) or in excess of 

coinhibition signaling (by CTLA-4 or PD1), CD8+ T cells become tolerant or anergic. T cell 

anergy is a hyporesponsive state in which a T cell becomes inactivated after antigen 

encounter, and not functional, but alive for an extended period. However, IL-2 

stimulation, among others, or arrest of the persistent antigen can reverse this state 

(Schwartz, 2003). 

Signal #2 consists of the costimulatory pathway resulting from the interactions of CD28 

with its ligand B7. B7 molecules belong to a family of costimulatory and coinhibitory 

molecules with a restricted expression pattern, being expressed on professional APCs and 

hematopoietic cells and rarely on stromal cells and non-haematopoietic cancer cells 

(Chen, 2004).  The most important members for T cells are B7.1 (CD80) and B7.2 (CD86). 

Both CD80 and CD86 can bind CD28 receptor on naive T lymphocytes to promote their 

expansion, survival and IL-2 production (Lenschow et al., 1996; Sharpe and Freeman, 

2002). There are also other costimulatory molecules such as CD40 (Andreasen et al., 

2000) and 4-1BB (Tan et al., 2000), which can provide costimulatory signals in different 

contexts of viral infection.   

Several studies have reported that development of optimal CTL responses require a third 

signal derived from IL-12 or type I IFN, produced in response to TLR activation. IL-12 is 

produced by professional APCs during the early phases of infection to induce proliferation 

of CTL during the primary response (Curtsinger et al., 1999). IL-12 promotes the 
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acquisition of cytotoxic capacities by inducing the expression of granzyme B as well as 

IFN production by CTLs (Curtsinger et al., 2005). However, in some specific acute 

infections, IL-12 does not seem to be essential for the full development of CTLs. Indeed, 

type I IFNs can also induce substantial CTL responses (Cousens et al., 1999). In addition, 

CTLs acquire more effector CTL functions under IL-12 stimulation, whereas stimulation 

with type I IFNs induces more memory-like functions (Williams and Bevan, 2007). In fact, 

type I IFN can promote survival of CTLs (Marrack et al., 1999). 

Another cytokine required for CTL development is IL-2. IL-2 is produced, as mentioned 

before, early during CTL activation to promote autocrine T cell proliferation. During the 

processes of infection and inflammation, CTLs also produce effector proteins such as IFN, 

the pore-forming protein perforin and serine estereases denoted as granzymes that will 

allow them to effectively kill their target cells (Cruz-Guilloty et al., 2009; Harty et al., 

2000). 

Once antigen is cleared, CTLs undergo apoptosis. The contraction phase is regulated by 

signals from proapoptotic Bcl-2 family members such as Bim, which is a key player for the 

rapid loss of CTLs (Pellegrini et al., 2003). 

1.2.1.4. Memory CD8+ T cells 

TMEM cells mediate effective protection during secondary responses against infection. CTLs 

can be programmed early during infection to become memory CTL. They are 

heterogeneous and can be subdivided depending on the expression of certain surface 

markers. There are two types of TMEM cells: naturally occurring memory-phenotype CD8+ 

T cells and antigen-specific memory CD8+ T cells. TMEM cells rely on cytokine-driven 

proliferation dependent on IL-15 for homeostasis. In fact, TMEM transferred to IL-15 

deficient animals cannot survive (Williams and Bevan, 2007). 

In contrast to naive CD8+ T cells, TMEM are MHC-independent, but strongly dependent on 

IL-7 and IL-15 signaling for survival and homeostatic proliferation (Surh and Sprent, 2008). 

In fact, TMEM cells display increased expression of CD122 and CD132 receptor chains  
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(Zhang et al., 1998). CD122 is regulated by two transcription factors, T-bet and Eomes, 

which are upregulated after TCR activation on naive CD8+ T cells to make them become 

TEFF cells (Intlekofer et al., 2005). However, these two transcription factors promote the 

acquisition of the effector program and the long-term renewal of TMEM cells as shown by 

the absence of TMEM cells in a model of dysfunctional T-bet/Eomes transcription factors 

(Intlekofer et al., 2005). 

Another characteristic of TMEM cells is the high expression of CD127. Indeed, high amounts 

of IL-7 can support the survival of TMEM cells in the absence of IL-15 (Kieper et al., 2002). 

Remarkably, survival dependent on IL-7 is more important for antigen-specific memory 

CD8+ T cells than for naturally occurring memory-phenotype CD8+ T cells. IL-7 dependent 

survival is mediated by STAT5 which induce the expression of Bcl-2 (Carrio et al., 2007). 

On one hand, studies on in vivo models indicate that this phenomenon is potentially 

related to the time of exposure to pro-inflammatory cytokines. This time is prolonged 

when infectious agents are at the origin of the immune response, in comparison to the 

delivery of antigens by injection (Surh and Sprent, 2008). On the other hand, naturally 

occurring memory-phenotype CD8+ T cells exist in even germ-free and antigen-free 

mouse models, indicating that immune responses emerge in reaction to environmental 

antigens while other cells in this subset are the progeny of cells undergoing homeostatic 

proliferation to self-antigen-MHC complexes (Pereira et al., 1986; Vos et al., 1992). The 

nature and interval of stimulation with self-antigens in this context, however, are not 

known but are presumably weak and generate IL-15 dependent TMEM cells. Thus, cell 

viability and homeostasis of antigen-specific memory CD8+ T cells are controlled by both 

IL-7 and IL-15, whereas basal homeostatic proliferation of naturally occurring memory-

phenotype CD8+ T cells is regulated mostly by IL-15 (Surh and Sprent, 2008). 

Upon IL-15 signaling, TMEM cells upregulate a TNF superfamily receptor-ligand denoted as 

4-1BB (CD137) contributing to their homeostasis and promoting antigen-independent CD8 

memory T cell survival dependent on MAPK p38 and ERK activation (Pulle et al., 2006). 

Additionally, other TNF superfamily receptor-ligand pairs have been reported to 
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contribute to the formation of TMEM cells. Indeed, CD27/CD70, OX40 (CD134)/OX40L, 

along with 4-1BB/4-1BBL are needed collectively for TMEM generation and secondary 

expansion during recall responses, showing the importance of priming by professional 

APCs that express these ligands (Hendriks et al., 2005). 

Certainly, optimal differentiation and generation of TMEM cells seems to be dependent on 

help provided by CD4+ T cells during their priming. In fact, several studies have shown 

that TMEM cell clonal expansion and survival depend on the activity of CD4+ T cells (Janssen 

et al., 2003). This requirement seems to be necessary only for a second recall when TMEM 

cells re-encounter their cognate antigen (Janssen et al., 2003). However, others studies 

have reported that this CD4+ T cell help is necessary during the priming phase and not the 

recall phase in order to generate long-lived TMEM cells  (Shedlock and Shen, 2003; Sun and 

Bevan, 2003). Despite discordance in CD4+ T cell support for CD8+ T cell responses, in the 

absence of non-specific inflammatory signals by professional APCs, CD4+ T cell present 

the antigen to CD8+ T cells to mount a CTL response (Bevan, 2004). In contrast, when 

antigen itself is capable of inducing an important inflammatory signal, the primary CD8+ T 

cells are not dependent on CD4+ T cell help to recognize the antigen (Bevan, 2004). Some 

studies have reported that un-helped TMEM cells have a shortened lifespan and are 

characterized by the phenotype CD127lo CD122lo in comparison with helped TMEM cells 

(Hamilton et al., 2004; Sun et al., 2004). Thus, TMEM cell generation needs conditional help 

of CD4+ T cells depending on the inflammation context, albeit it is still a debated topic. 

Interestingly, TMEM cells can display different phenotypes and are categorized into several 

subtypes. On one hand, naturally occurring memory-phenotype CD8+ T cells form quite a 

homogenous population but approximately 30% of these cells have the capability to 

occasionally enter cell division with a rapid rate of turnover accompanied by a semi-

activated phenotype (CD62Llo CD69hi CD127lo CD122lo)  (Boyman et al., 2006b). The 

CD122lo TMEM
 cell subset are MHC-I-dependent for survival, but IL-15 independent, and 

they are similar to memory-like CD8+ T cells found in chronic viral infection diseases as 

they seem to be dependent on TCR signaling instead of cytokines in order to persist (Shin 
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et al., 2007). On the other hand, antigen-specific memory CD8+ T cells are divided 

depending on their migratory capacity and surface markers. Some TMEM cells are 

designated as TCM cells because they are CCR7+ CD62Lhi and can, therefore, circulate 

through the secondary lymphoid tissues for surveillance and renewal (Sallusto et al., 

2010). However, TCM lack immediate effector functions. Conversely, TMEM CCR7- CD62Llo 

are known as effector memory (TEM) because they display immediate effector functions 

such as TNF and IFN production upon antigen re-encounter and are found in peripheral 

tissues and spleen. It is important to note that CCR7 expression alone does not 

differentiate TCM from TEM because CCR7+ or CCR7- TMEM cells show similar cytotoxic 

effector functions (Unsoeld et al., 2002). Both, TCM and TEM express similar levels of CD122 

but TCM cells have a faster rate of homeostatic as well as antigen-driven proliferation; they 

can persist longer and confer superior protective immunity due to their increased 

proliferative potential in vivo. Notwithstanding, after infection TEM can become TCM 

depending on the inflammatory/survival signals (Badovinac and Harty, 2003; Wherry et 

al., 2003). Except for the expression of CD44hi and CD122hi, naive and TCM cells exhibit a 

similar expression of homing markers. At present, there are no unequivocal markers that 

can distinguish the subsets of TMEM cells, whereas there is a consensus that these cells 

express Bcl2, CD127, and CD27 (Kaech et al., 2003). 

Recently, another subset of TEM cells has been characterized because of their ability to 

remain in tissues after infection without recirculating through the blood (Masopust et al., 

2001). These TEM cells are denoted as tissue-resident memory T cells (TRM) and are 

characterized by the lack of CD62L and CCR7 expression but are CD103+ (αE integrin) 

CD69+. However, there is still phenotypic heterogeneity within the TRM cells subset. TRM 

allow immune protection in many regions of the body, for instance, they have been 

reported in the brain, lungs, liver, reproductive tract, LN, thymus, intestines and skin 

(Mueller and Mackay, 2016). They do not have the capability to recirculate through the 

lymphoid tissues but can survive for a long time due to their proliferative capacities 

(Gebhardt et al., 2009). In addition, TRM can establish direct effector functions and are 

known as the main orchestrators in immune defense of tissue infection. 
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1.2.1.5. Cytokine priming of naive CD8+ T cells 

The T-cell compartment has a remarkable capacity of sustaining equilibrium in the 

number of T cells within naive and memory cell populations, although some variations 

occur with age (Jameson, 2002). Under lymphopenic conditions, CD8+ T cells undergo 

proliferation in an antigen-independent fashion in the presence of homeostatic cytokines 

such as IL-7 and IL-15 (Berard et al., 2003; Takada and Jameson, 2009).  

Homeostatic expansion or homeostatic proliferation is more robust for memory CD8+ T 

cells because of their increased sensitivity to IL-15 signaling as well as the fact that they 

can also proliferate in the presence of high concentrations of IL-7, independent of MHC-I 

interactions (see 1.2.1.2.2. IL-7; 1.2.1.2.3. IL-15). In addition, this proliferation occurs 

independently of costimulatory signals, in contrast to their naive counterparts, which are 

dependent on MHC-I interactions, costimulation and IL-7 signaling (Prlic et al., 2001). 

1.2.1.5.1. Synergistic effects of IL-15 and IL-21 on CD8+ T cells 

Several studies have reported that naive CD8+ T cells are able to undergo antigen-

independent proliferation following synergistic stimulation with IL-7 or, IL-15 and IL-21 

(Zeng et al., 2005, JEM; Gagnon et al., 2007; Gagnon et al., 2008; Ramanathan et al., 

2011). The synergistic effects of these cytokines might rely on the STAT signaling pathway. 

IL-7 and IL-15 signaling activates STAT5 proteins, while IL-21 mainly promotes STAT3, and 

to a lesser extent, STAT1. Indeed, IL-6, which signals through STAT3, also acts in synergy 

with IL-7 or IL-15 in order to induce TCR-independent proliferation and functional 

differentiation of CD8+ T cells. Importantly, combinations of IL-6 or IL-21 with IL-7 or IL-15 

can decrease the TCR signaling threshold needed to activate CD8+ T cells with their 

cognate peptide, hence increasing their proliferation and cytolytic activity.  

The cytokine-induced activation of naive CD8+ T cells also induces a phenotypic program, 

which is different from that of naive CD8+ T cells with only TCR activation (Gagnon et al., 

2008). IL-15+IL-21 cytokine stimulation modestly increases the expression of CD25, CD62L 
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and CD69 as well as CD8 and TCR, but not CD127. Additionally, synergic cytokine 

stimulation also promotes TCR expression as well as CD62L (Gagnon et al., 2008). 

Interestingly, IL-7 or IL-15 alone was able to increase the expression of almost all surface 

markers, while IL-6 or IL-21 seem to be important for the induction of robust proliferation 

(Gagnon et al., 2008). Therefore, cytokine priming may be involved in the programming of 

naive T cells even prior to TCR activation by their cognate peptide, thus helping them to 

produce rapid and efficient responses towards infection. This may facilitate the transition 

between innate and adaptive immune responses via pro-inflammatory cytokines but also, 

chemokines, among other molecules (Hoebe et al., 2004; Luster, 2002).   

Synergistic cytokine stimulation also decreases CD5 expression, increasing TCR sensitivity 

towards low concentrations of cognate peptides (Gagnon et al., 2010).  During the 

development of T cells, TCR- self-peptide/MHC complex contacts regulate the expression 

of CD5, a negative regulator of TCR signaling, on T cells. CD5 expression is modulated by 

TCR affinity. Indeed, reduced expression of CD5 is predictive of elevated Ca2+ responses to 

subsequent TCR activation. Thus, T cells with a low expression of CD5 will generate robust 

responses after TCR engagement. On the other hand, T cells expressing high levels of CD5 

have enhanced homeostatic proliferation, presumably to prevent them from being 

activated by self-peptides (Kieper et al., 2004; Smith et al., 2001). 

1.2.1.6. Inhibition of cytokine signaling pathways by intracellular proteins on T 

lymphocytes 

All immune responses need to be controlled by regulatory mechanisms in order to 

balance the benefits over the detrimental effects on healthy tissue. Cytokines, such as 

interleukins, IFNs and haematopoietic growth factors, are all able to activate the JAK/STAT 

signaling pathway. One of the key negative regulators of this signaling pathway is a family 

of intracellular proteins denoted as Suppressor of cytokine signalling (SOCS) proteins and 

Cytokine-inducible Src homology 2–containing protein (CISs) (Endo et al., 1997; Naka et 

al., 1997). The CIS–SOCS family includes eight members (CIS and SOCS1–SOCS7) that 
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participate in different biological processes. SOCS proteins inhibit or attenuate signal 

transduction by binding to key phosphotyrosine residues in JAKs or cytokine receptor 

domains in order to target them for degradation by the proteasome (Hilton et al., 1997; 

Kajita et al., 1997; Kile et al., 2002; Nicholson et al., 2000; Yoshimura et al., 1995). 

The main cytokine signaling regulators on T cells are SOCS1 and SOCS3. Both of them 

participate in the modulation of immune responses during infection and are important 

regulators of immune homeostasis.   

1.2.1.6.1 Suppressor of cytokine signaling 1 (SOCS1) and CD8+ T cells 

SOCS1 function has been elucidated by using knockout (KO) models. SOCS1 knockout mice 

die early during the neonatal period because they develop multi-organ inflammation, 

aberrant hematopoiesis and severe hepatotoxicity, therefore corroborating its essential 

roles for the regulation of several cell types, as well as for normal postnatal growth and 

survival (Marine et al., 1999; Naka et al., 1998; Starr et al., 1998). Most of these disorders 

are mainly caused by excessive responses to IFN signalling, as reported by many studies, 

demonstrating that the use of IFN neutralizing antibodies or IFN deficiency can rescue 

the lethal phenotype (Alexander et al., 1999; Brysha et al., 2001).  

SOCS1 inhibits both type I and type II interferon signaling, indicating that this negative 

regulator is essential for host defence against viral infection. When a viral infection 

occurs, in the context of IFN signaling, SOCS1 induced upon IFN stimulation binds and 

inhibits the IFN receptor-associated JAK2, abrogating STAT1 activation and downstream 

signaling (Qing, 2004). Even though mice lacking both SOCS1 and IFN, show improved 

survival, they develop chronic inflammation in several organs, such as the skin, kidneys, 

lung, heart, and gut (Cornish et al., 2003; Metcalf et al., 2002). Moreover, the Socs1-/- Ifng-

/- mice have a dysregulated immune system. They develop a lymphoproliferative disorder 

characterized by a reduced CD4/CD8 T cell ratio, as well as inflammatory conditions such 

as gut infiltration, and skin ulceration, highlighting other immunoregulatory roles for 

SOCS1 (Bullen et al., 2001). Specifically, thymic and peripheral T cells from SOCS1 deficient 
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mice are hypersensitive to c cytokines. The expression of SOCS-1 is promoted by IL-2, IL-

4, IL-7, IL-15 and IL-21. Thus, T cell hypersensitivity towards these cytokines could 

promote abnormal T cell function and pathology, which is observed in the absence of 

SOCS1 (Cornish et al., 2003; Gagnon et al., 2007; Ilangumaran et al., 2003; Ramanathan et 

al., 2006).  Additionally, CD8+ T cells from Socs1-/- Ifng-/- mice display a memory-like 

phenotype characterized by the expression of CD44hi CD122hi due to their hypersensibility 

to IL-15 signaling. Nevertheless, this selective hyper-responsiveness to IL-15 is only 

observed for CD8+ and not CD4+ T cells (Davey et al., 2005; Ramanathan et al., 2006). 

Furthermore, Socs1-/- Ifng-/- CD8+ T cells undergo increased bystander proliferation as well 

as robust homeostatic proliferation (Ilangumaran et al., 2003). Interestingly, this memory-

like phenotype has also been reported in CD8+ T cells lacking SOCS1 from transgenic 

mouse models with TCR specificity towards exogenous antigens (Cornish et al., 2003b; 

Ramanathan et al., 2010, 2006).   

2. Cancer 

From the dawn of history, many efforts have been undertaken to understand this chronic 

disease making cancer one of the most rapidly evolving areas of modern medicine. 

However, cancer is currently the most frequent cause of mortality in Canada (2013) and a 

leading cause of death worldwide, accounting for 13% of deaths. During the next 20 years, 

the World Health Organization expects a 70% increase in the number of new cases (World 

health organization, http://www.who.int/cancer/en/).  

Cancer originates from cells that acquire the ability to overcome key homeostatic 

mechanisms. By gaining new abilities, these neoplastic cells will be able to grow out of 

control and become transformed tumor cells. Tumorigenesis is a process that includes 

multiple different steps of genetic alterations that can allow the progressive 

transformation of normal cells into highly malignant derivatives (Hanahan and Weinberg, 

2000). Throughout the past 20 years, multiple studies have demonstrated that several 

endogenous and exogenous factors influence tumor growth in addition to the tumor 
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microenvironment, which contributes to tumor progression. Endogenous factors are 

acquired mostly through genome instability that contribute to tumor growth via 

sustaining cell proliferation, evading growth suppression, resisting cell death, enabling 

replicative immortality, as well as inducing angiogenesis, invasion and metastasis 

(Hanahan and Weinberg, 2000). However, during the last decade, inflammation has 

emerged as another key player in tumor development and progression (Karin, 2006). 

Growing tumors are also known to establish a tumor microenvironment (TME) that 

influences surrounding stromal cells, such as fibroblast and immune cells, in order to 

contribute to the acquisition of neoplastic traits. In 2011, Hanahan and Weinberg pointed 

out two new emerging hallmarks of tumorigenesis, namely reprogramming of energy 

metabolism and evading immune destruction (Hanahan and Weinberg, 2011). (Figure 1.6) 

 
 
Figure 1.6: The hallmarks of cancer. The biological capabilities acquired by neoplastic cells 
during tumorigenesis include enabling replicative immortality, sustaining proliferative 
signaling, resisting cell death, activating invasion and metastasis, inducing angiogenesis 
and evading growth suppressors. However, a main characteristic of cancer cells is their 
genome instability that enables them to mutate and thereby create genetic diversity. This 
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characteristic accelerates the acquisition of all the other hallmarks, promoting tumor-
inflammation, modifying or reprogramming cellular metabolism and avoiding immune 
recognition, thereby supporting tumor progression (Modified from Hanahan and 
Weinberg, 2011).  

2.1. Cancer and inflammation 

The immune system has the ability to recognize abnormal cells, such as cancer cells, and 

destroy them. There are many types of inflammation, differing in terms of cause, 

mechanism, outcome, and intensity, that can promote cancer development and 

progression (Grivennikov et al., 2010). Chronic inflammation caused by infections or 

autoimmune disease can promote tumor development, contributing to the acquisition of 

oncogenic mutations, genomic instability, early tumor promotion, and angiogenesis  

(Waldner and Neurath, 2009). In the same way, low-grade chronic inflammation resulting 

from environmental irritants exposure or obesity could trigger chronic inflammation, 

resulting in tumor development (Calle, 2007; Dostert et al., 2008). 

Tumor associated inflammation differs from others types of inflammation. Solid tumor 

development elicits intrinsic inflammatory responses into the surrounding tissue 

microenvironment leading to neo-angiogenesis, tumor progression and metastatic 

spread, local immunosuppression, as well as genomic instability (Mantovani et al., 2008; 

Del Prete et al., 2011). Besides inflammatory responses, tumor growth is also 

accompanied by necrotic cell death. This occurs when the out-of-control growth of a 

tumor outpaces its blood supply, leading to regions deprived of nutrients and oxygen. 

Necrotic cell death enables further release of pro-inflammatory mediators, such as IL-1 

and the high mobility group box 1 (HMGB1) protein, facilitating the recruitment of 

inflammatory cells, whose function is to maintain tissue homeostasis by controlling 

damage and removing necrotic debris (Vakkila and Lotze, 2004). Some tumors also 

produce molecules that will directly activate immune cells, such as macrophages, via their 

TLRs (Kim et al., 2009). Other tumors that are transcriptionally programmed by 

oncogenes, such as MYC and RAS family members, provoke TME remodeling through the 
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recruitment of immune cells, tumor promoting chemokines and cytokines, and 

angiogenesis (Soucek et al., 2007; Sparmann and Bar-Sagi, 2004).  

Cancer therapies often cause trauma, necrosis and tissue injury, once again leading to 

tumor-promoting inflammation (Ammirante et al., 2010). Nevertheless, cancer therapy 

can also stimulate antigen presentation, triggering anti-tumoral immunity for tumor 

eradication by the induction of immunogenic cell death (Zitvogel et al., 2008). Indeed, 

chemotherapeutic drugs can induce apoptosis of cancer cells enabling the release of 

inflammatory molecules such as IL-1, HMGB1, ATP, Type I interferons and annexin A1, 

among others (Galluzzi et al., 2016). 

2.2. The tumor microenvironment 

Established tumor cells carry oncogenic and tumor suppressor mutations that enable 

them to progress and establish themselves as a heterogeneous population. The genetic 

diversity of this heterogeneous population also contributes to the hallmarks of cancer 

growth (Cho and Clarke, 2008; Hanahan and Weinberg, 2011). In addition, tumors include 

complex networks of non-transformed cellular elements, such as stromal cells, neo-

vasculature and the associated or infiltrating immune cells. Hanahan and Coussens have 

grouped the main constituents of the TME into three general classes: angiogenic vascular 

cells (AVCs), cancer-associated fibroblastic cells (CAFs) and infiltrating immune cells (IICs) 

(Hanahan and Coussens, 2012). These different set of cells permanently communicate 

with neoplastic cancer cells, which mediate their recruitment, activation, programming 

and persistence in the TME.   

2.2.1. Infiltrating immune cells 

Most solid tumors are infiltrated by myeloid- and lymphoid lineage-derived immune cells 

that are differentially distributed within the TME. These IICs have dual roles since some 

will promote tumor growth while others will eliminate tumor cells (Table 1.5). Among the 

IICs found in the TME, myeloid cells include granulocytes (neutrophils, basophils, and 

eosinophils), DCs, tumor associated macrophages (TAMs), mast cells, immature myeloid 
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cells (iMCs), myeloid-derived suppressor cells (MDSCs), NK cells, T and B lymphocytes. 

Within the TME, the IICs communicate with tumor cells and among themselves by direct 

contact and/or by cytokine/chemokine production. The abundance as well as the 

activation state of IICs will dictate the balance between a tumor-promoting or tumor-

eradication outcome (Smyth et al., 2006). IICs participate in several key processes of 

tumor development, such as sustaining proliferative signaling, evading growth 

suppressors, resisting cell death, inducing angiogenesis, activating tumor cell invasion and 

metastasis, reprogramming energy metabolism and, most importantly, evading immune 

destruction (Hanahan and Coussens, 2012).  

