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Rôle d’Ikaros dans l’expression du GM-CSF et dans la 

pathogénicité des lymphocytes T CD4+ 

 

 

INTRODUCTION : 

 

La différenciation des cellules T CD4+ en cellules T effectrices auxiliaires (TH) est 

initiée par l’engagement de leur récepteur T (TCR) et des molécules costimulatrices (CD28), 

ainsi que des signaux induits par des cytokines produites au cours de la réponse immunitaires 

contre des pathogènes spécifiques. Parmi les cellules TH, les lymphocytes TH17 ont comme 

fonction primaire l’élimination de pathogènes spécifiques qui ne sont pas ciblés par d’autres 

cellules TH, comme les lymphocytes TH1 ou TH2. Cependant, les cellules TH17 ont aussi un 

fort potentiel inflammatoire et ont été impliquées dans des pathologies autoimmunes et 

inflammatoires (sclérose en plaque, psoriasis). 

Les cellules CD4+ TH17 sont caractérisées par l’expression entre autres du facteur de 

transcription programmateur RORγt et de la cytokine IL-17A. In vitro, les cellules TH17 

conventionelles (cTH17) sont différenciées en présence de TGFβ1 et IL-6 et produisent de 

l’IL-17A et la cytokine anti-inflammatoire IL-10. Les cellules cTH17 sont décrites comme non-

pathogéniques et sont importantes dans les infections contre certains pathogènes et le 

maintien de l’homéostasie intestinale. Cependant, les cellules T CD4+ naïves peuvent aussi 

être différenciées en cellules TH17 pathogénique (pTH17) en présence de TGFβ1, IL-6 et IL-

23 ou IL-6 et TGFβ3 (Lee et al.2012). Dans ce cas, les cellules pTH17 expriment l’IL-17A et 

de fortes quantités de GM-CSF et d’IL-22. Les cellules pTH17 peuvent aussi être différenciées 

en présence d’IL-1β, IL-6 et IL-23 et produisent alors de l’IL-17A et de l’IFNγ. Le potentiel 

pathogénique des lymphocytes TH17 a été défini par leur capacité à induire une pathologie 

sévère dans le modèle murin de la sclérose en plaques (Experimental Autoimmune 

encephalomyelitis ; EAE), après transfert adoptif. Cependant, les facteurs qui régulent cette 

pathologie restent à identifier.  

Le facteur de transcription Ikaros joue un rôle critique dans la différenciation des 

cellules T immatures et matures. Récemment, il a été montré qu’Ikaros est essentiel au 

développement des cellules TH17, et favorise l’expression de RORγt et de l’IL-17A (Wong et 

al, 2013). Cependant, le devenir de ces cellules et la nature des mécanismes moléculaires 

intervenant dans cette régulation restent incomprises. Afin d’avoir une vision globale des 

gènes pouvant être affectés par Ikaros dans la différenciation cTH17, mon laboratoire 

d’accueil a effectué une analyse transcriptomique. Alors que l’expression de l’Il17a diminue 

en absence d’Ikaros, environ 250 gènes sont fortement exprimés de manière ectopique dans 

les cellules TH17 Ikarosko et surtout comprennent des gènes caractéristiques des cellules 

pTH17, dont l’Infg et le Csf2, codant pour le GM-CSF. A l’inverse, certains gènes décrits 

comme régulateurs (Il10, Il9) sont diminués en absence d’Ikaros. Ces résultats suggèrent que 

dans des conditions non-pathogéniques, les cellules TH17 Ikarosko perdent leur profil 

régulateur et basculent vers un phénotype TH17 pathogénique suggérant qu’Ikaros est 

nécessaire pour polariser correctement les cellules T naïves vers les programmes cTH17. 

 

 

 

 

 

 

 

 



 

OBJECTIFS DE MA THESE: 

Notre hypothèse est qu’Ikaros est un régulateur clé de la fonction des cellules T CD4+ et en 

particulier des cellules TH17 en limitant leur potentiel pathogénique ce qui aurait pour 

conséquence de modifier leur activité inflammatoire.  

Les deux objectifs principaux de mon projet de thèse sont : 

1-Déterminer les mécanismes moléculaires par lesquels Ikaros influence le phénotype 

pathogénique des lymphocytes T CD4+ 

2-Tester la fonction des lymphocytes TH17 déficients en Ikaros dans un modèle de 

pathologie inflammatoire  

 

 

RESULTATS : 

 

Pour étudier le rôle d’Ikaros dans le développement des cellules T CD4+, nous avons utilisé 

deux modèles murins dans lesquels Ikaros est absent de façon tissu-spécifique ou inductible. 

Les deux modèles sont basés sur le système Cre/Lox : (1) des souris conditionnelles 

déficientes en Ikaros spécifiquement dans les cellules T (Ikarosf/f x CD4-Cre, appelées TKO) 

et (2) des souris Ikarosf/f croisées avec des souris où la recombinase Cre est fusionnée au 

domaine de liaison du ligand du récepteur à l’oestrogène (Cre-ER) dont l’ADN a été inséré 

dans le locus Rosa (Ikarosf/f x Cre-ER), permettant une expression ubiquitaire. Dans ce cas, 

la délétion d’Ikaros est induite par traitement au tamoxifène. Dans mon rapport, ces souris 

sont appelées IKO. 

Objectif 1- Déterminer les mécanismes moléculaires par lesquels Ikaros influence le 

phénotype des lymphocytes T CD4+ 

A-Impact d’Ikaros dans la production du GM-CSF 

L’expression du GM-CSF en absence d’Ikaros en absence de cytokines polarisantes 
Nous avons voulu déterminer si la présence des cytokines polarisantes pour générer les 
cellules TH17 était nécessaire à l’expression du GM-CSF en absence d’Ikaros. En effet, il a 
été démontré que le TGFβ1 inhibe l’expression du GM-CSF (El-Behi et al 2011). De manière 
intéressante, j’ai observé que les cellules T mutantes expriment plus fortement le GM-CSF 
quand elles sont activées par les anticorps anti-CD3 et anti-CD28 sans ajout de cytokines 
polarisantes (condition TH0). Ces données indiquent que la signalisation via le TCR et son 
corécepteur CD28 est suffisante pour induire une forte expression du GM-CSF en absence 
d’Ikaros.  
 
Corrélation directe entre la délétion d’Ikaros et l’expression du GM-CSF 
L’expression du GM-CSF pourrait être une conséquence directe de la délétion d’Ikaros ou le 
résultat d’un programme de pré-activation déjà présent dans les cellules naïve T CD4+ à cause 
de la délétion d’Ikaros. Pour répondre à cette question, nous avons trié des cellules naïves T 
CD4+ de la lignée IKO qui n’ont pas reçu d’injection de tamoxifène et sont donc équivalentes 
à des cellules WT. Après activation des cellules par des anticorps anti-CD3 et anti-CD28, la 
délétion d’Ikaros a été effectuée in vitro en utilisant du 4-Hydroxitamoxifen ou de l’éthanol 
comme contrôle. Nous avons observé que l’expression du GM-CSF augmente en relation 
directe avec la délétion d’Ikaros en condition TH0 et TH17. De plus, la diminution de 
l’expression de l’IL-17A en condition TH17 est aussi corrélée à la délétion d’Ikaros. Cette 



expérience confirme que l’expression du GM-CSF est la conséquence directe de la perte 
d’Ikaros et non la conséquence d’un programme de pré-activation des cellules T CD4+.  
 
La réintroduction d’Ikaros dans les cellules KO diminue la production du GM-CSF 
Pour confirmer le rôle d’Ikaros sur l’expression de GM-CSF, nous avons réintroduit Ikaros 
dans les cellules T CD4+ TKO. Pour cela, les cellules naïves T CD4+ de la lignée TKO ont été 
triées, activées avec des anticorps anti-CD3 et anti-CD28 pendant 24h et infectées avec un 
rétrovirus exprimant Ikaros et GFP ou un rétrovirus contrôle. La surexpression d’Ikaros, 
détectée grâce au marqueur fluorescent GFP, dans les cellules TKO réduit d’environ 2 fois le 
pourcentage de cellules exprimant le GM-CSF par rapport à la condition contrôle. Ces 
résultats confirment qu’Ikaros est un répresseur de l’expression de GM-CSF dans les cellules 
T CD4+. 
 
 
 
B-Mécanismes moléculaires de régulation de l’expression du GM-CSF dans les cellules 

T CD4+ KO 

L’expression du GM-CSF dans les cellules T CD4 + dépend de l’activation via le TCR. 
Une question importante était de déterminer si l’engagement du TCR (CD3) était nécessaire 
et si seul l’engagement du TCR (CD3) était nécessaire ou si la co-stimulation avec le CD28 
était aussi importante pour induire l’expression du GM-CSF. Les cellules T CD4+ naïves ont 
donc été activées par PMA et Ionomicine ou par des anticorps anti-CD3 en présence ou 
absence d’anticorps anti-CD28. J’ai démontré, par cytometrie de flux, que dans les cellules 
IKO, l’engagement de CD3 est nécessaire et suffisant pour induire l’expression du GM-CSF 
(50%). Cependant, l’ajout d’une activation du corécepteur CD28 augmente l’expression de 
GM-CSF (70.1%).  
 
La production du GM-CSF en absence d’Ikaros est indépendante de la voie de 
signalisation Fas/FasL 
Un article récent a démontré un nouveau rôle de la voie de signalisation Fas-FasL dans la 
régulation de l’expression de protéines pro-inflammatoires. Après engagement de cette voie, 
la voie NF-κB est activée et la production de certaines cytokines pro-inflammatoires, comme 
le GM-CSF, est augmentée (Cullen et al, 2013). 

Au cours de nos expériences de culture cellulaire, nous avons observé une 
augmentation de la mort cellulaire chez les cellules KO. Les analyses transcriptomiques 
montrent une augmentation de l’expression de Fasl, sans changement dans l’expression de 
autres gênes anti- ou pro-apoptotiques. Nous avons donc émis l’hypothèse que la voie Fas-
FasL était plus engagée dans les cellules IKO augmentant potentiellement la production de 
GM-CSF. Pour tester cela, les cellules T CD4+ naïves ont été triées et mise en culture TH0 en 
présence ou absence d’anticorps neutralisant anti-FasL. Après 3 jours de culture, la 
neutralisation de FasL entraîne une diminution du GM-CSF dans les cellules T CD4+ WT en 
accord avec la publication de Cullen et al. Cependant, l’expression du GM-CSF dans les 
cellules KO n’est pas affectée par la neutralisation du FasL. Ces résultats indiquent que la 
production du GM-CSF en absence d’Ikaros ne dépend pas de la voie Fas-FasL.  

 
Le RNA-SEQ et l’ATAC-SEQ confirment Ikaros comme régulateur de l’expression du 
GM-CSF 
Au vu de l’importante expression du GM-CSF déjà dans la condition TH0 et du rôle connu de 
Ikaros dans la modification de la chromatine, nous avons décidé de mieux étudier le profil 
d’expression des gènes en relation à l’aspect de la chromatine dans les cellules WT et TKO 
en absence de cytokines polarisantes. L’ATAC-SEQ et le RNA-SEQ ont été effectué dans des 
cellules WT et TKO naïves et après et 1 et 2 jours de culture en présence de seules anti-CD3 
et anti-CD28.  L’analyse de RNA-SEQ nous a permis de confirmer, dans les cellules TKO, 
une augmentation de l’expression de certains gènes codant pour des cytokines pro-



inflammatoires, comme Ifng, Csf2, Eomes and Tnf. Ce que on a pu observer en regardant les 
modifications de la chromatine c’est que Ikaros semble réguler environ le 10-15% des gènes 
déjà dans les cellules naïves. L’intégration des analyses de ATAC-SEQ et du RNA-SEQ nous 
permet de définir que Ikaros a un rôle prévalente comme répresseur de la transcription : Dans 
les cellules en absence de Ikaros, les gènes que sont le plus exprimés par rapport au WT sont 
les gènes qui ont une accessibilité à la chromatine plus importante. Les gènes plus exprimés 
et les peaks plus modifiés dans les cellules TKO appartiennent aux voies de signalisation 
STAT5 et NF-κB. 
 
L’expression du GM-CSF en absence d’Ikaros semble dépendre de NF-κB et de STAT5 
Au vu de l’importance de la voie de signalisation NF-κB et STAT5 dans l’expression de 
cytokines pro-inflammatoires et de la présence d’un site de liaison des sous-unités NF-κB et 
STAT5 sur le promoteur du Csf2, nous avons décidé de poursuivre l’étude de ces deux voies. 
Les cellules CD4+ T naïves ont été triées et mises en culture en condition TH0 en présence 
d’un inhibiteur spécifique d’IKKβ (IKK2 I), pour inhiber la voie NF-κB, ou d’un inhibiteur de 
STAT5 (STAT5i) pour empêcher l’activation de la voie STAT5, ou en présence de DMSO 
comme control. De façon intéressante, l’ajout d’IKK2I ou de STAT5i diminue très fortement 
l’expression de GM-CSF dans les cellules IKO par rapport au control. Concernant la voie NF-
κB, ces résultats ont été confirmé avec une autre approche expérimentale : les cellules WT et 
IKO ont été infectés avec un rétrovirus expriment une forme constitutivement active d’un 
inhibiteur intrinsèque de la voie NF-κB (SR-IκB).  
 

Objectif 2-Tester la fonction des lymphocytes TH17 déficients en Ikaros dans un modèle 

de pathologie inflammatoire  

Les cellules T CD4+ mutantes expriment peu ou pas d’IL-17A. Cependant, étant donné la forte 
expression du GM-CSF et de l’IFNγ, les cellules TH17 déficientes en Ikaros possèdent un 
caractère pro-inflammatoire prononcé. Afin de déterminer si ces cellules ont une activité pro-
inflammatoire plus importante, nous avons décidé d’étudier la progression du modèle murin 
du psoriasis dans laquelle l’importance des cellules TH17 est démontrée.  

Pour cela, nous avons induit un psoriasis sur des groupes de souris WT ou KO 
appartenant à la lignée TKO (dans lesquelles la délétion d’Ikaros est chronique), suite à 
l’application quotidienne d’une crème, Aldara, sur les oreilles. Nous avons suivi l’évolution de 
la maladie pendant une semaine, puis à terme, nous avons analysé les réponses des 
lymphocytes T, afin de déterminer l’efficacité de la réponse immunitaire mise en jeu et l’impact 
d’Ikaros sur ces processus in vivo.  

De manière inattendue, nos résultats montrent que la progression du psoriasis est 
comparable entre les souris WT et TKO alors que l’analyse de ganglions drainants les oreilles 
par cytometrie de flux confirme la diminution d’expression d’IL17A par les cellules T CD4+ 
TKO. Cependant, l’expression du GM-CSF entre les cellules T CD4+ KO et WT semble 
augmenté. Les lymphocytes T γδ sont connus pour jouer un rôle primordial dans le 
développement de la maladie. Dans nos souris TKO, ces lymphocytes T γδ ne subissent pas 
de délétion d’Ikaros et expriment de l’IL-17A, ce qui pourrait expliquer la progression similaire 
de la pathologie entre les souris WT et TKO.  
 
 
 
 
 
 
 
 
 
 
 



CONCLUSION : 
 

Ikaros est un important facteur de transcription pour la différentiation des lymphocytes T CD4+. 
Son absence détermine des changements au niveau de la chromatine et de l’expression des 
gènes qui sont indépendants de la polarisation des lymphocytes T. Ikaros semble être 
important pour réprimer un certain numéro des gènes codifiant pour des cytokines pro-
inflammatoire. La voie de signalisation NF-κB et STAT5 semblent avoir un rôle très important 
dans la régulation de l’expression du GM-CSF in absence de Ikaros. Nous n’avons pas encore 
compris quel est le rôle de Ikaros dans ces deux voies de signalisation, mais il semblerait que 
Ikaros agisse surtout en modifiant l’accessibilité à la chromatine en masquant à STAT5 et NF-
κB l’accès au promoteur de Csf2. Dans le model in vivo, le model de Psoriasis ne nous a pas 
permis de comprendre le rôle de Ikaros in vivo. Le rôle de Ikaros et la relation avec la 
production des cytokines pro-inflammatoires reste encore à définir et est actuellement en 
cours d’étude dans un modèle de EAE.  
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In both adult humans and mice, hematopoietic and progenitor stem cells (HP-

SCs) can mature and progressively differentiate. These processes are finely regu-

lated and take place in ordered steps starting from the bone marrow (BM). T cells

derive from HSPCs that have migrated to the thymus (Shah and Zúñiga-Pflücker,

2014). The T cell development is described by complex, specific and organized steps

happening in the thymus where many factors can interplay. In this work I will not

detail more the T cell differentiation process in the thymus because it is not subject

of my research work, but I will rather focus on T cell activation and polarization.

1.1 TCR-CD3 complex structure

Once T cell differentiation has been completed in the thymus, T cells express a

complete and functional TCR-CD3 complex and the co-receptor CD4 or CD8. The

TCR-CD3 complex is composed by different components that can be schematized as

in the Figure 1.1. The TCR itself is formed by an heterodimer: αβ for 95% of the

T cells and γδ for the 5% left. Each chain contains a constant region and a super-

variable region, that is unique for each T cell and has the role to recognize a specific

antigen presented by the APCs in the form of short peptides bound to Major Histo-

compatibility Complex molecules (pMHC). The TCR specificity is a complex matter

of discussion in research and its understanding acquires a crucial role in the use
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of new immunotherapies such as CAR T cells. It seems that in a mouse we can

identify about 2x106 different non-stimulated αβ TCR clones and each clone can be

composed by about 100 cells (Casrouge et al., 2000). The TCR does not contain an

intracellular signaling and it is constitutively and noncovalently associated to the

CD3 protein complex. The CD3 complex is formed by six chains: two ε chains, one δ,

one γ chain and two ζ chains. Each chain of the CD3 complex contains Immunore-

ceptor Tyrosine-based Activation Motif (ITAM), in its intracellular part, that can

be phosphorylated leading to the activation of the cells (Figure 1.1) (Mariuzza et

al., 2020). Many concepts about the TCR-CD3 complex are considered as a dogma,

however many questions about how this complex works remain still unanswered.

It has to be considered that the human TCR-CD3 complex has been reconstituted

in a very elegant way by cryo-electron microscopy only last year (Dong et al., 2019)

allowing to have an high resolution model of this complex that is an hallmark of our

immune response.

Constant region

Super-variable 

region

Figure 1.1: The TCR-CD3 complex. The TCR is formed by an αβ heterodimer.
Each chain contains a constant and a super-variable regions. The CD3 is
formed by six chains: two ε chains, one δ, one γ chain and two ζ chains. In
grey: ITAMs.

In the mouse, at the end of T cell maturation, about 90% of cells die in the thy-

mus during the differentiation process and only 2-4% of them leave the thymus. Ma-

ture T lymphocytes egress the thymus at the level of the cortico-medullary junction

(CMJ). Many factors can control this process and S1PR1 (Sphingosine-1-Phosphate

Receptor 1) is one of them. Indeed, its expression by T cells is required to lead T cells

22



to egress from the thymus to the periphery (Matloubian et al., 2004). T cells enter

the Secondary Lymphoid Organs (SLOs) through specialized post-capillary venules

in a multistep adhesion process where CD62L, CCR7, CXCR4 and LFA1 seem to

have a crucial role (Girard et al., 2012). The exact mechanism regulating the T

cell migration across these venules remains still unclear. Technologies as intravi-

tal imaging may help in studying these mechanisms through their ability to study

and visualize living cells and their dynamic behavior. If T cells do not encounter

the right pMHC complex in the SLOs, they return to the circulation through the

thoracic duct and start again circulating through the bloodstream.

1.2 Early T cell activation

T cells in the SLOs randomly interact with pMHC presented by APCs. A T cell that

has not been activated by encountering its pMHC is called naive. Upon recognition

of its specific antigen, a T cell arrests the migration process and extends the APC/T

cell interaction leading to the formation of an immunological synapse (IS). Upon full

activation, CD4+ T cells proliferate and differentiate in specialized effector cells, the

helper T cells (Th). In order to be fully activated, T cells need 3 main signals trans-

mitted by: 1) the TCR-CD3 complex upon recognition of a specific pMHC complex,

2) the co-stimulatory molecules, such as CD28 and 3) the cytokines present in the

environment (Figure 1.2).

Figure 1.2: Within the immune synapse formed between APCs and T cells,
three signals are required for antigen-specific T cell activation. Signal 1
comprises the presentation of antigen peptide, in the context of MHC class
II molecules, which is recognized by the antigen-specific TCR. Signal 2 in-
volves the stabilization of the synapse through adhesion molecules and the
generation of signals via costimulatory molecules present on the surface of
APCs and T cells. CD80/CD86 on APCs interact with their receptor, CD28,
on T cells to generate activatory signals, while interaction with cytotoxic T lym-
phocyte–associated protein 4 (CTLA4) generates inhibitory signals (not shown).
Signal 3 is produced by the secretion of cytokines by APCs, which signal via
cytokine receptors on T cells in order to polarize them toward an effector phe-
notype. Ag, antigen (Gutcher and Becher, 2007).

23



1.2.1 The first signal: the TCR triggering

The first step to T cell activation is the TCR engagement with a pMHC on the sur-

face of APCs. The affinity and the duration of the interaction between the TCR

and pMHC are really important in shaping the immune response. When there is

a match between the variable region of the αβTCR and the pMHC presented by

APCs, the time of the TCR-pMHC interaction increases and leads to the trigger-

ing of the TCR-CD3 complex through a multi-step process, however how exactly the

TCR-pMHC interaction can trigger the TCR activation still is a matter of debate

(Courtney et al., 2018).

Proximal signaling events downstream the TCR-CD3 complex activation

When a TCR-pMHC interaction occurs, CD4 or CD8 co-receptors can seal, "zip", the

interaction. This association brings Lck and Fyn, src tyrosine kinase proteins that

are bound to the cytoplasmic part of the co-receptors, close to the cytoplasmic tails

of the TCR-CD3 complex. Thanks to their tyrosine-kinase activity, Lck and Fyn can

now phosphorylate the ITAM motifs present on the CD3 intracytoplasmique chains

determining a conformational change on the CD3 complex (Figure 1.3) (Palmer and

Naeher, 2009). Zap-70, a member of the syk kinases, is recruited by the phosphory-

lated ITAMs from the cytosol to the plasma membrane where it is fully activated by

the phosphorylation of Lck. The signaling cascade continues with Zap-70 phospho-

rylating the transmembrane adapter protein LAT and the cytosolic adapter protein

SLP-76. At this point, LAT and SLP-76 permit the assembly of a "signalosome"

that is able to recruit a variety of effector proteins and thus transmit the signal

(Roncagalli et al., 2014).

Following the TCR-CD3 complex trigger, among other proteins, the phospholy-

pase C (PLCγ1) is activated. PLCγ1 hydrolizes the membrane lipid phosphatidyl

inositol 4,5 bisphosphate producing the two messengers: IP3 and DAG. DAG trig-

gers the activation of two main pathways through the mediation of Ras, a guanine

nucleotide-binding protein, and PKCθ, a PKC family member. Ras leads to the

activation of the mitogen-associated protein kinases (MAPKs) extracellular signal-

regulated kinase 1 and 2 (Erk1/2) and thus to the activation, among other transcrip-

tion factors (TFs), of STAT3 and AP1. PKCθ is known to mediate the activation of

the NFAT and NF-κB pathways. The activity of the proximal signalings is crucial to

transmit the activation signal to downstream pathways (Smith-Garvin et al., 2009;

Hwang et al., 2020). This description of proximal signaling events downstream the

TCR-CD3 complex activation progressing in a linear way is clearly an oversimplifi-

cation of a signaling cascade that is much more complex and still remains enigmatic.

24



Antigen Presenting Cell
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Zap70
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 motifs

p-MHC II

CD4

LAT phosphorylation
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Figure 1.3: Phosphorylation of ZAP70 is required to initiate TCR signaling.
TCR signaling is initiated by two tyrosine kinases: Lck and ZAP-70. Activated
Lck phosphorylates ITAMs in the intracellular tails of CD3 chains. Doubly
phosphorylated ITAMs recruit ZAP-70 from the cytosol to the plasma mem-
brane. ZAP-70 is phosphorylated and fully activated by Lck. ZAP-70 is able to
phosphorylate two scaffold proteins, LAT and SLP-76, leading to the recruit-
ment of effector proteins that stimulate T cell activation (Figure adapted from
Yan et al., 2013).

The tonic signaling

Because of the positive and negative selection in the thymus, naive T cells can

weakly interact with self-pMHC. When this weak interaction happens, a low-affinity

binding occurs and a basal signal, the "tonic signaling", begins. The TCR-self-

pMHC binding does not last and simply leads to a basal level of phosphorylation

of ITAMs. The tonic signaling contributes to naive T cell homeostasis and survival

(Myers et al., 2017).

1.2.2 The second signal: co-stimulatory molecules

Early work showed that the TCR-CD3 complex activation alone induces T cell an-

ergy, and that the co-stimulatory signals were necessary to prevent T cell unrespon-

siveness (Jenkins et al., 1988; Frauwirth et al., 2000). The binding of co-stimulatory

molecules, like CD28 or ICOS, to their ligands is a key event not only to amplify
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the TCR-CD3 complex activation, but also to activate some characteristic pathways

within T cells (Sanchez-Lockhart et al., 2011). The formation of the IS helps the

CD28 binding to its ligand, CD80 (B7-1) or CD86 (B7-2), expressed on the surface of

APCs. CD28 is constitutively expressed on mouse T cells, while ICOS is expressed

upon TCR-CD3 complex activation. CD28 stimulation leads to the activation or

sustains a variety of downstream signalings, such as the PIK3/Akt pathway which

is crucial for T cell activation. Other co-stimulatory molecules with an inhibitory

activity exist such as CTLA4 or PD1, but I will not further develop their role in the

next chapters (Esensten et al., 2016).

1.2.3 The third signal: cytokines

The third and last signal is given by the cytokines that are present in the environ-

ment. APCs are the main producers of cytokines, but T cells themselves can also

produce them and influence their own polarization. I will discuss more in detail

this part in the next chapter.
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Signal transduction in T cells

Contents

2.1 Distal signaling events downstream the TCR-CD3 complex . 27

2.1.1 Calcium signaling . . . . . . . . . . . . . . . . . . . . . . . 28

2.1.2 NFAT signaling . . . . . . . . . . . . . . . . . . . . . . . . . 28

2.1.3 NF-κB signaling . . . . . . . . . . . . . . . . . . . . . . . . . 31

2.1.4 GSK-3 signaling . . . . . . . . . . . . . . . . . . . . . . . . 41

2.2 Cytokine signaling . . . . . . . . . . . . . . . . . . . . . . . . . 42

2.2.1 The IL-7 signaling . . . . . . . . . . . . . . . . . . . . . . . 44

2.2.2 The IL-2 signaling . . . . . . . . . . . . . . . . . . . . . . . 45

The activation of a T cell in response to an antigen triggers a variety of down-

stream pathways and some of them are able to induce gene expression modifica-

tions. As example, in human T cells, the T lymphocyte stimulation by anti-CD3

and anti-CD28 antibodies leads to the activation or inactivation of about 3000 genes

(Diehn et al., 2002). In this chapter I will detail two of the main signaling cascades

that can influence gene expression within the activated T cell: 1) the pathways

downstream the TCR-CD3 complex and 2) the pathways activated by cytokines.

These two signaling pathways are not independent and can interplay between each

other.

2.1 Distal signaling events downstream the TCR-

CD3 complex

Downstream the TCR-CD3 complex stimulation, many pathways are activated, here

I will describe only some of them, the ones that are important for my research work:

the calcium signaling, NFAT and NF-κB pathways and GSK-3 signaling cascade.
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2.1.1 Calcium signaling

Following the TCR-CD3 complex engagement and the activation of proximal events,

that I discussed in the chapter above, the calcium signaling is one of the main sec-

ond messengers that is rapidly occurring. Indeed, the IP3, generated by the PLCγ1

activation, can directly bind to the IP3R located in the endoplasmic reticulum (ER)

membrane triggering the release of Ca2+ store from the ER (Figure 2.1). The sen-

sors STIM1 and STIM2 sense the Ca2+ ER store depletion and cause the opening

of Calcium-Release-Activated Calcium (CRAC) channels allowing to sustain the in-

flux of Ca2+ from the extracellular space (Berridge, 2016). In a short term, within

seconds or minutes after the calcium entry, Calmodulin (CaM) and Calcineurin

(CN) are activated. In a longer term, Ca2+ ions lead to the activation of several

downstream pathways and TFs, such as NFAT and NF-κB and in this case the con-

sequences of the calcium signaling activation are mostly associated to de novo gene

expression (Oh-hora and Rao, 2009; Berridge, 2016). In T cells, the importance

of the calcium signaling for the NFAT activation is well established, while its role

in the regulation of NF-κB is not well defined yet, however it would seem that the

dynamic Ca2+ signals play a key role in its activation (Berry et al., 2018).

Calmodulin and Calcineurin

CaM (Calcium-modulated protein-Calmodulin) is a protein whose activation de-

pends on calcium. In resting T cells, the four calcium-ion binding sites present in

CaM are not fully occupied. After T cell activation, the influx of Ca2+ allows the oc-

cupation of those four sites enabling CaM to undergo an important conformational

change: CaM can now bind and activate the CN.

CN is a calcium/calmodulin dependent serine/threonine protein phosphatase

that is composed by a catalytic subunit, CN A, and a regulatory subunit, CN B.

Ca2+/CaM binds to the CN B subunit leading to the activation of its phosphatase

activity. The activated CN can now activate downstream pathways and TFs, in-

cluding the Nuclear Factor of Activated T-cells (NFAT) proteins (Oh-hora and Rao,

2009). CN seems to be implicated also in the activation of the NF-κB pathway, in-

deed the use of Cyclosporin A (CsA), a CN inhibitor, determines the reduction of

NFAT and NF-κB activities (Mattila et al., 1990).

2.1.2 NFAT signaling

The NFAT family is composed of five members (NFAT1 to 4 and NFAT5). NFAT1

was first identified in T cells in 1988 for its ability to regulate the IL-2 expression

(Shaw et al., 1988). NFAT1 (Nfatc2) and NFAT2 (Nfatc1) are the ones mostly ex-
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Figure 2.1: Store-operated Ca2+ entry in T cells. The binding of pMHC to
the TCR triggers the activation of protein tyrosine kinases, such as LCK and
ZAP70, which eventually results in tyrosine phosphorylation and activation of
PLCγ1. PLCγ1 hydrolyzes the membrane phospholipid PIP2 to IP3 and DAG.
IP3 open IP3R, which permits Ca2+ efflux from ER Ca2+ stores. The ER Ca2+

sensors STIM1 and STIM2 sense the resulting reduction of ER Ca2+ stores.
STIM proteins aggregate into small clusters ("puncta") in the ER membrane
and trigger store-operated Ca2+ entry via the CRAC channel. Ca2+ iflux elevates
intracellular Ca2+ concentration (Figure adapted from Oh-hora et al 2010).

pressed in peripheral T lymphocytes. NFAT5 (TonEBP) is almost ubiquitously ex-

pressed and is mostly induced by the osmotic stress (Neuhofer, 2010; Lee et al.,

2019). The NFAT family is well studied mostly in T cells where they regulate

the expression of Il2, Tnf, Il4, Csf2 and Fasl, important for cell activation, differ-

entiation and apoptosis (Latinis et al., 1997; Hogan et al., 2003; Johnson et al.,

2004a). In resting cells, NFAT proteins are located in the cytoplasm in an inac-

tive/phosphorylated state. Following the calcium signaling induction, the activated

CN dephosphorylates several serine residues in the nuclear localization sequences

(NLS) of NFAT proteins. The NLS is not masked anymore, NFAT is now activated

and can translocate in to the nucleus in order to bind to its target genes (Figure

2.2). NFAT5 is the only member of the family whose activation does not depend on

Ca2+ ions. NFAT proteins bind to DNA mostly as monomers, however often they

are described to bind in cooperation with other partners, such as AP-1 or NF-κB.
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Figure 2.2: NFAT-activated program. Signals that are delivered by the en-
gagement of the T-cell receptor (TCR; signal 1) and co-stimulatory molecules
(such as CD28; signal 2) induce different signalling pathways that result in
the activation of several transcription factors. In the nucleus, nuclear factor of
activated T cells (NFAT) proteins cooperate with activator protein 1 (AP1) and
other transcription factors to induce a program of gene expression that is char-
acteristic of a productive immune response (Macian, 2005).

The cycle of activation/inhibition of NFAT is finely regulated. After activation, to

be relocated and kept inactive/phosphorylated into the cytosol, NFAT can be the

substrate by different kinases: Glycogen synthase kinase-3β (GSK-3β) is the most

described, while CK1 has been shown to be important to promote the phosphoryla-

tion of NFAT1 (Crabtree and Olson, 2002; Okamura et al., 2004). Pharmacologic

inhibitors of NFAT nuclear translocation include Tacrolimus (FK506) and CsA. In

humans, these drugs are used for their immunosuppressive action to improve graft

survival and to treat autoimmune diseases. The molecular mechanism used by the

two drugs is similar and it is characterized by the inhibition of the CN activity

(Wang and Heitman, 2005; Liu, 2009).
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2.1.3 NF-κB signaling

The TF NF-κB was described for the first time in 1986 as a nuclear factor that could

bind to the enhancer of the immunoglobulin kappa light chain of activated B cells:

Nuclear factor κ-light-chain-enhancer of activated B cells (NF-κB) (Sen and Balti-

more, 1986). Over the years, it was discovered that NF-κB was implicated in many

more signaling cascades and that it could be activated in response to a variety of

internal and external stimuli (Zhang et al., 2017). NF-κB is described to modu-

late the expression of genes that are crucial for inflammation, cell development,

cell cycle, proliferation and cell death. In particular, NF-κB signaling can control

many T cell functions like proliferation, through the regulation of cyclines D1 and

D2 expression, survival, through the positive regulation of some anti-apoptotic pro-

teins, such as Bcl-2, or inflammation, trough the expression of pro-inflammatory

cytokines (Catz and Johnson, 2001). The deregulation of this pathway can be as-

sociated to cancer and inflammatory diseases and a great variety of mutations of

different factors implicated in the NF-κB pathway have been described also in hu-

mans (Zhang et al., 2017). The NF-κB family is composed of five members: RelA

(p65), RelB, c-Rel, NF-κB1 (p50) and NF-κB2 (p52) that can associate with each

other to form active homo- or hetero-dimers. The Rel protein family members can

associate to form up to 15 different dimers, however the existence of all these as-

sociations has not yet been confirmed (Figure 2.3) (Oeckinghaus and Ghosh, 2009).

All the members of the family share an N-terminal Rel-homology domain (RHD),

which is responsible for the DNA binding and for the homo- or hetero-dimerization.

Only p65/Rela, RelB and c-Rel contain a carboxy-terminal transactivation domain

(TAD) and are capable to permit the activation of the transcription of the target

genes (Oeckinghaus and Ghosh, 2009). The activity of the members of the family

can be influenced by post-translationally modifications. Here, I will describe more

in detail the function of each subunit.

a) p65/RelA

RelA seems to be one of the most important members of the family. RelA-

deficient mice show a dramatic phenotype characterized by the death in the em-

bryo (Beg and Baltimore, 1996). RelA activity can be modulated by different mech-

anisms: 1) by its binding with inhibitor proteins, such as IκB; 2) by its own phos-

phorylation by a variety of kinases 3) or by its acetylation (Oeckinghaus et al., 2011;

Hoesel and Schmid, 2013). The phosphorylation of p65 is mostly linked to the ac-

tivation of the subunit itself, however the function of all different p65 phosphory-

lations described in the literature is not clear, and it is possible that some specific

phosphorylation could inhibit the p65 activity. GSK-3β expression has been shown

to be important to positively regulate RelA activation, however its role is not yet to-
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Figure 2.3: NF-κB subunit structures and dimeric combinations. All sub-
units contain a Rel homology domain (RHD). NF-κB1 and NF-κB2 have a glycine
rich region (GRR), followed by an Ankyrin repeat domain (ANK) in the precur-
sors p105 and p100. p65, RelB, and c-Rel contain a transactivation domain
(TAD), with RelB additionally containing a leucine zipper (LZ) motif. While most
dimers activate transcription, p50:p50, p50:p52, and p52:p52 dimers lack a
TAD, and therefore repress transcription in the absence of co-activating factors
and p65:RelB, c-Rel:RelB, and RelB:RelB dimers are thought to have limited
DNA binding (Concetti and Wilson, 2018).

tally understood (Hoeflich et al., 2000). p65 can also be acetylated at different sites.

For example, the acetylation of lysines 218, 221 and 310 promotes the activation of

p65, while the acetylation on lysines 122 and 123 inhibits its activity (Oeckinghaus

and Ghosh, 2009). The p50/p65 hetero-dimer represents the most abundant Rel

dimer present in cells.

b) RelB

RelB is an unusual member of the family that it is constitutively expressed in

lymphocytes. RelB-deficient mice survive in the uterus, but die some days after

birth because of the presence of a systemic inflammation (Weih et al., 1995). In

resting T cells, RelB activity is inhibited because it is sequestered in the cytosol by

the subunits p105 or p100. Upon T cell activation, p105 and p100 can be processed

to their active subunits p50 and p52, respectively, releasing RelB from its inhibition

(Yang et al., 2019). RelB degradation can be mediated by its phosphorylation by

different kinases, among them GSK-3β (Abd-Ellah et al., 2018). RelB forms hetero-

dimers mostly with the p100/p52 subunit.
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c) c-Rel

c-Rel is mostly expressed in hematopoietic cells and its expression is regulated

by the IκB proteins. It is known to have a role in IL-2 expression (Visekruna et al.,

2012). In c-Rel-deficient mice T cell proliferation is impaired (Köntgen et al., 1995).

d) NF-κB1 (p50) and NF-κB2 (p52)

p105 and p100 are the only members of the family that are synthesized as pro-

forms and then proteolically processed to p50 and p52, respectively (Figure 2.3).

p105 and p100 contain a C-terminal domain containing ankyrin repeats that when

phosphorylated are degraded in an ubiquitin-proteosome dependent manner. The

degradation of this inhibitory C-terminal domain leads to the activation of p50 and

p52. In contrast to the other members of the family, p50 and p52 do not contain

a transactivation domain, thus they need to form an hetero-dimer with one of the

other members in order to act as transcriptional activators (Cartwright et al., 2016).

Nfkb1- or Nfkb2-deficient mice display an impaired T cell activation (Köntgen et al.,

1995).

After almost 35 years from its discovery, the NF-κB signaling cascade still re-

mains an enigmatic pathway. So far, two main pathways leading to the activation of

NF-κB have been described: 1) the classic (canonical) and 2) the alternative (non-

canonical) pathways. These two pathways interact and can interplay within the

same cell (Figure 2.4). Here I will detail the main mechanisms regulating their

activation.

1) The canonical pathway

The canonical pathway has been demonstrated to be activated by some inflamma-

tory cytokines such as TNFα or IL-1β and by the stimulation of the TCR or the

BCR (B Cell Receptor). The most important players in the canonical signaling are

c-Rel, RelA and p50. In resting T cells, NF-κB subunits are hold in the cytoplasm,

as inactive forms, by inhibitory proteins, such as the typical IκBs (Figure 2.4). In

the literature, among the typical IκB proteins, IκB-α is the most well described.

In more detail, the typical IκB proteins bind the RHD domain of the NF-κB sub-

units thus masking the NLS sequence and preventing them to enter the nucleus.

Upon T cell activation, the phosphorylation of IκB-α at Ser32/36 by the IκB kinase

complex (IKK) leads to the degradation of IκB-α and thus the release of the NF-κB

subunits that are now free to translocate in to the nucleus and act on their target

genes (Figure 2.4). The IKK complex plays a central role in the activation of the

NF-κB canonical and non-canonical pathways and it is composed of three subunits:
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Figure 2.4: Canonical and non-canonical pathways of NF-κB activation.
NF-κB activation occurs through two different pathways: canonical and non-
canonical. In the canonical pathway, the IKK complex, composed of IKKα, IKKβ,
and the regulatory subunit NEMO, phosphorylates IκB, leading to its ubiqui-
tination and proteosomal degradation. A NF-κB dimer, which is comprised
of p50, p65, or c-Rel, is released from IκB and translocates into the nucleus,
where it binds to a κB-binding site for regulation of gene expression. In the non-
canonical pathway, IKKα phosphorylates p100 resulting in its ubiquitination
and partial processing into p52. A heterodimer of p52 and RelB translocates
into the nucleus and binds to it binding sites. P, phosphorylation; Ub, ubiqui-
tination (adapted from Oh and Ghosh, 2013).

two catalytic subunits, IKKα (IKK1), IKKβ (IKK2) and a regulatory subunit IKKγ

(NEMO). The mechanisms required for the activation of the IKK complex are not

fully understood, but NEMO ubiquitination, a mechanism that is independent from

the proteosome (Chen, 2012), and IKKα or IKKβ phosphorylation seem to be criti-

cal. The crucial step necessary for the activation of the canonical NF-κB pathway

is the activation of the IKKβ kinase. The signaling cascade that determines the

activation of the IKKβ can be different depending on which receptor is engaged and
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starts the signal. I will describe here two main signaling cascades that lead to the

activation of the canonical pathway in T cells: the TCR-CD3 complex and the TNFR

activation.

TCR-CD3 complex activation. The activation of NF-κB by the TCR-CD3 trig-

ger is regulated by the activation of a complex network of signaling cascades that

is still not totally understood. Upon T cell activation, after the calcium release,

the PKCθ is activated and seems to be crucial in the activation of the IKK complex

via the CARMA1-BCL10-MALT1 (CBM) complex (Figure 2.5). Only two years ago,

cryo-electron mycroscopy was performed to study the structure of the CBM complex

and gave more insight about the dynamics for the assembly and the interactions be-

tween the three components of the complex (Schlauderer et al., 2018; David et al.,

2018). CARMA1 (also called CARD11) can be directly phosphorylated by PKCθ,

but other proteins seems to be able to mediate this process, such as Akt, IKKβ itself

and CaM (Thome et al., 2010; Roche et al., 2013). The phosphorylated CARMA1

changes its conformation and recruits BCL10 and MALT1 to form the CBM com-

plex. The BCL10 phosphorylation by GSK-3β and the phosphorylation of MALT1

seem to be important to enhance the activation of the pathway (Abd-Ellah et al.,

2018; Gehring et al., 2019). The CBM complex can now be ubiquitinated by TRAF6,

an adaptor protein with E3 ubiquitin ligase activity, that facilitates two main pro-

cesses: 1) the IKKγ (NEMO) recruitment and 2) the activation of the kinase TAK1.

These two actions seem to be crucial for the activation of the IKK complex and thus

of the canonical pathway. The presence of a negative feedback in the NF-κB path-

way is critical to determine a fine regulation of the pathway itself. IKKβ can also

contribute to the NF-κB pathway negative regulation through the phosphorylation

of BCL10 in its C-terminal domain that triggers its degradation (Wegener et al.,

2006); MALT1, with its proteolytic activity, cleaves the NF-κB inhibitors such as

A20 (also Tnfaip3) and CYLD thus allowing to maintain the activation of the path-

way, however MALT1 can cleave also BCL10 itself permitting thus to decrease the

pathway activity (Coornaert et al., 2008). These data suggest that the NF-κB path-

way triggered by the TCR-CD3 complex activation is a complex network with many

guardians where the same protein, such as the kinase IKKβ, can be responsible

to promote or to inhibit the activation of the pathway itself. Indeed, the NF-κB

signaling cascade remains still an enigmatic pathway.

TNFR activation. Another signaling pathway that activates the NF-κB canon-

ical pathway and can be present also in T cells is the TNF-Receptor (TNFR) sig-

naling. The TNFR superfamily contain many receptors and all of them are able to

trigger the activation of the NF-κB canonical pathway, only some of them (CD40,

LTβR RANK, BAFF-R) trigger specifically the NF-κB non-canonical pathway. Here,

in this section, I will detail two of the ones implicated in the canonical pathway:
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Figure 2.5: The CBM pathway. Upon engagement of MHC-bound pep-
tides,TCR triggers a cascade of tyrosine phosphorylation events that lead to
the activation of PKCθ. PKCθ then phosphorylates the membrane-associated
protein CARMA1, which in turn recruits BCL10 and MALT1. MALT1 binds to
TRAF6 and perhaps other ubiquitin E3 ligases. The binding of MALT1 to TRAF6
induces TRAF6 oligomerization and activates its E3 ligase activity, which then
catalyzes K63 polyubiquitination to activate TAK1 and IKK. T cell receptor sig-
naling also activates the calcineurin – NFAT pathway through increasing the
intracellular concentration of calcium. NFAT, NF-κB and other transcription
factors cooperate in the nucleus to induce the production of interleukin-2 (IL-
2) (Chen, 2012).

TNFR1 and Fas.

The TNFR1 stimulation can trigger the activation of the canonical pathway by

a specific signaling cascade (Figure 2.6). The binding of the TNFα to its receptor,

TNFR1, triggers the recruitment of some adapter proteins, such as TRADD, RIPK1,

TRAF2/5 and cIAPs. cIAPs are responsible for the ubiquitination of RIPK1 that

facilitates the recruitment of LUBAC, an ubiquitin ligase complex, and of TAK1,

a kinase, that mediate the activation of the IKK complex. If the NF-κB pathway

is not engaged, cells undergo cell death through the formation of the Complex II

(Figure 2.6) (Hayden and Ghosh, 2014). I will detail better the Complex II func-

tion in the "Termination of the T cell activation" chapter. Because of its action on

the NF-κB signaling, the neutralization of TNFα is an important therapeutic op-

tion in many inflammatory diseases, however it can also lead to exacerbation of the

inflammation, underlining the complex and not totally understood role of this path-

way (Mehta et al., 2018). Moreover, a really interesting characteristic of the TNFα
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pathway is that a reverse signaling in CD4+ T cells has been described, indicating

that the signaling can be transmitted in the cell that expresses the ligand TNFα in

its membrane-bound form (Vudattu et al., 2005).

Figure 2.6: The TNFR1 pathway. TNFα binding to TNFR1 triggers the assem-
bly of a TNFR1-associated signaling complex, complex I, which is composed
of TNF receptor-associated death domain (TRADD), receptor-interacting pro-
tein kinase 1 (RIP1), TNF receptor-associate factor 2/5 (TRAF2/5), and the E3
ubiquitin ligases cIAP1 and cIAP2 (cIAPs). Upon activation, cIAPs conjugate
K63-linked ubiquitin chains to RIP1, which facilitates recruitment and activa-
tion of the kinase transforming growth factor beta-activated kinase 1 (TAK1)
as well as the recruitment of the linear ubiquitin chain assembly (LUBAC).
LUBAC conjugates linear ubiquitin chains to RIP1 and, thereby, facilitates the
requirement of IκB kinase (IKK) via the linear ubiquitin-binding function of
NF-κB essential modulator (NEMO). Subsequent ubiquitination of NEMO by
LUBAC, along with TAK1-mediated IKKβ phosphorylation, results in IKK ac-
tivation. The activated IKK and TAK1 mediate activation of nuclear factor κB
(NF-κB) and mitogen-activated protein kinase (MAPK)/AP1 signaling pathways
that promote cell survival. TRAF2 also participates in the subsequent forma-
tion of a cytoplasmic complex, complex IIa, which mediates apoptosis induc-
tion. When caspase-8 is inhibited, TNFR1 signaling also leads to formation
of complex IIb, leading to necroptosis. DUBs, including OTULIN and CYLD,
negatively regulate signaling functions of LUBAC by cleaving linear ubiquitin
chains. SPATA2, as a high-affinity binding partner of CYLD and LUBAC, fa-
cilitates CYLD function by recruiting CYLD to LUBAC (Adapted from Shi and
Sun, 2018).

Another interesting member of the TNFR family that triggers the NF-κB canon-

ical pathway is Fas. Fas/FasL signaling is mostly an apoptosis inducer, but a very

37



elegant study associates its activation also to the secretion of pro-inflammatory cy-

tokines (Cullen et al., 2013). Fas (CD95) is a death receptor localized on the sur-

face of most cells, while FasL is expressed on the surface of some immune cells,

including activated T cells. When Fas is activated by the FasL binding, Fas recep-

tors oligo-dimerize and the Fas cytosplasmic domain can activate the downstream

cascades (Figure 2.7). The activation of Fas leads to the recruitment of adapter

proteins, such as FADDs. FADDs can recruit TRAF2, caspase-8, cIAPs and RIPK1.

cIAPs are responsible for the ubiquitination of RIPK1 that allows the formation of

a protein complex, called FADDosome, formed by FADD, caspase-8 and polyubiq-

uitinated RIPK1. The FADDosome is responsible for the apoptosis process and for

the activation of the canonical NF-κB pathway. Cullen and colleagues describe two

functions as crucial for the pro-inflammatory cytokine production: 1) the scaffold

function of RIPK1 and caspase-8. Indeed, the kinase activity of RIPK1 that is inhib-

ited by the necrostatin is not able to influence the pro-inflammatory cytokine pro-

duction, whereas the RIPK1-knock-down reduces drastically the pro-inflammatory

cytokine expression through the inhibition of the NF-κB activation. On the same

principle, only the caspase 8-knock-down is able to reduce the pro-inflammatory cy-

tokine production (Cullen et al., 2013). 2) The ubiquitination of RIPK1 by cIAPs. By

using IAP neutralizing molecules, Cullen and colleagues were able to suppress the

Fas-induced cytokine production in HeLa cells (Figure 2.7) (Cullen et al., 2013). In

the article, after stimulation by anti-Fas Abs the production of RANTES has been

observed increased also in murine primary thymocytes, however it would be inter-

esting to confirm the increased expression of other inflammatory cytokines such as

IL-6, IL-8 or GM-CSF and apply these results also in peripheral T cells (Cullen et

al., 2013).

This specific signaling via the TNFR underline the ability of the TNFR super-

family to be implicated in two important signaling events such as cell death through

the activation of apoptosis or necroptosis and inflammation through the activation

of the canonical NF-κB pathway.

2) The non-canonical pathway

The non-canonical pathway can be activated by some receptors such as B-cell acti-

vation factor (BAFF-R), CD40, receptor activator for nuclear factor kappa B (RANK)

or lymphotoxin β-receptor (LTβR) (Figure 2.4). The members of the NF-κB family

implicated in this pathway are mostly RelB and p52. In the non-canonical pathway,

after the binding of the ligand to its receptor, a specific kinase, the NF-κB-inducing-

kinase (NIK), activation seems to be crucial to directly phosphorylate IKKα, pre-

dominantly on S176. The activated IKKα can now phosphorylate p100 on S866 and
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Figure 2.7: Fas and the NF-κB signaling. TRAIL receptor/Fas engage-
ment induces apoptosis and NF-κB-dependent expression of multiple pro-
inflammatory mediators. Caspase-8 participates in the TRAILR/Fas-induced
inflammatory signaling by serving as a scaffold protein for assembly of a
Caspase-8-FADD-RIPK1 “FADDosome” complex that leads to NFkB-dependent
inflammatory genes expression (Adapted from Henry and Martin, 2017).

S870 which results in its proteosomal processing to p52. p52 can form an hetero-

dimer with RelB and translocate into the nucleus (Oh and Ghosh, 2013). Although

the upstream signaling determining the IKKα activation remains unclear, it seems

that NIK is required for the IKKα activation. Under resting conditions, in the cy-

toplasm NIK is bound by the cIAPs-TRAF2-TRAF3 complex and degraded through

its ubiquitination by cIAPs (Figure 2.8 A). Upon receptor activation, cIAPs ubiq-

uitinate TRAF2-3 instead leading to their degradation and avoiding the degrada-

tion of NIK that now accumulates in the cytosol and activates the non-canonical

pathway (Figure 2.8 B) (Sun, 2011). As in a negative feedback loop, the activated

IKKα phosphorylates NIK leading to its own degradation (Figure 2.8 C). In mice

deficient for cIAPs, NIK is not degraded and the non canonical NF-κB pathway

is over-activated inducing the secretion of pro-inflammatory cytokines (Giardino

Torchia et al., 2013). Recent studies using NIK deficient mice and Nfkb2Lym1 mice,

that express a non-processable p100, have demonstrated a crucial role of the non-

canonical pathway in the induction of the neuroinflammation model experimental

autoimmune encephalomyelitis (EAE) (Yu et al., 2014; Li et al., 2016b; Jin et al.,

2009).
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Figure 2.8: NIK stabilization as a mechanism of non-canonical NF-κB sig-
naling. (A) Under normal conditions, NIK is bound by TRAF3 and recruited to
the cIAP1/2 ubiquitin ligase via TRAF3 dimerization with TRAF2. The TRAF3-
TRAF2-cIAP E3 complex mediates constant ubiquitination and proteasomal
degradation of NIK, thus preventing non-canonical NF-κB activation. (B) In
response to receptor crosslinking, TRAFs and cIAP1/2 are recruited to the re-
ceptor, where cIAP1/2 ubiquitinates TRAF2 and TRAF3 and stimulates their
degradation. ZFP91 mediates K63 ubiquitination of NIK, which may promote
stability and catalytic activity of NIK. (C) Accumulated NIK activates IKKα,
which in turn phosphorylates p100, leading to p100 processing. IKKα also
phosphorylates NIK to promote NIK degradation, a feedback mechanism that
may control the magnitude of NIK activation (Sun, 2011).

Nuclear action of the NF-κB pathways

Both pathways (non-canonical and canonical) can interact and be activated within

the same cells through the stimulation of different signaling cascades. For example,

within a T cell, the canonical pathway can be activated via the TCR-CD3 complex

engagement and at the same time, the non-canonical pathway can be activated via

the CD40 stimulation. Inside the nucleus, the NF-κB proteins bind target genes

on specific consensus sequences containing approximately 10bp: GGGRNWYYCC

(N=any base, R=purine, W=adenine or thymine and Y=pyramidine) (Zhang et al.,

2017). The action of the NF-κB family members has been suggested to be character-

ized by two waves: the first one occurs rapidly after the cell stimulation and leads to

the binding of the NF-κB members on some target genes that are already in an open

chromatin region, among them Tnf and Ifng; the second wave happens later and

allows the NF-κB proteins to bind genes that before were inaccessible by closed chro-
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matin structures, among them Il2 (Saccani et al., 2001). In order to bind specific

DNA sequences, the NF-κB family members interact between each other’s, but they

can also interact with many different TFs or co-factors such as Sp1, AP-1, STAT3

and NFAT (Oeckinghaus et al., 2011). Moreover, it has been suggested that the NF-

κB proteins can modify the chromatin landscape by recruiting co-activators, such

as the p300/CBP histone acetyltransferase complex, or repressive complexes (Zhong

et al., 1998; Bhatt and Ghosh, 2014). The NF-κB signaling is tightly regulated by

itself with negative feedback loops, in fact NF-κB not only up-regulates IκB-α that

enhances the NF-κB subunits removal from the nucleus, but also up-regulates some

negative regulators of the signaling as CYLD or A20 that can promote the degra-

dation of TRAF6 and IKKγ and thus the inhibition of the pathway. However, this is

not the only mechanism leading to the control of the NF-κB activation, many pro-

teins are involved and the mechanisms regulating their activities are not always

known (Renner and Schmitz, 2009).

2.1.4 GSK-3 signaling

GSK-3 is a serine/threonine kinase ubiquitously expressed that is highly conserved

from yeast to mammals. GSK-3 consists of a family of two members: GSK-3α and

GSK-3β. GSK-3 has mainly been studied in the glucose metabolism, but it can

regulate many processes, including cell signaling, transcription factor activity and

cell death. Its deregulation, mostly its hyperactivation, seems to be associated to

diseases such as diabetes mellitus, inflammation, tumorogenesis and neurological

disorders. GSK-3 regulates the activity of a variety of substrate by phosphoryla-

tion and GSK-3 activity itself is regulated by a phosphorylation/dephosphorylation

process: the phosphorylation of the serine residue at position 21 in GSK-3α or 9 in

GSK-3β by a variety of kinases (Akt, PKC or PKA) leads to its inhibition, while the

dephosphorylation leads to its activation. GSK-3β can intervene in the modulation

of the activity of different TFs. In the "NFAT" section, I already discussed its role

in the inhibition of the NFAT signaling. GSK-3β can also play a role in the NF-

κB pathway. It seems that, the phosphorylation of NF-κB by GSK-3β can regulate

the NF-κB signaling cascade in two opposite ways depending on the context. On one

hand, the phosphorylated NF-κB can promote the dock of some repressor complexes

that mediate the inhibition of the transcription of the NF-κB proteins themselves,

but on the other hand, the phosphorylated NF-κB seems to promote its binding on

target genes inducing their expression (Hoeflich et al., 2000; Steinbrecher et al.,

2005; Martin et al., 2005; Ougolkov et al., 2007; Beurel et al., 2010). The dras-

tic phenotype described in mice lacking GSK-3β, characterized by the embryonic

lethality, is really similar to the one observed in mice deficient for IKKβ or RelA
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(components of the NF-κB signaling). These results highlight the fact that there is

no agreement about the role of GSK-3 on the NF-κB activity and probably there is

an important influence determined by the context and the cell type. In more detail,

it seems that a fine regulation of GSK-3 expression is crucial for the T cells function.

In T cells, GSK-3 activity seems to negatively correlate with the T cell activation.

Indeed, in resting T cells, GSK-3 is constitutively active, but upon TCR-CD3 com-

plex activation, the Lat signalosome switches on pathways, including Akt or the

Mapk/Erk, that lead to the phosphorylation and inactivation of GSK-3. Moreover,

if the TCR-CD3 trigger is associated to the activation of the CD28 signaling, the

GSK-3 inhibition is even stronger (Garcia et al., 2008; Beurel et al., 2011; Maurer

et al., 2014). However, GSK-3 activity seems to be implicated also in activated T

cells and more in detail it has been described during the Th1 and Th17 differentia-

tion. Indeed, GSK-3 positively regulates STAT1 and STAT3 activation in Th1 and

Th17 cells, respectively. Moreover, in an EAE mouse model the induction of the

disease is much less important in mice treated by lithium (inhibitor of GSK-3) and

the IL-17 and IFNγ production are also strongly reduced. In T cells, these results

suggest that GSK-3 is first inactivated after TCR-CD3 complex/CD28 stimulation,

but still it is activated again during Th polarization, however the mechanisms regu-

lating the reactivation of GSK-3 remain unknown (Beurel et al., 2011; Beurel et al.,

2013). GSK-3 seems to also play a role in T cell proliferation (Patterson et al., 2018).

Indeed, the inactivation of GSK-3 in naive human CD4+ T cells increases the pro-

liferation of cells, while the expression of a constitutively active form of GSK-3β in

mice inhibits the proliferation of T cells (Garcia et al., 2008). Finally, the inhibition

of GSK-3 promotes survival of T cells, indicating that GSK-3 activity is required for

T cell death (Sengupta et al., 2007).

2.2 Cytokine signaling

As I already mentioned in the first chapter, cytokines have a crucial role in T cell

activation and differentiation because they can shape the polarization of naive T

cells towards a specific T cell subtype. As an example, low doses of TGFβ1 and IL-6

are crucial for the Th17 cell differentiation, while high doses of TGFβ1 determine a

Treg cell differentiation. Cytokine receptors can be subdivided in different groups,

however the two major groups are: 1) the type I and 2) type II receptors (Leonard

and Lin, 2000). Among the cytokines, the ones binding to type I receptors are:

IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-9, IL-11, IL-12, IL-13, IL-15, IL-21, GM-CSF

and G-CSF. While type II receptors are bound by cytokines like IFNs and IL-10.

These receptors lack intrinsic tyrosine kinase activity and they signal through the

Jak/STAT pathway that is one of the main signaling pathway used by a variety
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of cytokines and ligands. A deregulation of this pathway can result in different

immune disorders (O’Shea et al., 2015).

Jaks (Janus kinases) are kinases that are constitutively bound to the cytoplas-

mic regions of type I and II cytokine receptors. The binding of the cytokine to its re-

ceptor leads to the multimerization of the receptor subunits permitting to bring two

Jaks in close proximity (Figure 2.9). The activated Jaks phosphorylate specific ty-

Figure 2.9: The Jak/STAT pathway. An extracellular ligand (yellow) binds to
a transmembrane cytokine receptor (green), which lacks intrinsic kinase ac-
tivity and instead constitutively associates with JAKs (gray). Ligand binding to
receptors causes a conformational switch, leading to JAK activation by trans-
phosphorylation. The activated JAKs (pink) then phosphorylate the receptor
on tyrosine residues in the cytoplasmic domain. Inactive STAT dimers (purple)
are recruited to the receptor at those phospho-tyrosine sites and are phos-
phorylated by activated JAKs. The phosphorylated STAT (pSTAT) dimers (blue)
assume an activated dimer conformation, translocate to the nucleus, bind spe-
cific DNA sequences in target genes and alter gene expression. SOCS genes,
which are targets of the JAK/STAT pathway, encode inhibitory proteins (black)
that promote degradation of the cytokine receptor and JAKs, thereby providing
a negative-feedback loop. Tyrosine phosphorylation events are indicated by or-
ange halos (Herrera and Bach, 2019).

rosine residues leading to the recruitment of cytoplasmic TFs STATs, that were dis-

covered studying the transcriptional activation in response to IFNs (Darnell et al.,

1994). The STAT family (Signal transducer and activator of transcription) is com-

posed by seven members in mammals: STAT1, STAT2, STAT3, STAT4, STAT5a,

STAT5b, STAT6. The two STAT5 are encoded by two linked genes, STAT5a and

STAT5b that share about 90% of homology. STAT5 is expressed in all lymphocytes

and can be activated by a variety of cytokines, including IL-2, IL-3, IL-7, IL-15 and

GM-CSF. In more detail STAT5 is necessary for lymphocyte development and can

have different roles, such as example STAT5 can inhibit the Th17 cell differenti-
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ation while it can promote the Treg cell polarization (Owen and Farrar, 2017). A

deregulation of the STAT5 pathway can result in cancer cell proliferation and sur-

vival and it has been described in many hematological diseases (Wingelhofer et al.,

2018). Each STAT contains four main domains: 1) a N-terminal-domain important

for STAT function; 2) a DNA-binding domain involved in the DNA binding; 3) the

SH2 domain important for the recruitment to the cytokine receptor at the level of

the tyrosines phosphorylated by Jaks and 4) the transcriptional activation domain

on the C-terminal region (Figure 2.10) (Mitchell and John, 2005). STATs normally

are unphosphorylated (inactive) and lie in the cytoplasm, but when they are tyro-

sine phosphorylated by the activated Jaks, they can dimerize and translocate to

the nucleus to bind to their target genes (Figure 2.9). The STAT signaling can be

negatively regulated. Among different inhibitors of the pathway, there are the sup-

pressor of cytokine signaling (SOCS). Within T cells, the IL-7 and IL-2 signaling

play a crucial role at different steps of the lifetime of a T cell such as survival, prolif-

eration and differentiation. These two cytokines bind to a type I cytokine receptor

that use a common γ chain (IL-2Rγ), common for IL-2, IL-4, IL-7, IL-9, IL-15 and

IL-21 receptor complexes. IL-2Rγc expression is constitutive in T cells. Here I will

focus on the IL-7 and IL-2 role.

