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RÉSUMÉ 

Le virus de l'immunodéficience humaine (VIH)/syndrome d'immunodéficience acquise (SIDA) 

reste un problème de santé publique mondial et un défi majeur dans le monde entier. Depuis le 

développement de la thérapie antirétrovirale (ART), des millions de personnes vivant avec le VIH 

ont pu contrôler la réplication virale, rétablir leur taux de CD4 et mener une vie normale. 

Cependant, malgré la thérapie, des niveaux résiduels d'inflammation, un faible degré persistant 

d'activation immunitaire et une plus grande sensibilité à l'apoptose cellulaire dans le compartiment 

des cellules T CD4+ mémoires persistent chez la plupart des individus. Certains patients ne 

parviennent pas à récupérer leur taux de CD4. À ce jour, les mécanismes responsables de cette 

sensibilité élevée restent inconnus. 

Dans notre quête pour comprendre pourquoi le maintien des cellules T CD4+ dans les 

environnements inflammatoires chroniques est altéré, nous avons précédemment identifié le 

facteur de transcription Interferon Regulatory Factor 5 (IRF-5) comme étant un facteur de 

transcription crucial qui est responsable de la mort des cellules T CD4+ lors de la leishmaniose 

viscérale expérimentale chronique (LV). Notre laboratoire a rapporté que l'activation de l`IRF-5 

via le Toll-like receptor 7 (TLR7) par des fragments cellulaires apoptotiques dérivés de lésions 

tissulaires inflammatoires activait la caspase 8 et menait finalement à la mort cellulaire.  Dans 

cette thèse, nous avons cherché à savoir si la voie TLR7/IRF5 était également activée au cours 

de l'infection par le VIH. 

Nous avons montré que les cellules T CD4+ mémoire régulent à la hausse TLR7 et IRF-5 chez 

les personnes infectées par le VIH (PLWH). En effet, l'IRF-5 était significativement régulé à la 

hausse dans les cellules T CD4+ mémoire provenant de participants primo-infectés par le VIH-1 

(PHI) et de PLWH sous traitement antirétroviral (ART), par rapport aux contrôleurs d'élite (EC) 

naturellement protégés et aux participants contrôles non-infectés par le VIH. En outre, 

l'expression de TLR7 a été maintenue après ART, et les expressions de IRF-5 et de TLR7 ont 

été directement corrélées avec AnnexinV et inversement corrélées avec le nombre de cellules T 

CD4+ chez les PLWH.  Lorsque nous avons examiné les partenaires de signalisation en amont 

et en aval d'IRF-5, nous avons constaté que TLR7 induisait IRF-5, favorisant l'expression de la 

Caspase 8 dans les cellules T CD4+ des participants séropositifs pour le VIH-1 sous traitement 

antirétroviral, mais pas dans celles des participants non séropositifs. Il est intéressant de noter 

que l'activation de l'axe TLR7/IRF-5 prédisposait les cellules T CD4+ à mémoire à l'apoptose 
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médiée par Fas en alimentant la voie Fas/FasL. Cette prédisposition a pu être bloquée à l'aide 

de peptides inhibiteurs de l'IRF-5. 

Dans l'ensemble, nos résultats démontrent qu'en exprimant TLR7 et IRF-5, les cellules T CD4+ 

mémoires conservent une sorte d'empreinte après le traitement antirétroviral qui les rend plus 

sensibles à l'apoptose médiée par la voie Fas/FasL.  

Ce travail contribue à faire progresser nos connaissances sur les voies responsables de la perte 

des cellules mémoires chez les PLWH sous traitement antirétroviral et propose IRF-5 comme 

nouvelle cible thérapeutique pour prévenir la perte des cellules T CD4+ mémoires chez les 

personnes séropositives. 

Mots-clés : cellules T CD4+, IRF5, VIH, apoptose. 
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ABSTRACT 

The Human Immunodeficiency Virus (HIV)/Acquired Immune Deficiency Syndrome (AIDS) 

remains a significant global public health concern, persisting as a major challenge worldwide. 

Since the development of antiretroviral therapy (ART), millions of people living with HIV (PLWH) 

have been able to control viral replication, recover their CD4 count and lead a normal life; 

however, despite therapy, residual levels of inflammation, persistent low degree of immune 

activation, and higher sensitivity to cell apoptosis in the memory CD4+ T cell compartment persist 

in most individuals and some patients do not achieve recovery of CD4 cell counts. To date, the 

mechanisms responsible for this high sensitivity remain elusive. 

In our quest to understand defective maintenance of CD4+ T cells in chronic inflammatory 

environments, we previously identified the transcription factor interferon regulatory factor 5 (IRF-

5) as a crucial transcription factor that is responsible for CD4+ T cells death during chronic 

experimental visceral leishmaniasis (VL). Our laboratory has reported that the activation of IRF-5 

via Toll-like receptor 7 (TLR7) by inflammatory tissue damage-derived apoptotic cell material 

induced caspase 8 and ultimately led to cell death.  In this study, we investigated whether the 

TLR7/IRF5 pathway is also activated during HIV infection.  

We show that memory CD4+ T cells upregulate TLR7 and IRF-5 in PLWH. Indeed, IRF-5 was 

significantly upregulated in memory CD4+ T cells from primary HIV-1 infected participants (PHI) 

and from PLWH undergoing ART, when compared with naturally protected elite controllers (EC) 

and HIVfree control participants. Additionally, TLR7 expression was maintained after ART and IRF-

5 and TLR7 expressions directly correlated with AnnexinV and inversely correlated with CD4+ T 

cell counts in PHI.  When we looked into upstream and downstream IRF-5 signalling partners, we 

found that TLR7 induced IRF-5, promoting caspase 8 expression in CD4+ T cells from ART but 

not from HIVfree participants. Interestingly, activation of the TLR7/IRF-5 axis predisposed memory 

CD4+ T cells to Fas-mediated apoptosis by feeding into the Fas/FasL pathway. This predisposition 

could be blocked using IRF-5 inhibitory peptides. 

Taken together, our findings demonstrate that, by expressing TLR7 and IRF-5, memory CD4+ T 

cells maintain a sort of imprint after ART that makes them more susceotible to Fas-mediated 

apoptosis.  
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This work contributes to advance our knowledge on the pathways responsible for memory cell 

loss in PLWH on antiretroviral therapy and proposes IRF-5 as a novel therapeutic target to prevent 

loss of memory CD4+ T cells in PLWH. 

Keywords : CD4+ T cells, IRF5, HIV, apoptosis. 

 



 

 

 

SOMMAIRE RÉCAPITULATIF 

Les infections au virus de l’immunodéficience humaine de type 1 (VIH-1) demeurent un enjeu de 

santé publique majeur. Comparativement à de nombreux virus, le corps humain ne peut se 

débarrasser complètement du VIH, même avec l’aide du ART, ce qui en fait une infection que les 

patients conservent toute leur vie durant (Chun et al., 1997).  

L’une des caractéristiques de l’infection par le VIH est la perte progressive des lymphocytes T 

CD4+, venant affecter à la fois les cellules infectées et les cellules avoisinantes non-infectées. La 

mort des cellules CD4+T se produit par le biais de plusieurs mécanismes, notamment la 

cytopathogénicité virale directe, leur destruction par les lymphocytes T cytotoxiques CD8+ et la 

pyroptose des lymphocytes T CD4+, ou encore l’apoptose des cellules avoisinantes non-

infectées, cette dernière étant en grande partie médiée par Fas/FasL  (Doitsh et al., 2014; Katsikis 

et al., 1995; Massanella et al., 2013). Le maintien d'un nombre critique de lymphocytes T CD4+ 

est essentiel pour prévenir les infections opportunistes secondaires. Le ART contrôle 

efficacement la réplication virale et la majorité des VIH-1+ sont en mesure de rétablir leur nombre 

de lymphocytes T CD4+ grâce au traitement. Néanmoins, il n’est toujours pas compris pourquoi 

l'homéostasie des lymphocytes T CD4+ ne se trouve pas totalement normalisée chez les PLWH 

sous ART. Plus important encore, les lymphocytes mémoires T CD4+ de ces PLWH sont plus 

souvent sujettes à l'apoptose médiée par Fas (Dyrhol-Riise et al., 2001; van Grevenynghe et al., 

2008b). Les mécanismes conduisant à cette sensibilité accrue ne sont que partiellement connus 

et impliquent l'activité proapoptotique du facteur de transcription Foxo3a (van Grevenynghe et al., 

2008b). Bien que la réplication virale se trouve sous contrôle, des niveaux résiduels d'activation 

immunitaire et d'inflammation persistent chez les PLWH sous ART (Finzi et al., 1999; Wada et 

al., 2015).  

En recherchant les molécules et les voies impliquées dans le maintien des lymphocytes T CD4+ 

dans des environnements inflammatoires chroniques, nous avons récemment identifié le facteur 

de transcription interferon regulatory factor 5 (IRF-5) en tant qu’acteur nuisible à la survie des 

lymphocytes T CD4+ dans les cas de leishmaniose viscérale chronique (Fabié et al., 2018). IRF-

5 est un membre de la famille des facteurs de régulation des interférons (IRF), un groupe de 

facteurs de transcription revêtant divers rôles, notamment l’activation transcriptionnelle des 

interférons, ainsi que la modulation de la croissance et de la différenciation cellulaire, de 

l’apoptose et de l’activité du système immunitaire (Honda et al., 2006a; Tamura et al., 2008). IRF-

5 a fait l’objet de beaucoup d’attention ces dernières années, en raison de son rôle dans la 
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régulation des réponses inflammatoires dans les maladies immunologiques. IRF-5 s’exprime de 

façon constitutive chez les cellules présentatrices d’antigènes, où il participe à l’activation des 

cytokines inflammatoires ainsi qu’à la production d’interférons de type I (IFN-I) (Barnes et al., 

2001; Barnes et al., 2004; Takaoka et al., 2005), et a été identifié comme marqueur de la 

polarisation des macrophages M1 (Krausgruber et al., 2011). En outre, IRF-5 agit dans la 

suppression des tumeurs (Hu et al., 2005) et est essentiel dans l’induction de l’apoptose en 

réponse aux lésions provoquées à l’ADN des cellules tumorales (Bi et al., 2014b). IRF-5 intervient 

également dans l’apoptose en modulant les gènes proapoptiques, notamment DR5, Fas, 

Caspase 8, DAP kinase 2, Bak et Bax (Hu et al., 2009). Dans les cellules B, IRF-5 induit 

l’activation, la prolifération ainsi que la différenciation des plasmoblastes (De et al., 2017), et est 

nécessaire à la production d’anticorps et à la commutation isotypique (Fang et al., 2012). 

Cependant, bien que IRF-5 semble nécessaire à un assemblage optimal du complexe de 

signalisation initié par le récepteur des cellules T (TCR) (Yan et al., 2020), son rôle dans les 

cellules T n’est pas encore entièrement compris. 

Nous avons également démontré que IRF-5 s’exprime de manière croissante au cours d’une 

infection chronique à Leishmania donovani chez la souris et pouvait s’activer par l’intermédiaire 

du TLR7, exprimé dans les cellules T. Fait intéressant, par l’intermédiaire de TLR7, les cellules T 

IFNƴ+ CD4+ étaient capables de détecter le matériel cellulaire apoptotique issu de dommage 

tissulaire. Ces résultats suggèrent que la détection des motifs moléculaires associés aux 

dommages (DAMP) libérés à la suite d’une lésion tissulaire dans un environnement inflammatoire 

chronique et l’augmentation concomitante du TLR7 par les cellules T CD4+ peuvent favoriser la 

mort cellulaire. L'infection par le VIH-1 se caractérisant par un environnement fortement 

inflammatoire, une perturbation des tissus, une régulation à la hausse du TLR7 dans les 

lymphocytes T CD4+ ainsi qu'un déclin progressif de leur fonction (McCune, 2001b), nous nous 

sommes interrogés si la voie TLR7-IRF5 était impliquée dans l'altération de l'homéostasie des 

lymphocytes mémoires T CD4+ lors d’une infection au VIH-1. 

Ainsi, nous avons démontré que IRF-5 présentait des niveaux d'expression et d'activation plus 

élevés et que TLR7 était régulé à la hausse dans les lymphocytes T CD4+ des VIH-1+ par rapport 

aux CE et aux VIH-1-. En outre, le déclenchement du TLR7 a favorisé l'expression du IRF-5, qui 

à son tour a induit l'expression de la caspase 8 dans les lymphocytes T CD4+ des VIH-1+, mais 

pas chez les personnes VIH-1-, sensibilisant ces cellules à l'apoptose médiée par Fas. Ce 

processus de mort cellulaire a pu être arrêté à l'aide de peptides de pénétration cellulaire bloquant 

IRF-5. Nous proposons donc que l'expression accrue du TLR7 et du IRF-5 dans les cellules 
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mémoire T CD4+ des PLWH sous ART représente une empreinte venant affecter l'homéostasie 

des lymphocytes mémoires T CD4+. 

Nous avons précédemment montré que l'activation du facteur de transcription IRF-5 dans les 

cellules murines T CD4+ IFN-γ+ entraîne la mort cellulaire lors de la leishmaniose viscérale 

chronique (Fabié et al., 2018). Fait intéressant, IRF-5 était induit suite à une stimulation du TLR7 

par du matériel cellulaire apoptotique dérivé de la perturbation tissulaire inflammatoire, suggérant 

que la détection de DAMP par les lymphocytes T CD4+ pourrait ne pas être spécifique qu’aux 

microbes. Par conséquent, nous nous demandions si l'IRF-5 est également exprimé et favorise 

la mort cellulaire dans les cellules humaines T CD4+ dans le contexte d’infection par le VIH. Nous 

avons choisi d'analyser la fonction du IRF-5 dans les lymphocytes T CD4+ des PLWH car 

l'infection est associée à un environnement inflammatoire intense et à une perte de lymphocytes 

T CD4+ avant le début du ART (phase PHI), et parce que le TLR7 est exprimé dans les 

lymphocytes T CD4+ lors d'infection par le VIH-1 (Dominguez-Villar et al., 2015).  

Nous avons observé une proportion plus élevée de lymphocytes T CD4+ exprimant l'IRF-5 chez 

les participants PHI par rapport aux lymphocytes T CD4+ des participants témoins VIH-1-.De plus, 

ce facteur de transcription était co-localisé avec le noyau dans environ 40 à 60 % des lymphocytes 

T CD4+ exprimant l'IRF-5 chez les PLWH par rapport à 1,8 à 6,7 % dans les lymphocytes T CD4+ 

des participants témoins VIH-1-. De manière similaire à ce que nous avons précédemment 

observé chez les souris (Fabié et al., 2018), la majorité des cellules exprimant l'IRF-5 sécrétaient 

également de l'IFN-γ et étaient principalement des cellules mémoires et effectrices. Tel 

qu’attendu, il se trouvait également plus de cellules AnnexinV+ parmi les lymphocytes T CD4+ des 

PLWH, un marqueur courant de la mort cellulaire et de l'apoptose, par rapport aux cellules des 

participants témoins VIH-1-. Notamment, l'expression de l'IRF-5 était positivement corrélée à 

l'expression de l'AnnexinV et l'expression de l'AnnexinV était inversement corrélée au nombre de 

lymphocytes T CD4+ chez les PLWH. De plus, l'expression de l'IRF-5 était également inversement 

corrélée au nombre de lymphocytes T CD4+, suggérant que ce facteur de transcription pourrait 

contribuer à la mort cellulaire. 