Immune cell type Antitumor function Tumor-promoting function 
B cells Production of tumor specific 

antibodies 
Production of cytokines, activation of 
mast cells, immunosuppression 

CD4+ Th1 cells Help to CTLs in 
tumor rejection, production of 

IFN 

Production of cytokines 

CD4+ Th17 cells Activation of CTLs Production of cytokines 
CD4+ Th2 cells  Education of macrophages, 

production of cytokines, B cell 
activation 

CD4+ Treg cells Suppression of inflammation 
(cytokines and other 
suppressive 
mechanisms) 

Immunosuppression: sink for IL-2, IL-
7, IL-12, and IL-15 ; production of 

TGF, IL-10; impaired activation of 
CTLs 

CD8+ T cells Direct lysis of cancer cells, 
production of cytotoxic 
cytokines 

Production of cytokines? 

Macrophages, DCs, 
MDSCs 

Antigen presentation, 
production of IL-12 and type I 
IFN 

Immunosuppression, defective 
antigen presentation, production of 
cytokines, chemokines, proteases, 
growth factors, and angiogenic 
factors, lack of costimulation for T 
cells 

Mast cells  Production of cytokines 
Neutrophils Direct cytotoxicity, regulation 

of CTL responses 
Production of cytokines, proteases, 
and ROS 

NK cells Direct cytotoxicity toward 
cancer cells, production of 
cytotoxic cytokines 

 

NKT cells Direct cytotoxicity toward 
cancer cells, production of 
cytotoxic cytokines 
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Table 1.5: The main subsets of innate and adaptive immune cells in the TME. Roles of 
different subtypes of immune and inflammatory cells in antitumor immunity and tumor-
promoting inflammation (Adapted from Grivennikov et al., 2010).  

2.2.1.1. The main players of immunosurveillance mechanisms 

The generation of antitumoral responses is a multi-step process that is achieved by 

several immune cells, but the main mediators are effector T lymphocytes. In fact, the 

presence of tumor infiltrating lymphocytes (TILs) in different types of tumors, such as 

ovarian, colon, breast, renal, prostate, skin, pancreatic ductal adenocarcinoma, 

esophageal squamous cell carcinoma, and cervical cancers, correlates with a good 

prognosis (Sudo et al., 2017; Aebersold et al., 1991; Galon et al., 2006; Gooden et al., 

2011; Ma et al., 2012; Naito et al., 1998; Nelson, 2012; Piersma et al., 2007; Poschke et al., 

2016; Zhang et al., 2003). The antitumoral responses can be initiated spontaneously as a 

result of the growing tumor but also as a consequence of some cancer therapy 

treatments, such as chemotherapy, that can induce immunogenic cell death that 

stimulates the influx of immune cells into the tumor (Motz and Coukos, 2013; Zitvogel and 

Kroemer, 2009).   

2.2.1.1.1. NK and NKT cells 

NK cells are important innate immune cells with anti-neoplastic functions. In many human 

cancers, the presence of NK cells correlates with delayed tumor development, metastasis 

and tissue invasion (Oppenheim et al., 2005). NK cells are able to mount antitumoral 

responses against malignant cells that have downregulated MHC-I molecules (Terabe and 

Berzofsky, 2008). They can also be activated by NK activating receptors such as NKG2D, 

which is a natural mediator of immunosurveillance (Gumperz et al., 2000). When NK cells 

get activated, they mediate antitumoral responses through the release of granules 

containing perforin and granzymes to induce lysis of malignant cells without prior antigen 

recognition or clonal expansion (Hanna, 1982; Whiteside and Herberman, 1990).  
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NKT cells represent a unique small population of cells that are part of the innate and 

adaptive immune system (Berzofsky and Terabe, 2008; Smyth and Godfrey, 2000). They 

are able to recognize, via their TCR, lipid antigens by non-classical MHC molecules (Terabe 

and Berzofsky, 2008) and to produce IFN to activate NK, CD8+ T cells, and DCs (Crowe et 

al., 2005). NKT cells also contribute to immunosurveillance mechanisms against cancer. 

NKT and NK cell-mediated lysis of tumor cells promote cross-presentation of TAAs to 

CD8+ T cells by activated DCs (Crowe et al., 2005).  

2.2.1.1.2. T lymphocytes 

CD8+ T cells as well as CD4+ T helper cells specifically recognize TAAs from malignant cells. 

T helper cells provide support for CD8+ T cells to eliminate cancer cells. Indeed, following 

activation, CD4+ Th1 T cells secrete IL-2, IL-3, IFN, and TNFα/. Cytokine support from 

Th1 cells is crucial for CTL proliferation (Moser and Murphy, 2000). Th17 cells mount a 

protective inflammation in order to promote the activation of tumor-specific CD8+ T cells. 

In addition, Th17 cells trigger the recruitment of DCs by the promotion of CCL20/CCR6 

axis in the tumor to enhance TAA presentation by DCs (Martin-Orozco et al., 2009). 

Another subset of CD4+ T helper cells with antitumoral capacity are the Th9 cells. Recent 

studies have also demonstrated that Th9 cells produce IL-9 and IL-21 that enable the 

activation of DCs, mast cells, NK cells as well as CD8+ T cells in order to control tumor 

growth and support antitumoral responses. Th9 cells also promote the activation and 

recruitment of DCs by CCL20/CCR6 in a similar way as Th17 cells (Lu et al., 2012; Vegran et 

al., 2015).    

CD8+ T cells must recognize their cognate TAA-MHC-I complex on cancer cells in order to 

accomplish their effector functions. CTLs induce target cell death by two main 

mechanisms. One involves the ligation of death receptors via the death-activator-

designated Fas-L, and the other is mediated through the granule-exocytosis pathway 

(Lenardo, 1991; Van Parijs and Abbas, 1998). The contents of the granules move to the 

immunological synapse by exocytosis and are delivered into the target cell with the help 
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of perforins, which insert themselves into the plasma membrane to create pores. Delivery 

of granzymes, via these pores, induces activation of the death-inducing proteases, 

caspases, which induce apoptosis of tumor cells (Atkinson and Bleackley, 1995; Cullen and 

Martin, 2008; Fan and Zhang, 2005; Hishii et al., 1999). 

2.3. Cancer immunoediting 

An increasing body of research strongly suggests that the immune system can identify, 

control and eliminate nascent neoplastic cells in a process known as cancer 

immunosurveillance. Immune surveillance promotes the selection of poorly immunogenic 

cancer cells through a process known as cancer immunoediting (Vesely and Schreiber, 

2013). 

Cancer immunoediting occurs through three sequential phases: elimination, equilibrium, 

and escape (Figure 1.7). When normal cells can’t resolve cellular damage or 

dysfunctionality by intrinsic tumor suppressor mechanisms, some of them can transform 

into neoplastic cells that may be able to release ‘‘danger signals’’, such as type I IFN 

and/or DAMPs, such as HMGB1, which is known to be released from dying tumor cells 

(Sims et al., 2010). Some cells may also express stress ligands such as H60 and RAE-1 (in 

mouse) or MICA/B (in human), which will bind to receptors expressed on innate immune 

cells like NK cells (Guerra et al., 2008). Moreover, neoplastic cells that express TAAs can 

be recognized specifically by effector CD4+ and CD8+ T cells (Boon et al., 1997). All these 

processes trigger the recruitment of innate and adaptive immune cells, establishing a 

tumor-specific immune response. Accordingly, during the elimination phase, both innate 

and adaptive immune cells cooperate together in order to eradicate cancer cells long 

before they cause overt disease.  
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Figure 1.7: Cancer immunoediting model. When normal cells fail to resolve neoplastic 
traits by intrinsic tumor suppressor mechanisms, they become transformed cells that are 
characterized by the release of ‘‘danger signals”. This enables the recruitment of innate 
and adaptive immune cells such as NK, NKT cells, macrophages, DCs, CD4+ and CD8+ T 
cells that eliminate nascent neoplastic cells, acting as an extrinsic tumor suppression 
mechanism. However, in some cases, some neoplastic cells resist the elimination phase 
and stay in equilibrium with adaptive immune cells in the TME. CD4+ and CD8+ T cells will 

produce pro-inflammatory cytokines such as IFN and IL-12 that over time select tumor 
cells variants with the most immunoevasive characteristics that enable them to eventually 
escape the immune attack. Finally, during the escape phase, the variant tumor cells are 
able to proliferate and become clinically apparent. Those variants trigger the 
establishment of an immunosuppressive TME that promote tumor growth and the 
recruitment of additional immunosuppressive immune cells such as myeloid derived 
suppressor cells (MDSCs) (Adapted from  Schreiber et al., 2011).  

Occasionally some cancer cells may escape immune destruction and enter into an 

equilibrium phase where immune cells controls net tumor growth. In this phase of 

equilibrium, the adaptive immune cells execute a selective pressure on cancer cells, thus 

editing tumor cell immunogenicity (Koebel et al., 2007). Indeed, IFN and IL-12 released 
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by CD4+ and CD8+ T cells control tumor growth and maintain tumor cells in dormancy 

(unedited). However, when cancer cell variants dampen immunogenicity, they become 

edited and spontaneously escape immune control to proliferate and become clinically 

apparent. Transformed neoplastic cells with the most immunoevasive mutations, such as 

loss of antigens, escape immune control and grow progressively, leading to the formation 

of a solid tumor with an immunosuppressive TME (Khong and Restifo, 2002).  

Indeed, loss of TAA expression can occur when (i) new tumor cells lacking the expression 

of the rejected TAAs emerge, (ii) when tumor cells lose their capability to present TAAs 

through MHC-I molecules, or (iii) when tumor cells lose the capability of processing the 

antigen and loading antigenic peptides onto MHC class-I (Khong and Restifo, 2002; 

Schreiber et al., 2011). Additionally, the transition between equilibrium and escape 

phases may take place gradually as tumor cells sculpt the TME, leading to the 

immunosuppressive immune cells becoming an important population that govern the 

TME and result in T cell dysfunction (Radoja et al., 2000). Tumor cells are able to produce 

immunosuppressive cytokines and other molecules such as vascular endothelial growth 

factor (VEGF), transforming growth factor  (TGF), galectine, and indoleamine 2,3-

dioxygenase (IDO) and extracellular adenosine (Allard et al., 2016), among others. 

Moreover, tumor cells enable the recruitment of Tregs and MDSCs that dampen the 

antitumoral responses (Table 1.6) (Vesely et al., 2011).    

 

Extrinsic mechanisms shutting down antitumoral T cell responses 

Tumor cells Tumor immunogenicity decreased: loss of antigen presentation, 

dysfunctional antigen processing and presentation machinery. 

Overproduction and secretion of immunosuppressive factors such 

as IDO, prostaglandin E2, TGF, IL-10, GM-CSF. 

Expression of FasL inducing T cell apoptosis. 

Tregs Cell to cell contact to induce apoptosis. 

IL-2 consumption via CD25. 

Obstacle Th1 responses by overproduction of IL-10 and TGF. 
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Tolerogenic DCs Downregulation of MHC-II and costimulatory molecules such as 

CD80 and CD86. 

Induction of apoptosis by IDO production. 

Secretion of IL-10 creating a Th2 profile. 

TAM Obstacle Th1 responses by overproduction of IL-10 and TGF. 

Triggering the recruitment of Th2 cells and Tregs by the secretion 

of CCL17, -18 and -22. 

MDSC Triggering Th2 polarization due to IL-10 production. 

Production of Arg-1 and iNOS enable arginine depletion and 

production of ROS and reactive NO species. These molecules lead 

to the loss of antigen recognition due to TCR nitration, enhancing T 

cell apoptosis. Blocking T cell activation by cysteine depletion. 

CAF Support tumorigenesis and metastases by secreting EGF and VEGF. 

Table 1.6: Extrinsic mechanism in the TME shutting down antitumor T cell responses. 
IDO (Indoleamine 2,3-dioxygenase), GM-CSF (Granulocyte macrophage colony-stimulating 
factor), Arg-1 (arginase-1), iNOS (inducible nitric oxide synthase), ROS (reactive oxygen 
species); EGF (epidermal growth factor), VEGF (vascular endothelial growth factor) 
(Baitsch et al., 2012).  

2.3.1. Tumor immune evasion mechanisms  

There are several processes used by tumors to evade immune attack. Some of the most 

important immune evasion mechanisms are discussed below. 

2.3.1.1. Failure to recruit immune effector cells 

In order to infiltrate an injured tissue, lymphocytes needs to extravasate from blood 

vessels into the site of inflammation. However, aberrant morphology and density of the 

angiogenic tumor vasculature limit the influx of TILs, rendering some regions difficult and 

even impossible to reach. Furthermore, in tumors, the absence HEVs as structural portals, 

which is necessary for immigration of TILs, may contribute to failure of tumor immunity 

(Chung et al., 2010) because tumor vasculature cannot support intensive T cell 
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inflammation (Burnet, 1970). Indeed, there are tumors that lack T cell infiltration and 

resist immune attack through the exclusion of the immune system (Gajewski et al., 2013).   

2.3.1.2. Evasion of immune recognition 

Tumors have massive influx of NK cells, CTLs, CD4+ Th1 helper T cells, and NK T cells that 

is required to accomplish effective immune surveillance, limiting cancer development 

(Kim et al., 2007; Teng et al., 2008). However, in many cases, this is not sufficient to 

eradicate the growing tumor because the TME also establishes an immunosuppressive 

environment that shuts down antitumoral immune responses by blocking antitumor CTLs 

and NK/T cell-mediated killing of malignant cells (Akashi et al., 2000). T lymphocytes must 

overcome different mechanisms that are naturally enforced during development in order 

to recognize and eliminate malignant cells. 

2.3.1.2.1. Central and peripheral tolerance mechanisms limit antitumoral T cell 

responses 

The immune system is designed to recognize and eliminate foreign (non-self) antigens. 

During the early stages of the immune system’s maturation, T cells are educated to 

recognize foreign patterns and avoid acute responses against self-peptides. This 

education, which is essential for self-tolerance, is provided by interactions between 

thymic epithelial cells and lymphocytes, and is known to take place in the thymus (central 

tolerance). It is also enforced in the peripheral lymphoid tissues by APCs (peripheral 

tolerance) (Derbinski et al., 2001).  

In the periphery, T lymphocytes are also restricted against self-peptides. Peripheral 

tolerance is carried out by APCs, especially immature DCs, which will present self-peptides 

to T cells in extrathymic lymphoid tissues (Anderson et al., 2002).  This results in T cell 

deletion, anergy, ignorance, and generation of regulatory T cells (Mueller, 2009). These 

processes protect the body from self-reactive responses by preventing the development 

of autoreactive lymphocytes and maintaining them under tight control (Dunn et al., 2004). 
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As a result of this tolerance, clonal deletion limits the frequency of peripheral T cells, 

which bear TCRs only with low-to-intermediate affinity against self/tumor-peptides. 

Furthermore, these T cells are not efficiently activated by APCs by insufficient co-

stimulation signals, hence resulting in peripheral tolerance (Clark et al., 2007).  

2.3.1.2.2. Suppression of the antitumoral immune responses 

Active immune suppression within the TME is an important factor contributing to 

neoplastic outgrowth (Ruffell et al., 2010). Many studies have shown that at early stages 

of neoplasm formation, immunosuppressive cells such as TAMs, MDSCs and Tregs 

dominate the TME. Effector T cells that infiltrate the immunosuppressive TME undergo a 

transcriptional reprogram that blocks their antitumoral responses. Neoplastic cells  also 

express immunosuppressive cytokines and prostaglandins that program the immune 

response toward a Th2 response, which is significantly less effective against cancer 

leading to reduced IL-2 availability that compromises NK cell division, T helper cell 

proliferation, and CTL effector functions (Baitsch et al., 2012) (Table 1.6).  

Treg, tolerogenic DCs, MDSCs, TAMs and CAFs within the TME promote the suppression of 

antitumor immune responses via several mechanisms (Coca et al., 1997; Hsia et al., 2005; 

Ishigami et al., 2000; Villegas et al., 2002). Tregs express inhibitory molecules, such as 

CTLA-4, PD-1, and PD-L1; scavenge IL-2, which is critical for CTL expansion and secrete IL-

10 and TGF, which inhibit the antitumoral function of CTLs.  MDSCs, a heterogeneous 

population of myeloid progenitor and immature cells, induce Tregs expansion, produce 

TGF, deplete arginine, tryptophan or cysteine from the TME, and nitrate TCRs or 

chemokine receptors blocking antitumoral T cell functions (Vesely et al., 2011).  

2.3.1.3. Loss of tumor immunogenicity 

Loss of tumor immunogenicity is one of the major barriers in cancer immunotherapy. This 

phenomenon can be triggered by the down-modulation or loss of MHC-I genes, which 

occurs in many types of human cancers (Garrido et al., 1997; Aptsiauri et al., 2007; 
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Cabrera et al., 1998, 1996; Campoli et al., 2002; Chang et al., 2005; Marincola et al., 2000). 

Alteration in expression levels of MHC-I genes ranges between 60-90%, depending on the 

histological type of cancer (Blades et al., 1995; Cabrera et al., 2000, 1998, 1996; Kageshita 

et al., 2005; Koopman et al., 2000). The most frequent cause seems to be haplotype loss 

as a consequence of defects in the HLA genomic region on chromosome 6, including 

chromosomal dysfunction, mitotic recombination, or genetic conversion (Feenstra et al., 

2000; Koopman et al., 2000; Maleno et al., 2002, 2004, 2006, 2011).  

The loss of tumor immunogenicity reveals dysfunctional expression of MHC-I on the 

surface of cancer cells but also pinpoints defective molecular mechanisms leading to the 

alteration of MHC-I expression. Indeed, the generation of different tumor MHC-I 

phenotypes can occur at the genetic, epigenetic, transcriptional, and post-transcriptional 

levels during tumor progression. Garrido et al. describes two main groups of MHC 

alterations: i) reversible regulatory defects or ii) irreversible structural defects (Garrido et 

al., 2010). Reversible defects involve all levels of the MHC-I antigen processing and 

presentation machinery (APM) at the transcriptional level and they can be partially 

overcome by in vitro treatment with cytokines, such as IFN and TNFα (Aptsiauri et al., 

2013; Martini et al., 2010; Rodríguez et al., 2007; Seliger et al., 2008). Furthermore, the 

down-regulation of antigen processing molecules such as immunoproteasome subunits 

(LMP2/7), TAP-1/2 and tapasin as well as β2M proteins has been found to be impaired in 

different cell lines and tumor lesions (Bernal et al., 2012; Cabrera et al., 2005, 2003; 

Meissner et al., 2005; Miyagi et al., 2003; Restifo et al., 1996; Yoon et al., 2000). 

Interestingly, some epigenetic changes during cancer progression can also influence MHC 

and APM expression. However, these epigenetic changes can be reversed through 

treatment with pharmacologic agents to induce DNA hypomethylation or inhibition of 

histone deacetylation (Fonsatti et al., 2003; Serrano et al., 2001). On the other hand, 

irreversible alterations consist in total or hemizygous loss of MHC-I genes on chromosome 

6 or by several mutations and other defects in the 2M gene. These events are more 

likely to occur in aggressive/resistant tumor phenotypes as well as in metastatic lesions 

(Cabrera et al., 2007; Carretero et al., 2012, 2008).  
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Despite the importance of MHC-I dependent antitumoral responses, there is a lot of 

controversy on whether MHC-I expression has a prognostic value in cancer. In fact, it has 

been demonstrated that down-regulation or low expression of MHC-I antigens have a 

crucial cancer prognostic value in various studies (Chang et al., 2003; Marincola et al., 

2000; Powell et al., 2012). In some breast and rectal cancers, there is a significant 

association between decreased HLA class I expression and adverse prognostic factors 

(Kaneko et al., 2011; Morabito et al., 2009; Speetjens et al., 2008). However in other 

studies involving breast carcinoma and non-small-cell lung cancer, loss of HLA class I 

expression is associated with a good prognosis (Madjd et al., 2005; Ramnath et al., 2006). 

Nevertheless, such discrepancies need further investigation as the techniques and 

antibodies used to detect MHC molecules by IHC staining could be the reason behind 

most of these inconsistencies. Additionally, the expression of non-classical molecules 

should be taken into account in order to determine the impact of NK cells in the 

antitumoral responses and patient outcomes (Aptsiauri et al., 2013; Carosella et al., 

2003).  

2.3.1.4. The tumor associated antigens  

In the process of malignant transformation, tumor cells accumulate further alterations in 

their genome as well as epigenetic aberrations. This triggers the atypical expression of 

proteins that could represent potential TAAs that can elicit an adaptive immune response 

(van der Bruggen et al., 1991). Some TAAs consist of tissue differentiation antigens, 

cancer/testis antigens, mutational antigens, overexpressed cellular antigens, and viral 

antigens (Criscitiello, 2012). Some examples of tissue differentiation antigens include the 

melanocyte differentiation antigens gp100 (pmel17), melanoma antigen recognized by T 

lymphocytes-1 (MART-1), tyrosinase-related proteins, TRP-2, TRP-1 (gp75), among many 

other peptides (Boon et al., 1994; Overwijk et al., 1998; Wang, 1996). These melanocyte 

differentiation antigens are expressed by normal melanocytes as well as melanoma cells.  
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Cancer/testis antigens are expressed specifically by germ cells of the testis and ovary that 

are over-expressed in cancer cells. Interestingly, since most neoplastic cells are genetically 

unstable, somatic mutations can alter some normal proteins and render them tumor-

specific neo-antigens that can generate a unique antitumoral response (Schumacher and 

Schreiber, 2015). However, most of these neo-antigens are not efficiently processed by 

the APM in order to be presented to or by APCs due to the highly immunosuppressive 

TME or inefficient APM in cancer cells. 

2.4. Cancer immunotherapies  

The use of agents that are able to modulate the immune system in order to potentiate 

antitumoral responses is the basis of cancer immunotherapy. Antitumoral responses allow 

the effective eradication of malignant cells by a cyclic process that can be described in 

various steps (Figure 1.8). The cyclic process of cancer-immunity first starts when dying 

neoplastic cells release TAAs (step 1) that are captured by DCs in order to eventually be 

processed and presented. The DCs then migrate to the dLNs to present the captured TAAs 

via their MHC-I and II molecules to T cells (step 2). This priming enables the activation of 

effector T cells specific to the TAAs (step 3). This step is critical for the development of an 

antitumoral response since most of the TAAs, as mentioned above, are self-antigens that 

force the immune system to break tolerance against self-peptides. The final balance of 

these responses determines the ratio of effector vs regulatory T cells. Next, effector T 

cells will migrate and infiltrate the affected region (step 4), where they will recognize and 

bind specifically to the TAA-MHC-I complex expressed on neoplastic cells (step 5) in order 

to eliminate them (step 6). Finally, the eradication of neoplastic cells will enable the 

release of additional TAAs in the TME allowing the recruitment of subsequent DCs and the 

capture of TAAs to start the cancer-immunity cycle all over again (Chen and Mellman, 

2013). 
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Figure 1.8: The cancer-immunity cycle and possible therapy approaches. The cyclical 
process of cancer-immunity has critical steps that can be exploited in cancer 
immunotherapy. See text for more detailed explanation (Adapted from Chen and 
Mellman, 2013).  

However, when cancer has been established, the efficacy of the cancer-immune cycle is 

not proficient because of the multiple strategies engaged by cancer cells to avoid 

recognition and elimination by the immune effector mechanisms (Figure 1.8). TAAs may 

not be efficiently detected by DCs (step 1, 2) because of the immunosuppressive TME 

(Steinman et al., 2000); (step 3) T cells primed and activated by DCs presenting-TAAs may 

not produce an antitumoral response but elicit regulatory T cell responses due to  the 

recognition of self-antigens; (step 4) effector T cells may not be able to infiltrate tumors 

because of the absence of HEVs, as was mentioned previously; (step 5) neoplastic cells 
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may not be recognized by CTLs because of the loss of MHC-I expression; as well as the fact 

that immunosuppressive factors and inhibitory molecules expressed by cancer cells (step 

6) might avoid effector functions of CTLs (Chen and Mellman, 2013; Motz and Coukos, 

2013).  

Currently, the exploration of several approaches in cancer immunotherapy has led to the 

development of vaccines with autologous TAAs and DCs to increase TAA-presentation 

(Figure 1.8); agonists of co-stimulatory receptors to induce potent T cell priming, 

virotherapy that enhances antitumoral responses, adoptive cell therapies that restore the 

effector functions of autologous TILs ex-vivo, immune checkpoint inhibitors that empower 

CTLs in the TME by reducing the immunosuppressive signals, and many others (Martin-

Liberal et al., 2017). Moreover, recent studies have demonstrated that the combination of 

such therapies elicits synergistic antitumoral effects with better outcomes (Smyth et al., 

2015).  

2.4.1. Using pro-inflammatory cytokines to increase antitumoral CTL responses 

Some c cytokines, including IL-2, IL-7, IL-15 and IL-21, are attractive agents in cancer 

therapy because of their potential to boost antitumor immune responses (Pulliam et al., 

2016). Even if some of these cytokines can have overlapping functions, as discussed 

previously, they confer distinct characteristics to naive, effector or memory CD8+ T cells. 

In particular, the generation, support and stimulation of TMEM are considerably relevant in 

cancer therapy as these cells can act rapidly upon antigen encounter and confer long-term 

antitumoral protection (Klebanoff et al., 2005).  