NH
2

COOH

DNA-binding

domain

Transactivation

domain

SH2N-domain

Tyr Ser

CCD LD

Figure 2.10: Structure characteristics of STATs. CCD, coiled coil domain;
LD, linker domain (Adapted from Wu et al., 2019).

2.2.1 The IL-7 signaling

The IL-7 cytokine is constitutively produced by stromal cells and fibroblastic retic-

ular cells in the T regions of SLOs (Link et al., 2007). Among other functions, in the

periphery IL-7 mediates the survival and homeostasis of naive and memory T cells.

The IL-7R is a heterodimer formed by IL-7Rα and IL-7Rγc. Following the IL-7 bind-

ing to the IL-7Rα, the common γc receptor is recruited, leading to the formation of a

high affinity complex. IL-7R signals mostly through the Jak/STAT5 pathway (ElKa-

ssar and Gress, 2010). A distinctive feature of the IL-7Rα is that it is expressed by

naive and memory resting T cells, but it is downregulated after TCR-CD3 complex

activation. In more detail, in naive CD4+ cells, IL-7Rα expression is maintained by

the TF Foxo1 that is activated and can directly bind on the Il7r enhancer. However,

after the TCR-CD3 complex activation, different kinases are activated, including
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Akt, and phosphorylate/inactivate Foxo1 leading to a downregulation of IL-7Rα ex-

pression (Kerdiles et al., 2009).

2.2.2 The IL-2 signaling

IL-2 secretion is important for proliferation of activated T cells. Upon the TCR-

CD3 complex stimulation, the NFAT pathway is one of the first signaling that is

activated promoting the IL-2 secretion rapidly after T cell activation (Sojka et al.,

2004). In IL-2-deficient mice, an aberrant lymphoproliferation is described under-

ling its importance as a regulator of the immune response (Chastagner et al., 2002).

IL-2 receptor is composed of three subunits: IL-2Rα, IL-2Rβ, and γc. The IL-2Rβ

and IL-2Rγc are considered intermediate-high affinity receptors, because of the as-

sociation of Jak kinases to their cytoplasmic domains, and they are the only ones

capable to transduce the intracellular signal. IL-2Rγc is expressed by all T cells,

whereas IL-2Rα is not expressed by naive CD4+ T cells, but it is strongly induced

only upon TCR-CD3 complex activation. IL-2Rβ is expressed at low levels on naive

cells and its expression increases after TCR-CD3 complex activation (Smith et al.,

2017). IL-2 binds to its high affinity heterotrimeric receptor activating three main

signaling cascades: the Jak/STAT, the PI3K-Akt and MAPK pathways. However,

the STAT5 pathway is the most well described downstream of the IL-2R. The IL-

2/STAT5 signaling has a crucial role in differentiation and proliferation of many

subtypes of T cells: it plays a role in both Th1 and Th2 differentiation by inducing

IL-12Rβ2 and IL-4Rα expression, respectively (Liao et al., 2011); in CD4+ T cells

it leads to the inhibition of Th17 cell differentiation permitting STAT5 to compete

with STAT3 for the binding to the Il17 promoter, while it positively regulates Treg

cell differentiation (Yang et al., 2011; Ross and Cantrell, 2018; Noster et al., 2014).
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When a T cell encounters the specific pMHC complex and receives the activa-

tion stimuli by the 3 signals, it transits from a naive state to an activated state.

Depending on the different cytokines present in the environment, naive T cells can

polarize towards different subtypes. As my research focus on CD4+ T cells, in this

chapter I will only describe the CD4+ cell differentiation focusing in particular on

Th17 cells.

3.1 Naive T cells

T cells are called naive when they have not yet encountered their pMHC complex

and, in mice, they express some specific markers as CD62L, have a low/negative

expression of CD44 and a negative expression of CD25. In mice raised in Specific

Pathogen Free (SPF) conditions, they represent about 80% of the T cell population.

The tonic and the IL-7 signaling pathways are crucial for the survival of these cells.
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3.2 T cell subtypes

Once our organism receives a threat by a pathogen, naive CD4+ T cells can en-

counter their pMHC II complex and be activated in different T cell subtypes, de-

pending on the nature and tropism of the threat: the Th and the Treg cells. The

activated T cells undergo clonal expansion for 3 to 5 days and, when the threat is

defeated, the most part of these cells die. From the first description of the Th1 and

Th2 populations defined in 1986 (Mosmann et al., 1986), many other subtypes were

discovered, each of them with a specific phenotype and role (Figure 3.1 describes

four main subtypes) (Carbo et al., 2013). In this section, I will talk about two popu-

lations of Th cells, Th1 and Th2, and I will also briefly describe the Treg population.

I will discuss in more detail the Th17 cell population in a separated section.

Figure 3.1: Schematic representation of the cytokines and transcription
factors controlling the main CD4+ T effector cell differentiation. (Carbo
et al., 2013).

Th1 cells

IL-12 and IFNγ are the critical cytokines to initiate the Th1 cell differentiation.

Th1 cells can secrete IFNγ, but also IL-2 and TNFα. The master regulator of Th1

development is the TF T-bet, but STAT4 and STAT1 are also important. Indeed,

T-bet positively regulates the expression of IL-12Rβ2, a subunit of the IL-12R, and

with the help of STAT4, it promotes the expression of IFNγ leading to a positive

feedback loop for the Th1 differentiation (Romagnani, 1999). These cells mediate

the immune response against intracellular pathogens such as bacteria and viruses.
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Abnormal Th1 activation can play a role in some inflammatory and autoimmune

disease such as Multiple Sclerosis (MS) and Rheumatoid Arthritis (RA) (Fletcher

et al., 2010; Chen et al., 2012).

Th2 cells

Th2 cells protect the host from extracellular pathogens. They are programmed by

the master TF GATA3 and mainly produce the cytokines IL-4, -5 and -13 that will

help to recruit eosinophils and stimulate the production of IgE by B cells. However,

an uncontrolled and exagerated Th2 response can also lead to the development of

some pathologies, such as allergic diseases and asthma (Romagnani, 1999; Mitson-

Salazar and Prussin, 2017).

Treg cells

Treg cells constitute a specialized and heterogeneous population either generated in

the thymus by the negative selection (tTreg) or in the periphery (iTreg). iTreg cells

differentiate in presence of high doses of TGFβ1 and they strongly express CD25

(IL-2Rα). They are unable to produce IL-2, thus they are dependent on the IL-

2 produced in the environment: the IL-2/STAT5 signaling pathway is considered

as crucial for the Treg cells development as it induces the expression of Foxp3, a

critical TF in Treg cells (Chinen et al., 2016). Through the secretion of IL-10 and

TGFβ1, these cells are able to inhibit T cell proliferation and cytokine production

leading to the suppression of most immune cells and preventing auto immunity

(Shevyrev and Tereshchenko, 2020). A dysregulation in the Treg population can

lead to autoimmune diseases.

3.3 Th17 cells

The presence of IL-6 and low doses of TGFβ1 in the environment can provide the

third signal necessary for the conventional Th17 cell (cTh17) differentiation (McGeachy

et al., 2007). A variety of cells, such as macrophages, DCs and T cells themselves

are able to secrete IL-6 and TGFβ1. cTh17 cells mostly protect the host against

extracellular pathogens like Klebsiella pneumoniae and fungal infections like Can-

dida albicans. Th17 cells produce a critical cytokine, IL-17, the pro-inflammatory

cytokine that gives the name to this Th population. However IL-17 production is

not restricted to Th17 cells and can be secreted by a variety of other cells, including

CD8+ cells (Tc17), γδ T cells, NK cells and neutrophils. IL-17 binds to the IL-17

receptor complex that, among humans, is expressed by a variety of tissues and can

be detected in vascular endothelial cells and B and T lymphocytes (Moseley et al.,
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2003). Th17 cells can produce other inflammatory mediators, such as IL-6, IL-8,

TNFα, IL-21, IL-22 but they are also characterized by the secretion of IL-10, an

important anti-inflammatory cytokine that is involved in the balance between the

pro-inflammatory and the regulatory function of the Th17 cells (Wu et al., 2018;

Xu et al., 2020). When the equilibrium is lost and the balance is on the side of the

inflammatory function, Th17 cells are considered pathogenic Th17 (pTh17). In this

chapter I focus on cTh17, however, I will precise more the function of pTh17 in the

next chapter.

3.3.1 The regulation of the cTh17 cell differentiation

Many TFs and cytokines are able to influence the cTh17 cell differentiation and

sometimes the exact mechanism promoting the cTh17 polarization is not totally

understood. Here I organize many of these factors in two main categories: 1) the

positive regulators that promote the cTh17 cell differentiation and 2) the negative

ones that prevent the cTh17 cell differentiation (Figure 3.2) and I detail the main

regulators of the IL-17 expression in the Figure 3.3.

Figure 3.2: The regulatory network for Th17 cells. Many transcriptional
factor can intervene in the shaping of Th17 cells (Ciofani et al., 2012).
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Figure 3.3: Model for the regulation of the IL-17 expression. The positive
and negative regulators of IL-17 expression are shown in red and blue, re-
spectively. RORγt, STAT3, Batf and Irf4 can directly bind to the Il17 promoter
(Ciofani et al., 2012). STAT3 can act directly on the Il17 promoter or via its
regulation of RORγt expression (Durant et al., 2010). Batf can also positively
regulate RORγt expression (Schraml et al., 2009) and at the same time form an
heterodimer with JunB to positively regulate the IL-17 expression (Yamazaki
et al., 2017). Ikaros can directly regulate the expression of Ahr and Runx1
promoting the expression of RORγt and IL-17 (Wong et al., 2013). Indeed, Ahr
has been described to directly regulate the IL-17 expression by binding on the
Il17 promoter (Veldhoen et al., 2008; Cui et al., 2011) or indirectly through
the regulation of STAT1 and STAT5 activities (Kimura et al., 2008). T-bet can
inhibit Irf4 expression by binding to its promoter (Gökmen et al., 2013) or can
interact with Runx1 preventing its association with RORγt (Lazarevic et al.,
2011).

1) Positive regulators

cTh17 cells are mainly characterized by the IL-17 secretion and are mostly pro-

grammed by the TF retinoic acid-related orphan receptor (RORγt), a nuclear hor-

mone receptor. An interesting aspect of RORγt is that it is characterized by a ligand

binding domain on its C-terminal part that is fundamental for its transactivation

and a N-terminal domain that permits RORγt to bind to the DNA. The particular

structure of RORγt signifies that many ligands with liphofilic features, such as hor-

mones, vitamins, steroids and fatty acids, can interact and transactivate the RORγt

protein. In Th17 cells, RORγt is expressed after the T cell stimulation by IL-6 and

TGFβ1 and it positively regulates the IL-17 expression by directly binding to the
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Il17 promoter (Ivanov et al., 2006; Yang et al., 2008; Ciofani et al., 2012). RORγt

functions alone but also in collaboration with other TFs such as STAT3. More-

over, STAT3 can also regulate the RORγt expression. Indeed, upon the activation

of the IL-6 signaling, the STAT3 pathway is activated and it positively regulates

the RORγt and IL-17 expression by directly binding on their regulatory regions.

An important impairment of the cTh17 phenotype and function is observed if the

STAT3 signaling is defective (Laurence et al., 2007; Chen et al., 2006b). Another

interesting TF that is important for the RORγt function and thus for Th17 cells

is HIF1α (hypoxia-inducible factor1α). It is known that naive T cells produce ATP

(Adenosine triphosphate) through a catabolic metabolism, while when they are ac-

tivated and become effector T cells, their metabolism switches to glycolysis in order

to respond to the increased energetic demands. HIF1α is able to up-regulate the

glycolytic activity and it is strongly expressed in Th17 cells. HIF1α is described

also to directly regulate the Rorc promoter and to associate directly with RORγt to

activate its function. Indeed, in mice deficient for HIF1α an impaired Th17 differ-

entiation and an enhanced Treg cell differentiation are observed suggesting that

HIFα is essential to control the Th17/Treg balance (Shi et al., 2011; Dang et al.,

2011).

Batf and Irf4 are considered important in the cTh17 differentiation, as they di-

rectly bind to the Il17 and Il21 promoters and they seem able to facilitate the re-

cruitment of other TFs implicated in cTh17 cell differentiation, via remodeling the

chromatin landscape (Mudter et al., 2011; Ciofani et al., 2012). For instance, Batf

is so important for the Th17 cell polarization and IL-17 production that, in Batf -/-

mice, the IL-17 expression is absent in CD4+ T cells polarized under cTh17 condi-

tions, even if RORγt is over-expressed by retroviral infections (Schraml et al., 2009).

These results suggest that the absence of Batf does not allow the chromatin modifi-

cations at the level of the Il17 promoter that are necessary for the activity of RORγt.

The TF Ikaros has also been described as a positive regulator of IL-17 expres-

sion, however its role is not clearly understood yet. Indeed, in mice deficient for

Ikaros, the cTh17 cell differentiation is impaired with a reduced expression of IL-

17. It would seem that Ikaros can not directly regulate the IL-17 or RORγt expres-

sion, but it can indirectly regulate it by binding and activating the Ahr and Runx1

promoter (Wong et al., 2013).

2) Negative regulators

Foxp3 is a TF involved in the negative regulation of cTh17 cells. Foxp3 expression is

increased by high doses of TGFβ1. It can directly interact with RORγt or Runx1 and

suppress the IL-17 expression (Zhang et al., 2008). Indeed, the expression of RORγt
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via STAT3 activation or Foxp3 via STAT5 activation regulates the differentiation

towards Th17 or Treg cells, respectively (Chen et al., 2006b). Also the IL-2 signaling

is able to activate STAT5 that can compete with STAT3 for the binding on the Il17

promoter, leading to the inhibition of the IL-17 expression (Laurence et al., 2007).

On the other hand, cTh17 cells are able to regulate themselves and can limit the

IL-2 production through the expression of Aiolos, a TF of the Ikaros family, which

can directly bind on the Il2 promoter inhibiting its transcription (Quintana et al.,

2012).

c-Maf is not considered a simple negative regulators, it is considered indeed an

important TF able to modulate the Th17 cell differentiation. Its role has not been

yet totally understood, however it would seem that it can regulate the balance be-

tween the differentiation towards cTh17 or pTh17 cells (Imbratta et al., 2020).

The coordinated and controlled Th17 response is fundamental for a functional

host defense against infections, and the cTh17 cell differentiation is regulated by

a complex transcriptional network, which if deregulated can induce inflammatory

and autoimmune diseases.

3.3.2 Plasticity of Th17 cells

The stimuli sent by the environment to the different T cell subtypes can modify the

chromatin state leading to a plasticity of some CD4+ T cells that can differentiate

towards different T cell subtypes in a context-dependent manner. However not all

T cells are plastic. Th17 cells are known to be highly plastic, able to modulate the

immune response of the organism with a bias towards a regulatory (plasticity to-

wards Treg cells) or an inflammatory pattern (bias towards Th17/Th1 cells) (Figure

3.4) (Muranski and Restifo, 2013). Th17 cells show plasticity via two main mech-

anisms: 1) they can directly switch off/on their specific Th17 gene program or/and

2) they can express at the same time genes and cytokines associated to different

effector subsets. The first mechanism is well described in the literature: low doses

of TGFβ1 (with IL-6) leads to the differentiation of Th17 cells, but high doses can

switch off the Th17 gene program and switch on the Treg program within the cells

modulating the type of immune response towards a regulatory response (Figure

3.4) (Zhou et al., 2008). Whereas, as example of the second mechanism, Th17 cells

can differentiate towards the Th17/Th1 cell subtype that shares characteristics of

Th17 and Th1 cells. In an in vivo model of EAE using IL-17 fate mapped mice,

a cell population co-expressing both IL-17 and RORγt, marker regulators of Th17

cells, and IFNγ and T-bet, master regulators of Th1 cells, was described defining

this population as ’ex-Th17’ or ’non-classical Th1 cells’ (Figure 3.4) (Hirota et al.,
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2011). However, the mechanisms regulating the Th17 cell plasticity are not fully

understood. Indeed, Th17 cells are not always plastic and in some circumstances a

separate production of different Th cells is necessary: for instance after a Candida

albicans infection, two different populations are described to shape the immune re-

sponse, the Th17 cells producing IL-17 and the Th1 cells expressing IFNγ (Hirota

et al., 2011). Thus, when a threat is presented to the organism, it would seem that

the messages sent to the cells are crucial to define and shape our immune response.

Figure 3.4: Th17 cell plasticity. T helper cells differentiate from naive T cells.
Th17 cells are endowed with the capacity to convert toward different other
lineage subsets, depending on the microenvironment. Upon steady state Th17
cells constantly convert toward TFH and participate in the development of IgA-
secreting germinal center B cells. In addition, Th17 cells acquire pathogenic
functions by converting toward Th1 cells during autoimmunity, cancer, and
infections or toward Th2 cells during asthma. Alternatively, Th17 cells gain
immunosuppressive functions by converting toward Foxp3+ Treg cells or TR1
cells in the context of autoimmune diseases or infections. TR1: T regulatory
type 1; TFH: Follicular T Helper (Guéry and Hugues, 2015).

3.4 Memory T cells

After the danger has been eliminated in the organism, the majority of the CD4+

effector T cells die, while a minor part can survive, forming the memory T cell pool.

Memory cells give immediate protection to future threats that have the same Ag.
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These cells in fact can respond to a weaker TCR-CD3 complex stimulation compared

to naive T cells and they are able to transduce a signaling within 1-2 hours (Jameson

and Masopust, 2018). These cells highly express CD44 and IL-7Rα in mice. The pool

of memory cells decline through time in mice and humans.
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If the balance in the amount and type of cytokines secreted in the environment by

the different members of the immune response is deregulated, Th cells can acquire a

pathogenic phenotype and, thus, can contribute to the pathogenesis of autoimmune

and chronic inflammatory diseases. T cells can be referred to as pathogenic if after

adoptive transfer they are able to induce the EAE. EAE is considered the mouse

model for the MS (Multiple Sclerosis) in humans. MS is an inflammatory and neu-

rodegenerative disease of the central nervous system that is characterized by de-

myelination and neuronal degeneration provoked by inflammatory leukocytes that

are able to damage the blood-brain barrier (BBB). Once infiltrated in the Central

Nervous System (CNS), these pathogenic cells secrete inflammatory cytokines and

maintain the pro-inflammatory phenotype. MS/EAE is a complex disease where

many factors can interplay, including chemokines, cytokines, T and B cells, DCs,

macrophage, neutrophils and nervous system cells (Figure 4.1). CD4+ T cells seem

to play a crucial role in the MS pathogenesis (Wagner et al., 2020). Th17 and Th1

cells with a pathogenic function (pTh17 and pTh1 cells) are the main populations

implicated in the MS induction, however the identification of a specific phenotype re-

sponsible for the pathogenicity is really challenging. It would seem that pTh17 cells

promote the loss of integrity of the BBB via the production of IL-17 and pTh1 cells

recruit leukocytes from the periphery and positively regulate adhesion molecules

expression via the production of IFNγ (Wagner et al., 2020). GM-CSF, TNFα, IL-17
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Figure 4.1: Myelin-specific CD4+ T cells that cross the BBB and are reac-
tivated within the meninges produce pathogenic cytokines that orches-
trate the inflammatory response in EAE. IL-17 contributes to loss in the in-
tegrity of the BBB by breaking down tight junctions between endothelial cells,
and acts on astrocytes in the brain to produce CXCL2, a chemokine that re-
cruits neutrophils. Neutrophils produce ROS that can damage axons. They
also produce proteases that help break down the glia limitans surrounding
blood vessels (BV), allowing leukocytes to escape from the perivascular space
(PVS). IL-17 also promotes stromal cell remodeling within the meninges, which
results in the formation of tertiary lymphoid tissue (TLT). IFNγ promotes re-
cruitment of leukocytes from the peripheral circulation by increasing the ex-
pression of adhesion molecules on the endothelial cells of the BBB. IFNγ also
induces astrocytes to secrete chemokines that attract monocytes, e.g., CCL2,
CXCL9, CXCL10, and CXCL11, and facilitates the maturation and activation
of monocytes into inflammatory monocyte-derived cells (MdCs) that produce
ROS. Additionally, IFNγ exerts inhibitory effects on CNS inflammation by de-
creasing microglial cell proliferation. In the brain, IFNγ inhibits expression of
CXCL2 in astrocytes, which decreases recruitment of neutrophils. In contrast,
IFNγ promotes neutrophil recruitment to the spinal cord (not shown). GM-
CSF enhances neutrophil recruitment to the brain and spinal cord, promotes
microglia activation, and activates monocytes to acquire an inflammatory phe-
notype. TNFα acts on astrocytes to produce factors that promote migration of
leukocytes from the PVS into the parenchyma. TNFα also enhances oligoden-
drocyte cell death via signaling through TNFR1 but promotes oligodendrocyte
progenitor cell (OPC) proliferation via TNFR2 signaling (Wagner et al., 2020).
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and IFNγ are important cytokines for the MS pathogenesis and they are found at

high levels in the Cerebrospinal fluid (CSF) and blood of MS patients (Ghezzi et al.,

2019; Galli et al., 2019). More recently, two new populations were described in the

CSF of MS patients that may have a role in the MS pathogenesis: the CD4+ T cells

with a cytotoxic phenotype and the Follicular Th subtype. However their role in the

development of the disease remains to be determined (Schafflick et al., 2020).

Given the complexity of MS, a variety of drugs, with different targets, are used

to treat the disease. INFβ therapy is among the first line treatments for the MS

patients, its action is not totally understood, but it seems that INFβ modulates the

inflammatory cytokines production, as example it suppresses GM-CSF secretion by

T cells (Rasouli et al., 2015). Secukinumab, a monoclonal antibody directed against

IL-17, reduces the lesion activity in MS patients, highlighting the importance of IL-

17 secretion in the induction of the disease (Havrdová et al., 2016). Genome-wide

association study (GWAS) was used in order to find candidate genes that could be

associated to the disease. As an example, a polymorphism in the IL2RA gene is con-

sidered a genetic risk factor for MS (Consortium, 2007) and, in the literature, high

IL-2 secretion is described to induce the GM-CSF expression through the STAT5

signaling in human T cells (Noster et al., 2014). Daclizimab, a monoclonal antibody

against the IL-2Rα showed promising results in MS patients (Bielekova, 2019). In

view of the growing evidence for the critical role of GM-CSF in MS, targeting this

cytokine appears to be a choice strategy, MOR103, a recombinant human mono-

clonal antibody against GM-CSF, has been proved safe for MS patients and need to

be tested for clinical relevance (Constantinescu et al., 2015).

Defining the characteristics of cells crucial for the MS induction, by using the

murine model EAE, is an important issue to better understand the mechanism of

this pathology and to find therapies that can be transferred to humans. Here I

will define three T cell populations that are described in the literature to have

a pathogenic phenotype and to have a role in the pathogenesis of the EAE: the

pathogenic Th17, the pathogenic Th1 and the Th producing GM-CSF (Th-GM) cells.

4.1 The pathogenic Th17 cells

4.1.1 pTh17 cell generation

cTh17 cells, when transferred in recipient mice, can induce only very mild symp-

toms of EAE, while Th17 cells that acquire a pathogenic function are able to induce

a severe form of EAE in mice and, in this case, they take the name of pathogenic

Th17 (pTh17) (McGeachy et al., 2007; Ghoreschi et al., 2010). Until now, two main

ways to drive the pTh17 cell differentiation have been described: 1) Th17 cells cul-
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tured with a specific cocktail of cytokines different from the conventional one and

2) a modification in the cTh17 metabolism.

1) The role of specific cocktails of cytokines

In the literature, three main culture cytokine cocktails able to balance the differ-

entiation towards the pTh17 are described: 1) IL-6 + TGFβ1 + IL-23, 2) IL-1β +

IL-6 + IL-23 and 3) TGFβ3 + IL-6. IL-23 is the cytokine mostly responsible in driv-

ing the pTh17 phenotype. It can be secreted in the environment by DCs, APCs

and macrophages. IL-23R is not expressed by naive CD4+ T cells, but its expres-

sion is rapidly increased when IL-6 is present (Langrish et al., 2005). Thus, the

conventional cytokine cocktail (IL-6 and TGFβ1) can promote the differentiation of

naive CD4+ T cells into cTh17 cells, but adding IL-23 to the cell culture leads to a

shift towards the pTh17 phenotype and function (Figure 4.2) (Ivanov et al., 2006;

McGeachy et al., 2007; Lee et al., 2012). The combination of IL-1β + IL-6 + IL-23

Conventional

Th17

cTh17

Pathogenic

Th17

pTh17
Naïve T cell

Antigen

Presenting

Cell

IL-17, IL-22,

GM-CSF, IL-23,

IFN

IL-17, IL-10

Inflammation

Regulation

Protection

Figure 4.2: Model of the development of a spectrum of effector Th17 cells.
Naive T cells receiving antigen-specific stimulation in the presence of TGFβ1
(from Treg cells or autocrine T cell sources) and IL-6 (from activated dendritic
cells) upregulate IL-17 and IL-10 production. Upon stimulation with TGFβ1
+ IL-6 + IL-23, or IL-6 + IL-23 + IL-1β or TGFβ3 + IL-6, these cells continue
to produce IL-17, but also upregulate factors such as IL-22 and GM-CSF or
IFNγ. These highly pro-inflammatory cells are more pathogenic to the host. It
is likely that a spectrum of Th17 cell states is induced and the predominant
phenotype will determine homeostasis versus immunopathology (Idea for the
figure taken and adapted from McGeachy et al., 2007).

has also been shown to promote the development of pTh17 cells (Ghoreschi et al.,

2010). In this case, the TGFβ signaling is not anymore necessary for the Th17 cell

differentiation and STAT3 is activated through the IL-6 and IL-23 signalings. The

third and last cytokine cocktails described in the literature and able to drive pTh17

differentiation is composed by TGFβ3 and IL-6 (Lee et al., 2012). TGFβ3 is strongly

60



induced in pTh17 exposed to IL-6 + TGFβ1 + IL-23. Thus, these studies highlight

a critical role of the IL-23 axis in the development of pTh17 cells. Consistent with

this, IL-23 deficient mice are resistant to EAE and the use of antibody neutraliz-

ing specifically the IL-23 signaling could block both the acute phase and the EAE

relapse (Cua et al., 2003; Lee et al., 2012; Chen et al., 2006a).

2) The role of the metabolism

The generation of pTh17 cells can also be dependent on metabolic changes. CD5L

(AIM-Apoptosis inhibitor of macrophages) is a soluble protein, member of the scav-

enger receptor cysteine-rich superfamily, that promotes the survival of cells, in par-

ticular macrophages. It is normally expressed by T cells and in particular by cTh17.

CD5L/AIM regulates the cholesterol composition and thus restrains the production

of endogenous RORγt ligands regulating and limiting the RORγt binding on the

Il17 and Il23 regulatory regions. CD5L/AIM expression decreases in cTh17 after

the IL-23 stimulation and CD5L/AIM down-regulation is considered as a pTh17

marker. Consistently, CD5L-deficient mice develop a severe form of EAE (Wang et

al., 2015).

In the recent years, the place of the diet in the generation of pTh17 cells is gain-

ing interest. Indeed, really interestingly, two elegant studies show that adding salt

in vitro in the cell culture of human or murine CD4+ T cells or in mice in vivo in

the diet promotes the differentiation of pTh17, exacerbating the EAE induction.

The osmotic stress created by the increased NaCl concentration intake activate the

NFAT5 pathway and the kinase SGK1 that promote the differentiation of pTh17

cells (Kleinewietfeld et al., 2013; Wu et al., 2013).

4.1.2 pTh17 cell phenotype

pTh17 cells have a complex phenotype, different from the one characteristic of cTh17

cells, however they still express some typical markers of cTh17 such as IL-17 even if

its expression is neither necessary nor sufficient for the development of EAE (Hof-

stetter et al., 2005; Codarri et al., 2011). pTh17 cells can express T-bet, IFNγ and

IL-23R (Lee et al., 2012). Normally cTh17 cells have a low expression of GM-CSF,

however pTh17 cells usually express high amounts of GM-CSF. GM-CSF produced

specifically by T cells was described to have a crucial role during the effector phase

of the EAE (El-Behi et al., 2011; Codarri et al., 2011; Komuczki et al., 2019). T-bet-

or GM-CSF-deficient mice are resistant to the induction of EAE, while mice defi-

cient for IFNγ or for the specific subunit of the IL-12R could develop an even more

aggressive disease (McQualter et al., 2001; Becher et al., 2002; Bettelli et al., 2004;
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Codarri et al., 2011; El-Behi et al., 2011). I will describe more in detail the funda-

mental role of GM-CSF in the pathogeneicity of T cells in the "GM-CSF" chapter.

Normally the differentiation of T cells is regulated by an equilibrium between

their regulatory and inflammatory functions. It would seem that the presence of

IL-23 in the environment and/or the GM-CSF production by T cells can bias the T

cell differentiation towards an inflammatory function (Figure 4.2). These cytokines

can act not only in T cells themselves but also in APCs leading to the spread of the

inflammatory response and to the interaction between innate and adaptive immune

response.

4.2 Pathogenic Th1 cells

The deregulation of the transcriptional program in Th1 cells towards a pathogenic

phenotype can promote the EAE induction. A clear definition of pTh1 or a clear

cocktail of cytokines that drive pTh1 cell differentiation is not well defined. How-

ever, pTh1 cells are described to express GM-CSF, IFNγ and T-bet (Stienne et al.,

2016). Indeed, T-bet and GM-CSF seem to have a crucial role not only in pTh17 cells

but also in pTh1 cells. In pTh1 cells, GM-CSF expression seems to be regulated

by Foxo3, a member of the FOXO subfamily of forkhead TF, in an Eomesodermin

(Eomes)-dependent way. Foxo3-deficient T cells have an impaired ability to produce

GM-CSF, but over-expressing Eomes could rescue the GM-CSF expression (Stienne

et al., 2016). STAT4, another Th1 associated TF, seems to be essential for the EAE

induction and it is described to be able to directly regulate GM-CSF expression by

binding to the Csf2 promoter (McWilliams et al., 2015).

4.3 Th-GM cells

In 2014 another population with a strong pathogenic potential in EAE induction

was described, the Th-GM cells. The pathogenic potential of Th-GM cells was

mostly determined by the expression of GM-CSF. Microarray analyses show that

Th-GM cells are clearly a different population than Th1 or cTh17 cells (Sheng et

al., 2014). In more detail, IL-7 and IL-2 were described as the fundamental cy-

tokines able to induce GM-CSF expression through the activation of STAT5. The

induction and the severity of EAE in STAT5-deficient mice was lower when com-

pared to WT mice(Sheng et al., 2014). The IL-2 signaling pathway was not more

detailed, the study focuses mostly on the IL-7 signaling. The IL-7 signaling path-

way was already mentioned as part of the pTh17 profile described by Lee et al. and

IL-7Rα seems to be highly expressed on T cells at the peak of the EAE. Moreover,
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IL-7Rα blockade leads to the amelioration of EAE (Arbelaez et al., 2015; Lee et al.,

2012). Thus, the IL-7 signaling pathway may be important for the pathogenicity

of T cells. In humans, a similar cell population was described and, in this case,

GM-CSF could be secreted in absence of polarizing cytokines or in presence of IL-2

through the activation of the STAT5 pathway (Noster et al., 2014; Hartmann et al.,

2014).

It is clear that pTh17, pTh1 and Th-GM cells are important for EAE develop-

ment. However, it is still not clear if these cells contribute to activate a common

pathway leading to the production of inflammatory cytokines, such as GM-CSF,

and in this case a possible common pathway candidate could be the STAT5 signal-

ing, or if they act in a synergistic manner in order to induce the pathogenesis of

EAE. The etiology of MS and the mechanisms behind it remain unclear, probably

because of the great complexity of the disease. The close interaction between mice

and humans studies associated to the characterization of the different pathogenic

CD4+ T cells in mouse model of EAE (pTh17, pTh1 and Th-GM) is fundamental.

Indeed, the identification of the key role of GM-CSF in the EAE pathogenesis and

its possible regulation by STAT5 via IL-2 and IL-7 is closely associated to the dis-

covery of the IL2RA polymorphism and its association to the GM-CSF production

also in MS patients (Noster et al., 2014; Hartmann et al., 2014). This type of in-

terplay helped to the therapeutic validation of the monoclonal antibody against the

IL-2Rα in MS patients. INFβ is a drug efficiently used in MS patients from 1993,

but its mechanism is only partially known. It was only recently that its ability to

reduce the production of GM-CSF, cytokine described to be important at first in

mice models, was discovered in MS patients (Jakimovski et al., 2018; Rasouli et al.,

2015). The close interaction between humans and mouse studies helps in finding

new treatments for MS patients and it permits to understand the function of some

drugs already in use. This approach allows to identify the patients that could better

respond to a specific therapy.
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Chapter 5

Termination of the T cell

activation

Contents
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After its activation, the immune response needs to be shut down. Different pro-

cesses lead to the termination of the T cell activation and T cell death, in particular,

plays a central role in the regulation of the immune system. The mechanisms regu-

lating cell death in naive T cells seem to differ from the ones in activated T cells and

in this chapter, I will focus on this second group. In the periphery, upon TCR-CD3

complex activation, T cells become effector Th cells and respond to a specific threat.

When the antigen has been cleared away, most of Th cells undergo a programmed

cell death process, only a little part of them become T memory cells. In this chapter

I will describe the activation-induced cell death (AICD), a programmed cell death,

focusing only in activated peripheral T cells. Here I will detail 2 signaling pathways,

part of the AICD: apoptosis and necroptosis.

5.1 Apoptosis

Apoptosis is a well regulated process characterized by some morphological changes,

such as the cell membrane blebbing, chromatin condensation, DNA fragmentation

and cellular degradation. Phosphatidylserine (PS) is exposed on the outer plasma

membrane and provides a binding site for the annexin V, used to detect apoptotic

cells (D’Arcy, 2019). In some case apoptotic cells, through the exposure of PS, may
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send the "eat-me" message and they are able to produce cytokines and chemokines

sending the "find me" message to neighbor cells. Some of these cytokines promote

the chemotaxis of phagocytes that find the apoptotic cells and phagocytize them

(Cullen et al., 2013), but the mechanisms regulating this process are poorly un-

derstood. The apoptosis can be activated through two main molecular pathways:

the intrinsic and the extrinsic pathways (Figure 5.1). Despite the differences in

the initiation of the signaling, these two mechanisms are complementary and they

converge on the effector caspase activation.

Extrinsic Pathway Intrinsic Pathway

radiation, toxins,hypoxia, etc.

death ligand

death receptor

adaptors

DISC formation

Caspase 8 activation

Caspase 3 activation

mitochondrial changes (MPT)

apoptosome forms

caspase 9 activation

Execution Pathway:

degradation of chromosomal DNA

degradation of nuclear and cytoskeletal proteins

chromatin and cytoplasmic condensation, nuclear fragmentation

formation of apoptotic bodies

Figure 5.1: Schematic representation of apoptotic events. The two main
pathways of apoptosis are extrinsic and intrinsic. Each requires specific trig-
gering signals to begin an energy-dependent cascade of molecular events. Each
pathway activates its own initiator caspase (8, 9, 10) which in turn will acti-
vate caspase-3. The execution pathway results in characteristic cytomorpho-
logical features including cell shrinkage, chromatin condensation, formation of
cytoplasmic blebs and apoptotic bodies and finally phagocytosis of the apop-
totic bodies by adjacent parenchymal cells, neoplastic cells or macrophages
(Adapted from Elmore, 2007).

5.1.1 Intrinsic pathway

Different stimuli trigger the intrinsic pathway, such as genomic toxicity and cy-

tokine withdrawal. Bcl-2 family proteins, crucial elements in the intrinsic path-

way, can be divided according to their anti-apoptotic (Bcl-2, Bcl-XL) or pro-apoptotic

(Bax, Bid, Bad, Bak) function. Mitochondria is the key player in this type of apop-

tosis. When the intrinsic pathway is stimulated, Bax and Bak lead to the release

of cytochrome c from the mitochondria. Cytochrome c can now bind to Apoptotic
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protease activating factor-1 (Apaf-1) and pro-caspase 9 to create the protein com-

plex called the apoptosome (Figure 5.2). This complex activates caspase 9 which

in turn activates downstream caspases, including the effector caspase 3 promot-

ing the induction of apoptosis (Green, 2005; D’Arcy, 2019). Caspases are cysteine

proteases that cleave their substrates and they are key proteins in apoptosis. How-

ever, more recently, an important role of caspases during inflammation processes

is also emerging (Cullen et al., 2013; Henry and Martin, 2017). During the apopto-

sis process, the mitochondrial membrane acquires more permeability and also the

Smac proteins (second mitochondria-derived activator of caspases) are released in

the cytoplasm. Smacs can bind and inhibit cIAPs permitting to promote the caspase

activation (Zhang et al., 2005b).

Figure 5.2: Intrinsic apoptosis signaling pathway. Schematic diagram of the
intrinsic or mitochondria apoptosis signaling pathway. Upon the release of cy-
tochrome C from mitochondria, it binds with apoptotic protease activating fac-
tor 1 (Apaf-1) to form the apoptosome. The apoptosome activates procaspase-9
into caspase 9, the initiator apoptotic caspase. Caspase 9 then cleaves and ac-
tivates procaspase-3 to caspase 3, the executioner or effector caspase. In turn,
caspase 3 promotes the activation of caspase 9, forming a positive feedback
loop. Meanwhile, the inhibitor of apoptosis protein (IAP) inhibits the activity of
caspase 3. Elevated activity of caspase 3 induces irreversible fate of apoptosis
(Ooi and Ma, 2013).
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5.1.2 Extrinsic pathway

The extrinsic pathway is triggered by different extrinsic signals that permit the ac-

tivation of death receptors (DR), including Fas, TrailR and TNFR1. DRs are com-

posed of an extracellular domain, a transmembrane domain and a cytoplasmic do-

main that contains the death domain. TNFR1, Fas or TrailR have been shown to

have a role in apoptosis but also in inflammation through the induction of the NF-

κB pathway (Cullen et al., 2013; Shi and Sun, 2018). Interestingly, the extrinsic

pathway is highly interconnected with another type of AICD, the necroptosis.

TNFR1 and Fas signaling

TNFα can signal through two main receptors: TNFR1 and TNFR2. Only the first is

considered as a DR and is expressed by many cell types. TNFR1 signaling pathway

is one of the more documented in the literature, however, because of its great com-

plexity, it continues to be actively studied. TNFα is produced as a transmembrane

protein that can act in this form, but it can also be cleaved and act as a soluble form.

Both the membrane and the soluble form of TNFα can act on the TNFR1, but their

role may be different and has to be carefully considered when studying the TNF

pathway. (Mehta et al., 2018). TNFα-TNFR1 stimulation normally leads to the ac-

tivation of the NF-κB signaling and the secretion of pro-inflammatory cytokines,

as I described in the chapter dedicated to the NF-κB pathway (the "Signal trans-

duction in T cells" chapter). TNFR1 mediates a cytotoxic effect mostly when the

NF-κB signaling is blocked (such as in RelA-deficient mice). Briefly, TNFα binds to

its receptor and through the recruitment of the adapter proteins TRADD-TRAF1/2-

cIAPs-RIPK1 (Complex I) it can lead to the NF-κB activation. However, if this path-

way fails to be activated, the complex IIa is formed (TRADD, RIPK1, TRAF2, FADD

and Caspase 8) and the cell death through apoptosis is triggered (Figure 5.3) (Shi

and Sun, 2018).

I already described the Fas/FasL signaling in the "Signal transduction in T cells"

chapter. FasL exists in two forms: soluble or bound to the extracellular membrane

(Figure 5.4). Indeed, FasL can be cleaved by matrix-metalloproteinase-7 (Mmp7)

permitting the generation of sFasL (soluble FasL) which can be released in the

extracellular environment. sFasL seems to be able to bind to Fas but fails to induce

apoptosis (Figure 5.4). When Fas is activated by the FasL binding, the FADDosome

is assembled and the signaling cascade is activated leading to apoptosis (Cullen et

al., 2013; Strasser et al., 2009).

68



Figure 5.3: The TNFα signaling: focus on the cell death pathway. TNFα
binding to TNFR1 triggers the assembly of a TNFR1-associated signaling com-
plex, complex I. TRAF2 also participates in the subsequent formation of a cy-
toplasmic complex, complex IIa, which mediates apoptosis induction. When
caspase-8 is inhibited, TNFR1 signaling also leads to formation of complex IIb,
leading to necroptosis (Shi and Sun, 2018).

5.2 Necroptosis

The necroptosis is a different mechanism of cell death than apoptosis. How the

name itself says, it is a process that stays in the middle between necrosis and apop-

tosis. It may be triggered by TNFR1 such as apoptosis, but caspase 8 needs to be

blocked to bias the cell death process towards the necroptosis (Figure 5.3) (Ch’en

et al., 2008; Shi and Sun, 2018), making caspase 8 a crucial factor in the choice

between apoptosis and necroptosis (Fritsch et al., 2019). Necroptosis involves three

main molecules: RIPK1, RIPK3 and MLKL that seems to be crucial to begin the

necroptosis process, however how exactly the cell decides to undergo necroptosis or

another AICD or if the cell can redirect the necroptosis towards apoptosis or vicev-

ersa are still open questions. RIPK1 inhibition with necrostatine-1 can partially

block the necroptosis, while has no effect on apoptosis, on the contrary QVD-OPh, a

pan-caspase inhibitor, can block apoptosis and induce necroptosis. Within T cells,

the significance of this pathway is not yet fully understood (Ch’en et al., 2008; Henry

and Martin, 2017).
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Figure 5.4: Fas/FasL signaling. mFasL leads to the recruitment of FADD,
the formation of the DISC complex and activates caspase pathways. mFas
promotes apoptosis. mFasL is shed by a disintegrin and metalloproteinases
(ADAM) or MMPs in the pathological or physiological condition. For instance,
sFasL can activates signaling that induce proliferation and inhibit apoptotic
activity. Differential signal by the engagement of sFasL is determined by the
cell type and the pathological condition (Yamada et al., 2017).
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GM-CSF is a cytokine, member of the colony-stimulating factor (CSF) super-

family. This superfamily is named after the ability of the members to stimulate the

formation of hematopoietic cell colonies. The three main cytokines that are part

of this family are: Macrophage-CSF (M-CSF or CSF-1), Granulocyte-Macrophage-

CSF (GM-CSF or CSF-2) and Granulocyte-CSF (G-CSF or CSF-3). The CSFs are

solubles factors, however, M-CSF also exists as extracellular-matrix-anchored and

cell-associated isoforms (Fixe and Praloran, 1998). They can bind to their recep-

tors and activate intracellular pathways in three main ways as any other cytokine:

paracrine (acting on nearby cells), endocrine (acting on faraway cells) or autocrine

(acting on the same cell). The function of the three cytokines are often redundant.

It seems that M-CSF and G-CSF are important for the myelopoiesis at the steady

state, while GM-CSF is more involved during "emergency" conditions such as in-

flammation (Zhan et al., 1998; Becher et al., 2016). In this chapter I will focus on

the structure, regulation and role of GM-CSF.
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6.1 GM-CSF structure and function

GM-CSF is a small 22-kDa glycoprotein and its molecular weight can vary depend-

ing on its glycosylation state. It is nearly undetectable in the circulation at the

steady state, however its levels can quickly increase during inflammation or infec-

tion. GM-CSF was isolated for the first time in mouse lung-conditioned medium in

1977 and it was described as a molecule able to generate granulocyte and macrophage

colonies in vitro (Burgess et al., 1977). GM-CSF is produced by different cell types

such as epithelial cells, endothelial cells, fibroblasts, B cells and activated T cells

and its production can be induced by diverse factors, including LPS, TNFα, IL-1,

IL-23 and by the TCR-CD3 complex trigger in T cells (Shi et al., 2006). GM-CSF

influences cells that express the GM-CSFR, such as DCs and their precursors, gran-

ulocytes, monocytes and macrophages. While T lymphocytes are one of the major

producers of GM-CSF, they do not express the GM-CSFR, suggesting that an au-

tocrine effect of this cytokine do not exist in this context (Rosas et al., 2007; El-Behi

et al., 2011; Becher et al., 2016).

Today the known role of GM-CSF is much more heterogeneous than the one de-

scribed in the past. Indeed, GM-CSF is involved in diverse processes such as growth

and development of granulocyte, macrophage and DCs, stimulation and initiation

of myeloblast or monoblast differentiation, chemotaxis of eosinophils and its in-

creased production is detected in some diseases, such as MS and RA (Galli et al.,

2019; Hamilton and Tak, 2009). It seems that in a steady state condition, GM-CSF

has a redundant role, because mice lacking GM-CSF do not have important pertur-

bations of the myeloid system, they show mostly an absence of alveolar macrophages

leading to an impaired ability to clear pulmonary surfactant (Stanley et al., 1994).

However, the deregulation of the GM-CSF production leading to its over-expression

is associated to drastic changes in the immune system. Mice models where GM-

CSF is over-expressed show important abnormalities characterized by enhanced

macrophage and DC recruitment/differentiation permitting the installation of a

drastic phenotype including blindness due to accumulation of macrophages in the

eye (Lang et al., 1987) or autoimmune gastritis through activation of local APCs

(Biondo et al., 2001). Mice with the over-expression of the GM-CSF specifically in T

cells showed an important extramedullary hematopoiesis associated with histiocyte

infiltration. Moreover mutant T cells produced more pro-inflammatory cytokines

than WT cells (Nieuwenhuijze et al., 2014). Another mouse model with a specific

and inducible over-expression of GM-CSF in peripheral CD4+ T cells demonstrated

that the over-expression of the GM-CSF secretion alone caused an important ex-

pansion of myeloid cell population that could infiltrate different organs, but mostly

the CNS causing neurological deficit (Spath et al., 2017). In conclusion, in our or-
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ganism, in the steady state, the GM-CSF seems to have a redundant role, while its

increased expression during inflammation has the main role to recruit myeloid cells

and to enhance their activation, thus revealing a pro-inflammatory effect.

6.1.1 GM-CSF Receptor

The GM-CSFR is a member of the type I cytokine receptor family. The molecular

mechanisms regulating GM-CSFR function and activation has been lately clarified

thanks also to the crystallization of the receptor itself in 2008 (Hansen et al., 2008).

GM-CSFR is formed by a 60- to 80-kDa ligand-specific α-chain (αc) subunit (Csfra)

and a 120- to 140-kDa βc subunit (Csfrb) that is common with IL-3 and IL-5 re-

ceptors. Each αc subunit of the GM-CSFR binds GM-CSF with low affinity and

the βc subunit binds cytokines very poorly by itself. However, it is the presence of

this βc subunit that transforms the cytokine binding of the αc from low-affinity to

high affinity causing the heterodimerization of both chain subunits forming thus

a hexameric complex (two βc, two αc and two GM-CSF molecules) (Stomski et al.,

1996; Broughton et al., 2016; Hamilton, 2019) (Figure 6.1). Then, two hexamer com-

Figure 6.1: Diagram of the GM-CSF receptor and downstream signaling.
The functional GM-CSFR is a hexameric structure comprising two αc, two βc,
and two molecules of GM-CSF. These complexes associated laterally to form a
12- protein complex that is responsible for signaling. Signaling downstream of
the GM-CSFR depends on JAK2 and activation of STAT5A/B. Additionally, mu-
tually exclusive phosphorylation at Y577 and S585 (mediated by PI3K) recruit
either 14-3-3 at low concentrations of GM-CSF (S585) or Shc in the setting of
high GM-CSF concentrations, mediating a molecular switch between survival
(low) and survival and growth (high). The Src family kinase Lyn acts as a neg-
ative regulator of signaling (Dougan et al., 2019).
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plexes aggregate and form a dodecamer complex that can start the signaling cas-

cade. GM-CSFR does not have intrinsic tyrosine kinase activity, but the βc subunit

can associate with the tyrosine kinase Jak2 that allows the trans-phosphorylation

of several tyrosine residues in the cytoplasmic part of the βc creating binding site

for SH2 domains of other proteins such as members of the STAT family. Jak2 can

also directly phosphorylate STAT proteins themselves leading to their dimerization

and signaling activation (Hansen et al., 2008). Following the GM-CSFR activation,

the STAT5 signaling pathway is the best characterized in myeloid cells, that are

mostly expressing GM-CSFR (Seydel et al., 2008). Additional signaling pathways

can be activated by βc subunits, such as the ERK 1/2 and the PI3K pathways. The

NF-κB signaling pathway can also be activated by the GM-CSFR. IKKβ seems to

be able to directly interact with the GM-CSFR αc subunit, however, the molecu-

lar mechanism for this signal transduction is not clearly understood (Ebner et al.,

2003; Bozinovski et al., 2002; Guthridge et al., 2004). The regulation of the GM-

CSFR activation can also be modulated by the concentrations of the GM-CSF itself

(Figure 6.1). At low cytokine concentration, GM-CSFR is phosphorylated on the

Ser585 leading to cell survival, while at high cytokine concentration GM-CSFR is

phosphorylated on the Tyr577 leading to both cell survival and proliferation. Thus,

only in presence of high concentrations of GM-CSF the STAT5 signaling pathway is

activated (Guthridge et al., 2006). In humans, increased levels of CSFRA, encoding

the αc subunit, and over-activation of the GM-CSF/STAT5 signaling axis have been

described in hematologic malignancies such as chronic myelomonocytic leukemia

(CMML) causing an important monocytosis (Padron et al., 2013).

6.1.2 Csf2 gene regulation

GM-CSF is encoded by the Csf2 gene, composed of 4 exons. The mouse and hu-

man genes share the same exon/intron organization. In the human genome, CSF2

is located on chromosome 5, while in the murine genome, Csf2 is on chromosome

11. Murine and human GM-CSF share modest structural homology at the level of

the nucleotide (70%) and amino acid (56%) sequences. As mentioned in the sec-

tion above, GM-CSF expression has to be highly regulated in our organism in order

to correctly balance the immune response. In this section, I will describe the reg-

ulation of the murine Csf2 gene, focusing mostly on T cells. As specified above,

in T cells, GM-CSF expression requires the TCR-CD3 complex activation to be se-

creted and it can be expressed by many CD4+ T cell subtypes (Mirabella et al., 2010;

Wurster et al., 2011). GM-CSF expression can be regulated by extrinsic and intrin-

sic factors that act on three main regions of the Csf2 gene: the enhancer, the pro-

moter and the Conserved non-coding sequence a (CNSa) (Figure 6.2). Of note, the
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majority of the studies on the regulation of the Csf2 gene were mostly done at the

beginning of the 90’s. Then, the interest for the regulation of the GM-CSF expres-

sion faded for some years, and a new attention appeared when the new millenium

began. More recently, we observe a renewed interest to understand the fine regu-

lation of GM-CSF expression very probably due to its discovered link with diseases

such as RA or MS.

Csf2 enhancer

The Csf2 enhancer is located around 1.5kb upstream of the promoter and it is

strongly conserved between humans and mice (Figure 6.2) (Cockerill et al., 1993;

Osborne et al., 1995). It contains binding sites for AP-1 and NFAT proteins. While

NFAT is critical to initiate chromatin remodeling in this region, the cooperation be-

tween AP-1 and NFAT is required for an optimal function of the enhancer (Johnson

et al., 2004a). CsA, inhibiting the activation of NFATs, suppresses the expression of

GM-CSF by reducing the Csf2 enhancer activity (Brettingham-Moore et al., 2005).

Another way to inhibit the Csf2 enhancer activity is through the introduction of

Glucocorticoids and 1,25-(OH)2D3 (Vitamin D) which receptors are able to compete

with NFAT/AP-1 proteins for the binding sites on the enhancer (Smith et al., 2001;

Towers and Freedman, 1998; Sheng, 2015). The Sp-1 like motif located close the

NFAT/AP1 sites seems to be required only for the maximal activity of the enhancer.

On this same region, GATA binding sites are also described and that is not surpris-

ing given that GM-CSF is also expressed by myeloid cells (Johnson et al., 2004a).

              CLE-0 GC-rich region

CTTATATACACAGTTAGAGGAAATGATTAATGGTGACCACAGAACTCCAGGGGGGCGGGGAACTACCTGAGTTGTGGAATCTCCTG

-1.5kb

CNSa

+34kb

enhancerpromotermouse Csf2 

CK-2/CLE-2 CK-1/CLE-1

STAT5 NFAT AP-1

NFATAP-1 ETS1

Figure 6.2: The Csf2 gene with a focus on the Csf2 promoter. The heart
of the Csf2 promoter is here described: the TATA box is detailed in bold; the
CLE-0, CLE-1 and CLE-2 and the GC-rich regions in red rectangles; the κB
region is depicted in green bold.
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Csf2 promoter

The murine Csf2 promoter has a much higher level of activity than the human pro-

moter and its activation is less dependent to the upstream enhancer than in the

human (Osborne et al., 1995). The study of the Csf2 promoter via accessibility ex-

periments with MNase and restriction enzymes in EL4 cells could suggest the pres-

ence of a single nucleosome (<200bp) occupying the promoter site in resting T cells

and that was then remodeled upon T cell activation (Holloway et al., 2003). In this

region, five different sequences were described as crucial for the correct function-

ing of the promoter: 1) cytokine consensus 1 (CK-1), also referred to as conserved

lymphokine element 1 (CLE-1); 2) CK-2/CLE-2; 3) the κB region or classical NF-

κB site; 4) a GC-rich region downstream of the CK-2 sequence and 5) the CLE-0

containing two CATT repetitions (Figure 6.2) (Nimer et al., 1990; Thomas et al.,

1997; Holloway et al., 2003). Many TFs influence the GM-CSF expression by di-

rectly binding on Csf2 promoter. In the CLE-0 region binding sites for AP-1 and

ETS1/NFAT, present also in the enhancer, were described, however NFAT proteins

seem to be dispensable for the chromatin remodeling events at the level of the Csf2

promoter (Thomas et al., 1997; Brettingham-Moore et al., 2005).

NF-κB is one of the most important factors regulating the Csf2 promoter activity.

In activated T cells, NF-κB can bind on CLE-2 and CLE-1, and on the κB element,

highly conserved between species (Figure 6.2). In more detail, RelA, c-Rel and p50

were described to bind the Csf2 promoter (Himes et al., 1996; Holloway et al., 2003;

Poke et al., 2012). More recently, both the canonical and the non-canonical NF-κB

signaling pathways were shown to play a key role in the regulation of GM-CSF ex-

pression. By using NFκB2lym1 mice that express a non-processable p100, and thus

characterized by an inactive NF-κB non-canonical pathway, it was demonstrated

that mutant mice were refractory to the EAE induction and produced lower lev-

els of GM-CSF. By luciferase experiments, only p52, member of the non-canonical

pathway, and c-Rel, component of the canonical pathway, were able to bind to the

κB region directly regulating the expression of GM-CSF (Yu et al., 2014). Also the

canonical NF-κB pathway has been directly implicated in the GM-CSF regulation.

After T cell activation, RelA- or c-Rel- deficient mice reveal an impaired GM-CSF

expression and in mice deficient for Malt1, an important protein permitting the acti-

vation of the canonical pathway, the expression of GM-CSF was drastically reduced

(Gerondakis et al., 1996; Beg and Baltimore, 1996; Liou et al., 1999; Brüstle et al.,

2012). A more recent work, using ATAC-seq analysis, shows a more important en-

richment in NF-κB binding sites in pTh17 cells cultured in vitro and in an in vivo

EAE model, indicating that NF-κB could be necessary also for the GM-CSF expres-

sion (Qiu et al., 2020). More specifically, the canonical and non-canonical pathways
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seem to have a critical role in GM-CSF production both acting alone or modulating

each others (Sánchez-Valdepeñas et al., 2006). Individual mutations introduced in

two NF-κB binding sites in the Csf2 promoter, CLE-1 and κB regions, block the

binding of the NF-κB members to these regions preventing chromatin remodeling

events (Schreck and Baeuerle, 1990). Moreover, in T cells, the NF-κB affinity for

its binding site on the CLE-1 region was increased by the co-stimulation of CD28,

leading to the identification of a region particularly responsive to CD28 (CD28RR)

(Fraser and Weiss, 1992; Holloway et al., 2003).

Upstream from the CLE-1 region, on the Csf2 promoter, in activated T cells,

STAT5 can also directly bind and positively regulate the murine GM-CSF expres-

sion in activated T cells (Sheng et al., 2014). The Th-GM cells develop through the

IL-7/STAT5 pathway activation. STAT5-deficient mice show resistance to EAE in-

duction (Sheng et al., 2014). Also in human CD4+ T cells, it was shown that the

GM-CSF production was dependent on the STAT5 signaling. In humans, STAT3

seems to antagonize STAT5 for the regulation of the GM-CSF-expression (Noster et

al., 2014). Another STAT family member, STAT4, has been found to be able to bind

the murine Csf2 promoter and positively regulate GM-CSF expression. Indeed, in

STAT4-/- mice, the secretion of GM-CSF was reduced and the mutant mice were not

able to induce EAE (McWilliams et al., 2015).

Csf2 CNSa

The CNSa, a region with Csf2 enhancer activity, is located 34kb in mouse and 30kb

in human downstream of the Csf2 promoter (Precht et al., 2010; Wurster et al.,

2011). The CNSa needs the binding of BRG1 (a multi-subunit ATP-dependent re-

modeling complexe) and NF-κB to function. NFAT does not act in the CNSa, CsA

in fact has no effect on the regulation of the CNSa activity (Wurster et al 2011).

More recently, around 10kb upstream the CNSa, two more p50 sites were found

and seem to be responsible for the GM-CSF expression by T cells in an in vivo EAE

mouse model (Peer et al., 2018).

Role of extrinsic factors

Apart from the different TFs that can directly regulate the Csf2 gene and so are

directly responsible for the GM-CSF expression, the secretion of GM-CSF can be

controlled by different extrinsic factors. It exists a positive regulation of the IL-7,

IL-23 and IL-1β and an inhibitory effect of TGFβ1 and IL-12 on GM-CSF expres-

sion (El-Behi et al., 2011; Codarri et al., 2011; Sheng et al., 2014). GM-CSF can be

inhibited by IL-10 and IL-4 in human PBMC, probably through the inhibition of

the STAT5 signaling, however, IL-10 seems not to have any effect on the GM-CSF
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expression in mice (Sagawa et al., 1996; El-Behi et al., 2011). Moreover, in T cells,

also IFNγ seems to be able to inhibit GM-CSF expression (Codarri et al., 2011).

Very recently, it was shown that the IL-17 cytokine can modulate the GM-CSF ex-

pression too. Indeed, Il17-/- Th17 cells produce more GM-CSF than WT Th17 cells

and the addition of IL-17 in the cell culture inhibits GM-CSF expression (Chong et

al., 2020). Given the role of the GM-CSF expression in the pathogenic phenotype of

many T cells, understanding the regulation of the Csf2 gene in T cells could help to

actively modulate GM-CSF expression by T cells in in vivo mouse models in order to

find new treatments for diseases where GM-CSF is important for the pathogenesis.

6.2 Role of GM-CSF expression: from mouse to

human diseases

GM-CSF has recently gained more interest in human diseases because of its pro-

inflammatory properties. Its expression has been associated to several inflam-

matory and/or autoimmune diseases, including MS, RA and psoriasis (Hamilton,

2019). However, GM-CSF expression can also be protective against certain types of

infection and also seems to be able to stimulate an immune response against tumor

cells. Here I will describe the role of GM-CSF expression in some mouse and human

diseases.

6.2.1 Multiple Sclerosis

I already introduced the crucial role played by GM-CSF in the pathogenesis of EAE

and its importance in shaping the phenotype of pathogenic Th in the "Pathogenic T

cells" chapter. In the mouse, the selective deletion of the Csf2rb from different im-

mune cells demonstrated that only the deletion in CCR2+ Ly6Chi monocytes is nec-

essary to reduce the EAE pathogenesis (Croxford et al., 2015). GM-CSF-deficient

mice are highly resistant to EAE induction (McQualter et al., 2001) and if a treat-

ment with GM-CSF-neutralizing or GM-CSFRα-blocking antibody is initiated when

the first EAE clinical signs appear, the symptoms developed are less severe (Co-

darri et al., 2011; Duncker et al., 2018; Ifergan et al., 2017). The over-expression

of GM-CSF exacerbates the EAE severity and its specific and induced expression

in peripheral CD4+ T cells is sufficient to induce CNS lesions (Spath et al., 2017).

In in vivo mouse models, GM-CSF expression can be regulated by different stim-

uli: IL-23, important cytokine in pTh17, enhances the GM-CSF expression, while

TGFβ1, crucial cytokine in cTh17, inhibits its expression (Komuczki et al., 2019;

Codarri et al., 2011; El-Behi et al., 2011); the blockade of IL-12 and IFNγ, typical
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Th1 cytokines, can enhance GM-SCF expression (Codarri et al., 2011). IL-1β sig-

naling is essential for the expansion of cells producing GM-CSF in vivo (Mufazalov

et al., 2017). Among TFs, T-bet is not necessary to regulate the GM-CSF expression

(El-Behi et al., 2011). The role of RORγt in GM-CSF expression remains unclear.

Indeed, enforced expression of RORγt increases GM-CSF expression (Codarri et

al., 2011), while T cells of Rorc-mice cultured under cTh17 condition are able to

produced GM-CSF at similar levels to WT cells (El-Behi et al., 2011).

The interplay and communication between T cells and myeloid cells, precisely

monocytes, is fundamental for the pathogenesis of the MS. GM-CSF mostly pro-

duced by the pathogenic T cells facilitates the egression of myeloid cells, mostly

monocytes from the BM leading to their infiltration to the CNS. Once in the CNS,

the monocytes stimulated by the GM-CSF produce pro-inflammatory cytokines main-

taining an inflammatory environment that sustains the inflammatory disease (Mon-

aghan and Wan, 2020).

6.2.2 Psoriasis and Rheumatoid Arthritis

GM-CSF and Psoriasis

Psoriasis is a skin chronic inflammation that affects 2% to 3% of the population

worldwilde. As many other chronic diseases, psoriasis is characterized by a follow-

ing of relapse and remission phases. The cause is not well known and a genetic

predisposition has been described, including SNPs in the IL-23 signaling (Nair et

al., 2009). Psoriasis seems to the result from a problem of the immune system:

normally the skin cell takes 3-4 weeks to turnover and new skin cells gradually

move up from deepest layer of the skin until they reach the more external outlier

where they die. In psoriasis patients, skin cells regenerate faster than normal tak-

ing only 3 to 7 days, resulting in the formation of red patches of skin characterized

by thick and silvery scales, called plaques (Lowes et al., 2014). It seems that the

IL-23/Th17 axis plays a key role in the psoriasis pathogenesis. In the acute phase

of the disease, the first trigger (for instance stress or a pathogen infection) leads to

the activation of DCs that produce mainly IL-23 but also other inflammatory cy-

tokines. These cytokines are able to stimulate the production of IL-17 and IL-22

by γδ T cells, still part of the innate immune response, and to amplify the loop of

inflammation stimulating the hyperproliferation of the keratynocytes (Becher and

Pantelyushin, 2012). It is only the late events of psoriasis that are mediated by the

adaptive immune response and by CD4+ T cells. Neutralizing Abs anti-IL-17 and

anti-IL-23 treatments are actually effective in psoriasis (Sakkas et al., 2019).