Les patients VIH-1+ suivant un ART présentent toujours un faible niveau d’inflammation (Finzi et 

al., 1999; Wada et al., 2015), et leurs lymphocytes mémoires T CD4+ sont susceptibles à 

l'apoptose médiée par Fas, malgré des années d'avirémie dans le compartiment sanguin (Dyrhol-

Riise et al., 2001; van Grevenynghe et al., 2008b). Ainsi, nous voulions savoir si l'IRF-5 est 

également exprimé dans les lymphocytes mémoires T CD4+ des PLWH suivant un ART et s'il est 

impliqué dans la sensibilisation à l'apoptose des lymphocytes mémoires T CD4+. 



 xii 

PLWH et suivant un ART qui ont participé à cette étude ont présenté à la fois une suppression 

virale (charges virales < 40 copies/ml) et un rétablissement des lymphocytes T CD4+ (> 400 

cellules/μl dans le sang après le traitement) pendant au moins 5 ans. Sans recevoir de traitement, 

les EC présentaient des charges virales indétectables (< 40 copies/ml) pendant plus de 5 ans, 

avec des comptes de lymphocytes T CD4+ supérieurs à 400 cellules/μl dans leur sang. Nous 

avons découvert une présence significativement plus élevées de lymphocytes T CD4+ exprimant 

l'IRF-5 chez PLWH suivant un ART  en comparaison au groupe témois. De plus, l'IRF-5 était co-

localisé avec le noyau dans près de la moitié des cellules IRF-5+. Étant donné que les CE VIH-1+ 

peuvent contrôler leur charge virale plasmatique tout en maintenant leur nombre de lymphocytes 

T CD4+ en l'absence de ART, nous étions intéressés à déterminer le pourcentage de lymphocytes 

T CD4+ isolées exprimant l'IRF-5 chez les donneurs EC. Contrairement aux PLWH suivant un 

ART, les CE présentaient un nombre plus faible de cellules IRF-5+ T CD4+, l'IRF-5 étant actif dans 

environ 20-25 % des cellules IRF-5+. Indépendamment des niveaux d'expression, l'IRF-5 était 

présent principalement dans les cellules mémoires et effectrices T CD4+ dans les trois groupes 

d'étude. Comme l'IRF-5 est exprimée dans les lymphocytes mémoires T CD4+ et que ces cellules 

sont plus susceptibles à l'apoptose chez les patients atteints du PLWH et suivant un ART, nous 

avons décidé de porter notre attention sur les lymphocytes mémoires T CD4+.  

Ensuite, le pourcentage de cellules apoptotiques dans les différents groupes d'étude a été 

comparé. L'apoptose initiale a été déterminée par la présence de cellules positives à l'annexine 

V et à la caspase-3 clivée. Contrairement aux EC, les lymphocytes mémoires T CD4+ des PLWH 

suivant un ART exprimaient des niveaux significativement plus élevés d'AnnexinV par rapport au 

groupe témoin non infecté, suggérant que la mort des lymphocytes mémoires T CD4+ était plus 

fréquente chez les patients atteints du PLWH et suivant un ART. L'expression d'AnnexinV dans 

les lymphocytes T CD4+ mémoires se correlait à l'expression d'IRF-5, suggérant que ce facteur 

de transcription pourrait contribuer à la mort des cellules mémoires chez les donneurs atteints du 

VIH-1+ suivant un ART. Aucune corrélation n'a été trouvée dans les cellules mémoires des EC 

entre l'expression d'IRF-5 et d'Annexin V. 

Nous souhaitions ensuite examiner les partenaires de signalisation en amont de l'IRF-5 dans les 

lymphocytes mémoires T CD4+. Nous avions précédemment démontré que le TLR7 s’exprimait 

de façon croissante dans les lymphocytes T CD4+ tout au long de l'infection par Leishmania 

donovani chez les souris et que la stimulation du TLR7 entraînait l'induction du IRF-5 (Fabié et 

al., 2018). On sait que le TLR7 est exprimé dans les cellules T CD4+ humaines au moment d’une 

infection par le VIH-1(Dominguez-Villar et al., 2015), mais on ignore encore si l'expression du 
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TLR7 est maintenue dans les lymphocytes T CD4+ suite à un ART. Ainsi, nous avons analysé 

l'expression de l'ARNm du TLR7 dans les lymphocytes T CD4+ isolées des PLWH et suivant un 

ART, des CE et des individus VIH-1-. Les niveaux les plus élevés d'expression de l'ARNm du 

TLR7 ont été détectés dans les lymphocytes T CD4+ des PLWH et suivant un ART, tandis que 

les CE exprimaient des niveaux intermédiaires de TLR7 par rapport aux donneurs VIH-1-. 

Ensuite, nous avons stimulé les lymphocytes T CD4+ des différents groupes d'étude avec de 

l'imiquimod (IMQ), un agoniste du TLR7. Nous avons constaté que le traitement des cellules à 

l’aide de l'IMQ induisait l'expression de l’IRF-5 dans les lymphocytes mémoires T CD4+ des PLWH 

suivant un ART et, dans une moindre mesure, des donneurs CE, mais pas chez les individus 

VIH-1-. 

En accord avec nos résultats obtenus sur les souris (Fabié et al., 2018), le traitement par l'IMQ 

induit l'apoptose (« Zombie Aqua- AnnexinV+ Caspase 3+ ») et la mort cellulaire (« Zombie Aqua+ 

AnnexinV+ »)  dans les lymphocytes mémoires T CD4+ des PLWH sous ART à un degré 

significativement plus élevé que dans les lymphocytes mémoires T CD4+ des CE, corrélant 

directement avec les niveaux d'expression du TLR7. À noter que le traitement par l'IMQ n'affecte 

pas la survie cellulaire des T CD4+ chez les individus VIH-1-. Nos résultats suggèrent que l'axe 

TLR7-IRF-5 pourrait jouer un rôle dans la mort des lymphocytes mémoires T CD4+  chez les 

PLWH sous traitement ART. Cette hypothèse est étayée par la corrélation directe entre 

l'expression de TLR7 et IRF-5, ainsi qu’entre l'AnnexinV et l'expression du TLR7. Bien que TLR7 

et IRF5 soient également exprimés dans les T CD4+ des EC, aucune corrélation n'a été trouvée 

entre l'expression d'IRF-5 et TLR7, ou TLR7 et AnnexinV dans ces cellules. 

De nombreuses molécules impliquées dans la mort cellulaire ont été décrites comme étant des 

cibles moléculaires en aval d'IRF-5, notamment Fas, DR5 et caspase 8 (Hu et al., 2009). Comme 

il a été rapporté précédemment que la mort des lymphocytes mémoires T CD4+ lors de l'infection 

par le VIH-1 est médiée par Fas (van Grevenynghe et al., 2008b),  et que l’IRF-5 est nécessaire 

à l'apoptose induite par Fas (Couzinet et al., 2008), nous avons entrepris d'étudier si Fas se 

trouvait en aval d'IRF-5 dans les lymphocytes T CD4+ humains. En accord avec la littérature (van 

Grevenynghe et al., 2008b), nous n'avons trouvé aucune différence dans l'expression de Fas 

entre les groupes étudiés. Par conséquent, nous avons examiné si l'expression de lacCaspase 8 

différait entre les différents groupes d'étude. Une surexpression significative des niveaux d'ARNm 

de CASP8 a été observée dans les lymphocytes T CD4+ de PLWH sous ART par rapport aux EC 

et individus VIH-1-. De plus, lorsque nous avons traité les lymphocytes T CD4+ avec l'IMQ, les 

lymphocytes T CD4+ mémoires de PLWH sous ART, mais pas celles des participants VIH-1-, ont 
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régulé à la hausse l'expression de l'ARNm de CASP8. Dans l'ensemble, nos résultats suggèrent 

que l'axe TLR7-IRF-5 induit l'expression de la caspase 8 et semble être actif dans les lymphocytes 

T CD4+ mémoires de PLWH sous ART.  

Il a été démontré que l'IRF-5 est nécessaire à la mort cellulaire médiée par Fas. Nous avons donc 

étudié si l'interaction Fas/FasL pouvait également induire l'IRF-5. Lorsque nous avons traité les 

lymphocytes T CD4+ avec le ligand Fas recombinant (rFasL : « recombinant human Fas ligand ») 

humain, nous avons observé des pourcentages plus élevés de lymphocytes mémoires T 

CD4+IRF-5+ chez les individus VIH-1- et PLWH sous ART. Comme l'IRF-5 et la caspase 8 font 

également partie de la voie de signalisation Fas/FasL (Couzinet et al., 2008; Hitoshi et al., 1998; 

Zhang et al., 1998), nous avons émis l'hypothèse que l'activation de l'axe TLR7-IRF-5-caspase 8 

prédisposerait les cellules à l'apoptose médiée par Fas et renforcerait la mort cellulaire. Pour 

prouver notre hypothèse, nous avons prétraité les cellules avec ou sans IMQ pendant 18 heures, 

suivi d'une incubation de 12 heures avec rFasL, puis analysé la fréquence des lymphocytes T 

CD4+ mémoires apoptotiques et morts. Comme prévu, nous avons détecté des fréquences 

significativement plus élevées de cellules apoptotiques et de cellules mortes dans les 

lymphocytes T CD4+ chez les PLWH sous ART par rapport aux VIH-1-, suivant une incubation 

avec le rFasL seulement, suggérant que les lymphocytes T CD4+ chez les PLWH sous ART 

présentent une prédisposition intrinsèquement plus élevée à mourir par apoptose médiée par Fas 

que les lymphocytes T CD4+ VIH-1-. Nous avons également observé un effet de synergie dans 

l'induction des cellules apoptotiques et de la mort cellulaire, après avoir traité les lymphocytes T 

CD4+ purifiées avec de l'IMQ, et ensuite du rFasL, comparativement aux cellules incubées avec 

du rFasL seulement. Cet effet était moins prononcé chez les T CD4+ VIH-1- que chez les PLWH 

sous ART. Nous avons ensuite analysé les niveaux d'ARNm de la CASP8 par RTqPCR et 

constaté une synergie dans l'induction de l'ARNm de la CASP8 dans les lymphocytes T CD4+ de 

PLWH sous ART, mais uniquement lors de la stimulation avec IMQ suivie du rFasL et non avec 

le rFasL seul. Dans l'ensemble, nos résultats montrent que la voie TLR7-IRF-5 se connecte à la 

voie de signalisation Fas/FasL, amplifiant ensuite l'expression d'IRF-5 et de la caspase 8, créant 

ainsi un cycle menant à la mort cellulaire. 

Les résultats obtenus jusqu'à présent indiquent que l'IRF-5 est une molécule clé à la fois dans 

l'axe TLR7-IRF-5 et dans la voie de signalisation Fas/FasL. Par conséquent, nous avons cherché 

à bloquer l'activation de l'IRF-5 pour limiter la mort cellulaire. À cette fin, nous avons décidé 

d'utiliser des peptides inhibiteurs de l'IRF-5 développés par Banga et al. (Banga et al., 2020). Ces 

peptides cellulaires perméables (IRF-5-CPP) bloquent efficacement la fonction de l'IRF-5 en aval 
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de la phosphorylation d'IRF-5, empêchant son activation subséquente de l'IRF-5 dans divers 

types cellulaires; cependant, les IRF-5-CPP n'ont pas encore été testés dans les cellules T. Ainsi, 

nous avons choisi quatre peptides différents (P1-4) avec des spécificités cellulaires différentes. 

Nous avons d'abord testé la cytotoxicité de différents IRF-5-CPP, y compris le peptide témoin, 

sur les cellules humaines T CD4+ de donneurs VIH-1-, à des concentrations variant de 0 à 50 µM. 

Les IRF-5-CPP se sont révélés non cytotoxiques jusqu'à une concentration de 20 µM. Lorsque 

nous avons testé la capacité des IRF-5-CPP à inhiber la localisation nucléaire de l'IRF-5 humain 

dans les lymphocytes T CD4+ non traitées et stimulées par l'IMQ de donneurs VIH-1- et PLWH 

sous ART, nous avons observé que P1 et P3 étaient les peptides les plus efficaces pour prévenir 

l'activation de l'IRF-5 dans les lymphocytes T CD4+ non stimulées ainsi que dans les cellules 

traitées à l'IMQ. Nous avons également testé si P1 et P3 pouvaient être utilisés ensemble pour 

obtenir un blocage plus fort de l'IRF-5 et finalement inhiber la mort cellulaire induite par l'IMQ. À 

cette fin, les lymphocytes T CD4+ des donneurs VIH-1- et PLWH sous ART ont été traitées soit 

avec 5 µM de P1 ou P3 seul, soit avec un mélange de P1 et P3, puis stimulées par l'IMQ. le 

mélange P1/P3 était légèrement plus efficace pour bloquer l'activation de l'IRF-5 dans les 

lymphocytes T CD4+ atteintes du PLWH sous ART lors de la stimulation par l'IMQ. En effet, nous 

avons observé une inhibition de 44% de la localisation nucléaire de l'IRF-5 après traitement avec 

P1, 40% après incubation avec P3 et environ 60% lorsque les cellules étaient co-cultivées avec 

P1 et P3. Ainsi, nous avons décidé d'utiliser une combinaison de P1 et P3 pour inhiber la voie 

TLR7-IRF-5; le peptide témoin a été utilisé pour tous les groupes contrôles « Peptideneg ». À 

cette fin, nous avons traité les lymphocytes T CD4+ purifiés avec le mélange de peptides 30 

minutes avant la stimulation par l'IMQ. La combinaison des deux IRF-5-CPPs a bloqué l'apoptose 

de façon significative dans les lymphocytes mémoires T CD4+ des PLWH sous ART. En effet, 

nous avons observé des fréquences plus faibles de cellules apoptotiques  et de cellules mortes 

dans les lymphocytes T CD4+ mémoires de PLWH sous ART après stimulation par l'IMQ. Comme 

prévu, ce n'était pas le cas chez les donneurs VIH-1-, car ces cellules expriment des niveaux très 

faibles de TLR7 et ne répondent pas à l'IMQ. Des résultats similaires ont été obtenus lorsque 

nous avons analysé les niveaux d'ARNm de CASP8, qui étaient significativement réduits lorsque 

nous avons ajouté des peptides bloquants l'IRF-5 aux lymphocytes T CD4+ purifiées de patients 

PLWH stimulées par l'IMQ . 