Particularly, these cytokines can be exploited in adoptive cell therapy (ACT). The main 

goal of ACT is to enhance the antitumoral activity of autologous immune cells (Rosenberg 

et al., 2008). Specifically, ACT consists of the isolation of immune cells from tumor or 

peripheral blood in order to expand or manipulate them ex-vivo in order to finally reinfuse 

them back into the patient (Figure 1.9) (Rosenberg et al., 2008).  
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Figure 1.9: Generation of anti-tumour T cells for adoptive cell therapy. TILs from 
peripheral blood or tumor biopsy are isolated ex-vivo. Several individual cultures are 
established under anti-CD3 and IL-2 stimulation for TILs expansion. TILs can be engineered 
to express TAA-specific-TCR or transduced to express a CAR. TILs are then selected 
depending on their specific tumor recognition and effector functions. Cultures with high 
anti-tumour reactivity are expanded to large numbers (>1010 cells) and reinfused into the 
cancer patient, who has previously undergone a lymphodepleting regime. CAR, Chimeric 
Antigen Receptor (Adapted from Lizée et al., 2013).  

The first ACT was described by Dr. S.A. Rosenberg and his team in 1988. They were the 

pioneers who showed that isolated TILs from metastatic melanoma biopsies from cancer 

patients can be expanded ex-vivo with IL-2. After several rounds of in vitro stimulation, 

TILs that were reinfused conferred specific lysis of tumor cells in 60% of treated patients 

by reducing tumor burden in lungs, liver, bone, skin and subcutaneous sites (Rosenberg et 

al., 1988).  

Nowadays, there are different modalities of ACT consisting of dendritic-cell-based 

immunotherapy (Frohlich, 2012; Kantoff et al., 2010), T-cell adoptive transfer therapy, 

genetically engineered T-cell adoptive transfer therapy such as IL-12-engineered antigen-
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specific T-cells, and chimeric antigen receptor (CAR) expressing T-cells. CAR T cells are 

modified ex-vivo for the purpose of making them express genes encoding receptors that 

recognize surface proteins overexpressed by tumor cells, enabling them to resist the TME 

immunosuppression, enhancing their survival and facilitating their infiltration into tumors 

(Kershaw et al., 2013).  

2.4.1.1. The antitumoral role of IL-2   

IL-2 was one of the first cytokines approved by the FDA for cancer immunotherapy in 

1998. This cytokine, as previously mentioned, has the ability to robustly stimulate the 

expansion and effector functions of CTLs and NK cells and is used to treat metastatic renal 

cell carcinoma and metastatic melanoma (Klapper et al., 2008; Rosenberg, 2014). 

Lymphocytes stimulated with IL-2 in a long-term fashion can retain their specificity 

towards TAAs and can expand from threefold to 95,652-fold maintaining their specific 

antitumor lysis (Muul et al., 1987). However, in many patients that responded to IL-2 and 

the ACT treatment, the duration of the antitumoral response was short, demonstrating 

that this antitumoral response was dependent on the persistence of the transferred cells. 

Also, ex-vivo clonal expansion and selection of specific TILs did not confer objective tumor 

regression after treatment, suggesting that a polyclonal repertoire could be necessary to 

elicit complete tumor elimination as well as the presence of CD4+ T cells. Furthermore, 

the decisive improvement in efficacy of ACT and IL-2 was demonstrated when ACT was 

accompanied by a prior lymphodepleting preparative regimen that enabled the clonal 

expansion of transferred TILs in the patients (Dudley, 2002). So far, the objective response 

rates of different immunotherapies in patients with metastatic melanoma treated in the 

Surgery Branch at the National Cancer Institute observed after IL-2 administration alone 

was 15%, 34% in ACT with TILs, 49% in ACT with TILs+ lymphodepleting preparative 

regime and 72% with ACT+ complete lymphodepletion after total body irradiation 

(Rosenberg, 2014).     

Despite of the potent antitumoral effect of IL-2 to mediate the regression of small-

established pulmonary metastases as well as subcutaneous tumors in animal models 
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(Rosenberg et al., 1985), the use of IL-2 has some disadvantages. First, there is a notable 

IL-2 related systemic toxicity under treatment, though many of them are reversible upon 

IL-2 withdrawal. Indeed, in humans, high dose administration of purified recombinant 

human IL-2 (rIL 2) derived from E. coli, is accompanied by significant side effects, including 

fever, chills, malaise, arthralgia as well as by vascular leak syndrome (or capillary leak 

syndrome) associated with a substantial weight gain, increased vascular permeability, 

hypotension, pulmonary oedema, liver cell damage and renal failure (Lotze et al., 1985). 

Moreover, IL-2 possesses a short half-life (about 5-7 minutes) in human serum when 

administered. In the context of cancer therapy, IL-2 preferentially drives the expansion of 

Tregs, thus diminishing its effectiveness in stimulating tumor-specific CTLs (Wang and 

Vella, 2016). Additionally, IL-2 triggers T-cell differentiation into terminally differentiated 

T effector cells, inducing cell death mediated by AICD. Indeed, repeated and chronic TCR 

stimulation occurring in the TME lead to T cell exhaustion and senescence (Lenardo et al., 

1999). Moreover, in the context of ACT, a number of studies have shown that TILs 

undergoing several stages of differentiation progressively lose their effector functions as 

well as their therapeutic potential. In fact, TILs with memory properties, such as TSCM and 

TCM, are able to induce a better protection against cancer because they can persist and 

mediate prolonged immune attack in comparison to TEFF  (Berger et al., 2008; Gattinoni et 

al., 2012; Liao et al., 2013).   

2.4.1.2. The antitumoral role of IL-15 

IL-15 is known to play a role in immunosurveillance as well as in the development of 

antitumoral responses (Table 1.7). In fact, administration of IL-15 agonists has been 

explored as adjuvants in cancer therapy. Several studies have demonstrated that cancer 

cells producing IL-15 can stimulate antitumor immunity (Araki et al., 2004; Lasek et al., 

2004; Meazza et al., 2000; Suzuki et al., 2001). In addition, IL-15 administration along with 

anti-PDL1 and anti-CTL4 antibodies in murine models, exhibited a greater antitumoral 

response than IL-15 administration alone (Yu et al., 2010). Moreover, IL-15 administered 

along with chemotherapy, TLR agonists, or soluble complexes with CD215, has shown to 
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increase the survival or tumor regression in murine models (Chapoval et al., 1998; 

Stoklasek et al., 2006; Wysocka et al., 2004).  

Cytokine Antitumoral effects 

IL-15 

CD8+ T cells: supports TMEM survival by inhibiting apoptosis, stimulate the 

proliferation of CD8+ T cells, ↑TCR avidity. 

DCs: ↑ immunostimulatory properties. 

NK cells: activates their development. 

NKT cells: activates their development. 

IL-21 

NKT cells: ↑ antitumoral activity, granzyme B expression, granularity, cytotoxicity, 

proliferation, survival and cytokine production. 

NK cells: ↑ antitumoral activity, differentiation, maturation, proliferation, 

cytotoxicity, expression of IFN-γ and perforin. 

CD4+ T cells: ↑resistance to Treg-mediated suppression and cytokine production. 

CD8+ T cells: ↑ antitumoral activity, survival, cytotoxicity, costimulated 

proliferation, antigen-dependent expansion, production of IL-2, IFN and perforin. 

B cells: regulates their survival and differentiation. Stimulates immunoglobulin 

production. 

Table 1.7:  Antitumoral effects of IL-15 and IL-21 on CD8+ T cells. (Adapted from Davis et 
al., 2015).  

Interestingly, IL-15 has been exploited in ACT for ex-vivo expansion of TILs. IL-15 supports 

TMEM cells by inhibiting apoptosis and by stimulating proliferation of CD8+ T cells 

(Klebanoff et al., 2004). Moreover, DCs stimulated with IL-15 showed potent 

immunostimulatory properties (Anguille et al., 2009), and NK cells stimulated with 

hydrocortisone+ IL-15 can induce the expansion of activated human NK cells and trigger 

adaptive antitumor T cell responses (Salagianni et al., 2011). In addition, IL-15 supports 

TMEM cell survival, increases the avidity of TCR, activates the development of NK, NKT, and 

T lymphocytes (Steel et al., 2012). 

Despite of the fact that IL-2 and IL-15 share two receptor subunits, they have distinct 

roles. Conversely to IL-2, IL-15 does not support the maintenance or expansion of Tregs. 
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Moreover, IL-15 does not induce AICD but is required for the maintenance and 

establishment of TMEM cells for the differentiation of NK cells and TEFF cells (Villinger et al., 

2004). When administered, IL-15 expands memory CD4+ and CD8+ T cells as well as NK 

cells from PBMC (Berger et al., 2008). In murine models, IL-15 displays a transient 

reversible toxicity consisting in hypocellularity in the bone marrow characterized by the 

lack of neutrophil production, maculopapular skin rash, low-grade fever, pruritus, and 

periorbital edema (Berger et al., 2009). Importantly, when administered subcutaneously, 

IL-15 has a half-life of about 0.92-1.31 hours, which is longer in comparison with IL-2 

(Villinger et al., 2004).  Thus, IL-15 is a good candidate for ACT in comparison to IL-2 that 

has shown to have a limited therapeutic efficacy (Restifo et al., 2012).   

2.4.1.3. The antitumoral role of IL-21 

IL-21 has been recognized by its potent antitumor activity promoting CTLs, NK, NKT and 

CD4+ T cells responses against malignant cells (Table 1.7).  

Tumor cells, such as mammary adenocarcinoma cells, melanoma, fibrosarcoma, colon, 

renal, and bladder cancer cells, that are engineered to secrete IL-21 lose their tumorigenic 

potential by inducing CTLs and NK cell activation or B cell responses (Di Carlo et al., 2004; 

Daga et al., 2007; Furukawa et al., 2006; Kumano et al., 2007; Ugai et al., 2003)  

In addition, IL-21 is a good candidate to be used in combination with other cancer therapy 

approaches. For example, IL-21 combined with peptide-pulsed DCs has shown to increase 

the antitumoral specific CTLs influencing their frequency, phenotype as well as their 

affinity towards TAAs. Specifically, CTLs exposed to IL-21 ex-vivo, enriched a population 

that has the capacity to respond to weak doses of antigens in a range of 1 log10–fold less 

than their untreated counterparts (Li et al., 2005). This study demonstrated that IL-21 

could be used to produce antigen-specific CTLs for ACT or as an adjuvant during in vivo 

immunizations to induce anti-tumoral responses (Li et al., 2005). Another study used a 

DC-vaccine platform consisting in engineered DCs expressing the TAA hgp100 and IL-21 in 

the treatment of murine melanoma. They found that this vaccine drastically suppressed 
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MDSCs and Treg cell populations in the TME, hence enabling the establishment of an 

antitumoral protection through T and NK cell dependent mechanisms for more than 60 

days post-tumor inoculation in 90% of the mice (Aravindaram et al., 2014). When 

combined with blocking immune checkpoint receptors, such as PD-1, IL-21 was shown to 

induce a synergistic antitumoral protection in a murine model of hepatocellular 

carcinoma through the activation of CTL and NK cells and the production of IL-2 and IFN 

(Pan et al., 2013).  

Several studies have reported that under IL-21 administration, TMEM cell function is 

upregulated resulting in durable antitumoral responses in comparison to IL-2 or IL-15. In 

fact, IL-21 overlaps with many of IL-2 or IL-15 functions. On one hand, IL-21 increases 

antigen activation and clonal expansion, similarly to IL-2. On the other hand, in contrast to 

IL-2, IL-21 does not induce AICD but instead supports CD8+ T cell numbers in the long 

term, thus increasing their survival, similarly to IL-15 (Moroz et al., 2004). Importantly, 

another study reported that IL-21 confers an opposing differentiation program to CD8+ T 

cells in comparison with IL-2 for ACT. Even with IL-2 and IL-21 enhancing the cytolytic 

capacities of TEFF cells, IL-21 suppresses the maturation of CD8+ T cells into granzyme B 

expressing cells by downregulating Eomes expression and diminishing the expression of 

CD25 but upregulating the expression of CD62L. These capabilities of IL-21 enable the 

acquisition of superior antitumoral capacities upon ACT (Hinrichs et al., 2008). Moreover, 

conversely to IL-2, IL-21 does not support either proliferation or activity of Tregs and 

renders CD4+ CD25- T cells resistant to Treg mediated-suppression (Comes et al., 2006; 

Peluso et al., 2007). Importantly, IL-21 inhibits T cell IL-2 production and, indirectly, the 

generation of Tregs (Attridge et al., 2012). IL-21 is also more available when administered 

i.v. in comparison to IL-2. In fact, IL-21 has a half-life of 1-3 hours following i.v. 

administration (Davis et al., 2007; Thompson et al., 2008). Interestingly, IL-21 is a critical 

cytokine for the long-term maintenance and functionality of CD8+ T cells in the context of 

chronic viral infection (Fröhlich et al., 2009; Johnson and Jameson, 2009).  
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2.4.1.4. The antitumoral synergistic effect of IL-15 and IL-21 

IL-21 combined with IL-15 can generate robust antitumoral CTL responses (Table 1.8). 

Gene transfer of IL-15 and IL-21 in mice and subsequent challenge with metastatic 

lymphomas reduced the number of metastatic tumor foci in the liver and a complete 

regression was achieved in 80% of the mice. Additionally, the cytokine gene therapy also 

showed 40% efficacy when performed in mice with pre-established metastatic 

lymphomas by increasing NK and CTL cytolytic activities (Kishida et al., 2003). In a similar 

approach, the immunogenicity towards the neuroblastoma tumor cells NXS2 was 

significantly increased when a DNA vaccine encoding for a mimotope (47-LDA) of a TAA, 

GD2 ganglioside, was used in combination with IL-15 and IL-21 genes (Kowalczyk et al., 

2007). In addition, IL-15 and IL-21 together sustained CTL proliferation and function by 

increasing IFN production in vitro as well as the expansion of both naive and memory 

CD8+ T cells. Remarkably, in vivo administration of IL-15+IL-21 increased antigen-specific 

CD8+ T cells quantity, reinforcing their antitumoral capacities towards large established 

B16 melanomas (Zeng et al., 2005). Interestingly, in the presence of both, IL-15 and IL-21, 

CD28 expression is maintained on naive CD8+ T cells. Remarkably, human naive CD8+ T 

cells proliferate modestly in an antigen-independent fashion upon IL-15 and IL-21 

treatment (Alves et al., 2005).  

Antitumoral properties of the combination of IL-15 and IL-21 

CD8+ T 
cells 

Induction of antigen-independent proliferation (naives, 
effector and memory cells) 
 
Increase TCR avidity towards weak antigens (decrease CD5 
expression) 
 

Increase IFN production, IL-2, granzyme B 
 
Increase survival 
 
Induction of an effector-memory phenotype (CD28 and 
CD62L expression maintained) 

 
(Zeng et al., 2005) 
(Alves et al., 2005) 
(Huarte et al., 2009) 
 
(Kowalczyk et al., 
2007) (Yu et al., 
2013a) 
 
(Kowalczyk et al., 
2007)  
(Kishida et al., 2003) 
(Pouw et al., 2010a, 
2010b) 
(Li et al., 2010) 
 
 

Tregs Induce poor proliferation (Huarte et al., 2009) 
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Table 1.8: Synergistic Antitumoral properties of IL-15 and IL-21. 

Interestingly, in 2009, Dr. Ernstoff’s team reported that tumor specific lymphocytes can 

be expanded ex-vivo by using IL-15 and IL-21 for the treatment of melanoma. They found 

that tumor specific lymphocytes from IL-15+IL21 cultures (previously activated with 

autologous APCs loaded TAAs) had a lower fraction of Tregs and a higher number of CD8+ 

and NK cells that were able to display effector functions and IFN production against 

different melanoma cell lines (Huarte et al., 2009). Similarly, another study determined 

that TIL expansion for ACT using IL-15+IL-21 is greater than using IL-2, since cells 

overstimulated with IL-2 undergo apoptosis. Additionally, IL-15+IL-21 cultures showed a 

better capacity to respond to MART-1 peptide-pulsed DCs (Li et al., 2010).  

In the context of an artificial antigen-presenting system of cell-sized beads presenting 

MHC-I-TRP2 /CD28 to CTLs cultured in the presence of IL-15+IL-21, CTLs were able to 

become specifically activated and show effector functions when co-cultured with B16 

melanoma cells (Yu et al., 2013a). In another approach, primary murine T lymphocytes 

engineered to express a TCR directed against human gp100/HLA-A2 and following a short 

incubation with IL-15+IL-21, were used to investigate antitumoral responses. Cells 

generated under these conditions were TEM characterized by the expression of CD44+ 

CD62L+, enhanced antigen-specific cytotoxicity, high expression of granzymes, perforin 

and IL-2, and IFN release (Pouw et al., 2010a). These findings further suggest the use of 

IL-15 and IL-21 in combination with TCR gene therapy by retroviral TCR engineering of 

primary T cells (Pouw et al., 2010a, 2010b). Thus, a strong body of evidence supports the 

utility of IL-15 and IL-21 together for the generation of T cells with enhanced antitumoral 

responses.  

 

 

NK cells Increase IFN production 
(Kishida et al., 2003) 
(Kowalczyk et al., 
2007) 
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The thesis outline 

In this thesis, the mouse model of MHC-I–restricted Pmel-1 transgenic TCR specific to the 

melanoma-derived gp100 antigen, which is also expressed by normal melanocytes, was 

used to study the effect of IL-15 and IL-21 on CD8+ T cells. 

In the first section, the effect of IL-15 on the biology of CD8+ T cells generated from mice 

lacking the negative regulator SOCS-1 (Socs1-/- Pmel-1) was studied. 

In the second section, the synergistic effects of IL-15 and IL-21 on naive Pmel-1 CD8+ T 

cells were investigated along with the B16 melanoma model. The use of cytokines that 

enable the generation of memory-like CTLs is an attractive approach in order to improve 

current immunotherapies, such as ACT.  

In parallel, in this study the antitumoral potential of NLRC5 was assessed. MHC-I 

molecules are crucial in regulating innate and adaptive antitumoral responses, but their 

regulation is the keystone of some immune evasion mechanisms used by tumor cells in 

order to reduce their immunogenicity. Since NLRC5 has recently been discovered as the 

master MHC-I trans-activator, the basis of this project was to restore B16 immunogenicity 

by overexpressing NLRC5 in order to enable the generation of antitumoral immune 

responses. 

Tumors are able to engage multiple strategies simultaneously in order to avoid 

recognition and elimination by immune effector mechanisms. Overcoming two or more 

inhibitory mechanisms may be necessary for maximal therapeutic benefit. Thus, 

enhancing antigen presentation by restoring MHC-I expression with NLRC5 on cancer 

cells, and inducing activation and survival of immune-effector cells by priming CD8+ T cells 

with IL-15 and IL-21 ex-vivo, could lead to the production of potent antitumoral responses 

and provide long-term antitumoral protection. 
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RÉSUMÉ 

Le suppresseur de la signalisation des cytokines 1 (SOCS1) est un régulateur 

critique de l'homéostasie des lymphocytes T. Les souris déficientes en SOCS1 accumulent 

des cellules T CD8+ ayant un phénotype de type mémoire et prolifèrent fortement en 

présence de l’IL-15. Les souris Socs1-/- développent des lésions cutanées inflammatoires, 

mais les mécanismes sous-jacents ne sont pas bien compris. Afin d'étudier le rôle de 

SOCS1 dans la régulation des cellules T CD8+ potentiellement réactives aux antigènes 

tissulaires de la peau, nous avons généré des souris Socs1-/- exprimant le TCR 

transgénique Pmel-1 lequel est restreint au CMH-I spécifique à l'antigène gp100 dérivé du 

mélanome et également exprimée par les mélanocytes normaux. Les cellules Pmel-1 

Socs1-/- expriment des niveaux accrus de marqueurs de mémoire CD44, Ly6C, CD122 et 

CD62L et montrent une régulation négative du TCR et une régulation positive de CD5, ce 

qui suggère la stimulation du TCR in vivo. Cependant, la stimulation des cellules Pmel-1 

Socs1-/-  avec le peptide dérivé de gp100 a induit seulement une prolifération marginale 

in vitro malgré l'apparition de fortes fonctions effectrices, ce qui a été associé à une 

induction élevée de Blimp1. Après transfert adoptif aux souris Rag1-/-, les cellules Pmel-1 

Socs1-/- ont subi une prolifération induite par lymphopénie et ont provoqué une 

pathologie cutanée sévère caractérisée par des lésions inflammatoires dans les oreilles, le 

museau, les extrémités et les yeux. Ces résultats soulignent l'importance de SOCS1 dans la 

régulation des CTLs de la peau potentiellement auto-réactifs, qui pourraient être activés 

dans des conditions inflammatoires favorisant la prolifération antigène-indépendant.  
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ABSTRACT 

Suppressor of cytokine signaling 1 (SOCS1) is a critical regulator of T lymphocyte 

homeostasis. SOCS1 deficient mice accumulate CD8+ T cells, which display a memory-like 

phenotype and proliferate strongly to IL-15. Socs1-/- mice develop inflammatory skin 

lesions, however the underlying mechanisms are not well understood. In order to 

investigate the role of SOCS1 in regulating CD8+ T cells potentially reactive to tissue 

antigens of the skin, we generated Socs1-/- mice expressing MHC-I-restricted Pmel-1 

transgenic TCR specific to the melanoma-derived gp100 antigen, which is also expressed 

by normal melanocytes. Socs1-/- Pmel-1 cells express increased levels of memory markers 

CD44, Ly6C, CD122 and CD62L, and show downregulation of TCR and upregulation of CD5, 

suggesting in vivo TCR stimulation. However, stimulation of Socs1-/-Pmel-1 cells with 

gp100-derived peptide induced only marginal proliferation in vitro despite eliciting strong 

effector functions, which was associated with elevated Blimp1 induction. Following 

adoptive transfer to Rag1-/- mice, Socs1-/-Pmel-1 cells underwent lymphopenia-induced 

proliferation and caused severe skin pathology characterized by inflammatory lesions in 

ears, muzzle, extremities and eyes. These findings underscore the importance of SOCS1 in 

regulating potentially skin-reactive CTLs, which could get activated under conditions that 

promote antigen non-specific, cytokine-driven proliferation. 

Introduction 

The suppressor of cytokine signaling (SOCS) family proteins regulate cytokine 

signaling in a negative feedback manner (Ilangumaran et al., 2004). SOCS1 deficiency in 

mice causes premature death due to uncontrolled IFN signaling (Marine et al., 1999). 

Socs1-/-Ifng-/- mice survive longer, but develop chronic inflammation in many organs 

including skin, kidneys, lung, heart and gut (Cornish et al., 2003a; Metcalf et al., 2002). 

Socs1-/- 

cataract and orbital cellulites (Yu et al., 2008). This study showed that SOCS1 deficiency 

downmodulated the chemokine receptor CCR7 in CD4+ T lymphocytes, allowing them to 

migrate to peripheral tissues and cause inflammation. However, mechanisms underlying 
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the initiation of inflammatory skin lesions in Socs1-/- mice have not yet been fully 

elucidated. 

SOCS1 is essential to maintain T lymphocyte homeostasis, which is critically 

dependent on IL-7 and IL-15 (Jameson, 2002; Yoshimura et al., 2012). For survival, naïve 

CD8+ T cells requires IL-7 as well as self-peptide:MHC-I complexes that provide basal TCR 

signaling, whereas memory CD8+ T cells require IL-15 but not TCR stimulation (Takada and 

Jameson, 2009). Socs1-/-Ifng-/- mice accumulate CD8+ T cells with CD44hiCD122hi memory-

like phenotype due to increased IL-15 signaling (Cornish et al., 2003a; Ilangumaran et al., 

2003; Ramanathan et al., 2006). This memory-like phenotype also occurs in Socs1-/-CD8+ T 

cells expressing transgenic TCR specific to exogenous antigens (Ag) (Cornish et al., 2003b; 

Ramanathan et al., 2010; Ramanathan et al., 2006). Socs1-/- CD8+ T cells bearing the male 

Ag-specific H-Y transgenic TCR, which shows minimal reactivity towards environmental 

Ag, also display a memory-like phenotype (Ramanathan et al., 2006). These observations 

allowed us to postulate that SOCS1 deficiency may enable naïve CD8+ T cells to respond to 

minimally cross-reactive environmental Ag or self-peptide:MHC-I complexes. Similar 

activation of potentially self-reactive CD8+ T lymphocyte clones in Socs1-/- mice bearing a 

polyclonal TCR repertoire could initiate and perpetuate the inflammatory processes, 

leading to chronic skin lesions. 

To test the above hypothesis, we generated Socs1-/- mice expressing transgenic 

Pmel-1 TCR. The Pmel-1 TCR is reactive to the human melanoma Ag gp100 (hgp100), 

which is homologous to mouse pmel-17 (mgp100) expressed by normal melanocytes 

(Kwon et al., 1995; Overwijk et al., 1998). The Pmel-1 TCR recognizes amino acids 25-33 of 

human and mouse gp100 (gp10025-33) presented by the MHC-I molecule H-2Db (Overwijk 

et al., 2003; Zhai et al., 1996). The Pmel-1 TCR does not cause any pathology in mice, 

indicating that the antigenic reactivity of Pmel-1 TCR transgenic CD8+ T cells (Pmel-1 cells) 

is efficiently controlled by immune tolerance mechanisms (Mueller, 2010).  