GM-CSF has an unclear role in the initiation or maintenance of this chronic

inflammatory process. As described in case-reports, the therapeutic application
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of GM-CSF have resulted in re-exacerbated psoriatic disease (Kelly and Marsden,

1994) or in the emergency of a new onset (Cho et al., 1998). In a psoriasis murine

model the neutralization of the GM-CSF ameliorated the severity of skin inflamma-

tion, however Csf2-/- mice still were susceptible to the disease and could not prevent

the psoriasis appearance (Scholz et al., 2017). In a recent study, GM-CSF expression

seemed to be elevated in inflamed skin only in absence of Treg cells (Hartwig et al.,

2018). Thus for some time, GM-CSF was considered to be a potential pharmacolog-

ical target in psoriasis, until lately, when a monoclonal antibody GM-CSF inhibitor,

Namilumab, was studied in phase II clinical trial: GM-CSF blockade didn’t affect

at all the course of psoriasis, meaning that GM-CSF signaling is not critical for

the evolution of psoriasis (Papp et al., 2019). Thus, in psoriasis, the central role is

played by the cytokine secretion in the IL-23/Th17 axis that permits the close com-

munication between the innate and adaptive immune response with the dialogue

between pTh17, DCs and keratinocytes able to amplify the loop of inflammation

(Figure 6.3).

Figure 6.3: Initiation of psoriasis. Several insults can directly activate DCs
through pattern recognition receptors (PRRs) or indirectly through keratinocyte
stress (release of IL-1, TNF-a and IL-36). Stress-sensing DCs can produce IL-
23, which activates γδ T cells and ILCs to make TNFa, IL-17 and IL-22, rep-
resenting an early event in psoriasis that is mediated by the innate immune
response. IL-22 induces keratinocyte proliferation, and TNF-α and IL-17 acti-
vate DCs and keratinocytes, leading to upregulation of adhesion molecules by
the skin epithelium, angiogenesis and chemokine production. IL-17–induced
chemokines include CXCL1 and CXCL8 and are responsible for the recruit-
ment of neutrophils. IL-17R engagement by keratinocytes also leads to local
production of CCL20, which attracts more circulating CCR6+ γδ T cells and
ILCs. This escalates into a self-amplifying inflammatory loop that can also be
mediated by the adaptive immune system (Becher and Pantelyushin, 2012).
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GM-CSF and Rheumatoid Arthritis

RA is a chronic autoimmune and inflammatory disease that affects joints with car-

tilage and bone damages. The etiology of RA is not completely known. In the liter-

ature, there is a genetic association with MHC II HLA-DR4 that is described, how-

ever, the genetic component can not totally explain the disease and other factors

intervene. Many cell types (fibroblasts, T and B lymphocytes, particularly pTh17

cells, and macrophages) are involved in joint inflammation (Kotake et al., 2017; Bar-

tok and Firestein, 2010). Among many cytokines involved in the RA, the possible

role of GM-CSF was suspected because RA patients who were treated with GM-CSF

to correct the neutropenia following cancer chemotherapy aggravated RA symptoms

(Hamilton and Tak, 2009). Moreover, GM-CSF has been found in RA synovial flu-

ids, plasma and synoviocytes (Bell et al., 1995; Wright et al., 2012). It seems that

GM-CSF also participates in the joint inflammation: in a RA mouse model, the

disease is much less severe in GM-CSF-deficient mice than in WT mice (Hirota

et al., 2018). GM-CSF probably acts through the activation, differentiation and

survival of neutrophils and macrophages. Mavrilimumab is a human monoclonal

antibody that blocks GM-CSFRα. It has been studied in phase IIb clinical trial re-

vealing that Mavrilimumab was associated with lower disease activity scores after

12 weeks. Phase III studies in RA are ongoing (Burmester et al., 2013; Burmester

et al., 2017). Currently, in the clinic, among other treatments, anti-cytokine ther-

apies are used for RA patients, such as inhibitors of TNFα, IL-17 and IL-23 and

these treatments lead to reduce cellular infiltration in the joints.

6.2.3 Influenza Infection

GM-CSF can play also a role of protection against some peculiar infections such as

pulmonary infections. Alveolar Macrophages are in first line to answer to respira-

tory infections and their development is mediated by GM-CSF. GM-CSF expression

in the lung was shown to reduce the mortality from Influenza by enhancing the

alveolar macrophages activity (Huang et al., 2011; Huang et al., 2010; Halstead

et al., 2018). Given the important health issue created by the seasonal influenza

and the recent COVID-19 pandemia, more investigations could be done in order to

better understand the role of the GM-CSF expression in the respiratory tract (Lang

et al., 2020).

6.2.4 Cancer

The first to describe the possible role of GM-CSF in cancer was Dranoff and his

team in 1993. They observed that vaccination with genetically modified-secreting
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GM-CSF/B16 irradiated cells (B16 melanoma cells are a murine tumor cell line)

stimulated the antitumor activity permitting mice to survive the tumor when they

were challenged with live B16 cells (Dranoff et al., 1993). The hypothesis for the

protection activity of the GM-CSF-vaccine against cancer lies on the idea that at

first, GM-CSF recruits DCs at the vaccination site and stimulates the maturation

of DCs specializing them against a specific antigen expressed by tumor cells and

introduced by the vaccination; then, in a second time, DCs enhance antigen pre-

sentation to T cells, which finally evokes an antitumor response. Different types of

GM-CSF-based cancer immunotherapy were developed in clinical practice and gen-

erally they seem to be safe, however, some results are inconsistent not permitting

to really understand the complex role of GM-CSF in cancer (Becher et al., 2016).

Recently, GM-CSF got a lot of attention, however it still is a mysterious cytokine

that can have a protective or deleterious function depending on the type of threat

that challenges our organism and its specific tropism. Currently, the GM-CSF is

used in the every-day clinic only because of its ability to stimulate granulocytes

development and differentiation. The yeast-derived recombinant human GM-CSF,

sargramostin, can be used to reconstitute hematopoietic progenitor cells permitting

white blood cells recovery in post-chemotherapeutic patients (approved by FDA in

1991).
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Chapter 7

The transcription factor Ikaros
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Ikaros is the founding member of a TF family called Ikaros. The family is com-

posed of 5 members: Ikaros (Ikzf1), Helios (Ikzf2), Aiolos (Ikzf3), Eos (Ikzf4) and

Pegasus (Ikzf5). All these TFs have crucial roles in the hematopoiesis and lympho-

cyte differentiation. In this chapter I will focus on the role of Ikaros in T cells.

7.1 Ikaros

Ikaros is expressed in the hematopoietic and nervous system and it was discovered

in lymphocytes by two independent teams at the beginning of the ’90s (Lo et al.,

1991; Georgopoulos et al., 1992). At first, Lo et al. described a new DNA-binding

protein, Lyf-1, able to bind the Dntt promoter (Lo et al., 1991). Then, Georgeopoulos

et al. characterized the same protein able to bind to the Cd3d regulatory regions

in T cells and called it Ikaros, a name from the Greek mythology where Ikaros is
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the son of Dedalus, the craftsman that created the labyrinth of King Mynos. Today

this protein keeps the name of Ikaros (Georgopoulos et al., 1992).

7.1.1 The gene Ikzf1

In humans, Ikaros is encoded by the IKZF1 gene on the chromosome 7 that is highly

conserved in mice (Ikzf1) but located on the chromosome 11 (Molnár and Georgopou-

los, 1994). Ikzf1 is composed by 8 exons: exon 1 is non-coding, while exons 2 to 8

encode Ikaros mRNAs. The alternative splicing leads to the generation of different

protein isoforms of Ikaros. Ik-1 and Ik-2 are the major functional isoforms observed

in murine and human lymphocytes (Payne et al., 2003; Ronni et al., 2007).

7.1.2 Structure of the Ikaros protein and isoforms

Ikaros is a Kruppel-type zinc finger protein (Figure 7.1). The N-terminal domain

contains 4 zinc fingers (ZFs) that are important for the DNA-binding ability, with

the ZF 2 and 3 being essential for this activity (Cobb et al., 2000; Molnár and

Georgopoulos, 1994). Ikaros binds to its target genes in the consensus sequence

(G)GGAA (Molnár and Georgopoulos, 1994; Schjerven et al., 2013). The C-terminal

domain contains 2ZFs (encoded by exon 8) that are crucial for the homo- and hetero-

dimerization ability of Ikaros.

DNA binding domain Dimerization domain

 ZF1  ZF2  ZF3  ZF4  ZF5  ZF6

Figure 7.1: Structure of the Ikaros protein.

Because of the alternative splicing, Ikzf1 can generate different isoforms (Fig-

ure 7.2). The isoforms of Ikaros described until now have an intact and functional

dimerization domain, but they can lack different part of the DNA binding domain

and, as described above, when they lack the ZF2-3 in the exon 5 (isoforms 5 to 7 in

the figure 7.2) they can not successfully bind to the DNA and form the dominant

negative (DN) isoforms (this process is schematized in Figure 7.3) (Sun et al., 1996;
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Zn finger domain
Protein interaction

Zn finger domain
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Figure 7.2: Schematic representation of the Ikaros isoforms. Exon compo-
sition containing Zn finger motifs involved in DNA binding and protein dimer-
ization is shown for Ikaros isoforms. Exons are shown as light blue boxes.
Dark blue bars indicate zinc fingers (Yoshida and Georgopoulos, 2014).

Li et al., 2011). High expression of these isoforms has been described in human and

murine hematopoietic diseases (Winandy et al., 1995).

Figure 7.3: The association of Ikaros proteins with Ikaros isoforms and
Ikaros family members controls the activity of the Ikaros protein com-
plex. The four main types of Ikaros family-containing protein complexes are
shown. A: Homodimers of the most abundant Ikaros isoform (IK-1); B: Het-
erodimers of IK-1 with DNA-binding Ikaros isoforms; C: Heterodimers of IK-1
and DNA-nonbinding (DN) Ikaros isoforms - this complex does not bind DNA;
D: Heterodimers of Ikaros with its other family members (e.g. Helios or Aiolos)
(Li et al., 2011).
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7.1.3 Post-translational regulation of Ikaros

Ikaros is subjected to several post-translationally modifications that modulate its

activity. The phosphorylation of Ikaros at multiple serine and threonine residues

by the kinase CK2 reduces the affinity of Ikaros to the DNA affecting cell cycle

progression (Gómez-del-Arco et al., 2005; Gurel et al., 2008). Ikaros phosphoryla-

tion by CK2 occurs in the 2 PEST domains (identified by PEST-finder software) in

the N- and C-terminal regions of Ikaros. This leads to Ikaros ubiquitination and

proteasome-dependent degradation (Popescu et al., 2009). Indeed, a dephosphory-

lation of Ikaros by the phosphatase PP1 prevents Ikaros degradation and therefore

stabilizes the protein (Popescu et al., 2009). Thus, both CK2 and PP1 pathways are

important to modulate the balance between phosphorylation and dephosphoryla-

tion and fine tune the levels of Ikaros, ultimately controlling its activity. Ikaros can

also be sumoylated on lysine residues in its N-terminal domain, interfering with its

transciptional activity. In more detail, the sumoylation does not seem to influence

the nuclear localization of Ikaros, but rather influences its activity. Indeed, the un-

sumoylated Ikaros is more effective in its repressive activity than the sumoylated

form (Gómez-del-Arco et al., 2005; Apostolov et al., 2016). Very interestingly, some

immunomodulatory drugs, such as lenalidomide, are able to directly bind Cereblon,

a protein part of an ubiquitin ligase complex, and promote the recruitment of new

targets proteins, such as Ikaros, for degradation (Petzold et al., 2016; Mori et al.,

2018), suggesting that other mechanisms could regulate and modulate Ikaros ac-

tivity.

7.2 Ikaros function

From the first studies, it was described that in B cells Ikaros was preferentially

localized in pericentromeric heterochromatin in the nucleus (Brown et al., 1997).

Pericentromeric heterochromatin is normally characterized by repressive regions,

thus Ikaros was considered mostly as a repressor of the transcription. However, the

role of Ikaros is much more heterogeneous and it is now known to be able to act

as a repressor or activator of the transcription (Davis, 2011; Georgopoulos, 2017;

Heizmann et al., 2018).

7.2.1 Ikaros interacts with chromatin remodeling factors

Ikaros can regulate the transcription of its target genes by remodeling the chro-

matin via the interaction with nucleosome remodeling complexes. These complexes

are formed by many subunits able to directly interact with the DNA and with hi-

stone markers modifying the chromatin structure and accessibility. Nucleosome
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remodeling ATPase complexes in particular use the ATP hydrolyses to modulate

the nucleosome organization in order to open chromatin regions that before where

closed (activation) or to close regions that where opened (repression). Two of the

most well described ATP-dependent remodeling enzyme complexes are SWI/SNF

and Mi-2/NURD. As ATPase subunit, the SWI/SNF (SWItch/ Sucrose Non-Fer mentable)

complex contains BRG1, while Mi-2/NURD (Nucleosome Remodeling Dea cetylase)

complex contains the Mi-2α or Mi-2β. These two ATP-dependent remodeling com-

plexes can lead to the activation or repression of the transcription. The SWI/SNF

complex is principally described to be a transcription activator by its activity to re-

model nucleosomes and generate open chromatin regions at the levels of promoters

and enhancers. The NURD complex, instead, is mostly associated to transcription

repression. However, the NURD complex, because of its remodeling nucleosomes

and histone deacetylation activities, can also function as an activator of the tran-

scription (Wurster and Pazin, 2012; Dege and Hagman, 2014; Bornelöv et al., 2018).

It seems that these complexes do not have a specific DNA binding site consensus

sequence, but they interact with DNA through the TFs that recruit them (Wurster

and Pazin, 2012). A variety of TFs can interact with nucleosome remodeling ATPase

complexes and target their binding to specific genes. Ikaros is described to have a

crucial role in remodeling the chromatin and functions as an activator or repressor

of the transcription by interacting with the SWI/SNF complex, via its association

with BRG1, and the NURD complex, via its association with Mi-2β (Kim et al., 1999;

Koipally and Georgopoulos, 2002). Thus, depending on the context (cell type, stage

of development, Th subtype), it would seem that Ikaros is a key factor to open or

close the chromatin and influences positively or negatively gene transcription (Fig-

ure 7.4) (Heizmann et al., 2018). However, many questions remain unanswered,

and one of particular interest is: which mechanism allows Ikaros to prefer the in-

teraction with activator or repressive complexes on specific target genes?

Since the discovery of Ikaros, its activity as a repressor of the transcription

is the one that has been the best characterized. Indeed, Ikaros interacts directly

with HDAC proteins (Histone deacetylases), that via the lysines deacetylation in H3

and H4 are able to repress chromatin regions. Ikaros can also interact indirectly

with HDAC proteins via its association with corepressor proteins, such as Sin3 and

CtBP (Koipally, 1999; Koipally and Georgopoulos, 2000; Koipally and Georgopou-

los, 2002). Moreover, Ikaros is able to interact with many corepressors that have

already a chromatin remodeling activity such as Mi-2β (Figure 7.5) (Kim et al., 1999;

Koipally and Georgopoulos, 2002; Dege and Hagman, 2014; Zhang et al., 2012). In

more detail, by using an important number of mutations of the N- and/or C-terminal

domains of Ikaros, Koipally and colleagues describe that not only the C-terminal,

but also the N-terminal domain is able to interact with repressor proteins and that
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Figure 7.4: Ikaros can act as a transcriptional repressor or activator based
on cell type and developmental context. By its interactions with differ-
ent chromatin-remodeling complexes, Ikaros mediates different transcriptional
outcomes. HDAC, histone deacetylase (Davis, 2011).

the two Ikaros domains seem to be important for the repression activity of Ikaros

(Figure 7.5) (Koipally, 1999; Koipally and Georgopoulos, 2002).

Figure 7.5: Dissection of the two repression domains of Ikaros. Schematic
representation of Ik1 and its subregions. Exons (E) are indicated as horizontal
rectangles, and zinc fingers by vertical rectangles (Koipally and Georgopoulos,
2002).

Interestingly, in primary murine double positive (DP) WT cells, Ikaros has been

confirmed to interact with Mi-2β and and ChIP-seq analyses show that Ikaros and

Mi-2β can bind to the same target genes. While in DP cells deficient for Ikaros, a

surprisingly enrichment of Mi-2β binding was described and the analyses of the Mi-

2β enriched peaks suggest the possibility that in WT cells Ikaros itself could target

the Mi-2/NURD complex to bind specific regulatory regions (Zhang et al., 2012).

Moreover, in double negative (DN) thymocytes, Ikaros is described to be a crucial

factor able to epigenetically silence target genes via its direct interaction with the

Polycomb repressive complex 2 (PRC2). Consistent with these results, in absence of

Ikaros, an important loss of H3K27m3, a repressive mark, is found on these same

genes and correlates with their increased mRNA expression (Oravecz et al., 2015),

introducing a new mechanism that could be responsible for the repressive activity
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of Ikaros on the transcription. Very interestingly, Ikaros has also been described to

have a pioneering activity. In a T-ALL cell line derived from Ikaros null mice, ChiP-

seq and ATAC-seq analyses in KO cells and in cells where Ikaros was re-introduced

by retroviral infection show that Ikaros is able to bind closed chromatin regions

and to induce their opening (Ding et al., 2019). How Ikaros works to induce these

modifications in the chromatin landscape remains still unknown.

7.2.2 Interaction and/or competition of Ikaros with other

TFs

Ikaros functions as an hetero-dimer by interacting with the other members of the

Ikaros family but also with other TFs, including GATA family members in myeloid

and erythroid cells or Ahr in ILC3 cells (Bottardi et al., 2013; Li et al., 2016a). How-

ever, in murine CD4+ T cells, there is no evidence that Ikaros interacts with other

TFs, while an other member of the family, Aiolos, was shown to directly interact

with STAT3 to positively regulate Bcl-6 expression in follicular Th cell (Read et al.,

2017). A demonstrated interaction between Ikaros and other TFs in T cells has not

been shown yet.

In B cells, Stat5 and Ikaros can have an antagonizing action on the same target

genes by competing for the same binding sites, but no direct interaction between

these TFs have been detected so far (Katerndahl et al., 2017, Heizmann et al., un-

published data). A possible competition for the same binding sites between Ikaros

and the NF-κB members was already suggested by Molnár in 1994 because of the

similarity in their binding sequences (Molnár and Georgopoulos, 1994). More re-

cently, ChiP analysis in a human cell line show that Ikaros and NF-κB are able to

bind a specific target sequence, the M4 motif ACTAYRNNNCCCR (Y being C or T,

R being A or G, and N as any nucleotide), and by immunoprecipitation experiments

Ikaros co-precipitate with NF-κB subunit, p50 (Trung et al., 2016), suggesting that

these two TFs may bind the same binding sites and/or be part of the same protein

complex.

7.3 The role of Ikaros in the hematopoietic sys-

tem

Ikaros is a TF crucial for the hematopoiesis and it plays an important role in dif-

ferentiation and development of different hematopoietic cell lineages. It regulates

the expression of the globin genes during erythropoiesis (Bottardi et al., 2009), it

can influence the megakaryopoiesis (Malinge et al., 2013), the DCs development
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(Mastio et al., 2018) and the B cell differentiation (Heizmann et al., 2018). Given

its action in different cell types, its fine regulated function has been studied thanks

to the use of different mouse models (Figure 7.6). Within T cells, Ikaros is described

to have different roles, here I will focus on the most important ones.

7.3.1 The role of Ikaros in T cells

Ikaros loss induces an impaired T cell development and differentiation. Indeed, in

absence of Ikaros some crucial step of T cell development are not correctly regu-

lated in the thymus, such as the β-selection, leading to the generation of impaired

T cells. For the purpose to study the role of Ikaros in the β-selection, Ikzf1-/- Rag1-/-

mice were used (Winandy et al., 1999), because in Rag1-/- mice the TCRβ chain rear-

rangement does not happen resulting in immunodeficient mice (Mombaerts et al.,

1992). Very surprisingly, Ikzf1-/- Rag1-/- mice expressed mature T cells (Winandy

et al., 1999) suggesting that in absence of Ikaros T cell differentiation happens in

absence of the pre-TCR engagement and that Ikaros has a key role in the develop-

ment of T cells. However the mechanism that leads Ikaros to regulate this process

remains still unclear.

Ikaros regulates the expression of some Notch target genes

The Notch pathway plays an important role in the T cell development and it is

switched on already in Early T-cell Precursor cells that differentiate towards the T

lineage and it is switched off at the DP stage (Rothenberg et al., 2008). The dereg-

ulation of the Notch pathway can be dramatic inducing the onset of T-ALL diseases

(T acute lymphoblastic leukemia) and mice with a deletion of Ikzf1 develop Notch-

dependent T-cell malignancies (Jeannet et al., 2010; Dumortier et al., 2006). The

loss of Ikaros results in the up-regulation of some Notch target genes (Dumortier

et al., 2006; Geimer Le Lay et al., 2014) and this may happen because of different

mechanisms: 1) EMSA and ChIP-seq analysis showed that Ikaros and RBP-J are

able to compete for the same target genes (Kleinmann et al., 2008; Geimer Le Lay

et al., 2014); 2) without knowing the exact molecular mechanism, Ikaros loss is as-

sociated to the reduced presence of H3K27me3, a silencing mark (Oravecz et al.,

2015), suggesting that in absence of Ikaros some Notch target genes could be more

expressed because they have a more accessible chromatin; 3) immunoprecipitation

experiments indicate that Ikaros interacts with RBP-J in a T cell line (Geimer Le

Lay et al., 2014), suggesting that this interaction may be another possible mecha-

nism implicated in the repression of the transcription of some Notch target genes.

An interesting result is that Ikzf1L/L adult thymectomized mice remain healthy and

do not develop any cancer (Dumortier et al., 2006), moreover it would seem that the
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Mouse strain

Mutation

B-lymphoid 

phenotype

T-lymphoid 

phenotype

Hematopoietic 

phenotype

T-lineage 

malignancies

References

Ikzf1 null/null Ikzf1 L/L Ikzf1 DN/DN Ikzf1 Plstc/Plstc Ikzf1 Ikzf1 Ikzf1  flox/ flox

Deletion exon 8 LacZ knock-in 

Exon2 

(Hypomorphic allele)

Mutation Deletion exon 6 Conditional deletion 

exon 8

*B cells absent

*Post-natal T cells

activated

*Skewing towards 
+ lineage.

*Mild reduction

*NK cells and

pDCs absent. 

null/+

mice develops

T-cell malignancy.

*Mild block

switch recombination

*Normal thymic

*Activated

thymocytes

and T cells. 

*NK cells and

precursors

in fetal liver. 

*All Ikzf1 L/L mice

develop thymic

*B cells absent

*T cells absent

*Loss of LT-HSC

*Most Ikzf1 Plstc/+

mice develop T cell

*B cells absent

*T cells absent

*Strong reduction

*Reduction of 

*NK cells and 

pDCs absent. 

*All Ikzf1 DN/+ mice

develop thymic

*Block at pre-B

*Reduction of

large pre-B cells.

*B cells absent

*Mild reduction

thymic cellularity.

*NK cells and 

pDCs present. 

*None

*Mild reduction

*Reduced

thymic cellularity.

*NK cells and 

pDCs absent. 

*All Ikzf1 mice

develop thymic

Neo Neo

*

Neo Neo

*Papathanasiou *Schjerven *Schjerven 

LoxP

*dLck-hCre  : normal

T cell maturation in the thymus.

CD8+ cells normal. 

*Lyon de Ana

*dLck-hCre  : 

B cells present

*dLck-hCre  : 

Myeloid cells present. 
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deletion of Ikaros at the late stage of T cell development, such as at the SP T cell

stage, is not sufficient to lead the development of a T-ALL disease (Lyon De Ana

et al., 2019), suggesting that the cell responsible for the transformation process is

probably an immature cell in the thymus.

Ikaros binds the Dntt gene

The Terminal deoxynucleotidyl Transferase (TdT), encoded by the Dntt gene, is a

DNA polymerase that is expressed in immature B and T cells and has a critical

function in the VDJ recombination permitting the junctional diversity. The Dntt

promoter has been described to be a target of Ikaros from its very first discovery

(Lo et al., 1991). Competition experiments by gel shift assays indicate that Ikaros

competes with Ets TF family to bind on the Dntt promoter in a DP thymocyte line

suggesting that the binding of Ikaros could determine the inhibition of TdT expres-

sion in mature T cells (Trinh et al., 2001). An elegant study demonstrates that also

the post-translational modifications of Ikaros by CK2 and PP1 can influence the

regulation of the binding activity of Ikaros on the Dntt gene (Wang et al., 2014).

Currently, the complex mechanism that allows Ikaros to bind the Dntt gene and if

this binding is responsible for the inhibition of TdT expression remain unclear. It

would be interesting to study, in cells deficient for Ikaros, the effect of the failed

decreased expression of TdT by analyzing the TCR repertoire in order to determine

which TCR clones are more represented in mice deficient for Ikaros and if this could

influence their susceptibility to answer to different in vivo challenges.

Ikaros may regulate CD4 and CD8 expression

Ikaros is so important for the T cell development that it seems to be able to influence

the expression of CD4 and CD8 itself. In the CD4 regulation a close interaction be-

tween Mi-2β and Ikaros has been demonstrated. Really interestingly, Mi-2β seems

to play a role in the regulation of the CD4 expression in DP cells by two complemen-

tary mechanisms: 1) immunoprecipitation and ChIP-qPCR experiments show that

in WT cells Mi-2β interacts with the co-activator p300 protein and they bind the Cd4

enhancer (Williams et al., 2004), suggesting that Mi-2β may be able to induce the

CD4 expression. 2) In complement to these results, in another study, the same type

of experiments in thymocytes find an interaction between Mi-2β and Ikaros and a

binding of Mi-2β at the level of the Cd4 silencer (Naito et al., 2007), suggesting that

Mi-2βmay be able to induce the CD4 expression by inhibiting the silencer action in

collaboration with Ikaros.

By immunoprecipitation experiments, Ikaros is able to bind also the Cd8a regu-

latory regions in thymocytes (Harker et al., 2002). However, if Ikaros could directly

92



regulate the expression of CD8 remain unclear.

Ikaros sets the TCR threshold

In an early study, Ikaros was described to be important to set the threshold for

the T cell activation. In more detail, splenic T cells from heterozygotes Ikzf1 null/+

and Ikzf1 DN/+ mice stimulated via different concentrations of CD3ε Abs proliferated

more than WT cells, suggesting that Ikaros lowered the threshold of T cell activation

(Avitahl et al., 1999). However, a more recent study shows the opposite phenomena:

in a mouse model where Ikaros is deleted from the single positive (SP) T cell stage,

the loss of Ikaros leads to defects in CD4+ T cell proliferation (Lyon De Ana et al.,

2019). This opposite result may be explained by the observation that, in the two

studies, Ikaros deletion happens in different step of the T cell development and

that the two mouse models used have a different genetic background (C57BL/6 x

129SV background mice in the first study and C57BL/6 background mice in the

second one). In conclusion, the effect of the Ikaros loss on proliferation ability of

CD4+ T cells still remain unclear.

Ikaros binds the Il2 gene

Ikaros has been described to remodel the chromatin and directly bind the Il2 gene

in CD4+ T cells (Thomas et al., 2007). EMSA and Ikaros ChIP experiments show

that Ikaros binds the Il2 gene and that its DNA binding domain is crucial for this

interaction, because in presence of a DN isoform of Ikaros, this binding is not any-

more possible (Thomas et al., 2007). In more detail, the ChIP analyses of histone

acetylation indicate that in absence of Ikaros, the Il2 promoter is characterized by

an hyperacetylated state (Thomas et al., 2007), suggesting that Ikaros could regu-

late the acetylation state of the Il2 promoter. Very interestingly, one of the binding

sites of Ikaros identified in the Il2 gene is at -203 and overlap with the binding site

of NF-κB (Paliogianni et al., 1993), suggesting that these two TFs could bind on the

same target genes.

Ikaros regulates T cell differentiation

Ikaros has an important and fine regulated role in the T cell differentiation and

it can influence the polarization of different subtypes of Th and Treg cells. Ikaros

may be able to play a role already in T cells at the naive state (TN), however, this

topic has not been further studied and still remains unclear. Naive CD4+ T cells

deficient for Ikaros were described to have a reduced survival than WT cells in

presence of IL-7, while the survival was similar if the IL-7 was not introduced in

the culture cell (Agnihotri et al., 2017). The mechanism that has been proposed by
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the authors is that in absence of Ikaros, the reduced expression of Foxo1 induces the

impaired expression of IL-7Rα, however the over expression of Foxo1 by retroviral

expression does not rescue the IL-7Rα expression (Agnihotri et al., 2017), suggesting

that other mechanisms may be implicated. The homing of TN cells is another crucial

characteristic of these cells and it was described as impaired in TN cells deficient

for Ikaros (Agnihotri et al., 2017). Indeed, by transferring CFSE labeled-CD4+ T

cells from WT and Ikzf1-/- mice into WT host mice, the absence of Ikaros induced a

reduced homing of TN cells to the LN in comparison to WT TN cells (Agnihotri et al.,

2017). The reduced expression of CD62L in TN KO cells could be responsible for this

altered homing (Agnihotri et al., 2017). However other factors need to be considered

in cells deficient for Ikaros such as the viability of the cells in vivo, the possibility

that TN cells are sequestered in other sites or the expression of other membrane

molecule that could influence the journey of TN cells from the bloodstrem to the

LN.

Ikaros is known to promote the Th2 cell development and to regulate the Th1 cell

differentiation. During Th2 cell differentiation, in an Ikaros null mouse model, the

expression of IFNγ, important cytokine of Th1 cells, is increased and ChIP-qPCR

analyses in WT cells demonstrate that, in these same culture conditions, Ikaros

is able to bind the Ifng CNS22 (Quirion et al., 2009). While in Th1 cell condition,

in cells deficient for Ikaros, the expression of IFNγ is also increased, but in WT

cells no Ikaros peak has been identified by ChIP-qPCR on Ifng regulatory regions

(Quirion et al., 2009). These results suggest that Ikaros could directly repress the

IFNγ expression in Th2 cells, however there is no confirmation of the functional

binding of Ikaros, while in Th1 cells other mechanisms regulated by Ikaros seem

to be responsible for the increased expression of IFNγ. An important limitation of

this study is that total CD4+ T cells were purified indicating that the pool of cells

analyzed is composed by naive and activated CD4+ T cells. The same mechanism

proposed for IFNγ has been also described for T-bet (Thomas et al., 2010). These

results highlight the importance of polarizing cytokines in influencing the binding

of Ikaros on its target genes in CD4+ T cells.

Under in vitro iTreg culture conditions, the absence of Ikaros does not allow the

expression of Foxp3 (Agnihotri et al., 2017) neither if the deletion of Ikaros happen

only in more mature CD4+ cells (Lyon De Ana et al., 2019). Moreover, the same

phenotype is present in cells missing the ZF4 of Ikaros, suggesting that probably

it is the DNA-binding domain of Ikaros that is important for the Foxp3 expression

(Heller et al., 2014). It would be interesting to evaluate what is the specific function

of Treg cells deficient for Ikaros in the suppression of the immune response.

In Th17 cell differentiation, the role of Ikaros remains uncertain. By using

Ikzf1ΔF4/ΔF4 mice (Figure 7.6), an enhanced IL-17 production was detected in in vitro
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cultures, suggesting that the ZF4, located in the DNA-binding domain of Ikaros,

could be important for the regulation of the IL-17 expression (Heller et al., 2011).

However, in a germline deletion of Ikaros, an impaired production of IL-17 was

described (Wong et al., 2013). This last result was confirmed by our team, using

a Ikzf1f/fCD4Cre mouse model, where the Ikzf1 deletion is conditioned to the CD4

expression, and a Ikzf1f/fRosaCre26ER mouse model (Figure 7.6) (Maurer thesis, un-

published results). A recent study shows that, inIkzf1f/fdLckCre mice, where the Cre

expression is regulated by the distal Lck promoter permitting the deletion of Ikaros

from the SP cell stage, IL-17 production is not impaired in total CD4+ T cells (Lyon

De Ana et al., 2019). These different results could be explained by the different

types of mouse models (different time of Ikzf1 deletion and different background of

mice), and the way the experiments were performed (naive CD4+ T cells activated

in culture in the study of Wong and colleagues or total CD4+ T cells in the study of

Lyon de Ana and colleagues).

Globally, Ikaros has a crucial role in the development and differentiation of T

cells (Figure 7.7) and its deregulation has been mostly studied in vitro. There are

not many in vivo mouse models where the effect of the loss of Ikaros is studied in

T cells. Only Thomas and his colleagues studied the effect of Ikaros loss in vivo

by using a S.mansoni worm infection in WT and Ikzf1DN/+ mice. They confirmed

that the absence of Ikaros induces an increased expression of IFNγ among cells

polarized towards a Th2 response (Thomas et al., 2010). The lack of studies in vivo

using mice deficient for Ikaros is probably due to the fact that these mice do not live

long and die of T-ALL if the Ikzf1 deletion takes place during the T cell development

(Dumortier et al., 2006). However, it would be really amazing to understand and

analyze the effect of the loss of Ikaros specifically in T cells in vivo.

Loss of Ikaros enhances inflammatory cytokine production

In the absence of Ikaros, total CD4+ T cells in Th17 culture conditions strongly ex-

press Ifng and Csf2 mRNA (Lyon De Ana et al., 2019). In this same study, total CD4+

T cells from WT and Ikzf1f/f dLCKCre mice were analyzed by microarray analysis at the

naive state or after 1 day of activation by anti-CD3 and anti-CD28 antibodies (Th0

condition) and the authors describe that, in absence of Ikaros, the gene signature

was enriched with genes associated to inflammation and autoimmunity processes

(Lyon De Ana et al., 2019), suggesting an interesting role of Ikaros in the regulation

of these genes. However, in this article, total CD4+ cells, composed by naive and ac-

tivated cells, are used for the experiments. Indeed, it has already been described

that the loss of Ikaros promotes the Th1 cell differentiation via the expression of
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CD4+ Subset Effect Specific Regulatory Role

Th1

Th2

Treg

Th17

Ikaros

Negative

Positive

Positive

Positive Required for Foxp3 expression by CD4+ T cells cultured under iTreg-polarizing 

condition in vitro; required for normal peripheral and natural Treg development in vivo.

Promotes expression of Th17 -associated genes, including Il17a, 

but does not appear to be required for Th17 differentiation. 

Directly repress Tbx21 expression in in vitro-differentiated Th2 cells.

Induces production of Th2-associated cytokines and transcription factors.

Represses the Th1 differentiation program to support Th2 development, 

but it is not required for the Th2 differentiation in vitro. 

Figure 7.7: Regulation of CD4+ T cell differentiation programs by Ikaros.
Summary of the known effects of Ikaros on expression of Th1, Th2, Th17 and
Treg gene programs, including associated cytokines and transcription factors
(Adapted from Powell et al., 2019).

IFNγ and T-bet (Quirion et al., 2009; Thomas et al., 2010), thus, with this study, we

can not exclude the possibility that the enriched gene signature observed in cells

deficient for Ikaros is the consequence of activated cells that were already biased

towards a Th1-like polarization by the loss of Ikaros. Moreover, the specific mouse

model used by the author, Ikzf1f/f dLck-3779Cre, allows the deletion of Ikaros in SP cells

and it would seem that the deletion of a gene under the distal Lck-promoter-3779 is

not 100% complete in peripheral CD4+ cells (Zhang et al., 2005a). Indeed, as show

by Lyon de Ana and colleagues, peripheral CD4+ cells seem to be composed by a pool

of cells that in majority do not express Ikaros but in little percentage express Ikaros

(Lyon De Ana et al., 2019), suggesting that the results of the microarray analysis

could be biased by the presence of little amounts of Ikaros.

7.4 Association between Ikaros mutations and hu-

man diseases

As I described above, the lack of Ikaros is mostly associated to T-ALL development

in mice. However, in humans, IKZF1 gene defects are much less frequent in T-ALL

and are mostly implicated in B acute lymphoblastic leukemia (B-ALL) where they

are considered important for the stratification of the risk and the therapy choice

(Marke et al., 2018).

IKZF1 mutations have also been associated to common variable immunodefi-

ciency (CVID). Interestingly, mutations on different residues within the same Ikaros

domain can have different outcomes. As an example, an heterozygous mutation in

the N159 residue, in the ZF2, leads to the transcription of a DN Ikaros isoform
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that was described in 7 unrelated CVID patients and this mutation affects B and

T cell function and the myeloid cell development (Boutboul et al., 2018). However,

the substitution of an arginine for an histidine at codon 167 (H167R), in the same

ZF, is associated to a loss of function activity (Kuehn et al., 2016; Dieudonné et al.,

2019). Indeed, it would seem that the structure of the Ikaros protein is much more

complex and fine regulated that the one described until now.

GWAS analysis associated the presence of IKZF1 SNPs to Inflammatory Bowel

Disease, type 1 diabetes and systemic lupus erythematosus (SLE), however these

associations are not clear yet and are to be confirmed (Franke et al., 2010; Jostins

et al., 2012; Bentham et al., 2015).
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Chapter 8

Study aim

Ikaros is an important TF that regulates the differentiation and development of T

cells (Powell et al., 2019). As an example, Ikaros plays a critical role in the Th1/Th2

balance as it has been shown to promote the generation of Th2 cells, while inhibit-

ing the Th1 cell differentiation (Quirion et al., 2009; Thomas et al., 2010). Its role in

Th17 cell polarization has been investigated by several groups, but it still is a matter

of debate. Indeed, opposing effects on IL-17 expression have been observed, depend-

ing on the mouse model of Ikzf1 used and the time of its deletion. Using different

mice models, before my arrival in the laboratory, my colleagues found that Ikaros

is essential to promote IL-17 expression. Strikingly, they also observed that during

cTh17 polarization, Ikaros loss leads to an increase of pathogenic gene expression,

that include Csf2, encoding GM-CSF, Ifng, and Il3. GM-CSF, in particular, is an

old cytokine which expression can be regulated by different TFs, and that over the

late years has been considered to have a crucial role in inflammation (Hamilton,

2019). The aim of my thesis is to give more insight in how Ikaros regulates the fate

of T lymphocytes and more precisely, three main questions constitute the axis of the

research project of my thesis:

1) How Ikaros regulates the IL-17 expression?

2) What are the requirements for Ikaros deficient T cells to acquire the pathogenic

profile?

3) How does Ikaros regulate pro-inflammatory genes expression, especially Csf2?

4) Are these Ikaros deficient cells having a pathogenic function in vivo?
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ABSTRACT 

Th17 cells are important mediators against extracellular pathogens but they also 

contribute to the onset of autoimmune and inflammatory diseases depending on their 

degree of pathogenicity. The factors modulating Th17 cell pathogenicity, however,

remain poorly understood. Here we show that, under conventional Th17 polarizing 

conditions, naive Ikaros null CD4+ T cells do not develop normally into IL-17+ cells, but 

instead express genes associated with high pathogenicity (eg. Csf2, encoding GM-

CSF, Il3, Ifng), and produce significantly higher levels of GM-CSF compared with WT 

cells. Interestingly, only T cell receptor and CD28 co-receptor signaling are required

for high GM-CSF production in the mutant cells, which drive them towards a 

pathogenic Th1 phenotype. Moreover, we show that Ikaros antagonizes STAT5 and 

NF B-induced GM-CSF expression, upon T cell activation. High throughput analysis 

in TCR/CD28-activated cells shows that Ikaros binding correlates with less of 

chromatin accessibility and repression of gene transcription. These data highlight an 

essential function of Ikaros in repressing pathogenic gene expression and shaping the 

cellular response to T cell activation and polarization.
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INTRODUCTION

Upon antigen recognition and depending on the cytokine context, naive CD4+ T cells 

develop into distinct effector populations. In the presence of IL-6 and transforming 

growth factor beta 1 (TGF 1), CD4+ T cells are driven by the transcription factor RAR-

related orphan receptor t (ROR t) to become IL-17-secreting Th17 cells (1, 2), which 

play a key role in clearing fungi and extracellular bacterial infections. IL-17+ cells are 

described as conventional (c) or "non-pathogenic" Th17 cells, as they do not induce 

tissue inflammation and may play a role in gut homeostasis (3), and because they 

possess immunoregulatory functions through IL-10 secretion (4). However, with the 

inclusion of IL-23, or in the presence of IL-23, IL-1 and IL-6, CD4+ T cells differentiate 

into "pathogenic" (p)Th17 cells that can promote autoimmunity (5). pTh17 cells have 

been reported to induce murine experimental autoimmune encephalomyelitis (EAE) 

via their production of pro-inflammatory cytokines like granulocyte-macrophage colony 

stimulating factor (GM-CSF) (6-9). Thus, Th17 cells appear to be heterogenous and 

possess different functional characteristics. In addition, Th17 cells can also be 

converted to other types of effector cells (eg. Th1, Th2, Tr1, Tfh and Treg) when 

exposed to different environmental cues, suggesting cellular plasticity (10-13).

Nonetheless, the factors and pathways that shape the identity of Th17 cells are only 

partially understood.

The transcription factor Ikaros, encoded by the Ikzf1 gene, is a zinc finger DNA 

binding protein that exerts broad functions in T cells. In the thymus, it affects dynamic 

gene expression changes and establishes epigenetic patterns in developing T cells

(14-17). In the periphery, Ikaros negatively regulates T cell responsiveness to TCR 

stimulation (18), and promotes Th2 cell polarization at the expense of Th1 cell 

development (19-21). Its role in Th17 cell differentiation is less clear. IL-17 expression 

by cTh17-polarized cells is severely blunted in germline Ikaros null mice (22), but 

inconsistently affected in animals where Ikaros is deleted in peripheral T cells (23). In 

contrast, IL-17 production is enhanced in Th17 cells from mice with a targeted deletion 

of the fourth DNA-binding zinc finger (ZnF4) of Ikaros (24). Thus, Ikaros may promote 

or repress cTh17 cell development depending on the Ikzf1 mutation and/or time of 

deletion. In addition, Ikaros deficient Th17 cells exhibit increased mRNA levels of Csf2
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(encoding GM-CSF) or higher production of IFN (23), suggesting that Ikaros might

also repress some aspects of the pathogenic Th17 cell phenotype.

Here, we studied the role of Ikaros in T cell activation and T cell polarization

towards Th17 cells using multiple mouse models and cellular approaches. Our results 

indicate that Ikaros is essential to repress pathogenic gene expression and shape the 

fate of CD4+ T cells during T cell activation and Th17 polarization.
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RESULTS

Ikaros represses a pathogenic gene expression program in CD4+ T cells

To address the role of Ikaros in Th17 polarization, we studied Ikf/f CD4-Cre+ (TKO) 

mice where Ikzf1 is selectively deleted in T cells (Fig. S1A) (14). Purified naive 

CD4+CD25-CD44-TCR -NK1.1- T (TN) cells from TKO and WT (Ikf/f CD4-Cre-) lymph 

nodes were stimulated with anti-CD3 and anti-CD28 antibodies (Ab) alone ("Th0 

conditions"), or in the presence of IL-6 and TGF 1 ("Th17 conditions"). Cytoplasmic 

IL-17 production was analyzed after 3 days by flow cytometry (Fig. 1A). In these 

cultures, the majority of WT cells were induced to make IL-17 under Th17 compared 

with Th0 conditions (67% vs. 1.2%, respectively), as expected, while TKO cells made 

little to no IL-17 in either condition. Therefore, naive CD4+ T cells cannot produce IL-

17 in response to Th17 cell polarization without Ikaros.

To begin to understand the Th17 response in the absence of Ikaros, we 

evaluated the gene expression profiles of WT and TKO naive CD4+ T cells, cultured in 

Th17 conditions (and in the presence of anti-IFN and anti-IL-4 neutralizing Abs to 

block indirect effects), over time (days 0, 1 and 2), by microarray analysis. These 

experiments revealed that WT and TKO cells responded similarly in general to Th17 

conditions, as the majority of the up- (>3000) and downregulated (>1500) genes 

overlapped between genotypes at days 1 and 2 (FC>1.42) (Fig. S1, B and C). Still,

there were clear differences. Principal component analysis (PCA) revealed that WT 

and TKO cells were distinct at every timepoint (Fig. 1B). For example, among the 

upregulated genes, Th17-associated genes were less upregulated in TKO cells with 

time, like Il17a and -f, Il21 and Rorc (clusters 11, 12) (Fig. S1B). Il17a and Rorc mRNA

levels were confirmed by qRT-PCR (Fig. S2D). Cell cycle-related genes were also less 

induced in TKO cells (cluster 18) (Fig. S1, B and E). Among the downregulated genes, 

a high number were ectopically expressed in TKO cells at day 0 but they were 

downregulated in Th17 conditions, like WT (clusters 4, 5), including the gene encoding 

Aiolos (Ikzf3) (Fig. S1C).

Interestingly, three clusters of genes were ectopically expressed in Th17 

conditions in the absence of Ikaros (Fig. 1C). Cluster 1 contained genes that were 

constitutively expressed in naive TKO CD4+ T cells and remained expressed over time;

it included genes encoding Helios (Ikzf2) and NFATc1 (Nfatc1). Clusters 2 and 3

contained genes that were similarly regulated between WT and TKO cells at day 0, but 
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were strongly induced in the mutant cells at day 1 or 2; they included genes encoding 

pro-inflammatory cytokines (eg. Ifng, Csf2, Il1a, Il3, Il13, Il22, Ccl3, Ccl4) or their 

receptors (eg. Il23r, Cxcr3) (Fig. 1, C-E). On the other hand, the anti-inflammatory 

cytokine gene Il10 was induced but less upregulated in TKO cells (cluster 12) (Figs.

S1B and 1D).

Since pro-inflammatory cytokines are characteristic of pathogenic Th17 cells, 

we performed a gene set enrichment analysis (GSEA) with the most differentially 

expressed genes between TKO and WT samples, and compared them with genes

highly expressed in pTh17 or cTh17 cells (7). This showed a strong and direct 

correlation between TKO T cells and pTh17, but not cTh17, cells (Figs. 1F and S2A), 

suggesting that TKO CD4+ T cells resemble pTh17 cells after stimulation. We also

compared TKO cells with the recently described Th-GM cells (25), and found a strong 

correlation between the genes upregulated in TKO and those expressed in Th-GM 

cells (Fig. S2B).

Collectively, these results indicated that activated CD4+ T cells cannot produce 

IL-17 and enter a pro-inflammatory gene program in the absence of Ikaros.

Ikaros is required in CD4+ T cells to coordinate cytokine responses

To determine if Ikaros is required early during thymocyte differentiation, or late during 

the polarization process, we deleted the Ikzf1 alleles in Ikf/f R26-CreERT2+ (IKO) and 

Ikf/f R26-CreERT2- (WT) mice, injected with tamoxifen for 3 days, followed by 3 days 

of rest (Fig. S3A). This protocol did not alter the naive CD4+ T cell compartment in 

numbers or phenotype (Fig. S3B). Naive CD4+ T cells were stimulated with anti-CD3 

and anti-CD28 Abs, in the absence or presence of IL-6 and increasing concentrations 

of TGF 1, and IL-17 production was measured 3 days later (Fig. 2A). WT IL-17+ cells 

were easily detected in wells with low concentrations of TGF 1 (0.0017-0.03 ng/ml),

and their numbers decreased as TGF 1 concentrations went up, as expected (26). In 

contrast, IKO IL-17+ cells were barely detected in all conditions, similar to TKO cells. 

Thus, naive peripheral CD4+ T cells need Ikaros to become Th17 cells.

High TGF 1 concentrations induce the differentiation of Foxp3+ regulatory T 

(Treg) cells (27), and naive CD4+ T cells may preferentially differentiate into Treg cells

in the absence of Ikaros. We therefore measured the appearance of Foxp3+ T cells in 

Th17 conditions, as described above. This showed that Foxp3+ cells were produced in 
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the WT samples at the higher TGF 1 concentrations (0.5-8 ng/ml), but they were not 

observed in the IKO wells (Fig. S3C). Thus, Ikaros is required for the appearance of 

both Th17 and Treg cells following IL-6 and TGF 1 stimulation.

As the mRNA of pro-inflammatory cytokines were upregulated in the Ikaros KO

T cells, we evaluated GM-CSF production in naive IKO CD4+ T cells stimulated in Th0 

or Th17 conditions. Strikingly, more IKO cells made GM-CSF, and more GM-CSF was 

made per cell, regardless of stimulation, and at all concentrations of TGF 1 tested, 

compared with WT (Fig. 2, B and C). IKO CD4+ T cells also produced more IFN (Fig. 

S3D), confirming a general deregulation of pro-inflammatory cytokine production in the 

absence of Ikaros. To determine if these results were due to Ikaros, or the indirect 

effects of IFN and IL-4 produced in these cultures (28), we performed the experiments 

in the presence of neutralizing Abs against these cytokines. This treatment inhibited 

endogenous IFN production (Fig. S3E), but there was no detectable effect on the 

generation of IKO IL-17+, Foxp3+, or GM-CSF+ cells (Fig. S3, F-H). Thus, Ikaros 

promotes IL-17 and inhibits pro-inflammatory cytokine production during Th17 

polarization.

In the course of these experiments, we noticed more cell death in the Ikaros null 

cultures, a process that was reduced by the addition of the pan-caspase inhibitor QVD-

OPh (Fig. S4A), suggesting death by apoptosis. Since Fasl mRNA was upregulated in 

stimulated TKO T cells (Fig. 1C), we asked if FasL signaling promoted Ikaros KO cell 

death, and perhaps the overproduction of GM-CSF+ cells, since this pathway is

associated with the production of pro-inflammatory cytokines (29). To address these 

questions, we first measured Fasl mRNA in naive WT and IKO CD4+ T cells after 0-2

days of culture in Th0 or Th17 conditions; Fasl mRNA was easily detected in the IKO 

cells within 1 day of stimulation in either condition compared with WT (Fig. S4B). 

Surface FasL was also increased on IKO cells (Fig. S4C). We then cultured naive WT 

and IKO CD4+ T cells in Th0 conditions in the absence or presence of anti-FasL 

neutralizing Abs, and analyzed the cells for annexin V and propidium iodide positivity

after 2 days. IKO cells had significantly less annexin V+ cells when FasL signaling was

blocked (Fig. S4D). To determine if FasL deregulation promotes GM-CSF expression 

in Ikaros null cells, we cultured naive WT and IKO T cells in Th0 or Th17 conditions, in 

the presence of anti-FasL Abs, and measured GM-CSF expression. Interestingly, while 

the anti-FasL Ab blocked the appearance of WT GM-CSF+ cells, as expected, it had 



Bernardi et al.

10

little effect on IKO cells (Fig. S4E). Indeed, the number of IKO GM-CSF+ cells seemed

to increase when FasL signaling was blocked. Thus, Ikaros promotes cell survival by 

preventing Fasl upregulation, but blocks pro-inflammatory cytokine production via a

different mechanism. In addition, QVD-OPh was included in the experiments below, 

unless specified, to maintain cell viability.

To determine if Ikaros is directly required during T cell polarization, we deleted 

Ikzf1 in vitro, during the culture period, CD4+ T cells of untreated WT and IKO mice. 

Cells were cultured in Th0 or Th17 conditions, and simultaneously treated with 4-

hydroxytamoxifen (4-OHT) or ethanol (EtOH). Ikaros, GM-CSF and IL-17 expression

were evaluated after 1-3 days of culture (Fig. S5). In these cultures, loss of Ikaros was 

observed in the large majority of cells after 2 days of 4-OHT. GM-CSF was easily 

detected in the Ikaroslo/- IKO cells after 3 days of Th0 or Th17 stimulation compared 

with Ikaros sufficient cells (Fig. S5A), though it was less robust in the Th17 cultures, 

due probably to the inhibition of GM-CSF production by exogenous TGF 1 (9). In 

contrast, IL-17 production decreased with Ikaros loss in the IKO cells, starting at day 

2 in Th17 conditions (Fig. S5B). These results indicated that Ikaros loss immediately 

results in the disappearance of cTh17 and the appearance of pTh17 cells. In a 

complementary experiment, we retrovirally expressed Ikaros (and GFP) or GFP only 

(pMIG) in naive WT and TKO CD4+ T cells during Th0- or Th17-inducing conditions 

(Fig. 2D). In WT cells cultured in Th17 conditions, ectopic Ikaros slightly enhanced IL-

17 production but had no effect on GM-CSF expression. In TKO cells, however, Ikaros 

re-expression rescued IL-17 production in Th17 conditions, and reduced GM-CSF in 

both Th0 and Th17 conditions. These results demonstrated that Ikaros promotes 

cTh17 polarization even in cells where Ikaros was deleted in the thymus.

To determine if T cell homeostasis in vivo is affected by Ikaros, we analyzed the 

T cell populations in TKO mice. Mutant mice showed decreases in total LN cellularity, 

and CD4+ and CD8+ T cell numbers, compared with WT (Fig. S6, A and B), though

splenic T cells seemed unaffected. The frequencies of CD4+ T cells were also lower. 

In contrast, B cell numbers were unchanged, but their frequencies were higher in the 

TKO LNs (Fig. S6C). In addition, naive TKO CD4+ T cells were significantly decreased 

in numbers and frequencies compared with WT (Fig. S6, D and E), while TKO effector 

CD4+ T cells were increased in frequencies (Fig. S6F). Interestingly, IL-7R levels 

were reduced on naive TKO CD4+ T cells (Fig. S4G), suggesting a possible defect in 

cell survival. To determine if Ikaros null effector T cells produced more pro-
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inflammatory cytokines in vivo, we evaluated the production of IL-17 and GM-CSF in 

freshly isolated WT and TKO cells. These experiments indicated that more LN and 

splenic TKO CD4+T cells, and not CD8+, were consistently and selectively positive for 

GM-CSF (Figs. 2E and S7A). On the other hand, IL-17 production was increased only 

in frequency in TKO LN CD4+ T cells (Fig. S7B). These results suggested that Ikaros 

deficiency is closely associated with an increase in GM-CSF production in vivo.

Altogether, our results showed that naive CD4+ T cells can become IL-17- or 

GM-CSF-producing cells depending on the stimulation and their intrinsic levels of 

Ikaros -- IL-17 expression requires high Ikaros levels, while GM-CSF is induced in cells 

that have lost Ikaros.

GM-CSF is produced by a specific CD4+ T cell population in Ikaros null cells

Because GM-CSF is induced in Ikaros null cells cultured in Th0 conditions, we 

evaluated its activation requirements. Naive WT and IKO CD4+ T cells were isolated 

from tamoxifen-treated mice, and cultured in the absence of TCR stimulation (but

maintained in IL-7 to help survival), with anti-CD3 Abs alone, or with anti-CD3 + anti-

CD28 Abs. GM-CSF and IL-17 levels were measured over 3 days (Figs. 3A and S8A). 

In the absence of TCR stimulation, WT and IKO cells did not make GM-CSF nor IL-17.

Indeed, cells from either genotype did not make IL-17 in any of these conditions.

However, some WT cells were GM-CSF+ after 3 days of anti-CD3 + anti-CD28

stimulation. Strikingly, the great number of IKO cells made GM-CSF in response to 

either anti-CD3, or anti-CD3 + anti-CD28, at day 3. These results indicated that Ikaros 

null T cells needed only TCR stimulation to make GM-CSF, while WT cells required 

co-stimulatory CD28 signals, suggesting that Ikaros is required to set the activation 

threshold for pro-inflammatory cytokine production in CD4+ T cells.

To determine why Ikaros null T cells respond so differently to TCR and CD28 

stimulation, we evaluated the transcriptomes of naive WT and TKO CD4+ T cells

activated for 0-2 days in Th0 conditions, by RNA-sequencing. Three samples were 

analyzed per condition. Principal component analysis (PCA) of the expressed genes 

indicated that, globally, freshly isolated WT and TKO cells resembled each other, while 

activated cells of both genotypes clustered together (PC1; Fig. 3B), indicating that cell 

activation causes the biggest differences in gene expression. Among the upregulated 

genes upon T cell activation (Fig. S8B), some clusters (ie. 14, 18, 19) were less 

induced in the mutant cells. Similar results were observed among the downregulated 
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genes (Fig. S8C), where genes from a few clusters were less downregulated (ie. 7, 9-

11) in TKO cells. WT cells were also distinct from TKO cells (PC2; Fig. 3B). 

Differentially expressed genes that were upregulated only in the TKO cells included 

those that were also upregulated in Th17 conditions, such as genes encoding pro-

inflammatory cytokines or their receptors (eg. Csf2, Csf1, Ifng, Il23a, Il3, Il1a, Il15ra,

Il2rb), Nlrp3, associated with the inflammasome pathway, and Foxo3 (Fig. 3, C and 

D). Tbx21, encoding Tbet, an activator of Th1 polarization, was also upregulated. In 

direct correlation, metascape analysis revealed the top pathways to be associated with 

cytokine signaling, actin cytoskeleton organization, and migration (Figs. 3E and S9).

We also observed that cell cycle-related genes responded slower to activation, 

and were less upregulated, in Ikaros null cells compared with WT (cluster 18; Fig. 

S8B). This suggested that the proliferative response is impaired without Ikaros. To 

investigate this issue, we stimulated naive CD4+ T cells from tamoxifen-treated WT 

and IKO mice in Th0 and Th17 conditions, and measured their division rates and 

kinetics of cytokine production. These results showed that IKO cells divided less than 

WT cells in both conditions, a phenotype that was most striking in Th0 conditions, 

where the majority of Ikaros null cells divided 2 cycles less than WT cells (Fig. S10A). 

To correlate cytokine production with cell cycle, we evaluated the percentage of GM-

CSF+ and IL-17+ cells at every division after a 3 day culture. This showed that GM-

CSF was detected in low-proliferating, while IL-17 was observed in high-proliferating, 

IKO cells (Fig. S10, B and C), and reveal that IL-17 and GM-CSF are produced by 

different cell populations.

Together, these results indicate that Ikaros represses the appearance of a 

specific and distinct pro-inflammatory cytokine-producing CD4+ T cell population in 

response to activation.

Loss of Ikaros alters the T cell epigenome

To determine how Ikaros influences chromatin accessibility, we studied the epigenome 

of WT and TKO CD4+ T cells after Th0 activation over a 2-day period, by ATAC-

sequencing. Three samples were analyzed for each condition. A total of 158,327

ATAC-seq peaks was identified for all conditions combined. The chromatin 

accessibility signatures of the different populations were analyzed by PCA (Fig. 4A), 

which separated the samples along lines similar to their RNA-seq profiles (Fig. 3B). 

Most of the ATAC-seq peaks were similar between WT and TKO chromatin (Fig. 4B), 



Bernardi et al.

13

suggesting that they were Ikaros-independent. A small percentage showed increased 

or decreased accessibility in the TKO samples compared with WT, but the ratios of up 

vs. down were similar between different days of culture (Figs. S11A and 4C). The 

genes with increased ATAC-seq peaks over time included many encoding pro-

inflammatory cytokines, and Fasl (Fig. S11B). Most of the peaks were found in gene 

introns or intergenic regions, regardless of condition, and this was not changed with 

the loss of Ikaros (Fig. S11C). The majority of the regions with increased accessibility 

was correlated with genes whose expression levels were increased in the TKO cells 

(Figs. S11D and 4D), and included, among others, pro-inflammatory genes. 

Interestingly, the up and down changes in ATAC-seq peak signals were frequently 

observed within the same locus, as was observed for the Csf2, Fasl, Il3 and Ifng genes 

(Figs. 4E and S11E), highlighting the complexity of gene regulation. Some of these 

changes were seen at day 0 in freshly isolated cells, while others were induced upon 

Th0 activation. These results indicated that increased chromatin accessibility 

correlates with increased gene expression in Ikaros null cells.

To determine if specific biological pathways are affected by Ikaros loss, we 

evaluated the ATAC-seq peaks that were greatly increased or decreased (Log2FC 

TKO/WT >+2 or <-2; padj 0.01) in these samples. Gene ontology analysis revealed 

that few pathways were significantly altered at d0 and after one day of activation (Fig. 

S12A). However, the genes associated with the STAT5 and NF B pathways displayed 

some of the highest increases in ATAC-seq peak signals after 2 days of activation (Fig. 

4F). We then searched for Ikaros, STAT5 and NF B binding motifs under the peaks 

that were either increased (TKO), or decreased (WT), in TKO chromatin compared 

with WT. This showed that, under the peaks that were increased in TKO chromatin, 

the Ikaros and STAT5 motifs were selectively over-represented at all timepoints, while 

RelA (p65) motifs were over-represented only upon TCR + CD28 stimulation (Figs. 

S12B and 4G). To determine the amount of overlap between Ikaros and STAT5, and 

Ikaros and RelA, motifs under the increased (TKO) vs. decreased (WT) ATAC-seq 

peaks, we quantified the peaks with Ikaros, STAT5, or the combination of Ikaros and 

STAT5 (Fig. S12C), as well as RelA, or the combination of Ikaros and RelA (Fig. 

S12D), at day 0 or day 2 samples. These analyses showed strong enrichment of peaks 

with both Ikaros and STAT5, or Ikaros and RelA under the peaks that were increased 

in TKO chromatin, suggesting a molecular significance for overlapping motifs.
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Ikaros binding correlates with chromatin closing

To determine if the changes in chromatin accessibility were due to Ikaros, we 

evaluated Ikaros binding on the chromatin of naive WT cells, freshly isolated or 

activated in Th0 conditions for 1 day, by ChIP-sequencing. These experiments showed 

that Ikaros bound largely similar regions in both conditions (Fig. 5A), which were 

concentrated at promoters, introns and intergenic regions (Fig. 5B). Interestingly, 

Ikaros binding was globally reduced in WT cells upon activation (Fig. 5C). Further, at 

regions where Ikaros bound to WT chromatin, we observed a significant increase in 

chromatin accessibility in TKO cells (Fig. 5, C and D), along with increases in gene 

expression (Fig. 5E). These results suggested that Ikaros binding correlates with 

chromatin compaction and gene repression. Nonetheless, our analysis of the Ikaros-

bound regions at loci containing Csf2, Ifng, Il7r, Fasl and Cish (positive control for 

Ikaros binding (30)) as well as those containing key regulatory proteins (ie. Foxo3,

Tbx21, Nfat5, Rorc), did not reveal obvious differences in the levels of ATAC-seq 

peaks between WT and TKO chromatin (Figs. 5F and S13). Thus, we concluded that 

Ikaros does not directly limit chromatin accessibility to repress a pro-inflammatory 

phenotype in activated T cells.

Ikaros antagonizes STAT5 and NF B function in activated T cells

Because Ikaros motifs overlapped with STAT5 and RelA motifs at regions of increased 

accessibility in Ikaros KO chromatin, we investigated the relationship between Ikaros 

and these pathways in regulating pro-inflammatory cytokine production. To assess the 

importance of STAT5, we evaluated the levels of STAT5 and activated STAT5 (p-

STAT5) in naive CD4+ T cells from tamoxifen-treated WT and IKO mice, cultured for 2 

days in Th0 conditions, by Western blot, which showed that p-STAT5 levels were 

increased approximately 3-fold in IKO cells (Fig. 6A). To determine if increased STAT5 

activity influences GM-CSF expression, we cultured these cells in Th0 conditions, and 

low concentrations of a STAT5 inhibitor (STAT5i). These results showed that both Csf2

mRNA and GM-CSF levels were reduced with increasing STAT5i concentrations (Fig. 