 

Comme la voie Fas/FasL est impliquée dans la mort des lymphocytes mémoires T CD4+ lors de 

l'infection par le VIH-1, nous avons ensuite évalué si le mélange d'IRF-5-CPP pouvait bloquer 
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l'apoptose médiée par Fas dans les lymphocytes mémoires T CD4+ de PLWH sous ART. Les 

lymphocytes T CD4+ ont été incubés pendant 1 heure avec 5 µM d'un mélange de P1 et P3 ou 

du peptide témoin, suivi d'une incubation de 18 heures avec ou sans IMQ. Les cellules ont ensuite 

été traitées avec du rFasL pendant 12 heures supplémentaires. Remarquablement, le mélange 

d'IRF-5-CPP pouvait limiter significativement l'apoptose médiée par Fas. En fait, l'augmentation 

de la fréquence de cellules apoptotiques ou de cellules mortes après traitement par rFasL ou IMQ 

+ rFasL a été réduite d'environ la moitié suite au blocage de l'IRF-5 dans les lymphocytes T CD4+ 

de PLWH. Un effet similaire, mais moins prononcé, a été observé dans les lymphocytes T CD4+ 

de donneurs VIH-1-. Aucune différence n'a été observée entre les lymphocytes T CD4+ de 

donneurs masculins et féminins, indépendamment de leur statut, qu’ils soient PLWH ou VIH-1. 

Enfin, pour prouver clairement que l'inhibition de l'apoptose médiée par Fas dépendait du blocage 

de l'IRF-5, nous avons évalué les niveaux d'ARNm de CASP8 après les différents traitements, la 

caspase 8 étant une cible moléculaire en aval de l'IRF-5. Nous avons observé une réduction 

d'environ 50% de l'induction de l'ARNm de CASP8 dans les lymphocytes T CD4+ de patients VIH-

1+, traitées soit avec du rFasL, soit avec de l’IMQ + rFasL après le blocage de l'IRF-5. L'effet 

dans les lymphocytes mémoires T CD4+ de donneurs VIH-1- était seulement partiel et moins 

prononcé que celui observé dans les lymphocytes T CD4+ de PLWH. Aucune différence n'a été 

observée entre les lymphocytes T CD4+ de donneurs masculins et féminins. Dans l'ensemble, 

nos résultats suggèrent que l'IRF-5 joue un rôle central dans la mort des lymphocytes mémoires 

T CD4+ chez les patients PLWH sous ART, non seulement en tant que cible en aval de TLR7, 

mais aussi en étant directement impliqué dans l'apoptose médiée par Fas. 

Bien que l'expression de TLR7 sur les cellules T ait été rapportée chez les souris et les humains, 

les voies de signalisation favorisant la surexpression de TLR7 dans les lymphocytes T CD4+ 

demeurent inconnues. Il a été démontré que le IFN de type I renforce l'expression des TLR dans 

les cellules B (Doucett et al., 2005; Silva-Barrios et al., 2016b; Thibault et al., 2009). Comme 

l'IFN-ß fait souvent partie des environnements inflammatoires chroniques associés aux infections 

persistantes (Dillon et al., 2018) et que TLR7 est surexprimé dans les lymphocytes T CD4+ au 

cours des infections persistantes (Fabié et al., 2018), nous avons d'abord évalué si les 

lymphocytes T CD4+ purifiées de PLWH exposées à de l'IFN-ß recombinant surexprimaient TLR7. 

Nous avons constaté que l'IFN-ß favorisait la surexpression de l'ARNm de TLR7 6 heures après 

l'exposition initiale et que cette expression était maintenue sur 24 heures. La perturbation 

tissulaire et la libération de DAMP sont également caractéristiques des environnements 

inflammatoires chroniques. Ainsi, nous avons exposé les lymphocytes T CD4+ de donneurs VIH-
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1- à du matériel cellulaire apoptotique. De manière intéressante, le matériel cellulaire apoptotique 

pouvait également augmenter l'expression de l'ARNm de TLR7, bien que dans une moindre 

mesure que l'IFN-ß ; néanmoins, son effet était synergique avec l'IFN-ß. Cela suggère que les 

lymphocytes T CD4+ dans un environnement inflammatoire peuvent surexprimer TLR7 

indépendamment de leur spécificité antigénique. Ensuite, nous avons évalué si le primage des 

lymphocytes T CD4+ en présence de DAMP et d'IFN-ß pouvait moduler les niveaux d'expression 

de l'ARNm de TLR7. La stimulation avec un anti-CD3/CD28 en présence ou en l'absence de 

matériel cellulaire apoptotique induisait légèrement l'expression de TLR7. Cependant, la 

stimulation avec un anti-CD3/CD28 des cellules exposées précédemment à l'IFN-ß favorisait 

fortement l'expression de TLR7, ce qui était encore renforcé en présence de DAMPs, indiquant 

que les lymphocytes T CD4+ spécifiques de l'antigène amorcées dans un environnement 

inflammatoire persistant riche en IFN-ß et en DAMPs sont destinées à exprimer des niveaux 

élevés de TLR7. 

Pour vérifier si les lymphocytes T CD4+ exposées à l'IFN-ß et/ou au matériel cellulaire 

apoptotique, avec ou sans stimulation anti-CD3/CD28, étaient plus susceptibles à l'apoptose 

médiée par Fas, nous avons traité les cellules avec du rFasL. Lorsque nous avons analysé les 

lymphocytes T CD4+ mémoires, nous avons trouvé des fréquences plus élevées de cellules IRF-

5+, de cellules apoptotiques, et de cellules mortes lorsque les lymphocytes T CD4+ étaient 

exposées à l'IFNß + DAMPs avant le traitement par rFasL, par rapport à rFasL seul. La stimulation 

avec un anti-CD3/CD28 n'a pas modifié la susceptibilité des cellules à l'apoptose médiée par Fas, 

mais a légèrement augmenté l'expression d'IRF-5. En accord avec les niveaux d'expression de 

TLR7, les lymphocytes T CD4+ exposés à l'IFNß + DAMPs avant la stimulation avec un anti-

CD3/CD28 étaient significativement plus susceptibles à l'apoptose médiée par Fas et exprimaient 

les niveaux les plus élevés d'IRF-parmi les groupes de traitement. Des résultats similaires ont été 

obtenus lorsque nous avons analysé les lymphocytes T CD4+ mémoires. Dans l'ensemble, ces 

résultats suggèrent que l'exposition de lymphocytes T CD4+ non spécifiques ou de lymphocytes 

T CD4+ spécifiques de l'antigène à du matériel apoptotique et à l'IFN-ß favorise la surexpression 

de TLR7 et prédispose les cellules à une apoptose médiée par FAS. 

En résumé, nous proposons que les lymphocytes mémoires T CD4+ de patients PLWH sous ART 

expriment TLR7 et IRF-5, ce qui représente une empreinte prédisposant ces cellules à une 

apoptose médiée par Fas. L'axe TLR7-IRF-5 peut être activé par les DAMPs, entraînant une 

surexpression de caspase 8. Cette voie alimente directement la voie Fas-FasL, augmentant 

l'expression d'IRF-5 et de caspase 8 conduisant à la mort cellulaire. En revanche, les lymphocytes 
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T CD4+ mémoires de donneurs VIH-1- et des CE expriment de faibles niveaux de TLR7 et d'IRF-

5, ce qui rend ces cellules moins à même de détecter les DAMP et finalement moins enclines à 

l'apoptose médiée par Fas. 
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1 CHAPTER 1 INTRODUCTION 

 

PART I: CD4+ T CELLS DURING CHRONIC INFECTION 

CD4+ T cells play a multifaceted role in the immune response during chronic infections. Their 

functions are critical for maintaining a balance between controlling the infection and preventing 

excessive immune-mediated tissue damage (Kervevan et al., 2021). One of the key roles of CD4+ 

T cells during chronic infections is to keep a sustained immune activation. CD4+ T cells help 

sustain the immune response by providing long-lasting help to other immune cells, including CD8+ 

T cells, B cells, and macrophages (Kim et al., 2019; Raziorrouh et al., 2016; Snell, 2022; Zander 

et al., 2019). This support is crucial for maintaining immune surveillance over extended periods.  

CD4+ T are also involved in the maintenance of immunological memory during chronic infections 

(Snell, 2022). Indeed, CD4+T cells support the maintenance of memory T cell populations and 

promote the formation of memory B cells (Hale et al., 2013; Krueger et al., 2021). Moreover, CD4+ 

T cells provide essential help to B cells, facilitating the production of antibodies that can aid in 

neutralizing pathogens and controlling the infection (Raziorrouh et al., 2016; Schweier et al., 

2019). Neutralizing antibodies offer defense against numerous viral infections, and CD4+ T cells 

play a role in enhancing B cells' ability to produce more potent and durable antibody reactions 

(Sarkar et al., 2021; Wang et al., 2022). 

Another important role of CD4+ T cells during chronic infections is the regulation of tolerance. 

Tregs are a subset of CD4+ T cells that play a role in regulating immune responses and preventing 

excessive inflammation (Ceulemans et al., 2016; Hu et al., 2017; Padovan, 2017; Presicce et al., 

2011; Thornton et al., 1998). They help maintain immune tolerance and may modulate responses 

during chronic infections to prevent immune-mediated tissue damage (Laidlaw et al., 2015; Shen 

et al., 2016; Utzschneider et al., 2016). Additionally, CD4+ T cells can promote the resolution of 

inflammation after the acute phase of infection, preventing tissue damage caused by prolonged 

immune activation (Andreatta et al., 2022; Xia et al., 2022). 

Overall, CD4+ T cells play a crucial role in orchestrating and regulating the immune response 

during chronic infections, helping to control the infection while minimizing collateral damage to 

the host tissues (Feng et al., 2007; Hu et al., 2017; Padovan, 2017). 



 2 

However, chronic infections, such as HIV and visceral leishmaniasis, involve a continuous 

immune response and can lead to gradual tissue damage, inflammation and disease progression 

over time. During chronic infection, high levels of inflammation persist, influencing the functions 

of T cells and amplifying both their exhaustion and cell death (Dondelinger et al., 2019; Kuriakose 

et al., 2016; Martin et al., 2021; Salimzadeh et al., 2018; Yong et al., 2018). During chronic or 

prolonged infections, CD4+ T cells can become exhausted due to prolonged activation and 

exposure to inflammatory signals. Exhausted CD4+ T cells lose their functional capacity and can 

undergo cell death due to impaired signaling pathways or increased vulnerability to apoptosis 

(Crawford et al., 2014; Jones et al., 2008; McKinney et al., 2015). This decline in T cell immunity 

in an inflammatory environment is a cause of morbidity and mortality in infectious diseases (Gao 

et al., 2022). That is why the maintenance of functional memory CD4+ T is of vital importance 

during chronic infections. 

 

PART II: MECHANISMS OF CELL DEATH 

Cell death refers to the process in which individual cells cease to function and eventually 

disintegrate or are removed from the body. This process is a natural and essential part of the life 

cycle of cells and plays several crucial roles in essential biological processes like the elimination 

of unneeded structures or cells, the control of cell populations, restructuring of tissues, formation 

of organs and maintaining the overall health and homeostasis of an organism (Nirmala et al., 

2020).  

Cell death can be fundamentally divided into accidental cell death (ACD) and regulated cell death 

(RCD) based on their functional characteristics. ACD occurs as a chaotic response to extreme 

stress, while regulated cell death RCD is a controlled process characterized by the involvement 

of specific molecular and genetic pathways that serves vital roles in physiological functions 

(Galluzzi et al., 2018).   

 

1.1 Regulated cell death (RCD) 

RCD is controlled by a complex network of interlinked signaling pathways and molecular 

mechanisms that can be initiated by internal disruptions or by the external cellular environment 

when the mechanisms that typically respond to stress are ineffective (Santagostino et al., 2021).  
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Cells undergoing RCD are participating in a sequence that remains reversible until they reach a 

critical, irreversible phase. Various factors have been suggested to represent this threshold, 

including extensive caspase activation, loss of mitochondrial membrane potential (MMP or ΔΨm), 

full permeabilization of the mitochondrial outer membrane, or the exposure of phosphatidylserine 

residues that send out signals to neighboring normal cells, signifying a need for phagocytoses or 

clearance (Kroemer et al., 2009).  

RCD can occur in two distinct scenarios. First, during processes where cells naturally die as a 

part of the organism's normal life cycle, it is referred to as programmed cell death (PCD). In this 

case, no external factors are required to trigger cell death. However, when cells are unable to 

rectify errors resulting from disruptions in their normal intracellular programs, such as the cell 

cycle or proliferation, or when exposed to external toxic influences, the genetically predetermined 

RCD program is activated. This type of RCD includes various forms of canonical RCD, such as 

apoptosis, and non-apoptotic or non-canonical RCD, which includes necrotic cell death, 

autophagy-dependent cell death (ADCD), Lysosome-dependent cell death, pyroptosis, 

pyronecrosis, necroptosis, ferroptosis, PAN-optosis, and immunogenic cell death (ICD) (Galluzzi 

et al., 2018)  

1.1.1 Programmed cell death (PCD) 

Currently, PCD is classified as a specific type of RCD that exclusively takes place in normal 

physiological situations, meaning it is not connected to disruptions in homeostasis and, therefore, 

does not occur in response to the inability to adapt to stress. PCD is considered the natural form 

of RCD responsible for embryonic, post-embryonic development and the maintenance of adult 

tissue. It is important to clarify that the terms 'PCD' and 'apoptosis' should not be used 

interchangeably, as cell death in the context of physiological development can exhibit 

characteristics that are distinct from apoptosis (Kopeina et al., 2022).     

1.1.2 Apoptosis 

The term apoptosis was introduced in 1972 (Kerr et al., 1972).  Apoptosis relies on the activation 

of the cysteine-aspartic protease or cysteine-dependent aspartate-directed protease (caspase) 

family, without causing mitochondrial, lysosomal, or cell membrane damage, and without the 

release of cellular contents, thereby avoiding any inflammatory response (Elmore, 2007).  

Caspases involved in apoptosis cleave cellular substrates, disassemble cellular components, 

break down structural proteins, resulting in cytoplasm condensation, chromatin compaction, DNA 
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fragmentation, all while maintaining the overall integrity of the plasma membrane in terms of 

morphology (Kesavardhana et al., 2020).  

Apoptosis is characterized by distinct morphological changes, including cell shrinkage, chromatin 

condensation, DNA fragmentation, and mitochondrial swelling. The cell nucleus undergoes 

fragmentation, and the cell itself divides into multiple apoptotic bodies, each enclosed by its own 

cell membrane (Taylor et al., 2008).  