We have recently shown that combinations of inflammatory and homeostatic 

cytokines, for instance IL-15 and IL-21, can synergistically induce Ag non-specific 
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proliferation of naïve CD8+ T cells that is accompanied by increased sensitivity towards 

cognate Ag and weak TCR ligands (Gagnon et al., 2008; Ramanathan et al., 2011). We 

reasoned that the inflammatory conditions in Socs1-/-Ifng-/- mice (Cornish et al., 2003a; 

Metcalf et al., 2002) and the increased responsiveness of Socs1-/- CD8+ T cells to IL-15 and 

IL-21 (Gagnon et al., 2007) would allow Ag non-specific activation of Pmel-1 cells in vivo 

by endogenous cytokines and enhance their reactivity toward mgp100 expressed by 

normal melanocytes. Our findings indeed support this notion and demonstrate a critical 

role for SOCS1 in preventing CD8+ T cells that possess minimal reactivity toward skin 

tissue Ag from gaining autoaggressive potential. 

Results 

SOCS1-deficient Pmel-1 cells display signs of in vivo antigen stimulation 

Like other TCR transgenic Socs1-/- mice (Cornish et al., 2003b; Ramanathan et al., 

2006), Socs1-/-Pmel-1 mice became sick early and died by 6 weeks of age. These mice 

showed retarded growth and often developed white spots around eyes, ears and in 

extremities (Fig. 1A). In both control and Socs1-/-Pmel-1 mice, most CD8+ T cells expressed 

-containing transgenic TCR (Fig. 1B). Socs1-/-Pmel-1 cells showed increased 

expression of CD44, CD122 and Ly6C (Fig. 1C), a phenotype similar to memory-like cells 

arising from lymphopenia-induced proliferation (LIP) (Jameson, 2002). Interestingly, these 

cells showed elevated levels of CD5 (Fig. 1D), a negative regulator of TCR signaling that is 

downmodulated by cytokine stimulation (Soldevila et al., 2011). Freshly isolated Socs1-/-

Pmel-1 cells also showed a discernible decrease in TCR expression (Fig. 1D), suggesting 

prior TCR stimulation (Valitutti et al., 1996). However, upregulation of CD69 or 

downmodulation of CD62L, the hallmarks of acute TCR stimulation, was not evident in 

Socs1-/-Pmel-1 cells (Fig. 1E). Consistent with this interpretation, stimulation of purified 

Pmel-1 cells via TCR crosslinking showed marginal or negligible decrease in protein 

tyrosine phosphorylation, activation of the key signaling protein LAT or induction of 

calcium flux response in SOCS1 deficient cells compared to control cells (Fig. S1). These 

results indicate that Socs1-/-Pmel-1 cells not only display cytokine-induced upregulation of 
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memory cell markers, but also show altered expression of cell surface molecules that are 

modulated by TCR activation without displaying acute changes of TCR stimulation. 

 

Figure 1. Socs1−/-Pmel-1 cells display signs of in vivo antigen stimulation. (a) Appearance 

of 4-week-old Socs1−/-Pmel-1 and Socs1+/+ Pmel-1 control mice. (b–e) Pooled brachial, 

inguinal, cervical, and mesenteric lymph nodes from 3-week-old mice of the indicated 

genotype from the same litter were stained for CD4, CD8, TCR Vβ13 (b) and the indicated 

memory cell markers (c) or molecules that are modulated following antigen stimulation 

(d and e), and evaluated by flow cytometry. Numbers within quadrants of dot plots 
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indicate the proportion of cells. Numbers within histograms denote mean channel values. 

Dotted lines were placed in histograms for visual comparison. Data shown are 

representative of similar results from more than three mice from different litters. SOCS1, 

suppressor of cytokine signaling 1. 

Antigen-induced proliferation is impaired in SOCS1 deficient Pmel-1 cells 

We have shown previously that exposure to inflammatory and homeostatic 

cytokines enhances Ag responsiveness of naïve CD8+ T cells (Gagnon et al., 2008; 

Ramanathan et al., 2011). To determine whether the pathological lesions and premature 

death of Socs1-/-Pmel-1 mice resulted from increased Ag responsiveness of Pmel-1 cells to 

endogenous melanocyte gp100, we stimulated lymph node cells from control and Socs1-/-

Pmel-1 mice with mgp10025-33 peptide. We observed that SOCS1 deficient cells 

proliferated poorly (Fig. 2A, left panel), which was not due to impaired Ag presentation as 

purified Socs1-/-Pmel-1 cells stimulated with the same peptide presented by irradiated 

wildtype splenocytes also showed reduced proliferation (Fig. 2A, right panel). In both 

instances, exogenous IL-2 reversed the defective Ag-induced proliferation of Socs1-/-Pmel-

1 cells (Fig. 2A). Previous reports have shown that Pmel-1 cells respond more strongly to 

hgp10025-33 (KVPRNQDWL) than to mgp10025-33 (EGSRNQDWL), as the former binds H-2Db 

with greater affinity (Overwijk et al., 1998). Proliferation induced by hgp10025-33 was also 

impaired in Socs1-/-Pmel-1 cells, which was reversed by IL-2 (Fig. 2B). Furthermore, Socs1-/-

Pmel-1 cells responded poorly to immobilized anti-CD3/anti-CD28 antibodies (Fig. 2C, left 

panel). Nonetheless, Socs1-/-Pmel-1 cells proliferated robustly to IL-15 or IL-15 plus IL-21 

(Fig. 2C, right panel). 
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Figure 2. Socs1−/- CD8+ T cells show impaired antigen (Ag)-induced proliferation. (a) 

Lymph node cells (left panel) from 2- to 3-week-old Socs1−/- and control Pmel-1 mice were 

stimulated with mgp10025–33 with or without IL-2. Purified CD8+ T cells (right panel) were 

stimulated with mgp10025–33 presented by irradiated C57BL/6 splenocytes. (b, c) Lymph 

node cells were stimulated with hgp10025–33 with or without IL-2, anti-CD3ε, and anti-

CD28 mAb-coated Dynabeads or cytokines. (d) Lymph node cells from female Socs1−/- or 

control Rag1−/-H-Y TCR transgenic mice were stimulated with H-Y peptide or cytokines. 

Cell proliferation was evaluated by [3H]-thymidine incorporation after 2 days (for Ag) or 3 

days (cytokines) stimulation. Representative data from at least three independent 

experiments are shown. c.p.m., counts per minute; SOCS1, suppressor of cytokine 

signaling 1. 

TCR reactivity towards MHC:self-peptide complexes may underlie the defective antigen-

induced proliferation of Socs1-/- CD8+ T cells  

We have previously shown that Socs1-/- CD8+ T cells expressing the P14 transgenic 

TCR, specific to a viral Ag, also displayed impaired Ag-induced proliferation (Ramanathan 

et al., 2010). As exposure to inflammatory cytokines increases Ag responsiveness of naïve 

CD8+ T cells (Gagnon et al., 2010; Gagnon et al., 2008), it seems paradoxical that Socs1-/-

Pmel-1 and Socs1-/-P14 cells, which are likely to have been exposed to abundant 

inflammatory cytokines in vivo, show impaired Ag-induced proliferation. Ag-stimulated 

CD8+ T cells can become transiently refractory to TCR stimulation due to ‘Ag-induced non-

responsiveness’ (AINR) (Mescher et al., 2006). Hence, it is possible that the decreased Ag 

responsiveness of Socs1-/- CD8+ T cells may be a consequence of increased Ag 

responsiveness resulting from persistent exposure to cognate self (mgp100) or cross-

reactive environmental Ag. Alternately, Socs1-/- CD8+ T cells may respond strongly to self-

peptide:MHC-I complexes needed for naïve T cell survival (Jameson, 2002), leading to 

refractoriness towards subsequent TCR stimulation. To investigate these possibilities, we 

examined Ag responsiveness of Socs1-/- H-Y TCR transgenic CD8+ T cells reactive to the 

male-specific H-Y antigen (Ramanathan et al., 2006). The H-Y TCR displays low affinity 

towards its cognate peptide and shows negligible reactivity to environmental Ag. As 

shown in Fig. 2D, Socs1-/-H-Y cells proliferated poorly to the cognate peptide despite 

robust proliferation to cytokines. These results indicate that increased cytokine 
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responsiveness of Socs1-/- CD8+ T cells may augment their functional avidity towards MHC-

I:self-peptide complexes that may attenuate their proliferation to subsequent Ag 

stimulation, irrespective of their TCR affinity towards cognate peptides.  

Socs1-/-Pmel-1 cells show increased antigen-specific cytolytic activity 

 CD8+ T cells that develop AINR lose their ability to proliferate to Ag due to 

impaired IL-2 production but retain their effector functions (Mescher et al., 2006). 

Therefore, we examined Ag-induced CTL activity of Socs1-/-Pmel-1 cells. As shown in Fig. 

3A (upper panel), Socs1-/-Pmel-1 cells stimulated with mgp10025-33, but not unstimulated 

cells, efficiently lysed mgp10025-33-loaded EL-4 targets. These cells did not lyse target cells 

loaded with a null peptide (SGPSNTPPEI), which binds to H-2Db (Ramanathan et al., 2010). 

Control Pmel-1 cells showed minimal lytic activity towards mgp10025-33-loaded targets, 

whereas the same cells efficiently lysed hgp10025-33-loaded targets (Fig. 3A, upper and 

lower panels). Socs1-/-Pmel-1 cells also showed increased lytic activity towards hgp10025-

33-loaded targets. These results indicate that SOCS1 deficiency drives Pmel-1 cells into a 

state of Ag-specific proliferative unresponsiveness without compromising their effector 

functions.  
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Figure 3. Socs1−/-Pmel-1 cells display increased antigen (Ag)-specific cytolytic activity 

after Ag or cytokine stimulation. (a) Lymph node cells from control and Socs1−/- Pmel-1 

mice were stimulated with 1μgml−1 of mouse (upper panel) or human (lower panel) 

gp100-derived peptide. After 2 days, stimulated cells were equalized for CD8+ T cell 

numbers, and incubated with 51Cr-loaded EL4 target cells that were pulsed with hgp10025–

33 peptide to measure cytotoxic T lymphocyte (CTL) activity. Freshly isolated cells were 

used as controls. (b) Lymph node cells from Socs1−/- Pmel-1 mice were stimulated with IL-

15 and IL-21, either alone or together for 36hours, and equivalent numbers of CD8 cells 

were tested for CTL activity against hgp100 peptide–loaded EL4 targets. Representative 

data from two independent experiments with similar results are shown. SOCS1, 

suppressor of cytokine signaling 1. 
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Socs1-/-Pmel-1 cells become pathogenic following lymphopenia-induced proliferation 

 Intriguingly, Socs1-/-Pmel-1 cells stimulated with IL-15 and IL-21 displayed high 

cytolytic activity as Ag-stimulated cells (Fig. 3B). As these cells proliferate robustly to these 

cytokines (Fig. 2C, right panel), we postulated that Socs1-/-Pmel-1 cells might become 

pathogenic under lymphopenia conditions, when CD8+ T cells undergo cytokine-driven 

homeostatic proliferation. To test this hypothesis, we CFSE-labeled splenocytes from 

control or Socs1-/-Pmel-1 mice and adoptively transferred these cells into Rag1-/- 

recipients. More than 98% of CD8+ T cells recovered from the recipients of either control 

or Socs1-/-Pmel-1 cells expressed the transgenic TCR (Fig. 4A). Socs1-/- CD8+ T cells 

underwent pronounced lymphopenia-induced proliferation in Rag1-/- mice within 5 days 

after cell transfer, whereas Pmel-1 cells from wildtype donors underwent limited 

expansion (Fig. 4A). Socs1-/-Pmel-1 cells showed increased expression of CD44 and Ly6C, 

while CD62L and CD69 levels were comparable between Socs1-/- and control cells (Fig. 4B). 

Furthermore, both control and Socs1-/- Pmel-1 cells underwent limited expansion in Rag1-

/-Il15-/- mice, confirming the requirement of IL-15 for homeostatic expansion (Fig. 4C). 

However, Socs1-/-Pmel-1 cells expanded in Rag1-/-Il15-/- recipients contained a pool of 

rapidly proliferating CFSElo cells, which may arise from TCR stimulation (Kieper et al., 

2005). 
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Figure 4. Socs1−/-Pmel-1 cells undergo massive lymphopenia-induced proliferation. (a) 

Lymph node cells from Socs1−/- and control Pmel-1 cells were labeled with 5-

(6)carboxyfluorescein diacetate succinimidyl ester (CFSE) and 10 × 106 cells were 

adoptively transferred to Rag1−/- mice. After 5 days, pooled lymph node cells were stained 

for CD8, and proliferation of CD8+ T cells was evaluated by flow cytometry. (b) In parallel, 

markers of lymphopenia-induced proliferation were evaluated on CD8+ T cells. (c) Rag1−/-

 mice lacking IL-15 were used as recipients of CFSE-labeled Socs1−/- and control Pmel-1 

cells, and proliferation of donor CD8+ T cells was evaluated after 5 days. Representative 

data from three independent experiments are shown. SOCS1, suppressor of cytokine 

signaling 1. 
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Rag1-/- recipients that received Socs1-/-Pmel-1 cells developed severe 

inflammatory skin lesions two months after cell transfer, whereas wildtype Pmel-1 cells 

failed to cause disease (Fig. 5A).  Somewhat unexpectedly, Rag1-/-Il15-/- recipients 

harboring Socs1-/-Pmel-1 cells also developed lesions, albeit with a delay (Fig. 5A). Rag1-/- 

recipients harboring Socs1-/- Pmel-1 cells developed lesions in areas accessible to 

scratching, particularly in flanks, ears, muzzle and eyes (Fig. 5B: a,b; Fig. S2a,e). Histology 

of the affected muzzle skin showed moderate to severe lymphocytic infiltration of dermis 

and hair follicles (Fig. 5B, c,d versus e). Cross section of ear lobes from Rag1-/- mice 

harboring Socs1-/-Pmel-1 cells showed acanthosis, infiltration of lymphocytes and 

melanophages, basal cell vacuolization and reactive keratinocyte atypia, resembling 

lichenoid-type interface dermatitis (Fig. S2: b,c versus d). Some very sick mice developed 

cataract and showed lymphocytic infiltration of peri-orbital and sub-conjunctival tissues, 

with melanophages arising from the underlying choroid (Fig. S2: f,g). These observations 

show that reversal of the antigen-specific proliferative defect by lymphopenia-driven 

expansion allows Socs1-/-Pmel-1 cells to unleash their effector functions and cause 

autoimmune tissue destruction. 
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Figure 5. Socs1−/-Pmel-1 cells cause severe skin lesions following lymphopenia-induced 

proliferation. (a) Lymph node cells containing 5 × 106 CD8+ T cells from Socs1−/- or control 

Pmel-1 mice were adoptively transferred to Rag1−/- or Rag1−/-Il15−/-recipients and 

monitored for pathological manifestations. (b) (A) Representative Rag1−/- mice that 

received Socs1−/- (knockout (KO)) or control (wild type (WT)) Pmel-1 cells at 8 weeks after 

cell transfer. (B–D) Inflammatory lesions of the muzzle in Rag1−/-mice harboring KO cells 

(B), showing lymphocytic and histiocytic infiltration in the dermis (C, between braces) with 

unaffected epidermis (C, arrowhead) and vibrissae (C, arrow), and dense lymphocytic and 

histiocytic infiltration around hair follicles (D). (E) Skin section of Rag1−/- mice harboring 

control Pmel-1 cells. SOCS1, suppressor of cytokine signaling 1. 
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Antigen stimulation strongly induces Blimp-1 in Socs1-/-Pmel-1 cells 

 To gain insight into the ability of Socs1-/-Pmel-1 cells to cause skin lesion in Rag1-/- 

recipients, we phenotyped the adoptively transferred Pmel-1 cells at 6 weeks after 

transfer. Both wildtype and Socs1-/-Pmel-1 cells undergoing LIP have upregulated CD44, 

Ly6C and CD127 to the same extent, whereas the expression of CD25, CD132 and CCR7 

showed negligible changes (Fig. 6A). These cells have also upregulated CD5 and KLRG-1, 

which are modulated by cytokine and Ag stimulation (Parish and Kaech, 2009; Soldevila et 

al., 2011). A subset of these cells downregulated CD62L (Fig. 6A) suggesting TCR 

stimulation in vivo. Overall, there was no appreciable phenotypic difference between 

Socs1-/- and control Pmel-1 cells recovered from Rag1-/- mice two months after adoptive 

transfer. Recent studies have shown that Blimp-1, a transcriptional repressor induced by 

Ag stimulation, favors differentiation of effector CD8+ T cells during viral infections 

(Rutishauser et al., 2009; Welsh, 2009; Crotty et al., 2010). We observed that Ag 

stimulation markedly upregulated Blimp-1 in Socs1-/- Pmel-1 cells compared to control 

cells (Fig. 6B). Ag-stimulated SOCS1 deficient cells also expressed Bcl-6, which is 

implicated in promoting cell proliferation (Crotty et al., 2010). IL-15 and IL-21, which 

induced strong proliferation of Socs1-/-Pmel-1 cells, did not upregulate Blimp-1, while IL-

21-mediated induction of Bcl-6 was comparable in Socs1-/- and control Pmel-1 cells (Fig. 

6B). Besides, IL-15 inhibited IL-21-induced Bcl-6 in both Socs1-/- and control Pmel-1 cells. 

These results suggest that cytokine-driven proliferation, increased Ag sensitivity and Ag-

induced upregulation of Blimp-1 may collectively contribute to the auto-aggressive 

potential of Socs1-/-Pmel-1 cells. 
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Figure 6. Socs1−/-Pmel-1 cells show 

increased Blimp-1 expression after 

antigen stimulation. (a) Socs1−/-

 and control Pmel-1 cells recovered 

6 weeks after transfer to Rag1−/-

 recipients were evaluated for the 

indicated cell surface markers. 

Freshly isolated control Pmel-1 

cells were included for 

comparison. (b) Freshly 

isolated Socs1−/- and control Pmel-

1 cells were stimulated with 

antigen or the indicated cytokines. 

After 48hours, cell lysates were 

analyzed by western blot to 

evaluate Blimp-1 expression. Actin 

was used to ensure equivalent 

protein loading. Data shown are 

representative of two independent 

experiments with similar results. 

SOCS1, suppressor of cytokine 

signaling 1. 

 

 

 

 

Discussion 

In this study, we have shown that SOCS1 plays a crucial role in preventing the 

activation of potentially skin-reactive CD8+ T cells. Socs1-/-Pmel-1 cells undergo robust 

cytokine-induced proliferation but proliferate poorly to gp100. This Ag-specific 

proliferative unresponsiveness of Socs1-/-Pmel-1 cells presumably develops as a 
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consequence of constant TCR stimulation by endogenous gp100 expressed by normal 

melanocytes. Nonetheless, Socs1-/-Pmel-1 cells display strong Ag-specific effector 

functions, which enables these cells cause severe skin lesions under lymphopenic 

conditions that favor cytokine-driven homeostatic expansion. Our findings also implicate 

SOCS1 in regulating the Blimp-1, an important regulator of CD8+ T cell differentiation. 

Pmel-1 cells are widely used to study anti-tumor CTL responses in the murine B16-

F10 melanoma model (Finkelstein et al., 2004). Pmel-1 cells expanded in vitro using 

hgp10025-33 and adoptively transferred to C57Bl/6 mice induce regression of 

subcutaneously implanted melanoma. However, such tumor regression can be achieved 

only upon re-stimulation of the donor cells in vivo with hgp10025-33 along with innate 

immune stimuli (Finkelstein et al., 2004; Overwijk et al., 2003; Salem et al., 2009). The 

latter induce inflammatory cytokines, including those that promote antigen 

responsiveness of CD8+ T cells (Kolumam et al., 2005; Mattei et al., 2001; Salem et al., 

2006). In fact, IL-15 and IL-21 have been shown to facilitate efficient activation of Pmel-1 

cells and enhance their anti-tumor functions (Hinrichs et al., 2008; Klebanoff et al., 2004; 

Zeng et al., 2005). Effective anti-tumor response against B16-F10 melanoma is often 

accompanied by vitiligo, indicating that normal melanocytes become targets of cytokine-

stimulated, Ag-activated Pmel-1 cells. Our findings show that SOCS1 deficiency enables 

Pmel-1 cells to acquire the capacity to attack normal cells even without exogenous Ag 

stimulation, and at physiological levels of cytokines available during lymphopenia. These 

observations highlight the key role played by SOCS1 in preventing potentially autoreactive 

CD8+ T cell clones from gaining the capacity to become auto-aggressive CTLs, leading to 

initiation and perpetuation of autoimmune tissue destruction. 

Development of inflammatory lesions in multiple organs of SOCS1 deficient mice 

has been variously attributed to hyperactivation of NKT cells, macrophages and dendritic 

cells, and deregulation of Th1, Th17 and T regulatory cells (Yoshimura et al., 2012). Even 

though all these inflammatory cells would contribute to the chronic inflammatory lesions 

observed in SOCS1 null mice, it is also possible that inflammatory cytokines could facilitate 
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activation of potentially self-reactive T cells (Ramanathan et al., 2009). Chong et al., have 

shown that SOCS1 deficiency in T cells alone is not sufficient to induce inflammatory 

manifestations, which occurred only upon simultaneous deletion of SOCS1 in myeloid 

cells (Chong et al., 2005). This study postulated that increased sensitivity of Socs1-/- 

macrophages to inflammatory stimuli, and abnormally high responsiveness of Socs1-/- T 

cells to pro-inflammatory cytokines could establish a self-perpetuating, Ag non-specific 

inflammatory loop between these cells. CD8+ T cells are the most affected leukocyte 

population in Socs1-/- mice, characterized by CD44hi activated/memory phenotype, which 

occurs even in the absence of IFN (Cornish et al., 2003b; Ilangumaran et al., 2003). We 

have shown that this phenotypic conversion is driven by IL-15, and SOCS1 attenuates Ag 

non-specific activation of CD8+ T cells by IL-15 and IL-21 (Gagnon et al., 2007; Ramanathan 

et al., 2006). Socs1-/- T cells produce IFN in response to LPS, IL-1, TNFα, IL-2 and IL-15 

(Chong et al., 2005; Ramanathan et al., 2010). Even though IFN hastens inflammation, 

leading to overt disease in Socs1-/- mice at a very young age, development of 

inflammatory lesions in older Socs1-/-Ifng-/- 

initiate and perpetuate the inflammatory loop in SOCS1 deficient mice.  Our findings that 

Socs1-/-Pmel-1 cells display potent Ag-specific cytolytic activity following cytokine or Ag 

stimulation indicates that increased CTL activity could be a key factor contributing to the 

development of autoimmune manifestations in Socs1-/- mice. This notion is also supported 

by destruction of pancreatic islets by Socs1-/- CD8+ T cells in TCR transgenic mouse models 

of autoimmune diabetes (Davey et al., 2005; Ramanathan et al., 2011). 

Even though Socs1-/- Pmel-1 cells mount efficient Ag-specific CTL activity, they 

display reduced Ag-induced proliferation, as we have previously reported for P14 cells 

(Ramanathan et al., 2010). In our previous study on Socs1-/-P14 cells, we have argued that 

the Ag-specific proliferative unresponsiveness of Socs1-/- CD8+ T cells is not related to ‘split 

anergy’(Schwartz, 2003) or to AINR (Tham et al., 2002) on the grounds that Socs1-/- CD8+ T 

cells express normal levels of costimulatory receptors and their proliferative defect 

cannot be reversed even after cytokine-driven expansion (Ramanathan et al., 2010). Our 

findings indicate that the Ag-specific proliferative defect in Socs1-/- Pmel-1 cells, without 
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the loss of effector functions, could be related to the increased level of Blimp-1 

expression.  It has been shown that Blimp-1 is upregulated in terminally differentiated 

CD8+ T effector cells, whereas central memory cells downmodulate Blimp-1 (Rutishauser 

et al., 2009). Accordingly, Blimp-1 deficiency leads to generation of memory CD8+ T cell 

subsets with increased proliferative capacity whereas overexpression of Blimp1 in P14 

cells attenuated Ag-induced proliferation (Rutishauser et al., 2009). Further investigation 

will reveal how SOCS1 regulates antigen-induced Blimp-1 expression, and whether SOCS1 

expression of genes (Cbl-b, GRAIL, Otubain1, Ikaros, Egr2/3, CREM) implicated in the 

induction and/or maintenance of the anergic state (Chappert and Schwartz, 2010; Wells, 

2009). 

Autoreactive T cells that escape negative selection in thymus are regulated by 

peripheral tolerance mechanisms, which include ‘ignorance’ due to tissue-restricted 

expression of autoantigens, induction of tolerogenic APCs and regulatory T cells, and 

clonal anergy and deletion of autoreactive cells (Mueller, 2010).  Inflammatory conditions 

can breach these safety mechanisms by enhancing the immunogenic properties of Ag 

presenting cells. For instance, in transgenic mice expressing ovalbumin-derived peptide in 

skin, adoptive transfer of OVA-specific OT-I TCR transgenic CD8+ T cells did not cause 

immunopathology unless physical skin inflammation was also induced (Bianchi et al., 

2009). Infectious agents can also breach tolerance mechanisms by providing inflammatory 

stimuli (Enouz et al., 2012). Collectively, these studies suggest that autoreactive CD8+ T 

cells with low avidity TCR can be activated under inflammatory conditions. Therefore, the 

inflammatory status of Socs1-/- mice might have facilitated activation of Pmel-1 cells, 

however breakdown of peripheral tolerance and development of tissue damage required 

a lymphopenic setting.  