6, B and C), suggesting that STAT5 activation plays a role in promoting GM-CSF 

production in Ikaros null cells.

To evaluate the importance of the NF B pathway, we first treated WT and IKO 

cells with an inhibitor of IKK2 (IKK2i), a subunit of the IKK kinase that is required for 
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the phosphorylation and degradation of the inhibitor of NF B (I B ), thereby inducing 

NF B activation. Strikingly, IKK2i treatment almost completely inhibited Csf2 and GM-

CSF expression in the activated IKO cells (Fig. 6, D and E). Similar results were 

obtained when we expressed a mutant I B protein (I B SR), that cannot be 

phosphorylated, to block NF B activation in WT and IKO cells (Fig. 6F). This showed 

that GM-CSF production was prevented >7-fold in activated IKO cells expressing 

I B SR (and GFP), suggesting a pivotal role for NF B activation in boosting GM-CSF 

expression in the absence of Ikaros.

Together, these results indicated that the STAT5 and NF B pathways are 

ectopically activated upon TCR and CD28 activation in Ikaros null T cells.
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DISCUSSION

In this study we reveal a central role for Ikaros in modulating the cellular response to 

T cell pathogenicity. Ikaros directly promotes cTh17 development from naive CD4+ T

cells, and is needed only during the polarization process. Equally important, we show 

that Ikaros is also required to suppress the development of pro-inflammatory T cells 

regardless of polarizing cytokines. In the absence of Ikaros, activated T cells in Th17 

culture, express a group of pro-inflammatory genes that resemble those expressed by 

pTh17 and Th-GM cells, but with the sole activation via TCR/CD28, these cells turn 

towards a pathogenic Th1 profile. Strikingly, the upregulation of Csf2 mRNA is a 

prominent feature of Ikaros null cells. Using three high throughput analysis, we show 

that, upon T cell activation, Ikaros is an essential repressor of gene transcription acting 

via both chromatin remodeling and binding on target genes, including Csf2. With these 

results, we highlight an essential function of Ikaros in controlling the balance between 

conventional versus pro-inflammatory/pathogenic T cells in response to antigen.

Our results clarify the role of Ikaros in promoting IL-17 production. Our 

conclusion is similar to that of a previous study using mice with a germline Ikzf1

deletion (22), but different from the one obtained with mice missing ZnF4 of Ikaros (24),

which might reflect a distinct role of ZnF4 in modulating the IL-17 production. Other 

Ikaros family proteins have also been implicated in cTh17 cell differentiation. For 

example, Aiolos has been reported to promote cTh17 development by silencing Il2

expression (31), while Eos, on the other hand, has been implicated in repressing IL-17 

and promoting IL-2 expression in activated T cells (32). Ikaros has been described as 

a repressor of Il2 gene transcription via direct binding on the IL2 promoter and 

chromatin remodeling in anergic CD4+ T cells (33, 34). While we also observe a binding 

of Ikaros to the Il2 promoter in TCR + CD28-activated CD4+ T cells (data not shown), 

our transcriptome data show that Il2 RNA is similar in WT and KO Th17 cultures. 

Further investigations will be required to clarify the involvement of IL-2 in the regulation 

of IL-17 expression by Ikaros.

Our results show that TCR stimulation increases both the number of GM-CSF+

Ikaros null cells, as well as the level of GM-CSF per cell. Ikaros is probably not required 

during the early phase of TCR and coreceptor engagement, as Ikzf1 deletion in vitro 

results in protein loss only after one day in culture. The exogenous addition of Th17-
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polarizing cytokines reduced GM-CSF production in WT cells, a similar result was 

previously described (9). However, in the absence of Ikaros, TGF 1 is not able to 

reduce GM-CSF expression, unless used at very high concentrations. Interestingly, 

Ikaros loss also leads to an impairment of IL-17 and Foxp3 expression, both depending 

on the TGF 1 pathway. Together, these data suggest that Ikaros could modulate the 

threshold of TGF 1 signaling. Ikaros has been shown to antagonize the TGF 1 signals 

in common dendritic progenitors (35). However, in CD4+ T cells, the role of Ikaros on 

TGF 1 signaling remains unclear and it will be interesting to further determine if it can 

impact the TGF 1 molecular pathway.

In an attempt to understand the role of Ikaros in T cell responses, without Th17 

polarizing cytokines, we found that upon TCR and CD28 activation, the loss of Ikaros 

also leads to a high expression of Ifng, Foxo3, Tbx21, and Eomes (cluster 7 RNA-seq) 

along with Csf2. Interestingly, these genes that have been described to drive Th1 

pathogenicity in an EAE model (36), suggesting that in the absence of IL-6 and TGF 1, 

activated CD4+ KO T cells still reach a pathogenic state that is different from pTh17 

cells. The analysis of genome-wide binding profile shows that Ikaros binds described 

enhancers of Ifng (19, 37) and Csf2 (38) and the promoters of Foxo3, Tbx21 and 

Eomes (data not shown). Ikaros has been described as a silencer of Tbx21 and Ifng

expression during Th2 polarization (20). However, its role as a repressor for Foxo3 

and Eomes expression and the interplay between Ikaros and these transcription 

factors for T cell pathogenicity remains to be investigated.

One important question is whether cTh17 and pro-inflammatory T cells derive 

from common precursors. The present results do not exclude either possibility. Ikzf1

deletion in vitro leads to a rapid disappearance of IL-17+ cells which occurs one day 

before the appearance of GM-CSF+ cells. This difference in timing is compatible with 

our interpretation that IL-17 production directly depends on Ikaros, while GM-CSF 

expression happens only after Ikaros is lost. The fact that IL-17 and GM-CSF are 

detected following different types of stimulation (Th17 vs. Th0 conditions) suggests 

that the mechanisms by which Ikaros regulates their gene expression are distinct. 

Moreover, our data show that, while IL-17 production is concomitant with T cell 

proliferation, GM-CSF production in KO cells coincide mainly with cells with a low 

proliferative index, suggesting again different requirements for IL-17 and GM-CSF 

production. Finally, Ikaros re-expression in KO cells is able to restore the conventional 
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program of Th17 cell differentiation, indicating that loss of Ikaros does not lead to

irreversible CD4+ T cell pathogenicity. 

The strong expression of GM-CSF is a recurrent characteristic in Ikaros null 

CD4+ T cells, but how does Ikaros inhibit GM-CSF production? Our results suggest 

that it might act at least at three different levels. First, Ikaros binds on the CNSa 

sequence (+34 kb from the TSS), a distal regulatory sequence enhancing the Csf2

promoter activity (38). NF B and BRG1, a SWI/SNF remodeling ATPase, have also 

been shown to bind on the CNSa sequence and enhance Il3 and Csf2 transcription

(38). Ikaros is already present in this region in naive CD4+ T cells and remains present 

upon TCR/CD28 activation. It is therefore tempting to speculate that the binding of 

Ikaros to the CNSa region might disturb the recruitment of NF B and BRG1, occurring 

upon activation (38), leading to a tight control of GM-CSF expression. Second, we

clearly demonstrate that STAT5 and NF B activities are required for the strong 

expression of GM-CSF expression in KO cells. While the role of Ikaros on NF B

activation remains to be determined, Ikaros seems to repress, directly or indirectly, 

STAT5 phosphorylation, suggesting that it is able to exert a control on signaling 

cascades leading to STAT5 activation. As Ikaros binds to the CNSa, close to sites 

binding STAT5 (39) and NF B (38), it could potentially disloge these TFs from their

binding sites. However, we do not detect any binding of Ikaros on the Csf2 promoter 

or the enhancer located -1.5kb from the promoter, ruling out a potential competition of 

Ikaros, STAT5 and NF B in these regions. Third, we found that the loss of Ikaros 

results in an increased chromatin accessibility at the enhancer (-1.5 kb from the murine 

Csf2 promoter), where NFAT, and AP1 can bind (40). Ikaros is not present on this 

enhancer. However, by binding to distal regulatory regions, it could recruit the 

chromatin remodeler Mi2 , the NuRD remodeling ATPase (41) and Polycomb 

Repressive Complex (PRC2) (15), and bring them to the enhancer to impede the 

chromatin accessibility. Thus, Ikaros could block the access of critical transcription 

factors on the enhancer of Csf2 by closing the chromatin in this critical region. 

How do the GM-CSF-producing T cells observed here fit into the current 

descriptions of pathogenic T cells? Our transcriptome and RNA-seq results suggest 

that Ikaros negatively regulates the pathogenic gene expression programs of pTh17, 

Th-GM and pTh1 cells. T cells expressing high levels of GM-CSF have been found in 

the cerebrospinal fluid of multiple sclerosis patients, and they have been shown to be 
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pathogenic in murine EAE models (25, 42, 43). Moreover, recent studies highlighted 

GM-CSF as an essential cytokine defining a Th subset playing a key role in 

neuroinflammation in patients with MS (44, 45). It will, thus, be important to evaluate 

the functional consequences of Ikaros deficiency in models of autoimmunity. Finally, 

single-nucleotide polymorphisms in the IKZF1 gene have been associated with 

autoimmune diseases like systemic lupus erythematosus, inflammatory bowel disease 

and primary Sjögren’s syndrome (46-49). It is thus possible that genetic variations 

leading to changes in Ikaros levels may contribute to the pathogenic program in these 

patients.
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MATERIALS AND METHODS

Mice and ethics statement

Ikarosf/f Cre-, Ikarosf/f CD4Cre+ mice and Ikarosf/f Rosa26-CreERT2+ mice were 

previously described and designated here as WT, TKO and IKO, respectively (14).

Although TKO mice die from T-cell acute lymphoblastic lymphomas/leukemias (T-ALL) 

at 4-6 months of age, the animals used here (5-8 weeks-old) showed no signs of 

transformation in the peripheral organs, as defined by CD4 and CD8 profiling, T cell 

receptor V and V chain usage, and the absence of a deregulated Notch pathway

(14). Inducible deletion of the floxed alleles of Ikzf1 was performed by injecting adult 

IKO mice intra-peritoneally with tamoxifen (75 mg/kg; T5648, Sigma-Aldrich) dissolved 

in sunflower oil every day for 3 days followed by 3 days of rest. TKO mice were 5-8

weeks old and IKO mice were 5-12 weeks old, backcrossed 5-12 generations on 

C57BL/6; all gave similar results. Mice were bred and maintained in SPF conditions

until use. Animal procedures were approved by the IGBMC ethics committee and the 

Ministère de l’Enseignement Supérieur, de la Recherche et de l’Innovation (2012-096 

and APAFIS#21777-2019082318358785v3).

Antibodies, cytokines and reagents

Anti-CD4-AF700 (RM 4-5), anti-CD44-FITC (IM7), anti-CD62L-PECF594 (MEL-14), 

anti-GM-CSF-BV421 (MP1-22E9), anti-IFN -PECF594 (XMG 1.2), anti-NK1.1-PE 

(PK136), anti-TCR -PE (GL3), anti-FasL (MFL3), anti-TCR -PerCPCy5.5 (H57-597),

anti-CD16/CD32 (2.4G2), purified neutralizing anti-IL-4 (11B11) or anti-IFN (XMG1.2) 

Abs and GolgiPlugTM were from BD Biosciences. Anti-CD8 -PerCPCy5.5 or APC-Fire 

750 (53-6.7), anti-CD25-PE (PC61.5), anti-IL7R (A7-R34), purified anti-CD3 (2C11),

anti-CD28 (37.51), neutralizing anti-FasL (MFL4) Abs, the control isotype for anti-FasL 

Ab (clone HTK888), and Annexin V-FITC were from Biolegend. Anti-IL-17-eF660 

(eBio17B7), anti-CD19-AF700 (1D3), and anti-Foxp3-FITC (FJK-16S) Abs were from 

eBiosciences, anti-Ikaros (A3; rabbit polyclonal Ab against the Ikaros C-terminus) was 

produced in-house. Goat anti-Rabbit IgG (H+L) (F(ab’)2 fragment)-AF488 was from 

Jackson ImmunoResearch. Murine rIL-6 (IL-6) (216-16) and human rTGF 1 (hTGF 1) 

(100-21C) were from Peprotech. DAPI (D1306) was from Invitrogen. Phorbol 12-

myristate 13-acetate (PMA; P8139), 4-hydroxytamoxifen (H-7904) and propidium 



Bernardi et al.

22

iodide (81845) were from Sigma-Aldrich. Ionomycin was from Life Technologies and

QVD-OPh (A1901) was from ApexBio. IKK2 inhibitor (TPCA-1; T1452) and STAT5 

inhibitor (573108) were from Sigma-Aldrich and Calbiochem, respectively.

DNA constructs

The murine I B super repressor (I B SR) contains mutations of Serines into 

Alanines, preventing its phosphorylation and thereby its degradation (50). I B SR was 

subcloned prom pCDNA3.1 (51) into the pMIG vector, upstream of the IRES-GFP 

sequence, using the restriction enzyme EcoRI. The murine Ikaros was subcloned into 

the pMIG vector, upstream of the IRES-GFP sequence using the restriction enzymes

XhoI and EcoRI. 

Th0 and Th17 cultures

Cell suspensions were prepared from total (mesenteric and peripheral) lymph nodes 

and cells were stained with anti-CD16/CD32 blocking Abs, anti-CD4, anti-CD8, anti-

CD44, anti-CD25, anti-NK1.1 and anti-TCR Abs in 1X PBS 10% FCS for 15 min. 

Naive CD4+ T cells (CD4+CD8-CD44hiCD25-NK1.1-TCR -) were sorted on either a 

FACSAriaTM II SORP or a FACS ARIATM FUSION (BD Biosciences) cell sorter. Sort 

purity was >98%. Alternatively, CD4+ T cells were enriched using the "Dynabeads 

untouched mouse CD4 cell" kit (Invitrogen), stained with anti-CD44, anti-CD25, anti-

NK1.1 and anti-TCR Abs in 1X PBS 10% FCS for 15 min and naive CD4+ T cells 

were sorted as previously described (26). Both protocols gave similar results for Th17 

differentiation. For Th17 differentiation, naive CD4+ T cells (4x104 cells/well) were 

activated with anti-CD3 and anti-CD28 (2 µg/ml each) Abs, both pre-coated overnight 

on a Nunc-immuno 96-well plate (Thermo Scientific), in the absence or presence of IL-

6 (10 ng/ml) and various TGF 1 concentrations (0.0017-8 ng/ml), in 200 µl of IMDM 

medium supplemented with 10% inactivated FCS, GlutaMAXTM-I,

Penicillin/Streptomycin, non-essential amino acids, sodium pyruvate, Hepes and -

mercaptoethanol (IMDM 10% FCS) as previously described (26). Similar results were 

obtained between human and mouse TGF 1. When mentioned, naive CD4+ T cells 

were activated with plate-bound anti-CD3 and anti-CD28 (2 µg/ml each), with or 

without IL-6 (10 ng/ml) and TGF 1 (0.03 ng/ml) corresponding to Th17 and Th0 culture 

conditions, respectively. Where indicated, neutralizing anti-FasL Ab (20 µg/ml), 
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neutralizing anti-IL-4 and anti-IFN Abs (10 µg/ml each), the pan-caspase inhibitor 

(QVD-OPh, 20 µM) and IL-7 (20 ng/ml) were added on naive CD4+ T cells at d0. At 

day 3, cells were stimulated with PMA plus ionomycin (0.5 µg/ml each) and 

GolgiPlugTM (1/1000) for 2h. When mentioned, cells were first stained with a Zombie 

AquaTM fixable viability dye (Biolegend) according to the manufacturer’s protocol and 

then stained with anti-CD4, anti-CD8 Abs, fixed and permeabilized using the Foxp3 

Fixation/Permeabilization kit (eBiosciences), stained with anti-IL-17, anti-GM-CSF,

anti-IFN and anti-Foxp3 Abs (where indicated) and analyzed on the cytometer LSRII 

(BD Biosciences).

T cell division

CD4+ naive T cells (2-3 x106) from LN were sorted, resuspended in 900 µl of IMDM 

10% FCS and labelled with CFSE (10 µM) by adding 100 µl of a 100 µM stock with 

gentle vortex for 10 min at 37°C. CFSE-labelled cells were then washed 3 times with 

IMDM 10 % FCS and cultured (4x104 cells / well) in Th0 or Th17 conditions as 

described above, with QVD-Oph (20 µM). When indicated, at day 3, cells were 

stimulated with PMA plus ionomycin (0.5 µg/ml each) and GolgiPlugTM (1/1000) for 2h

for cytokine expression. Cells were then first stained with a Zombie AquaTM fixable 

viability dye (Biolegend) according to the manufacturer’s protocol and with an anti-CD4

Ab, fixed and permeabilized using the Foxp3 Fixation/Permeabilization kit 

(eBiosciences), and stained with anti-IL-17, anti-GM-CSF. CFSE intensity and 

intracellular cytokines expression were analyzed in live cells, using the cytometer 

LSRII (BD Biosciences)

Flow cytometry analyses of freshly-isolated cells

Cells were isolated from mesenteric and peripheral LN or spleen and stained with the 

indicated fluorochrome-coupled Abs in PBS 10% FCS for 15 min on ice, in the 

presence of an anti-CD16/CD32 blocking Ab. To detect cytokine expression, cells were 

stimulated with PMA plus ionomycin (0.5 µg/ml each) and GolgiPlugTM (1/1000) for 2h

at 37°C, stained with anti-CD4, anti-CD8 Abs for 15 min on ice, fixed and permeabilized 

using the Foxp3 kit and stained with anti-GM-CSF, anti-IL-17 Abs in the 

permeabilization buffer for 30 min on ice. Cells were then analyzed on the cytometer 

LSRII (BD Biosciences). 
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Retroviral infections

Primary CD4+ T cell infection was performed as described with minor changes (26).

For virus production, Platinum-E packaging cells (plat-E) were transfected either with 

pMIG, Ikaros (Ik-1)/pMIG or I B SR/pMIG using lipofectamine 2000 (Invitrogen) in a 

10 cm culture dish. One day later, the medium was replaced by 6 ml of IMDM 10% 

FCS and the retroviral supernatant was harvested after 24 h and filtered in a 0.45 µm 

filter. This step was repeated for a 2nd harvest and both harvests were frozen at -80°C. 

For retroviral infection, naive CD4+ T cells were sorted and directly cultured in Th0 or 

Th17 conditions in a 96-well NUNC plate at 4 x 104 cells/well in 200 µl of IMDM 10% 

FCS. One day later, the medium was replaced by the retroviral supernatant containing 

polybrene (8 µg/ml), QVD-Oph (20 µM), with or without IL-6 (10 ng/ml) and TGF 1

(0.03 ng/ml). Cells were centrifuged 1h at 2000 rpm RT and incubated at 37°C for 3h. 

This step was then repeated once the same day, the medium was then exchanged 

with IMDM 10% FCS and QVD-OPh (20 µM) with or without plus IL-6 (10 ng/ml) and 

TGF 1 (0.03 ng/ml) and cells were cultured at 37°C. Two days after the infection, cells 

were stimulated with PMA, ionomycin (0.5 µg/ml each) and GolgiPlugTM (1/1000) for 

2h, stained with Zombie Aqua dye, anti-CD4 Ab, fixed and permeabilized using the BD 

Cytofix/Cytoperm kit, and stained intracellularly with GM-CSF and IL-17. Cells were 

then analyzed on the cytometer LSRII (BD Biosciences). 

RT-qPCR

Total RNA was extracted using the RNeasy Plus microkit (QIAGEN) according to the 

manufacturer’s protocol. cDNAs were obtained by using the Superscript IV (Invitrogen) 

and quantitative PCR was performed using the FastStart SybrGreen system (Roche) 

with the primers listed in the supplemental Table 1. mRNA expression of the genes of 

interest was normalized to L32 mRNA and -fold induction of each condition was 

calculated.

Western blot

Cells were lysed in 30 µl of lysis buffer (52) supplemented with complete protease 

inhibitor cocktail (11873580001, Roche), phosphatase inhibitor cocktail 3 (P0044, 

Sigma), SDS 0.1% and Bitnuclease (4 U/µl; B16002, Benzonase® alternative, Biotool) 
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for 15 min on ice. After centrifugation at 15K rpm at 4°C, the supernatant was harvested

and the proteins were separated on a 10% SDS-PAGE and transferred on a 

nitrocellulose membrane. For STAT5, cells were lysed as above without the addition 

of SDS and Bitnuclease. Ikaros expression was analyzed using the anti-Ikaros (A3) 

Ab. Anti-phosphoY694-STAT5 (D47E7) and anti-STAT5 (D206Y) Rabbit mAbs were 

from Cell Signaling Technologies. Anti-tubulin (YL1/2) and Anti- -actin (AC-15) Abs 

were from Abcam and Sigma-Aldrich, respectively.

Microarray analysis

Purified naive CD4+ T cells (0.5 x106 / well) from spleen were activated on a 48-well 

plate, pretreated with Goat anti-Hamster IgG and coated with anti-CD3 (2C11; 1 µg/ml) 

and anti-CD28 (37.51; 0.25µg/ml) Abs, in the presence of mIL-6 (20 ng/ml), hTGF 1

(1 ng/ml) and neutralizing anti-IL-4 and anti-IFN Abs (2 µg/ml each). A transcriptome 

analysis was performed using GeneChip Mouse Gene 2.0ST arrays (Affymetrix) with 

cells cultured for 1 and 2 days as well as with naive CD4+ T cells (day 0). Raw data 

were analyzed using the software Affymetrix version 1.4.1 and the Robust Multiarray 

Average (RMA) method. K-means clustering was performed using Cluster 3.0, using 

genes that were differentially expressed (Log2 FC > 0.5, corresponding to a FC > 1.42)

between WT and TKO cells at any of the timepoints analyzed, or between two 

timepoints in either WT or TKO cells. Principal component analysis (PCA) were 

performed using the prcomp function in R software and the figure was performed with 

the ggplot 2 package. Genes with several probes on the microarray were selected and 

only probes with the highest FC TKO/WT value was retained. GSEA was then 

performed using the GSEA 2.0 software after selecting differentially regulated genes 

in TKO vs. WT T cells by the FCROS method with an error set at 10% (53).

Chromatin ImmunoPrecipitation (ChIP)

The ChIP protocol was performed according to different protocols with some changes

(15, 54). Briefly, WT naive CD4+ T cells (10 x 106) and activated for 1 day (9 x 106)

were washed in PBS and cross-linked in PBS/0.5%BSA/1% ultrapure formaldehyde 

(Electron Microscopy Sciences) for 10 min at 37°C. Glycine (125 mM) was adding as 

a quenching agent and cells were then washed 2 times with 3 ml of cold PBS and 

permeabilized in 3 ml of cell lysis buffer (0.25%, Triton-X100, 10 mM EDTA, 0.5 mM 
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EGTA, 10 mM Hepes pH 6.5 and complete proteases inhibitors (Roche)) on ice for 10 

min. After centrifugation at 2000 rpm for 10 min, the nuclei pellets were resuspended 

in 300 µl of SDS lysis buffer (1% SDS, 10mM EDTA, 50 mM Tris pH 8.0 and complete 

proteases inhibitors. 700 µl of ChIP dilution buffer (0.01%SDS, 1.1%Triton X-100, 1.2 

mM EDTA, 16.7mM Tris-HCl pH8.1, 167mM NaCl containing complete proteases 

inhibitors were then added and samples were sonicated in a 1 ml round-bottom glass 

tubes (Covaris®) using the Covaris E220 sonicator (Peak incident power 100, Duty 

factor 50, 200 cycles/burst) for 10 min to generate DNA fragment between 150-300 bp. 

After sonication, the samples were centrifuged at 14, 000 rpm for 10 min. The 

supernatant containing the chromatin was pre-cleared with 25 µl of dynabeads 

magnetic prot A for 1h at 4°C. 2.5 x 105 cell equivalent of the sample was kept as the 

input and the pre-cleared chromatin was then incubated overnight with anti-Ikaros 

(1/100, homemade). The next day, 25 µl of dynabeads magnetic prot A were added 

for 5h. The prot-DNA complexes bound to the Ab and the beads were then washed 1x 

with low-salt buffer (0,1% SDS, 1% TTX, 2mM EDTA, 20mM Tris-Hcl pH8.1, 150mM 

NaCl + complete protease inhibitors), 1x with high-salt buffer (0,1% SDS, 1% TTX, 

2mM EDTA, 20mM Tris-Hcl pH8.1, 500mM NaCl and complete proteases inhibitors), 

2x with LiCl buffer (250mM LiCl, 1% IGEPAL-CA630, 1% deoxycholic acid, 1mM 

EDTA, 10mM Tris pH8.1 and complete proteases inhibitors) and 1x with TE (50 mM 

Tris pH 8.0, 10 mM EDTA). Samples were then eluted by adding 150 µl of Elution 

buffer (50mM Tris pH 8.0, 10mM EDTA, 1% SDS) and incubate at 67°C for 10 min with 

shaking. This step was repeated twice. The reverse crosslink was performed by the 

ChIP and input samples with NaCl (200 mM) at 65°C ON. Next morning, proteinase K 

(80 µg) was added for 1 h at 45°C and DNA was purified using phenol/chloroform and 

phase lock tubesTM (Invitrogen).

ChIP-sequencing and analysis

Libraries were performed using the MicroPlex Library Preparation kit (#C05010014, 

Diagenode), following Manufacturer’s instructions. The library was sequenced on 

Illumina 4000 sequencer as Single-Read 50 base reads following Illumina’s 

instructions. Image analysis and base calling were performed using RTA 2.7.7 and 

bcl2fastq 2.17.1.14. Adapter dimer reads were removed using Dimer Remover 

(https://sourceforge.net/projects/dimerremover/). Alignment was performed to mm10 

mouse genome using Bowtie 1.0.0 (55) with the following arguments: -m 1 --strata --
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best -y -S -l 40.  Peak calling was performed using MACS2 v2.1.1.20160309 with 

default parameters. The Th0 d1 input was used as the control for peak-calling for the 

d0 and Th0 d1 conditions.  Peaks were annotated with Homer software using Ensembl 

release 94 gene annotation. In order to find the common peaks bound by Ikaros in the 

d0 and Th0 d1 conditions, the Ikaros peaks at d0 were intersected with the Th0 d1 

Ikaros peaks with the Bedtools program. This comparison was represented with a 

Venn Diagram.  Data were visualized using USCS Genome Browser and 

seqMINER_1.3.3g.  Identification of the ATAC-seq peaks bound by Ikaros at d1 was 

performed by intersecting all ATAC-seq regions at d1 (present in WT or/and in TKO)

with all Ikaros peaks at d1 using the Bedtools program.

Assay for Transposase-Accessible Chromatin (ATAC)

Naive WT and TKO CD4+ T cells were sorted on a FACS ARIATM FUSION (BD 

Biosciences) cell sorter. Naive CD4+ WT and TKO T cells (5 x 104) were directly used 

for the ATAC-seq protocol for the day 0 condition, while the remaining naive WT and 

TKO CD4+ T cells were activated with coated anti-CD3, anti-CD28 Abs (2 µg/ml) in the 

presence of neutralizing anti-IL-4 and anti-IFN Abs (10 µg/ml). At day 1 and 2, live 

WT and TKO cells (5 x 104 DAPI- cells) were sorted on a FACS ARIATM FUSION (BD 

Biosciences) and used for the ATAC-seq protocol. Three independent experiments 

were performed. The ATAC-seq protocol has been performed as previously described 

(Buenrostro et al., 2013). Briefly, cells were lysed with cold lysis buffer (10 mM Tris-

HCl, pH7.4, 10 mM NaCl, 3 mM MgCl2, 0.1 % (v/v) Igepal CA-630) and nuclei were 

pelleted 10 min at 500g. Nuclei were incubated with the transpose reaction mix for 30 

min at 37 °C.  Immediately following transposition, the fragmented DNA was purified 

using Qiagen MinElute PCR Purification Kit and eluted in 10 µL. The transposed DNA 

fragments was amplified by PCR for 5 cycles. To determine the appropriate number of 

PCR cycles to add for each condition, a qPCR was performed. The appropriate number 

of cycles (6-9 cycles) was then added to each sample. PCR fragments were purified 

two times with SPRIselect (Beckman Coulter, #B23317) and the quality of the purified 

libraries was analyzed using a Bioanalyzer High-Sensitivity DNA Analysis kit (Agilent). 

ATAC-sequencing and analysis.

The libraries were sequenced on Illumina Hiseq 4000 sequencer as Paired-End 100 

base reads following Illumina’s instructions. Image analysis and base calling were
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performed using RTA 2.7.7 and bcl2fastq 2.17.1.14. Data analysis was performed 

using the Encode ATAC-seq pipeline v1.4.2.  Adapter sequences were removed and 

low-quality ends were trimmed. Sequence alignment was performed into the mm10 

assembly of Mus musculus genome using Bowtie2 (version 2.2.6) choosing the zero 

multi-mapping option. Mitochondrial reads were removed. The Peak calling was 

performed using MACS2 v2.1.1.20160309. Finally, the conserved overlap peaks were 

used for the analysis. Peaks from different conditions were merged to form a 

consensus peak set. The peaks were annotated using annotatePeaks.pl script in 

Homer program and with Ensembl 94 database. The read coverage for each sample 

was calculated with multicov function from bedtools program (v2.26.0). Comparisons 

of interest were performed using the test for differential expression, proposed by Love 

et al. and implemented in the Bioconductor package DESeq2 version 1.16.1 (56). Motif 

research for selected peaks specifically significant in the TKO or WT conditions 

(log2FC TKO/WT > 2 or < -2 with a padj <0.01) was performed at the meme website 

using the AME software (http://meme-suite.org) and the ones of interest were 

represented by bar graph using Illustrator.  The same peaks selected for the AME 

analysis, were also scanned for IKAROS, RelA and STAT5 motifs using FIMO software 

(http://meme-suite.org). To represent the results, we used Venn Diagrams 

((http://meta.chart.com). For the PCA analysis, read counts have been normalized 

across samples with the median-of-ratios method proposed in DESeq2 package. 

Principal Component Analysis was computed on variance stabilizing transformed data. 

ATAC-seq data were represented by Volcano plots using ggplot2 package (R). Data 

were visualized using USCS Genome Browser, seqMINER_1.3.3g. Pathway analysis 

were performed at the GSEA website using Hallmark gene set collection in the MSig 

Datatabase and represented by heatmap using the plotly package (R v3.6.2) (57-59).

RNA-sequencing

At day 0, naive CD4+ WT and TKO T cells (4-6 x 106) were sorted on a FACS ARIATM

FUSION (BD Biosciences). Naive CD4+ WT and TKO T cells (1 x 106) were used 

directly and the remaining cells were activated with coated anti-CD3, anti-CD28, and 

anti-IL-4 and anti-IFN antibodies. At day 1 and 2, live WT and TKO cells (1-2 x 105

DAPI- cells) were sorted on a FACS ARIATM FUSION (BD Biosciences). Total RNA 

was extracted from using the RNeasy Plus Micro kit (Qiagen) according to the 

manufacturer’s instructions. Libraries were prepared with the Clontech SMART-seq v4 
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Ultra Low Input RNA Kit for Sequencing and sequenced with HiSeq 4000 (Illumina) 

with single-end 50 bp read length. 

RNA-sequencing analysis

The RNA analysis was done using the GenomEast RNA-seq pipeline version 1.2.2. 

Reads were preprocessed in order to remove adapters, polyA and low-quality 

sequences (Phred quality score below 20). After this preprocessing, reads shorter than 

40 bases were discarded for further analysis. These preprocessing steps were 

performed using Cutadapt version 1.10 (60).  Reads were mapped into the mm10 

assembly of Mus musculus genome using STAR version 2.5.3a (61). The reads were 

aligned across exonic, intronic and intergenic genomic region using annotations from 

Ensembl 94. Gene expression quantification was performed from uniquely aligned 

reads using Htseq-count version 0.6.1p1, with annotations from Ensembl version 94 

and “union" mode (62). Only non-ambiguously assigned reads have been retained for 

further analyses. In order to make these counts comparable between samples, read 

counts have been normalized across samples with the median-of-ratios method 

proposed by Anders and Huber (63). Comparisons of interest were performed using 

the test for differential expression, proposed by Love et al. and implemented in the 

Bioconductor package DESeq2 version 1.16.1 (56). Heatmaps of differentially 

expressed genes (K-means) were created using Cluster 3 and Java Treeview 

softwares. Selected genes that were differentially expressed (data normalized and 

divided by median of transcripts length in kb with a value 50 between 

WT and TKO cells at any of the timepoints analyzed, or between two timepoints in 

either WT or TKO cells. For the GSEA, up- and down-regulated genes in the TKO 

conditions were selected (pvalue 0.05 and log2FC 2 or -2). Pathways analysis 

were performed using the Metascape website (64). For the PCA analysis, read counts 

have been normalized across samples with the median-of-ratios method proposed in 

DESeq2 package. Principal Component Analysis was computed on regularized 

logarithm transformed data. The RNAseq result was integrated into the ATAC-seq data 

with the same Ensembl gene ID and the data were visualized using ggplot2 (R). 

Statistical analysis

Statistical significance was analyzed by a Mann-Whitney test to compare two 

experimental conditions unless indicated otherwise. Only statistical significances
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comparing the two conditions of interest are mentioned, unless indicated otherwise.

Graphs and statistics were performed using Prism 7 5, , *** 01

and **** 001).
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FIGURE LEGENDS

Figure 1. Lack of Ikaros induces a pathogenic gene expression program.

(A) Left: representative contour plots of IL-17 and CD4 expression in WT and TKO 

CD4+ cells stimulated for 3d in Th17 or Th0 conditions. Right: proportion of WT or TKO 

IL-17+ cells among CD4+ cells from 3d in Th17 cultures (n=5; mean ± SEM). (B)

Principal component analysis using expression data (transcriptome) from WT and TKO 

CD4+ cells at d0 and d1-2 in Th17 cultures. The graph shows the first two principal 

components. (C) Heat maps of 3 clusters of genes that were specifically increased in 

TKO cells compared to WT (K-means clustering). (D) RT-qPCR analysis of Csf2, Ifng,

Il3 and Il10 mRNA expression in either naive CD4+ T cells (d0) or naive CD4+ T cells 

cultured in Th17 polarizing condition with QVD-OPh for 1 or 2 days (n=5; mean ± SEM). 

(E) Metascape analysis of GO term enrichment of genes in cluster 1-3 described in C. 

(F) GSEA enrichment plots of genes enriched in pathogenic Th17 cells (pTh17; top) or 

conventional Th17 cells (cTh17; bottom) among genes up- or down-regulated by Ikaros 

at d1. Gene sets correspond to 106 genes enriched in pTh17 cells and 143 genes 

enriched in cTh17 cells (Lee et al. 2012). NES, normalized enrichment score; FDR, 

false discovery rate. Statistical significance was analyzed by a Mann-Whitney test (*p 

and * 1).

Figure 2. Ikaros limits the expression of GM-CSF in Th17 polarizing conditions.

(A) Left: representative graph of the proportions of IL-17+ cells in activated WT and 

IKO naive LN CD4+ T cells cultured with anti-CD3 and anti-CD28 antibodies and 

different amounts of TGF 1 and constant IL-6 for 3 days, as indicated. Right: graph 

showing the proportions of WT and IKO IL-17+ cells among CD4+ T cells in 3d cultures, 

as indicated (n=5; mean ± SEM). (B) Representative contour plot showing IL-17 and 

GM-CSF expression in WT and IKO CD4+ cells after 3 days of culture in Th0 or Th17 

conditions. (C) Left: representative graph showing the percentage of GM-CSF+ cells in 

WT and IKO LN CD4+ cells cultured as in A. Right: graph showing the proportions of 

GM-CSF+ CD4+ T cells (n=5; mean ± SEM). (D) Naive LN CD4+ T cells from WT and 

TKO mice, cultured in Th0 or Th17 conditions for 24h and subjected to 2 rounds of 

infection with pMIG or Ikaros/pMIG in the presence of QVD-OPh. Representative panel 

of GFP expression at d3, and expression of IL-17 and GM-CSF in live GFP+ cells in 
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Th0 (left) or Th17 (right) condition (n=3). (E) Left panels: Representative contour plot

of ex vivo GM-CSF-expressing cells in WT and TKO CD4+ T cells in LN and spleen.

Middle panel: percentage of GM-CSF+ cells among CD4+ T cells from LN (n=10) or 

spleen (n=9) from WT and TKO mice. Right panel: cell counts of GM-CSF+ cells among 

WT and TKO CD4+ T cells from LN (n=10) or spleen (n=9) of WT and TKO mice (mean 

± SEM). Statistical significance was analyzed by a Mann-Whitney test ( 5, **p 

, ***p 01).

Figure 3. Ikaros is required to limit GM-CSF expression upon T cell activation by 

TCR and CD28 signals.

(A) Naive WT and IKO LN CD4+ cells from tamoxifen-induced mice were cultured with 

IL-7, or activated with anti-CD3 ± anti-CD28 Abs for 1-3 days in the presence of QVD-

OPh. Representative contour plot showing GM-CSF and IL-17 expression in live CD4+

cells (n=4). (B) Principal component analysis using expression data (RNA-seq) from 

WT and TKO T CD4+ cells at d0 and d1-2 in Th0 cultures. The graph shows the first 

two principal components. (C) Heat maps of 3 clusters of genes that were specifically 

increased in TKO cells compared to WT in Th0 cultures (K-means clustering). (D) Heat 

map of a cluster of genes more increased in TKO cells compared to WT in Th0 cultures 

at d1 and 2 (K-means clustering). (E) Metascape analysis of GO term enrichment of 

genes from cluster 4 in panel D.

Figure 4. Ikaros loss changes the landscape of chromatin accessibility in CD4+

T cells.

(A) Principal component analysis using ATAC-seq data from WT and TKO CD4+ cells 

at d0 and d1-2 in Th0 cultures. The graph shows the first two principal components.

Samples were obtained from three independent experiments. (B) Pie chart showing 

the distribution of ATAC-seq peaks in TKO cells compared to WT cells at d0 and d1-2

in Th0 cultures. Peaks increased in TKO cells (black; Log2FC TKO/WT>1 and 

Log2FC TKO/WT<- he

peaks that are not significantly changed between WT and TKO samples are shown in 

grey. (C) SeqMINER heat map of all the 87221 ATAC-seq peaks in WT and TKO cells 

at d2 of Th0 cultures. (D) Integration of RNA-seq data with ATAC-seq data from TKO 

cells compared to WT cells at d2 of Th0 cultures. Only the 8572 peaks with a padj 

0.05 from the ATAC-seq and RNA-seq analysis are shown. Among them, 3576 peaks 
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have a Log2 -1 and a Pearson correlation coefficient of 0.58 with 

a p value< 2.2-16. Genes with a positive (purple) or a negative (black) correlation 

between ATAC-seq and RNA-seq data are highlighted. (E) Genome track view of 

ATAC-seq profiles of Csf2 and Fasl. The University of California Santa Cruz Genome 

browser (UCSC) depicts the pooled profile of the three independent experiments in 

WT and TKO CD4+ T cells at d0 and d1-2 in Th0 cultures. (F) Heat map showing GO

of the ATAC-seq 4486 peaks significantly increased and 2774 peaks significantly 

decreased in TKO CD4+ T cells in comparison to WT CD4+ T cells at d2 in Th0 cultures. 

Peaks significantly increased in the TKO (Log2 ),

and significantly decreased in TKO (Log2FC(TKO/WT) < - ). (G) Bar 

graph showing the significant enriched transcription factor motifs identified from AME-

MEME motif search in ATAC-seq peaks found in WT and TKO CD4+ T cells at d2 in 

Th0 cultures. Significant peaks were selected as in G. Only some of the significantly 

enriched motifs are depicted.

Figure 5. Genome-wide ChIP-seq analysis of Ikaros binding in CD4+ T cells

(A) Venn diagram showing the numbers of all Ikaros ChIP-seq peaks, found with 

MACS 2, in WT naive CD4+ T cells at d0 and at d1 of Th0 cultures. The input from the 

condition Th0 d1 was used as a reference for peak calling in naive (d0) and activated 

CD4+ T cells (Th0 d1). (B) Pie chart of the genomic location distribution of all Ikaros 

peaks in WT naive CD4+ T cells at d0 and at d1 in Th0 cultures. (C) SeqMINER heat

map showing the Ikaros peaks at d1 distributed in WT naive CD4+ T cells at d0 and d1 

of Th0 cultures and in the ATAC-seq signals in both WT and TKO cells (d0 and Th0

d1 conditions). (D) Boxplot showing the Log2FC (TKO/WT) of all ATAC-seq peaks 

(78378) in TKO versus WT cells bound (26054) or not (52324) by Ikaros in the Th0 d1

condition (Mann-Whitney test, p<2.2-16). (E) Integration of ATAC-seq data (Log2FC 

TKO/WT) and RNA-seq data (Log2FC TKO/WT) among the regions directly bound by 

Ikaros (26054 peaks) at d1 of Th0 culture. Gray dots: ATAC-seq regions with a more 

significant difference in accessibility between TKO and WT (padj 0.05) associated 

with a difference in the RNA-seq expression (padj 0.05). Red dots: ATAC-seq 

Log2FC (TKO/WT) 1 and an RNA-seq Log2FC (TKO/WT) 1. Blue dots: ATAC-seq 

Log2FC (TKO/WT) 1 and an RNA-seq Log2FC (TKO/WT) -1. Black dots: ATAC-

seq Log2FC (TKO/WT) -1 and RNA-seq Log2FC (TKO/WT) -1 or 1. (F) UCSC 

Genome track view of ChIP-seq, using anti-Ikaros Ab, showing the Csf2 promoter and 



Bernardi et al.

36

regulatory sequences in WT CD4+ T cells at d0 and d1 of Th0 cultures and ATAC-seq 

of WT and TKO CD4+ T cells at d0 and d1-2 in Th0 cultures. CNSa and b are shown 

on the left and a focus on Csf2 promoter and enhancer is shown on the right. 

Figure 6. GM-CSF production in Ikaros-deficient CD4+ T cells depends on STAT5 

and NF B. 

(A) Left: Western blot of Ikaros and the phosphorylation of STAT5-Y694 in WT and 

IKO CD4+ cells cultured 2 days in Th0 conditions with QVD-OPh. Tubulin and STAT5 

are shown as loading controls. Right: Ratio of STAT5-pY694/STAT5 in WT and IKO 

CD4+ T cells at d2 of Th0 cultures with QVD-Oph (n=4; mean ± SEM). (B) Naive LN 

WT and IKO CD4+ cells from tamoxifen-induced mice were cultured in Th0 conditions 

for 3 days with QVD-OPh in the presence of the STAT5 inhibitor (STAT5i) at indicated 

concentrations or DMSO as a control. Left: Representative contour plot showing GM-

CSF and IL-17 expression in WT and IKO CD4+ cells. Right: Proportion of WT and IKO 

GM-CSF+ CD4+ T cells after 3 days of Th0 culture (n=4-5; mean ± SEM). (C) RT-qPCR 

analysis of Csf2 mRNA expression in WT and IKO LN naive CD4+ cells cultured in Th0 

conditions with QVD-OPh (d2) in the presence of DMSO or STAT5i at indicated 

concentrations. Csf2 mRNA expression is represented as -fold induction with respect 

to the DMSO WT sample. Statistical significance for WT and IKO DMSO condition was 

analyzed by a Wilcoxon test. (D) Naive LN CD4+ cells from tamoxifen-induced WT and 

IKO mice were cultured in Th0 conditions for 3 days with QVD-OPh in the presence of 

the IKK2 inhibitor (IKK2i; 2.5 µM) or DMSO as a control. Left: Representative contour

plot showing GM-CSF and IL-17 expression in WT and IKO CD4+ cells. Right:

Proportion of WT and IKO GM-CSF+ CD4+ T cells after 3 days of Th0 culture with 

DMSO or IKK2i (n=6; mean ± SEM). (E) RT-qPCR analysis of Csf2 mRNA expression 

in naive LN WT and IKO CD4+ cells harvested at d0 or cultured in Th0 conditions with 

QVD-OPh (d2) in the presence of DMSO or IKK2i (2.5 µM) and neutralizing anti-IFN

and anti-IL-4 Abs (10 µg/ml). Csf2 mRNA expression is represented as -fold induction 

with respect to the DMSO WT sample (n=4; mean ± SEM). (F) Naive LN CD4+ T cells 

from tamoxifen-induced WT and IKO mice were activated with anti-CD3 + anti-CD28 

Abs for 24h and subjected to 2 rounds of infection with pMIG or I B super repressor 

(SR)/pMIG in the presence of QVD-OPh. At d3, cells were stimulated with PMA, 

ionomycin and Golgiplug for 2h, and IL-17 and GM-CSF expression was analyzed. 
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Top: Representative panels of GFP expression and of IL-17 and GM-CSF expression

in GFP- and GFP+ cells are shown. Bottom: Proportion of WT and IKO GM-CSF+ CD4+

T cells infected with pMIG or I B super repressor after 3 days of Th0 culture (n=3; 

mean ± SEM). Statistical significance was analyzed by parametric unpaired t-test. 

Unless otherwise specified, statistical significance was analyzed by a Mann-Whitney 

test ( 5, , ***p 01).
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CD4+ T cells require Ikaros to restrain STAT5 and NF B-dependent 

GM-CSF expression and their pathogenic phenotype
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SUPPLEMENTAL FIGURE LEGENDS

Fig. S1. Differentially expressed genes in WT and TKO T cells in Th17 conditions.

(A) Western blot showing the T-cell specific deletion of Ikaros in splenic CD4+ and 

CD8+ cells vs. B220+ cells in TKO mice. (B) Clusters of upregulated genes in WT and 

TKO CD4+ T cells cultured in Th17 conditions (K-means clustering) (C) Clusters of 

upregulated genes in WT and TKO CD4+ T cells cultured in Th17 conditions (K-means 

clustering). (D) RT-qPCR analysis of Il17 and Rorc mRNA expression in freshly 

isolated naive CD4+ T cells (d0) or after culture in Th17 conditions with QVD-OPh for 

1 and 2 days (n=4; mean ± SEM). (E) Heat maps of GO term enrichment of genes in 

cluster 18 shown in B.

Fig. S2. Gene set enrichment analysis of pathogenic Th17 and Th-GM genes in 

TKO cells.

(A) GSEA enrichment plots of genes enriched in pTh17 (left) or cTh17 cells (right)

among genes up- or down-regulated by Ikaros at d2 in Th17 conditions. Gene sets 

correspond to 106 genes enriched in pTh17 cells and 143 genes enriched in cTh17 

cells (1). (B) GSEA enrichment plots of genes enriched in Th-GM cells among genes 

up- or down-regulated by Ikaros at d1 (left) and d2 (right) in Th17 conditions. Gene 

sets correspond to 210 genes enriched in Th-GM cells (2). NES, normalized 

enrichment score; FDR, false discovery rate.

Fig. S3. Ikaros loss leads to decreased IL-17 and Foxp3 and increased IFN and 

GM-CSF levels.

(A) Western blot of Ikaros expression in WT or IKO splenic CD19+ or CD4+ cells of 

tamoxifen-treated mice. -Actin was used as a loading control. (B) Contour plots 

showing naive CD4+ T cells (CD4+CD8-CD44loCD25-TCR -NK1.1-) from peripheral 

and mesenteric LN of tamoxifen-treated WT and IKO mice. (C and D) Proportions of 

Foxp3+CD4+ (C; left) or IFN +CD4+ cells (D; left) and statistical analysis of the 

proportion of WT and IKO Foxp3+CD4+ cells (C; right) or IFN +CD4+ (D; right) cells 

from 3d cultures of WT and IKO cells (from tamoxifen-treated mice), cultured in Th17 

conditions with different amounts of TGF 1 plus constant IL-6. (n=5; mean ± SEM). 

Statistical significance was analyzed by a Mann-Whitney test (
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(E-H) Representative graphs showing the intracellular expression of IFN (E), IL-17 

(F), Foxp3 (G), and GM-CSF (H) in WT and IKO CD4+ T cells cultured for 3 days with 

different amounts of TGF 1 plus constant IL-6 with QVD-Oph, and with or without 

neutralizing anti-IFN and anti-IL-4 Abs (n=4).

Fig. S4. Ikaros loss leads to an increased expression of FasL that is responsible 

for apoptosis but not GM-CSF production.

(A) Left: representative contour plots of Annexin V and PI staining on WT and IKO 

CD4+ cells cultured for 2d in Th17 conditions with or without QVD-OPh. Right: 

proportions of WT and IKO Annexin V+ cells. Each dot indicates one mouse (n=4-5;

mean ± SEM). (B) RT-qPCR analysis of Fasl mRNA expression in WT and IKO LN 

naive CD4+ cells after harvest (d0), or cultured in Th0 or Th17 conditions with QVD-

OPh (d1 and 2). Fasl mRNA expression is represented as -fold induction with respect 

to the d0 WT sample. (C) Left: representative contour plots showing membrane FasL 

expression at d3 in WT and IKO cells cultured in Th0 conditions. Right: proportions of 

WT and IKO FasL+ CD4+ T cells (n=4; mean ± SEM). (D) Left: representative contour

plot showing Annexin V and PI staining of WT and IKO CD4+ T cells cultured for 2 days 

in Th0 condition with a neutralizing anti-FasL Ab or an isotype control. Right: 

proportions of WT and IKO annexin V+ CD4+ T cells at d2 (n=4; mean ± SEM). (E) Left: 

percentage of GM-CSF+ and IL-17+ cells among live WT or IKO CD4+ cells cultured for 

3 days in Th0 conditions with a neutralizing anti-FasL Ab or an isotype control. Right:

proportion of WT and IKO GM-CSF+ CD4+ T cells (n=4; mean ± SEM). N indicates the 

number of independent experiments. Statistical significance was analyzed by a Mann-

5, * 1).

Fig. S5. GM-CSF expression and IL-17 loss of expression directly correlate with 

Ikzf1 deletion.

(A) Left: representative contour plots showing GM-CSF and Ikaros expression in WT 

and IKO cells treated with ethanol (EtOH)- or 4-hydroxytamoxifen (4-OHT) in vitro for 

1-3 days in the presence of QVD-OPh, and analyzed at the indicated time point. Right: 

proportion at d3 of Ikaros+ GM-CSF+ cells from 4-OHT-treated WT cultures, or Ikaros-

GM-CSF+ cells from 4-OHT-treated IKO cultures, performed as in A (n=4; mean ± 

SEM). (B) Left: representative contour plot showing IL-17 and Ikaros expression in 
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EtOH- and 4-OHT-treated live WT and IKO cells cultured as in A. Right: proportions at 

d2 and d3 of Ikaros+ IL-17+ cells from 4-OHT-treated WT cultures, and Ikaros- IL-17+

cells from 4-OHT-treated IKO cultures, performed under in Th17 conditions (n=4; mean 

± SEM). Statistical significance was analyzed by a Mann-Whitney test

Fig. S6. Analysis of mature T cells in TKO mice.

All mice were 5-8 weeks old. (A) Total cell number in WT and TKO LN and spleen

(n=7). (B) Left: CD4+ and CD8+ T cell numbers in LN and spleen from WT and TKO 

mice. Right: proportion of CD4+ and CD8+ T cells in WT and TKO LN and spleen (n=6). 

(C) Left: CD19+ cell count in WT and TKO LN and spleen. Right: corresponding 

percentage of CD19+ cells (n=5). (D) Representative contour plots of naive and effector 

CD4+ T cells in LN from WT and TKO mice. (E) Left: naive CD4+ T cell counts in LN 

and spleen. Right: percentage of naive cells among CD4+TCR + T cells (n=4). (F) 

Left: effector CD4+ T cell counts in LN and spleens. Right: percentage of effector cells 

among CD4+TCR + cells (n=4). (G) Relative expression levels of IL-7R in WT and 

TKO naive CD4+ T cells from LN and spleen (n=4). For a given organ (LN or spleen), 

the values for each mouse analyzed in a given experiment were normalized to the 

mean expression value for the WT samples analyzed in that experiment. All graphs 

are represented as mean ± SEM. Each circle indicates one mouse. n indicates the 

number of independent experiments. Statistical significance was analyzed by a Mann-

, and ****p 0.0001).

Fig. S7. Ikaros loss leads to an increase of GM-CSF expression in CD4+ T cells,

but not CD8+ T cells, ex vivo.

(A) Left panel: Representative analysis of GM-CSF- and CD8-expressing cells in WT 

and TKO T cells in LN and spleen. Middle panel: percentage of GM-CSF+ cells among 

CD8+ T cells from peripheral and/or mesenteric LN (n=9-10) or spleen (n=7-9) from 

WT and TKO mice. Right panel: cell counts of GM-CSF+ cells among WT and TKO 

CD8+ T cells from peripheral and/or mesenteric LN (n=9-10) or spleen (n=7-9) of WT 

and TKO mice (mean ± SEM). (B) Left panel: percentage of IL-17+ cells among CD4+

T cells from peripheral and/or mesenteric LN (n=9-10) or spleen (n=7-9) from WT and 

TKO mice. Right panel: cell counts of IL-17+ cells among WT and TKO CD4+ T cells 

from peripheral and/or mesenteric LN (n=9-10) or spleen (n=7-9) of WT and TKO mice 
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(mean ± SEM). Statistical significance was analyzed by a Mann-Whitney test

0.01). 

Fig. S8. Differentially expressed genes in WT and TKO T cells in Th0 conditions.

(A) Proportion of WT and IKO GM-CSF+ CD4+ T cells after 2 and 3 days of culture with 

anti-CD3 ± anti-CD28 Abs, related to Fig. 3A (n=4; mean ± SEM). Statistical 

significance was analyzed by a Mann-Whitney test ( 5). (B) Clusters of 

upregulated genes in WT and TKO CD4+ T cells cultured in Th0 conditions (K-means 

clustering). (C) Clusters of downregulated genes in WT and TKO CD4+ T cells cultured 

in Th0 conditions (K-means clustering).

Fig. S9. Metascape analysis of GO term enrichment of genes in clusters 1-3 from 

RNA-seq.

Fig. S10. CD4+ T cells require Ikaros to proliferate.

(A) Left: Representative histogram of CFSE dilution and proliferative index of WT and 

IKO CD4+ T cells at d3 in Th0 conditions (n=6; mean ± SEM). Right: Representative 

histogram of CFSE dilution and proliferative index of WT and IKO CD4+ T cells at d3 

in Th17 conditions (n=4; mean ± SEM). (B) Left: representative dot plot showing CFSE 

dilution and GM-CSF expression in WT and IKO CD4+ T cells in Th0 (upper panel) or 

Th17 conditions (lower panel) for 3d. Right: percentage of GM-CSF+ cells among WT 

and IKO CD4+ T cells, in Th0 (upper panels; n=5; mean ± SEM) or Th17 conditions 

(lower panel; (n=4; mean ± SEM), in each division peak. N=number of independent 

experiments. Statistical significance was analyzed by a Mann-Whitney 5, 

* 1). (C) Left: representative dot plot showing CFSE dilution and IL-17

expression in WT and IKO CD4+ T cells in Th17 conditions for 3d. Right: percentage 

of IL-17+ cells among WT and IKO CD4+ T cells, in Th17 conditions, in each division 

peak (n=4; mean ± SEM). 

Fig. S11. Ikaros loss changes the landscape of chromatin accessibility in CD4+

T cells. 

(A) Seqminer heat map of all ATAC-seq peaks in WT and TKO CD4+ T cells at d0 

(67165 peaks) and at d1 of Th0 cultures (78378 peaks). (C) Pie chart of the genomic 

location distribution of all ATAC-seq peaks in WT and TKO CD4+ T cells at d0 and d2 
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in Th0 cultures. (B) Volcano plot showing log2FC TKO/WT identified by ATAC-seq in 

naïve T cells (d0) and in-vitro-differentiated T cells at day 2 (Th0 d2). Up- and down-

regulated genes with changes significantly greater than Log2 -1 are 

highlighted in red and blue, respectively (padj 0.01). At d0, red dots: 3969 peaks; 

blue dots: 2740 peaks; in Th0 d2, red dots: 8950, blue dots: 6380. (D) Integration of 

RNA-seq data and ATAC-Seq data from TKO cells compared to WT cells at d0 and d1 

of Th0 cultures. Left: In naive T cells at d0, only the 3677 peaks with a padj 0.05 in 

the ATAC-seq AND RNA-seq analysis are depicted. Among them, 1491 peaks have a 

log2FC (TKO/WT) 1 or -1 with a Pearson correlation equal to 0.63 with a p value< 

2.2-16. Right: In the Th0 d1 condition, only the 9954 peaks with a padj 0.05 in the 

ATAC-seq and RNA-seq analysis are depicted. Among them, 2995 peaks have a 

log2FC (TKO/WT) 1 or -1 in both analysis and have a Pearson correlation 

coefficient equal to 0.59 with a p value< 2.2-16. Genes with a positive (purple) or a 

negative (black) correlation between ATAC-seq and RNA-seq data are highlighted. (E)

Genome track view of ATAC-seq profiles of Il3 (left) and Ifng (right) genes. The 

University of California Santa Cruz Genome browser (UCSC) depicts the pooled profile 

of the three independent experiments in in WT and TKO CD4+ T cells at d0 and d1-2

in Th0 cultures.

Fig. S12. Ikaros loss leads to an enrichment of NF B and Stat5 motifs on open 

chromatin regions.

(A) Heat map showing GO of the ATAC-seq peaks significantly increased (1219 peaks 

at d0 and 2687 peaks at Th0d1) and decreased (900 at d0 and 3040 at Th0 d1) in TKO 

compared to WT at d0 and d1 in Th0 cultures. Peaks are considered significantly 

increased in the TKO when the log2FC (TKO/WT) > 2 with a padj 0.01, while they 

are considered significantly decreased in TKO when the log2FC (TKO/WT) <- 2 with a 

padj 0.01. (B) Bar graph showing the indicated transcription factor motifs significantly 

enriched in WT and TKO ATAC-seq peaks at d0 (upper panel) and d1 in Th0 cultures

(lower panel). The motifs were identified from AME-MEME motif search. Significant 

peaks were selected as in A. (C and D) Venn diagram showing the peaks enriched for 

Ikaros or/and Stat5 (C) or Ikaros and/or RelA (D) from a FIMO-MEME analysis in WT 

and TKO cells at d0 (TN) and d2 in Th0 conditions, Significant peaks were selected as 

in A.
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Fig. S13. ChIP-seq analysis of Ikaros binding profile on differentially expressed 

genes.

UCSC Genome track views of ChIP-seq showing genes with a binding Ikaros on 

promoters or enhancers and genes not bound by Ikaros.
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Name Primer sequence (5’-3’)

mCsf2 F

mCsf2 R

mIfng F

mIfng R

mIl3 F

mIl3 R

mFasl F

mFasl R

mRORc F

mIl17 F

mIl10 F

mRORc R

mIl17 R

mIl10 R

mL32 F

mL32 R

TCGTCTCTAACGAGTTCTCCTT

CGTAGACCCTGCTCGAATATCT

CGGCACAGTCATTGAAAGCC

TGTCACCATCCTTTTGCCAGT

ATAGGGAAGCTCCCAGAACCT

GGATCCACTTCTCCTTGGCT

TTCACCAACCAAAGCCTTAAAG

GCTGGTTGTTGCAAGACTGA

Supplemental Table 1

TCACCTGTGAGGGGTGCAAG

GTTCGGTCAATGGGGCAGTT

ATCCCTCAAAGCTCAGCGTGTC

GGGTCTTCATTGCGGTGGAGAG

CAGTACAGCCGGGAAGACAA

TGGCAACCCAAGTAACCCTTA

TTAAGCGAAACTGGCGGAAAC

TTGTTGCTCCCATAACCGATG
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Chapter 9

Materials and Methods

9.1 Mice

C57BL/6-Ly5.1 mice were used for co-culture experiments. They express the pan

leukocyte marker, CD45.1, while TKO, IKO and the littermate control mice express

the CD45.2 allele, C57BL/6-Ly5.2. The mice were kept under SPF conditions.

TKO and IKO mice were described in the manuscript. Animal procedures were

approved by the IGBMC ethics committee and the Ministère de l’Enseignement

Supérieur, de la Recherche et de l’Innovation (2012-096, APAFIS 21777-2019082318

358785v3 and 7760-2016112512394495v4).

9.2 Culture conditions

in vitro Th0 culture condition and inhibitors. Naive CD4+ T cells were ob-

tained as described in the "Materials and Methods" section in the manuscript. Briefly,

in the Th0 condition, naive CD4+ T cells (4x104 cells / well) were activated with

anti-CD3 and anti-CD28 (2 µg/ml each) Abs, both pre-coated overnight on a Nunc-

immuno 96 well plate (plate-bound) in PBS. Where indicated, neutralizing anti-

IL-2 (S4B6) Ab or isotype (30 µg/ml), neutralizing anti-IL-4 and anti-IFNγ Abs

(10 µg/ml each) and the pan-caspase inhibitor (QVD-OPh, 20µM) were added. For

some experiments, indicated inhibitors were also used as follow: the GSK3 inhibitor

(GSK3i CT98014; 0,37µM; Axon Medchem) and the Cyclosporine (CsA; 5nM; Sigma-

Aldrich) were added at d0 to the cell culture in IMDM medium supplemented with

10% heat-inactivated FCS, GlutaMAXTM-I, Penicillin/Streptomycin, non-essential

amino acids, sodium pyruvate, Hepes and β-mercaptoethanol (IMDM 10% FCS). As

control vehicle, DMSO was used. Their inhibitor function is detailed in the Figure

9.1. Where indicated, 40mM of NaCl were added on the culture cell at day 0 (Th0

(NaCl)). At day 3, cells were stimulated with PMA plus ionomycin (0.5 µg/ml each)
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Figure 9.1: Molecular mechanism of GSK3i and CsA. GSK3i. A): GSK3 binds
ATP molecules and transfers one phosphate (P) to the target substrate proteins.
The GSK3i used is an ATP-competitive molecule. CsA. B): In T cells, following
the calcium signaling induction, the activated phosphatase CN dephosphory-
lates several serine residues of NFAT proteins. NFAT can now enter the nucleus
and bind to its target genes. The CsA inhibits the CN activity preventing the
dephorphorylation/activation of NFAT.

and GolgiPlugTM (1/1000) for 2h to detect intracellular cytokine expression or for

5h to detect IL-3 intracellular expression.

in vitro Th17 culture condition. For Th17 differentiation, naive CD4+ T cells

(4x104 cells / well) were activated with plate-bound anti-CD3 and anti-CD28 (2

µg/ml each) Abs, in the presence of IL-6 (10 ng/ml) and hTGFβ1 (0.03 ng/ml) for

the Th17(TGFβ1) condition, IL-6 (20 ng/ml), IL-1β (20 ng/ml) and IL-23 (40 ng/ml)

for the Th17(IL-23) condition (Hasan et al., 2017) or with the addition of 40mM

Nacl at day0 to the Th17(TGFβ1) culture for the Th17(NaCl) condition in IMDM

10% FCS. Where indicated, neutralizing anti-IL-2 (S4B6) Ab or isotype (30 µg/ml),

neutralizing anti-IL-4 and anti-IFNγ Abs (10 µg/ml each) and the pan-caspase in-

hibitor (QVD-OPh, 20µM) were added at the culture at d0.