Apoptosis can be categorized into intrinsic or extrinsic based on the triggers or pathways that 

initiate the process (Figure 1.1). Intrinsic apoptosis, also known as mitochondrial-mediated 

apoptosis, is initiated from within the cell by intracellular signals, such as DNA damage, cellular 

stress, or loss of survival signals. These signals can lead to changes in the permeability of the 

mitochondrial membrane, release of pro-apoptotic factors, and activation of caspases, ultimately 

resulting in cell death. The intrinsic apoptosis pathway is governed by critical regulators, the anti-

apoptotic BCL-2 proteins (Lossi, 2022). The relative proportions of BCL-2 family members, 

particularly the BCL-2/ BCL-2 associated X protein (BAX) ratio, are key determinants of pro-

apoptotic and anti-apoptotic pathways. BAX and BCL-2 regulate apoptosis by forming 

homodimers or heterodimers: BAX triggers apoptosis when forming homodimers, while the 

formation of heterodimers between BAX and BCL-2 inhibits apoptosis (Ding et al., 2014).  

BH3-only proteins are a subgroup of the Bcl-2 family that contain a single Bcl-2 Homology 3 (BH3) 

domain, a short sequence critical for their pro-apoptotic activity. BH3-only proteins activate BAX 

or BCL-2 antagonist/killer (BAK) on the mitochondrial surface, inducing an allosteric change that 

allows them to oligomerize and create macropores in the membrane. This process contributes to 

mitochondrial outer membrane permeabilization (MOMP) and the release of cytochrome C into 

the cytoplasm.  Cytochrome C binds to apoptotic protease-activating factor 1 (APAF1) to form an 

apoptosome, activating caspase 9, which then activates caspase 3, leading to apoptosis. 

Additionally, caspase 8 cleaves downstream targets, either directly activating caspases 3 and 7, 

or cleaving BH3-interacting domain death agonist (BID), a BCL-2 family molecule (Adrain et al., 

2006; Tait et al., 2010).  

Apart from cytochrome c, various other factors involved in initiating apoptosis are released from 

the mitochondria into the cytosol, such as SMAC, which exerts its function by inhibiting inhibitor 

of apoptosis proteins (IAPs), such as XIAP (Srinivasula et al., 2001).  

The extrinsic apoptosis pathway is also known as the death receptor mediated apoptosis 

pathway. In general, death receptors are members of the tumour necrosis factor (TNF) 

superfamily (TNFRSF) and include several members that use different adaptor proteins, which 
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facilitates the interaction with the downstream multiprotein complexes. When death receptors are 

activated by ligand binding, they facilitate the formation of intricate multiprotein complexes within 

the intracellular domain of the receptor. These complexes are known as the "death-inducing 

signaling complex" (DISC) and control the activation and functions of caspases (Ashkenazi, 

2002).  

This extrinsic pathway can be categorized into two distinct types based on the downstream 

cascade reactions it triggers (Walczak et al., 2008). The first type of apoptosis cascade is 

mediated by TNFRSFs members that use Fas-related death domain protein (FADD), including 

Fas, (TNFRSF10A (also referred to as TRAILR1or DR4), and TNFRSF10B (also referred to as 

TRAILR2 or DR5). For example, the binding of Fas ligand to Fas or TRAIL to DR4 or DR5 recruits 

FADD in the cytoplasm, leading to the activation of caspase 8 and the initiation of apoptosis 

(Chinnaiyan et al., 1995).  

The second type involves the apoptosis cascade initiated by TNFRSF member 1A (TNFRSF1A), 

which recruits as a platform adaptor TNFR-associated death domain (TRADD).  TNF binding to 

TNFR1 leads to the recruitment of early complexes composed of TRADD and receptor-interacting 

serine/threonine protein kinase 1 (RIPK1). This triggers a series of subsequent signaling 

cascades that ultimately activate the initial caspases (caspase 8 or 10) to cause apoptosis 

(Vanamee É et al., 2018).  

Apoptosis can be induced by receptors other than TNFRSF. Dependence receptors represent a 

diverse family of membrane receptors united not by structural similarities, but by shared functional 

characteristics. Their most prominent feature is their dual capacity to initiate two contrasting 

signaling pathways. Contrary to TNFRSF, when dependence receptors bound to their ligands, 

these receptors activate conventional signaling pathways associated with cell survival, migration, 

and differentiation. However, when deprived of ligands, they do not remain quiescent; instead, 

they evoke an apoptotic signal. For example, dependence receptors, such as the unc-5 netrin 

receptor B (UNC5B) and the DCC netrin 1 receptor, have the potential to trigger the extrinsic 

apoptosis pathway (Ahn et al., 2020). This occurs either through the activation of the initiator 

caspase 9 or the dephosphorylation of death-associated protein kinase 1 (DAPK1, also known as 

DAPK), especially upon the removal of their respective ligands. Consequently, cells expressing 

these receptors rely on the presence of ligands in the extracellular environment to ensure their 

survival (Bredesen et al., 2004).  
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Figure 1.1 Apoptosis pathways 

Apoptosis can be initiated through two distinct pathways: the extrinsic and intrinsic pathways. In the extrinsic pathway, 

external signals bind to death receptors on the cell surface (e.g., FAS receptor), triggering a caspase cascade that 

ultimately leads to cell death. Conversely, the intrinsic pathway is activated by internal stress signals, prompting 

mitochondria to release pro-apoptotic proteins such as SMAC and cytochrome C, which in turn activate caspases and 

induce apoptosis. Created with BioRender.com. 

 

Additionally, apoptosis subtypes exist. For example, anoikis is triggered by the loss of cell-matrix 

or cell-cell interactions, when cells detach from their normal tissue environment (Frisch et al., 

1994). Endoplasmic reticulum (ER) stress can also trigger apoptosis in response to disturbances 

in protein folding and processing within the ER. This type of apoptosis is mediated by specific 

pathways, such as the unfolded protein response (UPR) and the ER-associated degradation 

pathway and can involve caspase activation and subsequent cell death (Tabas et al., 2011). 



 7 

While caspases are the main proteases involved in apoptosis, there are also caspase-

independent pathways that can result in cell death. These pathways may involve other proteases, 

such as calpains or cathepsins, or other mechanisms, such as autophagy or necrosis, and can 

be triggered by various cellular stresses and damage (Nicotera, 2002).  

1.1.3 Necrotic cell death or necrosis 

Necrosis is marked by distinct morphological changes in cells, including an increase in cell volume 

known as oncosis, organelle swelling, rupture of the plasma membrane, and the subsequent 

release of intracellular contents into adjacent regions, triggering a chain reaction of inflammation 

and tissue injury (Majno et al., 1995).  

In contrast to apoptosis, necrosis is a type of cell death that does not rely on energy and occurs 

when a cell is severely and suddenly damaged by external factors like radiation, heat, chemicals, 

hypoxia, or other stressors, rendering it non-functional. Necrosis is rapid, catastrophic, and 

remains impervious to prevention through either pharmaceutical or genetic interventions (Edinger 

et al., 2004).  

Traditionally, necrosis is identified as an accidental, uncontrolled form of cell death. However, a 

growing body of evidence suggests that necrotic cell death can also be intricately regulated by a 

network of signal transduction pathways (Kroemer et al., 2009).  

1.1.4 Necroptosis 

Necroptosis is the genetically regulated variant of necrosis (Degterev et al., 2005). This controlled 

necrotic death mechanism is triggered by the activation of death receptors, such as TNFR1 and 

Fas, which induce the activation of RIPK1 (Holler et al., 2000) RIPK1 and RIPK3 activate the 

mixed-lineage kinase domain-like protein (MLKL), leading to its oligomerization. When tumor 

necrosis factor (TNF) binds to tumor necrosis factor receptor 1 (TNFR1), it forms complex I 

(TNFR1, TRADD, RIPK1, TNFR associated factor 2 (TRAF2), cellular inhibitor of apoptosis 

proteins, and linear ubiquitin chain assembly complex), which regulates NF-κB activation and cell 

survival through ubiquitination processes. Stabilized RIPK1 in complex I recruits more factors, 

forming complex II (RIPK1/3, MLKL, caspase 8, FADD). If RIPK3 and MLKL are sufficient and 

caspase 8 is inhibited, complex II becomes the necrosome, increasing mitochondrial ROS, 

causing membrane permeabilization, and releasing intracellular contents (Grootjans et al., 2017). 

Notably, caspase 8 acts as a negative regulator of this form of cell death. Moreover, the small 
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molecule inhibitor Necrostatin-1 effectively hinders necroptosis by preventing the activation of 

RIPK1 (Xie et al., 2013).  

Necroptosis can additionally be triggered by Toll-like receptors (TLR4 and TLR3) and cytosolic 

nucleic acid sensors like RIG-I. This activation leads to the production of type I interferon (IFN-I) 

and TNF, thereby fostering necroptosis through an autocrine feedback loop (Brault et al., 2018). 

TLR3 and TLR4 can also directly trigger necroptotic cell death through the interaction between 

TRIF and RIPK3 (Kaiser et al., 2013). This leads to the activation of MLKL and the formation of a 

necrosome independently of RIPK1. Necroptosis induced by the activation of RIG-I and the 

adaptor molecule STING during virus infection involved the activation of RIPK1 through cIAP 

proteins (Schock et al., 2017). 

1.1.5 Pyroptosis 

Pyroptosis is a type of cell death that is associated with inflammation, immune responses, and 

collateral damage. The term "pyroptosis," originally coined by Brennan and Cookson to describe 

a caspase-1-dependent lytic cell death, derives from the Greek words 'pyro,' signifying fire or 

fever, and 'ptosis,' indicating falling or dropping. This nomenclature serves to differentiate this 

process from apoptosis and necrosis. While it necessitates caspase 1, pyroptosis retains 

attributes associated with necrosis, which is a caspase-independent cell death (Brennan et al., 

2000).  

Pyroptosis is typically associated with the activation of the inflammasome and Inflammatory 

caspases, which cleave gasdermin D (GSDMD) to form membrane pores, causing cell lysis and 

inflammation in the surrounding tissue (Zhao et al., 2018). The Inflammasome serves as 

molecular platforms that trigger the induction of pro-inflammatory cytokines and the activation of 

inflammatory caspases. Depending on the specific type of inflammasome that is activated, 

pyroptosis is executed through two distinct pathways (Guo et al., 2018b).  

The induction of canonical pyroptosis or caspase 1-dependent pyroptosis relies on the activation 

of conventional inflammasomes. The majority of typical inflammasomes are assembled by pattern 

recognition receptors (PRRs) from nucleotide-binding oligomerization domain (NOD)-like 

receptors (NLRs) family, such as the NLR family pyrin domain-containing 3 (NLRP3), NLRP1 and 

NLRC4, and the adaptor molecule apoptosis-associated speck-like protein containing a caspase 

recruitment domain (ASC). Nonetheless, Pyrin and the HIN200 protein AIM2 also form distinct 

and well-established inflammasomes (Guo et al., 2015). In this canonical pathway, Pathogen-

Associated Molecular Patterns (PAMPs) or damage-associated molecular pattern molecules 
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(DAMPs) trigger the activation of these inflammasomes, leading to the conversion of pro-caspase 

1 into caspase 1. This caspase then cleaves pro-inflammatory cytokine precursors such as IL-1β 

and IL-18, as well as GSDMD. The N-terminal fragments of GSDMD, once cleaved, come 

together to form a transmembrane pore, rapidly causing cell membrane permeabilization and the 

release of cytoplasmic contents, including inflammatory cytokines (Xia et al., 2021) 

The non-canonical pyroptosis is initiated by non-conventional inflammasomes and caspase 

4/5/11. In the noncanonical pathway, cytosolic sensing of lipopolysaccharides (LPS) directly 

activate caspase 4/5/11, which, in turn, cleave GSDMD and trigger pyroptotic cell death (Yang et 

al., 2015).  

Negative regulators of pyroptosis include protein kinase A (PKA), which inhibits the production of 

the N-terminal GSDMD fragment, and ESCRT-III, responsible for facilitating cell membrane repair 

upon GSDMD activation (Rühl et al., 2018; Ye et al., 2021). 

1.1.6 Pyronecrosis 

Pyronecrosis is a necrosis-like cell death or lytic cell death mode that relies on inflammasome 

adaptors. Although pyronecrosis is a term used to describe a type of cell death associated with 

pyroptosis, these two types of death have different characteristics. In contrast to pyroptosis, 

pyronecrosis occurs in a caspase-1-independent response to infection or inflammatory stimuli.  

Additionally, pyronecrosis can be distinguished based on its dependence on lysosomal 

cathepsins, such as cathepsin B  (Averette et al., 2009).  

Pyronecrosis was first observed as a type of necrotic cell death induced in macrophages when 

they were infected with high proportions of the bacteria Shigella flexneri. The authors described 

that the stimulation of NLRs can trigger a type of necrotic cell death in the absence of caspase 1, 

which is why they concluded that it is a different type of death than pyroptosis, and called this 

type of death pyronecrosis. Its primary mode of operation involves NLRP3 receptor and the 

adaptor molecule ASC (Willingham et al., 2007).  

1.1.7 Lysosome-dependent cell death (LCD) and autophagy-dependent cell death (ADCD) 

LCD is triggered by hydrolytic enzymes and cathepsins, potentially with the participation of MOMP 

and caspases (Wang et al., 2018). LCD is characterized by the permeabilization of lysosomal 

membranes. This permeabilization of the lysosomal membrane triggers cell death signaling, 

particularly in the context of apoptosis, autophagy-related cell death, and ferroptosis. Lysosome-
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released cathepsins have a crucial function in initiating cell death. In particular, cathepsin B has 

been demonstrated to activate proapoptotic proteins like BID and BAX (Repnik et al., 2012). 

ADCD is defined as a type of regulated cell death that fundamentally relies on the autophagic 

machinery or its components and is characterized by a distinctive morphological feature known 

as autophagic vacuolization. This feature can also be observed in the case of apoptotic or necrotic 

cell death (Denton et al., 2019). Uncontrolled autophagy occurs during organ restructuring, when 

there is a lack of essential nutrients, or in specific pathological conditions (Yu et al., 2018).   

Autosis is a distinct form of cell death associated with ADCD, where the function of the plasma 

membrane Na+/K+-ATPase is of utmost importance.  Autotic cells display extensive vacuolization, 

similar to the vacuoles seen in autophagy. These vacuoles are different from the classic 

autophagosomes and are a defining feature of autosis. Autotic cells exhibit specific morphological 

changes, such as increased cell volume and rounding of the cell, which distinguishes autosis from 

other forms of cell death (Liu et al., 2015).  

1.1.8 Ferroptosis 

Ferroptosis characteristics have been identified in various organisms, including plants, and have 

been associated with a range of biological processes, spanning from development to aging, 

immune responses, and cancer (Dixon et al., 2012).  

Ferroptosis is strongly associated with lipid peroxidation and the depletion of cellular glutathione. 

Calcium has also been implicated in this form of RCD (Henke et al., 2013). The iron-driven 

process that triggers lipid peroxidation during ferroptosis involves both non-enzymatic and 

enzymatic pathways. The peroxidation of cell membranes is facilitated by iron-containing 

lipoxygenases and free intracellular iron, instigating the generation of ROS through Fenton 

reactions. This lipid peroxidation primarily targets polyunsaturated fatty acids associated with 

phospholipids, including arachidonic acid (Yang et al., 2016). Lipophilic radical traps such as 

vitamin E, ferrostatin-1, and lipoxstatin-1 can counteract the harmful consequences of lipid 

peroxidation during ferroptosis (Friedmann Angeli et al., 2014).  
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1.1.9 PANoptosis 

PANoptosis acts as a central hub for coordinating and regulating diverse cell death pathways 

within the immune response. PANoptosis has the ability to simultaneously regulate pyroptosis, 

apoptosis and necroptosis. This regulation occurs through the assembly of a multiprotein complex 

called the PANoptosome (Pandian et al., 2022).  