Lymphopenia and infections are implicated as important triggers of autoimmunity 

(Krupica et al., 2006; Le Saout et al., 2008; von Herrath et al., 2003; Zhang and Bevan, 

2012). Viral infections are often associated with innate immune stimulation and transient 
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lymphopenia (Khoruts and Fraser, 2005; von Herrath et al., 2003). In fact, lymphopenia 

and inflammation may collude to trigger autoimmunity. We have shown that homeostatic 

cytokines synergize with inflammatory cytokines to stimulate Ag non-specific proliferation 

of naïve CD8+ T cells, increase their responsiveness to weak TCR ligands and elicit their 

pathogenic potential (Gagnon et al., 2010; Gagnon et al., 2008; Ramanathan et al., 2011). 

SOCS1 is a critical regulator of this pathogenic mechanism, as previously shown in an 

autoimmune diabetes model (Ramanathan et al., 2010) and by the present study on 

Pmel-1 cells. Even though the Socs1 gene has not been directly linked to autoimmunity, it 

is epigenetically repressed via promoter methylation and by microRNA miR155 (Galm et 

al., 2003; Lu et al., 2009). It will be worthwhile to investigate the methylation status of 

Socs1 gene promoter and miR155 expression in clonal populations of CD8+ T cells in 

autoimmune disease patients. 

Materials and methods 

Mice. Socs1+/-Ifng-/-, Rag1-/-Il15-/-, Rag1-/-H-Ytg and Socs1-/-Rag1-/-H-Ytg mice in C57BL/6 

background had been previously described (Marine et al., 1999; Ramanathan et al., 2010; 

Ramanathan et al., 2006). Rag1-/- mice in C57BL/6 background and Pmel-1 TCR transgenic 

mice (Overwijk et al., 2003) were purchased from the Jackson Laboratory. Socs1-/-Pmel-1 

mice were generated in our animal facility.  All experiments on mice were approved by 

the institutional ethical committee.  

Reagents. Fluorochrome-conjugated antibodies against mouse cell surface molecules TCR 

v13 (recognizes the Pmel-1 TCR) were from BD Pharmingen Biosciences (Palo Alto, CA) or 

eBiosciences (San Diego, CA). Recombinant IL-2, IL-7, IL-15 and IL-21 were from R&D 

Systems (Minneapolis, MN). 5-(6)carboxyfluorescein diacetate succinimidyl ester (CFSE) 

and the calcium indicator dye Fluo-4 were from Molecular Probes (Eugene, OR). Antigenic 

peptides were custom synthesized to >95% purity by GenScript (Scotch Plains, NJ). 

Antibodies for western blot were purchased from Cell Signaling Technology (Beverly, MA) 

or Santa Cruz Biotechnology (Santa Cruz, CA). 
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Flow cytometry and cell sorting. Cell staining, flow cytometry data acquisition and 

analysis were carried out as described elsewhere (Gagnon et al., 2008). CD8+ T cells were 

purified using Dynal® mouse CD8 negative isolation kit (Invitrogen) (Ramanathan et al., 

2010).  

Cell proliferation. Cell proliferation was measured as detailed previously (Gagnon et al., 

2008). Briefly, total lymph node cells (1x105 cells/well) or purified CD8+ T cells (2.5x104 

cells/well) were stimulated in 96-well culture plates with cytokines, Dynabeads® Mouse T-

activator CD3/CD28 or antigenic peptides. Irradiated wildtype splenocytes (105 cells/well) 

were used as APCs to stimulate purified cells with a -[3H]-

thymidine (NEN Life Sciences, Boston, MA) was added during the last 8 h of culture and 

radioactivity incorporation was measured. Statistical significance was calculated by 

Student’s t-test. 

In vivo proliferation. Splenocytes labeled with CFSE were injected into 6-8 wk old Rag1-/- 

or Rag1-/-Il15-/- mice (10 106 

(Ramanathan et al., 2006). 

TCR signaling and calcium response. Purified 1  106 CD8+ T cells were incubated with 

anti-CD3 mAb 2C11 in cold for 15 min, washed, thawed to 37oC and exposed to goat anti-

hamster IgG (Jackson Labs) to crosslink the CD3/TCR complex. At indicated time points, 

cells were lysed in SDS-PAGE sample buffer and analyzed by western blot as described 

previously (Gagnon et al., 2010). To measure TCR-induced calcium flux, purified CD8+ T 

cells, loaded with the calcium indicator dye Fluo-4, were stimulated using 2C11 Ab 

followed by its crosslinking. Ca2+ flux was recorded by flow cytometry as detailed 

elsewhere (Ilangumaran et al., 2009). 

CTL assay. Target EL-4 cells, prepared by incubation with 400 µCi/ml 51Cr (NEN Life 

Sciences, Boston, MA) and peptides for 2 h at 37°C, were washed and cultured with 

activated Pmel-1 cells at different effector to target cell ratios. After 7 h at 37°C, released 

radioactivity was measured and specific lysis was calculated as previously described 
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(Gagnon et al., 2008). 
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Figure S1. Proximal TCR signaling and calcium response are not impaired in Socs1-/-

Pmel-1 cells. (a) CD8+ T cells purified from control and SOCS1 deficient Pmel-1 mice were 

stimulated by TCR crosslinking and analyzed by western blot for total protein tyrosine 

phosphorylation using 4G10 Ab, phospho-ZAP70 and phosho-LAT. (b) Control and SOCS1 

deficient Pmel-1 cells, loaded with the calcium indicator dye Fluo-4, were stimulated by 

TCR crosslinking (left panel) or exposed to ionomycin (right panel), and Ca2+ flux was 

recorded by flow cytometry. Representative data from two independent experiments are 

shown. 
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Figure S2. Dermatologic and ocular lesions caused by lymphopenia-induced 

proliferation of SOCS1 deficient Pmel-1 cells. Lymph node cells containing 5 x106 CD8+ T 

cells from Socs1 -/-  or control Pmel-1 mice were adoptively transferred to Rag1 -/-  

recipients. (i-iii) Eczematous lesions of ear lobes in Rag1 -/-  mice bearing Socs1 -/-  Pmel-1 

cells, showing gross lesions (i), acanthosis (ii, arrowhead) and interface dermatitis (ii, 

arrow) with intra-epidermal lymphocytes, basal cell vacuolization, melanophages (iii, 
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arrowheads) and reactive keratinocyte atypia (iii, arrow). (iv) Control Pmel-1 cells do not 

cause such skin lesions. (v) Cataract caused by Socs1 -/-  Pmel-1 cells. (vi) Lymphocytic and 

histiocytic infiltration of the peri-orbital space (within braces) and sub-conjunctival tissue 

(vii) with lymphocytes ascending into the conjunctiva and subtle parakeratosis of 

superficial conjunctival layers.   
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RÉSUMÉ 

Les cancers peuvent échapper à la surveillance immunitaire en diminuant 

l'expression des molécules du CMH de classe I (MHC-I) et des composants de l'appareil de 

traitement et présentation des antigènes (APM). Développer de nouvelles approches pour 

inverser ces défauts pourrait stimuler les efforts pour restaurer l'immunité anti-tumorale. 

Des études récentes ont montré que l'expression de MHC-I et de molécules de traitement 

et présentation des antigènes est régulée au niveau transcriptionel par la proteine NOD-

like receptor CARD domain containing 5 (NLRC5). Pour étudier si NLRC5 pourrait être 

utilisé pour améliorer l'immunogénicité des tumeurs, nous avons généré des lignées 

stables de cellules de mélanome B16-F10 exprimant NLRC5 (B16-5); la molécule co-

stimulatrice de cellules T, CD80 (B16-CD80), ou les deux (B16-5 / 80). Les cellules sur-

exprimant NLRC5 ont régulé positivement de manière constitutive les gènes MHC-I et 

LMP2, LMP7 et TAP1 de l'APM. Les cellules B16-5 ont efficacement présenté le peptide 

antigénique de mélanome gp10025-33 aux cellules T CD8+ ayant le TCR transgénique de 

Pmel-1 et ont induit leur prolifération. En présence de CD80, les cellules B16-5 stimulent 

les cellules Pmel-1 même sans l'addition du peptide gp100, ce qui indique que NLRC5 

facilite le traitement et la présentation des antigènes tumoraux endogènes. Lors de 

l'implantation sous-cutanée, les cellules B16-5 ont montré une réduction significative de 

la croissance tumorale chez des hôtes C57BL/6, mais pas chez des hôtes immuno-

déficients, ce qui indique que les cellules tumorales exprimant NLRC5 ont provoqué une 

immunité anti-tumorale. Après l'injection intraveineuse, les cellules B16-5 et B16-5/80 ont 

formé moins de foyers tumoraux pulmonaires comparativement aux cellules contrôle. 

Chez les souris déplétées de lymphocytes T CD8+, les cellules B16-5 ont formé de grandes 

tumeurs sous-cutanées et pulmonaires. Enfin, l'immunisation avec des cellules B16-5 

irradiées a permis une protection anti-tumorale lors de la réimplantation des cellules B16 

parentales. Collectivement, nos résultats indiquent que NLRC5 pourrait être exploité pour 

restaurer l'immunogénicité tumorale et pour stimuler l’immunité antitumorale 

protectrice. 
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ABSTRACT 

Cancers can escape immunosurveillance by diminishing the expression of MHC 

class-I molecules (MHC-I) and components of the antigen-processing machinery (APM). 

Developing new approaches to reverse these defects could boost the efforts to restore 

antitumor immunity. Recent studies have shown that the expression of MHC-I and 

antigen-processing molecules is transcriptionally regulated by NOD-like receptor CARD 

domain containing 5 (NLRC5). To investigate whether NLRC5 could be used to improve 

tumor immunogenicity, we established stable lines of B16-F10 melanoma cells expressing 

NLRC5 (B16-5), the T cell co-stimulatory molecule CD80 (B16-CD80) or both (B16-5/80). 

Cells harboring NLRC5 constitutively expressed MHC-I and LMP2, LMP7 and TAP1 genes of 

the APM. The B16-5 cells efficiently presented the melanoma antigenic peptide gp10025–

33 to Pmel-1 TCR transgenic CD8+ T cells and induced their proliferation. In the presence 

of CD80, B16-5 cells stimulated Pmel-1 cells even without the addition of gp100 peptide, 

indicating that NLRC5 facilitated the processing and presentation of endogenous tumor 

antigen. Upon subcutaneous implantation, B16-5 cells showed markedly reduced tumor 

growth in C57BL/6 hosts but not in immunodeficient hosts, indicating that the NLRC5-

expressing tumor cells elicited antitumor immunity. Following intravenous injection, B16-

5 and B16-5/80 cells formed fewer lung tumor foci compared to control cells. In mice 

depleted of CD8+ T cells, B16-5 cells formed large subcutaneous and lung tumors. Finally, 

immunization with irradiated B16-5 cells conferred protection against challenge by 

parental B16 cells. Collectively, our findings indicate that NLRC5 could be exploited to 

restore tumor immunogenicity and to stimulate protective antitumor immunity. 

Introduction 

An important immune evasion mechanism of tumor cells is to reduce their 

immunogenic potential and thereby escape destruction by cytotoxic T lymphocytes (CTL). 

For this purpose, cancer cells use several strategies such as downregulation of dominant 

tumor antigens, blockade of the APM and repression of the MHC-I molecules.1 Expression 

of MHC-I requires the assembly of MHC-I heavy chain, β2 microglobulin (β2M) and an 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4938303/#cit0001
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antigenic peptide within the endoplasmic reticulum (ER).2,3 The antigenic peptide is 

generated by proteasomes, transported across the ER by ‘transporters associated with 

antigen processing’ TAP1 and TAP2, loaded onto MHC-I:β2M complex and delivered to 

the cell surface. By sampling these peptides, CD8+ T cells carry out their 

immunosurveillance functions and eliminate neoplastic cells expressing tumor-specific 

and tumor-associated antigens.4-6 Many cancers show defects in the MHC-I antigen 

presentation pathway that would allow cancer cells to escape destruction by CTLs.1,7,8 In 

some cancers, the MHC-I defects correlate with high tumor grading, disease progression, 

reduced survival and failure of CTL-based immunotherapies.1,8 Notably, in melanoma 

patients undergoing immunotherapy, all regressing metastatic lesions expressed residual 

MHC-I while progressing metastases did not.9,10 The defects in the expression of MHC-I 

and APM in cancer cells are classified into reversible “soft” and irreversible “hard” 

lesions.7,11While hard lesions arise from gene loss or structural mutations, soft lesions 

could arise from epigenetic, transcriptional and post-translational alterations.12-14 The soft 

lesions are exemplified by restoration of MHC-I expression by DNA demethylating agents 

or IFNγ.15,16 Even though defects in MHC-I expression and antigen presentation in cancer 

cells have been extensively documented, the transcriptional regulation of MHC-I and 

antigen-processing pathway genes, and their deregulation in cancer cells are not yet well 

understood. 

NLRC5 is a member of the NLR family proteins that contain a nucleotide-binding 

domain and leucine-rich repeats, which are conserved in pattern recognition receptors 

that regulate inflammatory responses and cell death.17 NLRC5 is conserved in vertebrates 

and is expressed in various tissues, although high expression occurs in immune tissues 

and mucosal epithelia.18-22 The NLRC5 promoter is inducible by IFN. 18,21,23 NLRC5 is 

structurally related to NLRA, also known as MHC-II trans-activator (CIITA), which is 

essential for the transcription of MHC-II genes.24 Similar to CIITA that induces MHC-

II genes, NLRC5 promotes MHC-I gene expression and thus called MHC-I trans-activator 

(CITA).23,24 Several groups studying the role of NLRC5 in innate immune functions have 

generated Nlrc5−/− mice, which have confirmed the essential role of NLRC5 in MHC-

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4938303/#cit0002
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4938303/#cit0004
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4938303/#cit0001
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4938303/#cit0001
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4938303/#cit0009
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4938303/#cit0007
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4938303/#cit0012
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4938303/#cit0015
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4938303/#cit0017
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4938303/#cit0018
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4938303/#cit0018
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4938303/#cit0024
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4938303/#cit0023
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I expression.18-23,25-29 The promoters of MHC-I genes contain cis-regulatory elements (SXY 

module) that bind distinct transcription factors, with which NLRC5 interacts and recruits 

transcriptional modifiers to assemble the MHC-I enhanceosome transcriptional 

complex.24,30-33 NLRC5 also induces genes coding for B2M, LMP2 (large multifunctional 

proteasome 2, a proteasome component) and TAP1 involved in antigen processing and 

presentation to CD8+ T cells.23,26,27 In agreement, Nlrc5-/- mice show impaired CTL 

responses, and NLRC5-null target cells are not efficiently cleared by CTLs.26,27 

Given the role of NLRC5 in the transcription of MHC-I and APM genes, we 

postulated that NLRC5 may play important roles in antitumor immunity and its loss may 

promote tumor immune evasion. In this study, we investigated the ability of NLRC5 to 

elicit antitumor immunity using the B16-F10 (referred hereafter as B16) mouse melanoma 

model. The B16 melanoma is a poorly immunogenic tumor that grows aggressively in 

syngeneic C57Bl/6 mice.34 B16 cells express several melanoma antigens such as gp100 

(also called Pmel-1), tyrosinase, tyrosinase-related protein 1 and dopachrome 

tautomerase.34 The poor immunogenicity of B16 cells has been linked to low expression 

of MHC-I and APM.35 To determine whether NLRC5 could be used to improve tumor 

immunogenicity, we generated stable lines of B16 cells expressing NLRC5 either alone or 

along with the T cell co-stimulatory ligand CD80. We evaluated the ability of these cells to 

present exogenously added or endogenous gp100 antigenic peptide in vitro and in vivo, 

their growth as tumors in C57BL/6 mice and their ability to activate gp100-specific CD8+ T 

cells. We also investigated the ability of NLRC5-expressing B16 cells to confer immune 

resistance to challenge by parental B16 cells. Our findings show that NLRC5 expression 

renders B16 cells immunogenic and raise the possibility that NLRC5 could be exploited to 

elicit antitumor immunity. 

 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4938303/#cit0018
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4938303/#cit0024
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4938303/#cit0023
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4938303/#cit0026
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4938303/#cit0034
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4938303/#cit0034
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4938303/#cit0035
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Results 

Stable expression of NLRC5 enhances MHC-I expression in B16 cells and increases their 

ability to activate CD8+ T cells 

B16 cells express low levels of MHC-I, β2M and several genes of the APM such 

as LMP2, LMP7, TAP1, TAP2, PA28α and PA28β.35 As NLRC5 is a master regulator of MHC-I 

and some of the APM,24 we evaluated Nlrc5 gene expression in B16 cells. Wild type B16 

cells (B16-Wt) showed negligible level of Nlrc5 gene expression at steady state that was 

increased >1500-fold following IFN stimulation (Fig. 1A). On the other hand, some of the 

mouse cancer cell line that we examined did not upregulate Nlrc5 upon IFN stimulation 

and showed defective MHC-I gene expression (Fig. S1). These results indicate that B16 

cells are not inherently defective in Nlrc5 gene expression. To test whether NLRC5 would 

enable B16 cells to activate tumor antigen-specific CD8+ T cells, we derived stable lines 

expressing human NLRC5 (B16-5), which has been previously shown to induce MHC-

I expression in murine B16 cells.31 Human and mouse NLRC5 show 62.3% amino acid 

sequence identity and 80% similarity (Fig. S2).20Moreover, human and mouse MHC-I gene 

promoters harbor similar cis-regulatory elements that are occupied by transcriptional 

enhanceosomes containing NLRC5.33 To increase the ability of B16-5 cells to activate 

tumor antigen-specific CD8+ T cells, we generated B16-5 cells expressing the 

costimulatory ligand CD80 (B16-5/80).36 As controls, cells expressing only CD80 (B16-80) 

or the empty vectors (B16-v), and B16-Wt cells were used. When compared with B16-Wt 

cells, the transfected cells showed slightly increased level of endogenous 

murine Nlrc5 expression that was significant only in B16-v cells (Fig. 1A). 

 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4938303/#cit0035
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4938303/#cit0024
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4938303/figure/f0001/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4938303/#cit0031
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4938303/#cit0020
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4938303/#cit0033
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4938303/#cit0036
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4938303/figure/f0001/
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Figure 1. Stable expression of NLRC5 induces MHC-I and a subset of antigen processing 
pathway genes in B16-F10 melanoma cells. B16-F10 melanoma cells (B16-Wt) were 
transfected with expression constructs of human NLRC5 (EBSB-PL-EGFP-NLRC5) and 
mouse CD80 (pcDNA3.0-CD80), either alone or together. Transfected cells were selected 
with blasticidin, G418 or both to generate the stable lines B16-5, B16-80 and B16-5/80 
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expressing NLRC5, CD80 or both, respectively. Control cells were transfected with both 
vectors (B16-v) and selected by antibiotics. (A) B16-derived cell lines were evaluated by 
qPCR for the expression of endogenous Nlrc5 and genes coding for MHC-I (H-2D, H-2K), β2 
microglobulin, and the antigen-processing machinery: proteasome components LMP2 and 
LMP7, proteasome activators PA28α and PA28β, transporter associated with antigen 
processing Tap1, and the Tap1-associated protein tapasin. B16-Wt cells treated with 500 

pg/mL of IFN were used as control, along with the induction of the Stat1 gene. Gene 
expression was normalized to the housekeeping gene Rplp0 (36B4) and then compared to 
B16-Wt cells to measure fold change. Mean ± SEM from three experiments are shown. 
Statistical comparison of the indicated groups was done by Mann–Whitney test: ****p < 
0.0001. (B) Relative expression of human NLRC5 transgene in B16-5 and B16-5/80 cells. 
(C) Cell surface expression of MHC class-I (H-2Db) and CD80 were measured in parental 
and B16-derived stable cell lines by flow cytometry. Expression level in B16-Wt cells (dark 
gray histograms) was overlapped with that of transfected cells (white histograms). GFP 
fluorescence served as marker for the NLRC5 expression construct. (D) Mean fluorescence 
intensity (MFI) values of H-2D, H-2K and CD80 expression in B16-derived cell lines. Data 
shown are mean + SEM from five experiments, normalized to the expression level in B16-
Wt cells. Mann–Whitney test: **p < 0.01, ***p < 0.001, ****p < 0.0001.  
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As expected, the transfected human NLRC5 transcripts were detected only in B16-

5 and B16-5/80 cells. As there is no expression of human NLRC5 in the control groups 

(B16-Wt, B16-v), it was not possible to calculate fold increase of NLRC5 expression relative 

to controls. Nonetheless, the Ct values for human NLRC5 in B16-5 (22.3) and B16-5/80 

(24.8) indicated that the transfected gene was well expressed in these cells. Ct value for 

the housekeeping gene Rplp0 was 14.9 in both B16-5 and B16-5/80 cells. Notably, B16-

5/80 cells showed a 6-fold less NLRC5 transcript level with respect to B16-5 cells (Fig. 1B), 

suggesting the possibility of competition for the transcription machinery in cells harboring 

both NLRC5 and CD80 expression constructs. 

Next we examined the expression of genes coding for MHC-I and molecules 

involved in antigen processing (Fig. 1A). Consistent with previous reports,23,26B16-5 and 

B16-5/80 cells showed constitutive expression of MHC-I genes H2D and H2K, 

although B2M was significantly upregulated only in B16-5 cells. The expression levels 

of H2D and H2K genes in NLRC5 expressing cells were comparable to the levels induced by 

IFN in B16-Wt cells. Both B16-5 and B16-5/80 cells showed significant upregulation 

of Psmb9 and Psmb8 coding for the proteasomal components LMP2 and LMP7, 

respectively, and Tap1 compared to B16-v controls (Fig. 1A). In general, the expression of 

the above NLRC5-induced antigen-processing genes was slightly lower in B16-5/80 cells 

than in B16-5 cells, presumably due to weaker expression of NLRC5 in the latter (Fig. 1B). 

Strikingly, B16-5 and B16-5/80 cells did not show expression of several other MHC-I 

pathway genes that were induced by IFN such as Psme1, Psme2 and Tapbp coding for the 

proteasomal activators PA28α and PA28β and TAP binding protein, respectively. These 

results indicate that NLRC5 induces only a subset of IFN-inducible MHC-I antigen-

processing pathway genes. 

B16-5 cells showed elevated cell surface expression of MHC-I molecules H-2Dband 

H-2Kb (Fig. 1C, D), consistent with the expression of H2D, H2K and B2M genes. B16-5/80 

cells showed reduced expression of MHC-I when compared with B16-5 cells, 

corresponding to the reduced level of NLRC5 transcripts and B2M gene expression in B16-

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4938303/figure/f0001/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4938303/figure/f0001/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4938303/#cit0023
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4938303/figure/f0001/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4938303/figure/f0001/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4938303/figure/f0001/
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5/80 cells (Fig. 1B). B16-v cells expressing the control vector showed slight augmentation 

of MHC-I surface expression, presumably arising from the induction of 

endogenous Nlrc5 gene (Fig. 1A). B16 cells do not express CD80, which was markedly 

elevated in B16-80 and B16-5/80 cells harboring the murine CD80 expression construct 

(Fig. 1C, D). 

Next we tested the ability of the B16-derived cell lines to present the mgp100 

tumor antigenic peptide to Pmel-1 TCR transgenic CD8+ T cells and stimulate cell 

proliferation. While parental (B16-Wt) and control (B16-v) cells did not induce 

proliferation of naive Pmel-1 cells in response to exogenously added cognate peptide 

mgp10025-33, B16-5 and B16-5/80 cells stimulated robust cell proliferation (Fig. 2A). B16-

80 cells also induced strong proliferation of Pmel-1 cells in the presence of mgp100, 

presumably by delivering co-stimulatory signals that supplement the basal TCR 

signaling.37 However, B16-5/80 cells did not elicit a response superior to B16-5 cells. 