CD8+ T cells: in vitro Th0 culture condition. Naive CD8+ T cells (CD8+

CD44low CD25- NK1.1- TCRγδ-) were sorted on either a FACSAriaTM II SORP or a

FACS ARIATM FUSION (BD Biosciences) cell sorter. Sort purity was>98%. For Th0
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condition, naive CD8+ T cells (8x104 cells / well) were activated with plate-bound

anti-CD3 and anti-CD28 (2 µg/ml each) Abs in IMDM 10% FCS. At day 3, cells were

stimulated with PMA plus ionomycin (0.5 µg/ml each) and GolgiPlugTM (1/1000) for

2 h and stained as described in the "Materials and Methods" of the manuscript.

Supernatant exchange experiments. For supernatant exchange experiments,

naive CD4+ T cells were sorted from WT and IKO-tamoxifen injected mice, as de-

scribed previously. A total number of 4x104 cells cells/well were activated with

plate-bound anti-CD3 and anti-CD28 (2 µg/ml each) Abs in Th0 conditions in 200µl

of IMDM 10% FCS. The WT and IKO cell cultures were divided into 4 main groups:

1) WT or IKO cells cultured for 3 days without exchange of supernatant; 2) WT or

IKO cells cultured for 1 day or 2 days to harvest their respective supernatant in

order to replace the supernatant of groups 3 and 4; 3) WT or IKO cells cultured for

1 day or 2 days, subjected to an exchange of their supernatant with the WT super-

natant from group 2; 4) WT or IKO cells cultured for 1 day or 2 days, subjected to

an exchange of their supernatant with the IKO supernatant from group 2. For the

procedure, the supernatant (150µl) from d1 or d2 of WT or IKO cell cultures (group

2) was filtered via a 0.22 µm filter and used to replace the supernatant (150µl) of the

receiving cells (groups 3 and 4). QVD-Oph was added at the cell culture at d0 to re-

duce cell death. At d3, cells from groups 1, 3 and 4 were stimulated with PMA plus

ionomycin (0.5 µg/ml each) and GolgiPlugTM (1/1000) for 2h to detect intracellular

cytokine expression.

Co-culture experiments. For co-culture experiments, naive CD4+ T cells were

sorted from CD45.1 mice, CD45.2 WT and CD45.2 IKO mice, as described previ-

ously. A total number of 4x104 cells/well were activated with plate-bound anti-CD3

and anti-CD28 (2 µg/ml each) Abs. Five different culture conditions were performed

(Figure 9.2): 1) 4x104 CD45.2 WT cells (blue dots); 2) 4x104 CD45.1 WT cells (green

dots); 3) 4x104 CD45.2 IKO cells (red dots); 4) a mix of CD45.1 WT and CD45.2

WT cells and 5) a mix of CD45.1 WT and CD45.2 IKO cells (Figure 9.2). For condi-

tion 4 and 5, a different ratio of CD45.1+ and CD45.2+ cells were cultured, keeping

the cell number constant at 4x104/well. QVD-Oph was added at the cell culture to

reduce cell death. At day 3, cells were stimulated with PMA plus ionomycin (0.5

µg/ml each) and GolgiPlugTM (1/1000) for 2h and stained as described in the "Ma-

terials and Methods" of the manuscript with the addition of anti-CD45.1-PE (A20)

and anti-CD45.2-FITC (104.2) (BD Biosciences).
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Figure 9.2: Schema of the co-culture experiments. Schematic illustration
of the co-culture experiments. Five different co-culture conditions are here
depicted. In order to unravel the possible effect of an extrinsic factor in the
GM-CSF expression in WT and IKO cells, for the culture conditions 4) and 5),
CD45.1 and CD45.2 cells were mixed with 3 different cell concentrations in
order to have always 4x104 cells/well: a) 3x104 CD45.1 cells + 1x104 CD45.2
WT cells (blue dots) or 1x104 CD45.2 IKO cells (red dots); b) 2x104 CD45.1 cells
+ 2x104 CD45.2 WT cells (blue dots) or 2x104 CD45.2 IKO cells (red dots); and
c) 1x104 CD45.1 cells + 3x104 CD45.2 WT cells (blue dots) or 3x104 CD45.2
IKO cells (red dots).

9.3 Retroviral-infection of murine CD4+ T cells

Plasmids. pMIG was used as retrovirus vectors containing GFP under the regula-

tion of an internal ribosome entry site (IRES). RORγt/pMIGR has been described

elsewhere (Zhou et al., 2008) and purchased from Addgene (#24069) (RORγt-IRES-

GFP).

Virus production. Platinum-E packaging cells (plat-E) were seeded in 10 ml

DMEM plus 10% FCS at 2x106 cells/ml in a 10-cm dish. After 24h, cells were trans-

fected with the retroviral plasmid DNA (10µg) using lipofectamin 2000 (Invitrogen,

Grand Island, NY), according to the manufacturer’s instructions. The next day, the

medium was replaced by 6 ml IMDM plus 10% FCS. The retroviral supernatant was

harvested 24h later, filtered on a 0.45 µm filter, and frozen at -80°C. The medium

was replaced with 6 ml IMDM plus 10% FCS for a second harvest again 24h later.

Retroviral-infection. Primary CD4+ T cell retroviral-infection was performed

as described in the "Materials and Methods" of the manuscript.
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9.4 Immunoprecipitation and immunoblotting

Cells and plasmids. The 293T cells were maintained in DMEM supplemented

with 10% FCS, penicillin and streptomycin, glutamine, and sodium pyruvate.

C-terminal Myc-tagged murine RORγt plasmid was described elsewhere (Lainé

et al., 2015). The murine isoform 1 of Ikaros with a tag HA in its N-terminal was

subcloned in the BglII-EcoRI sites of the pTL2 vector (cloning previously done in

the laboratory).

Immunoprecipitation experiments. 293T cells (4x106 in a 10-cm plate) were

co-transfected with HA-mIkaros +/- mRORγt-Myc or empty vectors as negative con-

trols (10 µg each) using lipofectamin 2000 (Invitrogen). After 24h, cells were lysed

in lysis buffer (20 mM Tris-HCl [pH 7.5], 150 mM NaCl, 5 mM EDTA [pH 8.0],

5 mM NaPiP, 1 mM Na3VO4, 20 mM NaPO4 [pH 7.6], 3 mM β-glycerophosphate,

10 mM NaF, 1% Triton X-100 + complete proteases inhibitors (Roche) and Phos-

phatase inhibitors (Sigma)) and sonicated (15sec on, 20 sec off, 15 min) at 4° C

using a bioruptor 200 (Diagenode). The immunoprecipitation of mRORγt-Myc from

the whole-cell lysates was performed using an anti-Myc (clone 9E10) Ab overnight

at 4° C followed with an incubation with protein A/G magnetic beads (Ademtech)

for 3h at 4° C. The immune complexes were separated on SDS-PAGE, transferred

on a nitrocellulose membrane, and revealed using anti-Myc and anti–Ikaros Abs by

chemiluminescence. Tubulin was used as loading control.

9.5 RT-qPCR

The protocol for the RT-qPCR has been detailed in the "Materials and Methods" of

the manuscript. Here, the primers used and not described previously (Table 9.1):

Table 9.1: Primers used for the RT-qPCR.

Forward Sequence 5’-3’ Reverse Sequence 5’-3’

mEomes TACGGCCAGGGTTCTCCGCTCTAC GGGCCGGTTGCACAGGTAGACGTG

mTnf CTCCAGGCGGTGCCTATGT GAAGAGCGTGGTGGCCC

mCsf2ra GGATACACCGGCGAGTCTC ATCTCGCAGGTCAGGTTCTC

mTbx21 AGGGGGCTTCCAACAATG AGACGTGTGTGTTAGAAGCACTG

mIl2 GAGCAGCTGTTGATGGACCT AATCCAGAACATGCCGCAGA

9.6 Genotyping

Genomic DNA extraction. The mice genotype was defined performing a PCR on

the DNA extracted from mice tails. For the DNA digestion, tails were incubated
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overnight at 55°C in a digestion buffer (50mM Tris [pH 8], 100mM NaCl, 100mM

EDTA, 1% SDS) supplemented with proteinase K (0.1mg/ml). DNA was then pre-

cipitated and purified with NaCl, isopropanol and 70% ethanol. When the pellet

was dry, DNA was resuspended in 100µl of TE buffer.

Genotype by PCR. After the extraction of DNA, a PCR was done to define the

mice genotype. For the TKO and the littermate control mice, four different primer

pair were used: 1) BBO106 + BBO107 to verify the loxP site insertion; 2) BBO107 +

BDD40 to verify the presence of an aspecific genomic deletion; 3) BAD496 + BAD497

to check for the presence of the Cre recombinase insertion; 4) the primers ADC253

+ ADC254 to amplify the Tec gene were systematically used as a positive control for

the presence of the DNA if the Cre was not detected (Table 9.2).

Table 9.2: TKO primers.

Primer Sequence 5’-3’

BBO106 GAGGACCAGATATAAGGCAGCTGGG

BBO107 GGCCATCAACGGCATGGAAACGATAA

BDD40 AGCACAGGTTGGACAATACCTGAAA

BAD496 GTTCGCAAGAACCTGATGGACA

BAD497 CTAGAGCCTGTTTTGCACGTTC

ADC253 GGGAGCTGAGATTTAGCATGTG

ADC254 GCATAATATGGCGGTTTGTGG

For the IKO and the littermate control mice, the loxp site insertion and the

genomic aspecific deletion were checked with the same primers used in TKO mice

(1) BBO106+ BBO107 and 2) BBO107 + BDD40). To control the presence of the Cre

recombinase, three different primers were used: F (forward) and R1 (Reverse 1) are

found in the Rosa26 locus; while R2 (Reverse 2) is found in the Cre coding sequence

(Table 9.3).

Table 9.3: IKO primers.

Primer Sequence 5’-3’

RosaF CTTCCCTCGTGATCTGCAACTC

RosaR1 AAACTCGGGTGAGCATGTCTTT

RosaR2 GTGAAACAGCATTGCTGTCACTT

The total volume of the PCR reaction mix was 25µl and its composition is de-

picted in the Table 9.4.

The PCR program used is described in the Table 9.5.
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Table 9.4: PCR reaction mix.

Reagent Volume for 1 reaction

DNA 1µL

PCR Buffer 10X (Roche; with MgCl2) 2.5µL

dNTP mix (10mM, Thermo Scientific) 0.5µL

Primers (TKO 10µM/IKO 5µM) TKO 1µL/IKO 3µL F;
0.75µL R1; 1.5µL R2

TAQ polymerase (homemade) 0.6µL

H2O up to 25µl

Table 9.5: PCR program.

Step Temperature ° C Time Cycle number

Initial denaturation 94 5 min 1
Denaturation 94 15 sec|
Amplification 60 30 sec| 35

Elongation 72 30 sec|
Final elongation 72 5 min 1

9.7 in vivo mouse model

Psoriasis mouse model

TKO and littermate control (WT) mice at 5-6 weeks of age were anesthetized with

2,5% isofluorane and the Aldara treatment (5% Imiquinod, 3M Pharmaceuticals)

was applied topically on the right ear (around 8mg Aldara/ear) for 6 consecutive

days (day 0 to day 5), as a control cream (Lanoline cream) was applied on the left

ear. 6 days after the first application, mice were sacrificed.

Days

0 1 2 3 4 5 6

Analysis

Application Aldara

 or Control creme

Figure 9.3: Schematic illustration of the psoriasis mouse model.

Erythema, scaling and thickening were scored independently on a scale from 0

(absence) to 4 (very marked) as already described elsewhere (Fits et al., 2009). The
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ear thickness was measured using a micrometer. The score for the severity of skin

inflammation was measured by Psoriasis Area and Severity Index (PASI) and by

cumulative PASI score (erythema plus scaling plus thickening) (Fits et al., 2009).

Flow cytometry. The draining lymph nodes (LN) from the ears were isolated.

Cells were stimulated with PMA plus ionomycin (0.5 µg/ml each) and GolgiPlugTM

(1/1000) for 2h. Then cells were stained with anti-CD4, anti-CD8, anti-CD44, anti-

TCRβ, anti-TCRγδ in PBS 10 % FCS for 15 min on ice, in the presence of an anti-

CD16/CD32 (clone 2.4G2) antibody. Then they were fixed for 30 min and permeabi-

lized using the Foxp3 kit (eBiosciences) and stained with anti-GM-CSF and anti-

IL-17 Abs in the permeabilization buffer for 30 min on ice. Samples were analyzed

on a FACS LSRII (BD Biosciences).

Antibodies. Anti-CD4-AF700 (RM 4-5), anti-CD8-APC-Cy7 (53-6.7) anti-CD44-

Pe-Cy7 (IM7), anti-GM-CSF-BV421 (MP1-22E9),anti-TCRγδ-PE (GL3), anti-TCRαβ-

PerCPCy5.5 (H57-597), anti-CD16/CD32 (2.4G2) were from Biolegend. Anti-IL-

17A-eF660 (eBio17B7) Ab was from eBiosciences.

Histology. Left and right ear skin were cut in three pieces. They were fixed with

4% PFA (paraformaldehyde) for 24h at 4° and embedded in paraffin. 5µm sections

were cut using a microtome. The sections were stained with hematoxylin and eosin

(H&E).

9.8 Statistics

Data were analyzed using GraphPad Prism. Statistical significance was analyzed

by a Mann-Whitney test, an unpaired or paired test to compare two experimental

conditions. Unless indicated otherwise, only statistical significance comparing two

conditions of interest are mentioned. Graphs and statistics were performed using

Prism 7 (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 and ****p ≤ 0.0001).
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Chapter 10

Results

10.1 CD4+ T cells deficient for Ikaros have a patho

genic phenotype

Thanks to our RNA-seq and transcriptome data, we found that Ikaros prevents

CD4+ T cells to acquire a pathogenic phenotype. We wanted to confirm the mRNA

and the protein expression for some pro-inflammatory genes. Naive CD4+ T WT

and IKO cells were sorted and activated in vitro in Th0 condition in the presence

of QVD-OPh. Protein expression was analyzed by flow cytometry after 3 days of

culture and mRNA expression was measured by RT-qPCR at d0 or after 1 or 2 days

of Th0 culture.

Consistent with the RNA-seq data, IL-3 and T-bet protein expression were strongly

expressed in IKO cells in Th0 condition (Figure 10.1 A and B), as well as the strong

increase of Eomes mRNA expression in IKO cells compared to WT cells (Figure 10.1

C). Tnf mRNA expression was similar in CD3/CD28-activated WT and IKO T cells

(Figure 10.1 D right), confirming the RNA-seq data, while surprisingly, TNFα pro-

tein expression was substantially increased when Ikaros was lost (Figure 10.1 D

left and middle). Altogether, our data suggest that Ikaros regulates the expression

of pathogenic genes by different mechanisms. Indeed, Ikaros can regulate the ex-

pression of Csf2, Ifng, Il3 and Tbx21 genes at the transcriptional level, while, it

seems to regulate TNFα expression via other mechanisms.

The GM-CSFRA is not expressed in WT cells cultured for 3 days in Th17 condi-

tion (El-Behi et al., 2011). One hypotheses was that, in the Th0 culture, a strong

expression of GM-CSFR in IKO cells could be responsible to maintain the GM-CSF

expression via an autocrine mechanism. Indeed, in presence of high concentration

of GM-CSF, the STAT5 signaling pathway can be activated (Guthridge et al., 2006)

and thus STAT5 could bind to the Csf2 promoter and positively regulate the GM-

CSF expression (Sheng et al., 2014). We could observe that Csfr2a mRNA is not
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Figure 10.1: Loss of Ikaros induces a pathogenic phenotype.
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Figure 10.1: Loss of Ikaros induces a pathogenic phenotype. A-E: Naive
LN WT and IKO CD4+ cells from tamoxifen-induced mice were cultured in Th0
conditions with QVD-OPh. A Left: Representative contour plots showing GM-
CSF and IL-3 expression in WT and IKO CD4+ cells in Th0 condition after 3 days
of culture. Right: Graph showing the percentage of IL-3+ cells in WT and IKO
LN CD4+ cells cultured as in A left (n=4; mean ± SEM; Mann-Whitney test).
B Left: Representative contour plots showing GM-CSF and T-bet expression
in WT and IKO CD4+ cells in Th0 condition after 3 days of culture. Right:
Graph showing the percentage of T-bet+ cells in WT and IKO LN CD4+ cells
cultured as in B left (n=4; mean ± SEM, paired test). C RT-qPCR analysis of
Eomes mRNA expression in either naive CD4+T cells (d0) or naive CD4+ T cells
cultured in Th0 condition with QVD-OPh for 1 or 2 days (n=4; mean ± SEM;
Mann-Whitney test). D Left: Representative contour plots showing GM-CSF
and TNFα expression in WT and IKO CD4+ cells in Th0 condition after 3 days
of culture. Middle: Graph showing the percentage of TNFα+ cells in WT and
IKO LN CD4+ cells cultured as in D left. Right: RT-qPCR analysis of Tnf mRNA
expression in either naive CD4+T cells (d0) or naive CD4+ T cells cultured in
Th0 condition with QVD-OPh for 1 or 2 days (n=4; mean ± SEM, Mann-Whitney
test). E RT-qPCR analysis of Csf2ra mRNA expression in either naive CD4+T
cells (d0) or naive CD4+ T cells cultured in Th0 condition with QVD-OPh for 1
or 2 days (n=4; mean ± SEM).

expressed at the TN state in both WT and IKO cells, while its expression slightly

increases similarly in both WT and IKO cells after activation by a-CD3 and a-CD28

Abs after 1 and 2 days in Th0 condition (Figure 10.1 E), confirming our RNA-seq

data. These results indicate that low levels of GM-CSFRα are expressed in activated

CD4+ T IKO cells suggesting that the GM-CSF/GM-CSFR signaling could be impli-

cated in the hyper-activation of the STAT5 pathway (Figure 6 of the manuscript).

10.2 CD8+ T cells deficient for Ikaros produce in-

creased levels of GM-CSF, TNFα, but not IFNγ

in vitro

As Ikaros is also expressed in CD8+ T cells (O’Brien et al., 2014), it was important

to determine if the loss of Ikaros in CD8+ T cells also resulted in an increase of pro-

inflammatory cytokine production. To analyze this, we sorted naive WT and IKO

CD8+ T cells and activated them with a-CD3 and a-CD28 Abs in absence of QVD-

Oph (Figure 10.2). At day 3, WT and IKO CD8+ T cells were stimulated with PMA

plus ionomycin and GolgiPlugTM for 2h and stained for flow cytometry analysis.

As already described in CD4+ T cells deficient for Ikaros, we noticed more cell

death of CD8+ T cells (data not shown) and an increased expression of FasL when

Ikaros is lost (Figure 10.2 A). GM-CSF and TNFα expression were also up-regulated
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Figure 10.2: Expression of pro-inflammatory genes in CD8+ T cells-lacking
Ikaros. A-D: Naive WT and IKO CD8+ T cells were sorted and activated with
anti-CD3 and anti-CD28 Abs for 3 days in absence of QVD-Oph. Contour
plots showing FasL (A; n=1), GM-CSF (B; n=5; mean ± SEM; Mann-Whitney
test), TNFα (C; n=3; mean ± SEM; unpaired test) and IFNγ (D; n=5) expression
in CD8+ T cells.

in a similar way as described in CD4+ T cells deficient for Ikaros (Figure 10.2 B

and C). However, in contrast to CD4+ IKO cells (S3 of the manuscript), the IFNγ

expression was decreased in CD8+ IKO cells (Figure 10.2 D).

These results suggest that CD8+ T cells deficient for Ikaros may express some

pro-inflammatory cytokines, but they do not recapitulate all the effects observed in

CD4+ T cells for the production of pro-inflammatory cytokines driven by Ikaros loss.

10.3 GM-CSF expression correlates to Ikaros loss

in a dose-dependent way

We found that Ikaros loss leads to an increase expression of GM-CSF and a de-

creased production of IL-17. We wanted to determine if there was a dose-dependent

effect of Ikaros on GM-CSF and IL-17 expression. To do this naive CD4+ T cells from

the LN of WT (Ikzf1f/fCD4Cre-), TKO (Ikzf1f/fCD4Cre+) and Heterozygotes-Hz (Ikzf1f/+CD4Cre+)

mice were purified and cultured under Th0 or Th17 conditions. GM-CSF, IL-17 and

Ikaros expression were analyzed after 3 days of culture by flow cytometry.

In both Th0 and Th17 conditions, we observed that Hz CD4+ T cells produced

a % of GM-CSF that is intermediate between the WT and TKO cells. On the con-

trary, a total loss of Ikaros seems to be necessary to induce a drastic reduction of

IL-17 expression (Figure 10.3). These results indicate that GM-CSF expression is
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inversely proportional to Ikaros levels, while IL-17 expression is already strongly

expressed when one allele of Ikzf1 is present.
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Figure 10.3: GM-CSF expression depends on the amount of Ikaros ex-
pressed. A: Histogram showing Ikaros expression and mean in WT (red), Hz
(blue) for Ikaros and TKO (black) CD4+ T cells after 3 days of culture in Th0
conditions (n=2). B: Representative contour plots showing IL-17 and GM-CSF
expression in WT, Hz and TKO CD4+ T cells after 3 days of culture in Th0 (top)
or Th17(TGFβ1) (bottom) conditions in presence of QVD-Oph (n=2).

10.4 GM-CSF expression in WT CD4+ T cells may

depend on a membrane-bound factor

One of our hypotheses was that one or several factors secreted by KO cells, such

as GM-CSF, IL-2, or IL-23 could be the cause of a strong expression of GM-CSF in

KO cells, acting in an autocrine way. In order to investigate this hypothesis, super-

natant exchange experiments were performed. Naive CD4+ T cells from WT and

IKO-tamoxifen injected mice were sorted and activated in Th0 culture conditions

with a-CD3 and a-CD28 Abs in presence of QVD-OPh. Every day the supernatant

from WT and IKO culture cells was exchanged with cell-free supernatant collected

from WT or IKO cells. GM-CSF, IL-17 and Ikaros expression were analyzed after 3
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days of culture by flow cytometry. Very interestingly, we observe that the addition

of the IKO supernatant on WT cells in Th0 cultures does not lead to an increase of

GM-CSF expression by WT cells and complementary the addition of the WT super-

natant on IKO cells does not determine a decreased GM-CSF production (Figure

10.4), suggesting that in our culture conditions, GM-CSF expression does not seem

to depend on the secretion of an extrinsic factor.
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Figure 10.4: GM-CSF expression does not depend on an extrinsic factor.
Left: representative contour plots showing GM-CSF and IL-17 expression in
WT and IKO CD4+ T cells at d3 of Th0 culture upon transfer of WT supernatant
on WT/IKO CD4+ T cells or IKO supernatant on WT/IKO CD4+ T cells at d1 and
d2. As a control, WT and IKO CD4+ T cells were not subjected to supernatant
exchange. Right: percentage of WT and IKO GM-CSF+ cells among CD4+ T cells
in Th0 conditions at d3 and cultured as in left (n=2; Mean ± SEM).

To investigate if a cell-cell contact was necessary for GM-CSF expression, we

performed co-culture experiments to complement our supernatant exchange exper-

iments. Naive CD4+ CD45.1+ WT cells and naive CD4+ CD45.2+ WT and IKO cells

were sorted and activated with a-CD3 and a-CD28 Abs for 3 days in presence of

QVD-OPh, as depicted in the Figure 10.5A. Five different conditions of culture were

defined (Figure 9.2 in "Materials and Methods" for more details). Briefly, we mixed

an increasing number of CD45.1+ WT (1, 2 or 3x104 cells) with a decreasing num-

ber of CD45.2+ WT or IKO cells (3, 2, or 1x104), and vice versa, always keeping

a constant cell number (4x104) per well. As a control, CD45.1+ WT and CD45.2+

WT or IKO were cultured alone. Cytoplasmic GM-CSF and IL-17 production were

analyzed after 3 days of culture by flow cytometry. We observe that the more we

add CD45.2+ IKO cells, the more CD4+ CD45.1+ WT cells express GM-CSF, reach-

ing up ≈16% in the presence of 3x104 CD45.2+ IKO cells (Figure 10.5 B-top and C),

suggesting that IKO cells can influence the GM-CSF production. However, adding

CD4+ CD45.1+ WT T cells, even at a high number, with CD45.2+ IKO T cells does

not change GM-CSF expression by IKO cells (Figure 10.5 B-bottom), suggesting that
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Figure 10.5: GM-CSF expression in WT CD4+ T cells may be stimulated
by a membrane-bound factor. A Schema of co-coculture experiments. Naive
CD4+ CD45.1+ WT cells and CD4+ CD45.2+ WT or IKO T cells were sorted and
activated with a-CD3 and a-CD28 Abs in presence of QVD-OPh in Th0 culture
condition for 3 days. Cells were mixed in each well into 5 different conditions:
1) CD45.2 WT alone, 2) CD45.1 WT alone, 3) CD45.2 IKO alone, 4) CD45.1 WT
+ CD45.2 WT at different ratios and 5) CD45.1 WT + CD45.2 IKO at different
ratios. B up: Representative contour plots of GM-CSF and IL-17 expression in
CD4+ CD45.1+ WT cells in culture with CD4+ CD45.2+ WT or CD4+ CD45.2+ IKO
cells. Bottom: Representative contour plots of GM-CSF and IL-17 expression
in CD4+ CD45.2+ WT or IKO cells in culture with CD4+ CD45.1+ WT cells. C:
Statistical analysis of the co-culture condition with 10 000 CD4+ CD45.1+ WT
cells and 30 000 CD4+ CD45.2+ WT or IKO cells. Percentage of CD4+ CD45.1+

WT cells-expressing GM-CSF. (n=2; mean ± SEM; Unpaired test).

WT T cells cannot influence GM-CSF production in KO T cells. As expected, cul-

turing CD45.2+ WT cells with CD45.1+ WT CD4+ T cells does not change GM-CSF

production (Figure 10.5 B).

Together, these data suggest that a membrane-bound factor, rather than a sol-

uble factor, seems to be present on IKO cells and is potentially implicated, at least

in part, in the production of GM-CSF by WT cells. This suggest that a juxtacrine,

rather than a paracrine signaling, is favored for the expression of GM-CSF in WT

cells. These results can not totally exclude the role of cytokines secreted in the close

environment that could regulate the GM-CSF expression acting in an autocrine way.

10.5 Polarization of Ikaros-deficient CD4+ T cells

under conventional vs pathogenic conditions

Naive CD4+ T cells deficient for Ikaros sorted and cultured under TH17(TGFβ1)

culture conditions fail to produce IL-17 and express low levels of GM-CSF (Figure

2 of the manuscript). One possible cause is that the IL-6 and/or TGFβ1 signaling

pathways are impaired when Ikaros is lost. The IL-6/STAT3 signaling has been

explored and did not seem to be impaired in the absence of Ikaros (Maurer thesis,

unpublished data). We therefore questioned if other Th17 culture conditions would

result in the same default of production of IL-17 and GM-CSF when Ikaros is lost.

TH17(TGFβ1) vs Th17(IL-23) conditions. We decided to culture naive CD4+

WT and IKO T cells under a cocktail of cytokines that polarize cells towards a

pathogenic Th17 phenotype, but that does not include TGFβ1. Therefore, we chose

the Th17(IL-23) culture condition (IL-6+ IL-23+ IL-1β) (Ghoreschi et al., 2010). WT

CD4+ T cells successfully express IL-17 under both Th17(TGFβ1) and Th17(IL-23)

culture conditions (Figure 10.6 A). However, we observed that either the Th17(TGFβ1)
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or the Th17(IL-23) cytokine cocktail could not lead to the IL-17 production in CD4+

IKO cells (Figure 10.6 A) indicating that IL-17 expression is not occurring whatever

the cytokine cocktail used. Because Th17(IL-23) culture conditions are described

to polarize Th17 cells towards a pathogenic phenotype and IL-23 and IL-1β have

been described to positively regulate the GM-CSF expression in WT CD4+ T cells

(El-Behi et al., 2011), we analyzed the effect of these two cytokines and the Th17(IL-

23) culture condition on the GM-CSF expression in WT and IKO cells. The addition

of IL-23 or IL-1β alone on the cell culture did not influence the GM-CSF production

either in WT or in IKO CD4+ T cells (Figure 10.6 B left). The cell culture under

Th17(IL-23) conditions did not increase the GM-CSF expression either in WT or in

IKO cells, suggesting that this cocktail of cytokines is not responsible for the GM-

CSF expression (Figure 10.6 B right). These results suggest that Ikaros-deficient

cells fail to produce IL-17 whatever the exogenous cytokines present in the culture.

Moreover, the data indicate that IL-6, IL-23 or IL-1β are not required for a maximal

expression of GM-CSF in IKO CD4+ T cells and they are not able to influence the

GM-CSF expression in WT CD4+ T cells in our culture conditions.

TH17(TGFβ1) vs Th17(NaCl) conditions. The osmotic stress pathway is an-

other signaling that has been described to be implicated in the IL-17 and GM-CSF

regulation (Kleinewietfeld et al., 2013; Wu et al., 2013). The perturbation of the

osmotic equilibrium in CD4+ T cells is responsible of an increased expression of IL-

17 (Kleinewietfeld et al., 2013), while its role on the GM-CSF expression remains

unclear. On one hand, in human CD4+ T cells cultured under Th17 condition, the

addition of NaCl induce an increased expression of GM-CSF (Kleinewietfeld et al.,

2013). On the other hand, in murine CD4+ T cells cultured under Th0 condition,

the addition of NaCl caused a decreased production of GM-CSF (Wu et al., 2013).

However, in the two articles it is clear that the addition of NaCl in the cell culture

biases the Th differentiation towards pTh17 cells. To investigate the role of the os-

motic stress pathway in the GM-CSF and IL-17 expression in IKO cells, naive CD4+

WT and IKO T cells were sorted and cultured under Th0 or Th17(TGFβ1) culture

conditions, in presence or not of 40mM of NaCl. As expected, in WT cells, we ob-

served that the addition of NaCl in the Th17 cell culture significantly increased the

IL-17 expression (Figure 10.6 C). However, in IKO cells we could not observe any

important change in the IL-17 expression (n=1), suggesting that Ikaros is required

for IL-17 expression under osmotic stress conditions. In our hands, NaCl addition

does not have any major effect on the GM-CSF production in WT cells, while sur-

prisingly reduces GM-CSF expression in CD4+ T cells deficient for Ikaros in Th17,

albeit less in Th0 condition. This suggests that the osmotic stress generated by the

addition of NaCl in the culture is able to modulate the GM-CSF expression in IKO

cells under Th0 or Th17 conditions.
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Figure 10.6: Polarization of Ikaros-deficient CD4+ T cells under conven-
tional vs pathogenic conditions. A-B: Naive LN WT and IKO CD4+ cells
were cultured in Th0 or Th17(TGFβ1) conditions or in the presence of IL-6
(20 ng/ml), IL-1β (20 ng/ml) and IL-23 (40 ng/ml) for the Th17(IL-23) condi-
tion or in the presence of IL-6, IL-1β or IL-23 alone for 3 days with QVD-OPh
in the presence or absence of a-IFNγ and a-IL-4 Abs. Legend continues on the

next page.
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Figure 10.6: Polarization of Ikaros-deficient CD4+ T cells under conven-
tional vs pathogenic conditions. A left: representative contour plots show-
ing GM-CSF and IL-17 expression in the absence of a-IFNγ and a-IL-4 Abs
in WT and IKO CD4+ cells in Th0, Th17(TGFβ1) and Th17(IL-23) conditions.
Right: statistical analysis of WT and IKO CD4+ T cells expressing IL-17 in Th0,
Th17(TGFβ1) and Th17(IL-23) conditions (n=2-3; mean ± SEM; unpaired test).
B Left: representative graph showing the proportion of GM-CSF+ cells in WT
and IKO LN CD4+ cells cultured as in A in the presence or absence of a-IFNγ
and a-IL-4 Abs. Right: proportion of WT and IKO GM-CSF+ CD4+ T cells after 3
days of Th0, Th17(TGFβ1) or Th17(IL-23) culture in the absence of a-IFNγ and
a-IL-4 Abs (n=2-3; mean ± SEM; unpaired test). C: Naive LN WT and IKO CD4+

cells from tamoxifen-induced mice were cultured in Th0 or Th17 conditions
in the presence or absence of 40mM of NaCl for 3 days with QVD-OPh in the
absence of a-IFNγ and a-IL-4 Abs. Left: representative contour plots showing
GM-CSF and IL-17 expression in WT and IKO CD4+ cells in Th17(TGFβ1) and
Th17(NaCl) culture conditions. Middle: statistical analysis of the proportion of
WT and IKO GM-CSF+ CD4+ T cells after 3 days of Th17(TGFβ1) or Th17(NaCl)
culture. Right: Statistical analysis of the proportion of WT and IKO GM-CSF+

CD4+ T cells after 3 days of Th0 or Th0(NaCl) culture (n=2; mean ± SEM; un-
paired test).

Collectively, our results suggest that the absence of Ikaros leads to a decreased

expression of IL-17 that does not depend on the exogenous cytokines, but rather in-

volves an intrinsic mechanism such as via an epigenetic modification or via the

expression of a protein that is necessary for the IL-17 expression. In addition,

GM-CSF expression in KO cells seems to be differently modulated by exogenous

cytokines and the osmotic stress condition. Further investigations will be required

to clarify the role of the salt on GM-CSF expression when Ikaros is lost.

10.6 The role of IL-2 in Th0 and Th17 cells defi-

cient for Ikaros

In order to better investigate the possible causes responsible for the IL-17 impaired

expression and the increased GM-CSF production in cells deficient for Ikaros, we

evaluated the RNA expression of some TFs or cytokines that are considered im-

portant for the regulation of IL-17 or GM-CSF expression. The over-expression of

T-bet causes the decreased production of IL-17 (Lazarevic et al., 2011). In our Th17

transcriptome analysis, we did not observed an increased expression of Tbx21 in

CD4+ T cells deficient for Ikaros. Indeed, we confirmed these results by RT-qPCR

suggesting that T-bet is not implicated in the decreased expression of IL-17 in IKO

cells (Figure 10.7 A).

The IL-2 expression can impair the IL-17 expression (Laurence et al., 2007) and,
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Figure 10.7: Expression of Tbx21 in Th17 cells and the role of IL-2 in Th0
and Th17 cells deficient for Ikaros. A-C RT-qPCR analysis of Tbx21 (A) and
Il2 (B and C) mRNA expression in either naive CD4+T cells (d0) or naive CD4+

T cells cultured in Th17 (A and B) or Th0 (C) condition with QVD-OPh for 1,
2 or 3 days (A: n=2; B: n=5; C: n=8. Mann-Whitney test). mRNA expression
is represented as -fold induction with respect to the d0 WT sample. The same
d0 WT and IKO samples were considered for Il2 mRNA expression in Th17 and
Th0 conditions. D left: representative contour plots showing IL-2 and GM-CSF
expression at d3 in WT and IKO cells cultured in Th0 conditions with QVD-
OPh. Right: proportions of WT and IKO IL-2+ CD4+ T cells at d1-3 in Th0
cultures with QVD-Oph (n=3-5; mean ± SEM). E: Naive LN WT and IKO CD4+

cells from tamoxifen-induced mice were cultured in Th0 or Th17 conditions for
3 days with QVD-OPh and a neutralizing anti-IL-2 Ab or isotype control. Left
panels: representative contour plots showing GM-CSF and IL-17 expression
in WT and IKO CD4+ cells. Right panels: proportion of WT and IKO GM-CSF+

CD4+ T cells after 3 days of Th0 or Th17 culture or IL-17+ CD4+ T cells after 3
days in Th17 culture (n=3; mean ± SEM; unpaired test).
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on the contrary, it has been described to be able to positively regulate the GM-CSF

expression via the activation of the STAT5 signaling cascade (Sheng et al., 2014).

At the mRNA level, by using RT-qPCR analysis, we observed that Il2 expression

was up-regulated in cells deficient for Ikaros and cultured under Th17 condition

(Figure 10.7 B). While in Th0 culture conditions, at the mRNA level, in IKO cells

the Il2 expression was up-regulated only at day 1 (Figure 10.7 C). However, at the

protein level, we show that the percentage of CD4+ T cells producing IL-2 in Th0

conditions is comparable between WT and IKO (Figure 10.7 D). Indeed, we asked

whether IL-2 deregulation observed at the mRNA level prevents the IL-17 expres-

sion and induces the GM-CSF expression in Ikaros null cells. Naive WT and IKO T

cells, cultured in Th0 and Th17 conditions, in the presence of anti-IL-2 neutralizing

Abs or a control isotype, were measured for IL-17 and GM-CSF production. Inter-

estingly, in the Th17 condition, the anti-IL-2 Ab significantly increased the IL-17

expression in WT cells, as expected, but had no effect on IKO cells (Figure 10.7 E).

Surprisingly, the presence of anti-IL-2 neutralizing Abs in Th0 and Th17 conditions

did not reduce the GM-CSF expression in IKO cells, while it slightly increased the

GM-CSF production in WT cells cultured in Th17 condition (Figure 10.7 E). These

data indicate that the decreased expression of IL-17 and the increased expression

of GM-CSF in Ikaros null cells seem to be IL-2-independent.

Together, these data suggest that T-bet and IL-2 are not playing a potential nega-

tive role of IL-17 regulation in the absence of Ikaros and that IL-2 does not seem to

be implicated in the regulation of the GM-CSF expression in our culture conditions.

10.7 Ikaros loss in in vivo psoriasis mouse model

In vitro, Ikaros loss promotes the differentiation of CD4+ T cells towards a pathogenic

phenotype. However, it is important to determine if these cells have a pathogenic

function in vivo. We wanted to evaluate specifically the effects of the absence of

Ikaros in CD4+ T cells in a Th17-related in vivo disease mouse model. To do that,

we decided to use the TKO mice. In order to correctly choose the challenge to present

to mice, we had to consider that the TKO mice develop a T-ALL from 8-9 weeks of

age and that the induction and development of the chosen disease needed to hap-

pen in around 1-2 weeks in young mice. For these reasons, the psoriasis mouse

model was chosen. This model was a good compromise because the induction of the

disease and its study were possible in only 1 week and it led us to study the IL-17

and GM-CSF expression. Indeed, the IL-17 cytokine is part of the principal axis

IL-23/Th17 implicated in the induction of the disease, while the role of GM-CSF in

the psoriasis induction is not clear and is still a matter of debate.

Aldara was topically applied on the right ear of WT and TKO mice for 6 consec-
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utive days. The induction of the disease was measured daily and the T cell immune

response was analyzed in WT and TKO mice at the 7th day of the study. From day 2,

the inflammation in ears treated with Aldara was visible and continually increased

in severity up to the end of the experiment, but surprisingly, without any difference

between WT and TKO mice (Figure 10.8 A). The histology analysis showed an in-

creased epidermal thickening in the ear skin that was comparable between WT and

TKO mice (Figure 10.8 B). These data suggest that the loss of Ikaros in T cells is

not sufficient to influence the progression of psoriasis.

We decided to pursue our study and analyzed the T cell immune response. T

lymphocytes from the LN draining the ears were analyzed by flow cytometry and by

RT-qPCR. In the LN draining the ears treated with the control creme, as expected,

an increased expression of Csf2 was observed in TKO mice. In the LN draining

ears treated with Aldara, WT and TKO mice produced Csf2 and Il17 mRNA, with-

out any differences (Figure 10.8 C). The GM-CSF expression was confirmed also

by flow cytometry analysis. Indeed, in the LN draining the ears treated with Al-

dara or with the control cream, we observed that the percentage of cells expressing

GM-CSF among CD4+ T cells was more important in TKO cells, however the cell

number seems to remain unchanged between WT and TKO mice (Figure 10.8 D).

These results suggest that even if the GM-CSF+ cells are more produced in TKO

mice, this is not sufficient for the induction of a more severe disease. These results

seem to be in line to what described by Hartwig and colleagues, only at the end of

2018. Indeed, in a psoriasis mouse model they show that Treg cells could prevent

the expansion of CD4+ T cells-producing GM-CSF and that GM-CSF production

was crucial for the development of a more severe psoriasis when Treg cells were

depleted (Hartwig et al., 2018). In our mouse model, we did not analyze the Treg

cells, analysis that would be really interesting in order to understand the behavior

of Treg cells deficient for Ikaros in vivo.

During the psoriasis induction, the innate immune response is first in line to be

activated and then production of IL-17 by γδ T cells is considered a critical point for

the development of the disease (Becher and Pantelyushin, 2012). It is only later in

the induction of the disease, that the adaptive immune response is activated and

leads to the differentiation of CD4+ Th17 cells expressing IL-17. In the TKO mouse

model, Ikaros is absent only in CD4+ and CD8+ T cells, while γδ T cells have not a

deletion of Ikaros. Indeed, only few γδ T cells express CD4 molecules. We therefore

explored if the induction of psoriasis in TKO mice was potentially occurring because

of the presence of functional γδ T cells. We found that TKO αβ CD4+ T cells have a

defect in IL-17 production during psoriasis development (Figure 10.8 E). However,

γδ T cells from TKO mice highly express IL-17 to similar levels compared to γδ T

cells from WT mice (Figure 10.8 F). This suggests that γδ T cells from TKO and WT
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mice are equally functional, because not subjected to Ikzf1 deletion, and are prob-

ably responsible for the similar development of psoriasis. This is a good possibility

given the importance of γδ T cells in psoriasis, indeed it has been described that

Tcrb-/- mice are able to develop a similar psoriasis than WT mice, while the psori-

asis induction in Tcrd-/- mice is much more lower than in WT mice (Pantelyushin

et al., 2012).

The development of T-ALL in our model of Ikaros-deficient mice is a limitation

to study the pathogenicity of T cells. We are aware that the psoriasis model is not

the best one to understand the in vivo function of GM-CSF. However, the short time

window of the pathologic development and the involvement of pro-inflammatory

cytokines in this model seemed to give an alternative to the limitations of our study,

which was ended up unsuccessful. Further mouse models, that are more suitable,

will be approached in the discussion.
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Figure 10.8: TKO mice develop imiquinod-induced psoriasis similarly to
WT mice.
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Figure 10.8: TKO mice develop imiquinod-induced psoriasis similarly to
WT mice. Aldara cream (containing Imiquinod) was topically applied on the
right ear of WT and TKO mice for 6 consecutive days, while the control cream
(Lanoline) was applied on the left ear. The induction of the disease was mon-
itored daily and the T cell immune response was analyzed in WT and TKO
mice at the 7th day of the study. A left: Ear thickness of the control- and
Aldara-cream-treated ears is represented at the indicated days. Right: the
cumulative PASI score (ear erhytema, scaling and thickness) is shown for the
Aldara-treated ear. Each dot represents the mean score ± SD. The results are
from 2 independent experiments and a total of 7 WT and 7 TKO mice. B: rep-
resentative H&E staining of the control or Aldara cream-treated ears of WT
and TKO mice. C-F: At the 7th day of the procedure, WT and TKO mice were
sacrificed and the LN draining the ears were analyzed (n=3; mean ± SEM). C:
RT-qPCR analysis of Csf2 (left) and Il17 mRNA expression (right) in the drain-
ing LN from the Aldara or control cream-treated ears. Relative mRNA levels
were calculated using L32 as internal control. Each dot represents 1 mouse.
D-F: Cells from the LN draining the treated-ears were stimulate with PMA, Ion-
omycine and GolgiPlug for 2h and the intracellular expression of GM-CSF and
IL-17 in αβ and γδ T cells was analyzed by flow cytometry. The top graphs
show the percentage of GM-CSF+ (D), IL-17+ among TCRαβ cells (E) and IL-17+

among TCRγδ cells (F), while the bottom graphs show the corresponding cell
numbers (n=3; mean ± SEM; Mann-Whitney test).
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Chapter 11

DISCUSSION

In this work we reveal a crucial role for Ikaros in modulating T cell differentiation

through modifications of the chromatin accessibility and of the transcriptional pro-

gram. We show that Ikaros is required 1) to promote the cTh17 differentiation and

the IL-17 expression and 2) to suppress the development of pathogenic T cells via its

inhibitory effect towards pro-inflammatory cytokine expression. These conclusions

are the results of a the analysis of three high throughput techniques (ATAC-seq,

RNA-seq and ChIP-seq) in WT and Ikaros deficient (TKO) CD4+ T cells cultured

under Th0 conditions, in combination with the transcriptome study that was previ-

ously done in cTh17 conditions and the analysis of protein production by flow cytom-

etry. Globally, by using these complementary techniques, we can affirm that in the

absence of Ikaros, activated CD4+ T cells over-express a group of pro-inflammatory

markers that resemble those expressed by pTh cells, such as IFNγ, TNFα, GM-CSF,

IL-3, IL-1 and IL-23. I will integrate the discussion of the manuscript with the re-

sults presented here and I will only briefly approach the effect of the loss of Ikaros

in TN cells and mostly focus on understanding the mechanisms that lead Ikaros to

regulate the IL-17 and GM-CSF expression.

11.1 Does Ikaros loss irreversibly change the fate

of naive T cells?

Ikaros loss leads to important modifications in the T cell transcription program al-

ready in unstimulated CD4+ T cells (TN) (444 genes down-regulated and 986 genes

up-regulated in TN TKO vs TN WT cells Figure in Annex 12.1), confirming the im-

portant role of Ikaros in the regulation of T cell development and differentiation.

Moreover, it has been suggested that the loss of Ikaros leads to an increased TdT

expression (Trinh et al., 2001), a DNA polymerase participating in the VDJ recom-

bination process, that may be responsible of important modifications in the TCR

209



diversity repertoire in TN cells deficient for Ikaros. Indeed, the loss of Ikaros could

be considered as an irreversible or reversible event. Indeed, the loss of Ikaros could

be considered a critical loss that completely and irreversibly changes the fate of the

cells. In accord with this hypothesis, we showed that in TN cells, the loss of Ikaros

impaired the expression of IL-7R (Figure S6G of the manuscript), suggesting that

the survival mechanism of these cells could be drastically damaged. However, we

did not study further the identity of TN cells, their TCR repertoire and the impact

of Ikaros loss on their fate or their reaction to challenges and thus we do not have

any observation that could corroborate this hypothesis. Alternatively, it is possible

that the loss of Ikaros could cause changes in TN cells that are instead reversible

after the re-expression of Ikaros. One important observation that may support this

hypothesis is that with the re-expression of Ikaros in TKO cells (Figure 2D of the

manuscript), the IL-17 expression is restored and the GM-CSF expression is de-

creased suggesting that maybe the absence of Ikaros does not irreversibly change

the gene expression profile of cells. However, if the re-expression of Ikaros could

globally restore a normal phenotype in naive CD4+ T cells remains still an open

question that would be interesting to approach. Other important questions still re-

main unanswered, such as: are naive T cells deficient for Ikaros characterized by a

different TCR diversity than WT cells? And if this was found to be true, this TCR

diversity could be associated to the development of a different immune response in

KO mice?

11.2 Ikaros inhibits GM-CSF expression

In this work we mostly focused our attention on the molecular mechanism that leads

Ikaros to regulate the GM-CSF expression. Indeed, GM-CSF is an old cytokine that

is acquiring more and more interest in research for its powerful pro-inflammatory

abilities in human diseases. Given that the CD3/CD28 activation was sufficient

and necessary to produce important levels of GM-CSF in CD4+ KO cells (Figure 3

of the manuscript), we decided to mostly use the Th0 condition to dissect the role

of Ikaros in regulating the GM-CSF expression. Here, I am discussing two main

mechanisms by which Ikaros could repress GM-CSF production involving extrinsic

and intrinsic factors.

Is Ikaros able to regulate the GM-CSF expression via an ex-

trinsic or membrane-bound factor?

Our results show that the supernatant from IKO culture did not impact GM-CSF

expression in WT cells and vice versa, suggesting that a secreted extrinsic factor
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responsible for the GM-CSF secretion in this context may not exist (Figure 10.4).

Consistently, we clearly show that IL-4, IFNγ and IL-2 are not necessary for the

GM-CSF production (Figure 10.7 and S3E of the manuscript). Moreover, we demon-

strate that neither IL-1β nor IL-23 seem to influence the GM-CSF production in WT

or IKO cells in our culture conditions (Figure 10.6), however, only experiments with

Abs blocking these two cytokines would complete the understanding about their

role on the GM-CSF expression. IL-7 is a cytokine described to activate STAT5

and able to induce GM-CSF expression in WT cells (Sheng et al., 2014). In our

hands, the addition of IL-7 without CD3/CD28 activation is unable to induce the

GM-CSF production in both WT and IKO cells indicating that the IL-7 signaling

alone without T cell activation is not sufficient for the expression of GM-CSF (Fig-

ure 3 of the manuscript). Moreover, in our culture condition, CD3/CD28 activated T

cells do not produce IL-7 (results from RNA-seq analysis), indicating that IL-7 does

not seem to have a role in the GM-CSF expression in WT or KO cells cultured under

Th0 conditions. However, it is important to mention that the supernatant exchange

experiments have an important limitation. Indeed, we exchanged the majority of

the WT or IKO supernatant, but we could not control the local concentrations of

cytokines secreted by WT or IKO cells. These cytokines produced in the close cell

environment could potentially act in an autocrine rather than in a paracrine way.

The co-culture experiments complemented our previous data helping us to estab-

lish if a cell proximity between WT and KO cells is required to modulate GM-CSF

expression and lead to two important observations (Figure 10.5):

1) a cell-cell contact between WT and IKO CD4+ T cells seems to be required

for the increased GM-CSF expression by WT cells, suggesting that IKO cells ex-

press a membrane-bound molecule that seems to be able to increase the GM-CSF

expression by WT cells. Among the membrane-bound factors, FasL and TNFα are

two good candidates because they exist as soluble and membrane-bound forms and

their expression is up-regulated in CD4+ T cells deficient for Ikaros (FasL both at

the mRNA and protein levels, while TNFα only at the protein level). By using neu-

tralizing anti-FasL Abs, we demonstrated that the FasL signaling is implicated in

the GM-CSF expression in WT cells (Figure S4 of the manuscript), suggesting that

FasL could be the factor responsible also for the increased expression of GM-CSF

in WT cells co-cultured with IKO cells. The membrane TNFα has already been

described to influence GM-CSF expression in thymocytes (Grell et al., 1995). Co-

culture experiments where we pre-treat the IKO CD4+ T cells with blocking-FasL

or -TNFα Abs would allow us to test the co-culture conditions without the trigger by

the FasL or TNFα produced by IKO cells and would give us more insight about their

role in the enhanced expression of GM-CSF in WT cells. Indeed, it would be inter-
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esting to identify the responsible membrane factor in order to study it and evaluate

its ability to regulate the GM-CSF expression by WT cells also in vivo models.

2) The presence of WT cells on the co-culture conditions did not influence the GM-

CSF expression by IKO cells and WT cells co-cultured with IKO cells could increase

the GM-CSF expression, however they did not reach the same expression level of

GM-CSF produced by IKO cells, suggesting that the membrane-bound factor is not

sufficient for the GM-CSF expression. Indeed, the loss of Ikaros causes important

modifications at the transcriptional level indicating that an intrinsic factor seems

more likely implicated in the GM-CSF production in IKO cells and I will detail better

this point on the next section.

How Ikaros regulate the GM-CSF expression?

Ikaros could modulate the GM-CSF expression in an intrinsic way 1) via the direct

regulation of the Csf2 gene or 2) via an indirect mechanism.

1) Direct regulation of Csf2 by Ikaros.

The Csf2 gene is a complex region and many TFs have been described to play

a role in its regulation (Sheng, 2015), however Ikaros has not been described as

a candidate TF until now. In the discussion of the manuscript, we have already

detailed the hypotheses that lead Ikaros to directly inhibit the GM-CSF expression.

In order to validate the repressive function of the Ikaros binding on the CNSa,

one possibility would be to use a luciferase reporter gene containing the CNSa and

the Csf2 promoter regions. Indeed, we would expect that the co-expression of this

luciferase reporter with BRG1 would increase the luciferase activity, as already

shown (Wurster et al., 2011), while the co-expression of the luciferase reporter with

Ikaros would importantly decrease the luciferase activity.

Ikaros has been described to be able to associate to protein complexes that are

able to modulate the chromatin accessibility (Kim et al., 1999; Koipally and Geor-

gopoulos, 2002). Our ATAC-seq data show an increased chromatin accessibility at

level of the Csf2 enhancer and the CNSb (Figure 5 of the manuscript), where the role

of CNSb in regulating the GM-CSF expression has not been confirmed yet (Wurster

et al., 2011), while ChIP-seq analyses of these regions do not find an Ikaros binding,

suggesting that Ikaros may be not directly responsible for these chromatin modifi-

cations. However, whether Ikaros, without binding, could modulate the chromatin

accessibility in these specific regions remains an interesting open question and one

possible answer could be that Ikaros may be directly responsible for remodeling the

chromatin state on these regions by binding on distal regulatory regions (Klemm
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et al., 2019).

2) Indirect mechanisms by which Ikaros represses GM-CSF expression.

STAT5. It is possible that the loss of Ikaros causes a modification in the expres-

sion of a particular TF or in the activation of a signaling cascade that leads to the

increased GM-CSF expression. This is the case for the STAT5 signaling. STAT5

has been described to positively regulate GM-CSF expression in WT CD4+ T cells

via its direct binding on the Csf2 promoter (Sheng et al., 2014). Moreover, ChIP-

seq analyses show that STAT5 is also able to bind the CNSa region in WT CD4+ T

cells stimulated with IL-2 (Li et al., 2017). In the manuscript, we show that STAT5

pathway is hyper-activated in cells deficient for Ikaros after 2 days of Th0 culture

and by using inhibitory molecules, STAT5i, we observe an important reduction of

GM-CSF expression in IKO cells (Figure 6 of the manuscript). Considering these

data, we can propose two complementary hypotheses of how Ikaros could regulate

the GM-CSF expression via the STAT5 signaling: 1) in cells deficient for Ikaros,

the hyper-activated STAT5 could directly bind and positively regulate the Csf2 reg-

ulatory regions such as the promoter or the CNSa; 2) STAT5 has been described

to antagonize Ikaros by regulating the same genes (Katerndahl et al., 2017; Heiz-

mann unpublished data). Indeed, STAT5 could compete with Ikaros itself for the

binding on the CNSa of Csf2. Thus one possible mechanism is that, in WT cells,

Ikaros "wins" for the binding on the CNSa inhibiting the GM-CSF expression, while

in cells deficient for Ikaros, STAT5 binds the CNSa instead, promoting the GM-CSF

expression. The mechanisms allowing the hyper-activation of the STAT5 signaling

in IKO cells remain to be understood. In this context, IL-7 does not seem to be impli-

cated in the activation of the STAT5 signaling. Moreover, IL-2 neutralization using

anti-IL-2 Ab did not lower GM-CSF expression in IKO cells, ruling out a potential

implication of IL-2 in GM-CSF expression. In view of our results, STAT5, but not

IL-2, is critical for GM-CSF production in IKO cells. However, it will be important

to determine if the neutralization of IL-2 decreases STAT5 phosphorylation in IKO

cells.

GM-CSFR could be a possible candidate implicated in the STAT5 sustained ac-

tivation in IKO cells, because of the increased expression of GM-CSF (Guthridge

et al., 2006). In our hands, CD4+ T cells cultured in Th0 conditions express low

levels of Csf2ra mRNA after 1 and 2 days of culture without significant differences

between WT and IKO cells (Figure 10.1 E). However, since Ikaros-deficient cells ex-

press high levels of GM-CSF, the expression of GM-CSFR, even if it is low, could

be sufficient to transmit a downstream signal through the activation of the STAT5

cascade, leading to the activation of a positive feedback loop. By using neutralizing
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GM-CSF Abs, we could know if GM-CSFR is important for the STAT5 signaling

activation in IKO cells.

NF-kB. NF-kB is another crucial pathway that plays an important role in the

GM-CSF production in IKO cells and that could be responsible for the direct regu-

lation of Csf2 gene. NF-kB has been described to positively regulate the GM-CSF

expression by binding on the CNSa region in stimulated CD4+ T cells promoting the

BRG1 recruitment (Wurster et al., 2011) and on the Csf2 promoter (Holloway et al.,

2003). Moreover, NF-kB seems to share many target genes with Ikaros (Katerndahl

et al., 2017). By inhibiting the NF-kB signaling we observe a drastic reduction in the

GM-CSF expression in CD4+ T IKO cells (Figure 6 of the manuscript) and our ChIP-

seq data show that Ikaros directly binds the CNSa in d0 and Th0d1 cells. These

data raise two main hypotheses of how Ikaros could regulate GM-CSF expression

via the NF-kB signaling: 1) first, Ikaros could influence the GM-CSF expression

via the direct regulation of the Csf2 gene by competing with NF-kB for the binding

on the CNSa region; 2) the chromatin of the Csf2 promoter is accessible in KO and

WT cells in the naive and activated conditions with slight differences, however a

more specific study for the presence of repressive or activator marks would be in-

teresting to understand if more drastic differences were present at the level of the

organization of the chromatin between WT and KO cells at the level of the promoter.

Indeed, it is possible that in absence of Ikaros, the Csf2 promoter is characterized

by more activator marks that could allow the premature NF-kB binding leading to

the increased expression of GM-CSF. The study of the NF-kB signaling cascade and

a NF-kB ChIP-seq in WT and KO cells could help to better dissect the role of this

pathway in the expression of GM-CSF in CD4+ T cells deficient for Ikaros.

NFAT. The Csf2 enhancer activity is mostly regulated by NFAT, and its opti-

mal activation seems to require the cooperation between NFAT and AP-1 proteins

(Johnson et al., 2004a). Our ATAC-seq results at day 2 show a more accessible

chromatin in the Csf2 enhancer region in TKO cells compared to WT cells, suggest-

ing that NFAT, AP-1 or other TFs could have a role in the increased expression of

GM-CSF in KO cells. Our data focus on the NFAT function and show that the use

of CsA could only partially reduce the GM-CSF expression in IKO cells indicating

that NFAT does not seem to be the crucial TF involved in the Csf2 gene activity.

Interestingly, the use of GSK3i, responsible to lead a sustained activation of NFAT,

generates an even extreme outcome with a drastic reduction of the GM-CSF ex-

pression in cells deficient for Ikaros. GSK3 is known to have a variety of substrates

and the action of the GSK3i on the GM-CSF production in WT and IKO cells could

be explained by its effect on different signaling pathways than NFAT, such as its

inhibitory action towards the NF-κB or STAT signaling (Beurel and Jope, 2008;

Beurel et al., 2010). In conclusion, these data suggest that an increased activity of
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NFAT may not be responsible for the increased GM-CSF expression in CD4+ T cells

deficient for Ikaros. However, NFAT could eventually participate in the regulation

of the GM-CSF expression with other TFs, such as AP-1.

RORγt. How RORγt regulates the expression of GM-CSF remains unclear. In

one study, RORγt seems to be crucial for the GM-CSF expression (Codarri et al.,

2011). Indeed, CD4+ T cells from RORγt-deficient mice cultured with anti-IFNγ

and anti-IL-12 Abs produced lower amounts of GM-CSF than WT cells. In addi-

tion, the enforced expression of RORγt in WT CD4+ T cells increased the percentage

of GM-CSF+ IL-17+ cells (Codarri et al., 2011). Moreover, the screening of the Csf2

promoter revealed a conserved binding site for RORγt, suggesting that RORγt could

directly regulate the GM-CSF expression (Codarri et al., 2011). However, another

study observed that RORγt-deficient CD4+ T cells cultured under Th17(TGFβ1) or

Th17(IL-23) conditions produced similar or increased quantities of GM-CSF than

WT cells (El-Behi et al., 2011). In our hands, RORγt is less expressed in IKO cells

cultured under Th0 or Th17(TGFβ1) conditions (Figure ?? A), while GM-CSF pro-

duction is high. This is in line with the hypothesis of El Behi and colleagues where

RORγt seems to be non necessary for the GM-CSF expression. Moreover, even if

the enforced expression of RORγt in CD4+ WT T cells confirms the results of Co-

darri and colleagues demonstrating an increased expression of GM-CSF+ IL-17+

cells. Very interestingly, in cells deficient for Ikaros, the over-expression of RORγt

does not significantly influence the GM-CSF expression (Figure ??). These results

suggest that RORγt may be able to regulate GM-CSF expression by different mech-

anisms depending on the polarizing cytokines in the environment. In addition,they

reveal that when Ikaros is lost, RORγt does not seem to be important for the regu-

lation of the GM-CSF expression. However, the lack of Ikaros could also potentially

override the effect of RORγt on GM-CSF expression, underlining the importance of

Ikaros to fine-tune GM-CSF production in T cells.

Metabolism. In recent years, the metabolic pathway has become an important

subject in research because of its ability to shape the differentiation of Th cells.

Among the genes implicated in the metabolism, Cd5l is an interesting one. Cd5l is

considered a regulatory gene and its down-regulation is associated to a pTh17 phe-

notype in vivo mouse model experiments (Wang et al., 2015). Indeed, CD5L/AIM

regulates the lipid metabolism and modulates the activity of TFs that are depen-

dent to cholesterol ligands, such as RORγt, by promoting the polyunsaturated fatty

acid (PUFA) generation and by decreasing the lipid containing saturated fatty acids

(SFA). Indeed, its expression restrains the production of RORγt ligands, thus lim-

iting the expression of RORγt target genes such as IL-17 and IL-23R, while cells

deficient for CD5L show an increased expression of IL-17, IL-23R and other pro-

inflammatory cytokines typical of the pTh17 phenotype. Really interestingly, the
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addition of SFA to WT cell culture could bias the differentiation of WT cells towards

a pathogenic profile expression with an increased expression of Csf2 (Wang et al.,

2015). Our RNA-seq results indicate that Cd5l is strongly decreased in CD4+ T cells

deficient for Ikaros activated for 2 days under Th0 conditions, suggesting that the

lipid metabolism could be modified in IKO cells. It would be interesting to deter-

mine if the addition of PUFA in the culture of CD4+ IKO T cells could contribute

to modulate the T cell differentiation towards cells with a less pathogenic profile

and in particular with a decreased expression of GM-CSF. However, more in de-

tail, the mechanism that leads CD5L to inhibit the GM-CSF secretion has not been

investigated yet.

Osmotic stress. The osmotic stress pathway is another signaling that has been

involved in favoring the pathogenic T cell polarization in vitro and in vivo mouse

model (Kleinewietfeld et al., 2013; Wu et al., 2013). However, its role in the regula-

tion of the GM-CSF expression remains unclear. In humans, it has been described

that NaCl stimulates the in vitro pTh17 differentiation via the activation of the

NFAT5 signaling and SGK1 (Kleinewietfeld et al., 2013). Very interestingly, the

microarray data of human naive CD4+ T cells cultured under Th17 condition in

presence of NaCl show an increased expression of CSF2 associated to a decreased

expression of IKZF1 (Kleinewietfeld et al., 2013). Also in mice, NaCl stimulates

the in vitro and in vivo pTh17 differentiation inducing a severe form of EAE prob-

ably via the activation of SGK1. However, in murine CD4+ T cells cultured un-

der Th0 condition, the addition of NaCl seems to decrease the GM-CSF expression

(Wu et al., 2013). We found that the addition of NaCl to the Th0 or Th17 culture

cell conditions does not have a crucial role in the GM-CSF expression in WT cells.