This complex comprises essential molecules that play roles in different forms of cell death. For 

pyroptosis, it involves caspase 1 and gasdermin D and E. For apoptosis, it includes caspase 8, 

caspase 3, and FADD. In the context of necroptosis, it features receptor-interacting protein kinase 

3 (RIPK3) and MLKL (Wang et al., 2021b).  

AIM2, pyrin and the ZBP1-NLRP3 inflammasome are also part of this extensive protein complex 

(Lee et al., 2021).  

An additional pivotal controller of PANoptosis was revealed during an investigation involving the 

complex-I constituent, TAK1. The study unveiled TAK1's crucial involvement in NLRP3 

inflammasome activation and its ability to modulate RIPK1 activity, thus governing PANoptosis 

(Malireddi et al., 2019). 

1.1.10 Immunological consequences of cell death 

Cell death, especially when occurring in the context of infection or tissue damage, can have 

significant immunological consequences. The inflammatory response triggered by dying cells, 

whether in an acute or chronic context, plays a dual role by promoting tissue regeneration and 

infection control while potentially contributing to tissue injury and disease. Considering the pivotal 

role that inflammation plays in various human diseases, a thorough understanding of the 

fundamental mediators and pathways that orchestrate this response is crucial. The immunological 

consequences of cell death are diverse and depend on the specific type of cell death, the cellular 

context, and the molecules released during the process (Galluzzi et al., 2017).  

There are two types of immunological consequences of cell death. Tolerogenic cell death (TCD) 

is a phenomenon that triggers silent efferocytosis, in which dying or dead cells are peacefully 

eliminated by phagocytosis without provoking any inflammatory or immune reaction. In contrast, 

ICD activates the immune system, resulting in an immune response against antigens derived from 

the deceased cells (Green et al., 2009a).  
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1.1.10.1 Tolerogenic cell death (TCD) 

TCD is a form of cell death that actively suppresses immune responses, promoting a state of 

immunological tolerance. The term is often used to describe cell death processes that contribute 

to the maintenance of immune tolerance and prevention of excessive or inappropriate immune 

responses (Griffith et al., 1996). The induction of tolerance by apoptotic cells depends on MHC 

class I molecules and leads to immune suppression of CD8+ T cells, converting them into 

activated "helpless" cytotoxic CD8+ T lymphocytes (CTLs) that function as primary effector T cells, 

but with a limited lifespan. These "helpless" CTLs can also undergo activation-induced cell death 

upon subsequent antigen exposure. This form of cell death is orchestrated by expression of the 

death ligand TRAIL, which induces apoptosis in both helpless CTLs and other activated T cells 

(Griffith et al., 2007). The induction of TCD by dying cells can be influenced by receptors involved 

in the recognition and/or engulfment of apoptotic cells. The deletion or neutralization of certain 

molecules involved in engulfment, such as MER, MFG-E8, TIM4, or C1q, can compromise the 

induction of tolerance and lead to the induction of inflammation (Gaipl et al., 2006).   

A crucial mechanism in determining TCD involves the release of immunosuppressive cytokines, 

such as TGFβ, IL-10, prostaglandin E2, either from the dying cell itself or from the cell that engulfs 

it (Fadok et al., 1998). Apoptotic cells can also stimulate the production of lipid mediators, 

including 15-lipoxygenase and 15-hydroxyeicosatetraenoic acid, which play a role in the 

resolution of inflammation (Serhan et al., 2005). Moreover, dying cells can induce TCD by 

modifying DAMPs, such as HMGB1, during apoptosis. This neutralizes the ability of some DAMPS 

to induce ICD and promote tolerance (Kazama et al., 2008).  

1.1.10.2 Immunogenic cell death (ICD) 

ICD is a unique type of RCD, characterized by its ability to induce an adaptive immune response 

targeting antigens from either the dying cell's own (endogenous) or external (pathogens) sources 

(Nagata et al., 2017). 

Initial understanding of the mechanisms of cell death suggested that the way a cell dies can 

influence the nature of the immune response it elicits. This concept arose from initial 

characterizations of apoptosis, described as a "silent death" with tolerogenic properties, in 

contrast to necrosis, characterized as a "violent death" that releases a variety of 

immunostimulatory molecules. Nevertheless, emerging evidence suggests that, under specific 

circumstances, stress-induced apoptosis can exhibit features of ICD, driving an inflammatory 
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response, culminating in the activation of CTL-driven adaptive immunity, along with the 

establishment of long-term immunologic memory (Galluzzi et al., 2020).  

ICD represents a functionally unique response pattern that comprises the induction of organellar 

and cellular stress, and culminates with cell death accompanied by the exposure, active secretion, 

or passive release of numerous DAMPs. For example, calreticulin, originating from the ER, 

translocates to the cell surface, serving as an "eat me" signal for phagocytes via CD91. This 

promotes the subsequent antigen cross-presentation to cytotoxic T cells and TH17 cell priming 

(Gardai et al., 2005). ATP released from dying cells binds purinergic receptors on antigen-

presenting cells, promoting recruitment, activation, and IL-1β secretion (Elliott et al., 2009). 

dsDNA release from dying cells signals through the cytosolic DNA-sensing pathway cyclic GMP-

AMP synthase (cGAS) and the adaptor molecule STING, amplifying a type I IFN response 

(Vanpouille-Box et al., 2017). HMGB1 upon extracellular release, engages various PRRs 

including Toll-like receptor 2 (TLR2), TLR4, and RAGE, promoting cross-presentation and the 

induction of pro-inflammatory cytokines (Scaffidi et al., 2002). The release of Annexin A1 from 

dying cells binds to Formyl Peptide Receptor 1 (FPR1) on phagocytes, which activates antigen 

processing and cross-presentation (Vacchelli et al., 2015). 

 

PART III : IMMUNE SENSING 

The concept of immune sensing has been studied and described in various forms throughout the 

history of immunology research. A landmark paper that contributed significantly to our 

understanding of immune sensing is the publication by Charles Janeway Jr. (Janeway, 1989). He 

proposed the concept of "innate immunity" and discussed the role of PRRs in recognizing 

conserved molecular patterns on pathogens. He argued that the immune system possesses 

germline-encoded receptors capable of recognizing common microbial structures, which he 

referred to as PAMPs, resulting in an innate immune response. This paper laid the foundation for 

our understanding of immune sensing and the importance of innate immunity in host defense. 

1.1 Innate immune sensing 

Innate immune sensing enables the immune system to distinguish between the body’s own cells 

and potentially harmful pathogens or altered cells. This helps prevent autoimmune responses 

where the immune system attacks its own tissues (Lang et al., 2007; Langan et al., 2020; Singh, 

2000).  The immune system employs different mechanisms of immune sensing to identify 



 14 

potential threats. One of the primary methods is via PRRs. They are proteins expressed by 

immune cells that can recognize specific molecular patterns commonly associated with 

pathogens, known as PAMPs (Table 1.1) (Calcagno et al., 2022; Karnati et al., 2015; Li et al., 

2021; Mohanty et al., 2020; Tarigan et al., 2020; Wang et al., 2021a). The recognition of PAMPs 

by PRRs is a fundamental mechanism of the innate immune system, providing a rapid and 

generalized defense against a wide range of pathogens (Labarrere et al., 2021).  

 

Table 1.1 PAMPs and their source 

Source of 

PAMPs 

Bacterial Viral 

 

Fungal Parasitic 

 LPS found in the 

outer membrane 

of Gram-negative 

bacteria. 

 

Double-stranded 

RNA (dsRNA), a 

replication 

intermediate in 

many RNA viruses. 

β-glucans, a major 

component of 

fungal cell walls. 

 

Glycosylphosphatidylinositol 

anchors present on the 

surface of some parasites. 

 

 Peptidoglycan, a 

component of 

bacterial cell 

walls. 

 

Single-stranded 

RNA (ssRNA) with 

specific features, 

such as certain 

secondary 

structures or 

sequences 

recognized by viral 

sensors. 

 

Mannans, 

carbohydrate 

structures present 

in the cell wall of 

many fungi. 

 

Specific parasite-derived 

proteins or nucleic acids. 

 

 Flagellin, a protein 

component of 

bacterial flagella. 

 

Viral proteins or 

nucleic acids not 

present in the host. 

 

Chitin, a 

polysaccharide 

found in fungal cell 

walls and 

exoskeletons of 

insects. 

 

 Unmethylated 

CpG DNA motifs 

commonly found 
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in bacterial 

genomes. 

 

 

In addition to PAMPs, the immune system can also sense DAMPs. These molecules are released 

by damaged or stressed cells, indicating the presence of tissue injury.  

The concept of DAMPs and their role in immune sensing and inflammation was first introduced 

by Polly Matzinger (Matzinger, 1994). She proposed the danger model of immune recognition, 

which challenged the traditional view of the immune system solely recognizing foreign antigens. 

Matzinger argued that the immune system is also attuned to detecting danger signals associated 

with tissue damage or cellular stress. While the specific term "DAMPs" was not used in this 

seminal paper, the underlying concept of DAMPs as danger signals which are released by 

damaged cells or tissues was discussed. Matzinger highlighted that molecules released or 

exposed by injured cells, such as heat shock proteins, could serve as danger signals that activate 

immune responses. 

Examples of DAMPs are listed in Table 1.2. Similarly to PAMPs, DAMPs can activate PRRs and 

trigger immune responses (Gong et al., 2020). Innate immune cells can also recognize abnormal 

or cancerous cells through the detection of DAMPs or alterations in cell surface markers. This 

early recognition can lead to the elimination of cancer cells or activation of adaptive immune 

responses against them (Lv et al., 2020; Man et al., 2022). 

 

Table 1.2 DAMPs and their source 

DAMPs Source 

High-Mobility Group Box 1 (HMGB1) A nuclear protein that can be released by necrotic cells 

or actively secreted by immune cells during 

inflammation. 

Heat Shock Proteins (HSPs) Produced in response to cellular stress and can act as 

endogenous danger signals. 

ATP Released from damaged or dying cells and serves as a 

signal for inflammation. 
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DNA and RNA Released from damaged or necrotic cells, these 

molecules can be recognized by the immune system as 

signs of cell injury. 

Uric Acid Produced during cell death and inflammation and can 

stimulate immune responses. 

S100 Proteins Calcium-binding proteins released by damaged cells. 

Hydroxyapatite Crystals Released from damaged bone tissue and can trigger 

inflammation. 

Extracellular Matrix Components Fragments of the extracellular matrix released during 

tissue injury can act as DAMPs. 

Calreticulin Released from dying cells from cancer therapy. 

Mitochondria DAMPs (MTDs) Trauma or Injury releases MTDs that contain genetic 

material (Mitochondria DNA (mtDNA)) and 

Mitochondrial components. 

NETs Released by neutrophils, NETs are fibrous structures of 

DNA histones, granular proteins, and cytoplasmic 

proteins. 

 

Research on DAMPs and their role in immune sensing and inflammation has provided insights 

into tissue injury, repair processes, and the development of therapeutic interventions targeting 

DAMP signaling pathways (Anderton et al., 2020; Roh et al., 2018; Silvis et al., 2020). 

 

1.1.1 Pattern recognition receptors (PRRs) 

PRRs are a class of proteins that are part of the immune system and are responsible for 

recognizing specific molecular patterns commonly found on pathogens or stressed cells 

(Isazadeh et al., 2023; Janeway et al., 2002). Although triggering of PRRs typically results in 

innate immune activation, it can also have inhibitory functions under specific circumstances 

(Fernández-García et al., 2021). These are known as inhibitory PRRs. They are proposed to 

recognize patterns associated with both danger and homeostasis, providing a context for the 



 17 

immune system to appropriately respond to potential threats, tolerate harmless substances, and 

maintain balanced immune responses (Rumpret et al., 2022; Yu et al., 2017).   

There are several primary categories of PRRs that have been identified. These include Toll-like 

receptors (TLRs), C-type lectin receptors (CLRs), scavenger receptors, cytosolic receptors, such 

as Nucleotide-Binding Oligomerization Domain (NOD)-like Receptors (NLRs), Retinoic Acid-

Inducible Gene I (RIG-I)-like receptors (RLRs), cyclic GMP-AMP (cGAMP) synthase (cGAS), and 

a newly characterized class of DNA sensors, absent in melanoma 2 (AIM2)-like receptors (ALRs) 

(Li et al., 2021; Vajjhala et al., 2017; Wicherska-Pawłowska et al., 2021). 

The signaling pathways activated by PRRs are critical for initiating and coordinating immune 

responses. These pathways can vary depending on the type of PRR, the specific ligand it 

recognizes, and the cellular context (Cui et al., 2014). In general, the signaling pathways activated 

by PRRs result in changes in gene expression. This includes the upregulation of genes encoding 

pro-inflammatory cytokines, chemokines, antimicrobial peptides, and other immune-related 

molecules. The production of pro-inflammatory cytokines and chemokines attracts immune cells 

to the site of infection or tissue damage. This amplifies the immune response and helps in the 

clearance of pathogens (Li et al., 2021). PRR signaling can also lead to other cellular responses, 

such as phagocytosis, antigen presentation, and the induction apoptosis in infected or damaged 

cells (Rock et al., 2011). It is noteworthy that different PRRs and their associated pathways can 

intersect and cross-regulate each other, providing a complex and finely tuned immune response 

tailored to the specific threat encountered.  

 

1.1.1.1 Toll-like receptors (TLRs) 

The concept of Toll-like receptors (TLRs) and their role in the immune system was significantly 

developed by Dr. Jules A. Hoffmann and Dr. Bruce A. Beutler (Beutler et al., 2006; Lemaitre et 

al., 1996). Their discoveries, which won the Nobel Prize in 2011,provided strong evidence for the 

existence of TLRs and their role in the immune response. 

TLRs are evolutionarily conserved, indicating their importance in host defense. They are found in 

various species, from insects to mammals; in humans, there are 10 TLRs, while in mice, there 

are 13. These are present on the cell surface or within endosomes and recognize a wide range 

of PAMPs such as bacterial lipopolysaccharides, viral nucleic acids, and fungal cell wall 

components (Liu et al., 2020; Rehli, 2002). 



 18 

TLRs are expressed on various immune cells, including macrophages, dendritic cells, and B and 

T cells (Green et al., 2009b; Maris et al., 2006; Silva-Barrios et al., 2016b; Xu et al., 2017; Xu et 

al., 2015). Certain TLRs are found on the cell surface, such as TLRs 1, 2, 4, 5, 6, while others are 

located in endosomes, such as TLRs 3, 7, 8, and 9. Different TLRs can recognize different 

PAMPs. For instance, TLR2 can detect bacterial lipoproteins, TLR3 detects double-stranded 

RNA, TLR4 detects bacterial LPS, TLR7 detects ssRNA and synthetic compounds—

imidazoquinolines and loxoribine, and TLR9 can detect single-stranded DNA (ssDNA) containing 

CpG motifs (Table 1.3) (Lind et al., 2022; Sameer et al., 2021). 