Together, the above data indicated that stable NLRC5 expression in cancer cells can 

upregulate the expression of functional MHC-I molecules and present tumor antigenic 

peptides to CD8+ T cells and stimulate their proliferation. 
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Figure 2. NLRC5 increases the antigen-presenting capacity of B16 cells and enables 
presentation of endogenous tumor antigenic peptide. (A) B16-derived cell lines (• B16-

Wt; ○ B16-v; ♦ B16-5, ▪ B16-80; ▴ B16-5/80) were gamma irradiated (100Gy) and 
incubated with purified Pmel-1 TCR transgenic CD8+ T cells along with the indicated 
concentrations of mouse gp100 melanoma antigen-derived peptide mgp10025–33. 
Proliferation of T cells was evaluated by [3H]-thymidine incorporation in triplicates. 
Representative data from three experiments with comparable results are shown. 
Statistical comparison was done by Mann–Whitney test. B16-v versus B16-5, B16-80, B16-
5/80: ***p <0.001. (B) Irradiated B16-derived cell lines were incubated with Pmel-1 cells 
that were pre-stimulated for 3 d with IL-15 and IL-21 (cytokine-primed) in the presence of 
the indicated concentrations of mgp100 peptide. T cell proliferation was evaluated by 



128 
 

[3H]-thymidine incorporation. Representative data from three experiments are shown. 
Mann–Whitney test: B16-v versus B16-5, B16-80, B16-5/80: ***p < 0.001; B16-v versus 
B16-5/80: ### p < 0.005. (C) Freshly purified (naive: columns a, b) or cytokine-primed 
Pmel-1 cells (columns c, d) were labeled with CFSE and incubated with irradiated B16-
derived cell lines in the presence (columns b, d) or absence (columns a, c) of mgp100 
peptide. At the indicated days (1, 2, 4, 6) of culture, cell proliferation was evaluated by 
dilution of the CFSE fluorescence intensity. Representative data from three independent 
experiments with comparable results are shown. 

NLRC5 expression in B16 cells enables presentation of endogenous tumor antigenic 

peptide 

B16-5 cells induced low but discernible proliferation of Pmel-1 cells in the absence 

of exogenous peptide (Fig. 2A), suggesting that NLRC5 may also facilitate the processing 

and presentation of endogenous mgp100 peptide. This idea was supported by increased 

expression of the genes coding for LMP2, LMP7 and TAP1 in B16-5 cells (Fig. 1A). 

Therefore, we examined the ability of NLRC5-expressing B16 cells to present endogenous 

tumor antigenic peptides. Theoretical estimates indicate that processing and presentation 

of a specific endogenous antigenic peptide via the MHC-I pathway is a very inefficient 

process.3 This could limit the ability of B16 cells to activate naive T cells. We have 

previously shown that “priming” of naive CD8+ T cells with IL-15 and IL-21 increases their 

responsiveness to limiting concentrations of antigenic peptides.38 Therefore, we pre-

stimulated Pmel-1 cells with IL-15 and IL-21 and then tested their responsiveness to B16 

cells in the presence or absence of mgp100 peptide. As expected, cytokine-primed Pmel-1 

cells showed significant DNA synthesis in response to lower concentrations of mgp100 

presented by B16-Wt or B16-v cells (Fig. 2B; 0.1 μg/mL), while naive Pmel-1 cells showed 

negligible proliferation at this peptide concentration (Fig. 2A). Compared to B16-Wt and 

B16-v cells, B16-5 and B16-5/80 cells induced strong DNA synthesis in cytokine-primed 

Pmel-1 cells at limiting concentrations of mgp100 (Fig. 2B, 0.01 μg/mL). Importantly, B16-

5/80 cells induced strong proliferation of cytokine-primed Pmel-1 cells in the absence of 

exogenous peptide (Fig. 2B), confirming the processing of endogenous antigen and 

presentation of the mgp100 peptide by B16 cells expressing NLRC5. 
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Next, we evaluated the proliferation kinetics of naive and cytokine-primed Pmel-1 

cells by CFSE assay (Fig. 2C), which assesses cell division while thymidine incorporation 

reflects DNA synthesis. In the presence of mgp100, all B16-derived cell lines induced 

strong proliferation of cytokine-primed Pmel-1 cells that was clearly discernible within 2 d 

of stimulation (Fig. 2C: all cells, column d). Consistent with the thymidine incorporation 

data (Fig. 2B), only B16-5/80 cells induced robust proliferation of cytokine-primed cells in 

the absence of exogenously added mgp100 peptide (Fig. 2C: B16-5/80 cells, column-c, 

days 2, 4, 6). This response was almost comparable in kinetics and magnitude to that of 

naïve Pmel-1 cells stimulated by exogenous mgp100 peptide (Fig. 2C, B16-5/80 cells, 

column-b, days 2, 4, 6). Strikingly, B16-5/80 cells also induced proliferation of naive Pmel-

1 cells in the absence of exogenous peptide, albeit with a delayed kinetics (Fig. 2C: B16-

5/80 cells, column a, day 6). These results indicate that melanoma cells can be rendered 

immunogenic that are capable of activating naive CD8+ T cells by expressing NLRC5 along 

with CD80. 

Cytokine-primed Pmel-1 cells activated by B16-5/80 cells acquire memory-like 

phenotype with reduced differentiation toward effector cells 

Next we examined the phenotype and functionality of Pmel-1 cells activated by B16-5 and 

B16-5/80 cells. Most of the naive or cytokine-primed Pmel-1 cells incubated with B16-v 

cells, in the presence or absence of mgp100 peptide, showed CD44loCD62Lhi phenotype 

reflecting inefficient T cell activation (Fig. 3A, first row). While B16-5 cells did not cause 

appreciable change in this phenotype even with mgp100 peptide, B16-80 cells presenting 

the exogenous peptide caused an increase in CD44 expression in about 40% of cytokine-

primed but not naive Pmel-1 cells (Fig. 3A, second and third rows). Only B16-5/80 cells 

induced marked activation of naive Pmel-1 cells without the addition of exogenous 

peptide, as reflected by the increased frequency of CD44loCD62Llo and CD44hiCD62Llo cells 

(Fig. 3A, bottom row, first two plots). Importantly, cytokine-primed Pmel-1 cells exposed 

to B16-5/80 cells displayed not only an increased proportion of cells with 
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CD44hiCD62Llo activated phenotype but also a notable increase in CD44hiCD62Lhi memory-

phenotype cells (Fig. 3A, bottom row, last two plots). 

 

Figure 3. B16 cells expressing both NLRC5 and CD80 efficiently activate Pmel-1 CD8+ T 
cells. Naive and cytokine-primed Pmel-1 cells were co-cultured with irradiated (100Gy) 
B16-derived cell lines in the presence or absence of mgp100 peptide. Activation of Pmel-1 
cells were evaluated after 3 d by analyzing (A) modulation of the expression of CD44 and 
CD62L, (B) production of IL-2, (C) expression of the effector cytokine TNFα and (D) 
mobilization of CD107b to the cell surface. Numbers within the histograms represent the 
percentage of cells within the quadrant or the indicated marker boundaries. 
Representative data from at least two experiments with similar results are shown. 
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Evaluation of IL-2 and TNFα production by cytokine-primed Pmel-1 cells under the 

above conditions revealed that B16-5/80 cells strongly induced these cytokines, even in 

the absence of exogenous mgp100 peptide (Fig. 3B, C bottom rows). B16-5/80 cells also 

activated cytokine-primed Pmel-1 cells to display CD107b at the cell surface, which is 

associated with granule exocytosis in CTLs39(Fig. 3D). While B16-5 and B16-v cells induced 

minimal IL-2 and TNFα production or CD107b expression in cytokine-primed Pmel-1 cells, 

B16-80 cells elicited a discernible response only in the presence of exogenous peptide 

(Fig. 3B, C, third row). Even though B16-5/80 cells elicited similar phenotypic changes in 

“naive” Pmel-1 cells with or without peptide addition (Fig. 3A), the responder cells 

acquired effector functions only in the presence of mgp100 peptide (Fig. 3B–D). Together, 

the data shown in Fig. 2 and 3 indicate that expression of both NLRC5 and CD80 in B16 

cells is necessary to promote efficient activation of CD8+ T cell functions. 

NLRC5 reduces tumor formation by B16 cells in a CD8+ T cell-dependent manner 

To evaluate the effect of NLRC5 on the tumor-forming potential of B16 cells in 

vivo, we implanted the B16-derived cells lines subcutaneously and monitored tumor 

growth in C57BL/6 mice. Whereas control and B16-80 cells rapidly established as tumors, 

B16-5 cells showed significantly reduced tumor growth (Fig. 4A). Surprisingly, B16-5/80 

cells, which were more efficient than B16-5 cells in activating Pmel-1 cells in vitro, 

displayed an intermediate rate of tumor growth. The reduced ability of B16-5 and B16-

5/80 cells to form tumors is unlikely to result from cell-intrinsic difference in growth rates, 

as their in vitro expansion was comparable to that of B16-v cells (Fig. 4B). In fact, B16-5/80 

cells showed a stronger in vitro expansion than B16-80 cells, but showed reduced in 

vivo tumor growth. Moreover, B16-5 and B16-5/80 cells showed comparable tumor 

forming ability in Rag1−/− mice (Fig. 4C), suggesting that their reduced growth in C57BL/6 

mice was mediated by antitumor immune response elicited by NLRC5 expression. Next, 

we compared the ability of B16-derived cells to form tumor foci in the lungs following 

intravenous injection. As shown in Fig. 4D, expression of NLRC5, CD80 or both significantly 

reduced the numbers of lung tumor foci compared to B16-Wt of B16-v cells. Interestingly, 
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B16-5/80 cells developed the least number of lung tumor foci (Fig. 4D), although they 

formed larger subcutaneous tumors than B16-5 cells (Fig. 4A, D). These results indicated 

that NLRC5 expression retarded tumor growth and metastatic potential of B16 cells, 

which could be further enhanced in certain anatomic sites by simultaneous expression of 

CD80. 
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Figure 4. NLRC5 expression reduces the tumor forming ability of B16 cells. (A) The B16-

derived cell lines (○ B16-v; ♦ B16-5, ▪ B16-80; ▴ B16-5/80) were injected subcutaneously 
into C57BL/6 mice (1 × 105 cells per injection site) and tumor growth was monitored. Error 
bars represent standard error. n = 4–6 mice/group from three experiments. Statistical 
comparisons were performed using two-way ANOVA with Tukey's multiple comparisons. 
**p < 0.01. (B) Growth of B16-derived cells in vitro. The B16-derived cell lines were 
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seeded at different concentrations and in triplicates in 96-well plates and their growth 
was evaluated by MTT assay. Data were pooled from at least three independent 
experiments. Error bars represent SEM. Samples were normalized to B16-vector cells. (C) 

Subcutaneous tumor growth of B16-5 (♦), B16-5/80 (▴) and control B16-v (○) cells 
in Rag1−/− mice. Data represent four mice per group from two experiments. (D, E) The 
B16-derived cell lines were injected intravenously into C57BL/6 mice (2 × 105 cells/mouse) 
and formation of tumor foci in the lungs was evaluated 17 d later. Representative images 
of the lungs (D) and the number of tumor foci (E) are shown. Mean ± SE from the 
indicated number of mice per group from two–three independent experiments are 
shown. (B, D) Data were compared by one-way ANOVA with Kruskal–Wallis test adjusted 
for Dunn's multiple comparisons. *p < 0.05, **p < 0.01, ***p < 0.005. 
 

Next we examined whether the reduced tumor growth of B16-5 cells was 

mediated by CD8+ T cells. To this end, we depleted CD8+ T cells one day prior to tumor 

cell inoculation (Fig. 5A) and monitored tumor growth. Treatment with CD8+-depleting 

antibody, but not the isotype control, resulted in massive growth of the subcutaneously 

inoculated B16-5 cells (Fig. 5B–D). CD8+ T cell depletion also enabled B16-5 cells to 

obliterate the lungs following intravenous inoculation, although this did not cause a 

significant increase in the lung mass (Fig. 5C–D). Collectively, the above results indicate 

that CD8+ T-cell-mediated antitumor immunity underlies the reduced tumor forming 

ability of NLRC5 expressing B16 cells. 
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Figure 5. Rapid growth of NLRC5-expressing B16 cells in mice depleted of CD8+ T cells. 
(A) C57BL/6 mice were administered via intraperitoneal route anti-CD8+ or isotype control 
monoclonal antibody. Twenty-four hours later, depletion of CD8+ T cells was evaluated by 
flow cytometry. Representative data from five mice per group are shown. (B–D) CD8+-
depleted mice were injected 24 h later with B16-5 cells via subcutaneous or intravenous 
route and tumor growth was monitored. Anti-CD8+ or control Ab was administered twice 
weekly throughout the evaluation period. (B) Subcutaneous tumor growth from two 
experiments is shown. Student's t test: *p < 0.05. (C) Representative images of 
subcutaneous tumors and lung tissues collected 20 d after challenge are shown in C. (D) 
Mass of s.c. tumors and lung tissues obtained from the challenged mice. Mann–Whitney 
test: *p < 0.05. 
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B16 cells expressing NLRC5 elicit potent antitumor immunity 

To directly examine whether B16 cells expressing NLRC5 activated tumor-specific 

CD8+ T cells in vivo, irradiated B16-v, B16-5 or B16-5/80 cells were inoculated into the 

footpad of C57BL/6 mice followed by intravenous injection of naïve or cytokine-primed 

Pmel-1 cells (Fig. 6A). Examination of the draining and non-draining lymph nodes and 

spleen showed that B16-5 cells and B16-5/80 cells induced robust proliferation of 

cytokine-primed Pmel-1 cells (Fig. 6B). However, naive Pmel-1 cells underwent 

proliferation only in mice inoculated with B16-5/80 cells (Fig. 6B). These results indicated 

that NLRC5 expression enhanced the cross-presentation of tumor cell-derived mgp100, 

however activation of naive CD8+ T cells required a costimulatory signal. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4938303/figure/f0006/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4938303/figure/f0006/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4938303/figure/f0006/


137 
 

 
 



138 
 

 

Figure 6. NLRC5 expression in B16 cells enables cross-presentation of endogenous 
mgp100 and elicits protective antitumor immunity. (A) Experimental plan for evaluating 
antigen cross-presentation in vivo. B16-v, B16-5 and B16-5/80 cells were irradiated and 2 
× 105 cells were injected into the footpad of C57BL/6 mice. One day later, CFSE-labeled 
naive or cytokine-primed Pmel-1 cells were injected intravenously (1 × 106 cells/mouse). 
Four days later, lymph nodes (LN) draining the footpad (popliteal), non-draining 
(contralateral popliteal) LN and spleen were harvested to evaluate CFSE fluorescence on 
CD8+Vβ13+ gated of Pmel-1 cells. (B) Proliferation of Pmel-1 cells elicited by cross 
presentation of endogenous mgp100 by B16-derived cells. Representative data from 
three–four mice per group from two experiments are shown. (C) Protocol for evaluating 
the ability of B16-derived cells to elicit protective antitumor immunity. (D, E) Eight week-
old C57BL/6 mice were immunized with irradiated B16-derived cell lines (○ PBS; • B16-Wt; 

♦ B16-5, ▪ B16-80; ▴ B16-5/80) by intradermal route (2 × 105 cells/mouse). Four weeks 
later, the immunized mice were challenged with parental B16-F10 (B16-Wt) cells injected 
subcutaneously (1 × 105 cells/mouse), and tumor growth was monitored. (D) Tumor 
growth kinetics from two experiments (n=4–6 mice per group). Error bars = SE. Statistical 
comparisons were performed using two-way ANOVA with Tukey's multiple comparisons. 
**p < 0.01, ****p < 0.001. (E) Pooled end-point data of palpable tumor growth 21 d after 
challenge from the indicated number of mice from more than three experiments. (F) 
C57BL/6 mice immunized with irradiated B16-derived cell lines were challenged with 
parental B16-Wt cells via intravenous route. Twenty days later, the recipient mice were 
sacrificed and the lung tumor foci were evaluated. Representative images of the lungs 
(left) and number of lung tumor foci (right) are shown. Kruskal–Wallis test adjusted for 
Dunn's multiple comparisons: *p < 0.05. 
 

Next we investigated whether NLRC5 expression enabled B16 cells elicit protective 

antitumor immunity by endogenous CD8+ T cells. C57BL/6 mice were immunized with 

irradiated B16 cell lines and then challenged 4 weeks later with parental (B16-Wt) cells 

(Fig. 6C). Measurement of tumor size in challenged mice showed significant reduction in 

tumor growth in mice vaccinated with B16-5 cells (Fig. 6D). Notably, B16-5 cells conferred 

superior protection compared to B16-5/80 cells (Fig. 6D). Moreover, immunization with 

B16-5 cells prevented the development of palpable tumors in nearly 50% of the 

challenged mice (Fig. 6E), while the rest showed negligible tumor growth (Fig. 6D). 

Although mice immunized with B16-5/80 cells also resisted tumor growth (Fig. 6E), those 

that developed tumors showed considerably larger tumors than mice immunized with 

B16-5 cells (Fig. 6D). Mice immunized with B16-5 also showed better resistance to lung 

tumor foci formation by B16-Wt cells than mice immunized with B16-5/80 cells (Fig. 6F). 
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These findings indicate that stable expression of NLRC5 alone is sufficient to render B16 

cells immunogenic and elicit protective antitumor immunity. 

Discussion 

Several immunotherapeutic approaches are currently being evaluated to restore 

functional antitumor immunity against established tumors that challenge surgical 

resection and defy other treatment regimens.40,41 Among these, inhibitors of immune 

checkpoint blockade have shown impressive success in prolonging patient survival. 

Despite these advances, reduced tumor immunogenicity remains an important obstacle 

for eliciting efficient antitumor CTL response.42 Most tumors are initially immunogenic, 

but undergo T-cell-dependent selection toward less immunogenic outgrowth.5,6 Tumors 

progressively become less immunogenic by downmodulating dominant tumor antigens, 

the APM or MHC-I.1,7 Although restoration of MHC-I and improving the presentation of 

subdominant antigens are considered promising approaches to improve tumor 

immunogenicity, there has been only limited success in achieving this goal.7 Our findings 

on the B16 melanoma model indicate that NLRC5 could be exploited to restore MHC-I 

expression and antigen presentation in cancer cells, and thereby elicit antitumor 

immunity. 

Several groups have generated NLRC5-deficient mice independently.26,27,29,43Even 

though these mice show markedly reduced expression of MHC-I in lymphoid and myeloid 

cells, this defect does not impair CD8+ T cell development, maturation or homeostasis, all 

of which require MHC-I. Hence, NLRC5 is dispensable for the basal expression of MHC-I 

and its critical functions in immune cell homeostasis. Induction of MHC-I genes by IFN 

still occurs in NLRC5-deficient cells, albeit to a reduced level,27,29 suggesting that NLRC5-

independent transactivation of MHC-I genes can also occur. NLRC5-deficient B 

lymphocytes and macrophages stimulated with LPS efficiently present the OVA peptide to 

OT-I TCR transgenic CD8+ T cells,26,27 suggesting that inducers of MHC-I expression may 

overcome NLRC5 deficiency to a certain extent. However, NLRC5-deficient T lymphocytes 

pulsed with the OVA-peptide were not efficiently killed by OT-I cells.27 Moreover, NLRC5-
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deficient mice were inefficient in clearing the intracellular bacteria Listeria 

monocytogenes, although they efficiently cleared vesicular stomatitis 

virus.26,43 Collectively, these reports suggest that NLRC5 may be dispensable to mount an 

efficient CTL response during acute inflammatory conditions but is critical when the 

inflammatory response is chronic and not robust, which is probably the case in cancers. It 

is noteworthy that experimental evidence for the role of NLRC5 in tumor immune 

surveillance using NLRC5-deficient mice has not been reported yet. Although the 

residual MHC-I expression and NLRC5-independent induction of MHC-I genes by 

inflammatory mediators may confound tumor immunosurveillance experiments44 in 

NLRC5-deficient mice, such studies are needed to understand whether loss of NLRC5 

would compromise immunosurveillance and contribute to immune evasion. 

Intriguingly, B16-5/80 cells, which were more efficient than B16-5 cells in 

activating Pmel-1 cells in vitro (Fig. 3), were less efficiently controlled than B16-5 cells in 

vivo when inoculated subcutaneously, although both were efficiently controlled from 

forming lung tumor foci (Fig. 4A, D). When used for vaccination, B16-5 cells were again 

more efficient in preventing both subcutaneous tumor growth and lung tumor foci 

formation following challenge with B16-Wt cells (Fig. 6D, F). These observations raise the 

possibility that CD80 expressed on B16 cells may actually contribute to tumor growth 

rather than enhancing the anti-immune response. For instance, although CD80 may 

initially promote T cell activation, it could engage CTLA-4 on activated T cells and 

attenuate their ability to control tumor growth. It has been recently shown that IFN 

promotes PD-L1 expression in tumor cells and that can limit the efficacy of 

immunotherapy-induced antitumor CTLs, which has been referred to as “adaptive 

immunosuppression”.45 This raises the possibility that activated T cells producing IFN 

might induce PD-L1 that would engage PD-1 on activated T cells, delivering a negative 

signal. Clearly, further studies are needed to understand the complexity of 

immunoregulatory circuits elicited by B16-5 and B16-5/80 cells growing as tumors in 

different anatomical locations namely, subcutaneous versus the lung tissue. 
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Even though immune checkpoint inhibitors have limited success in improving 

overall survival in treating cancer patients (a few months), their impressive ability to 

restore antitumor immune response (22% complete response, 50% objective response) 

have raised hopes to achieve further improvements through combinatorial 

approaches.40 We propose that NLRC5 can be exploited for this purpose, particularly in 

eliciting a productive immune response toward diverse tumor antigens. The success of 

immune checkpoint blockade inhibitors lies partly in restoring polyclonal antitumor 

immune response. Similarly, expansion of tumor-infiltrating lymphocytes for adoptive cell 

therapy outside the immunosuppressive tumor microenvironment would permit 

expansion of CTLs toward diverse tumor antigens.46 Dendritic cells (DCs) pulsed with 

tumor cell lysates may also elicit polyclonal antitumor immune response, although this 

process would be inefficient because only 0.1% of endogenous peptides would survive 

intracellular antigen processing.3 However, DCs can directly present MHC-I:peptide 

complexes acquired via a process called trogocytosis.47 We propose that the ability of 

NLRC5 to improve tumor cell immunogenicity could be exploited, for example, (i) to 

generate tumor cell lysates with improved antigenic potential for DC-based vaccines, (ii) 

to expand tumor-reactive CTLs for adoptive cell therapy, and (iii) to identify and 

characterize protective CTL epitopes. These approaches, when combined with checkpoint 

inhibitors and with strategies to enhance the self-renewal potential of tumor-reactive 

CTLs,48 could help to improve disease-free survival in cancer patients. 

Materials and methods 

Cells and animals 

B16 cells were obtained from ATCC and were tested for their ability to form lung 

tumor foci upon intravenous injection into C57BL/6 mice. C57BL/6, Rag1−/− and Pmel-1 

TCR transgenic mice34 were purchased from the Jackson Laboratory (Bar Harbor, ME, 

USA). For all experiments 6- to 8-week-old mice were used. Animal experiments were 

carried out with approval of the Université de Sherbrooke Ethics Committee for Animal 

Care and Use. 
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Reagents 

The Pmel-1 melanoma antigen-derived peptide mgp10025-33 (EGSRNQDWL)34was 

custom synthesized by GenScript (Scotch Plains, NJ). RPMI-1640 cell culture medium and 

fetal bovine serum were from Sigma-Aldrich (Oakville, Canada). Recombinant mouse IL-2, 

human IL-15 and mouse IL-21 were from R&D Systems (Minneapolis, MN). Five-

(6)carboxyfluoresceindiacetatesuccinimidyl ester (CFSE) was purchased from Molecular 

Probes, Life Technologies Inc. (Burlington, Canada). 

 

Plasmids, transfection and stable cell lines 

Plasmid encoding EGFP-tagged human NLRC5 in EBSB-PL vector has been 

previously described.31 Mouse CD80 (NCBI NM_009855.2) cDNA was amplified from 

murine dendritic cells (Forward: CCCAAGCTTGGG-ATGGCTTGCAATTGTCAG; Reverse: 

CCGCTCGAGCGG-CTAAAGGAAGACGGTCTG) and cloned into pcDNA3.0 vector (Invitrogen) 

at HindIII and XhoI sites. B16-F10 cells were transfected with NLRC5, CD80 or both 

expression vectors using polyethylenimine-Max reagent (Polysciences Inc., PA). Stable 

B16-F10 cell populations expressing NLRC5 (B16-5) were selected using blasticidin 

(8 μg/mL) whereas CD80 expressing cells (B16-80) were selected using G418 (3 mg/mL). 

Both antibiotics were used to select B16-F10 cells expressing NLRC5 and CD80 (B16-5/80) 

or the control vectors (B16-v). 