However, in cells deficient for Ikaros, the presence of NaCl decreases the GM-CSF

expression with a more striking result in cells cultured under Th17 conditions (Fig-

ure 10.6) suggesting that in absence of Ikaros the osmotic stress could regulate the

GM-CSF expression depending on the cytokine environment. Indeed, only the Th17

cell transcriptome analysis showed an increased expression of Nfat5 in IKO cells in

comparison to WT cells, indicating that the osmotic stress could be more implicated

in the Th17 condition. Moreover, our ChIP-seq data reveal the presence of an Ikaros

peak on the promoter of Nfat5 in WT naive T cells (Figure S13 of the manuscript).

Although the activity of NFAT5 and the functional inhibition of NFAT5 transcrip-

tion by Ikaros need to be determined, one hypothesis could be that Ikaros directly

represses NFAT5 expression and that in absence of Ikaros, the increased expres-

sion of NFAT5 and its yet to-be-determined activity could be responsible for the in-

creased expression of GM-CSF in Th17 IKO cells. If the inhibition activity of Ikaros

towards the NFAT5 transcription and activity is confirmed, the NFAT5 pathway

could be considered responsible for the GM-CSF increased expression in IKO cells.
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However, it is not clear yet which mechanism could activate NFAT5 in presence of

NaCl and thus understanding the role of Ikaros in the GM-CSF expression in these

conditions remains still enigmatic.

Fas-FasL pathway. As the Fas-FasL pathway has been described to be impli-

cated in death cell and in pro-inflammatory cytokine production via NF-κB pathway

stimulation (Cullen et al., 2013; Henry and Martin, 2017), we decided to investigate

the role of this pathway in the production of GM-CSF in cells deficient for Ikaros. By

using Ab blocking FasL, we demonstrate that the activity of FasL is crucial for the

GM-CSF production only in WT cells (Figure S4 of the manuscript). These results

suggest that FasL is not implicated in the GM-CSF expression in absence of Ikaros,

however it could be possible that the absence of Ikaros overrides the Fas-FasL sig-

naling leading to an hyper-activation of the pathway itself without the necessity

of the trigger by the FasL binding. It would be interesting to deeper dissect the

Fas-FasL pathway in order to understand its role in cells deficient for Ikaros. The

inhibition of the NF-κB canonical pathway activated via the Fas-FasL signaling by

cIAP inhibitors molecules, or by inhibiting the scaffold function of RIPK1 or caspase

8, could give more insight into the mechanism regulating the GM-CSF expression

via the Fas-FasL signaling in IKO cells.

Proliferation. The role of Ikaros in T cell proliferation remains unclear as

Ikaros was first shown to repress (Avitahl et al., 1999) and later to promote T cell

proliferation (Lyon De Ana et al., 2019). We wanted to understand if the GM-CSF

expression was dependent or independent to T cell proliferation. Our results, using

IKO mice, show that proliferation of KO CD4+ T cells under Th0 and Th17 condi-

tions was strongly impaired (Figure S10 of the manuscript), confirming the recent

results of Lyon de Ana and colleagues. Consistent with our CFSE data, the tran-

scriptome analyses show that in CD4+ T cells deficient for Ikaros the genes in the

cluster 18 are composed by cell-cycle related genes and they are remarkably less

induced in activated IKO cells (Figure S1 of the manuscript). Very interestingly,

our results show that in absence of Ikaros, the cells that express the most GM-CSF

are the ones that divided only few times (Figure S10 of the manuscript). By us-

ing the GSK3i, we could reduce the GM-CSF expression in IKO cells, but also the

proliferation defect of the IKO cells (Figure ?? C). These data may suggest that

the GM-CSF expression and the proliferation defect are two linked events in IKO

cells, however, if this is a sine qua non remains unclear and needs to be further

investigated. In order to dissect these two phenomena, we need to understand if

only blocking the proliferation in WT cells could be sufficient to have an increased

GM-CSF expression or if restoring proliferation in IKO cells is always associated to

a decreased GM-CSF expression.
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In the figure 11.1, I am representing the possible mechanisms that lead Ikaros

to regulate the GM-CSF expression in CD4+ cells.

Proinflammatory/pathogenic genes

Foxo3

T-bet

Ifng

Il3

Csf2

Ikaros

Ikaros

STAT5NFkBIkaros

CNSb CNSaCNSc EnhancerPromoter

NFkB binding sites

STAT5 binding sites

Chromatin accessibility

Csf2

TCR/CD3

CD28

Non-pathogenic T cells

NFAT

Figure 11.1: Possible mechanisms that lead Ikaros to regulate the GM-CSF
expression.

11.3 Ikaros promotes cTh17 cell differentiation

The function of Ikaros in Th17 polarization has already been studied but remained

unclear. cTh17 polarization is impaired in CD4+ T cells of mice carrying a germline

Ikzf1 null mutation (Wong et al., 2013), while IL-17 expression is enhanced in

cells missing ZF4 of Ikaros (Heller et al., 2014) and is normally produced in total

CD4+cells of Ikzf1f/fdLckCre mice (Lyon De Ana et al., 2019). Our results are more in

line with the work of Wong and colleagues. The different results in IL-17 production

between the Ikzf1f/fdLckCre and the Ikzf1f/fCD4Cre or the Ikzf1f/fRosa26CreER mouse models

are probably due to the cells used for the in vitro cell differentiation and the effects

of the Ikzf1 deletion. Indeed, in our study a pool of naive CD4+ T cells is sorted and

then activated in cTh17 cell polarizing conditions. In the other work, total CD4+

T cell are purified, thus in this case the pool is composed of naive and activated

T cells which could introduce a bias in the Th17 cell polarization. Moreover, our

results show that only the complete loss of Ikaros cause an impaired IL-17 expres-
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sion (Figure 10.3), and in Ikzf1f/fdLckCre mice, Ikaros does not seem to be completely

lost in CD4+ T cells, suggesting that the little levels expressed may be sufficient to

guarantee a normal IL-17 expression. Here I discuss further the possible role of

Ikaros in IL-17 production.

Ikaros promotes the IL-17 expression under cTh17 cell cul-

ture conditions

RORγt. As RORγt expression is crucial for the IL-17 production (Ivanov et al.,

2006), we analyzed its role in the decreased IL-17 expression in cells deficient for

Ikaros. Our data indicate that Rorc mRNA and protein levels are slightly less in-

duced in Ikaros null CD4+ T cells stimulated in Th17 conditions suggesting that

Ikaros may promote Rorc gene expression (Figure ??). Strikingly, we show that

exogenous RORγt could enhance the IL-17 expression in WT cells, as expected, but

could not rescue IL-17 production in Ikaros null cells (Figure ??), suggesting that

RORγt could not accomplish its direct function in increasing the IL-17 expression

in absence of Ikaros. One hypothesis is that Ikaros could regulate RORγt func-

tion. However, we could speculate that the functionality of RORγt is not completely

impaired in IKO cells, as other RORγt-target genes are normally or even strongly

expressed, this is the case for IL-23R. Alternatively, Ikaros could be required to

guide RORγt on Il17 promoter. This seems to be a possible hypothesis, given that

we found that, in 293T cells, Ikaros and RORγt can interact together or at least are

part of the same protein complex (Figure ??). However, this interaction needs to be

confirmed in murine cells in Th17 culture conditions. RORγt and Ikaros have also

been described to be able to interact with the SWI/SNF and the NURD complexes

(Lee et al., 2020; Johnson et al., 2004b). Indeed, one possibility is that in CD4+ T

cells, the absence of Ikaros could prevent the correct positioning of the nucleosome

remodeling complexes on the Il17 promoter resulting in a decreased expression of

IL-17, even when RORγt is over-expressed. By cloning the Il17 promoter with lu-

cifearse assays, we could confirm if the presence of Ikaros alone or the synergy

between Ikaros and RORγt could be important in promoting the IL-17 expression.

Given the possibility that Ikaros interacts with RORγt, it would be interesting to

study if Ikaros interacts directly with RORγt by forming an hetero-dimer or if they

are only part of the same protein complex and they interact with other proteins.

Moreover, an Ikaros ChIP-seq in Th17 cells could help us to understand if Ikaros

can directly bind Il17 regulatory regions in activated cells even if no Ikaros peaks

was detected in the Il17 promoter in CD4+ T cells at the naive state. While the

RORγt ChIP-seq in Th17 cells will clarify if RORγt is still able to bind the Il17

promoter in CD4+ cells deficient for Ikaros.
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Other TFs. As the absence of Ikaros determines important changes in the gene

transcription, we decided to investigate the role of some TFs implicated in the Th17

cell differentiation. T-bet expression has been described to be responsible for the

down-regulation of IL-17 (Lazarevic et al., 2011). Our data show that CD4+ T cells

deficient for Ikaros and cultured in cTh17 conditions do not up-regulated Tbx21

mRNA, suggesting that this is not the mechanism responsible for the decreased

expression of IL-17 in KO cells. High concentrations of TGFβ1 induce the differ-

entiation of Foxp3+ iTreg cells (Zhang et al., 2008). One possibility was that KO

cells do not produce IL-17 because of a switch towards the Treg cell differentiation.

Our data clearly demonstrate that in absence of Ikaros, the reduced expression of

IL-17 in CD4+ T cells cultured under Th17 condition is not caused by the increased

expression of Foxp3 (Figure S3 of the manuscript). Indeed, the loss of Ikaros abro-

gates Foxp3 expression. A reduced expression of Foxp3 was also observed in cells

missing ZnF4 suggesting that probably it is the DNA-binding domain of Ikaros that

is important for the Foxp3 expression (Heller et al., 2014).

The different members of the Ikaros family can interact between each other and

can bind common target genes. Aiolos and Eos, two members of the Ikaros family,

have been described to influence the Th17 cell development (Quintana et al., 2012;

Rieder et al., 2015). Aiolos has been reported to promote Th17 cell development

by silencing IL-2 expression (Quintana et al., 2012), while Eos is described to have

the opposite role and to inhibit the Th17 cell differentiation by promoting the IL-2

production (Rieder et al., 2015). In T-cells deficient for Ikaros cultured in cTh17

conditions, we observe the up-regulation of Aiolos and Eos (data of transcriptome

and RNA-seq analysis). In our hands, these mechanisms described are not impli-

cated in the reduced expression of IL-17 in Ikaros-deficient cells, indeed, by using

Ab neutralizing IL-2, we show that IL-2 seems not to be responsible for the impaired

production of IL-17 (Figure 10.7). However, experiments in KO mice for Ikaros and

Eos or Ikaros and Aiolos would definitely exclude these mechanisms as implicated

in the failed expression of IL-17 cells in IKO cells. Helios has not been described

to have a role in the IL-17 expression, but analyzing the transcriptome data, we

identified Helios as up-regulated in IKO cells. By using the DKO mice, double KO

for Ikaros and Helios (data not shown), we demonstrate that Helios is not responsi-

ble for the reduced expression of IL-17 in Ikaros-deficient mice. Our results do not

exclude the hypothesis that the failure in the IL-17 expression is caused by a TF

or protein that is under or over-expressed. Indeed, we need to investigate more in

detail other TFs crucial for the IL-17 expression such as Ahr and Batf.

TGFβ1. Our results show that, in cells deficient for Ikaros cultured under cTh17

conditions, neither the presence of IL-6 alone nor the addition of different con-

centrations of TGFβ1 have an effect on the expression of IL-17 (Figure 2 of the
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manuscript). The IL-6 signaling and the STAT3 activation have been already stud-

ied in T cells deficient for Ikaros and they do not seem to be impaired (Maurer thesis,

unpublished data). In a previous work in our laboratory, Ikaros has been described

to antagonize the TGFβ1 signaling in common dendritic progenitors cells (Mastio

et al., 2018). However, in T cells, our results suggest that the loss of Ikaros would

rather leads to an increased threshold for the activation of the TGFβ1 pathway.

Some observations supporting this hypothesis are: 1) TGFβ1 signaling has been

described to inhibit IL-2 production (Laurence et al., 2007), indeed, in IKO cells

cultured under Th17 condition, we observe the increased expression of IL-2 (Fig-

ure 10.7); 2) the failure of IKO cells to produce IL-17; 4) the failure in the Foxp3

expression in cells deficient for Ikaros; 4) TGFβ1 signaling inhibits the GM-CSF

expression in T cells (El-Behi et al., 2011) and our results show that little doses of

TGFβ1 are sufficient to inhibit the GM-CSF expression in WT cells, while in IKO

cells, higher concentrations of TGFβ1 are necessary to show the same inhibitory

effect on the GM-CSF production (Figure 2 of the manuscript). Further experi-

ments are required to investigate in more detail the TGFβ1/SMAD pathway in IKO

cells. Interestingly, the failure of IL-17 production in IKO cells also occurred in

Th17 culture conditions-independent to TGFβ1 signaling, such as Th17(IL-23) and

Th17(NaCl) conditions (Figure 10.6), indicating that exogenous cocktail of cytokines

can not influence the IL-17 production in IKO cells and that Ikaros possibly controls

a more intrinsic mechanism.

Chromatin landscape. Ikaros seems to modify the chromatin accessibility at

the level of the Il17 regulatory regions (Wong et al., 2013). Indeed, one interesting

possibility that we did not explore is that the absence of Ikaros could drastically

modify the chromatin state at the level of the Il17 regulatory regions preventing

the binding of the TFs necessary to induce the IL-17 expression, even if they are

over-expressed, as we showed for RORγt. Moreover, we show that the re-expression

of Ikaros rescue the IL-17 expression in IKO cells, suggesting that the impaired pro-

duction of IL-17 is a reversible event. Indeed, it would be interesting to evaluate

the modifications in the chromatin landscape in IKO cells cultured under Th17 con-

ditions before and after the re-expression of Ikaros. Ikaros may regulate the chro-

matin landscape by directly binding on the Il17 regulatory regions, but ChIP-qPCR

analyses suggest that this is not the case (Wong et al., 2013) or another possibility

is that Ikaros could remodel the chromatin state by binding on distal regulatory

regions. A deeper study of the chromatin state by histone marks ChIP-seq and

ATAC-seq analysis in WT and IKO Th17 cells would clarify the role of Ikaros in the

differentiation of Th17 cells.

In the figure 11.2, I present a scheme of the possible mechanisms implicated in
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the IL-17 expression and that could be impaired in CD4+ cells deficient for Ikaros.

Conventional Th17 cells
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IL-17
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IFNγ
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IL-17

IL-10

pathogenic T cells

(pTh17 and Th-GM profile)
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Protein or TF
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Figure 11.2: Possible mechanisms responsible for the impaired IL-17 ex-
pression. A): Ikaros interacts directly with RORγt or is part of the same pro-
tein complex. In absence of Ikaros, RORγt can not bind the Il17 promoter. B):
Ikaros regulates the chromatin accessibility at the level of the Il17 promoter.
In absence of Ikaros, the Il17 promoter is not accessible for the binding of TFs
such as RORγt. C): Ikaros promotes the transcription of a protein/TF that is
indispensable for the IL-17 expression. In absence of Ikaros, this protein or
missing TF is not present preventing the expression of IL-17.

11.4 Ikaros loss and the in vivo mouse model

It is important to understand how Ikaros regulates the pathogenic T cell profile in

vivo mouse model and if these cells deficient for Ikaros have a pathogenic function

in vivo, especially in Th17-related diseases. To address this question, we decided

to use the psoriasis model. Psoriasis is an excellent model to study the IL-17/IL-23

signaling. To choose the mouse model, we had to take in consideration that the TKO

mice develop a T-ALL from 8-9 weeks of age, thus the induction and development

of the disease needed to happen in a close window of time. Surprisingly, psoriasis

was equally induced in WT and TKO mice. With this in vivo model we made three
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important observations: 1) in vivo CD4+ αβ T cells where Ikaros is deleted are not

able to produce IL-17; 2) the IL-17 produced by the CD4- CD8- γδ T cells, where the

deletion of Ikaros did not happen, is sufficient for the induction of the disease; 3)

at the steady state, Csf2 mRNA and GM-CSF expression are already increased in

CD4+ T cells from the draining LN of the control treated ear of TKO mice and this

expression is not sufficient to induce a more severe psoriasis in mice deficient for

Ikaros. A more suitable mouse model is necessary to unravel the pathogenic role of

GM-CSF in vivo.

pTh17 cells and high GM-CSF expression are considered important for the patho-

genesis of MS and the most common mouse model used to mimic MS is EAE. It will

therefore be important to evaluate the development and function of CD4+ T cells

deficient for Ikaros in in vivo mouse models, such as EAE. The expected reduced

IL-17 expression in vivo in CD4+ T cells deficient for Ikaros does not seem to com-

promise the EAE mouse model, indeed, the IL-17 neutralization has already been

described not to limit the pathogenicity of Th17 cells in the EAE induction (Hofstet-

ter et al., 2005). On the contrary, EAE is the perfect model to study the GM-CSF ex-

pression, indeed, GM-CSF-deficient mice are highly resistant to the EAE induction

(McQualter et al., 2001) and more in detail the cells expressing the more GM-CSF

during the EAE are CD4+ T cells (Komuczki et al., 2019). We are currently collab-

orating with Anne Dejean (Toulouse) to induce a passive EAE model using CD4+

cells lacking Ikaros. Indeed, we would expect that the pro-inflammatory cytokine

profile of CD4+ T cells that have lost Ikaros would be sufficient to induce a more

severe or faster EAE disease compared to WT CD4+ T cells. However, some param-

eters are important to keep in mind. The in vivo CD4+ lymphocytopenia observed

in Ikaros deficient cells or the increased expression of FasL (confirmed only in in

vitro cell culture) could determine a reduced infiltration of CD4+ T cells in the CNS

preventing the appearance of the disease. Another important variable to consider

and that could influence the EAE induction is the migration ability of activated

T cells into the CNS and the chemokine expression of activated T cells deficient

for Ikaros. Cell migration and cell adhesion are pathways enriched in the cluster

of genes up-regulated in the transcriptome and RNA-seq of Ikaros deficient cells

(Figure 1 and 3 of the manuscript), but they have not been further studied. At the

mRNA level, some chemokines important for the EAE induction, such as Ccr6 and

Ccr4 expression are comparable between WT and mutant cells, while Ccl20 and

Ccl5 are up-regulated in mutant activated CD4+ T cells. In the development of the

EAE mouse model, these pitfalls could be eventually avoided in a passive transfer

model by the injection of CD4+ T cells into the CNS (McGeachy et al., 2007). Cur-

rently, we have already decided to inject mice with QVD-OPh in order to reduce the

cell death of Ikaros deficient mice. We hope that these experiments will help us to
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determine if CD4+ cells lacking Ikaros show a pathogenic function in vivo.

11.5 Final conclusions

All the data presented in this work are results of mouse studies. An important ques-

tion is whether we can apply some of these results to human cells. Indeed, in hu-

mans the loss of Ikaros has been mostly associated to CVID and B-ALL diseases, but

its association to inflammatory diseases, such as MS or RA remains unclear. Many

studies are needed to understand the role of Ikaros in humans and for this rea-

son, a collaboration with Patrick Lalive and the Neurology Department in Geneva

is ongoing. The GM-CSF and Ikaros expressions will be tested on new diagnosed

MS patients and we will analyze if a reduced Ikaros expression is associated to an

increased expression of GM-CSF or to more severe inflammatory symptoms in MS

patients and if the expression of Ikaros could be associated to a specific response

to therapy. Moreover, lately, the GM-CSF secreted by T cells has been described

in particular to amplify the Graf-Versus-Host Disease (GVHD) by recruiting donor

DCs in the intestinal tract of mice, however its role in this disease remains unclear

(Piper et al., 2020). In collaboration with the Hematology Department in Geneva,

I will analyze if the severity of the GVHD after stem cell transplantation could be

related to the GM-CSF and Ikaros expression in human hematologic diseases. In-

deed, if a correlation between the reduced/loss Ikaros expression and the increased

pro-inflammatory cytokine production was found, it would mean that Ikaros could

be considered with a new prognostic/therapeutic value. Thus, if this was the case,

in an inflammatory-type disease, reduced or absent Ikaros expression in CD4+ T

cells could be considered as a negative prognostic factor inducing the use of a more

aggressive therapy. A more complex question for the future is if Ikaros could be

considered as a therapeutic target because in this case we would need to re-express

Ikaros in CD4+ T cells. Indeed, if we confirmed that the loss of Ikaros is responsible

for the increased pathogenicity of T cells in the in vivo EAE mouse model and that

its loss is associated to a more aggressive disease in MS patients, it would be amaz-

ing to genetic engineering CD4+ T cells deficient for Ikaros from EAE-induced mice

to over-express Ikaros. Indeed, this would probably lead to the reduced expression

of pro-inflammatory cytokines and would influence the CD4+ T cell polarization in

vivo decreasing their pathogenic potential clearing the possibility to use this strat-

egy in humans. Another field where we could transfer the experiments done in mice

to humans is the field of CAR-T cells, considered among the new promising ther-

apies. The purpose of this new therapy is to engineer the TCR in order to target

specific antigen, such as antigens specific to cancer cells. One critical secondary ef-

fect of this new therapy is the cytokine release syndrome where pro-inflammatory
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cytokine such as GM-CSF, IFNγ or TNFα can be released by the activated engi-

neered T cells. One hypothesis is that by engineering the CAR-T in order to couple

their activity to target specific antigens with the over-expression of Ikaros, we could

eventually induce a reduced induction of cytokine release syndrome. However, the

use of gene therapy and CAR-T cells in autoimmune and inflammatory diseases re-

mains still a challenging field, and moreover, currently, the manipulation of Ikaros

expression seems to be an even more challenging issue. Indeed, given the crucial

role of Ikaros in the differentiation of many T cell subtype, the fine-tuned modifi-

cations in Ikaros expression could also lead to a modification of the T cell response

that need to be further studied.
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differentiated T cells at day 1 (Th0 d1) and day 2 (Th0 d2). Up- and down-
regulated genes with changes significantly greater than 1-fold are highlighted
in red and blue, respectively (padj≤ 0.05). In TN, all genes considered: 15435;
blue dots: 444; red dots: 986. In Th0d1, all genes considered: 15435; blue
dots: 960; red dots: 1365. In Th0d2, all genes considered: 18339; blue dots:
811; red dots: 1725.

229



1 kb

0

0

0

20

20

20

0

0

0

20

20

20

WT

TKO

WT

TKO

WT

TKO

TN

Th0 d1

Th0 d2

ATAC

ChIP Ikaros

Inputs

TN

Th0 d1

TN

Th0 d1
0

0

0

0

100

100

100

100

Tnf Cd4

0

0

0

20

20

20

0

0

0

20

20

20

0

0

0

0

100

100

100

100

10 kb

0

0

0

20

20

20

0

0

0

20

20

20

0

0

0

0

30

30

30

30

0

0

0

20

20

20

0

0

0

20

20

20

0

0

0

0

30

30

30

30

Il2

5 kb 10 kb

Il2rb

0

0

0

20

20

20

0

0

0

20

20

20

0

0

0

0

30

30

30

30

WT

TKO

WT

TKO

WT

TKO

TN

Th0 d1

Th0 d2

ATAC

ChIP Ikaros

Inputs

TN

Th0 d1

TN

Th0 d1

Cd5l

10 kb

0

0

0

20

20

20

0

0

0

20

20

20

0

0

0

0

30

30

30

30

Gsk3b

50 kb

Silencer Cd4

F
ig

u
re

1
2

.2
:

In
te

g
ra

tio
n

C
h

IP
-s

e
q

a
n

d
A

T
A

C
-s

e
q

a
n

a
ly

s
is

re
s
u

lts
.

U
C

S
C

G
e
n

o
m

e
tra

c
k

v
ie

w
s

o
f

C
h

IP
-s

e
q

a
n

d
A

T
A

C
-s

e
q

re
s
u

lts
.

T
h

e
m

o
re

in
te

re
s
tin

g
p

e
a

k
s

c
lo

s
e

to
th

e
T

S
S

a
re

h
ig

h
lig

h
te

d
in

a
re

d
b

o
x

.

2
3

0



Ahr

0

0

0

20

20

20

0

0

0

20

20

20

WT

TKO

WT

TKO

WT

TKO

TN

Th0 d1

Th0 d2

ATAC

ChIP Ikaros

Inputs

TN

Th0 d1

TN

Th0 d1
0

0

0

0

20

20

20

20

0

0

0

20

20

20

0

0

0

20

20

20

0

0

0

0

50

50

50

50

Il7r

10 kb10 kb

0

0

0

20

20

20

0

0

0

20

20

20

0

0

0

0

50

50

50

50

Foxo1

25 kb

0

0

0

20

20

20

0

0

0

20

20

20

WT

TKO

WT

TKO

WT

TKO

TN

Th0 d1

Th0 d2

ATAC

ChIP Ikaros

Inputs

TN

Th0 d1

TN

Th0 d1
0

0

0

0

30

30

30

30

Il1b

10 kb

0

0

0

30

30

30

0

0

0

30

30

30

0

0

0

0

50

50

50

50

Sgk1

20 kb

F
ig

u
re

1
2

.3
:

In
te

g
ra

tio
n

C
h

IP
-s

e
q

a
n

d
A

T
A

C
-s

e
q

a
n

a
ly

s
is

re
s
u

lts
.

U
C

S
C

G
e
n

o
m

e
tra

c
k

v
ie

w
s

o
f

C
h

IP
-s

e
q

a
n

d
A

T
A

C
-s

e
q

re
s
u

lts
.

T
h

e
m

o
re

in
te

re
s
tin

g
p

e
a

k
s

c
lo

s
e

to
th

e
T

S
S

a
re

h
ig

h
lig

h
te

d
in

a
re

d
b

o
x

.

2
3

1



232



Part VIII

Bibliography

233





Bibliography

Abd-Ellah, Ali, Cornelia Voogdt, Daniel Krappmann, Peter Möller, and Ralf B.

Marienfeld (Jan. 22, 2018). “GSK3β modulates NF-κB activation and RelB

degradation through site-specific phosphorylation of BCL10”. In: Scientific

Reports 8. issn: 2045-2322. doi: ✶✵✳✶✵✸✽✴&✹✶✺✾✽✲✵✶✽✲✶✾✽✷✷✲③ (cit. on pp. 32,

35).

Agnihotri, Parul, Nicholas M. Robertson, Sarah E. Umetsu, Ksenia Arakcheeva,

and Susan Winandy (Nov. 2017). “Lack of Ikaros cripples expression of

Foxo1 and its targets in naive T cells”. In: Immunology 152.3, pp. 494–506.

issn: 0019-2805. doi: ✶✵✳✶✶✶✶✴✐♠♠✳✶✷✼✽✻ (cit. on pp. 93, 94).

Apostolov, Apostol, Isma Litim-Mecheri, Attila Oravecz, Marie Goepp, Peggy

Kirstetter, Patricia Marchal, Antoine Ittel, Laurent Mauvieux, Susan Chan,

and Philippe Kastner (June 17, 2016). “Sumoylation Inhibits the Growth

Suppressive Properties of Ikaros”. In: PLOS ONE 11.6. Ed. by Ramani Ram-

chandran, e0157767. issn: 1932-6203. doi: ✶✵✳✶✸✼✶✴❥♦✉4♥❛❧✳♣♦♥❡✳✵✶✺✼✼✻✼

(cit. on p. 86).

Arbelaez, Carlos A, Simon Glatigny, Rebekka Duhen, Gerard Eberl, Mohamed

Oukka, and Estelle Bettelli (Sept. 1, 2015). “IL-7/IL-7R signaling differen-

tially affects effector CD4+ T cell subsets involved in experimental autoim-

mune encephalomyelitis”. In: Journal of immunology (Baltimore, Md. : 1950)

195.5, pp. 1974–1983. issn: 0022-1767. doi: ✶✵✳✹✵✹✾✴❥✐♠♠✉♥♦❧✳✶✹✵✸✶✸✺ (cit.

on p. 63).

Avitahl, Nicole, Susan Winandy, Christof Friedrich, Beverly Jones, Yimin Ge,

and Katia Georgopoulos (Mar. 1, 1999). “Ikaros Sets Thresholds for T Cell Ac-

tivation and Regulates Chromosome Propagation”. In: Immunity 10.3, pp. 333–

343. issn: 1074-7613. doi: ✶✵✳✶✵✶✻✴❙✶✵✼✹✲✼✻✶✸✭✵✵✮✽✵✵✸✸✲✸ (cit. on pp. 93,

217).

Bartok, Beatrix and Gary S. Firestein (Jan. 2010). “Fibroblast-like synovio-

cytes: key effector cells in rheumatoid arthritis”. In: Immunological reviews

233.1, pp. 233–255. issn: 0105-2896. doi: ✶✵✳✶✶✶✶✴❥✳✵✶✵✺✲✷✽✾✻✳✷✵✵✾✳✵✵✽✺✾✳

① (cit. on p. 81).

235



Becher, Burkhard, Brigit G. Durell, and Randolph J. Noelle (Aug. 15, 2002).

“Experimental autoimmune encephalitis and inflammation in the absence

of interleukin-12”. In: The Journal of Clinical Investigation 110.4, pp. 493–

497. issn: 0021-9738. doi: ✶✵✳✶✶✼✷✴❏❈■✶✺✼✺✶ (cit. on p. 61).

Becher, Burkhard and Stanislav Pantelyushin (2012). “Hiding under the skin:

Interleukin-17-producing γδ T cells go under the skin?” In: Nature Medicine

18.12. Pp. 1748–1750. issn: 1078-8956. doi: ✶✵✳✶✵✸✽✴♥♠✳✸✵✶✻ (cit. on pp. 79,

80, 202).

Becher, Burkhard, Sonia Tugues, and Melanie Greter (Nov. 15, 2016). “GM-

CSF: From Growth Factor to Central Mediator of Tissue Inflammation”. In:

Immunity 45.5, pp. 963–973. issn: 1074-7613. doi: ✶✵✳✶✵✶✻✴❥✳✐♠♠✉♥✐✳✷✵✶✻✳

✶✵✳✵✷✻ (cit. on pp. 71, 72, 82).

Beg, A. A. and D. Baltimore (Nov. 1, 1996). “An Essential Role for NF-kappa B in

Preventing TNF-alpha -Induced Cell Death”. In: Science 274.5288, pp. 782–

784. issn: 0036-8075, 1095-9203. doi: ✶✵✳✶✶✷✻✴2❝✐❡♥❝❡✳✷✼✹✳✺✷✽✽✳✼✽✷ (cit.

on pp. 31, 76).

Bell, A. L., M. K. Magill, W. R. McKane, F. Kirk, and A. E. Irvine (1995). “Mea-

surement of colony-stimulating factors in synovial fluid: potential clinical

value”. In: Rheumatology International 14.5, pp. 177–182. issn: 0172-8172.

doi: ✶✵✳✶✵✵✼✴❜❢✵✵✷✻✷✷✾✺ (cit. on p. 81).

Bentham, James et al. (Dec. 2015). “Genetic association analyses implicate

aberrant regulation of innate and adaptive immunity genes in the pathogen-

esis of systemic lupus erythematosus”. In: Nature genetics 47.12, pp. 1457–

1464. issn: 1061-4036. doi: ✶✵✳✶✵✸✽✴♥❣✳✸✹✸✹ (cit. on p. 97).

Berridge, Michael J. (Aug. 10, 2016). “The Inositol Trisphosphate/Calcium

Signaling Pathway in Health and Disease”. In: Physiological Reviews 96.4.

Pp. 1261–1296. issn: 0031-9333. doi: ✶✵✳✶✶✺✷✴♣❤②2=❡✈✳✵✵✵✵✻✳✷✵✶✻ (cit. on

p. 28).

Berry, Corbett T., Michael J. May, and Bruce D. Freedman (Sept. 2018). “STIM-

and Orai-mediated Calcium Entry Controls NF-κB Activity and Function

in Lymphocytes”. In: Cell calcium 74, pp. 131–143. issn: 0143-4160. doi:

✶✵✳✶✵✶✻✴❥✳❝❡❝❛✳✷✵✶✽✳✵✼✳✵✵✸ (cit. on p. 28).

Bettelli, Estelle, Brandon Sullivan, Susanne J. Szabo, Raymond A. Sobel, Lau-

rie H. Glimcher, and Vijay K. Kuchroo (July 5, 2004). “Loss of T-bet, But

Not STAT1, Prevents the Development of Experimental Autoimmune En-

cephalomyelitis”. In: The Journal of Experimental Medicine 200.1, pp. 79–

87. issn: 0022-1007. doi: ✶✵✳✶✵✽✹✴❥❡♠✳✷✵✵✸✶✽✶✾ (cit. on p. 61).

Beurel, Eléonore and Richard S. Jope (Aug. 8, 2008). “Differential Regulation

of STAT Family Members by Glycogen Synthase Kinase-3”. In: Journal of Bi-

236



ological Chemistry 283.32, pp. 21934–21944. issn: 0021-9258, 1083-351X.

doi: ✶✵✳✶✵✼✹✴❥❜❝✳▼✽✵✷✹✽✶✷✵✵ (cit. on p. 214).

Beurel, Eléonore, Suzanne M. Michalek, and Richard S. Jope (Jan. 2010).

“Innate and adaptive immune responses regulated by glycogen synthase

kinase-3 (GSK3)”. In: Trends in Immunology 31.1, pp. 24–31. issn: 14714906.

doi: ✶✵✳✶✵✶✻✴❥✳✐.✳✷✵✵✾✳✵✾✳✵✵✼ (cit. on pp. 41, 214).

Beurel, Eléonore, Wen-I Yeh, Suzanne M. Michalek, Laurie E. Harrington, and

Richard S. Jope (Feb. 1, 2011). “Glycogen Synthase Kinase-3 Is an Early

Determinant in the Differentiation of Pathogenic Th17 Cells”. In: Journal of

immunology (Baltimore, Md. : 1950) 186.3, pp. 1391–1398. issn: 0022-1767.

doi: ✶✵✳✹✵✹✾✴❥✐♠♠✉♥♦❧✳✶✵✵✸✺✶✶ (cit. on p. 42).

Beurel, Eléonore et al. (May 15, 2013). “Regulation of Th1 cells and experimen-

tal autoimmune encephalomyelitis (EAE) by glycogen synthase kinase-3”.

In: Journal of immunology (Baltimore, Md. : 1950) 190.10, pp. 5000–5011.

issn: 0022-1767. doi: ✶✵✳✹✵✹✾✴❥✐♠♠✉♥♦❧✳✶✷✵✸✵✺✼ (cit. on p. 42).

Bhatt, Dev and Sankar Ghosh (2014). “Regulation of the NF-κB-Mediated Tran-

scription of Inflammatory Genes”. In: Frontiers in Immunology 5. issn: 1664-

3224. doi: ✶✵✳✸✸✽✾✴❢✐♠♠✉✳✷✵✶✹✳✵✵✵✼✶ (cit. on p. 41).

Bielekova, Bibiana (May 1, 2019). “Daclizumab therapy for multiple sclerosis”.

In: Cold Spring Harbor perspectives in medicine 9.5. issn: 2157-1422. doi:

✶✵✳✶✶✵✶✴❝8❤♣❡<8♣❡❝.✳❛✵✸✹✹✼✵ (cit. on p. 59).

Biondo, Mark, Zeyad Nasa, Aiden Marshall, Ban Hock Toh, and Frank Alderuc-

cio (Feb. 1, 2001). “Local Transgenic Expression of Granulocyte Macrophage-

Colony Stimulating Factor Initiates Autoimmunity”. In: The Journal of Im-

munology 166.3. Pp. 2090–2099. issn: 0022-1767, 1550-6606. doi: ✶✵ ✳

✹✵✹✾✴❥✐♠♠✉♥♦❧✳✶✻✻✳✸✳✷✵✾✵ (cit. on p. 72).

Bornelöv, Susanne et al. (July 5, 2018). “The Nucleosome Remodeling and

Deacetylation Complex Modulates Chromatin Structure at Sites of Active

Transcription to Fine-Tune Gene Expression”. In: Molecular Cell 71.1, 56–

72.e4. issn: 1097-2765. doi: ✶✵✳✶✵✶✻✴❥✳♠♦❧❝❡❧✳✷✵✶✽✳✵✻✳✵✵✸ (cit. on p. 87).

Bottardi, Stefania, Lionel Mavoungou, Vincent Bourgoin, Nazar Mashtalir, El

Bachir Affar, and Eric Milot (Aug. 2013). “Direct Protein Interactions Are Re-

sponsible for Ikaros-GATA and Ikaros-Cdk9 Cooperativeness in Hematopoi-

etic Cells”. In: Molecular and Cellular Biology 33.16, pp. 3064–3076. issn:

0270-7306. doi: ✶✵✳✶✶✷✽✴▼❈❇✳✵✵✷✾✻✲✶✸ (cit. on p. 89).

Bottardi, Stefania, Julie Ross, Vincent Bourgoin, Nasser Fotouhi-Ardakani, El

Bachir Affar, Marie Trudel, and Eric Milot (Mar. 15, 2009). “Ikaros and

GATA-1 Combinatorial Effect Is Required for Silencing of Human γ-Globin

237



Genes”. In: Molecular and Cellular Biology 29.6. Pp. 1526–1537. issn: 0270-

7306, 1098-5549. doi: ✶✵✳✶✶✷✽✴▼❈❇✳✵✶✺✷✸✲✵✽ (cit. on p. 89).

Boutboul, David et al. (July 2, 2018). “Dominant-negative IKZF1 mutations

cause a T, B, and myeloid cell combined immunodeficiency”. In: The Journal

of Clinical Investigation 128.7, pp. 3071–3087. issn: 0021-9738. doi: ✶✵✳

✶✶✼✷✴❏❈■✾✽✶✻✹ (cit. on p. 97).

Bozinovski, Steven, Jessica E. Jones, Ross Vlahos, John A. Hamilton, and Gary

P. Anderson (Aug. 11, 2002). “Granulocyte/Macrophage-Colony-stimulating

Factor (GM-CSF) Regulates Lung Innate Immunity to Lipopolysaccharide

through Akt/Erk Activation of NFκB and AP-1 in Vivo”. In: Journal of Bio-

logical Chemistry 277.45. Pp. 42808–42814. issn: 0021-9258, 1083-351X.

doi: ✶✵✳✶✵✼✹✴❥❜❝✳▼✷✵✼✽✹✵✷✵✵ (cit. on p. 74).

Brettingham-Moore, Kate H., Sudha Rao, Torsten Juelich, M. Frances Shan-

non, and Adele F. Holloway (2005). “GM-CSF promoter chromatin remod-

elling and gene transcription display distinct signal and transcription factor

requirements”. In: Nucleic Acids Research 33.1, pp. 225–234. issn: 0305-

1048. doi: ✶✵✳✶✵✾✸✴♥❛7✴❣❦✐✶✻✶ (cit. on pp. 75, 76).

Broughton, Sophie E. et al. (Aug. 2, 2016). “Conformational Changes in the GM-

CSF Receptor Suggest a Molecular Mechanism for Affinity Conversion and

Receptor Signaling”. In: Structure 24.8. Pp. 1271–1281. issn: 0969-2126.

doi: ✶✵✳✶✵✶✻✴❥✳;<7✳✷✵✶✻✳✵✺✳✵✶✼ (cit. on p. 73).

Brown, Karen E., Simon S. Guest, Stephen T. Smale, Kyungmin Hahm, Matthias

Merkenschlager, and Amanda G. Fisher (Dec. 12, 1997). “Association of

Transcriptionally Silent Genes with Ikaros Complexes at Centromeric Hete-

rochromatin”. In: Cell 91.6. Pp. 845–854. issn: 0092-8674, 1097-4172. doi:

✶✵✳✶✵✶✻✴❙✵✵✾✷✲✽✻✼✹✭✵✵✮✽✵✹✼✷✲✾ (cit. on p. 86).

Brüstle, Anne et al. (Dec. 3, 2012). “The NF-κB regulator MALT1 determines

the encephalitogenic potential of Th17 cells”. In: The Journal of Clinical In-

vestigation 122.12, pp. 4698–4709. issn: 0021-9738. doi: ✶✵✳✶✶✼✷✴❏❈■✻✸✺✷✽

(cit. on p. 76).

Burgess, A. W., J. Camakaris, and D. Metcalf (Mar. 25, 1977). “Purification

and properties of colony-stimulating factor from mouse lung-conditioned

medium.” In: Journal of Biological Chemistry 252.6. Pp. 1998–2003. issn:

0021-9258, 1083-351X (cit. on p. 72).

Burmester, Gerd R et al. (Sept. 2013). “Efficacy and safety of mavrilimumab in

subjects with rheumatoid arthritis”. In: Annals of the Rheumatic Diseases

72.9, pp. 1445–1452. issn: 0003-4967. doi: ✶✵✳✶✶✸✻✴❛♥♥7❤❡✉♠❞✐;✲ ✷✵✶✷✲

✷✵✷✹✺✵ (cit. on p. 81).

238



Burmester, Gerd R. et al. (June 1, 2017). “A randomised phase IIb study of

mavrilimumab, a novel GM–CSF receptor alpha monoclonal antibody, in

the treatment of rheumatoid arthritis”. In: Annals of the Rheumatic Dis-

eases 76.6. Pp. 1020–1030. issn: 0003-4967, 1468-2060. doi: ✶✵✳✶✶✸✻✴

❛♥♥(❤❡✉♠❞✐/✲✷✵✶✻✲✷✶✵✻✷✹ (cit. on p. 81).

Carbo, Adria et al. (Apr. 4, 2013). “Systems Modeling of Molecular Mecha-

nisms Controlling Cytokine-driven CD4+ T Cell Differentiation and Pheno-

type Plasticity”. In: PLOS Computational Biology 9.4. e1003027. issn: 1553-

7358. doi: ✶✵✳✶✸✼✶✴❥♦✉(♥❛❧✳♣❝❜✐✳✶✵✵✸✵✷✼ (cit. on p. 48).

Cartwright, Tyrell, Neil D. Perkins, and Caroline L. Wilson (2016). “NFKB1:

a suppressor of inflammation, ageing and cancer”. In: The FEBS Journal

283.10. Pp. 1812–1822. issn: 1742-4658. doi: ✶✵✳✶✶✶✶✴❢❡❜/✳✶✸✻✷✼ (cit. on

p. 33).

Casrouge, Armanda, Emmanuel Beaudoing, Sophie Dalle, Christophe Pan-

netier, Jean Kanellopoulos, and Philippe Kourilsky (June 1, 2000). “Size Es-

timate of the αβ TCR Repertoire of Naive Mouse Splenocytes”. In: The Journal

of Immunology 164.11. Pp. 5782–5787. issn: 0022-1767, 1550-6606. doi:

✶✵✳✹✵✹✾✴❥✐♠♠✉♥♦❧✳✶✻✹✳✶✶✳✺✼✽✷ (cit. on p. 22).

Catz, Sergio D. and Jennifer L. Johnson (Nov. 2001). “Transcriptional regula-

tion of bcl-2 by nuclear factor κB and its significance in prostate cancer”.

In: Oncogene 20.50. Pp. 7342–7351. issn: 1476-5594. doi: ✶✵✳✶✵✸✽✴/❥✳♦♥❝✳

✶✷✵✹✾✷✻ (cit. on p. 31).

Chastagner, Patricia, Jay Reddy, and Jacques Thèze (Oct. 1, 2002). “Lym-

phoadenopathy in IL-2-Deficient Mice: Further Characterization and Over-

expression of the Antiapoptotic Molecule Cellular FLIP”. In: The Journal

of Immunology 169.7. Pp. 3644–3651. issn: 0022-1767, 1550-6606. doi:

✶✵✳✹✵✹✾✴❥✐♠♠✉♥♦❧✳✶✻✾✳✼✳✸✻✹✹ (cit. on p. 45).

Ch’en, Irene L., Daniel R. Beisner, Alexei Degterev, Candace Lynch, Junying

Yuan, Alexander Hoffmann, and Stephen M. Hedrick (Nov. 11, 2008). “Antigen-

mediated T cell expansion regulated by parallel pathways of death”. In: Pro-

ceedings of the National Academy of Sciences 105.45. Pp. 17463–17468.

issn: 0027-8424, 1091-6490. doi: ✶✵✳✶✵✼✸✴♣♥❛/✳✵✽✵✽✵✹✸✶✵✺ (cit. on p. 69).

Chen, Junwei, Junxia Li, Huiying Gao, Caihong Wang, Jing Luo, Zhiqin Lv, and

Xiaofeng Li (2012). “Comprehensive Evaluation of Different T-Helper Cell

Subsets Differentiation and Function in Rheumatoid Arthritis”. In: Journal

of Biomedicine and Biotechnology 2012, pp. 1–6. issn: 1110-7243, 1110-

7251. doi: ✶✵✳✶✶✺✺✴✷✵✶✷✴✺✸✺✸✻✶ (cit. on p. 49).

Chen, Yi et al. (May 1, 2006a). “Anti–IL-23 therapy inhibits multiple inflamma-

tory pathways and ameliorates autoimmune encephalomyelitis”. In: Jour-

239



nal of Clinical Investigation 116.5, pp. 1317–1326. issn: 0021-9738. doi:

✶✵✳✶✶✼✷✴❏❈■✷✺✸✵✽ (cit. on p. 61).

Chen, Zhi, Arian Laurence, Yuka Kanno, Margit Pacher-Zavisin, Bing-Mei Zhu,

Cristina Tato, Akihiko Yoshimura, Lothar Hennighausen, and John J. O’Shea

(May 23, 2006b). “Selective regulatory function of Socs3 in the formation of

IL-17-secreting T cells”. In: Proceedings of the National Academy of Sciences

of the United States of America 103.21, pp. 8137–8142. issn: 0027-8424.

doi: ✶✵✳✶✵✼✸✴♣♥❛/✳✵✻✵✵✻✻✻✶✵✸ (cit. on pp. 52, 53).

Chen, Zhijian J. (Mar. 2012). “Ubiquitination in Signaling to and Activation of

IKK”. In: Immunological reviews 246.1, pp. 95–106. issn: 0105-2896. doi:

✶✵✳✶✶✶✶✴❥✳✶✻✵✵✲✵✻✺❳✳✷✵✶✷✳✵✶✶✵✽✳① (cit. on pp. 34, 36).

Chinen, Takatoshi, Arun K. Kannan, Andrew G Levine, Xiying Fan, Ulf Klein, Ye

Zheng, Georg Gasteiger, Yongqiang Feng, Jason D. Fontenot, and Alexander

Y. Rudensky (Nov. 2016). “An essential role for IL-2 receptor in regulatory

T cell function”. In: Nature immunology 17.11, pp. 1322–1333. issn: 1529-

2908. doi: ✶✵✳✶✵✸✽✴♥✐✳✸✺✹✵ (cit. on p. 49).

Cho, S. G., Y. M. Park, H. Moon, K. M. Kim, S. S. Bae, G. B. Kim, H. S. Cho, C. C.

Kim, and K. S. Lee (Dec. 1998). “Psoriasiform eruption triggered by recom-

binant granulocyte-macrophage colony stimulating factor (rGM-CSF) and

exacerbated by granulocyte colony stimulating factor (rG-CSF) in a patient

with breast cancer”. In: Journal of Korean Medical Science 13.6, pp. 685–

688. issn: 1011-8934. doi: ✶✵✳✸✸✹✻✴❥❦♠/✳✶✾✾✽✳✶✸✳✻✳✻✽✺ (cit. on p. 80).

Chong, Wai Po et al. (July 15, 2020). “The Cytokine IL-17A Limits Th17 Pathogenic-

ity via a Negative Feedback Loop Driven by Autocrine Induction of IL-24”.

In: Immunity. issn: 1074-7613. doi: ✶✵✳✶✵✶✻✴❥✳✐♠♠✉♥✐✳✷✵✷✵✳✵✻✳✵✷✷ (cit. on

p. 78).

Ciofani, Maria et al. (Oct. 12, 2012). “A Validated Regulatory Network for Th17

Cell Specification”. In: Cell 151.2, pp. 289–303. issn: 0092-8674. doi: ✶✵✳

✶✵✶✻✴❥✳❝❡❧❧✳✷✵✶✷✳✵✾✳✵✶✻ (cit. on pp. 50–52).

Cobb, Bradley S., Susana Morales-Alcelay, Gary Kleiger, Karen E. Brown, Amanda

G. Fisher, and Stephen T. Smale (Sept. 1, 2000). “Targeting of Ikaros to peri-

centromeric heterochromatin by direct DNA binding”. In: Genes & Develop-

ment 14.17, pp. 2146–2160. issn: 0890-9369 (cit. on p. 84).

Cockerill, P N, M F Shannon, A G Bert, G R Ryan, and M A Vadas (Mar. 15,

1993). “The granulocyte-macrophage colony-stimulating factor/interleukin

3 locus is regulated by an inducible cyclosporin A-sensitive enhancer.” In:

Proceedings of the National Academy of Sciences of the United States of Amer-

ica 90.6, pp. 2466–2470. issn: 0027-8424 (cit. on p. 75).

240



Codarri, Laura, Gabor Gyülvészi, Vinko Tosevski, Lysann Hesske, Adriano Fontana,

Laurent Magnenat, Tobias Suter, and Burkhard Becher (June 2011). “RORγt

drives production of the cytokine GM-CSF in helper T cells, which is essen-

tial for the effector phase of autoimmune neuroinflammation”. In: Nature

Immunology 12.6, pp. 560–567. issn: 1529-2916. doi: ✶✵✳✶✵✸✽✴♥✐✳✷✵✷✼ (cit.

on pp. 61, 62, 77–79, 215).

Concetti, Julia and Caroline L. Wilson (Sept. 7, 2018). “NFKB1 and Cancer:

Friend or Foe?” In: Cells 7.9. issn: 2073-4409. doi: ✶✵✳✸✸✾✵✴❝❡❧❧.✼✵✾✵✶✸✸

(cit. on p. 32).

Consortium, The International Multiple Sclerosis Genetics (Aug. 30, 2007).

“Risk Alleles for Multiple Sclerosis Identified by a Genomewide Study”. In:

New England Journal of Medicine 357.9, pp. 851–862. issn: 0028-4793,

1533-4406. doi: ✶✵✳✶✵✺✻✴◆❊❏▼♦❛✵✼✸✹✾✸ (cit. on p. 59).

Constantinescu, Cris S. et al. (May 21, 2015). “Randomized phase 1b trial of

MOR103, a human antibody to GM-CSF, in multiple sclerosis”. In: Neu-

rology® Neuroimmunology & Neuroinflammation 2.4. issn: 2332-7812. doi:

✶✵✳✶✷✶✷✴◆❳■✳✵✵✵✵✵✵✵✵✵✵✵✵✵✶✶✼ (cit. on p. 59).

Coornaert, Beatrice, Mathijs Baens, Karen Heyninck, Tine Bekaert, Mira Haeg-

man, Jens Staal, Lijun Sun, Zhijian J. Chen, Peter Marynen, and Rudi

Beyaert (Mar. 2008). “T cell antigen receptor stimulation induces MALT1

paracaspase–mediated cleavage of the NF-κB inhibitor A20”. In: Nature Im-

munology 9.3, pp. 263–271. issn: 1529-2916. doi: ✶✵✳✶✵✸✽✴♥✐✶✺✻✶ (cit. on

p. 35).

Courtney, Adam H., Wan-Lin Lo, and Arthur Weiss (Feb. 2018). “TCR Signaling:

Mechanisms of Initiation and Propagation”. In: Trends in Biochemical Sci-

ences 43.2, pp. 108–123. issn: 09680004. doi: ✶✵✳✶✵✶✻✴❥✳;✐❜.✳✷✵✶✼✳✶✶✳✵✵✽

(cit. on p. 24).

Crabtree, Gerald R. and Eric N. Olson (Apr. 19, 2002). “NFAT Signaling: Chore-

ographing the Social Lives of Cells”. In: Cell 109.2. S67–S79. issn: 0092-

8674, 1097-4172. doi: ✶✵✳✶✵✶✻✴❙✵✵✾✷✲✽✻✼✹✭✵✷✮✵✵✻✾✾✲✷ (cit. on p. 30).

Croxford, Andrew L., Margit Lanzinger, Felix J. Hartmann, Bettina Schreiner,

Florian Mair, Pawel Pelczar, Björn E. Clausen, Steffen Jung, Melanie Greter,

and Burkhard Becher (Sept. 15, 2015). “The Cytokine GM-CSF Drives the

Inflammatory Signature of CCR2+ Monocytes and Licenses Autoimmunity”.

In: Immunity 43.3. Pp. 502–514. issn: 1074-7613. doi: ✶✵✳✶✵✶✻✴❥✳✐♠♠✉♥✐✳

✷✵✶✺✳✵✽✳✵✶✵ (cit. on p. 78).

Cua, Daniel J. et al. (Feb. 2003). “Interleukin-23 rather than interleukin-12 is

the critical cytokine for autoimmune inflammation of the brain”. In: Nature

241



421.6924. Pp. 744–748. issn: 1476-4687. doi: ✶✵✳✶✵✸✽✴♥❛(✉*❡✵✶✸✺✺ (cit. on

p. 61).

Cui, Guoliang, Xia Qin, Lili Wu, Yuebo Zhang, Xiaoyan Sheng, Qiwen Yu,

Hongguang Sheng, Beili Xi, Jingwu Z. Zhang, and Ying Qin Zang (Feb. 1,

2011). “Liver X receptor (LXR) mediates negative regulation of mouse and

human Th17 differentiation”. In: The Journal of Clinical Investigation 121.2,

pp. 658–670. issn: 0021-9738. doi: ✶✵✳✶✶✼✷✴❏❈■✹✷✾✼✹ (cit. on p. 51).

Cullen, Sean P., Conor M. Henry, Conor J. Kearney, Susan E. Logue, Maria

Feoktistova, Graham A. Tynan, Ed C. Lavelle, Martin Leverkus, and Seamus

J. Martin (Mar. 28, 2013). “Fas/CD95-Induced Chemokines Can Serve as

“Find-Me” Signals for Apoptotic Cells”. In: Molecular Cell 49.6, pp. 1034–

1048. issn: 1097-2765. doi: ✶✵✳✶✵✶✻✴❥✳♠♦❧❝❡❧✳✷✵✶✸✳✵✶✳✵✷✺ (cit. on pp. 38,

66–68, 217).

Dang, Eric V. et al. (Sept. 2, 2011). “Control of TH17/Treg Balance by Hypoxia-

inducible Factor 1”. In: Cell 146.5, pp. 772–784. issn: 0092-8674. doi: ✶✵✳

✶✵✶✻✴❥✳❝❡❧❧✳✷✵✶✶✳✵✼✳✵✸✸ (cit. on p. 52).

D’Arcy, Mark S (June 2019). “Cell death: a review of the major forms of apop-

tosis, necrosis and autophagy”. In: Cell Biology International 43.6, pp. 582–

592. issn: 1065-6995, 1095-8355. doi: ✶✵✳✶✵✵✷✴❝❜✐♥✳✶✶✶✸✼ (cit. on pp. 65,

67).

Darnell, J. E., I. M. Kerr, and G. R. Stark (June 3, 1994). “Jak-STAT pathways

and transcriptional activation in response to IFNs and other extracellular

signaling proteins”. In: Science 264.5164. Pp. 1415–1421. issn: 0036-8075,

1095-9203. doi: ✶✵✳✶✶✷✻✴<❝✐❡♥❝❡✳✽✶✾✼✹✺✺ (cit. on p. 43).

David, Liron, Yang Li, Jun Ma, Ethan Garner, Xinzheng Zhang, and Hao Wu

(Feb. 13, 2018). “Assembly mechanism of the CARMA1–BCL10–MALT1–TRAF6

signalosome”. In: Proceedings of the National Academy of Sciences 115.7.

Pp. 1499–1504. issn: 0027-8424, 1091-6490. doi: ✶✵✳✶✵✼✸✴♣♥❛<✳✶✼✷✶✾✻✼✶✶✺

(cit. on p. 35).

Davis, Kara L. (Dec. 2011). “Ikaros: master of hematopoiesis, agent of leukemia”.

In: Therapeutic Advances in Hematology 2.6, pp. 359–368. issn: 2040-6207.

doi: ✶✵✳✶✶✼✼✴✷✵✹✵✻✷✵✼✶✶✹✶✷✹✶✾ (cit. on pp. 86, 88).

Dege, Carissa and James Hagman (Sept. 2014). “Mi-2/NuRD chromatin re-

modeling complexes regulate B and T-lymphocyte development and func-

tion”. In: Immunological reviews 261.1, pp. 126–140. issn: 0105-2896. doi:

✶✵✳✶✶✶✶✴✐♠*✳✶✷✷✵✾ (cit. on p. 87).

Diehn, M., A. A. Alizadeh, O. J. Rando, C. L. Liu, K. Stankunas, D. Botstein, G.

R. Crabtree, and P. O. Brown (Sept. 3, 2002). “Genomic expression programs

and the integration of the CD28 costimulatory signal in T cell activation”. In:

242



Proceedings of the National Academy of Sciences 99.18, pp. 11796–11801.

issn: 0027-8424, 1091-6490. doi: ✶✵✳✶✵✼✸✴♣♥❛)✳✵✾✷✷✽✹✸✾✾ (cit. on p. 27).

Dieudonné, Yannick, Aurélien Guffroy, Olivier Vollmer, Raphael Carapito, and

Anne-Sophie Korganow (May 2019). “IKZF1 Loss-of-Function Variant Causes

Autoimmunity and Severe Familial Antiphospholipid Syndrome”. In: Jour-

nal of Clinical Immunology 39.4, pp. 353–357. issn: 0271-9142, 1573-2592.

doi: ✶✵✳✶✵✵✼✴)✶✵✽✼✺✲✵✶✾✲✵✵✻✹✸✲✷ (cit. on p. 97).

Ding, Yali et al. (May 9, 2019). “Ikaros tumor suppressor function includes

induction of active enhancers and super-enhancers along with pioneering

activity”. In: Leukemia. issn: 0887-6924, 1476-5551. doi: ✶✵✳✶✵✸✽✴)✹✶✸✼✺✲

✵✶✾✲✵✹✼✹✲✵ (cit. on p. 89).

Dong, De, Lvqin Zheng, Jianquan Lin, Bailing Zhang, Yuwei Zhu, Ningning Li,

Shuangyu Xie, Yuhang Wang, Ning Gao, and Zhiwei Huang (Sept. 2019).

“Structural basis of assembly of the human T cell receptor–CD3 complex”.

In: Nature 573.7775. Pp. 546–552. issn: 1476-4687. doi: ✶✵✳✶✵✸✽✴)✹✶✺✽✻✲

✵✶✾✲✶✺✸✼✲✵ (cit. on p. 22).

Dougan, Michael, Glenn Dranoff, and Stephanie K. Dougan (Apr. 2019). “GM-

CSF, IL-3, and IL-5 Family of Cytokines: Regulators of Inflammation”. In:

Immunity 50.4, pp. 796–811. issn: 10747613. doi: ✶✵✳✶✵✶✻✴❥✳✐♠♠✉♥✐✳✷✵✶✾✳

✵✸✳✵✷✷ (cit. on p. 73).

Dranoff, G, E Jaffee, A Lazenby, P Golumbek, H Levitsky, K Brose, V Jackson, H

Hamada, D Pardoll, and R C Mulligan (Apr. 15, 1993). “Vaccination with ir-

radiated tumor cells engineered to secrete murine granulocyte-macrophage

colony-stimulating factor stimulates potent, specific, and long-lasting anti-

tumor immunity.” In: Proceedings of the National Academy of Sciences of

the United States of America 90.8, pp. 3539–3543. issn: 0027-8424 (cit. on

p. 82).

Dumortier, Alexis et al. (Jan. 2006). “Notch activation is an early and critical

event during T-Cell leukemogenesis in Ikaros-deficient mice”. In: Molecular

and Cellular Biology 26.1, pp. 209–220. issn: 0270-7306. doi: ✶✵✳✶✶✷✽✴▼❈❇✳

✷✻✳✶✳✷✵✾✲✷✷✵✳✷✵✵✻ (cit. on pp. 90, 95).

Duncker, Patrick C., Joshua S. Stoolman, Amanda K. Huber, and Benjamin M.

Segal (Feb. 1, 2018). “GM-CSF Promotes Chronic Disability in Experimen-

tal Autoimmune Encephalomyelitis by Altering the Composition of Central

Nervous System–Infiltrating Cells, but Is Dispensable for Disease Induc-

tion”. In: The Journal of Immunology 200.3. Pp. 966–973. issn: 0022-1767,

1550-6606. doi: ✶✵✳✹✵✹✾✴❥✐♠♠✉♥♦❧✳✶✼✵✶✹✽✹ (cit. on p. 78).

Durant, Lydia et al. (May 2010). “Diverse Targets of the Transcription Factor

STAT3 Contribute to T Cell Pathogenicity and Homeostasis”. In: Immunity

243



32.5, pp. 605–615. issn: 10747613. doi: ✶✵✳✶✵✶✻✴❥✳✐♠♠✉♥✐✳✷✵✶✵✳✵✺✳✵✵✸

(cit. on p. 51).

Ebner, Karin, Alexander Bandion, Bernd R. Binder, Rainer de Martin, and Jo-

hannes A. Schmid (July 1, 2003). “GMCSF activates NF-κB via direct inter-

action of the GMCSF receptor with IκB kinase β”. In: Blood 102.1, pp. 192–

199. issn: 0006-4971, 1528-0020. doi: ✶✵✳✶✶✽✷✴❜❧♦♦❞✲✷✵✵✷✲✶✷✲✸✼✺✸ (cit. on

p. 74).

El-Behi, Mohamed, Bogoljub Ciric, Hong Dai, Yaping Yan, Melissa Cullimore,

Farinaz Safavi, Guang-Xian Zhang, Bonnie N. Dittel, and Abdolmohamad

Rostami (June 2011). “The encephalitogenicity of TH17 cells is dependent

on IL-1- and IL-23-induced production of the cytokine GM-CSF”. In: Nature

immunology 12.6, pp. 568–575. issn: 1529-2908. doi: ✶✵✳✶✵✸✽✴♥✐✳✷✵✸✶ (cit.

on pp. 61, 62, 72, 77–79, 189, 197, 215, 221).

ElKassar, Nahed and Ronald E Gress (Mar. 2010). “An Overview of IL-7 Biology

and Its Use in Immunotherapy”. In: Journal of immunotoxicology 7.1, pp. 1–

7. issn: 1547-691X. doi: ✶✵✳✸✶✵✾✴✶✺✹✼✻✾✶✵✾✵✸✹✺✸✷✾✻ (cit. on p. 44).

Elmore, Susan (2007). “Apoptosis: A Review of Programmed Cell Death”. In:

Toxicologic pathology 35.4, pp. 495–516. issn: 0192-6233. doi: ✶✵✳✶✵✽✵✴

✵✶✾✷✻✷✸✵✼✵✶✸✷✵✸✸✼ (cit. on p. 66).

Esensten, Jonathan H., Ynes A. Helou, Gaurav Chopra, Arthur Weiss, and

Jeffrey A. Bluestone (May 17, 2016). “CD28 costimulation: from mechanism

to therapy”. In: Immunity 44.5, pp. 973–988. issn: 1074-7613. doi: ✶✵✳✶✵✶✻✴

❥✳✐♠♠✉♥✐✳✷✵✶✻✳✵✹✳✵✷✵ (cit. on p. 26).