TLRs are designed to undergo a conformational change after ligand recognition, which initiates 

intracellular signaling cascades. This leads to the activation of transcription factors and the 

production of pro-inflammatory cytokines, chemokines, and IFN-I (Xu et al., 2006). These 

molecules orchestrate the immune response, including the recruitment of other immune cells to 

the site of infection, antigen presentation to T cells, tissue repair, and maintenance of homeostasis 

after an infection or injury (Bonini et al., 2005; Brint et al., 2011; Rakoff-Nahoum et al., 2009). 

There are many majors signaling pathways associated with TLRs. For example, several TLRs are 

known to induce the NF-κB (nuclear factor kappa B) pathway.  This pathway involves the 

activation and nuclear translocation of NF-κB. This transcription factor regulates the expression 

of genes involved in inflammation, immune responses, and cell survival (Gudowska-Sawczuk et 

al., 2022). TLRs can also induce mitogen-activated protein kinase (MAPK) pathway, which 

includes ERK, JNK, and p38 (Brown et al., 2011; Caruso et al., 2014).  These pathways are 

involved in regulating gene expression, cytokine production, and cell proliferation.   

Another common pathway induced by TLRs is the Interferon Regulatory Factor (IRF) pathway. 

IRFs are transcription factors that play a key role in the regulation of immune responses, 

apoptosis, modulation of cell growth, differentiation, cellular metabolism, and oncogenesis. TLRs 

recruit adapter molecules to initiate this signaling pathway. The major adaptors involved in TLR 

signaling are MyD88 (myeloid differentiation primary response 88), TRIF (TIR-domain-containing 

adaptor protein inducing interferon-β), TRAM (TRIF-related adaptor molecule), and TIRAP (TIR 

domain-containing adaptor protein). These adaptors link TLRs to downstream signaling pathways 

(Akira et al., 2004; Moynagh, 2005). The majority of TLRs signal through the MyD88-dependent 

pathway. After TLR activation, MyD88 is recruited to the TLR complex. This leads to the activation 

of IL-1 receptor-associated kinases (IRAKs) and TNFR-associated factor 6 (TRAF6), which in turn 

activate complex kinases to phosphorylates different transcription factors and allow them 

transcription factors to translocate into the nucleus. In the context of TLR7 signaling, MyD88 is 



 19 

responsible for activating various downstream kinases and transcription factors, including IRF-5. 

MyD88-dependent activation of IRF-5 is a key step in the TLR7-mediated immune response 

(Schoenemeyer et al., 2005). The function of IRF-5 and the role of TLR7 signaling in IRF-5 

activation are detailed in a later chapter. 

Some other TLRs, such as TLR3 and TLR4, can activate the TRIF-dependent pathway. TRIF is 

recruited to the TLR complex and initiates signaling through TANK-binding kinase 1 (TBK1) and 

IKKε. TLR signaling can also cross-regulate with other signaling pathways, including those 

initiated by cytokine receptors, to amplify immune responses (Takeuchi et al., 2010).  

 

Table 1.3  Human TLRs and their ligands 

TLRs Cell type / 

Localization 

Ligand Source 

TLR1 Leukocytes / Plasma 

membrane 

Triacylated lipopeptides, 

souble factors  

Bacteria, mycobacteria 

Neisseria emnngitidis 

TLR2 Monocytes, DC 

granulocytes, 

lymphocytes/ 

Plasma membrane 

Peptidoglycan (PGN), 

lipoprotein/lipopeptides, 

hepatitis c virus (HCV) 

core, heat shock 

proteins (HSPs) 

Mycoplasma, non-lipopeptidic 

PAMPs from various 

pathogens,,HCV, host 

TLR3 DC, NK, 

lymphocytes 

epithelial and 

endothelial cells/ 

Endosome 

Double-stranded RNA 

(dsRNA) 

Viruses, bacteria, host 

TLR4 Monocytes, DC, 

neutrophils, 

lymphocytes, 

epithelial cells  / 

Plasma membrane 

LPS, extracellular matrix 

components, HSPs, 

high-mobility group box 

1 (HMGB1) 

Gram-negative bacteria, host 

TLR5 Leukocytes, 

epithelial cells / 

Plasma membrane 

Flagellin Bacterial flagella 
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TLR6 Leukocytes / Plasma 

membrane 

Zymosan (ZMS), 

lipoteichoic acid (LTA), 

diacylated lipopeptides, 

soluble tuberculosis 

factor, outer surface 

protein A 

Fungi, Gram-positive 

bacteria, mycoplasma, 

mycobacteria, 

Staphylococcus 

TLR7 Leukocytes / 

Endosome 

ssRNA, small interfering 

RNA (siRNA), 

imidazoquinolines 

(imiquimod (IMQ)) 

Viruses, bacteria, host, 

synthetic compounds 

TLR8 Leukocytes / 

Endosome 

ssRNA, siRNA, Human 

cardiac myosin, 

imidazoquinolines 

Viruses, bacteria, host, 

synthetic compounds 

TLR9 Leukocytes, 

microglial cells / 

Endosome 

Unmethylated CpG 

containing DNA (CpG 

DNA) 

Bacteria, virus, Plasmodium, 

host 

TLR10 B cells plasmacytoid 

precursor DC / 

Endosome 

Not determined Not determined 

 

1.1.1.2 Cytosolic receptors 

Cytosolic receptors are a class of PRRs found inside the cell cytoplasm. Unlike cell surface 

receptors, cytosolic receptors are specialized in detecting intracellular threats, such as viral and 

bacterial components or damaged host cell molecules. These receptors play a critical role in 

initiating immune responses within the cell (Liwinski et al., 2020). A list of known cytosolic 

receptors can be found in Table 1.4. 

One example of cytosolic receptors are the RLRs. Their primary function is to detect and respond 

to various intracellular threats, including microbial pathogens and cellular stress signals. These 

receptors include RIG-I, Melanoma Differentiation-Associated Protein 5 (MDA5), and Laboratory 

of Genetics and Physiology 2 (LGP2), and recognize viral RNA, particularly double-stranded RNA 

(dsRNA) or 5'-triphosphate single-stranded RNA (5'-pppRNA) (Onoguchi et al., 2011). When 

RLRs recognize viral RNA, they undergo a conformational change that allows them to interact 
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with an adaptor molecule called MAVS (Mitochondrial Antiviral Signaling protein) located on the 

outer mitochondrial membrane. Interaction between RLRs and MAVS leads to the activation of 

downstream signaling pathways, primarily the induction of IFN-I and pro-inflammatory cytokines, 

which is essential for initiating antiviral immune responses (Onomoto et al., 2021; Rehwinkel et 

al., 2020).  

NLRs are another diverse family of cytosolic receptors that detect various intracellular threats, 

including bacterial or viral components and cellular stress signals, contributing to the regulation 

of inflammation and immune responses. NLRs are characterized by a tripartite domain structure. 

It is constituted by variable N-terminal domain, a central conserved nucleotide binding and 

oligomerization domain (NOD), which is central domain that responsible for nucleotide binding 

and oligomerization, and it is essential for signaling. The last part of this structure is a C-terminal 

domain, which is the domain that contains leucine-rich repeats and is involved in downstream 

signaling (Chen et al., 2021). Examples of NLRs include NOD1 and NOD2, which specifically 

detect bacterial peptidoglycans, which are components of bacterial cell walls. NLRP3, NLRP1, 

and NLRC4 can respond to viral RNA and DNA, and can also sense cellular stress signals and 

DAMPs released during infection or tissue damage. These NLRs, can assemble into multiprotein 

complexes known as inflammasomes when they detect danger signals. Inflammasomes activate 

caspase-1, which leads to the processing and release of pro-inflammatory cytokines like 

interleukin-1β (IL-1β) and interleukin-18 (IL-18) (Ohto, 2022; Platnich et al., 2019). 

Another type of cytosolic receptor is cGAS that recognizes double-stranded DNA (dsDNA) 

present in the cytoplasm. cGAS detect both viral DNA and self-DNA that may be released or 

exposed during cellular stress or damage, such as that caused by genotoxic stress, 

chemotherapy, or certain types of cell death (Zhang et al., 2014). The activation of cGAS 

catalyzes the production of cGAMP, which functions as a second messenger. cGAMP activates 

the stimulator of interferon genes (STING) pathway (Zhang et al., 2013). Activated STING recruits 

the kinase TBK1 to the ER membrane, where STING is located. TBK1 phosphorylates NF-κB and 

Interferon Regulatory Factor 3 (IRF-3), which are held inactive in the cytoplasm in its 

unphosphorylated state. Phosphorylated IRF-3 or NF-κB then translocate into the cell nucleus, 

where they function as transcription factors. In the nucleus, they induce the expression of genes 

encoding IFN-I, which are important for antiviral immunity and immune regulation (Erttmann et 

al., 2022; Kato et al., 2013; Wu et al., 2013b).  

The most recently described cytosolic receptors family is ALR. They are a type of that specifically 

recognizes dsDNA. They are involved in detecting and responding to DNA-based danger signals, 
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such as DNA from pathogens or damaged host cells. They play a crucial role in initiating immune 

responses and maintaining cellular homeostasis (Gray et al., 2016). ALRs, such as AIM2, 

Interferon Gamma Inducible Protein 16 (IFI16), and Myeloid cell Nuclear Differentiation Antigen 

(MNDA), can recognize dsDNA that is not properly sequestered within the cell. This DNA can be 

of microbial origin, or from damaged or stressed host cells. Some ALRs, especially AIM2 and 

IFI16, are involved in detecting viral DNA.  ALRs are also implicated in responses to bacterial 

infections and inflammasome formation. AIM2 can assemble into a multiprotein complex called 

the AIM2 inflammasome when it binds to cytoplasmic dsDNA (Zhu et al., 2019). Inflammasome 

activation leads to the cleavage of pro-caspase-1 into its active form, which subsequently 

processes pro-inflammatory cytokines (Caneparo et al., 2018; Chen et al., 2018; Wu et al., 

2013a). 

 

Table 1.4 Cytosolic receptors and their functions 

Cytosolic receptor 

family 

Cytosolic receptor Function  

RLRs 

RIG-I RNA sensing. Respond to viral or host RNA, 

dsRNA, dsRNAs bearing 5′ triphosphate (5′ppp 

dsRNA) moiety or 5 diphosphate (5′pp dsRNA) 

end, circular RNA (circRNAs), ssRNA,  

MDA5 RNA sensing. Respond to viral or host long 

dsRNA, RNA (>1000 bp) 

LGP2 Regulation of RIG-I and MDA5 

NLRs 

CIITA (subgroup 

NLRA) 

Regulation of MHC class II gene expression. 

CIITA is induced by IFNγ 

NAIP (subgroup NLRB) Sensor of Flagellin, and inflammasome formation 

associated with NLRC4 

NOD1  

(subgroup NLRC) 

Recognition of D-γ-glutamyl-meso-DAP dipeptide 

(iE-DAP) or Diaminopimelic acid (DAP) (the motifs 

of PGN)  

NOD2  

(subgroup NLRC) 

Recognition of Muramyl dipeptide (MDP, the motif 

of PGN), viral ssRNA 
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NLRC3 

(subgroup NLRC) 

Inhibition of T cell activation, TLR activation and 

STING signaling 

 

NLRC4  

(subgroup NLRC) 

Inflammasome receptors for flagellin, rod proteins. 

It is associated with NAIP 

NLRC5 

(subgroup NLRC) 

Regulation of MHC class I expression 

NLRX1 or NOD9 

(subgroup NLRC) 

Regulation of NF-κB and JNK signaling pathway, 

induction of reactive oxygen species (ROS) 

production in response to TNF or poly(I:C), 

modulation of autophagy induced by viral infection 

NLRP1 

(subgroup NLRP) 

Recognition of MDP, the motif of PGN, and 

anthrax toxin. Induction of inflammasome 

formation. 

NLRP2 

(subgroup NLRP) 

Negative regulation of NF-kB pathway and 

regulation of oogenesis, fertilisation and early 

embryonic development 

NLRP3 

(subgroup NLRP) 

Detection of different PAMPs, DAMPs. Induction 

of inflammasome formation by nucleic acids form 

invading pathogens or host, disruption of 

potassium homeostasis, lysosomal rupture, 

mitochondrial damage (mitochondrial ROS, 

mitochondrial DNA, or cardiolipin), mitotic factor 

NEK7, pore-forming toxins, crystalline substances  

(β-amyloid), Adenosine triphosphate (ATP) and 

hyaluronan. 

NLRP4 

(subgroup NLRP) 

Formation of inflammasome associated with NAIP, 

negative regulation of IFN I and modulation of 

autophagy in responses to virus or bacteria 

infection 

NLRP5 

(subgroup NLRP) 

Regulation of oogenesis, fertilisation and early 

embryonic development 
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NLRP6 

(subgroup NLRP) 

Iduction of inflammasome formation, negative 

regulation of NF-kB pathway and modulation of 

self-renewal and integrity of the intestinal 

epithelium 

NLRP7 

(subgroup NLRP) 

Induction of inflammasome formation in response 

to microbial acylated lipopeptides. Regulation of 

trophoblast differentiation during early embryonic 

development through modulation of the BMP4 

pathway 

NLRP8 

(subgroup NLRP) 

Not determined. Possible functions as 

inflammasome sensor in response to 

NLRP9 

(subgroup NLRP) 

Not determined. Possible functions in 

preimplantation embryo development and 

formation of inflammasome in response to virus 

(rotavirus) in the intestine 

 

NLRP10 

(subgroup NLRP) 

Migration of dendritic cells from inflamed tissue to 

the LN 

NLRP11 

(subgroup NLRP) 

Negative regulation of inflammatory signaling 

through repression of NLRP3 inflammasome, NF-

κB pathway and type I interferon responses. 

NLRP12 

(subgroup NLRP) 

Part of the inflammasome and negative regulation 

of NF-kB pathway 

NLRP13 

(subgroup NLRP) 

Not determined. Possible role in inflammation 

NLRP14 

(subgroup NLRP) 

Modulation of spermatogenesis, fertilization, and 

inflammation 

cGAS 

 Microbial dsDNA and self-DNA (damaged mtDNA, 

damaged nuclear DNA from chromosome 

instability, cytosolic DNA in micronuclei and from 

cell debris) 
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ALRs 

AIM2 Sensor of microbial dsDNA and self-DNA. 

Induction of inflammasome formation. 

IFI16 Sensor of microbial dsDNA and self-DNA. 

Inhibition of inhibited activation of caspase-1 by 

the AIM2-ASC inflammasome. 