 

Lymphocyte proliferation assays 

To assess the ability of B16 cells to present exogenous or endogenous gp100 

tumor antigenic peptide, cells were irradiated (100 Gy) and 2.5 × 104 cells were plated in 

96-well plates in presence or absence of the indicated concentrations of the gp100 

peptide. After overnight incubation, cells were washed and freshly isolated CD8+T cells 

from Pmel-1 TCR transgenic mice, enriched by negative selection using magnetic beads 

(Dynal, Invitrogen), were added (5 × 104 cells/well). In some experiments, Pmel-1 cells 

were pre-stimulated with cytokines hIL-15 and mIL-21 (10ng/mL) for 48–72 h (cytokine 

priming).38 Irradiated C57BL/6 splenocytes (1 × 106 cells/mL) served as control antigen-
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presenting cells. One μCi of methyl-[3H]-thymidine (NEN Life Sciences, Boston, MA) was 

added during the last 8 h of culture period and the incorporated radioactivity 

measured.38 For CFSE proliferation assay, Pmel-1 cells were labeled with CFSE before 

adding to irradiated B16 cells and CFSE fluorescence was evaluated on gated CD8+ T cells 

at different time points.49 

 

Tumor growth, CD8+ T cell depletion, immunization and injections 

All B16-derived cell lines were washed twice in PBS, filtered using a 70 μM nylon 

filter to remove cell aggregates. To evaluate subcutaneous tumor growth, 1 × 105cells 

were inoculated subcutaneously in the flank. Tumor growth was monitored every 2–3 d 

until the maximal diameter of 2 cm. Tumor volume was calculated using the modified 

ellipsoidal formula: ½(length × width2). To evaluate tumor formation in the lung, each 

mouse received 2 × 105 cells in 100 μL PBS via the tail vein. All injected mice were 

euthanized 17–20 d later. Lung tissues were excised, photographed and the tumor 

nodules counted. To deplete CD8+ T cells, anti-CD8+(clone 53-6.72) or isotype control (Rat 

IgG2a, clone 2A3) monoclonal antibodies purchased from BioXCell (West Lebanon, NH, 

USA) was administered via intra-peritoneal route (25 μg/mouse). Depletion of CD8+ T cells 

was confirmed 24 h later by flow cytometry. Antibody-treated mice were inoculated with 

B16-5 cells subcutaneously or intravenously. For immunization, B16 cells were irradiated, 

washed, suspended in PBS and 2 × 105 cells in 40 μL volume were injected via intradermal 

route on the left flank of anesthetized, 6–8-weeks-old C57BL/6 mice. Immunized mice 

were challenged 4–5 weeks later with 1 × 105 parental B16 cells, inoculated 

subcutaneously on the right flank or 2 × 105 cells intravenously. Tumor growth was 

monitored as described above. 

 

In vivo antigen cross-presentation assay 

Irradiated B16 cells (2 × 105 cells in 40 μL PBS) were inoculated into the footpad of 

C57BL/6 mice. After 18 h, CFSE-labeled Pmel-1 cells were injected intravenously. Four 

days later, proliferation of Pmel-1 cells was assessed in the draining (popliteal) and non-

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4938303/#cit0038
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4938303/#cit0049
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draining (popliteal from the non-inoculated limb) lymph nodes and spleen by CFSE 

dilution on gated CD8+TCRVβ13+ cells. 

 

Statistical analyses 

The Prism software (GraphPad, La Jolla, CA, USA) was used to plot graphs and to 

calculate statistical significance. 

 

Supplementary methods 

 Gene expression analysis, MTT assay and Flow cytometry are detailed in 

Supplementary Methods. 

Acknowledgment 

We thank Ms. Carmen R. Carrasquilla for help with PCR reactions. 

 

Funding 

This project is funded by Canadian Cancer Society Research Institute (CCSRI) 

Innovation grant to SI (Grant number 702798). TAK acknowledges support from the 

German Research Foundation (DFG, grant number KU 1945/2-1). GMR is a recipient of 

FRQS graduate scholarship. DB is a recipient of FRQS postdoctoral fellowship. CRCHUS is 

an FRQS-funded research center. 

References 

1. Leone P, Shin EC, Perosa F, Vacca A, Dammacco F, Racanelli V. MHC-I antigen 
processing and presenting machinery: organization, function, and defects in tumor 
cells. J Natl Cancer Inst 2013; 105:1172-87. 

2. Gromme M, Neefjes J. Antigen degradation or presentation by MHC-I molecules via 
classical and non-classical pathways. Mol Immunol 2002; 39:181-202. 

3. Yewdell JW, Reits E, Neefjes J. Making sense of mass destruction: quantitating MHC-I 
antigen presentation. Nat Rev Immunol 2003; 3:952-61. 

4. Dunn GP, Old LJ, Schreiber RD. The immunobiology of cancer immunosurveillance and 
immunoediting. Immunity 2004; 21:137-48. 



145 
 

5. Matsushita H, Vesely MD, Koboldt DC, Rickert CG, Uppaluri R, Magrini VJ, et al. Cancer 
exome analysis reveals a T-cell-dependent mechanism of cancer immunoediting. 
Nature 2012; 482:400-4. 

6. DuPage M, Mazumdar C, Schmidt LM, Cheung AF, Jacks T. Expression of tumour-
specific antigens underlies cancer immunoediting. Nature 2012; 482:405-9. 

7. Lampen MH, van Hall T. Strategies to counteract MHC-I defects in tumors. Curr Opin 
Immunol 2011; 23:293-8. 

8. Bukur J, Jasinski S, Seliger B. The role of classical and non-classical HLA class I antigens 
in human tumors. Semin Cancer Biol 2012; 22:350-8. 

9. Cabrera T, Lara E, Romero JM, Maleno I, Real LM, Ruiz-Cabello F, et al. HLA class I 
expression in metastatic melanoma correlates with tumor development during 
autologous vaccination. Cancer Immunol Immunother 2007; 56:709-17. 

10. Carretero R, Romero JM, Ruiz-Cabello F, Maleno I, Rodriguez F, Camacho FM, et al. 
Analysis of HLA class I expression in progressing and regressing metastatic melanoma 
lesions after immunotherapy. Immunogenetics 2008; 60:439-47. 

11. Garrido F, Cabrera T, Aptsiauri N. "Hard" and "soft" lesions underlying the HLA class I 
alterations in cancer cells: implications for immunotherapy. Int J Cancer 2010; 
127:249-56. 

12. Seliger B. Molecular mechanisms of MHC-I abnormalities and APM components in 
human tumors. Cancer Immunol Immunother 2008; 57:1719-26. 

13. Respa A, Bukur J, Ferrone S, Pawelec G, Zhao Y, Wang E, et al. Association of IFN-
gamma signal transduction defects with impaired HLA class I antigen processing in 
melanoma cell lines. Clin Cancer Res 2011; 17:2668-78. 

14. Seliger B. Novel insights into the molecular mechanisms of HLA class I abnormalities. 
Cancer Immunol Immunother 2012; 61:249-54. 

15. Khan AN, Gregorie CJ, Tomasi TB. Histone deacetylase inhibitors induce TAP, LMP, 
Tapasin genes and MHC-I antigen presentation by melanoma cells. Cancer Immunol 
Immunother 2008; 57:647-54. 

16. Campoli M, Ferrone S. HLA antigen changes in malignant cells: epigenetic mechanisms 
and biologic significance. Oncogene 2008; 27:5869-85. 

17. Kanneganti TD, Lamkanfi M, Nunez G. Intracellular NOD-like receptors in host defense 
and disease. Immunity 2007; 27:549-59. 

18. Benko S, Magalhaes JG, Philpott DJ, Girardin SE. NLRC5 limits the activation of 
inflammatory pathways. J Immunol 2010; 185:1681-91. 

19. Neerincx A, Lautz K, Menning M, Kremmer E, Zigrino P, Hosel M, et al. A role for the 
human nucleotide-binding domain, leucine-rich repeat-containing family member 
NLRC5 in antiviral responses. J Biol Chem 2010; 285:26223-32. 

20. Cui J, Zhu L, Xia X, Wang HY, Legras X, Hong J, et al. NLRC5 negatively regulates the NF-
kappaB and type I interferon signaling pathways. Cell 2010; 141:483-96. 

21. Kuenzel S, Till A, Winkler M, Hasler R, Lipinski S, Jung S, et al. The nucleotide-binding 
oligomerization domain-like receptor NLRC5 is involved in IFN-dependent antiviral 
immune responses. J Immunol 2010; 184:1990-2000. 



146 
 

22. Davis BK, Roberts RA, Huang MT, Willingham SB, Conti BJ, Brickey WJ, et al. Cutting 
edge: NLRC5-dependent activation of the inflammasome. J Immunol 2011; 186:1333-
7. 

23. Meissner TB, Li A, Biswas A, Lee KH, Liu YJ, Bayir E, et al. NLR family member NLRC5 is 
a transcriptional regulator of MHC-I genes. Proc Natl Acad Sci U S A 2010; 107:13794-
9. 

24. Kobayashi KS, van den Elsen PJ. NLRC5: a key regulator of MHC-I-dependent immune 
responses. Nat Rev Immunol 2012; 12:813-20. 

25. Kumar H, Pandey S, Zou J, Kumagai Y, Takahashi K, Akira S, et al. NLRC5 deficiency 
does not influence cytokine induction by virus and bacteria infections. J Immunol 
2011; 186:994-1000. 

26. Biswas A, Meissner TB, Kawai T, Kobayashi KS. Cutting edge: impaired MHC-I 
expression in mice deficient for Nlrc5/class I transactivator. J Immunol 2012; 189:516-
20. 

27. Staehli F, Ludigs K, Heinz LX, Seguin-Estevez Q, Ferrero I, Braun M, et al. NLRC5 
deficiency selectively impairs MHC-I- dependent lymphocyte killing by cytotoxic T 
cells. J Immunol 2012; 188:3820-8. 

28. Yao Y, Wang Y, Chen F, Huang Y, Zhu S, Leng Q, et al. NLRC5 regulates MHC-I antigen 
presentation in host defense against intracellular pathogens. Cell Res 2012; 22:836-47. 

29. Robbins GR, Truax AD, Davis BK, Zhang L, Brickey WJ, Ting JP. Regulation of class I 
major histocompatibility complex (MHC) by nucleotide-binding domain, leucine-rich 
repeat-containing (NLR) proteins. J Biol Chem 2012; 287:24294-303. 

30. Meissner TB, Liu YJ, Lee KH, Li A, Biswas A, van Eggermond MC, et al. NLRC5 
cooperates with the RFX transcription factor complex to induce MHC-I gene 
expression. J Immunol 2012; 188:4951-8. 

31. Neerincx A, Rodriguez GM, Steimle V, Kufer TA. NLRC5 controls basal MHC-I gene 
expression in an MHC enhanceosome-dependent manner. J Immunol 2012; 188:4940-
50. 

32. Meissner TB, Li A, Liu YJ, Gagnon E, Kobayashi KS. The nucleotide-binding domain of 
NLRC5 is critical for nuclear import and transactivation activity. Biochem Biophys Res 
Commun 2012; 418:786-91. 

33. Ludigs K, Seguin-Estevez Q, Lemeille S, Ferrero I, Rota G, Chelbi S, et al. NLRC5 
exclusively transactivates MHC-I and related genes through a distinctive SXY module. 
PLoS Genet 2015; 11:e1005088. 

34. Overwijk WW, Restifo NP. B16 as a mouse model for human melanoma. Curr Protoc 
Immunol 2001; Chapter 20:Unit 20 1. 

35. Seliger B, Wollscheid U, Momburg F, Blankenstein T, Huber C. Characterization of the 
major histocompatibility complex class I deficiencies in B16 melanoma cells. Cancer 
Res 2001; 61:1095-9. 

36. Townsend SE, Allison JP. Tumor rejection after direct costimulation of CD8+ T cells by 
B7-transfected melanoma cells. Science 1993; 259:368-70. 

37. Acuto O, Michel F. CD28-mediated co-stimulation: a quantitative support for TCR 
signalling. Nat Rev Immunol 2003; 3:939-51. 



147 
 

38. Ramanathan S, Dubois S, Chen XL, Leblanc C, Ohashi PS, Ilangumaran S. Exposure to IL-
15 and IL-21 enables autoreactive CD8 T cells to respond to weak antigens and cause 
disease in a mouse model of autoimmune diabetes. J Immunol 2011; 186:5131-41. 

39. Betts MR, Brenchley JM, Price DA, De Rosa SC, Douek DC, Roederer M, et al. Sensitive 
and viable identification of antigen-specific CD8+ T cells by a flow cytometric assay for 
degranulation. J Immunol Methods 2003; 281:65-78. 

40. Lizee G, Overwijk WW, Radvanyi L, Gao J, Sharma P, Hwu P. Harnessing the power of 
the immune system to target cancer. Annu Rev Med 2013; 64:71-90. 

41. Miller JF, Sadelain M. The journey from discoveries in fundamental immunology to 
cancer immunotherapy. Cancer Cell 2015; 27:439-49. 

42. Blankenstein T, Coulie PG, Gilboa E, Jaffee EM. The determinants of tumour 
immunogenicity. Nat Rev Cancer 2012; 12:307-13. 

43. Tong Y, Cui J, Li Q, Zou J, Wang HY, Wang RF. Enhanced TLR-induced NF-kappaB 
signaling and type I interferon responses in NLRC5 deficient mice. Cell Res 2012; 
22:822-35. 

44. Shankaran V, Ikeda H, Bruce AT, White JM, Swanson PE, Old LJ, et al. IFNgamma and 
lymphocytes prevent primary tumour development and shape tumour 
immunogenicity. Nature 2001; 410:1107-11. 

45. McGray AJ, Hallett R, Bernard D, Swift SL, Zhu Z, Teoderascu F, et al. Immunotherapy-
induced CD8+ T cells instigate immune suppression in the tumor. Mol Ther 2014; 
22:206-18. 

46. Rosenberg SA, Restifo NP, Yang JC, Morgan RA, Dudley ME. Adoptive cell transfer: a 
clinical path to effective cancer immunotherapy. Nat Rev Cancer 2008; 8:299-308. 

47. Yewdell JW, Dolan BP. Immunology: Cross-dressers turn on T cells. Nature 2011; 
471:581-2. 

48. Gattinoni L, Klebanoff CA, Restifo NP. Paths to stemness: building the ultimate 
antitumour T cell. Nat Rev Cancer 2012; 12:671-84. 

49. Gagnon J, Ramanathan S, Leblanc C, Ilangumaran S. Regulation of IL-21 signaling by 
suppressor of cytokine signaling-1 (SOCS1) in CD8(+) T lymphocytes. Cell Signal 2007; 
19:806-16. 

 
 

 
 

 

 

 

 

 

 



148 
 

Supplementary methods 

Gene expression analysis 

RNA was extracted from B16 cells or its derivatives using RiboZol™ (AMRESCO, 

Solon, OH) and reverse transcribed using QuantiTect Kit (Qiagen). For qPCR reactions, 

100ng of cDNA was used with SYBR Green mix (BioRad) and analyzed on an iQ5 Cycler 

(BioRad). All samples were amplified in triplicates and normalized for 36B4 housekeeping 

gene expression.  Relative expression was calculated by ddCt method and corrected for 

primer efficiencies (1). The primers used for qPCR reactions are given in Table 1. 

 

 

MTT assay for cell growth 

Proliferation and viability of B16 cells was assessed using 3-(4,5-Dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma-Aldrich) reduction assay. Briefly, cells 

were plated at different densities in 96 well flat-bottom plates. 24h after, MTT solution 

(4mg/ml; 25µl) was added and cells were incubated for 16-20h at 37°C. The reaction was 
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stopped by 10% SDS-HCl (100µl) and optical density was measured at 570nm in a 

microplate reader (Bio-Rad). 

 

Flow cytometry for surface markers, intracellular cytokines and CD107 mobilization 

Expression of cell surface and intracellular markers was evaluated by flow 

cytometry using FACS Canto flow cytometer (Becton Dickinson flow cytometry systems, 

Mississauga, ON, Canada). For intracellular cytokine staining, the Cytofix/Cytoperm™ Plus 

kit (BD Biosciences) was used according to the manufacturer’s instructions. Briefly, Pmel-1 

cells were stimulated with antigenic peptides for 5h along with GolgiPlug™. The cells were 

washed, stained for cell surface markers, fixed, permeabilized and stained for TNFα as 

described previously (2). Cytotoxic granule exocytosis was assessed by flow cytometry for 

cell surface expression of CD107b (SEROTEC, Bio-Rad) (3). Flow cytometry data were 

analyzed using the FlowJo software (Tree Star Inc., Ashland, OR, USA). Antibodies used for 

flow cytometry are given in Table 2. 
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Supplementary Fig. S1. NLRC5 gene expression in mouse tumor cell lines. Mouse T-
lymphoma cell lines RMA-S  1  and P1798  2  and the mammary carcinoma cell line E0771  
3  were evaluated by qPCR for the expression of Nlrc5 and the indicated MHC-I pathway 

genes before and after stimulation with IFN (500 pg/ml) for 24h. C57BL/6 splenocytes 

stimulated with IFN served as control. Mann-Whitney U test: ** p <0.01. 
1. Townsend A, Ohlen C, Bastin J, Ljunggren HG, Foster L, Karre K. Association of class I 
major histocompatibility heavy and light chains induced by viral peptides. Nature 1989; 
340:443-8. 
2. Thompson EA, Jr. Properties of a cell-culture line derived from lymphosarcoma P1798. 
Mol Cell Endocrinol 1980; 17:95-102. 
3. Sirotnak FM, DeGraw JI, Schmid FA, Goutas LJ, Moccio DM. New folate analogs of the 
10-deaza-aminopterin series. Further evidence for markedly increased antitumor efficacy 
compared with methotrexate in ascitic and solid murine tumor models. Cancer 
Chemother Pharmacol 1984; 12:26-30. 
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Supplementary Fig. S2. Amino acid sequence comparison between human and mouse  
NLCR5. Clustal-W analysis shows 62% sequence identity, and 80% similarity with 3% gaps.   
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CHAPTER 4 - DISCUSSION 

One of the main objectives of these projects was to investigate how cytokines such as IL-

15 and IL-21 could enhance the effector functions of CD8+ T cells. To achieve this, the 

MHC-I–restricted Pmel-1 transgenic TCR specific to the melanoma-derived gp100 antigen, 

which is also expressed by normal melanocytes, was used.  

First, to investigate the role of the homeostatic cytokine IL-15 on CD8+ T cells, the biology 

of CD8+ T cells generated from a mouse lacking its negative regulator SOCS-1 (Socs1-/- 

Pmel-1) was studied. The loss of the negative regulator of cytokines SOCS-1 enables to 

CD8+ Pmel-1 T cells to acquire a memory-like phenotype characterized by enhanced 

effector functions driven by IL-15. Moreover, these cells elicited autoimmune responses 

towards endogenous gp100 (Pmel-1)-derived self-peptides expressed in vivo.  

Second, IL-15+IL-21 cytokine priming of naive CD8+ Pmel-1 T cells enabled them to 

respond to the mgp100 peptide expressed by B16 melanoma cells in vitro as well as in 

vivo by antigen cross-presentation. Importantly, the latter was demonstrated by 

overexpressing the MHC-I genes trans-activator NLRC5 in B16 melanoma cells that 

enabled an increased antigen presentation to CD8+ T cells.    

4.1. SOCS-1: a potential tool for immunotherapies of autoimmune diseases 

and cancer 

Understanding how cytokines regulate T cell activation and differentiation is essential to 

improve immunotherapies in autoimmunity and cancer. SOCS-1 is the key regulator of 

cytokine signaling in CD8+ T cells to maintain T cell homeostasis. SOCS-1 regulates the 

activation of naive CD8+ T cells and their differentiation toward TSCM, TCM, TEM cells 

(Palmer and Restifo, 2009). Thus, under inflammatory conditions that can drive the 

antigen-independent proliferation of CD8+ T cells, SOCS1 is the main player regulating the 

expansion of autoreactive T cells. Indeed, mice lacking SOCS-1 are characterized by a 

premature death driven by strong IFN signaling. However, under RAG or IFN 

deficiencies, this acute inflammatory response can be prevented (Marine et al., 1999).  
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Mice lacking both SOCS-1 and IFN are characterized by a low ratio of CD4/CD8 T 

lymphocytes due to chronic accumulation of CD8+ T cells that display a CD44hi and 

CD122hi memory-like phenotype. This phenotype is elicited by increased IL-15 signaling 

caused by SOCS1 deficiency (Ilangumaran et al., 2003; Ramanathan et al., 2006). 

In chapter 2, we showed that increased inflammatory responses caused by the lack of 

SOCS-1 and the increased sensitivity of Socs1-/- Pmel-1 CD8+ T cells to homeostatic 

cytokines such as IL-15 led to the development of autoimmune responses. Indeed, Socs1-/- 

Pmel-1 CD8+ T cells activated in vivo by the endogenous self-peptide gp100 expressed in 

melanocytes promoted the establishment of inflammation and auto-aggressive immune 

responses.  

Interestingly, Socs1-/- Pmel-1 CD8+ T cells, which proliferate robustly in response to IL-15 

display impaired TCR-dependent proliferation. IL-15 stimulation induces downregulation 

of CD28 (Alves et al., 2005; Godlove et al., 2007). CD28 is an essential costimulatory 

receptor for efficient T cell activation that amplifies TCR signals for the induction of 

cytokine secretion like IL-2 (Acuto and Michel, 2003; Riley and June, 2005). CD28 down-

modulation is also a characteristic of the age-associated decline of T cell function (Chiu et 

al., 2006; Vallejo et al., 2004). Thus, this particular phenotype could be associated with T-

cell senescence resulting from persistent immune activation. Moreover, Socs1-/- Pmel-1 

CD8+ T cells displayed a chronic TCR activation phenotype characterized by TCR 

downregulation and CD5 upregulation, and also hypersensibility to IL-15 stimulation. CD5 

modulates the generation and maintenance of immune tolerance by reducing TCR 

signaling like Ca2+ responses and the extent of tyrosine phosphorylation (Brossard et al., 

2003). Thus, the increased reactivity of Socs1-/- Pmel-1 CD8+ T cells could naturally trigger 

an increased control of the TCR signaling. For instance, this effect seems to be mediated 

by the loss of SOCS-1 since under normal conditions; CD5 seems to be downregulated 

when CD8+ T cells are stimulated in vitro with IL-15 (Herndler-Brandstetter et al., 2011).  

Some c cytokines such as IL-2, IL-7, and IL-15 are known to induce the expression of 

inhibitory markers such as Tim-3 and PD-1. PD-1 is up-regulated on T cells following TCR-
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mediated activation and acts as a T-cell suppressor when it engages its ligands PD-L1 and 

PD-L2 (Chemnitz et al., 2004; Freeman et al., 2000; Latchman et al., 2001). However, IL-2, 

IL-7, IL-15, and IL-21 were found to upregulate PD-1 and, except IL-21, PD-L1 on T cells 

from PBMCs in vitro (Kinter et al., 2008). Remarkably, this induction was most prominent 

on memory T cells. PD-1 engagement on T cells did not interfere with STAT5 activation. 

However, T cell proliferation and Lck activation were dramatically inhibited after anti-

CD3/CD28-driven proliferation. According to these findings, cytokine priming of T cells 

triggers PD-1 expression without interfering with cytokine-driven peripheral T cell 

expansion/survival but may suppress certain effector functions of cytokine-stimulated 

cells upon TCR engagement (Kinter et al., 2008). Similarly, IL-2, IL-7, IL-15, and IL-21 are 

also able to induce the expression of T cell Ig mucin-domain-containing molecule 3 (Tim-

3) (Mujib et al., 2012). Tim-3 expression on human T cells was found on naive, effector, 

and memory subsets, and is associated with antigen-independent proliferation as well as 

in response to TCR/CD28 engagement. Tim-3+ T cells are more sensitive to apoptosis, 

particularly upon interaction with galectin-9, a Tim-3 ligand, after cytokine withdrawal 

(Mujib et al., 2012). Thus, homeostatic cytokines could trigger the expression of some of 

those exhaustion markers on Socs1-/- Pmel-1 CD8+ T cells impairing their function. 

SOCS-1 is being explored as a potential tool in modulating anti-tumor immune response  

(Chikuma et al., 2017). SOCS-1 is a tumor suppressor gene that is often silenced in many 

cancer types by methylation in the CpG islands (Yoshikawa et al., 2001). Indeed, several 

studies have demonstrated that SOCS1 overexpression in cancer cells decreases tumor 

progression in cancers like hepatocellular carcinoma (HCC), prostate cancer, esophageal 

squamous cell carcinoma, small cell lung cancer, colorectal cancer, among others (Kang et 

al., 2016; Sugase et al., 2017; Villalobos-Hernandez et al., 2017; Xue et al., 2016). SOCS-1 

gene delivery has been explored in cancer models where oncolytic adenovirus engineered 

to express SOCS-1 led to SOCS1 overexpression in HCC  cells (Liu et al., 2013). Moreover, 

several studies have shown increased expression of micro-RNAs that target SOCS1 in 

leukemia, multiple myeloma, breast and prostate cancers (Babar et al., 2012; Jiang et al., 

2010; Kobayashi et al., 2012). Indeed, miR-155 is highly expressed in anaplastic large cell 
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lymphoma that showed to dampen SOCS-1 expression leading to tumor progression. By 

down-modulating miR-155, SOCS-1 could be restored and reduced tumor growth (Merkel 

et al., 2015). Interestingly, Dr. Gattinoni and his team overexpressed miR-155 in tumor-

specific CD8+ T cells for ACT avoiding the requirement of lymphodepletion 

preconditioning and the administration of high doses of exogenous cytokines. They found 

that cells overexpressing miR-155 were able to accomplish profound antitumor responses 

by inhibiting the expression of several negative regulators of Akt and STAT5 such as 

inositol 5-phosphatase Ship1, SOCS-1, and the protein tyrosine phosphatase Ptpn2, a 

negative regulator of Jak3/Stat5. However, these antitumoral properties were displayed 

only in the presence of endogenous IL-7 and IL-15 homeostatic cytokines (Ji et al., 2015).  

Thus, these findings highlight the potential use of miR-155 to increase the efficacy of T-

cell–based therapies in a cell-intrinsic manner. 