Fits, Leslie van der et al. (May 1, 2009). “Imiquimod-Induced Psoriasis-Like

Skin Inflammation in Mice Is Mediated via the IL-23/IL-17 Axis”. In: The

Journal of Immunology 182.9, pp. 5836–5845. issn: 0022-1767, 1550-6606.

doi: ✶✵✳✹✵✹✾✴❥✐♠♠✉♥♦❧✳✵✽✵✷✾✾✾ (cit. on pp. 185, 186).

Fixe, P. and V. Praloran (Jan. 1998). “M-CSF: HAEMATOPOIETIC GROWTH

FACTOR OR INFLAMMATORY CYTOKINE?” In: Cytokine 10.1, pp. 32–37.

issn: 10434666. doi: ✶✵✳✶✵✵✻✴❝②8♦✳✶✾✾✼✳✵✷✹✾ (cit. on p. 71).

Fletcher, J M, S J Lalor, C M Sweeney, N Tubridy, and K H G Mills (Oct. 2010). “T

cells in multiple sclerosis and experimental autoimmune encephalomyeli-

tis”. In: Clinical and Experimental Immunology 162.1, pp. 1–11. issn: 0009-

9104. doi: ✶✵✳✶✶✶✶✴❥✳✶✸✻✺✲✷✷✹✾✳✷✵✶✵✳✵✹✶✹✸✳① (cit. on p. 49).

Franke, Andre et al. (Dec. 2010). “Genome-wide meta-analysis increases to

71 the number of confirmed Crohn’s disease susceptibility loci”. In: Nature

Genetics 42.12, pp. 1118–1125. issn: 1546-1718. doi: ✶✵✳✶✵✸✽✴♥❣✳✼✶✼ (cit.

on p. 97).

244



Fraser, J D and A Weiss (Oct. 1992). “Regulation of T-cell lymphokine gene

transcription by the accessory molecule CD28.” In: Molecular and Cellular

Biology 12.10, pp. 4357–4363. issn: 0270-7306, 1098-5549. doi: ✶✵✳✶✶✷✽✴

▼❈❇✳✶✷✳✶✵✳✹✸✺✼ (cit. on p. 77).

Frauwirth, Kenneth A., Maria-Luisa Alegre, and Craig B. Thompson (Mar. 15,

2000). “Induction of T Cell Anergy in the Absence of CTLA-4/B7 Interac-

tion”. In: The Journal of Immunology 164.6. Pp. 2987–2993. issn: 0022-

1767, 1550-6606. doi: ✶✵✳✹✵✹✾✴❥✐♠♠✉♥♦❧✳✶✻✹✳✻✳✷✾✽✼ (cit. on p. 25).

Fritsch, Melanie et al. (Nov. 2019). “Caspase-8 is the molecular switch for apop-

tosis, necroptosis and pyroptosis”. In: Nature 575.7784, pp. 683–687. issn:

0028-0836, 1476-4687. doi: ✶✵✳✶✵✸✽✴6✹✶✺✽✻✲✵✶✾✲✶✼✼✵✲✻ (cit. on p. 69).

Galli, Edoardo et al. (Aug. 2019). “GM-CSF and CXCR4 define a T helper cell

signature in multiple sclerosis”. In: Nature Medicine 25.8. Pp. 1290–1300.

issn: 1546-170X. doi: ✶✵✳✶✵✸✽✴6✹✶✺✾✶✲✵✶✾✲✵✺✷✶✲✹ (cit. on pp. 59, 72).

Garcia, Carlos A., Manjunatha R. Benakanakere, Pascale Alard, Michelle M.

Kosiewicz, Denis F. Kinane, and Michael Martin (Dec. 15, 2008). “Antigenic

Experience Dictates Functional Role of Glycogen Synthase Kinase-3 in Hu-

man CD4+ T Cell Responses”. In: Journal of immunology (Baltimore, Md. :

1950) 181.12, pp. 8363–8371. issn: 0022-1767 (cit. on p. 42).

Gehring, Torben et al. (Oct. 22, 2019). “MALT1 Phosphorylation Controls Acti-

vation of T Lymphocytes and Survival of ABC-DLBCL Tumor Cells”. In: Cell

Reports 29.4. 873–888.e10. issn: 2211-1247. doi: ✶✵✳✶✵✶✻✴❥✳❝❡❧:❡♣✳✷✵✶✾✳

✵✾✳✵✹✵ (cit. on p. 35).

Geimer Le Lay, A.-S. et al. (Mar. 18, 2014). “The Tumor Suppressor Ikaros

Shapes the Repertoire of Notch Target Genes in T Cells”. In: Science Signal-

ing 7.317, ra28–ra28. issn: 1945-0877, 1937-9145. doi: ✶✵✳✶✶✷✻✴6❝✐6✐❣♥❛❧✳

✷✵✵✹✺✹✺ (cit. on p. 90).

Georgopoulos, K., D. D. Moore, and B. Derfler (Oct. 30, 1992). “Ikaros, an

early lymphoid-specific transcription factor and a putative mediator for T

cell commitment”. In: Science (New York, N.Y.) 258.5083, pp. 808–812. issn:

0036-8075 (cit. on pp. 83, 84).

Georgopoulos, Katia (Jan. 3, 2017). “The making of a lymphocyte: the choice

among disparate cell fates and the IKAROS enigma”. In: Genes & Develop-

ment 31.5. Pp. 439–450. issn: 0890-9369, 1549-5477. doi: ✶✵✳✶✶✵✶✴❣❛❞✳

✷✾✼✵✵✷✳✶✶✼ (cit. on p. 86).

Gerondakis, S, A Strasser, D Metcalf, G Grigoriadis, J Y Scheerlinck, and R J

Grumont (Apr. 16, 1996). “Rel-deficient T cells exhibit defects in production

of interleukin 3 and granulocyte-macrophage colony-stimulating factor.” In:

245



Proceedings of the National Academy of Sciences of the United States of Amer-

ica 93.8, pp. 3405–3409. issn: 0027-8424 (cit. on p. 76).

Ghezzi, Angelo, Tanuja Chitnis, Annik K-Laflamme, Rolf Meinert, Dieter A.

Häring, and Daniela Pohl (July 19, 2019). “Long-Term Effect of Immediate

Versus Delayed Fingolimod Treatment in Young Adult Patients with Relaps-

ing–Remitting Multiple Sclerosis: Pooled Analysis from the FREEDOMS/FREEDOMS II

Trials”. In: Neurology and Therapy 8.2, pp. 461–475. issn: 2193-8253. doi:

✶✵✳✶✵✵✼✴%✹✵✶✷✵✲✵✶✾✲✵✶✹✻✲③ (cit. on p. 59).

Ghoreschi, Kamran et al. (Oct. 21, 2010). “Generation of Pathogenic Th17 Cells

in the Absence of TGF-β Signaling”. In: Nature 467.7318, pp. 967–971. issn:

0028-0836. doi: ✶✵✳✶✵✸✽✴♥❛0✉2❡✵✾✹✹✼ (cit. on pp. 59, 60, 196).

Giardino Torchia, Maria Letizia, Dietrich B. Conze, Dragana Jankovic, and

Jonathan D. Ashwell (Jan. 15, 2013). “The balance between NF-κB p100

and p52 regulates T cell costimulation-dependence”. In: Journal of immunol-

ogy (Baltimore, Md. : 1950) 190.2, pp. 549–555. issn: 0022-1767. doi: ✶✵✳

✹✵✹✾✴❥✐♠♠✉♥♦❧✳✶✷✵✶✻✾✼ (cit. on p. 39).

Girard, Jean-Philippe, Christine Moussion, and Reinhold Förster (Nov. 2012).

“HEVs, lymphatics and homeostatic immune cell trafficking in lymph nodes”.

In: Nature Reviews Immunology 12.11, pp. 762–773. issn: 1474-1733, 1474-

1741. doi: ✶✵✳✶✵✸✽✴♥2✐✸✷✾✽ (cit. on p. 23).

Gökmen, M. Refik, Rong Dong, Aditi Kanhere, Nick Powell, Esperanza Perucha,

Ian Jackson, Jane K. Howard, Maria Hernandez-Fuentes, Richard G. Jen-

ner, and Graham M. Lord (Dec. 15, 2013). “Genome-wide regulatory analysis

reveals T-bet controls Th17 lineage differentiation through direct suppres-

sion of IRF4”. In: Journal of immunology (Baltimore, Md. : 1950) 191.12. issn:

0022-1767. doi: ✶✵✳✹✵✹✾✴❥✐♠♠✉♥♦❧✳✶✷✵✷✷✺✹ (cit. on p. 51).

Gómez-del-Arco, Pablo, Joseph Koipally, and Katia Georgopoulos (Apr. 1, 2005).

“Ikaros SUMOylation: Switching Out of Repression”. In: Molecular and Cel-

lular Biology 25.7. Pp. 2688–2697. issn: 0270-7306, 1098-5549. doi: ✶✵✳

✶✶✷✽✴▼❈❇✳✷✺✳✼✳✷✻✽✽✲✷✻✾✼✳✷✵✵✺ (cit. on p. 86).

Green, Douglas R. (June 3, 2005). “Apoptotic Pathways: Ten Minutes to Dead”.

In: Cell 121.5. Pp. 671–674. issn: 0092-8674, 1097-4172. doi: ✶✵✳✶✵✶✻✴❥✳

❝❡❧❧✳✷✵✵✺✳✵✺✳✵✶✾ (cit. on p. 67).

Grell, Matthias et al. (Dec. 1995). “The transmembrane form of tumor necrosis

factor is the prime activating ligand of the 80 kDa tumor necrosis factor

receptor”. In: Cell 83.5, pp. 793–802. issn: 00928674. doi: ✶✵✳✶✵✶✻✴✵✵✾✷✲

✽✻✼✹✭✾✺✮✾✵✶✾✷✲✷ (cit. on p. 211).

Gurel, Zafer, Tapani Ronni, Sam Ho, Jason Kuchar, Kimberly J. Payne, Christoph

W. Turk, and Sinisa Dovat (Mar. 28, 2008). “Recruitment of Ikaros to Peri-

246



centromeric Heterochromatin Is Regulated by Phosphorylation”. In: Jour-

nal of Biological Chemistry 283.13. Pp. 8291–8300. issn: 0021-9258, 1083-

351X. doi: ✶✵✳✶✵✼✹✴❥❜❝✳▼✼✵✼✾✵✻✷✵✵ (cit. on p. 86).

Guéry, Leslie and Stéphanie Hugues (2015). “Th17 Cell Plasticity and Func-

tions in Cancer Immunity”. In: BioMed Research International 2015, pp. 1–

11. issn: 2314-6133, 2314-6141. doi: ✶✵✳✶✶✺✺✴✷✵✶✺✴✸✶✹✻✷✵ (cit. on p. 54).

Gutcher, Ilona and Burkhard Becher (May 1, 2007). “APC-derived cytokines

and T cell polarization in autoimmune inflammation”. In: The Journal of

Clinical Investigation 117.5. Pp. 1119–1127. issn: 0021-9738. doi: ✶✵✳✶✶✼✷✴

❏❈■✸✶✼✷✵ (cit. on p. 23).

Guthridge, Mark A., Emma F. Barry, Fernando A. Felquer, Barbara J. McClure,

Frank C. Stomski, Hayley Ramshaw, and Angel F. Lopez (Feb. 1, 2004).

“The phosphoserine-585–dependent pathway of the GM-CSF/IL-3/IL-5 re-

ceptors mediates hematopoietic cell survival through activation of NF-κB

and induction of bcl-2”. In: Blood 103.3. Pp. 820–827. issn: 0006-4971.

doi: ✶✵✳✶✶✽✷✴❜❧♦♦❞✲✷✵✵✸✲✵✻✲✶✾✾✾ (cit. on p. 74).

Guthridge, Mark A et al. (Feb. 8, 2006). “Growth factor pleiotropy is controlled

by a receptor Tyr/Ser motif that acts as a binary switch”. In: The EMBO

Journal 25.3, pp. 479–485. issn: 0261-4189. doi: ✶✵✳✶✵✸✽✴7❥✳❡♠❜♦❥✳✼✻✵✵✾✹✽

(cit. on pp. 74, 189, 213).

Halstead, E. Scott et al. (2018). “GM-CSF overexpression after influenza a virus

infection prevents mortality and moderates M1-like airway monocyte/macrophage

polarization”. In: Respiratory Research 19. issn: 1465-9921. doi: ✶✵✳✶✶✽✻✴

7✶✷✾✸✶✲✵✶✼✲✵✼✵✽✲✺ (cit. on p. 81).

Hamilton, John A. (Oct. 14, 2019). “GM-CSF in inflammation”. In: The Journal

of Experimental Medicine 217.1. issn: 0022-1007. doi: ✶✵✳✶✵✽✹✴❥❡♠✳✷✵✶✾✵✾✹✺

(cit. on pp. 73, 78, 99).

Hamilton, John A. and Paul P. Tak (2009). “The dynamics of macrophage lin-

eage populations in inflammatory and autoimmune diseases”. In: Arthritis &

Rheumatism 60.5. Pp. 1210–1221. issn: 1529-0131. doi: ✶✵✳✶✵✵✷✴❛;<✳✷✹✺✵✺

(cit. on pp. 72, 81).

Hansen, Guido et al. (Aug. 8, 2008). “The Structure of the GM-CSF Receptor

Complex Reveals a Distinct Mode of Cytokine Receptor Activation”. In: Cell

134.3. Pp. 496–507. issn: 0092-8674, 1097-4172. doi: ✶✵✳✶✵✶✻✴❥✳❝❡❧❧✳

✷✵✵✽✳✵✺✳✵✺✸ (cit. on pp. 73, 74).

Harker, Nicola, Taku Naito, Marta Cortes, Arnd Hostert, Sandra Hirschberg,

Mauro Tolaini, Kathleen Roderick, Katia Georgopoulos, and Dimitris Kious-

sis (Dec. 1, 2002). “The CD8α Gene Locus Is Regulated by the Ikaros Family

247



of Proteins”. In: Molecular Cell 10.6. Pp. 1403–1415. issn: 1097-2765. doi:

✶✵✳✶✵✶✻✴❙✶✵✾✼✲✷✼✻✺✭✵✷✮✵✵✼✶✶✲✻ (cit. on p. 92).

Hartmann, Felix J. et al. (Dec. 2014). “Multiple sclerosis-associated IL2RA poly-

morphism controls GM-CSF production in human TH cells”. In: Nature Com-

munications 5.1, p. 5056. issn: 2041-1723. doi: ✶✵✳✶✵✸✽✴♥❝♦♠♠3✻✵✺✻ (cit. on

p. 63).

Hartwig, Tom et al. (Dec. 2018). “Regulatory T Cells Restrain Pathogenic T

Helper Cells during Skin Inflammation”. In: Cell Reports 25.13, 3564–3572.e4.

issn: 22111247. doi: ✶✵✳✶✵✶✻✴❥✳❝❡❧7❡♣✳✷✵✶✽✳✶✷✳✵✶✷ (cit. on pp. 80, 202).

Hasan, Zafrul, Shin-ichi Koizumi, Daiki Sasaki, Hayato Yamada, Nana Arakaki,

Yoshitaka Fujihara, Shiho Okitsu, Hiroki Shirahata, and Hiroki Ishikawa

(May 30, 2017). “JunB is essential for IL-23-dependent pathogenicity of

Th17 cells”. In: Nature Communications 8, p. 15628. issn: 2041-1723. doi:

✶✵✳✶✵✸✽✴♥❝♦♠♠3✶✺✻✷✽ (cit. on p. 180).

Havrdová, Eva, Anna Belova, Alla Goloborodko, Anne Tisserant, Andrew Wright,

Erik Wallstroem, Hideki Garren, Ralph Paul Maguire, and Donald R. Johns

(July 2016). “Activity of secukinumab, an anti-IL-17A antibody, on brain

lesions in RRMS: results from a randomized, proof-of-concept study”. In:

Journal of Neurology 263.7, pp. 1287–1295. issn: 0340-5354, 1432-1459.

doi: ✶✵✳✶✵✵✼✴3✵✵✹✶✺✲✵✶✻✲✽✶✷✽✲① (cit. on p. 59).

Hayden, Matthew S and Sankar Ghosh (June 2014). “Regulation of NF-κB by

TNF Family Cytokines”. In: Seminars in immunology 26.3, pp. 253–266. issn:

1044-5323. doi: ✶✵✳✶✵✶✻✴❥✳3♠✐♠✳✷✵✶✹✳✵✺✳✵✵✹ (cit. on p. 36).

Heizmann, Beate, Philippe Kastner, and Susan Chan (Apr. 2018). “The Ikaros

family in lymphocyte development”. In: Current Opinion in Immunology 51,

pp. 14–23. issn: 09527915. doi: ✶✵✳✶✵✶✻✴❥✳❝♦✐✳✷✵✶✼✳✶✶✳✵✵✺ (cit. on pp. 86,

87, 90).

Heller, Jennifer J., Ju Qiu, and Liang Zhou (Feb. 1, 2011). “Nuclear receptors

take center stage in Th17 cell–mediated autoimmunity”. In: The Journal of

Clinical Investigation 121.2, pp. 519–521. issn: 0021-9738. doi: ✶✵✳✶✶✼✷✴

❏❈■✹✺✾✸✾ (cit. on p. 95).

Heller, Jennifer J., Hilde Schjerven, Shiyang Li, Aileen Lee, Ju Qiu, Zong-Ming

E. Chen, Stephen T. Smale, and Liang Zhou (Oct. 15, 2014). “Restriction of

IL-22-producing T Cell Responses and Differential Regulation of Treg Com-

partments by Zinc Finger Transcription Factor Ikaros”. In: Journal of im-

munology (Baltimore, Md. : 1950) 193.8, pp. 3934–3946. issn: 0022-1767.

doi: ✶✵✳✹✵✹✾✴❥✐♠♠✉♥♦❧✳✶✹✵✶✷✸✹ (cit. on pp. 94, 218, 220).

Henry, Conor M. and Seamus J. Martin (Feb. 2017). “Caspase-8 Acts in a

Non-enzymatic Role as a Scaffold for Assembly of a Pro-inflammatory “FAD-

248



Dosome” Complex upon TRAIL Stimulation”. In: Molecular Cell 65.4, 715–

729.e5. issn: 10972765. doi: ✶✵✳✶✵✶✻✴❥✳♠♦❧❝❡❧✳✷✵✶✼✳✵✶✳✵✷✷ (cit. on pp. 39,

67, 69, 217).

Herrera, Salvador C. and Erika A. Bach (Jan. 15, 2019). “JAK/STAT signaling

in stem cells and regeneration: from Drosophila to vertebrates”. In: Develop-

ment 146.2. issn: 0950-1991, 1477-9129. doi: ✶✵✳✶✷✹✷✴❞❡✈✳✶✻✼✻✹✸ (cit. on

p. 43).

Himes, S. Roy, Leeanne S. Coles, Raymond Reeves, and M. Frances Shannon

(Nov. 1, 1996). “High Mobility Group Protein I(Y) Is Required for Function

and for c-Rel Binding to CD28 Response Elements within the GM-CSF and

IL-2 Promoters”. In: Immunity 5.5. Pp. 479–489. issn: 1074-7613. doi: ✶✵✳

✶✵✶✻✴❙✶✵✼✹✲✼✻✶✸✭✵✵✮✽✵✺✵✸✲✽ (cit. on p. 76).

Hirota, K. et al. (Mar. 2011). “Fate mapping of interleukin 17-producing T cells

in inflammatory responses”. In: Nature immunology 12.3, pp. 255–263. issn:

1529-2908. doi: ✶✵✳✶✵✸✽✴♥✐✳✶✾✾✸ (cit. on pp. 53, 54).

Hirota, Keiji et al. (June 19, 2018). “Autoimmune Th17 Cells Induced Syn-

ovial Stromal and Innate Lymphoid Cell Secretion of the Cytokine GM-CSF

to Initiate and Augment Autoimmune Arthritis”. In: Immunity 48.6, 1220–

1232.e5. issn: 1074-7613. doi: ✶✵✳✶✵✶✻✴❥✳✐♠♠✉♥✐✳✷✵✶✽✳✵✹✳✵✵✾ (cit. on p. 81).

Hoeflich, Klaus P., Juan Luo, Elizabeth A. Rubie, Ming-Sound Tsao, Ou Jin,

and James R. Woodgett (July 2000). “Requirement for glycogen synthase

kinase-3β in cell survival and NF-κB activation”. In: Nature 406.6791, pp. 86–

90. issn: 1476-4687. doi: ✶✵✳✶✵✸✽✴✸✺✵✶✼✺✼✹ (cit. on pp. 32, 41).

Hoesel, Bastian and Johannes A Schmid (Aug. 2, 2013). “The complexity of NF-

κB signaling in inflammation and cancer”. In: Molecular Cancer 12, p. 86.

issn: 1476-4598. doi: ✶✵✳✶✶✽✻✴✶✹✼✻✲✹✺✾✽✲✶✷✲✽✻ (cit. on p. 31).

Hofstetter, Harald H., Saleh M. Ibrahim, Dirk Koczan, Niels Kruse, Andreas

Weishaupt, Klaus V. Toyka, and Ralf Gold (Oct. 2005). “Therapeutic efficacy

of IL-17 neutralization in murine experimental autoimmune encephalomyeli-

tis”. In: Cellular Immunology 237.2, pp. 123–130. issn: 00088749. doi: ✶✵✳

✶✵✶✻✴❥✳❝❡❧❧✐♠♠✳✷✵✵✺✳✶✶✳✵✵✷ (cit. on pp. 61, 223).

Hogan, Patrick G., Lin Chen, Julie Nardone, and Anjana Rao (Sept. 15, 2003).

“Transcriptional regulation by calcium, calcineurin, and NFAT”. In: Genes

& Development 17.18. Pp. 2205–2232. issn: 0890-9369, 1549-5477. doi:

✶✵✳✶✶✵✶✴❣❛❞✳✶✶✵✷✼✵✸ (cit. on p. 29).

Holloway, Adele F., Sudha Rao, Xinxin Chen, and M. Frances Shannon (Feb. 17,

2003). “Changes in Chromatin Accessibility Across the GM-CSF Promoter

upon T Cell Activation Are Dependent on Nuclear Factor κB Proteins”. In:

249



Journal of Experimental Medicine 197.4, pp. 413–423. issn: 0022-1007, 1540-

9538. doi: ✶✵✳✶✵✽✹✴❥❡♠✳✷✵✵✷✶✵✸✾ (cit. on pp. 76, 77, 214).

Huang, Fang-Fang et al. (July 15, 2011). “GM-CSF in the Lung Protects against

Lethal Influenza Infection”. In: American Journal of Respiratory and Critical

Care Medicine 184.2, pp. 259–268. issn: 1073-449X. doi: ✶✵✳✶✶✻✹✴-❝❝♠✳

✷✵✶✵✶✷✲✷✵✸✻❖❈ (cit. on p. 81).

Huang, Hai, Hong Li, Pei Zhou, and Dianwen Ju (Aug. 1, 2010). “Protective

effects of recombinant human granulocyte macrophage colony stimulating

factor on H1N1 influenza virus-induced pneumonia in mice”. In: Cytokine

51.2, pp. 151–157. issn: 1043-4666. doi: ✶✵✳✶✵✶✻✴❥✳❝②3♦✳✷✵✶✵✳✵✹✳✵✵✶ (cit.

on p. 81).

Hwang, Jeong-Ryul, Yeongseon Byeon, Donghwan Kim, and Sung-Gyoo Park

(May 2020). “Recent insights of T cell receptor-mediated signaling pathways

for T cell activation and development”. In: Experimental & Molecular Medicine

52.5. Pp. 750–761. issn: 2092-6413. doi: ✶✵✳✶✵✸✽✴5✶✷✷✼✻✲✵✷✵✲✵✹✸✺✲✽ (cit. on

p. 24).

Ifergan, Igal et al. (Nov. 2017). “Targeting the GM-CSF receptor for the treatment

of CNS autoimmunity”. In: Journal of autoimmunity 84, pp. 1–11. issn: 0896-

8411. doi: ✶✵✳✶✵✶✻✴❥✳❥❛✉3✳✷✵✶✼✳✵✻✳✵✵✺ (cit. on p. 78).

Imbratta, Claire, Hind Hussein, Fabienne Andris, and Grégory Verdeil (2020).

“c-MAF, a Swiss Army Knife for Tolerance in Lymphocytes”. In: Frontiers in

Immunology 11. issn: 1664-3224. doi: ✶✵✳✸✸✽✾✴❢✐♠♠✉✳✷✵✷✵✳✵✵✷✵✻ (cit. on

p. 53).

Ivanov, Ivaylo I., Brent S. McKenzie, Liang Zhou, Carlos E. Tadokoro, Alice Le-

pelley, Juan J. Lafaille, Daniel J. Cua, and Dan R. Littman (Sept. 22, 2006).

“The Orphan Nuclear Receptor RORγt Directs the Differentiation Program

of Proinflammatory IL-17+ T Helper Cells”. In: Cell 126.6. Pp. 1121–1133.

issn: 0092-8674, 1097-4172. doi: ✶✵✳✶✵✶✻✴❥✳❝❡❧❧✳✷✵✵✻✳✵✼✳✵✸✺ (cit. on

pp. 52, 60, 219).

Jakimovski, Dejan, Channa Kolb, Murali Ramanathan, Robert Zivadinov, and

Bianca Weinstock-Guttman (Jan. 11, 2018). “Interferon β for Multiple Scle-

rosis”. In: Cold Spring Harbor Perspectives in Medicine 8.11. a032003. issn:

, 2157-1422. doi: ✶✵✳✶✶✵✶✴❝5❤♣❡-5♣❡❝3✳❛✵✸✷✵✵✸ (cit. on p. 63).

Jameson, Stephen C. and David Masopust (Feb. 20, 2018). “Understanding

Subset Diversity in T Cell Memory”. In: Immunity 48.2. Pp. 214–226. issn:

1074-7613. doi: ✶✵✳✶✵✶✻✴❥✳✐♠♠✉♥✐✳✷✵✶✽✳✵✷✳✵✶✵ (cit. on p. 55).

Jeannet, Robin et al. (Dec. 16, 2010). “Oncogenic activation of the Notch1 gene

by deletion of its promoter in Ikaros-deficient T-ALL”. In: Blood 116.25.

250



Pp. 5443–5454. issn: 0006-4971. doi: ✶✵✳✶✶✽✷✴❜❧♦♦❞✲✷✵✶✵✲✵✺✲✷✽✻✻✺✽ (cit.

on p. 90).

Jenkins, M. K., J. D. Ashwell, and R. H. Schwartz (May 15, 1988). “Allogeneic

non-T spleen cells restore the responsiveness of normal T cell clones stim-

ulated with antigen and chemically modified antigen-presenting cells.” In:

The Journal of Immunology 140.10. Pp. 3324–3330. issn: 0022-1767, 1550-

6606 (cit. on p. 25).

Jin, Wei, Xiao-Fei Zhou, Jiayi Yu, Xuhong Cheng, and Shao-Cong Sun (June 25,

2009). “Regulation of Th17 cell differentiation and EAE induction by MAP3K

NIK”. In: Blood 113.26, pp. 6603–6610. issn: 0006-4971. doi: ✶✵ ✳ ✶✶✽✷ ✴

❜❧♦♦❞✲✷✵✵✽✲✶✷✲✶✾✷✾✶✹ (cit. on p. 39).

Johnson, Brett V., Andrew G. Bert, Gregory R. Ryan, Antony Condina, and Peter

N. Cockerill (Sept. 2004a). “Granulocyte-Macrophage Colony-Stimulating

Factor Enhancer Activation Requires Cooperation between NFAT and AP-

1 Elements and Is Associated with Extensive Nucleosome Reorganization”.

In: Molecular and Cellular Biology 24.18, pp. 7914–7930. issn: 0270-7306.

doi: ✶✵✳✶✶✷✽✴▼❈❇✳✷✹✳✶✽✳✼✾✶✹✲✼✾✸✵✳✷✵✵✹ (cit. on pp. 29, 75, 214).

Johnson, David R, Jeanne M Lovett, Michael Hirsch, Fang Xia, and J. Don Chen

(June 4, 2004b). “NuRD complex component Mi-2β binds to and represses

RORγ-mediated transcriptional activation”. In: Biochemical and Biophysical

Research Communications 318.3, pp. 714–718. issn: 0006-291X. doi: ✶✵✳

✶✵✶✻✴❥✳❜❜5❝✳✷✵✵✹✳✵✹✳✵✽✼ (cit. on p. 219).

Jostins, Luke et al. (Nov. 1, 2012). “Host-microbe interactions have shaped the

genetic architecture of inflammatory bowel disease”. In: Nature 491.7422,

pp. 119–124. issn: 0028-0836. doi: ✶✵✳✶✵✸✽✴♥❛9✉5❡✶✶✺✽✷ (cit. on p. 97).

Katerndahl, Casey D.S. et al. (June 2017). “STAT5 antagonism of B cell en-

hancer networks drives leukemia and poor patient survival”. In: Nature im-

munology 18.6, pp. 694–704. issn: 1529-2908. doi: ✶✵✳✶✵✸✽✴♥✐✳✸✼✶✻ (cit. on

pp. 89, 213, 214).

Kelly, R.I. and R.A. Marsden (Jan. 1994). “Granulocyte-macrophage colony-

stimulating factor and psoriasis”. In: Journal of the American Academy of

Dermatology 30.1, p. 144. issn: 01909622. doi: ✶✵✳✶✵✶✻✴❙✵✶✾✵✲ ✾✻✷✷✭✵✽✮

✽✶✾✵✾✲✸ (cit. on p. 80).

Kerdiles, Yann M, Daniel R Beisner, Roberto Tinoco, Anne S Dejean, Diego H

Castrillon, Ronald A DePinho, and Stephen M Hedrick (Feb. 2009). “Foxo1

links homing and survival of naive T cells by regulating L-selectin, CCR7

and interleukin 7 receptor”. In: Nature immunology 10.2, pp. 176–184. issn:

1529-2908. doi: ✶✵✳✶✵✸✽✴♥✐✳✶✻✽✾ (cit. on p. 45).

251



Kim, John et al. (Mar. 1, 1999). “Ikaros DNA-Binding Proteins Direct Formation

of Chromatin Remodeling Complexes in Lymphocytes”. In: Immunity 10.3,

pp. 345–355. issn: 1074-7613. doi: ✶✵✳✶✵✶✻✴❙✶✵✼✹✲✼✻✶✸✭✵✵✮✽✵✵✸✹✲✺ (cit. on

pp. 87, 212).

Kimura, Akihiro, Tetsuji Naka, Keiko Nohara, Yoshiaki Fujii-Kuriyama, and

Tadamitsu Kishimoto (July 15, 2008). “Aryl hydrocarbon receptor regulates

Stat1 activation and participates in the development of Th17 cells”. In: Pro-

ceedings of the National Academy of Sciences 105.28, pp. 9721–9726. issn:

0027-8424, 1091-6490. doi: ✶✵✳✶✵✼✸✴♣♥❛1✳✵✽✵✹✷✸✶✶✵✺ (cit. on p. 51).

Kleinewietfeld, Markus, Arndt Manzel, Jens Titze, Heda Kvakan, Nir Yosef, Ralf

A. Linker, Dominik N. Muller, and David A. Hafler (Apr. 25, 2013). “Sodium

Chloride Drives Autoimmune Disease by the Induction of Pathogenic Th17

Cells”. In: Nature 496.7446, pp. 518–522. issn: 0028-0836. doi: ✶✵✳✶✵✸✽✴

♥❛3✉5❡✶✶✽✻✽ (cit. on pp. 61, 197, 216).

Kleinmann, Eva, Anne-Solen Geimer Le Lay, MacLean Sellars, Philippe Kast-

ner, and Susan Chan (Dec. 2008). “Ikaros Represses the Transcriptional Re-

sponse to Notch Signaling in T-Cell Development”. In: Molecular and Cellular

Biology 28.24, pp. 7465–7475. issn: 0270-7306. doi: ✶✵✳✶✶✷✽✴▼❈❇✳✵✵✼✶✺✲✵✽

(cit. on p. 90).

Klemm, Sandy L., Zohar Shipony, and William J. Greenleaf (Apr. 2019). “Chro-

matin accessibility and the regulatory epigenome”. In: Nature Reviews Ge-

netics 20.4, pp. 207–220. issn: 1471-0056, 1471-0064. doi: ✶✵✳✶✵✸✽✴1✹✶✺✼✻✲

✵✶✽✲✵✵✽✾✲✽ (cit. on p. 212).

Köntgen, F., R. J. Grumont, A. Strasser, D. Metcalf, R. Li, D. Tarlinton, and S.

Gerondakis (Aug. 15, 1995). “Mice lacking the c-rel proto-oncogene exhibit

defects in lymphocyte proliferation, humoral immunity, and interleukin-2

expression”. In: Genes & Development 9.16, pp. 1965–1977. issn: 0890-

9369. doi: ✶✵✳✶✶✵✶✴❣❛❞✳✾✳✶✻✳✶✾✻✺ (cit. on p. 33).

Koipally, J. (June 1, 1999). “Repression by Ikaros and Aiolos is mediated through

histone deacetylase complexes”. In: The EMBO Journal 18.11, pp. 3090–

3100. issn: 14602075. doi: ✶✵✳✶✵✾✸✴❡♠❜♦❥✴✶✽✳✶✶✳✸✵✾✵ (cit. on pp. 87, 88).

Koipally, Joseph and Katia Georgopoulos (June 30, 2000). “Ikaros Interactions

with CtBP Reveal a Repression Mechanism That Is Independent of Histone

Deacetylase Activity”. In: Journal of Biological Chemistry 275.26, pp. 19594–

19602. issn: 0021-9258, 1083-351X. doi: ✶✵✳✶✵✼✹✴❥❜❝✳▼✵✵✵✷✺✹✷✵✵ (cit. on

p. 87).

— (Feb. 8, 2002). “A Molecular Dissection of the Repression Circuitry of Ikaros”.

In: Journal of Biological Chemistry 277.31. Pp. 27697–27705. issn: 0021-

9258, 1083-351X. doi: ✶✵✳✶✵✼✹✴❥❜❝✳▼✷✵✶✻✾✹✷✵✵ (cit. on pp. 87, 88, 212).

252



Komuczki, Juliana et al. (May 21, 2019). “Fate-Mapping of GM-CSF Expression

Identifies a Discrete Subset of Inflammation-Driving T Helper Cells Regu-

lated by Cytokines IL-23 and IL-1β”. In: Immunity 50.5. 1289–1304.e6. issn:

1074-7613. doi: ✶✵✳✶✵✶✻✴❥✳✐♠♠✉♥✐✳✷✵✶✾✳✵✹✳✵✵✻ (cit. on pp. 61, 78, 223).

Kotake, Shigeru, Toru Yago, Tsuyoshi Kobashigawa, and Yuki Nanke (July 10,

2017). “The Plasticity of Th17 Cells in the Pathogenesis of Rheumatoid

Arthritis”. In: Journal of Clinical Medicine 6.7. issn: 2077-0383. doi: ✶✵✳

✸✸✾✵✴❥❝♠✻✵✼✵✵✻✼ (cit. on p. 81).

Kuehn, Hye Sun et al. (Mar. 17, 2016). “Loss of B Cells in Patients with Het-

erozygous Mutations in IKAROS”. In: New England Journal of Medicine 374.11,

pp. 1032–1043. issn: 0028-4793. doi: ✶✵✳✶✵✺✻✴◆❊❏▼♦❛✶✺✶✷✷✸✹ (cit. on p. 97).

Lainé, Alexandra, Bruno Martin, Marine Luka, Lucile Mir, Cédric Auffray, Bruno

Lucas, Georges Bismuth, and Céline Charvet (Aug. 15, 2015). “Foxo1 Is

a T Cell–Intrinsic Inhibitor of the RORγt-Th17 Program”. In: The Journal

of Immunology 195.4, pp. 1791–1803. issn: 0022-1767, 1550-6606. doi:

✶✵✳✹✵✹✾✴❥✐♠♠✉♥♦❧✳✶✺✵✵✽✹✾ (cit. on p. 183).

Lang, Frederick M., Kevin M.-C. Lee, John R. Teijaro, Burkhard Becher, and

John A. Hamilton (June 23, 2020). “GM-CSF-based treatments in COVID-

19: reconciling opposing therapeutic approaches”. In: Nature Reviews Im-

munology. Pp. 1–8. issn: 1474-1741. doi: ✶✵✳✶✵✸✽✴9✹✶✺✼✼✲✵✷✵✲✵✸✺✼✲✼ (cit.

on p. 81).

Lang, Richard A. et al. (Nov. 20, 1987). “Transgenic mice expressing a hemopoi-

etic growth factor gene (GM-CSF) develop accumulations of macrophages,

blindness, and a fatal syndrome of tissue damage”. In: Cell 51.4. Pp. 675–

686. issn: 0092-8674, 1097-4172. doi: ✶✵✳✶✵✶✻✴✵✵✾✷✲✽✻✼✹✭✽✼✮✾✵✶✸✻✲❳ (cit.

on p. 72).

Langrish, Claire L., Yi Chen, Wendy M. Blumenschein, Jeanine Mattson, Beth

Basham, Jonathan D. Sedgwick, Terrill McClanahan, Robert A. Kastelein,

and Daniel J. Cua (Jan. 17, 2005). “IL-23 drives a pathogenic T cell popu-

lation that induces autoimmune inflammation”. In: Journal of Experimental

Medicine 201.2, pp. 233–240. issn: 1540-9538, 0022-1007. doi: ✶✵✳✶✵✽✹✴

❥❡♠✳✷✵✵✹✶✷✺✼ (cit. on p. 60).

Latinis, K. M., L. L. Carr, E. J. Peterson, L. A. Norian, S. L. Eliason, and G.

A. Koretzky (May 15, 1997). “Regulation of CD95 (Fas) ligand expression

by TCR-mediated signaling events.” In: The Journal of Immunology 158.10.

Pp. 4602–4611. issn: 0022-1767, 1550-6606 (cit. on p. 29).

Laurence, Arian et al. (Mar. 2007). “Interleukin-2 signaling via STAT5 con-

strains T helper 17 cell generation”. In: Immunity 26.3. Pp. 371–381. issn:

253



1074-7613. doi: ✶✵✳✶✵✶✻✴❥✳✐♠♠✉♥✐✳✷✵✵✼✳✵✷✳✵✵✾ (cit. on pp. 52, 53, 199,

221).

Lazarevic, Vanja, Xi Chen, Jae-Hyuck Shim, Eun-Sook Hwang, Eunjung Jang,

Alexandra N. Bolm, Mohamed Oukka, Vijay K. Kuchroo, and Laurie H. Glim-

cher (Jan. 2011). “Transcription factor T-bet represses TH17 differentiation

by preventing Runx1-mediated activation of the RORγt gene”. In: Nature im-

munology 12.1, pp. 96–104. issn: 1529-2908. doi: ✶✵✳✶✵✸✽✴♥✐✳✶✾✻✾ (cit. on

pp. 51, 199, 220).

Lee, Naeun, Donghyun Kim, and Wan-Uk Kim (2019). “Role of NFAT5 in the

Immune System and Pathogenesis of Autoimmune Diseases”. In: Frontiers

in Immunology 10. issn: 1664-3224. doi: ✶✵✳✸✸✽✾✴❢✐♠♠✉✳✷✵✶✾✳✵✵✷✼✵ (cit. on

p. 29).

Lee, Sungkyu, Jieun Kim, Hyungyu Min, and Rho H. Seong (May 2020). “RORγt-

driven TH17 Cell Differentiation Requires Epigenetic Control by the Swi/Snf

Chromatin Remodeling Complex”. In: iScience 23.5, p. 101106. issn: 25890042.

doi: ✶✵✳✶✵✶✻✴❥✳✐0❝✐✳✷✵✷✵✳✶✵✶✶✵✻ (cit. on p. 219).

Lee, Youjin et al. (Oct. 2012). “Induction and molecular signature of pathogenic

TH17 cells”. In: Nature immunology 13.10, pp. 991–999. issn: 1529-2908.

doi: ✶✵✳✶✵✸✽✴♥✐✳✷✹✶✻ (cit. on pp. 60, 61, 63).

Leonard, Warren J. and Jian-Xin Lin (May 1, 2000). “Cytokine receptor sig-

naling pathways”. In: Journal of Allergy and Clinical Immunology 105.5.

Pp. 877–888. issn: 0091-6749, 1097-6825. doi: ✶✵✳✶✵✻✼✴♠❛✐✳✷✵✵✵✳✶✵✻✽✾✾

(cit. on p. 42).

Li, Peng et al. (Nov. 14, 2017). “STAT5-mediated chromatin interactions in su-

perenhancers activate IL-2 highly inducible genes: Functional dissection of

the Il2ra gene locus”. In: Proceedings of the National Academy of Sciences

of the United States of America 114.46, pp. 12111–12119. issn: 0027-8424.

doi: ✶✵✳✶✵✼✸✴♣♥❛0✳✶✼✶✹✵✶✾✶✶✹ (cit. on p. 213).

Li, Shiyang, Jennifer J. Heller, John W. Bostick, Aileen Lee, Hilde Schjerven,

Philippe Kastner, Susan Chan, Zongming E. Chen, and Liang Zhou (July 19,

2016a). “Ikaros Inhibits Group 3 Innate Lymphoid Cell Development and

Function by Suppressing the Aryl Hydrocarbon Receptor Pathway”. In: Im-

munity 45.1, pp. 185–197. issn: 1074-7613. doi: ✶✵✳✶✵✶✻✴❥✳✐♠♠✉♥✐✳✷✵✶✻✳

✵✻✳✵✷✼ (cit. on p. 89).

Li, Yanchuan et al. (Feb. 25, 2016b). “Cell intrinsic role of NF-κB-inducing ki-

nase in regulating T cell-mediated immune and autoimmune responses”. In:

Scientific Reports 6. issn: 2045-2322. doi: ✶✵✳✶✵✸✽✴05❡♣✷✷✶✶✺ (cit. on p. 39).

Li, Zhanjun, Laura A Perez-Casellas, Aleksandar Savic, Chunhua Song, and

Sinisa Dovat (June 26, 2011). “Ikaros isoforms: The saga continues”. In:

254



World Journal of Biological Chemistry 2.6, pp. 140–145. issn: 1949-8454.

doi: ✶✵✳✹✸✸✶✴✇❥❜❝✳✈✷✳✐✻✳✶✹✵ (cit. on p. 85).

Liao, Wei, Jian-Xin Lin, Lu Wang, Peng Li, and Warren J. Leonard (June 2011).

“Cytokine receptor modulation by interleukin-2 broadly regulates T helper

cell lineage differentiation”. In: Nature immunology 12.6, pp. 551–559. issn:

1529-2908. doi: ✶✵✳✶✵✸✽✴♥✐✳✷✵✸✵ (cit. on p. 45).

Link, Alexander, Tobias K. Vogt, Stéphanie Favre, Mirjam R. Britschgi, Hans

Acha-Orbea, Boris Hinz, Jason G. Cyster, and Sanjiv A. Luther (Nov. 2007).

“Fibroblastic reticular cells in lymph nodes regulate the homeostasis of

naive T cells”. In: Nature Immunology 8.11. Pp. 1255–1265. issn: 1529-2916.

doi: ✶✵✳✶✵✸✽✴♥✐✶✺✶✸ (cit. on p. 44).

Liou, Hsiou-Chi, Zhuang Jin, Joseph Tumang, Sofija Andjelic, Kendall A. Smith,

and Mei-Ling Liou (Mar. 1, 1999). “c-Rel is crucial for lymphocyte prolifera-

tion but dispensable for T cell effector function”. In: International Immunol-

ogy 11.3. Pp. 361–371. issn: 0953-8178. doi: ✶✵✳✶✵✾✸✴✐♥2✐♠♠✴✶✶✳✸✳✸✻✶ (cit.

on p. 76).

Liu, Jun O. (Mar. 2009). “Calmodulin-dependent phosphatase, kinases, and

transcriptional corepressors involved in T-cell activation”. In: Immunological

reviews 228.1, pp. 184–198. issn: 0105-2896. doi: ✶✵✳✶✶✶✶✴❥✳✶✻✵✵✲✵✻✺❳✳

✷✵✵✽✳✵✵✼✺✻✳① (cit. on p. 30).

Lo, K, N R Landau, and S T Smale (Oct. 1991). “LyF-1, a transcriptional regu-

lator that interacts with a novel class of promoters for lymphocyte-specific

genes.” In: Molecular and Cellular Biology 11.10, pp. 5229–5243. issn: 0270-

7306 (cit. on pp. 83, 92).

Lowes, Michelle A., Mayte Suárez-Fariñas, and James G. Krueger (2014). “Im-

munology of Psoriasis”. In: Annual review of immunology 32, pp. 227–255.

issn: 0732-0582. doi: ✶✵✳✶✶✹✻✴❛♥♥✉:❡✈✲✐♠♠✉♥♦❧✲✵✸✷✼✶✸✲✶✷✵✷✷✺ (cit. on p. 79).

Lyon De Ana, Carolina, Ksenia Arakcheeva, Parul Agnihotri, Nicole Derosia,

and Susan Winandy (Feb. 15, 2019). “Lack of Ikaros Deregulates Inflam-

matory Gene Programs in T Cells”. In: The Journal of Immunology 202.4,

pp. 1112–1123. issn: 0022-1767, 1550-6606. doi: ✶✵✳✹✵✹✾✴❥✐♠♠✉♥♦❧✳✶✽✵✶✷✼✵

(cit. on pp. 92–96, 217, 218).

Macian, Fernando (June 2005). “NFAT proteins: key regulators of T-cell devel-

opment and function”. In: Nature Reviews Immunology 5.6, pp. 472–484.

issn: 1474-1733, 1474-1741. doi: ✶✵✳✶✵✸✽✴♥:✐✶✻✸✷ (cit. on p. 30).

Malinge, Sébastien et al. (Mar. 28, 2013). “Ikaros inhibits megakaryopoiesis

through functional interaction with GATA-1 and NOTCH signaling”. In: Blood

121.13, pp. 2440–2451. issn: 0006-4971. doi: ✶✵✳✶✶✽✷✴❜❧♦♦❞✲ ✷✵✶✷✲ ✵✽✲

✹✺✵✻✷✼ (cit. on p. 89).

255



Mariuzza, Roy A., Pragati Agnihotri, and John Orban (Jan. 24, 2020). “The

structural basis of T-cell receptor (TCR) activation: An enduring enigma”. In:

The Journal of Biological Chemistry 295.4, pp. 914–925. issn: 0021-9258.

doi: ✶✵✳✶✵✼✹✴❥❜❝✳❘❊❱✶✶✾✳✵✵✾✹✶✶ (cit. on p. 22).

Marke, René, Frank N. van Leeuwen, and Blanca Scheijen (Apr. 1, 2018). “The

many faces of IKZF1 in B-cell precursor acute lymphoblastic leukemia”. In:

Haematologica 103.4. Pp. 565–574. issn: 0390-6078, 1592-8721. doi: ✶✵✳

✸✸✷✹✴❤❛❡♠❛3♦❧✳✷✵✶✼✳✶✽✺✻✵✸ (cit. on pp. 91, 96).

Martin, Michael, Kunal Rehani, Richard S Jope, and Suzanne M Michalek (Aug.

2005). “Toll-like receptor–mediated cytokine production is differentially reg-

ulated by glycogen synthase kinase 3”. In: Nature Immunology 6.8, pp. 777–

784. issn: 1529-2908, 1529-2916. doi: ✶✵✳✶✵✸✽✴♥✐✶✷✷✶ (cit. on p. 41).

Mastio, Jérôme, Célestine Simand, Giovanni Cova, Philippe Kastner, Susan

Chan, and Peggy Kirstetter (July 12, 2018). “Ikaros cooperates with Notch

activation and antagonizes TGFβ signaling to promote pDC development”.

In: PLoS Genetics 14.7. issn: 1553-7390. doi: ✶✵✳✶✸✼✶✴❥♦✉<♥❛❧✳♣❣❡♥✳✶✵✵✼✹✽✺

(cit. on pp. 90, 221).

Matloubian, Mehrdad, Charles G. Lo, Guy Cinamon, Matthew J. Lesneski, Ying

Xu, Volker Brinkmann, Maria L. Allende, Richard L. Proia, and Jason G.

Cyster (Jan. 22, 2004). “Lymphocyte egress from thymus and peripheral

lymphoid organs is dependent on S1P receptor 1”. In: Nature 427.6972,

pp. 355–360. issn: 1476-4687. doi: ✶✵✳✶✵✸✽✴♥❛3✉<❡✵✷✷✽✹ (cit. on p. 23).

Mattila, P. S., K. S. Ullman, S. Fiering, E. A. Emmel, M. McCutcheon, G. R.

Crabtree, and L. A. Herzenberg (Dec. 1990). “The actions of cyclosporin A

and FK506 suggest a novel step in the activation of T lymphocytes”. In: The

EMBO journal 9.13, pp. 4425–4433. issn: 0261-4189 (cit. on p. 28).

Maurer, Ulrich, Florian Preiss, Prisca Brauns-Schubert, Lisa Schlicher, and

Céline Charvet (Apr. 1, 2014). “GSK-3 – at the crossroads of cell death

and survival”. In: Journal of Cell Science 127.7, pp. 1369–1378. issn: 0021-

9533, 1477-9137. doi: ✶✵✳✶✷✹✷✴❥❝?✳✶✸✽✵✺✼ (cit. on p. 42).

McGeachy, Mandy J., Kristian S. Bak-Jensen, Yi Chen, Cristina M. Tato, Wendy

Blumenschein, Terrill McClanahan, and Daniel J. Cua (Dec. 2007). “TGF-β

and IL-6 drive the production of IL-17 and IL-10 by T cells and restrain TH-

17 cell–mediated pathology”. In: Nature Immunology 8.12, pp. 1390–1397.

issn: 1529-2916. doi: ✶✵✳✶✵✸✽✴♥✐✶✺✸✾ (cit. on pp. 49, 59, 60, 223).

McQualter, Jonathan L., Rima Darwiche, Christine Ewing, Manabu Onuki,

Thomas W. Kay, John A. Hamilton, Hugh H. Reid, and Claude C.A. Bernard

(Oct. 1, 2001). “Granulocyte Macrophage Colony-Stimulating Factor”. In:

256



The Journal of Experimental Medicine 194.7, pp. 873–882. issn: 0022-1007

(cit. on pp. 61, 78, 223).

McWilliams, Ian L., Rajani Rajbhandari, Susan Nozell, Etty Benveniste, and

Laurie E. Harrington (June 30, 2015). “STAT4 controls GM-CSF production

by both Th1 and Th17 cells during EAE”. In: Journal of Neuroinflammation

12. issn: 1742-2094. doi: ✶✵✳✶✶✽✻✴&✶✷✾✼✹✲✵✶✺✲✵✸✺✶✲✸ (cit. on pp. 62, 77).

Mehta, Amit K., Donald T. Gracias, and Michael Croft (Jan. 2018). “TNF Activity

and T cells”. In: Cytokine 101, pp. 14–18. issn: 1043-4666. doi: ✶✵✳✶✵✶✻✴❥✳

❝②1♦✳✷✵✶✻✳✵✽✳✵✵✸ (cit. on pp. 36, 68).

Mirabella, Fabio, Euan W. Baxter, Marjorie Boissinot, Sally R. James, and Pe-

ter N. Cockerill (Mar. 15, 2010). “The Human IL-3/Granulocyte-Macrophage

Colony-Stimulating Factor Locus Is Epigenetically Silent in Immature Thy-

mocytes and Is Progressively Activated during T Cell Development”. In: The

Journal of Immunology 184.6. Pp. 3043–3054. issn: 0022-1767, 1550-6606.

doi: ✶✵✳✹✵✹✾✴❥✐♠♠✉♥♦❧✳✵✾✵✶✸✻✹ (cit. on p. 74).

Mitchell, Tracey J and Susan John (Mar. 2005). “Signal transducer and activa-

tor of transcription (STAT) signalling and T-cell lymphomas”. In: Immunology

114.3, pp. 301–312. issn: 0019-2805. doi: ✶✵✳✶✶✶✶✴❥✳✶✸✻✺✲✷✺✻✼✳✷✵✵✺✳✵✷✵✾✶✳

① (cit. on p. 44).

Mitson-Salazar, Alyssa and Calman Prussin (Oct. 6, 2017). “Pathogenic Effec-

tor Th2 Cells in Allergic Eosinophilic Inflammatory Disease”. In: Frontiers in

Medicine 4. issn: 2296-858X. doi: ✶✵✳✸✸✽✾✴❢♠❡❞✳✷✵✶✼✳✵✵✶✻✺ (cit. on p. 49).

Molnár, A and K Georgopoulos (Dec. 1994). “The Ikaros gene encodes a family

of functionally diverse zinc finger DNA-binding proteins.” In: Molecular and

Cellular Biology 14.12, pp. 8292–8303. issn: 0270-7306 (cit. on pp. 84, 89).

Mombaerts, Peter, John Iacomini, Randall S. Johnson, Karl Herrup, Susumu

Tonegawa, and Virginia E. Papaioannou (Mar. 1992). “RAG-1-deficient mice

have no mature B and T lymphocytes”. In: Cell 68.5, pp. 869–877. issn:

00928674. doi: ✶✵✳✶✵✶✻✴✵✵✾✷✲✽✻✼✹✭✾✷✮✾✵✵✸✵✲● (cit. on p. 90).

Monaghan, Kelly L. and Edwin C.K. Wan (Mar. 4, 2020). “The Role of Granulocyte-

Macrophage Colony-Stimulating Factor in Murine Models of Multiple Scle-

rosis”. In: Cells 9.3, p. 611. issn: 2073-4409. doi: ✶✵✳✸✸✾✵✴❝❡❧❧&✾✵✸✵✻✶✶ (cit.

on p. 79).

Mori, Tomoyuki, Takumi Ito, Shujie Liu, Hideki Ando, Satoshi Sakamoto, Yuki

Yamaguchi, Etsuko Tokunaga, Norio Shibata, Hiroshi Handa, and Toshio

Hakoshima (Jan. 22, 2018). “Structural basis of thalidomide enantiomer

binding to cereblon”. In: Scientific Reports 8.1. P. 1294. issn: 2045-2322.

doi: ✶✵✳✶✵✸✽✴&✹✶✺✾✽✲✵✶✽✲✶✾✷✵✷✲✼ (cit. on p. 86).

257



Moseley, T. A., D. R. Haudenschild, L. Rose, and A. H. Reddi (Apr. 1, 2003).

“Interleukin-17 family and IL-17 receptors”. In: Cytokine & Growth Factor

Reviews 14.2, pp. 155–174. issn: 1359-6101. doi: ✶✵✳✶✵✶✻✴❙✶✸✺✾✲✻✶✵✶✭✵✸✮

✵✵✵✵✷✲✾ (cit. on p. 49).

Mosmann, T. R., H. Cherwinski, M. W. Bond, M. A. Giedlin, and R. L. Coff-

man (Apr. 1, 1986). “Two types of murine helper T cell clone. I. Definition

according to profiles of lymphokine activities and secreted proteins.” In: The

Journal of Immunology 136.7. Pp. 2348–2357. issn: 0022-1767, 1550-6606

(cit. on p. 48).

Mudter, Jonas et al. (June 2011). “IRF4 regulates IL-17A promoter activity and

controls RORγt-dependent Th17 colitis in vivo:” in: Inflammatory Bowel Dis-

eases 17.6, pp. 1343–1358. issn: 1078-0998. doi: ✶✵✳✶✵✵✷✴✐❜❞✳✷✶✹✼✻ (cit.

on p. 52).

Mufazalov, Ilgiz A et al. (Jan. 4, 2017). “IL-1 signaling is critical for expansion

but not generation of autoreactive GM-CSF + Th17 cells”. In: The EMBO

Journal 36.1, pp. 102–115. issn: 0261-4189. doi: ✶✵✳✶✺✷✺✷✴❡♠❜❥✳✷✵✶✻✾✹✻✶✺

(cit. on p. 79).

Muranski, Pawel and Nicholas P. Restifo (Mar. 28, 2013). “Essentials of Th17

cell commitment and plasticity”. In: Blood 121.13, pp. 2402–2414. issn:

0006-4971. doi: ✶✵✳✶✶✽✷✴❜❧♦♦❞✲✷✵✶✷✲✵✾✲✸✼✽✻✺✸ (cit. on p. 53).

Myers, Darienne R., Julie Zikherman, and Jeroen P. Roose (Nov. 2017). “Tonic

Signals: Why Do Lymphocytes Bother?” In: Trends in Immunology 38.11,

pp. 844–857. issn: 14714906. doi: ✶✵✳✶✵✶✻✴❥✳✐8✳✷✵✶✼✳✵✻✳✵✶✵ (cit. on p. 25).

Nair, Rajan P. et al. (Feb. 2009). “Genome-wide scan reveals association of pso-

riasis with IL-23 and NF-κB pathways”. In: Nature Genetics 41.2. Pp. 199–

204. issn: 1546-1718. doi: ✶✵✳✶✵✸✽✴♥❣✳✸✶✶ (cit. on p. 79).

Naito, Taku, Pablo Gómez-del Arco, Christine J. Williams, and Katia Geor-

gopoulos (Nov. 26, 2007). “Antagonistic Interactions between Ikaros and the

Chromatin Remodeler Mi-2β Determine Silencer Activity and Cd4 Gene Ex-

pression”. In: Immunity 27.5. Pp. 723–734. issn: 1074-7613. doi: ✶✵✳✶✵✶✻✴

❥✳✐♠♠✉♥✐✳✷✵✵✼✳✵✾✳✵✵✽ (cit. on p. 92).

Neuhofer, Wolfgang (Dec. 2010). “Role of NFAT5 in Inflammatory Disorders As-

sociated with Osmotic Stress”. In: Current Genomics 11.8, pp. 584–590.

issn: 1389-2029. doi: ✶✵✳✷✶✼✹✴✶✸✽✾✷✵✷✶✵✼✾✸✸✻✵✾✻✶ (cit. on p. 29).

Nieuwenhuijze, Annemarie E. van, Elise Coghill, Daniel Gray, Sandro Prato,

Donald Metcalf, Warren S. Alexander, and Ian P. Wicks (Jan. 2014). “Trans-

genic Expression of GM-CSF in T Cells Causes Disseminated Histiocytosis”.

In: The American Journal of Pathology 184.1, pp. 184–199. issn: 00029440.

doi: ✶✵✳✶✵✶✻✴❥✳❛❥♣❛8❤✳✷✵✶✸✳✵✾✳✵✶✹ (cit. on p. 72).

258



Nimer, S, J Fraser, J Richards, M Lynch, and J Gasson (Nov. 1990). “The re-

peated sequence CATT(A/T) is required for granulocyte-macrophage colony-

stimulating factor promoter activity.” In: Molecular and Cellular Biology 10.11,

pp. 6084–6088. issn: 0270-7306 (cit. on p. 76).

Noster, Rebecca, René Riedel, Mir-Farzin Mashreghi, Helena Radbruch, Lutz

Harms, Claudia Haftmann, Hyun-Dong Chang, Andreas Radbruch, and

Christina E. Zielinski (June 18, 2014). “IL-17 and GM-CSF Expression Are

Antagonistically Regulated by Human T Helper Cells”. In: Science Transla-

tional Medicine 6.241, 241ra80–241ra80. issn: 1946-6234, 1946-6242. doi:

✶✵✳✶✶✷✻✴&❝✐)*❛♥&❧♠❡❞✳✸✵✵✽✼✵✻ (cit. on pp. 45, 59, 63, 77).

O’Brien, Shaun, Rajan M. Thomas, Gerald B. Wertheim, Fuqin Zhang, Hao

Shen, and Andrew D. Wells (June 1, 2014). “Ikaros imposes a barrier to

CD8+ T cell differentiation by restricting autocrine IL-2 production”. In:

Journal of immunology (Baltimore, Md. : 1950) 192.11, pp. 5118–5129. issn:

0022-1767. doi: ✶✵✳✹✵✹✾✴❥✐♠♠✉♥♦❧✳✶✸✵✶✾✾✷ (cit. on p. 191).

Oeckinghaus, Andrea and Sankar Ghosh (Oct. 2009). “The NF-κB Family of

Transcription Factors and Its Regulation”. In: Cold Spring Harbor Perspec-

tives in Biology 1.4. issn: 1943-0264. doi: ✶✵✳✶✶✵✶✴❝&❤♣❡*&♣❡❝)✳❛✵✵✵✵✸✹ (cit.

on pp. 31, 32).

Oeckinghaus, Andrea, Matthew S. Hayden, and Sankar Ghosh (Aug. 2011).

“Crosstalk in NF-κB signaling pathways”. In: Nature Immunology 12.8. Pp. 695–

708. issn: 1529-2916. doi: ✶✵✳✶✵✸✽✴♥✐✳✷✵✻✺ (cit. on pp. 31, 41).

Oh, Hyunju and Sankar Ghosh (Mar. 2013). “NF-κB: Roles and Regulation In

Different CD4+ T cell subsets”. In: Immunological reviews 252.1, pp. 41–51.

issn: 0105-2896. doi: ✶✵✳✶✶✶✶✴✐♠*✳✶✷✵✸✸ (cit. on pp. 34, 39).

Oh-hora, Masatsugu and Anjana Rao (Apr. 2009). “The calcium/NFAT path-

way: role in development and function of regulatory T cells”. In: Microbes

and infection / Institut Pasteur 11.5, pp. 612–619. issn: 1286-4579. doi:

✶✵✳✶✵✶✻✴❥✳♠✐❝✐♥❢✳✷✵✵✾✳✵✹✳✵✵✽ (cit. on p. 28).

Okamura, Heidi, Carmen Garcia-Rodriguez, Holly Martinson, Jun Qin, David

M. Virshup, and Anjana Rao (May 2004). “A Conserved Docking Motif for

CK1 Binding Controls the Nuclear Localization of NFAT1”. In: Molecular and

Cellular Biology 24.10, pp. 4184–4195. issn: 0270-7306. doi: ✶✵✳✶✶✷✽✴▼❈❇✳

✷✹✳✶✵✳✹✶✽✹✲✹✶✾✺✳✷✵✵✹ (cit. on p. 30).

Ooi, Hsu Kiang and Lan Ma (July 23, 2013). “Modeling heterogeneous respon-

siveness of intrinsic apoptosis pathway”. In: BMC Systems Biology 7.1, p. 65.

issn: 1752-0509. doi: ✶✵✳✶✶✽✻✴✶✼✺✷✲✵✺✵✾✲✼✲✻✺ (cit. on p. 67).

Oravecz, Attila, Apostol Apostolov, Katarzyna Polak, Bernard Jost, Stéphanie

Le Gras, Susan Chan, and Philippe Kastner (Nov. 9, 2015). “Ikaros mediates

259



gene silencing in T cells through Polycomb repressive complex 2”. In: Nature

Communications 6, p. 8823. issn: 2041-1723. doi: ✶✵✳✶✵✸✽✴♥❝♦♠♠*✾✽✷✸ (cit.

on pp. 88, 90).