MNDA Sensor of microbial dsDNA and self-DNA 

 

1.1.1.3 C-type lectin receptors (CLRs) 

CLRs are characterized by their ability to bind to carbohydrates, particularly mannose, fucose, 

and other sugar residues commonly found on the surface of microorganisms. This binding is 

mediated by specific carbohydrate recognition domains present in CLRs. Upon binding to their 

respective ligands on pathogens, CLRs can activate immune responses. These include the 

production of pro-inflammatory cytokines, chemokines, and the induction of phagocytosis. 

Moreover, CLRs on dendritic cells are involved in antigen presentation.  

CLRs encompass a diverse family of receptors, each with distinct ligand specificities and 

functions. Examples of CLRs include Dendritic Cell-associated C-type Lectin-1 (Dectin-1) and -2 

(Dectin-2), Dendritic Cell-Specific Intercellular adhesion molecule-3-Grabbing Non-integrin (DC-

SIGN), CLR dendritic cell immunoreceptor (DCIR), and Macrophage-inducible C-type lectin. 

Dectin-1 is a type II transmembrane protein that it is also classified as class E scavenger 

receptors, because of its scavenger receptor activity. It functions as a PRR primarily expressed 

on the surface of immune cells like macrophages, dendritic cells, and neutrophils. Dectin-1 plays 

a critical role in recognizing and responding to fungal infections by detecting β-glucans, specific 

carbohydrates present on the surface of fungal cells. Activation of Dectin-1 initiates intracellular 

signaling cascades. This results in the production of pro-inflammatory cytokines, chemokines, 

and antimicrobial molecules, as well as the activation of phagocytosis. These responses are 

essential for the elimination of fungal pathogens (Drummond et al., 2011). Furthermore, Dectin-1 

signaling can synergize with Toll-like receptor (TLR) signaling to amplify immune responses 

against fungal infections. Emerging research suggests that Dectin-1 may also have roles in non-

fungal contexts, including immune responses to certain bacteria and contributions to autoimmune 

diseases (Seeling et al., 2023). 
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Others well known CLRs are DCIR and DC-SIGN that are primarily found on the surface of 

dendritic cells. These receptors can recognize glycosylated structures on viruses such as HIV. 

They have a CRD that can specifically bind to high-mannose glycans, a type of sugar structure 

with multiple mannose molecules attached, present on the envelope glycoprotein of HIV. Both 

receptors act as a receptor on dendritic cells that captures HIV particles (Cambi et al., 2009; 

Lambert et al., 2008). Once bound to these receptors, HIV can be internalized into the dendritic 

cells through endocytosis. In the lymph nodes, dendritic cells can interact with CD4+ T cells, which 

are activated upon recognizing HIV antigens presented by the dendritic cells. This interaction 

initiates the adaptive immune responses, but it can also lead to the transmission of the virus from 

dendritic cells to CD4+ T cells, facilitating HIV infection (Jin et al., 2014). It is essential to 

emphasize that while these receptors facilitate the capture and transmission of HIV to CD4+ T 

cells, it does not necessarily lead to HIV replication within dendritic cells. Instead, dendritic cells 

play a crucial role in initiating the immune response against HIV by presenting viral antigens to T 

cells (Su et al., 2003).  

 

1.1.1.4 Scavenger receptors (SRs) 

The name "scavenger receptors" originates from their initial discovery as receptors involved in 

recognizing and clearing modified low-density lipoprotein particles, which are implicated in 

atherosclerosis. However, it is now understood that scavenger receptors have a much broader 

role beyond lipid metabolism (Goldstein et al., 1979).  

SRs are expressed by various immune cells, particularly myeloid cells. These receptors are 

designed to detect and bind a wide array of molecules, including both exogenous and 

endogenous ligands. (Alquraini et al., 2020). SRs are required to eliminate apoptotic, impaired, 

or undesirable cells from the bloodstream (Terpstra et al., 2000). This contribute to maintaining 

tissue homeostasis by helping to clear damaged or senescent cells, which is crucial for tissue 

repair and for preventing inflammation. SRs receptors can also interact with microbial ligands, 

promoting phagocytosis and activating immune responses against infections. For example, 

human monocyte scavenger receptors recognize the glucan structure from wall constituents of 

fungi and bacteria (Rice et al., 2002). Another member of the scavenger receptor family, receptor 

for advanced glycation end products (RAGE), engages with PAMPs or DAMPs like advanced 

advanced glycation end products, HMGB1, and S100 proteins, thereby facilitating processes such 

as inflammation, oxidative stress, and apoptosis. (PrabhuDas et al., 2017) 
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1.2 Immune sensing by cells of the adaptive immune system 

Although PRRs are primarily associated with cells of the innate immune system, adaptive immune 

cells also express PRRs. However, T cells and B cells do not express the same array of PRRs 

as innate immune cells, and the consequences of PRR activation in lymphocytes differ based on 

factors such as the type of cell, its activation state, the specific ligand involved, and the 

microenvironment (Stögerer et al., 2020). The PAMPs’ recognition by PRRs is essential to initiate 

the signals required for the activation of lymphocytes, as well as their differentiation, leading to 

the production of effector cytokines (Bendelac et al., 2002; Medzhitov et al., 1997). 

In B cells, PPRs-mediated sensing enhances B cell functions. For example, TLRs engagement 

can enhance the response initiated by BCR stimulation (Minguet et al., 2008; Suthers et al., 2017), 

and promote proliferation, differentiation, antigen presentation, and production of a range of 

cytokines and chemokines (Abu-Rish et al., 2013; Agrawal et al., 2011; Cognasse et al., 2008; 

Jain et al., 2013; Jiang et al., 2007). Furthermore, TLRs can be implicate in BCR-complex 

reorganization, class switch recombination and maturation (Edry et al., 2008; Hayashi et al., 2005; 

Savage et al., 2019). In contrast, PPRs-mediated sensing can have adverse effects in certain 

infections. For example, endosomal TLRs can activate B cells during Leishmania donovani and 

induce the production of IFN-I, which is detrimental for the host because it sustains 

hypergammaglobulinemia (Silva-Barrios et al., 2016b).  

Recently, it was demonstrated that recognition of molecular patterns, as opposed to specific 

epitopes recognized by BCRs, serves as a key factor in determining tolerogenic responses during 

peripheral B cell activation and this has been correlated with development of autoimmune 

diseases (Fillatreau et al., 2021; Johnson et al., 2019; Shen et al., 2013).  

Cytosolic DNA sensors are also important for B cell activation and function. Sensing the cytosolic 

DNA by B cells is fundamental for proper immune response during infection and cancer. It has 

been shown that cytosolic DNA and oligodeoxynucleotides (ODN) containing or not unmethylated 

CpG motifs (CpG DNA) induce activation, IgG class switch, and promote antigen presenting ability 

in B cells (Chen et al., 2001; He et al., 2004; Wang et al., 2003). One of the important steps in the 

immune response to cytosolic DNA is the activation of cGAS-STING signaling. However, 

downstream signaling of STING has shown different and controversial functions. For example, 

activated STING initiates downstream signaling pathways that induce B cell activation and 

enhance antibody and cytokine production (Walker et al., 2018). More recently, it has been shown 
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that STING signaling contributes to immunological tolerance in pancreatic cancer, inducing the 

expansion of human and mouse regulatory B cells (Li et al., 2022). Conversely, STING is also 

implicated in tumor control in B cells since downstream STING signaling can induce apoptosis in 

malignant B cells. This is a key mechanism through which the body defends itself against 

abnormal cell growth and maintains tissue homeostasis. In addition, the ability to harness 

apoptosis for therapeutic purposes is a critical aspect of cancer research and treatment 

development (Tang et al., 2016). 

Similarly to B cell, T cells also express PPRs, including TLRs and cytosolic receptors (Hornung 

et al., 2002). TLRs expressed on T cells can function as co-stimulatory receptors, but the 

expression and functional capacity of TLRs on CD4+ and CD8+ T cells is different (Rahman et al., 

2009). TLR2 expression is induced on CD8+ T cells upon TCR activation, and this expression is 

higher than on CD4+ T cells. TLR2 co-stimulation enhances TCR activation and plays a more 

significant role in promoting the proliferation and survival of CD8+ T cells compared with CD4+ T 

cells, based on differences in TLR2 expression levels between these T cell subsets (Lee et al., 

2009). Nonetheless, TLR2 plays an important role in CD4+ T cells as well. TLR2 can serve as a 

co-stimulator during activation, it is also involved in the regulation of Th17 responses and 

maintenance of CD4+ T cells memory (Komai-Koma et al., 2004; Reynolds et al., 2010).  TLRs 

also play a crucial role in the in the expansion of effector and memory CD4+ T cells. TLR9 

activation increases the proliferation of effector CD4+ T cells and makes these cells more resistant 

to the regulation exerted by regulatory T cells (Chiffoleau et al., 2007). As well, the simultaneous 

activation of TLR5, TLR7, and TLR8 increases proliferation and cytokine production in memory 

CD4+ T cells (Caron et al., 2005). The cooperative action of different PRRs has also been involved 

in activation, survival, and proliferation of T cells. For example, TLR3 and TLR9 activation 

enhanced survival of CD4+ T cells (Gelman et al., 2004). As well, synergetic interaction of NOD1 

and TLR2 amplifies the activation initiated by TCR in CD8+ T cells (Mercier et al., 2012; 

Pashenkov et al., 2019). Other important PRRs for the proper functioning and survival of T cells 

are RLRs. For example, LGP2 enhances survival and expansion of antigen specific CD8+ T cells 

in response to virus infection (Suthar et al., 2012).  

PPR activation can also inhibits TCR activation and regulates the T cell responses. For example, 

the presence of TLR4 on effector CD4+ T cells is associated with an inhibitory role in regulating 

TCR activation and the inflammatory characteristics of T cells that contribute to colitis (González-

Navajas et al., 2010). In addition, Imanishi et al. showed mutual regulation between STING and 

TCR signaling pathways in T cells. Co-stimulation of T cells with cGAMP and TCR leads to IFN-I 
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production but inhibits T-cell proliferation, and this mutual regulation plays a role in modulating T-

cell functions, including potential applications in antitumor responses (Imanishi et al., 2019). 

Moreover, Uchimura et al. demonstrated that NLRC3 could limit Th1 and Th17 CD4+ T cell 

activation, proliferation, and cytokine production. This study showed NLRC3 functions as a 

regulator of CD4+ T cell activation when exposed to viruses, bacteria, or autoantigens, and this 

results support that PPRs can serves as a potential target for treating adaptive immune responses 

driven inflammation during chronic infections and autoimmune disorders (Uchimura et al., 2018). 

Despite all the of the studies that highlight how PRRs promote activation and survival of T cells, 

some PRRs have been associated with the induction of T cell anergy and cell death. For example, 

it has been demonstrated that when TLR7 is engaged in CD4+ T cells, it leads to an intracellular 

calcium flux and activates an NFATc2-dependent program that induces T cell non-

responsiveness, essentially rendering these T cells anergic. This study explored the implications 

of this TLR7-induced anergy in the context of HIV-1 infection. It is observed that silencing the 

TLR7 gene significantly reduces the frequency of HIV-1-infected CD4+ T cells and restores their 

responsiveness. This discovery unveils a previously unknown role for microbial pattern 

recognition receptors in dampening immune responses, which has important implications for 

understanding immune dysfunction in chronic infections like HIV-1 (Dominguez-Villar et al., 2015). 

In addition, Fabié et al. showed that activation of TLR7 by apoptotic material promotes the 

expression and activation of Interferon Regulatory Factor 5 (IRF-5). Consequently, it induces 

death receptor 5 (DR5) expression and makes CD4+ T cells more susceptible to cell death. The 

study suggests that in the presence of tissue disruption and chronic inflammation, commonly 

associated with persistent infections, the activation of TLR7 and IRF-5 in effector CD4+ T cells 

may represent a shared pathway that suppresses protective CD4+ T cells, ultimately favoring the 

establishment of chronic infection (Fabié et al., 2018). Likewise, Larkin et al. indicate that STING 

agonists not only stimulate the production of IFN-I and the expression of IFN-stimulated genes, 

similar to the response seen in innate immune cells, but they can also activate pathways related 

to cellular stress and cell death in T cells. This suggests the need for a re-evaluation of therapies 

utilizing STING agonists to assess their potential effects on the T cell compartment (Larkin et al., 

2017). 

In brief, PRRs in T and B cells expand the capabilities of the adaptive immune system by allowing 

these cells to directly sense pathogens and DAMPs, receive co-stimulatory signals, and fine-tune 

their responses. Understanding the roles of PRRs in these cells is crucial for unraveling the 

complexities of the immune response. 
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1.3 Type I interferon (IFN-I) and its role in immunity. 

IFN-I are a group of signaling proteins consisting of 8 subtypes, interferon-alpha (IFN-α), 

interferon-beta (IFN-β), interferon-delta (IFN-δ), interferon-epsilon (IFN-ε), interferon-kappa (IFN-

κ), interferon-omega (IFN-ω), interferon-tau (IFN-τ) and interferon-zeta (IFN-ζ). In human, IFN-I 

genes are situated at the position 9p21.3 and encode for IFN-α, IFN-β, IFN-ε, IFN-κ, and IFN-ω. 

IFN-δ, IFN-τ and IFN-ζ subtypes are not express in human, IFN-δ subtype is only express in non-

primate and non-rodent placental mammals, IFN-τ is expressed in embryonic tissues during the 

early stages of gestation in sheep and cows, and IFN-ζ subtype is found in mice. Humans and 

many other species have multiple IFN-α subtypes, 13 distinct IFNα proteins are expressed in 

humans and 14 in mice. The others IFN-I classes are express as a unique protein functional form 

(Pestka et al., 2004).  

The production of IFN-I is initiated through the PAMPs’ recognition by PRRs present in host cells. 

The activation of these PRRs triggers intracellular signaling cascades (Honda et al., 2006a). 

Some of the key transcription factors activated during this process belongs to the IRF family, such 

as interferon regulatory factor 3 (IRF-3), IRF-5 or IRF-7; their activation depends on the cell type 

and the PRR involved. (Barnes et al., 2001; Barro et al., 2007). 

Almost all cells in the body have the capacity to produce IFN-I (fibroblasts, epithelial cells, DC, 

monocytes, macrophages, Natural Killer (NK) cells, neutrophils, T and B cells). Plasmacytoid 

dendritic cells (pDCs) are particularly efficient at producing large amounts of IFN-I in response to 

viral infections. They express high levels of TLR7 and TLR9, which recognize viral nucleic acids 

and trigger IFN-I production (Bencze et al., 2021; Zucchini et al., 2008). 