Collectively, our findings support the essential functions of SOCS-1 on CD8+ T cells: the 

regulation of antigen-independent proliferation of CD8+ T cells driven by homeostatic 

cytokines, and the maintenance of antigen-dependent proliferation by TCR activation.  

4.1.1. Future directions 

Further investigation is needed to understand Socs1-/- Pmel-1 CD8+ T cell dysfunctionality. 

CD8+ T cell activation and fate is tightly regulated by the context in which naive T cells 

recognize their cognate antigen. Therefore, T cell exhaustion, tolerance, anergy, or 

senescence can result from TCR activation. T cell dysfunctionality could be provoked by 

the downregulation of costimulatory molecules like CD28, which could partially explain 

why they are hyporesponsive to TCR activation (Ramanathan et al., 2010). T cell activation 

in the absence of CD28 leads to anergy, a state of immunological unresponsiveness  

(Schwartz, 2003). Anergic T cells do not proliferate or secrete IL-2 when activated with 

their cognate antigens. Remarkably, this anergic state can be reversed under IL-2 

stimulation since these cells can express IL-2 receptors (Appleman and Boussiotis, 2003). 

It would be interesting to verify the expression of genes related with T cell anergy such as 

the early growth response 2 (Egr2) transcription factor, and E2F transcription factors 1 
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and 2 (E2F1, E2F2) (DeRyckere and DeGregori, 2005; Safford et al., 2005; Zheng et al., 

2012). Moreover, T cell dysfunction during aging is characterized by redundancy in 

costimulatory receptor usage and expression because T cells display greater plasticity 

(Henson and Akbar, 2009). Thus, it could be interesting to determine telomere lengths, 

and T-cell dysfunction-related transcription factors such as MAF, to further investigate the 

impaired TCR-dependent proliferation in this mouse model (Lin et al., 2015; Son et al., 

2000; Verdeil, 2016).  

Premature immunosenescence seems to be linked to several inflammatory syndromes 

and chronic diseases in human such as rheumatoid arthritis, systemic lupus 

erythematosus, among others (Fraser et al., 1999; Weyand and Goronzy, 1999). Socs1-/- 

Pmel-1  mice harbor a restricted immune repertoire. These monoclonal Pmel-1 cells are 

extensively under replicative pressure that results in the senescence of these cells as 

observed in the here mentioned diseases. Thus, it is worthy to investigate how SOCS-1 

could be regulated in these chronic diseases. 

After TCR activation, Socs1-/- Pmel-1 CD8+ T cells induced Blimp1 strongly (Figure 6b, 

chapter 2). This transcription factor is expressed by a cytokine-dependent pathway in 

activated T lymphocytes. Blimp1 is induced after IL-2 signaling, but conversely, it 

negatively regulates IL-2 transcription weakening T cell proliferation and survival (Boi et 

al., 2015; Turner et al., 1994). However, ectopic expression of Blimp-1 by activated T cells 

enhances granzyme B and CD25 expression (Gong and Malek, 2007; Martins et al., 2008). 

Indeed, as previously reported, Socs1-/- P14 CD8+ T cells display a slightly lower 

production of IL-2 after TCR activation (Ramanathan et al., 2010). To address if Blimp1 

contributes to TCR dysfunctionality of Socs1-/- Pmel-1 cells, it would be interesting to 

investigate if downmodulation of Blimp1 expression would reverse TCR unresponsiveness. 

Moreover, it would be interesting to see if Blimp1 and SOCS-1 can interact directly to 

regulate their expression. Interestingly, SOCS-1 expression was shown to be modulated by 

Blimp1 in DCs (Kim et al., 2013). Mice with DC-specific deletion of Blimp1 exhibited a 

lupus-like phenotype that was mediated by DC IL-6 production. This pro-inflammatory 
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phenotype was characterized by an enhanced expression of the microRNA Let-7c which is 

a reciprocal inhibitor of Blimp1 (Kim et al., 2013). Surprisingly, Let-7c also targets the 

mRNA of Socs1. Thus, it could be informative to determine Let-7c expression on Socs1-/- 

Pmel-1 CD8+ T cells. Blimp1 is a major component of the let-7c-SOCS1–regulated cytokine 

response in DCs (Kim et al., 2013). Therefore, Let-7c overexpression could be used to 

decrease Blimp1 expression to determine if CD8+ T cell proliferation can be recovered. 

Furthermore, it could be interesting to investigate the effect of the lack of SOCS-1 on APCs 

such as DCs. For example, in the immune age-associated context, TLR-activated DCs are 

characterized by a reduced cytokine production, a defect that has been correlated with 

reduced responses of T cells (Panda et al., 2010). Importantly, it is essential to take into 

account all the inflammatory environment of Socs1-/- Pmel-1 mice. It is well known that in 

the aged human, the presence of high concentration of inflammatory cytokines provokes 

a reduction of adaptive immune responses (Goronzy and Weyand, 2017).  

In chapter 2, we demonstrated that by removing the negative regulation derived by SOCS-

1 on the mouse model Pmel-1, the recognition of the TAA gp100 could be promoted. 

Therefore, targeting negative regulatory proteins like SOCS-1 suggests a potential 

approach for enhancing the antitumor effects of T lymphocytes in combination with 

cytokine immunotherapies (Guenterberg et al., 2011).  

4.2. NLRC5: a new antitumoral tool for cancer immunotherapy 

A major barrier in cancer immunotherapy is the loss of tumor immunogenicity (Yoshihama 

et al., 2016). This is driven by the down-modulation of genes related to antigen processing 

and presentation machinery. NLRC5, a member of NLR family, has been characterized as 

the transcriptional activator of MHC-I genes (Meissner et al., 2010). In chapter 3, we 

demonstrated for the first time that enhancing MHC-I expression by overexpressing 

NLRC5 rendered poorly immunogenic B16 melanoma cells to be recognized by 

antitumoral CD8+ T cells. Our findings thus raise the possibility of using NLRC5 to 

stimulate antitumor immunity.  
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Importantly, previous studies have reported that NLRC5-driven expression of MHC-I on 

target cells is essential to induce effective recognition and elimination by CD8+ T cells 

(Staehli et al., 2012; Yao et al., 2012). Furthermore, a recent meta-analysis using the TCGA 

datasets enabled Kobayashi and his team to demonstrate that NLCR5 is a target for cancer 

immune evasion (Yoshihama et al., 2016). Indeed, epigenetic and genetic alterations in 

cancers such as promoter methylation, copy number loss, and somatic mutations, are 

more prevalent in NLRC5 in comparison to all MHC class-I related genes. These alterations 

induced the impaired expression of APM pathways in 21 examined tumor types. 

Additionally, as we showed in this study, they found that NLRC5 expression was highly 

correlated with MHC-I genes, CTL markers, and APM genes such as LMP2/LMP7, TAP1, 

and B2m. Lastly, they also found that NLRC5 expression is significantly associated with CTL 

activation as well as with patient survival in several cancer types (Yoshihama et al., 2016). 

Thus, NLRC5 silencing or down-regulation seems to be a hallmark of many cancers that 

evade immunosurveillance mechanisms.  

It is important to note that NLRC5 overexpression not only increases MHC-I and B2M 

genes, but also enables the expression of other APM components, such as the 

immunoproteasome subunits LMP2 and LMP7, as well as the peptide transporter to the 

ER, TAP-1. This ability facilitated the processing and presentation of endogenous mgp100 

to Pmel-1 cells (Figure 2B, chapter 3). Moreover, naive Pmel-1 cells were also able to 

proliferate, with a delayed time, in the presence of B16-5/80 cells without any exogenous 

peptides, indicating that NLRC5 overexpression could restore the immunogenicity of B16 

melanoma cells expressing CD80 (Figure 2C, chapter 3).  

Interestingly, the capacity of B16 cells overexpressing CD80 alone or in parallel with 

NLRC5 to form tumors in the lung was reduced when administered i.v. (Figure 4D, E, 

chapter 3). Contrarily, B16 cells overexpressing only NLRC5 showed a significant delayed 

growth when administered subcutaneously (Figure 4A, chapter 3). These observations 

could be explained by the characteristics of the TME and the antitumoral responses 

generated in each tissue/organ. Therefore, CD80 could have more beneficial effects than 
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only MHC-I, when overexpressed by tumor cells in the lung. Indeed, CD80 overexpression 

is an immune evasion mechanism used by some tumor cells, such as the mouse colon 

carcinoma CT26 cell line, to activate immune tolerance. This immune tolerance 

mechanism in the TME can be mediated by CD80/PD-L1 or CD80/CTLA-4 interactions on 

APCs and T cells, respectively (Ford et al., 2013). Other cancer cell lines, such as B16 and 

MC38, express low levels of CD80 when growing in vivo. Importantly, CD80 and CD86 

costimulatory molecules interact with a much higher affinity with CTLA-4, an inhibitory 

receptor expressed by activated T cells (Tirapu et al., 2006). Thus, tumor cells could be 

characterized after in vivo growth, for example at the end-point for mice, to better 

elucidate the selective pressure made by the immune system in vivo. Post-mortem tumor 

analysis could also help elucidate new evasion mechanisms exploited by tumor cells in 

this context. 

During the past five to seven years, NLRC5 has gained more attention due to its 

contrasting but significant roles in various contexts, ranging from innate immune 

responses to pro/antitumoral roles (Benkő et al., 2017; Chelbi et al., 2017; Yoshihama et 

al., 2017). NLRC5 is the master transactivator of MHC-I genes. However, some evidence 

also supports that NLRC5 has a pivotal role in regulating pro-inflammatory responses by 

interfering with the NFB signaling pathway (Benko et al., 2010; Cui et al., 2010). Several 

studies have reported different roles of NLRC5 in macrophages, BMDCs, BMDMs, and 

embryonic fibroblasts (Staehli et al., 2012; Tong et al., 2012). However, it is essential to 

take into account that NLRC5 as well as its accessory binding partners are differently 

expressed in these cell types. Moreover, NLRC5 display different regulatory functions 

depending on the cell type: for example, NLRC5 regulates the expression of TNF in 

embryonic fibroblasts but not in macrophages (Tong et al., 2012). NLRC5 is also differently 

targeted for ubiquitination in cells, which could potentially explain its different roles in the 

context of inflammation. Indeed, NLRC5 seems to be specifically targeted by the 

deubiquitinating enzyme USP14, which removes the polyubiquitin chains from NLRC5 to 

enhance NLRC5-mediated inhibition of NF-B signaling (Meng et al., 2015). These 

processes arise differently in different cell types like embryonic fibroblasts, RAW264.7 
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macrophages, and HEK293T cells that seem to exhibit different sensitivities to NF-B 

activation (Meng et al., 2015).   

In chapter 3, we showed that overexpressing NLRC5 in poorly immunogenic B16 

melanoma cells rendered them immunogenic and able to activate antitumoral CTL 

responses. However, NLRC5 also has contrasting roles in tumor immunology (He et al., 

2016; Peng et al., 2016; Xu et al., 2016). NLRC5 is significantly expressed in the liver tissue. 

Recently, different studies from Dr. Jun Li’s team have shown that NLRC5 mediates 

hepatic fibrosis through negatively regulating NF-B signaling. Indeed, in hepatic fibrosis, 

NLRC5 is highly expressed with other fibrotic genes, such as α-SMA and Col1α1, and its 

blockade can reverse the fibrotic profile (Liu et al., 2016). Additionally, in another study, 

the same team reported that overexpression of NLRC5 resulted in an upregulation of 

collagen-1 and α-smooth muscle actin expression mediated by the production of TGF-β1 

in LX-2 hepatic stellate cells (Xu et al., 2016). Thus, this study points to NLRC5 as a potent 

pro-fibrogenic molecule that enables activation of hepatic stellate cells through TGF-

β1/Smad and NF-B signaling pathways (Xu et al., 2016). 

Another study demonstrated that NLRC5 is widely expressed in eight human tumor 

tissues (renal carcinoma, gastric adenocarcinoma, cervical squamous carcinoma tissue, 

prostate cancer, malignant melanoma, liver cancer, rectal cancer, and stage III non-small-

cell lung cancer (NSCLC)) and that its nuclear expression significantly correlated with 

MHC-I expression (Li et al., 2015). Notably, MHC-I-positive and nuclear NLRC5-positive 

NSCLC patients were found to have shorter overall survival rates. Thus, NLRC5 and MHC-I 

seem to be negative prognostic indicators in stage III NSCLC patients (Li et al., 2015). This 

finding raises the possibility that tumorigenesis in the lungs could be exacerbated or 

poorly affected by MHC-I expression as observed with our cell line model B16-5 when 

administered intravenously. Indeed, MHC-I downregulation in this type of cancer was 

previously reported to be associated with improved patient survival (Ramnath et al., 

2006). In this context, perhaps the dominant and protective immune surveillance 
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mechanisms are mediated mainly by NK cells that may eventually enable the selection of 

more indolent MHC-I positive tumors to evade the immune recognition.  

NLRC5 is a potential tumor suppressor depending on the context of the tumor and cell 

type. Moreover, increasing overall expression of MHC-I molecules is more suitable and 

feasible than only increasing one single HLA for a single TAA. Firstly, by increasing most of 

the MHC-I-related genes, the chances of activating specific antitumoral CTLs are higher. 

Secondly, it is more feasible to induce overexpression of a single protein, NLRC5, in cancer 

cells than specific HLA types depending on different polymorphisms in patients.  

4.2.1. Future directions 

It would be worth further characterizing the type of antitumoral T-cell response 

generated in vivo against B16-5 cells by determining what TAAs (dominant and / or 

subdominant) are triggering CTL expansion in the TME. This would allow a better 

understanding of how NLRC5 could contribute in antigen processing and presentation. 

This characterization would enable the determination of the type of antitumoral T cell 

response generated under these conditions (monoclonal, oligoclonal or polyclonal) and 

help understand the relationship between the complex components of the TME and the 

immune function depending on the T cell response. This information will provide insights 

about the rational for more effective immunotherapies by avoiding tumor progression 

and T cell exhaustion. 

Moreover, NLRC5 could be used in combination with other approaches in cancer 

immunotherapy. For example, patient cancer cells can be transfected in vitro with a 

plasmid encoding NLRC5. These autologous cells overexpressing NLRC5 can be used in 

ACT for the ex-vivo expansion of TILs to potentiate and select antitumoral CTLs. Similarly, 

these NLRC5+ cancer cells can be used to generate cell lysates to pulse autologous DCs for 

ACT. Furthermore, peptides generated from these lysates can be analyzed in order to 

study the immunopeptidome of cancer cells and to discover new potential TAAs.  
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An important aspect regarding NLRC5 that requires further investigation is the manner in 

which its isoforms mediate cell function (Neerincx et al., 2013). These studies will help 

determine which isoforms can have negative or regulatory roles as well as the conditions 

in which they are preferentially induced and how they modulate cellular responses 

depending on the cell context/stimulus. Depletion studies in different tissues and species 

will provide more insights into NLRC5’s mechanisms of action. This knowledge will allow a 

better understanding of the role of NLRC5 in basal homeostasis as well as in different 

pathogenesis.  

Furthermore, it is critical to study tumorigenesis in the context of NLRC5 deficient mice 

(Staehli et al., 2012). Moreover, it is worth further investigating the antitumoral capacity 

of NLRC5 overexpression in other cancer models as well as in combination with other 

approaches, including abrogating immune suppression by using checkpoint inhibitors, 

such as anti-PDL1, to generate robust antitumoral responses.   

Interestingly, a recent study reported that NLRC5 promotes HCC proliferation by 

regulating the AKT/VEGF-A signaling pathway (He et al., 2016). In fact, the authors 

showed that NLRC5 and VEGF-A expression are increased in human HCC tissues. NLRC5 

overexpression in HepG2 cells augmented cell proliferation and activation of the PI3K/AKT 

signaling pathway (He et al., 2016). Furthermore, another study reported that NLRC5 

mediates HCC cell proliferation, migration, and invasion and that these characteristics are 

assessed by NLRC5 cooperation with the activation of Wnt/β-catenin signaling pathway 

(Peng et al., 2016). It would be interesting to determine the MHC-I status of these cells in 

different contexts in order to characterize the manner in which NLRC5 overexpression 

triggers MHC-I gene expression (for example, whether cytoplasmic vs. nuclear localization 

trigger different functions). 

As previously mentioned, NLRC5 overexpression can be combined with other therapies 

(Chelbi and Guarda, 2016). Tumors are highly complex systems that comprise a plethora 

of cell types from a variety of systems (Hanahan and Weinberg, 2011). As discussed in this 

thesis, there are distinct immunoevasion mechanisms that dampen the antitumoral 
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responses enabling tumor progression. Interestingly, during the last decade, several 

studies have shown that combination of cancer therapies is a more promising approach to 

achieve effective tumor eradication (Chen and Mellman, 2013). Thus, by targeting 

multiple key molecules and cells in the TME, we could generate synergistic, durable and 

potent antitumoral responses.  

4.3. The antitumoral roles of IL-15 and IL-21 

Activated CD8+ T lymphocytes possess different properties depending on their surface-

receptor expression, location, trafficking as well as effector functions. These 

characteristics can be driven by external stimuli such as inflammation, TCR signaling and 

cytokine stimulation (Kaech and Cui, 2012).  

IL-15 and IL-21 are two pro-inflammatory cytokines that are able to enhance effector 

functions of activated CD8+ T cells. Cytokine priming of naive CD8+ T cells with IL-15 and 

IL-21 enables their activation in the presence of very low concentrations of the cognate 

peptide (Ramanathan et al., 2011). Cytokine primed naive Pmel-1 cells were able to 

proliferate when co-cultured with B16 melanoma cells co-expressing both MHC-I (NLRC5) 

and CD80, (B16-5/80), even in the absence of exogenous mgp100 peptide (Figure 2B, 

chapter 3). Moreover, Pmel-1 cells displayed a phenotypic characteristic of efficient T cell 

activation as reflected by the increased frequency of CD44hi CD62Lhi, denoted as TCM, and 

CD44hi CD62Llo, denoted as TEFF cell populations (Figure 3A, chapter 3). These findings 

confirm and indicate that under proper TCR/costimulatory signals, cytokine primed CD8+ 

T cells can be easily activated in order to proliferate and become effector and memory-

like CD8+ T cells. Interestingly, only cytokine primed naive Pmel-1 cells displayed a 

memory-like phenotype characterized by the co-expression of CD44 and CD62L after TCR 

activation (Figure 3A, bottom row, chapter 3). Moreover, IL-15 and IL-21 cytokine priming 

of CD8+ T cells also enabled a robust production of effector cytokines such as IL-2 and 

TNFα, as well as strong cytotoxicity, characterized by CD107a/b release in comparison to 

control cells (Figure 3B, C, D, chapter 3). 
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Studies using transgenic mouse models, such as Pmel-1, must be considered with caution 

as the presence of mgp100 in those mice can generate memory-like and/or exhausted 

CD8+ T cells due to antigen persistence as seen in cancer patients (Baitsch et al., 2011; 

Jameson and Masopust, 2009).  

The capabilities conferred by the synergistic effect of IL-15 and IL-21 have been previously 

reported by several groups (Huarte et al., 2009; Li et al., 2010; Pouw et al., 2010; Yu et al., 

2013; Zeng et al., 2005). The acquisition of a memory-like phenotype is crucial in cancer 

immunotherapy. Indeed, in mouse and human models, memory-like CD8+ T cells have 

shown to possess superior capabilities to mediate therapeutic antitumor immunity in 

comparison to effector CD8+ T cells (Klebanoff et al., 2006; Wherry et al., 2003).  

IL-15 and IL-21 could also be used in the context of chronic infection mediated by viruses 

or parasites to potentiate the adaptive immune system to recognize and eliminate the 

pathogens. Indeed, a recent study on PBMCs from HIV infected patients, reported that 

the synergic effects of these cytokines restored the proliferation and cytolytic capacities 

of T lymphocytes (Echeverría et al., 2015). Thus, by restoring the functions of T 

lymphocytes in HIV+ patients, the chances of producing a significant antiviral response 

against chronic antigens are higher.  

Interestingly, immunization with a plasmid encoding IL-15 and IL-21 into mice infected 

with the parasite Toxoplasma gondii developed robust humoral and Th1 responses 

characterized by an increase of CD4+ and CD8+ T cells. This effect was even stronger 

when used in combination with another DNA vaccine expressing TgCDPK1 (T. gondi 

calcium-dependent protein kinase 1), a crucial protein for parasite mobility, host-cell 

invasion, and egress. Therefore, by increasing IL-15 and IL-21 locally at the site of 

immunization, the immune system can be primed to produce a strong cellular response 

against acute and chronic pathogens (Chen et al., 2014).  

Interestingly, IL-15 and IL-21 seem to have a key role in the maintenance of human 

memory CD8+ T cells over the years. One study demonstrated that IL-21 regulates IL-15-

mediated growth and CD28 expression of CD8 memory T cells of young and old donors 
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(Nguyen and Weng, 2009). IL-21 is able to preferentially stimulate proliferation of 

memory CD8+ CD28+ IL-15-stimulated cells over their CD28- counterparts. Indeed, CD28+ 

cells expressed higher levels of IL-15R and IL-21R and greater pSTAT5 upon IL-15 and IL-21 

stimulation. Importantly, the proliferation and survival driven by IL-15 and IL-21 on CD28+ 

CD8+ memory T cells seem to be maintained with age (Nguyen and Weng, 2009). 

Together, these findings highlight the essential role of these homeostatic cytokines in the 

generation and the maintenance of CD8 memory T cells. 

4.3.1. Future directions 

It would be interesting to further characterize the phenotype induced on CD8+ T cells by 

IL-15 and IL-21, in order to better classify them with the current knowledge (Chang et al., 

2014). First, it is worth further investigating the transcriptional profile of naive CD8+ T 

cells primed with IL-15 and IL-21. This information will help to elucidate how these 

cytokines program naive T cells to allow the acquisition of memory, effector or even 

resident-memory traits. Second, metabolic studies could help understand and validate the 

transcriptional profile of these cells. Lastly, functional studies in different contexts, like 

adoptive transfer experiments in vivo to study longevity and recall responses, could help 

to elucidate their ability to persist and to confer protective immunity. 

Complementary studies could help to understand if the generated phenotype under IL-15 

and IL-21 stimulation is transient or stable after cytokine withdrawal and under different 

conditions such as IL-12, IL-10, or TGF treatment. Additionally, it would be interesting to 

investigate the dependency of these cells to costimulatory molecules as IL-15 and IL-21 

seem to reduce TCR threshold to their cognate antigen in order to get activated.  Cytokine 

priming may be enabling the preformation of supramolecular receptor clusters in order to 

confer a rapid response upon TCR activation. In fact, some subunits of cytokines such as 

CD25, CD215, CD122 and CD132, as well as MHC-I and II molecules can form 

supramolecular receptor clusters localized in lipid rafts, resulting in the formation of high-

affinity heterotrimeric receptors (Vámosi et al., 2004). Thus, IL-15 and IL-21 could act 
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together to tune CD8+ T cell responses in order to generate rapid and strong responses 

when TCR is engaged.  

A better understanding of the hallmarks of IL-15 and IL-21 priming of naive and activated 

CD8+ T cells could enable the understanding of which specific micro-environmental 

signals influence the specificity and longevity of this population. Thus, all this information 

will establish the rational to design desired CD8+ T cell responses according to the 

therapeutic context. Strong and long-term responses are desired in cancer 

immunotherapy and these cytokines can be utilized in ACT for TILs and CAR cultures ex-

vivo. In autoimmune diseases, such as celiac disease (De Nitto et al., 2009), these 

cytokines can be targeted to attenuate the populations driven under uncontrolled and 

detrimental inflammatory conditions.  
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CHAPTER 5 - CONCLUSIONS 

The downmodulation or loss of MHC-I molecules is an important evasion mechanism 

exploited by more than 60% of tumors. Increasing antigen presentation by overexpressing 

the MHC-I trans-activator, NLRC5, could enable the establishment of an efficient 

antitumor response. This response could be generated towards several TAAs.  

Moreover, irradiated autologous cancer cells overexpressing NLRC5 can be exploited as a 

vaccine in order to stimulate the immune system of a cancer patient. This approach can 

also enable the discovery of new TAAs by studying the peptidome of cancer cells. 

Cancer immunotherapies have demonstrated their efficiency in many types of cancers. 

The future of cancer treatment resides in personalized approaches by boosting the 

immune system to enable an efficient recognition and elimination of cancer over time. A 

strong body of evidence pinpoints the importance of combining therapies to avoid cancer 

relapse after immunoediting. Thus, the quality of TILs can be improved for ACT by, for 

example, stimulating them with IL-15 and IL-21 to increase their effector functions and 

avidity towards TAAs. Also, TILs can be engineered to down-modulate SOCS-1 expression 

by overexpressing miR-155 allowing a robust proliferation of antitumoral CTLs in the TME. 

Tumor immunogenicity can be increased by overexpressing NLRC5. Finally, using immune 

checkpoint inhibitors, the immunosuppressive burden of the TME can be decreased in 

order to allow proper and efficient establishment of antitumoral responses that will 

eradicate tumor cells. By targeting multiple steps in the cancer-immunity cycle, cancer 

could be eliminated even before the appearance of new indolent and resistant mutants.    
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