Osborne, C. S., M. A. Vadas, and P. N. Cockerill (July 1, 1995). “Transcriptional

regulation of mouse granulocyte-macrophage colony-stimulating factor/IL-

3 locus.” In: The Journal of Immunology 155.1. Pp. 226–235. issn: 0022-

1767, 1550-6606 (cit. on pp. 75, 76).

O’Shea, John J., Daniella M. Schwartz, Alejandro V. Villarino, Massimo Gad-

ina, Iain B. McInnes, and Arian Laurence (2015). “The JAK-STAT Pathway:

Impact on Human Disease and Therapeutic Intervention”. In: Annual review

of medicine 66, pp. 311–328. issn: 0066-4219. doi: ✶✵✳✶✶✹✻✴❛♥♥✉1❡✈✲♠❡❞✲

✵✺✶✶✶✸✲✵✷✹✺✸✼ (cit. on p. 43).

Ougolkov, Andrei V., Nancy D. Bone, Martin E. Fernandez-Zapico, Neil E. Kay,

and Daniel D. Billadeau (July 15, 2007). “Inhibition of glycogen synthase

kinase-3 activity leads to epigenetic silencing of nuclear factor κB target

genes and induction of apoptosis in chronic lymphocytic leukemia B cells”.

In: Blood 110.2, pp. 735–742. issn: 0006-4971. doi: ✶✵✳✶✶✽✷✴❜❧♦♦❞✲✷✵✵✻✲

✶✷✲✵✻✵✾✹✼ (cit. on p. 41).

Owen, David L. and Michael A. Farrar (Jan. 11, 2017). “STAT5 and CD4 +

T Cell Immunity”. In: F1000Research 6. issn: 2046-1402. doi: ✶✵✳✶✷✻✽✽✴

❢✶✵✵✵1❡*❡❛1❝❤✳✾✽✸✽✳✶ (cit. on p. 44).

Padron, Eric et al. (June 20, 2013). “GM-CSF–dependent pSTAT5 sensitivity is

a feature with therapeutic potential in chronic myelomonocytic leukemia”.

In: Blood 121.25, pp. 5068–5077. issn: 0006-4971. doi: ✶✵✳✶✶✽✷✴❜❧♦♦❞✲

✷✵✶✷✲✶✵✲✹✻✵✶✼✵ (cit. on p. 74).

Paliogianni, F, A Raptis, S S Ahuja, S M Najjar, and D T Boumpas (Apr. 1, 1993).

“Negative transcriptional regulation of human interleukin 2 (IL-2) gene by

glucocorticoids through interference with nuclear transcription factors AP-1

and NF-AT.” In: Journal of Clinical Investigation 91.4, pp. 1481–1489. issn:

0021-9738. doi: ✶✵✳✶✶✼✷✴❏❈■✶✶✻✸✺✸ (cit. on p. 93).

Palmer, Ed and Dieter Naeher (Mar. 2009). “Affinity threshold for thymic se-

lection through a T-cell receptor–co-receptor zipper”. In: Nature Reviews Im-

munology 9.3, pp. 207–213. issn: 1474-1733, 1474-1741. doi: ✶✵✳✶✵✸✽✴

♥1✐✷✹✻✾ (cit. on p. 24).

Pantelyushin, Stanislav, Stefan Haak, Barbara Ingold, Paulina Kulig, Frank

L. Heppner, Alexander A. Navarini, and Burkhard Becher (June 1, 2012).

“Rorγt+ innate lymphocytes and γδ T cells initiate psoriasiform plaque for-

mation in mice”. In: The Journal of Clinical Investigation 122.6, pp. 2252–

2256. issn: 0021-9738. doi: ✶✵✳✶✶✼✷✴❏❈■✻✶✽✻✷ (cit. on p. 203).

260



Papp, K. A., M. Gooderham, R. Jenkins, R. Vender, J. C. Szepietowski, T.

Wagner, B. Hunt, and B. Souberbielle (2019). “Granulocyte–macrophage

colony-stimulating factor (GM-CSF) as a therapeutic target in psoriasis: ran-

domized, controlled investigation using namilumab, a specific human anti-

GM-CSF monoclonal antibody”. In: British Journal of Dermatology 180.6,

pp. 1352–1360. issn: 1365-2133. doi: ✶✵✳✶✶✶✶✴❜❥❞✳✶✼✶✾✺ (cit. on p. 80).

Patterson, Andrew R. et al. (Jan. 30, 2018). “Gimap5-dependent inactivation of

GSK3β is required for CD4+ T cell homeostasis and prevention of immune

pathology”. In: Nature Communications 9. issn: 2041-1723. doi: ✶✵✳✶✵✸✽✴

,✹✶✹✻✼✲✵✶✽✲✵✷✽✾✼✲✼ (cit. on p. 42).

Payne, Kimberly J., Grace Huang, Eva Sahakian, Judy Y. Zhu, Natasha S.

Barteneva, Lora W. Barsky, Marvin A. Payne, and Gay M. Crooks (Mar. 15,

2003). “Ikaros Isoform X Is Selectively Expressed in Myeloid Differentia-

tion”. In: The Journal of Immunology 170.6. Pp. 3091–3098. issn: 0022-

1767, 1550-6606. doi: ✶✵✳✹✵✹✾✴❥✐♠♠✉♥♦❧✳✶✼✵✳✻✳✸✵✾✶ (cit. on p. 84).

Peer, Sebastian, Giuseppe Cappellano, Natascha Hermann-Kleiter, Karin Albrecht-

Schgoer, Reinhard Hinterleitner, Gottfried Baier, and Thomas Gruber (Oct. 8,

2018). “Regulation of Lymphatic GM-CSF Expression by the E3 Ubiquitin

Ligase Cbl-b”. In: Frontiers in Immunology 9. issn: 1664-3224. doi: ✶✵✳✸✸✽✾✴

❢✐♠♠✉✳✷✵✶✽✳✵✷✸✶✶ (cit. on p. 77).

Petzold, Georg, Eric S. Fischer, and Nicolas H. Thomä (Apr. 2016). “Structural

basis of lenalidomide-induced CK1α degradation by the CRL4CRBN ubiqui-

tin ligase”. In: Nature 532.7597, pp. 127–130. issn: 0028-0836, 1476-4687.

doi: ✶✵✳✶✵✸✽✴♥❛9✉:❡✶✻✾✼✾ (cit. on p. 86).

Piper, Clint, Vivian Zhou, Richard Komorowski, Aniko Szabo, Benjamin Vin-

cent, Jonathan Serody, Maria-Luisa Alegre, Brian T. Edelson, Reshma Taneja,

and William R. Drobyski (Feb. 20, 2020). “Pathogenic Bhlhe40+ GM-CSF+

CD4+ T cells promote indirect alloantigen presentation in the GI tract dur-

ing GVHD”. In: Blood 135.8. Pp. 568–581. issn: 0006-4971. doi: ✶✵✳✶✶✽✷✴

❜❧♦♦❞✳✷✵✶✾✵✵✶✻✾✻ (cit. on p. 224).

Poke, Fiona S., William R. Upcher, Owen R. Sprod, Arabella Young, Kate H.

Brettingham-Moore, and Adele F. Holloway (July 30, 2012). “Depletion of

c-Rel from Cytokine Gene Promoters Is Required for Chromatin Reassembly

and Termination of Gene Responses to T Cell Activation”. In: PLOS ONE 7.7.

e41734. issn: 1932-6203. doi: ✶✵✳✶✸✼✶✴❥♦✉:♥❛❧✳♣♦♥❡✳✵✵✹✶✼✸✹ (cit. on p. 76).

Popescu, Marcela, Zafer Gurel, Tapani Ronni, Chunhua Song, Ka Ying Hung,

Kimberly J. Payne, and Sinisa Dovat (May 15, 2009). “Ikaros Stability and

Pericentromeric Localization Are Regulated by Protein Phosphatase 1”. In:

261



Journal of Biological Chemistry 284.20. Pp. 13869–13880. issn: 0021-9258,

1083-351X. doi: ✶✵✳✶✵✼✹✴❥❜❝✳▼✾✵✵✷✵✾✷✵✵ (cit. on p. 86).

Powell, Michael D., Kaitlin A. Read, Bharath K. Sreekumar, and Kenneth J.

Oestreich (2019). “Ikaros Zinc Finger Transcription Factors: Regulators of

Cytokine Signaling Pathways and CD4+ T Helper Cell Differentiation”. In:

Frontiers in Immunology 10. issn: 1664-3224. doi: ✶✵✳✸✸✽✾✴❢✐♠♠✉✳✷✵✶✾✳✵✶✷✾✾

(cit. on pp. 96, 99).

Precht, Patricia, Andrea L. Wurster, and Michael J. Pazin (July 2010). “The

SNF2H Chromatin Remodeling Enzyme Has Opposing Effects on Cytokine

Gene Expression”. In: Molecular immunology 47.11, pp. 2038–2046. issn:

0161-5890. doi: ✶✵✳✶✵✶✻✴❥✳♠♦❧✐♠♠✳✷✵✶✵✳✵✹✳✵✵✾ (cit. on p. 77).

Qiu, Rong, Xiang Yu, Li Wang, Zhijun Han, Chao Yao, Yange Cui, Guojun Hou,

Dai Dai, Wenfei Jin, and Nan Shen (June 15, 2020). “Inhibition of Glycolysis

in Pathogenic T H 17 Cells through Targeting a miR -21–Peli1 –c-Rel Pathway

Prevents Autoimmunity”. In: The Journal of Immunology 204.12, pp. 3160–

3170. issn: 0022-1767, 1550-6606. doi: ✶✵✳✹✵✹✾✴❥✐♠♠✉♥♦❧✳✷✵✵✵✵✻✵ (cit. on

p. 76).

Quintana, Francisco J et al. (July 1, 2012). “Aiolos promotes TH17 differen-

tiation by directly silencing Il2 expression”. In: Nature immunology 13.8,

pp. 770–777. issn: 1529-2908. doi: ✶✵✳✶✵✸✽✴♥✐✳✷✸✻✸ (cit. on pp. 53, 220).

Quirion, Mary R., Gregory D. Gregory, Sarah E. Umetsu, Susan Winandy, and

Melissa A. Brown (Jan. 15, 2009). “Cutting Edge: Ikaros Is a Regulator of

Th2 Cell Differentiation”. In: Journal of immunology (Baltimore, Md. : 1950)

182.2, pp. 741–745. issn: 0022-1767 (cit. on pp. 94, 96, 99).

Rasouli, Javad et al. (June 1, 2015). “Expression of GM-CSF in T cells is in-

creased in multiple sclerosis and suppressed by IFN-β therapy”. In: Journal

of immunology (Baltimore, Md. : 1950) 194.11, pp. 5085–5093. issn: 0022-

1767. doi: ✶✵✳✹✵✹✾✴❥✐♠♠✉♥♦❧✳✶✹✵✸✷✹✸ (cit. on pp. 59, 63).

Read, Kaitlin A. et al. (Oct. 1, 2017). “Integrated STAT3 and Ikaros Zinc Finger

transcription factor activities regulate Bcl-6 expression in CD4+ T helper

cells”. In: Journal of immunology (Baltimore, Md. : 1950) 199.7, pp. 2377–

2387. issn: 0022-1767. doi: ✶✵✳✹✵✹✾✴❥✐♠♠✉♥♦❧✳✶✼✵✵✶✵✻ (cit. on p. 89).

Renner, Florian and M. Lienhard Schmitz (Mar. 2009). “Autoregulatory feed-

back loops terminating the NF-κB response”. In: Trends in Biochemical Sci-

ences 34.3, pp. 128–135. issn: 09680004. doi: ✶✵✳✶✵✶✻✴❥✳6✐❜7✳✷✵✵✽✳✶✷✳✵✵✸

(cit. on p. 41).

Rieder, Sadiye Amcaoglu, Amina Metidji, Deborah Dacek Glass, Angela M.

Thornton, Tohru Ikeda, Bruce A. Morgan, and Ethan M. Shevach (July 15,

2015). “Eos Is Redundant for Regulatory T Cell Function but Plays an Im-

262



portant Role in IL-2 and Th17 Production by CD4 + Conventional T Cells”.

In: The Journal of Immunology 195.2, pp. 553–563. issn: 0022-1767, 1550-

6606. doi: ✶✵✳✹✵✹✾✴❥✐♠♠✉♥♦❧✳✶✺✵✵✻✷✼ (cit. on p. 220).

Roche, Marly I., Ravisankar A. Ramadas, and Benjamin D. Medoff (2013). “The

Role of CARMA1 in T Cells”. In: Critical reviews in immunology 33.3, pp. 219–

243. issn: 1040-8401 (cit. on p. 35).

Romagnani, S. (Nov. 1999). “Th1/Th2 cells”. In: Inflammatory Bowel Diseases

5.4, pp. 285–294. issn: 1078-0998. doi: ✶✵✳✶✵✾✼✴✵✵✵✺✹✼✷✺✲✶✾✾✾✶✶✵✵✵✲✵✵✵✵✾

(cit. on pp. 48, 49).

Roncagalli, Romain et al. (Apr. 2014). “Quantitative proteomic analysis of sig-

nalosome dynamics in primary T cells identifies the CD6 surface recep-

tor as a Lat-independent TCR signaling hub”. In: Nature immunology 15.4,

pp. 384–392. issn: 1529-2908. doi: ✶✵✳✶✵✸✽✴♥✐✳✷✽✹✸ (cit. on p. 24).

Ronni, Tapani, Kimberly J. Payne, Sam Ho, Michelle N. Bradley, Glenn Dorsam,

and Sinisa Dovat (Jan. 26, 2007). “Human Ikaros Function in Activated

T Cells Is Regulated by Coordinated Expression of Its Largest Isoforms”.

In: Journal of Biological Chemistry 282.4. Pp. 2538–2547. issn: 0021-9258,

1083-351X. doi: ✶✵✳✶✵✼✹✴❥❜❝✳▼✻✵✺✻✷✼✷✵✵ (cit. on p. 84).

Rosas, Marcela, Siamon Gordon, and Philip R. Taylor (2007). “Characterisation

of the expression and function of the GM-CSF receptor α-chain in mice”. In:

European Journal of Immunology 37.9. Pp. 2518–2528. issn: 1521-4141.

doi: ✶✵✳✶✵✵✷✴❡❥✐✳✷✵✵✻✸✻✽✾✷ (cit. on p. 72).

Ross, Sarah H. and Doreen A. Cantrell (Apr. 26, 2018). “Signaling and Function

of Interleukin-2 in T Lymphocytes”. In: Annual review of immunology 36,

pp. 411–433. issn: 0732-0582. doi: ✶✵✳✶✶✹✻✴❛♥♥✉9❡✈✲✐♠♠✉♥♦❧✲✵✹✷✻✶✼✲✵✺✸✸✺✷

(cit. on p. 45).

Rothenberg, Ellen V., Jonathan E. Moore, and Mary A. Yui (Jan. 2008). “Launch-

ing the T-Lineage Developmental Programme”. In: Nature reviews. Immunol-

ogy 8.1, pp. 9–21. issn: 1474-1733. doi: ✶✵✳✶✵✸✽✴♥9✐✷✷✸✷ (cit. on p. 90).

Saccani, Simona, Serafino Pantano, and Gioacchino Natoli (June 18, 2001).

“Two Waves of Nuclear Factor κb Recruitment to Target Promoters”. In: Jour-

nal of Experimental Medicine 193.12. Pp. 1351–1360. issn: 0022-1007. doi:

✶✵✳✶✵✽✹✴❥❡♠✳✶✾✸✳✶✷✳✶✸✺✶ (cit. on p. 41).

Sagawa, Kimitaka, Manabu Mochizuki, Sunao Sugita, Kojiro Nagai, Takao Sudo,

and Kyogo Itoh (June 1, 1996). “SUPPRESSION BY IL-10 AND IL-4 OF CY-

TOKINE PRODUCTION INDUCED BY TWO-WAY AUTOLOGOUS MIXED LYM-

PHOCYTE REACTION”. In: Cytokine 8.6, pp. 501–506. issn: 1043-4666. doi:

✶✵✳✶✵✵✻✴❝②<♦✳✶✾✾✻✳✵✵✻✽ (cit. on p. 78).

263



Sakkas, Lazaros I., Efterpi Zafiriou, and Dimitrios P. Bogdanos (2019). “Mini

Review: New Treatments in Psoriatic Arthritis. Focus on the IL-23/17 Axis”.

In: Frontiers in Pharmacology 10. issn: 1663-9812. doi: ✶✵✳✸✸✽✾✴❢♣❤❛+✳✷✵✶✾✳

✵✵✽✼✷ (cit. on p. 79).

Sanchez-Lockhart, Mariano, Minsoo Kim, and Jim Miller (Dec. 1, 2011). “Cut-

ting Edge: A Role for Inside-Out Signaling in TCR Regulation of CD28 Lig-

and Binding”. In: The Journal of Immunology 187.11. Pp. 5515–5519. issn:

0022-1767, 1550-6606. doi: ✶✵✳✹✵✹✾✴❥✐♠♠✉♥♦❧✳✶✶✵✷✹✾✼ (cit. on p. 26).

Schafflick, David et al. (Dec. 2020). “Integrated single cell analysis of blood and

cerebrospinal fluid leukocytes in multiple sclerosis”. In: Nature Communica-

tions 11.1, p. 247. issn: 2041-1723. doi: ✶✵✳✶✵✸✽✴6✹✶✹✻✼✲✵✶✾✲✶✹✶✶✽✲✇ (cit.

on p. 59).

Schjerven, Hilde et al. (Oct. 2013). “Differential regulation of lymphopoiesis and

leukemogenesis by individual zinc fingers of Ikaros”. In: Nature immunology

14.10, pp. 1073–1083. issn: 1529-2908. doi: ✶✵✳✶✵✸✽✴♥✐✳✷✼✵✼ (cit. on p. 84).

Schlauderer, Florian, Thomas Seeholzer, Ambroise Desfosses, Torben Gehring,

Mike Strauss, Karl-Peter Hopfner, Irina Gutsche, Daniel Krappmann, and

Katja Lammens (Oct. 2, 2018). “Molecular architecture and regulation of

BCL10-MALT1 filaments”. In: Nature Communications 9.1. P. 4041. issn:

2041-1723. doi: ✶✵✳✶✵✸✽✴6✹✶✹✻✼✲✵✶✽✲✵✻✺✼✸✲✽ (cit. on p. 35).

Scholz, Tatjana, Andreas Weigert, Bernhard Brüne, Christian D. Sadik, Beate

Böhm, and Harald Burkhardt (Aug. 4, 2017). “GM-CSF in murine psoriasi-

form dermatitis: Redundant and pathogenic roles uncovered by antibody-

induced neutralization and genetic deficiency”. In: PLoS ONE 12.8. issn:

1932-6203. doi: ✶✵✳✶✸✼✶✴❥♦✉+♥❛❧✳♣♦♥❡✳✵✶✽✷✻✹✻ (cit. on p. 80).

Schraml, Barbara U. et al. (July 16, 2009). “The AP-1 transcription factor

Batf controls TH17 differentiation”. In: Nature 460.7253, pp. 405–409. issn:

0028-0836. doi: ✶✵✳✶✵✸✽✴♥❛<✉+❡✵✽✶✶✹ (cit. on pp. 51, 52).

Schreck, R. and P. A. Baeuerle (Mar. 1990). “NF-kappa B as inducible tran-

scriptional activator of the granulocyte-macrophage colony-stimulating fac-

tor gene”. In: Molecular and Cellular Biology 10.3, pp. 1281–1286. issn:

0270-7306. doi: ✶✵✳✶✶✷✽✴♠❝❜✳✶✵✳✸✳✶✷✽✶ (cit. on p. 77).

Sen, Ranjan and David Baltimore (Aug. 29, 1986). “Multiple nuclear factors in-

teract with the immunoglobulin enhancer sequences”. In: Cell 46.5. Pp. 705–

716. issn: 0092-8674, 1097-4172. doi: ✶✵✳✶✵✶✻✴✵✵✾✷✲✽✻✼✹✭✽✻✮✾✵✸✹✻✲✻ (cit.

on p. 31).

Sengupta, Sadhak, Padmini Jayaraman, Paula M. Chilton, Carolyn R. Casella,

and Thomas C. Mitchell (May 15, 2007). “Unrestrained Glycogen Synthase

Kinase-3β Activity Leads to Activated T Cell Death and Can Be Inhibited by

264



Natural Adjuvant”. In: The Journal of Immunology 178.10. Pp. 6083–6091.

issn: 0022-1767, 1550-6606. doi: ✶✵✳✹✵✹✾✴❥✐♠♠✉♥♦❧✳✶✼✽✳✶✵✳✻✵✽✸ (cit. on

p. 42).

Seydel, F., E. Garrigan, B. Stutevoss, N. Belkin, B. Makadia, J. Carter, J.-D.

Shi, A. Davoodi-Semiromi, M. McDuffie, and S. A. Litherland (Dec. 2008).

“GM-CSF Induces STAT5 Binding at Epigenetic Regulatory Sites within the

Csf2 Promoter of Nonobese Diabetic (NOD) Mouse Myeloid Cells”. In: Journal

of autoimmunity 31.4, pp. 377–384. issn: 0896-8411. doi: ✶✵✳✶✵✶✻✴❥✳❥❛✉2✳

✷✵✵✽✳✵✽✳✵✶✵ (cit. on p. 74).

Shah, Divya K. and Juan Carlos Zúñiga-Pflücker (May 1, 2014). “An Overview

of the Intrathymic Intricacies of T Cell Development”. In: The Journal of

Immunology 192.9. Pp. 4017–4023. issn: 0022-1767, 1550-6606. doi: ✶✵✳

✹✵✹✾✴❥✐♠♠✉♥♦❧✳✶✸✵✷✷✺✾ (cit. on p. 21).

Shaw, J., P. Utz, D. Durand, J. Toole, E. Emmel, and G. Crabtree (July 8,

1988). “Identification of a putative regulator of early T cell activation genes”.

In: Science 241.4862, pp. 202–205. issn: 0036-8075, 1095-9203. doi: ✶✵✳

✶✶✷✻✴5❝✐❡♥❝❡✳✸✷✻✵✹✵✹ (cit. on p. 28).

Sheng, Wanqiang (2015). “T Cell-Derived GM-CSF, Regulation of Expression

and Function”. In: Immunome Research 11.2. issn: 17457580. doi: ✶✵✳✹✶✼✷✴

✶✼✹✺✲✼✺✽✵✳✶✵✵✵✵✾✽ (cit. on pp. 75, 212).

Sheng, Wanqiang et al. (Dec. 2014). “STAT5 programs a distinct subset of

GM-CSF-producing T helper cells that is essential for autoimmune neu-

roinflammation”. In: Cell Research 24.12, pp. 1387–1402. issn: 1001-0602.

doi: ✶✵✳✶✵✸✽✴❝9✳✷✵✶✹✳✶✺✹ (cit. on pp. 62, 77, 189, 201, 211, 213).

Shevyrev, Daniil and Valeriy Tereshchenko (2020). “Treg Heterogeneity, Func-

tion, and Homeostasis”. In: Frontiers in Immunology 10. issn: 1664-3224.

doi: ✶✵✳✸✸✽✾✴❢✐♠♠✉✳✷✵✶✾✳✵✸✶✵✵ (cit. on p. 49).

Shi, Jian-Hong and Shao-Cong Sun (2018). “Tumor Necrosis Factor Receptor-

Associated Factor Regulation of Nuclear Factor κB and Mitogen-Activated

Protein Kinase Pathways”. In: Frontiers in Immunology 9. issn: 1664-3224.

doi: ✶✵✳✸✸✽✾✴❢✐♠♠✉✳✷✵✶✽✳✵✶✽✹✾ (cit. on pp. 37, 68, 69).

Shi, Lewis Z., Ruoning Wang, Gonghua Huang, Peter Vogel, Geoffrey Neale,

Douglas R. Green, and Hongbo Chi (July 4, 2011). “HIF1α–dependent gly-

colytic pathway orchestrates a metabolic checkpoint for the differentiation

of TH17 and Treg cells”. In: The Journal of Experimental Medicine 208.7,

pp. 1367–1376. issn: 0022-1007. doi: ✶✵✳✶✵✽✹✴❥❡♠✳✷✵✶✶✵✷✼✽ (cit. on p. 52).

Shi, Yufang et al. (Feb. 2006). “Granulocyte-macrophage colony-stimulating

factor (GM-CSF) and T-cell responses: what we do and don’t know”. In: Cell

265



Research 16.2, pp. 126–133. issn: 1748-7838. doi: ✶✵✳✶✵✸✽✴&❥✳❝)✳✼✸✶✵✵✶✼

(cit. on p. 72).

Smith, Geoffrey A., Jack Taunton, and Arthur Weiss (Dec. 19, 2017). “IL-2Rβ

abundance differentially tunes IL-2 signaling dynamics in CD4 + and CD8
+ T cells”. In: Science Signaling 10.510, eaan4931. issn: 1945-0877, 1937-

9145. doi: ✶✵✳✶✶✷✻✴&❝✐&✐❣♥❛❧✳❛❛♥✹✾✸✶ (cit. on p. 45).

Smith, Philip J., David J. Cousins, Young-Koo Jee, Dontcho Z. Staynov, Tak

H. Lee, and Paul Lavender (Sept. 1, 2001). “Suppression of Granulocyte-

Macrophage Colony-Stimulating Factor Expression by Glucocorticoids In-

volves Inhibition of Enhancer Function by the Glucocorticoid Receptor Bind-

ing to Composite NF-AT/Activator Protein-1 Elements”. In: The Journal of

Immunology 167.5, pp. 2502–2510. issn: 0022-1767, 1550-6606. doi: ✶✵✳

✹✵✹✾✴❥✐♠♠✉♥♦❧✳✶✻✼✳✺✳✷✺✵✷ (cit. on p. 75).

Smith-Garvin, Jennifer E., Gary A. Koretzky, and Martha S. Jordan (2009).

“T Cell Activation”. In: Annual review of immunology 27, pp. 591–619. issn:

0732-0582. doi: ✶✵✳✶✶✹✻✴❛♥♥✉)❡✈✳✐♠♠✉♥♦❧✳✵✷✶✾✵✽✳✶✸✷✼✵✻ (cit. on p. 24).

Sánchez-Valdepeñas, Carmen, Angel G. Martín, Parameswaran Ramakrish-

nan, David Wallach, and Manuel Fresno (Apr. 15, 2006). “NF-κB-Inducing

Kinase Is Involved in the Activation of the CD28 Responsive Element through

Phosphorylation of c-Rel and Regulation of Its Transactivating Activity”. In:

The Journal of Immunology 176.8. Pp. 4666–4674. issn: 0022-1767, 1550-

6606. doi: ✶✵✳✹✵✹✾✴❥✐♠♠✉♥♦❧✳✶✼✻✳✽✳✹✻✻✻ (cit. on p. 77).

Sojka, Dorothy K., Denis Bruniquel, Ronald H. Schwartz, and Nevil J. Singh

(May 15, 2004). “IL-2 Secretion by CD4+ T Cells In Vivo Is Rapid, Transient,

and Influenced by TCR-Specific Competition”. In: The Journal of Immunol-

ogy 172.10. Pp. 6136–6143. issn: 0022-1767, 1550-6606. doi: ✶✵✳✹✵✹✾✴

❥✐♠♠✉♥♦❧✳✶✼✷✳✶✵✳✻✶✸✻ (cit. on p. 45).

Spath, Sabine, Juliana Komuczki, Mario Hermann, Pawel Pelczar, Florian Mair,

Bettina Schreiner, and Burkhard Becher (Feb. 21, 2017). “Dysregulation of

the Cytokine GM-CSF Induces Spontaneous Phagocyte Invasion and Im-

munopathology in the Central Nervous System”. In: Immunity 46.2. Pp. 245–

260. issn: 1074-7613. doi: ✶✵✳✶✵✶✻✴❥✳✐♠♠✉♥✐✳✷✵✶✼✳✵✶✳✵✵✼ (cit. on pp. 72,

78).

Stanley, E., G. J. Lieschke, D. Grail, D. Metcalf, G. Hodgson, J. A. Gall, D.

W. Maher, J. Cebon, V. Sinickas, and A. R. Dunn (June 7, 1994). “Gran-

ulocyte/macrophage colony-stimulating factor-deficient mice show no ma-

jor perturbation of hematopoiesis but develop a characteristic pulmonary

pathology.” In: Proceedings of the National Academy of Sciences 91.12, pp. 5592–

266



5596. issn: 0027-8424, 1091-6490. doi: ✶✵✳✶✵✼✸✴♣♥❛)✳✾✶✳✶✷✳✺✺✾✷ (cit. on

p. 72).

Steinbrecher, Kris A., Willie Wilson, Patricia C. Cogswell, and Albert S. Bald-

win (Oct. 2005). “Glycogen Synthase Kinase 3β Functions To Specify Gene-

Specific, NF-κB-Dependent Transcription”. In: Molecular and Cellular Biol-

ogy 25.19, pp. 8444–8455. issn: 0270-7306. doi: ✶✵✳✶✶✷✽✴▼❈❇✳✷✺✳✶✾✳✽✹✹✹✲

✽✹✺✺✳✷✵✵✺ (cit. on p. 41).

Stienne, Caroline et al. (Oct. 2016). “Foxo3 Transcription Factor Drives Pathogenic

T Helper 1 Differentiation by Inducing the Expression of Eomes”. In: Immu-

nity 45.4, pp. 774–787. issn: 10747613. doi: ✶✵✳✶✵✶✻✴❥✳✐♠♠✉♥✐✳✷✵✶✻✳✵✾✳✵✶✵

(cit. on p. 62).

Stomski, F. C., Q. Sun, C. J. Bagley, J. Woodcock, G. Goodall, R. K. Andrews, M.

C. Berndt, and A. F. Lopez (June 1, 1996). “Human interleukin-3 (IL-3) in-

duces disulfide-linked IL-3 receptor alpha- and beta-chain heterodimeriza-

tion, which is required for receptor activation but not high-affinity binding.”

In: Molecular and Cellular Biology 16.6. Pp. 3035–3046. issn: 0270-7306,

1098-5549. doi: ✶✵✳✶✶✷✽✴▼❈❇✳✶✻✳✻✳✸✵✸✺ (cit. on p. 73).

Strasser, Andreas, Philipp J Jost, and Shigekazu Nagata (Feb. 20, 2009). “The

many roles of FAS receptor signaling in the immune system”. In: Immunity

30.2, pp. 180–192. issn: 1074-7613. doi: ✶✵✳✶✵✶✻✴❥✳✐♠♠✉♥✐✳✷✵✵✾✳✵✶✳✵✵✶

(cit. on p. 68).

Sun, L., A. Liu, and K. Georgopoulos (Oct. 1996). “Zinc finger-mediated protein

interactions modulate Ikaros activity, a molecular control of lymphocyte de-

velopment.” In: The EMBO Journal 15.19, pp. 5358–5369. issn: 02614189.

doi: ✶✵✳✶✵✵✷✴❥✳✶✹✻✵✲✷✵✼✺✳✶✾✾✻✳8❜✵✵✾✷✵✳① (cit. on p. 84).

Sun, Shao-Cong (Jan. 2011). “Non-canonical NF-κB signaling pathway”. In:

Cell Research 21.1. Pp. 71–85. issn: 1748-7838. doi: ✶✵✳✶✵✸✽✴❝<✳✷✵✶✵✳✶✼✼

(cit. on pp. 39, 40).

Thomas, R. S., M. J. Tymms, L. H. McKinlay, M. F. Shannon, A. Seth, and I. Kola

(June 12, 1997). “ETS1, NFkappaB and AP1 synergistically transactivate

the human GM-CSF promoter”. In: Oncogene 14.23, pp. 2845–2855. issn:

0950-9232. doi: ✶✵✳✶✵✸✽✴)❥✳♦♥❝✳✶✷✵✶✶✷✺ (cit. on p. 76).

Thomas, Rajan M., Chunxia Chen, Neelanjana Chunder, Lingzhi Ma, Justin

Taylor, Edward J. Pearce, and Andrew D. Wells (Jan. 22, 2010). “Ikaros

Silences T-bet Expression and Interferon-γ Production during T Helper 2

Differentiation”. In: The Journal of Biological Chemistry 285.4, pp. 2545–

2553. issn: 0021-9258. doi: ✶✵✳✶✵✼✹✴❥❜❝✳▼✶✵✾✳✵✸✽✼✾✹ (cit. on pp. 94–96,

99).

267



Thomas, Rajan M., Neelanjana Chunder, Chunxia Chen, Sarah E. Umetsu, Su-

san Winandy, and Andrew D. Wells (Dec. 1, 2007). “Ikaros Enforces the Cos-

timulatory Requirement for IL2 Gene Expression and Is Required for Anergy

Induction in CD4+ T Lymphocytes”. In: The Journal of Immunology 179.11.

Pp. 7305–7315. issn: 0022-1767, 1550-6606. doi: ✶✵✳✹✵✹✾✴❥✐♠♠✉♥♦❧✳✶✼✾✳

✶✶✳✼✸✵✺ (cit. on p. 93).

Thome, Margot, Jean Enno Charton, Christiane Pelzer, and Stephan Hailfinger

(Sept. 2010). “Antigen Receptor Signaling to NF-κB via CARMA1, BCL10, and

MALT1”. In: Cold Spring Harbor Perspectives in Biology 2.9. issn: 1943-0264.

doi: ✶✵✳✶✶✵✶✴❝1❤♣❡51♣❡❝6✳❛✵✵✸✵✵✹ (cit. on p. 35).

Towers, Terri L. and Leonard P. Freedman (Apr. 24, 1998). “Granulocyte-Macrophage

Colony-stimulating Factor Gene Transcription Is Directly Repressed by the

Vitamin D 3 Receptor: IMPLICATIONS FOR ALLOSTERIC INFLUENCES ON

NUCLEAR RECEPTOR STRUCTURE AND FUNCTION BY A DNA ELEMENT”.

In: Journal of Biological Chemistry 273.17, pp. 10338–10348. issn: 0021-

9258, 1083-351X. doi: ✶✵✳✶✵✼✹✴❥❜❝✳✷✼✸✳✶✼✳✶✵✸✸✽ (cit. on p. 75).

Trinh, Le A., Roger Ferrini, Bradley S. Cobb, Amy S. Weinmann, Kyungmin

Hahm, Patricia Ernst, Isla P. Garraway, Matthias Merkenschlager, and Stephen

T. Smale (July 15, 2001). “Down-regulation of TDT transcription in CD4+CD8+

thymocytes by Ikaros proteins in direct competition with an Ets activator”.

In: Genes & Development 15.14, pp. 1817–1832. issn: 0890-9369. doi: ✶✵✳

✶✶✵✶✴❣❛❞✳✾✵✺✻✵✶ (cit. on pp. 92, 209).

Trung, Ngo Tat, Elisabeth Kremmer, and Gerhard Mittler (Dec. 2016). “Bio-

chemical and cellular characterization of transcription factors binding to

the hyperconserved core promoter-associated M4 motif”. In: BMC Genomics

17.1, p. 693. issn: 1471-2164. doi: ✶✵✳✶✶✽✻✴1✶✷✽✻✹✲ ✵✶✻✲ ✸✵✸✸✲ ✸ (cit. on

p. 89).

Veldhoen, Marc, Keiji Hirota, Astrid M. Westendorf, Jan Buer, Laure Dumoutier,

Jean-Christophe Renauld, and Brigitta Stockinger (May 2008). “The aryl

hydrocarbon receptor links T H 17-cell-mediated autoimmunity to environ-

mental toxins”. In: Nature 453.7191. Pp. 106–109. issn: 1476-4687. doi:

✶✵✳✶✵✸✽✴♥❛6✉5❡✵✻✽✽✶ (cit. on p. 51).

Visekruna, Alexander, Anton Volkov, and Ulrich Steinhoff (2012). A Key Role for

NF-κB Transcription Factor c-Rel in T-Lymphocyte-Differentiation and Effector

Functions. Journal of Immunology Research. doi: ✶✵ ✳ ✶✶✺✺ ✴ ✷✵✶✷ ✴ ✷✸✾✸✻✽.

url: ❤66♣1 ✿ ✴ ✴ ✇✇✇ ✳ ❤✐♥❞❛✇✐ ✳ ❝♦♠ ✴ ❥♦✉5♥❛❧1 ✴ ❥✐5 ✴ ✷✵✶✷ ✴ ✷✸✾✸✻✽✴ (visited on

04/02/2019) (cit. on p. 33).

Vudattu, Nalini K, Ernst Holler, Patricia Ewing, Ute Schulz, Silvia Haffner,

Verena Burger, Silvia Kirchner, Reinhard Andreesen, and Günther Eiss-

268



ner (Aug. 2005). “Reverse signalling of membrane-integrated tumour necro-

sis factor differentially regulates alloresponses of CD4+ and CD8+ T cells

against human microvascular endothelial cells”. In: Immunology 115.4, pp. 536–

543. issn: 0019-2805. doi: ✶✵✳✶✶✶✶✴❥✳✶✸✻✺✲✷✺✻✼✳✷✵✵✺✳✵✷✶✾✵✳① (cit. on p. 37).

Wagner, Catriona A., Pamela J. Roqué, and Joan M. Goverman (Jan. 6, 2020).

“Pathogenic T cell cytokines in multiple sclerosis”. In: Journal of Experimen-

tal Medicine 217.1. issn: 0022-1007. doi: ✶✵✳✶✵✽✹✴❥❡♠✳✷✵✶✾✵✹✻✵ (cit. on

pp. 57, 58).

Wang, Chao et al. (Dec. 2015). “CD5L/AIM Regulates Lipid Biosynthesis and

Restrains Th17 Cell Pathogenicity”. In: Cell 163.6, pp. 1413–1427. issn:

00928674. doi: ✶✵✳✶✵✶✻✴❥✳❝❡❧❧✳✷✵✶✺✳✶✵✳✵✻✽ (cit. on pp. 61, 215, 216).

Wang, Haijun, Chunhua Song, Zafer Gurel, Na Song, Jisheng Ma, Hongsheng

Ouyang, Liangxue Lai, Kimberly J. Payne, and Sinisa Dovat (Dec. 2014).

“Protein Phosphatase 1 (PP1) and Casein kinase II (CK2) regulate Ikaros-

mediated repression of TdT in thymocytes and T-cell leukemia”. In: Pediatric

blood & cancer 61.12, pp. 2230–2235. issn: 1545-5009. doi: ✶✵✳✶✵✵✷✴♣❜❝✳

✷✺✷✷✶ (cit. on p. 92).

Wang, Ping and Joseph Heitman (2005). “The cyclophilins”. In: Genome Biology

6.7, p. 226. issn: 1465-6906. doi: ✶✵✳✶✶✽✻✴❣❜✲✷✵✵✺✲✻✲✼✲✷✷✻ (cit. on p. 30).

Wegener, Elmar, Andrea Oeckinghaus, Nikoletta Papadopoulou, Liron Lavi-

tas, Marc Schmidt-Supprian, Uta Ferch, Tak W. Mak, Jürgen Ruland, Vigo

Heissmeyer, and Daniel Krappmann (July 7, 2006). “Essential Role for IκB

Kinase β in Remodeling Carma1-Bcl10-Malt1 Complexes upon T Cell Acti-

vation”. In: Molecular Cell 23.1. Pp. 13–23. issn: 1097-2765. doi: ✶✵✳✶✵✶✻✴

❥✳♠♦❧❝❡❧✳✷✵✵✻✳✵✺✳✵✷✼ (cit. on p. 35).

Weih, F., D. Carrasco, S. K. Durham, D. S. Barton, C. A. Rizzo, R. P. Ryseck,

S. A. Lira, and R. Bravo (Jan. 27, 1995). “Multiorgan inflammation and

hematopoietic abnormalities in mice with a targeted disruption of RelB, a

member of the NF-kappa B/Rel family”. In: Cell 80.2, pp. 331–340. issn:

0092-8674. doi: ✶✵✳✶✵✶✻✴✵✵✾✷✲✽✻✼✹✭✾✺✮✾✵✹✶✻✲✻ (cit. on p. 32).

Williams, Christine J., Taku Naito, Pablo Gómez-del Arco, John R. Seavitt, Su-

san M. Cashman, Beverly De Souza, Xiaoqing Qi, Piper Keables, Ulrich H.

Von Andrian, and Katia Georgopoulos (June 1, 2004). “The Chromatin Re-

modeler Mi-2β Is Required for CD4 Expression and T Cell Development”. In:

Immunity 20.6. Pp. 719–733. issn: 1074-7613. doi: ✶✵✳✶✵✶✻✴❥✳✐♠♠✉♥✐✳✷✵✵✹✳

✵✺✳✵✵✺ (cit. on p. 92).

Winandy, S., P. Wu, and K. Georgopoulos (Oct. 20, 1995). “A dominant mu-

tation in the Ikaros gene leads to rapid development of leukemia and lym-

269



phoma”. In: Cell 83.2, pp. 289–299. issn: 0092-8674. doi: ✶✵✳✶✵✶✻✴✵✵✾✷✲

✽✻✼✹✭✾✺✮✾✵✶✼✵✲✶ (cit. on p. 85).

Winandy, Susan, Li Wu, Jin-Hong Wang, and Katia Georgopoulos (Oct. 18,

1999). “Pre–T Cell Receptor (Tcr) and Tcr-Controlled Checkpoints in T Cell

Differentiation Are Set by Ikaros”. In: The Journal of Experimental Medicine

190.8, pp. 1039–1048. issn: 0022-1007 (cit. on p. 90).

Wingelhofer, Bettina, Heidi A. Neubauer, Peter Valent, Xiaonan Han, Stefan N.

Constantinescu, Patrick T. Gunning, Mathias Müller, and Richard Moriggl

(Aug. 2018). “Implications of STAT3 and STAT5 signaling on gene regula-

tion and chromatin remodeling in hematopoietic cancer”. In: Leukemia 32.8.

Pp. 1713–1726. issn: 1476-5551. doi: ✶✵✳✶✵✸✽✴/✹✶✸✼✺✲✵✶✽✲✵✶✶✼✲① (cit. on

p. 44).

Wong, Larry Y., Julianne K. Hatfield, and Melissa A. Brown (June 12, 2013).

“Ikaros Sets the Potential for Th17 Lineage Gene Expression through Effects

on Chromatin State in Early T Cell Development”. In: Journal of Biological

Chemistry 288.49, pp. 35170–35179. issn: 0021-9258, 1083-351X. doi: ✶✵✳

✶✵✼✹✴❥❜❝✳▼✶✶✸✳✹✽✶✹✹✵ (cit. on pp. 51, 52, 95, 218, 221).

Wright, Helen L., Roger C. Bucknall, Robert J. Moots, and Steven W. Edwards

(Mar. 1, 2012). “Analysis of SF and plasma cytokines provides insights into

the mechanisms of inflammatory arthritis and may predict response to ther-

apy”. In: Rheumatology 51.3. Pp. 451–459. issn: 1462-0324. doi: ✶✵✳✶✵✾✸✴

5❤❡✉♠❛;♦❧♦❣②✴❦❡5✸✸✽ (cit. on p. 81).

Wu, Chuan, Nir Yosef, Theresa Thalhamer, Chen Zhu, Sheng Xiao, Yasuhiro

Kishi, Aviv Regev, and Vijay Kuchroo (Apr. 25, 2013). “Induction of pathogenic

Th17 cells by inducible salt sensing kinase SGK1”. In: Nature 496.7446,

pp. 513–517. issn: 0028-0836. doi: ✶✵✳✶✵✸✽✴♥❛;✉5❡✶✶✾✽✹ (cit. on pp. 61,

197, 216).

Wu, Moli, Danyang Song, Hui Li, Yang Yang, Xiao-Dong Ma, Sa Deng, Changle

Ren, and Xiaohong Shu (May 1, 2019). “Negative regulators of STAT3 sig-

naling pathway in cancers”. In: Cancer Management and Research Volume

11, pp. 4957–4969. doi: ✶✵✳✷✶✹✼✴❈▼❆❘✳❙✷✵✻✶✼✺ (cit. on p. 44).

Wu, Xinyu, Jie Tian, and Shengjun Wang (2018). “Insight Into Non-Pathogenic

Th17 Cells in Autoimmune Diseases”. In: Frontiers in Immunology 9. issn:

1664-3224. doi: ✶✵✳✸✸✽✾✴❢✐♠♠✉✳✷✵✶✽✳✵✶✶✶✷ (cit. on p. 50).

Wurster, Andrea L. and Michael J. Pazin (Feb. 2012). “ATP-dependent chro-

matin remodeling in T cells”. In: Biochemistry and cell biology = Biochimie

et biologie cellulaire 90.1, pp. 1–13. issn: 0829-8211. doi: ✶✵✳✶✶✸✾✴♦✶✶✲✵✹✷

(cit. on p. 87).

270



Wurster, Andrea L., Patricia Precht, and Michael J. Pazin (Sept. 2011). “NF-

κB and BRG1 bind a distal regulatory element in the IL-3/GM-CSF locus”.

In: Molecular immunology 48.15, pp. 2178–2188. issn: 0161-5890. doi: ✶✵✳

✶✵✶✻✴❥✳♠♦❧✐♠♠✳✷✵✶✶✳✵✼✳✵✶✻ (cit. on pp. 74, 77, 212, 214).

Xu, Hao et al. (July 3, 2020). “The induction and function of the anti-inflammatory

fate of T H 17 cells”. In: Nature Communications 11.1. P. 3334. issn: 2041-

1723. doi: ✶✵✳✶✵✸✽✴.✹✶✹✻✼✲✵✷✵✲✶✼✵✾✼✲✺ (cit. on p. 50).

Yamada, Akiko, Rieko Arakaki, Masako Saito, Yasusei Kudo, and Naozumi Ishi-

maru (2017). “Dual Role of Fas/FasL-Mediated Signal in Peripheral Immune

Tolerance”. In: Frontiers in Immunology 8. issn: 1664-3224. doi: ✶✵✳✸✸✽✾✴

❢✐♠♠✉✳✷✵✶✼✳✵✵✹✵✸ (cit. on p. 70).

Yamazaki, Soh et al. (Dec. 2017). “The AP-1 transcription factor JunB is re-

quired for Th17 cell differentiation”. In: Scientific Reports 7.1, p. 17402.

issn: 2045-2322. doi: ✶✵✳✶✵✸✽✴.✹✶✺✾✽✲✵✶✼✲✶✼✺✾✼✲✸ (cit. on p. 51).

Yan, Qingrong, Tiago Barros, Patrick R. Visperas, Sebastian Deindl, Theresa A.

Kadlecek, Arthur Weiss, and John Kuriyan (June 2013). “Structural Basis

for Activation of ZAP-70 by Phosphorylation of the SH2-Kinase Linker”. In:

Molecular and Cellular Biology 33.11, pp. 2188–2201. issn: 0270-7306. doi:

✶✵✳✶✶✷✽✴▼❈❇✳✵✶✻✸✼✲✶✷ (cit. on p. 25).

Yang, Meng-ge, Li Sun, Jinming Han, Chao Zheng, Hudong Liang, Jie Zhu,

and Tao Jin (Dec. 27, 2019). “Biological characteristics of transcription fac-

tor RelB in different immune cell types: implications for the treatment of

multiple sclerosis”. In: Molecular Brain 12.1, p. 115. issn: 1756-6606. doi:

✶✵✳✶✶✽✻✴.✶✸✵✹✶✲✵✶✾✲✵✺✸✷✲✻ (cit. on p. 32).

Yang, Xiang-Ping et al. (Mar. 2011). “Opposing regulation of the Il17 locus

through direct, reciprocal actions of STAT3 and STAT5”. In: Nature immunol-

ogy 12.3, pp. 247–254. issn: 1529-2908. doi: ✶✵✳✶✵✸✽✴♥✐✳✶✾✾✺ (cit. on p. 45).

Yang, Xuexian O. et al. (Jan. 18, 2008). “T Helper 17 Lineage Differentiation Is

Programmed by Orphan Nuclear Receptors RORα and RORγ”. In: Immunity

28.1, pp. 29–39. issn: 1074-7613. doi: ✶✵✳✶✵✶✻✴❥✳✐♠♠✉♥✐✳✷✵✵✼✳✶✶✳✵✶✻ (cit.

on p. 52).

Yoshida, Toshimi and Katia Georgopoulos (Sept. 2014). “Ikaros fingers on lym-

phocyte differentiation”. In: International journal of hematology 100.3, pp. 220–

229. issn: 0925-5710. doi: ✶✵✳✶✵✵✼✴.✶✷✶✽✺✲✵✶✹✲✶✻✹✹✲✺ (cit. on p. 85).

Yu, Jiayi, Xiaofei Zhou, Mako Nakaya, Wei Jin, Xuhong Cheng, and Shao-Cong

Sun (July 1, 2014). “T Cell Intrinsic Function of the Noncanonical NF-κB

Pathway in the Regulation of GM-CSF Expression and EAE Pathogenesis”.

In: Journal of immunology (Baltimore, Md. : 1950) 193.1, pp. 422–430. issn:

0022-1767. doi: ✶✵✳✹✵✹✾✴❥✐♠♠✉♥♦❧✳✶✸✵✸✷✸✼ (cit. on pp. 39, 76).

271



Zhan, Y., G. J. Lieschke, D. Grail, A. R. Dunn, and C. Cheers (Feb. 1, 1998).

“Essential roles for granulocyte-macrophage colony-stimulating factor (GM-

CSF) and G-CSF in the sustained hematopoietic response of Listeria monocy

togenes-infected mice”. In: Blood 91.3, pp. 863–869. issn: 0006-4971 (cit.

on p. 71).

Zhang, Dong Ji, Qi Wang, Jie Wei, Gyulnar Baimukanova, Frank Buchholz, A.

Francis Stewart, Xiaohong Mao, and Nigel Killeen (June 1, 2005a). “Selective

Expression of the Cre Recombinase in Late-Stage Thymocytes Using the

Distal Promoter of the Lck Gene”. In: The Journal of Immunology 174.11,

pp. 6725–6731. issn: 0022-1767, 1550-6606. doi: ✶✵✳✹✵✹✾✴❥✐♠♠✉♥♦❧✳✶✼✹✳

✶✶✳✻✼✷✺ (cit. on p. 96).

Zhang, Fuping, Guangxun Meng, and Warren Strober (Nov. 2008). “Interac-

tions among the transcription factors Runx1, RORγt and Foxp3 regulate

the differentiation of interleukin 17–producing T cells”. In: Nature immunol-

ogy 9.11, pp. 1297–1306. issn: 1529-2908. doi: ✶✵✳✶✵✸✽✴♥✐✳✶✻✻✸ (cit. on

pp. 52, 220).

Zhang, Jiangwen et al. (Jan. 2012). “Harnessing of the nucleosome-remodeling-

deacetylase complex controls lymphocyte development and prevents leuke-

mogenesis”. In: Nature Immunology 13.1, pp. 86–94. issn: 1529-2908, 1529-

2916. doi: ✶✵✳✶✵✸✽✴♥✐✳✷✶✺✵ (cit. on pp. 87, 88).

Zhang, Nu, Heather Hartig, Ivan Dzhagalov, David Draper, and You Wen He

(Oct. 2005b). “The role of apoptosis in the development and function of T

lymphocytes”. In: Cell Research 15.10. Pp. 749–769. issn: 1748-7838. doi:

✶✵✳✶✵✸✽✴3❥✳❝5✳✼✷✾✵✸✹✺ (cit. on p. 67).

Zhang, Qian, Michael J. Lenardo, and David Baltimore (Jan. 2017). “30 Years of

NF-κB: A Blossoming of Relevance to Human Pathobiology”. In: Cell 168.1,

pp. 37–57. issn: 00928674. doi: ✶✵✳✶✵✶✻✴❥✳❝❡❧❧✳✷✵✶✻✳✶✷✳✵✶✷ (cit. on pp. 31,

40).

Zhong, Haihong, Reinhard E. Voll, and Sankar Ghosh (Apr. 1, 1998). “Phos-

phorylation of NF-κB p65 by PKA Stimulates Transcriptional Activity by

Promoting a Novel Bivalent Interaction with the Coactivator CBP/p300”.

In: Molecular Cell 1.5. Pp. 661–671. issn: 1097-2765. doi: ✶✵✳✶✵✶✻✴❙✶✵✾✼✲

✷✼✻✺✭✵✵✮✽✵✵✻✻✲✵ (cit. on p. 41).

Zhou, Liang et al. (May 8, 2008). “TGF-β-induced Foxp3 inhibits TH17 cell dif-

ferentiation by antagonizing RORγt function”. In: Nature 453.7192, pp. 236–

240. issn: 0028-0836, 1476-4687. doi: ✶✵✳✶✵✸✽✴♥❛<✉5❡✵✻✽✼✽ (cit. on pp. 53,

182).





❈❤✐❛$❛ ❇❊❘◆❆❘❉■

❘!❧❡ ❞✬■❦❛)♦+ ❞❛♥+ ❧✬❡①♣)❡++✐♦♥ ❞✉ ●▼✲❈❙❋ ❞❛♥+ ❧❛ ♣❛7❤♦❣❡♥✐❝✐7;

❞❡+ ❧②♠♣❤♦❝②7❡+ ❚ ❈❉✹

✰

❘!"✉♠!✿ ▲❡" ❝❡❧❧✉❧❡" ❚❤✶✼ "♦♥0 ✐♠♣♦30❛♥0❡" ❞❛♥" ❧❛ ♣3♦0❡❝0✐♦♥ ❞❡ ❧✬♦3❣❛♥✐"♠❡ ❛✉ ❝♦✉3" ❞❡ ❧❛

3!♣♦♥"❡ ✐♠♠✉♥✐0❛✐3❡" ❝♦♥03❡ ❞❡" ✐♥❢❡❝0✐♦♥" ❜❛❝0!3✐❡♥♥❡" ♦✉ ❢✉♥❣✐:✉❡✳ ❈❡♣❡♥❞❛♥0✱ ❧❡" ❝❡❧❧✉❧❡"

❚❤✶✼ ♣❡✉✈❡♥0 ?03❡ ✐♠♣❧✐:✉!❡" ❞❛♥" ❞❡" ♣❛0❤♦❧♦❣✐❡" ❛✉0♦✐♠♠✉♥❡" ❡0 ✐♥✢❛♠♠❛0♦✐3❡" ❡0 ♦♥0 !0!

❝❧❛""✐✜!❡" ❡♥ ❢♦♥❝0✐♦♥ ❞❡ ❧❡✉3 ❞!❣3! ❞❡ ♣❛0❤♦❣!♥✐❝✐0!✳ ◆♦✉" ❛✈♦♥" ♠✐" ❡♥ ❡✈✐❞❡♥❝❡ :✉✬■❦❛3♦" ❡"0

✉♥ ❢❛❝0❡✉3 ❞❡ 03❛♥"❝3✐♣0✐♦♥ :✉✐ ✐♥❞✉✐0 ❧❛ ❞✐✛!3❡♥0✐❛0✐♦♥ ❞❡" ❧②♠♣❤♦❝②0❡" ❚❤✶✼ ❝♦♥✈❡♥0✐♦♥♥❡❧❧❡"

❡0 3!♣3✐♠❡ ❧✬❡①♣3❡""✐♦♥ ❞❡" ❣H♥❡" ♣❛0❤♦❣!♥✐:✉❡" ✭♣❛3 ❡①❡♠♣❧❡ ❈!❢✷✱ :✉✐ ❝♦❞❡ ♣♦✉3 ●▼✲❈❙❋✱

■❧✸✱ ■❢♥❣ ✮✳ ◆♦" 3!"✉❧0❛0" ❞!♠♦♥03❡♥0 :✉❡ ❧✬❡①♣3❡""✐♦♥ ❞❡ ●▼✲❈❙❋ ❡"0 ✉♥❡ ❝♦♥"!:✉❡♥❝❡ ❞✐3❡❝0❡

❞❡ ❧❛ ♣❡30❡ ❞✬■❦❛3♦" ✐♥ ✈✐+,♦ ❡0 :✉✬❡❧❧❡ ❡"0 ✐♥❞!♣❡♥❞❛♥0 ❞❡ ❘❖❘γ0 ❡0 ❞❡ ❧❛ ✈♦✐❡ ❞❡ "✐❣♥❛❧✐"❛0✐♦♥

❞❡ ❋❛"▲✳ ❉❡ ♣❧✉"✱ ❧❛ "0✐♠✉❧❛0✐♦♥ ♣❛3 ❧❡ ❚❈❘✲❈❉✸ ❡0 ❧❡ ❝♦3!❝❡♣0♦❡✉3 ❈❉✷✽ ❡"0 ❢♦♥❞❛♠❡♥0❛❧❡

♣♦✉3 ❧✬❡①♣3❡""✐♦♥ ❞✉ ●▼✲❈❙❋✳ ❊♥✜♥✱ ♥♦" ❡①♣!3✐❡♥❝❡" ❞❡ "!:✉❡♥V❛❣❡ W ❤❛✉0✲❞!❜✐0 ✭❘◆❆✲"❡:✱

❆❚❆❈✲"❡: ❡0 ❈❤■Y✲"❡:✮ ♣❡3♠❡00❡♥0 ❞❡ 3❡♥❢♦3❝❡3 ❧❡ 3Z❧❡ ❞✬■❦❛3♦" ❡♥ 0❛♥0 :✉❡ ❣❛3❞✐❡♥ ❞✉ ♣3♦✜❧

♣❛0❤♦❣!♥✐:✉❡ ❞❡" ❧②♠♣❤♦❝②0❡" ❚ ❡♥ ❛❣✐""❛♥0 ❝♦♠♠❡ ✉♥ 3!♣3❡""❡✉3 ❞❡ ❧❛ 03❛♥"❝3✐♣0✐♦♥ ❡0 ❞❡

❧✬❛❝❝❡""✐❜✐❧✐0! ❞❡ ❧❛ ❝❤3♦♠❛0✐♥❡✳

▼♦0" ❝❧!" ✿ ■❦❛3♦"✱ ❝❡❧❧✉❧❡" ❚❤✶✼✱ ❣H♥❡" ♣❛0❤♦❣!♥✐:✉❡"

❘♦❧❡ ♦❢ ■❦❛)♦+ ✐♥ 7❤❡ )❡❣✉❧❛7✐♦♥ ♦❢ ●▼✲❈❙❋ ❡①♣)❡++✐♦♥ ❛♥❞ ✐♥ 7❤❡

♣❛7❤♦❣❡♥✐❝✐7② ♦❢ ❈❉✹

✰

❚ ❝❡❧❧+

❆❜"03❛❝0✿ ❚❤✶✼ ❝❡❧❧" ❛3❡ ❦❡② ♣❧❛②❡3" 0♦ ♣3♦0❡❝0 ❤♦"0 ❛❣❛✐♥"0 ❢✉♥❣❛❧ ❛♥❞ ❜❛❝0❡3✐❛❧ ✐♥❢❡❝0✐♦♥"✱

❜✉0 0❤❡② ❛3❡ ❛❧"♦ ✐♠♣♦30❛♥0 ✐♥ 0❤❡ ♦♥"❡0 ♦❢ ❛✉0♦✐♠♠✉♥❡ ❛♥❞ ✐♥✢❛♠♠❛0♦3② ❞✐"❡❛"❡"✳ ❚❤✶✼

❝❡❧❧" ❛3❡ ❝❧❛""✐✜❡❞ ❛❝❝♦3❞✐♥❣ 0♦ 0❤❡✐3 ❞❡❣3❡❡ ♦❢ ♣❛0❤♦❣❡♥✐❝✐0②✳ ❍♦✇❡✈❡3✱ 0❤❡ ❢❛❝0♦3" ❝♦♥03♦❧❧✐♥❣

0❤❡✐3 ♣❛0❤♦❣❡♥✐❝✐0② 3❡♠❛✐♥ ♣♦♦3❧② ✉♥❞❡3"0♦♦❞✳ ❍❡3❡✱ ✇❡ "❤♦✇ 0❤❛0✱ ✉♥❞❡3 ❝♦♥✈❡♥0✐♦♥❛❧ ❚❤✶✼

♣♦❧❛3✐③✐♥❣ ❝♦♥❞✐0✐♦♥✱ 0❤❡ 03❛♥"❝3✐♣0✐♦♥ ❢❛❝0♦3 ■❦❛3♦" ✐" ❝3✐0✐❝❛❧ 0♦ ♣3♦♠♦0❡ ■▲✲✶✼ ♣3♦❞✉❝0✐♦♥

❛♥❞ 3❡♣3❡"" 0❤❡ ❡①♣3❡""✐♦♥ ♦❢ ❣❡♥❡" 0❤❛0 ❢♦3♠ 0❤❡ ♣❛0❤♦❣❡♥✐❝ "✐❣♥❛0✉3❡ ♦❢ ❚❤✶✼ ❝❡❧❧" ✭❡✳❣

❈!❢✷✱ ❡♥❝♦❞✐♥❣ ●▼✲❈❙❋✱ ■❧✸✱ ■❢♥❣ ✮✳ ■ ❝❧❡❛3❧② "❤♦✇ 0❤❛0 0❤❡ ✐♥❞✉❝0✐♦♥ ♦❢ ●▼✲❈❙❋ ✐" ❛ ❞✐3❡❝0

❝♦♥"❡:✉❡♥❝❡ ♦❢ ❛❝✉0❡ ■❦❛3♦" ❧♦"" ✐♥ ✈✐+,♦ ❛♥❞ ✐" ✐♥❞❡♣❡♥❞❡♥0 ♦❢ ❋❛"▲ ❛♥❞ ❘❖❘γ0 "✐❣♥❛❧✐♥❣✳

■♥0❡3❡"0✐♥❣❧②✱ ❚ ❝❡❧❧ ❛❝0✐✈❛0✐♦♥ ✈✐❛ 0❤❡ ❚❈❘✲❈❉✸✴❈❉✷✽ ❝♦♠♣❧❡① ✐" "✉✣❝✐❡♥0 ❛♥❞ ♥❡❝❡""❛3② 0♦

03✐❣❣❡3 0❤❡ ●▼✲❈❙❋ ❡①♣3❡""✐♦♥✳ ❚❤❡ ❝♦♠❜✐♥❛0✐♦♥ ♦❢ ✸ ❤✐❣❤ 0❤3♦✉❣❤♣✉0 ❛♥❛❧②"✐" ✭❘◆❆✲"❡:✱

❆❚❆❈✲"❡: ❛♥❞ ❈❤■Y✲"❡:✮ ❡♠♣❤❛"✐③❡" 0❤❛0 ■❦❛3♦" ✐" ❛♥ ❡""❡♥0✐❛❧ ❣✉❛3❞✐❛♥ ♦❢ ❚ ❝❡❧❧ ♣❛0❤♦❣❡♥✐❝

♣3♦✜❧❡ ❛❝0✐♥❣ ❛" ❛ ❣❡♥❡3❛❧ 3❡♣3❡""♦3 ♦❢ 0❤❡ 03❛♥"❝3✐♣0✐♦♥ ❛♥❞ ❛ ❝❤3♦♠❛0✐♥ 3❡♠♦❞❡❧✐♥❣ ❢❛❝0♦3✳

❑❡②✇♦3❞" ✿ ■❦❛3♦"✱ ❚❤✶✼✱ ♣❛0❤♦❣❡♥✐❝ ❣❡♥❡"✱ ●▼✲❈❙❋✳