After translation, IFN-I proteins are secreted from the infected or stimulated cell into the 

extracellular space. IFN-I proteins bind to specific cell surface receptors on neighboring cells, 

known as IFN receptors (IFNAR). Binding of IFN-I to IFNAR triggers pathway and activates 

transcription factors like STAT1, STAT2 and IRF-5. These transcription factors induce the 

expression of hundreds of interferon-stimulated genes (ISGs) that play critical roles in antiviral 

defense and immune regulation. (Stewart et al., 2001; Taniguchi et al., 2001). Each type of IFN-I 

triggers the expression of a distinctive group of ISGs. Moreover, certain ISGs can be directly 

activated by viral infections, even in the absence of interferon production. This results in the 

activation of ISGs through a variety of interconnected mechanisms that frequently enhance one 

another (Crosse et al., 2018). 
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IFN-I play a crucial role in the immune response, primarily by acting as signaling molecules that 

help the immune system combat viral infections and other pathogens. The products of ISGs 

contribute to various antiviral defenses, such as inhibiting viral replication, enhancing antigen 

presentation, and modulating immune responses (Honda et al., 2005). IFN-I helps initiate and 

modulate both innate and adaptive immune responses. For instance, IFN-I activate dendritic cells, 

which are crucial for presenting antigens to T cells and initiating adaptive immunity (Le Bon et al., 

2002). Additionally, IFN-I contributes to the initiation of the inflammatory response, through the 

induction of proinflammatory cytokines and chemokines, which recruit immune cells to the site of 

infection or tissue damage (Goritzka et al., 2014). IFN-I can also influence the differentiation and 

function of various immune cell types, including T cells, B cells, and regulatory T cells. This 

modulation helps tailor the immune response to specific threats (Gujer et al., 2011; Le Bon et al., 

2003). Moreover, IFN-I enhance the activity of NK cells and cytotoxic T cells, which target and 

destroy virus-infected cells (Blackman et al., 1985; Gibbert et al., 2012). 

While IFN-I is primarily known for its antiviral actions, it also plays a role in immune regulation. It 

can help maintain immune homeostasis by controlling the balance between pro-inflammatory and 

anti-inflammatory responses (Kumaran Satyanarayanan et al., 2019). Some microRNA, short 

hairpin RNA (shRNA) and ISG function as a negative regulator of inflammatory immune response, 

such as activating signal cointegrator complex 3 (Ciechomska et al., 2020; Li et al., 2013). 

Moreover, IFN-I has antiproliferative and antitumor effects. It can inhibit the growth of cancer cells 

and promote their recognition and destruction by the immune system. This property has led to the 

use of IFN-I in cancer immunotherapy (Cauwels et al., 2018; Takaoka et al., 2003; Yanai et al., 

2002). 

The role of IFN-Is has generally been considered beneficial against different infections and 

cancer. However, IFN-I signaling can also have a negative role in chronic virus infections and 

multiple cancer types (Snell et al., 2017). Furthermore, IFN-I can induce immune dysfunctions 

through upregulating the expression of programmed death ligand 1, IL-10, and indoleamine 2,3 

deoxygenase (IDO) on immune cells driving a suppressive response. that prevents the control of 

viruses and cancer (Cunningham et al., 2016; Spranger et al., 2013). 

The majority of IFN-I pathways and ISGs target cellular proteins associated with innate defense 

mechanisms. However, it has recently been identified that ISGs are involved in cell cycle 

regulation, cellular metabolism, and apoptotic processes. This knowledge not only deepens our 

comprehension of the immune response but also opens up new avenues for research into 

potential therapeutic interventions and treatments related to immune-related diseases and 
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conditions, as well as cancer and metabolic disorders, where these pathways may be 

dysregulated (Hubel et al., 2019).  

 

PART IV: INTERFERON REGULATORY FACTOR 5 (IRF-5) 

IRF-5 is part of the Interferon Regulatory Factors (IRFs) family. These transcription factors play 

critical roles in orchestrating immune responses. IRFs are involved in various physiological and 

pathological processes, regulating the expression of ISGs and initiating the immune response 

and the production of interferons (IFNs), which are important signaling proteins involved in 

defense against viral infections (Barnes et al., 2002a). Among these, IRF-5 has emerged as a 

key transcription factor that plays a pivotal role in regulating the immune response, cellular 

metabolism, cell growth, differentiation, apoptosis, and modulating inflammatory pathways 

(Barnes et al., 2004).   

In humans, the IRF-5 gene is situated on chromosome 7q32.  This gene encodes a ~61-kDa 

protein (HuIRF-5), which was originally identified as a regulator of type I IFN gene expression 

(Barnes et al., 2001). Due to high alternative splicing in the human IRF-5 gene, different IRF-5 

splice variants or isoforms can be found. Certain of these variants have been recognized as 

genetic factors that increase the susceptibility to autoimmune diseases (Mancl et al., 2005). 

The Irf-5 gene in mice is located on chromosome 6-12.36 cM. This gene, which encodes a ~ 55-

kDa protein (MuIRF-5), is primarily expressed as a single predominant transcript of 498-amino 

acid. In C57BL/6J mice, a ~ 46-kDa minor spliced variant of MuIRF-5 with a 288-nucleotide 

deletion is observed exclusively in bone marrow and at low levels. MuIRF-5 exhibits 

approximately 87% amino acid sequence similarity to the full-length HuIRF-5, without internal 

deletions. The most notable contrast between human and mouse IRF-5 proteins is the high level 

of alternative splicing in the human IRF-5 gene that can result in different variants of this protein 

which can affect its functionality. MuIRF-5 has only one deletion of 5 amino acid and there is no 

evidence that this affects its function (Paun et al., 2008). The mouse Irf-5 gene, similarly to the 

human gene, consists of multiple exons (9 exons) that encode a transcription factor protein. It 

also contains various regulatory elements, including promoter regions that control its expression. 

The conservation of IRF-5 functions across species, including mice and humans, underscores its 

fundamental importance in immune responses (Eames et al., 2016) 
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Studies of the three-dimensional structure of IRF-5 have provided insights into the specific folding 

and interactions of IRF-5 domains. The detailed structure of IRF-5 is complex and may vary in 

different conformations, depending on its activation state and interactions with other proteins, 

making its structure dynamic and context-dependent (Chen et al., 2010). The structure of IRF-5 

can be divided into several domains (Figure 1.2). Like other members of the IRF family, IRF-5 

possesses a DNA binding domain (DBD) that allows it to specifically bind to DNA sequences 

known as interferon-stimulated response elements (ISRE) and is located in the N-terminal part. 

This domain is essential for its role in the regulation of genetic transcription. IRF-5 also contains 

an IRF-association domain (IAD), within the C-terminal activation domain (AD) that allows it to 

activate the transcription of target genes. This domain interacts with other proteins and 

transcriptional machinery to facilitate gene expression. Both domains, DBD and IAD domain, are 

connected by a linker region (LK), which is expected to adopt a folded conformation rather than 

remaining in an extended form. The activity of AD domain is regulated through various 

mechanisms, which involve alterations in conformation, either dependent or independent of 

phosphorylation events (Antonczyk et al., 2019; Royer et al., 2009). 

For its activation, IRF-5 requires post-translational modifications and dimerization to be localized 

in the nucleus. IRF-5 also contains nuclear localization signals that facilitate its transport to the 

cell nucleus, where it can regulate gene transcription. Phosphorylation is a key post-translational 

modification that regulates IRF-5 activation and function. Phosphorylation of serine and threonine 

residues within the C-terminal autoinhibitory region acts as the trigger for initiating the activation 

of IRF-5 proteins within the cytoplasm. This activation process promotes dimerization, nuclear 

translocation, association with the coactivator CBP/p300, and the initiation of transcription. The 

specific phosphorylation sites in the C-terminal region are targeted by different kinases depending 

on the pathway that induces IRF-5 activation.  Some of the well-characterized IRF-5 

phosphorylation sites include Serine 425 (Ser425), Serine 427 (Ser427), Serine 430 (Ser430) 

Serine 436 (Ser436), Serine 462 (Ser462), Serine 158 (Ser158,) Serine 309 (Ser309), Serine 317 

(Ser317), Serine 451 (Ser451) and threonine 10 (Thr10). Consequently, phosphorylation likely 

activates IRF-5 and other family members by instigating conformational changes that shift the 

role of the C-terminal segment from autoinhibitory to dimerization (Chang Foreman et al., 2012; 

Chen et al., 2008).   

Table 1.5  Phosphorylation sites of IRF-5 

Phosphorylation sites Function 

Ser425 Regulate dimer stabilization 
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Ser427 Release of autoinhibition 

Ser430 Release of autoinhibition and nuclear retention 

Ser436 Regulate dimer stabilization 

Ser462 Regulate dimer stabilization and nuclear translocation 

Ser158 
Generally associated with transcriptional activation, but the precise 

mechanisms remain unknown 

Ser309 Affect dimerization and contribute to the autoinhibitory release 

Ser317 
Generally associated with transcriptional activation, appear to play an 

auxiliary role 

Ser451 Nuclear accumulation 

Thr10 
Generally associated with transcriptional activation, but the precise 

mechanisms remain unknown 

 

Dimerization is important for its function as a transcription factor and its ability to bind to DNA. 

IRF-5 can form homodimers, where two IRF-5 molecules come together, or heterodimers, where 

IRF-5 interact with other transcription factors and co-activators. (Barnes, 2018; Chang Foreman 

et al., 2012). 

Not only phosphorylation events are important during IRF-5 activation, it has been shown that 

ubiquitination is also necessary for the correct activation of this transcription factor. Balkhi et al. 

reported that IRF-5 undergoes K63-linked ubiquitination catalyzed by TRAF6, a process that is 

important in facilitating IRF-5 nuclear translocation and subsequent regulation of target genes. 

Additionally, the necessity of IRAK1 for the ubiquitination of IRF-5 suggests that the 

phosphorylation of IRF-5 might be essential for facilitating effective ubiquitination (Balkhi et al., 

2008).  

 

Figure 1.2 Functional domains of human IRF-5 protein 

Schematic illustration of the functional domains of human IRF-5 protein. DNA binding domain (DBD) in green; linker 

region (LK) in purple; IRF association domain (IAD) in blue; autoinhibitory region (AR) in red: region of protein 

interaction, PEST and activation domain (AD) are indicated with a black line. Created with BioRender.com. 
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1.1 Isoforms 

In the human genome, the IRF-5 gene comprises a total of 9 coding exons, along with an 

additional noncoding exon located within the 5' untranslated region (UTR). Within this noncoding 

region, different promoters are situated upstream of the ATG start codon, which is found in exon 

2. Four distinct variants (exon 1A, 1B, 1C and 1D) exist, each encoded by an alternative promoter 

for the IRF-5 gene, designated as P-V1, P-V2, P-V3 and P-V4 (Clark et al., 2013; Eames et al., 

2016).   

The human IRF-5 gene can undergo alternative splicing, resulting in the production of multiple 

isoforms. The exact number of isoforms may vary depending on the specific transcript variants 

and alternative splicing events considered. However, it is generally recognized that there are 11 

isoforms (V1-V11) and at least four major isoforms of IRF-5 in humans (Figure 1.3) (Mancl et al., 

2005).  These isoforms are commonly referred to as variant 1 (IRF-5V1), variant 2 (IRF-5V2), 

Variant 3 (IRF-5V3), and variant 4 (IRF-5V4). Each of these isoforms is initiated by one of four 

promoters, leading to transcripts that incorporate either exon 1A, 1B, 1C, or 1D resulting in 

variations in the composition of other exons. These isoforms exhibit specific expression patterns 

in different cell types, possess distinct subcellular localization characteristics, and serve unique 

functional roles in immune responses and disease pathogenesis. (Lin et al., 2005; Mancl et al., 

2005). The functional properties of the IRF-5 isoforms can vary due to differences in their protein 

structure and composition resulting from alternative splicing events. Nevertheless, specific 

expression and functional details of each isoform are still under investigation, particularly in terms 

of their implication in autoimmune diseases (Kozyrev et al., 2007; Stone et al., 2013).  

 

Thus far, 16 sequences of human IRF-5 have been submitted to NCBI GenBankTM, but not all of 

these sequences have undergone functional characterization. There are specific IRF-5 isoforms 

that are unique and constitutively expressed, and they have the potential to influence the function 

of IRF-5 and the transcriptional patterns of genes regulated by IRF-5 (Graham et al., 2006b). IRF-

5V1 was the first published sequence in NCBI GenBankTM and it is the most studied and widely 

expressed IRF-5 isoform. This is the longest isoform of (~ 61 kDa) and it contains all the known 

functional domains of IRF-5. It is considered the canonical isoform and is involved in the 

transcriptional activation of pro-inflammatory cytokines (Cevik et al., 2017; Wen et al., 2011). It is 

known to be expressed in various immune cells, including unstimulated monocytes, 

macrophages, dendritic cells, and B cells and its expression increases in stimulated NK and T 

cells (Mancl et al., 2005).  
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IRF-5V2 isoform is the shorter isoform, is generally expressed at lower levels than IRF-5V1 and 

can act as a negative regulator of IRF-5V1 function. (Lin et al., 2005). IRF-5V2 is found in 

monocytes, NK cells and B cells, and at nearly undetectable in pDCs and T cells. (Mancl et al., 

2005). 

IRF-5V3 and IRF-5V4 were identified for the first time in DCs. They are shorter isoforms with 

similar characteristics in their structure and function (Barnes et al., 2001). It has been reported 

that IRF-5V3 and IRF-5V4 can be detected in unstimulated pDCs, monocytes, and B cells and it 

can be detected in NK and T cells after stimulation with Herpes simplex virus type I (HSV-1) 

(Mancl et al., 2005). Additionally, it has been shown that these 2 isoforms enhance the 

transcriptional activity of IFNα gene promoters and triggers the expression of multiple IFNα genes 

in Newcastle disease virus (NDV)-infected cells (Barnes et al., 2001). IRF-5V3 and IRF-5V4 also 

play a role in apoptosis and tumorigenicity, something that has been show as well for MuIRF-5 

(Coccia et al., 2004; Izaguirre et al., 2003). 

In addition to the initial four isoforms, 5 additional isoforms were identified. The variant 5 (IRF-

5V5) and variant 6 (RF-5V6) were found in peripheral blood mononuclear cells (PBMCs) from 

healthy donors and in immortalized B and T human cancer cell lines (Mancl et al., 2005). 

The variant 7 (IRF-5V7), variant 8 (IRF-5V8) and variant 9 (IRF-5V9) were detected only in human 

cancer cell lines. These last 3 IRF-5 variants have the potential to act as dominant negative 

mutants, disrupting the activity of native IRF-5 (Eames et al., 2016).  

In 2006, Graham et al identified and cloned IRF-5V10 and IRF-5V11, which are previously 

undiscovered isoforms of IRF-5 from the mRNA found in the peripheral blood of individuals with 

SLE that were heterozygous for the rs2004640 genetic variant (Graham et al., 2006c). This is a 

polymorphisms in the IRF-5 gene that is associated with susceptibility to SLE (Sigurdsson et al., 

2005). This haplotype allows the expression of multiple IRF-5 isoforms containing exon 1B, a 

specific genetic variation. The presence of IRF-5 exon 1B isoforms, increased IRF-5 expression, 

and the risk of developing SLE.  

Furthermore, an additional 14 IRF-5 transcript variants originating from exon 1A were also 

identified (Stone et al., 2013). These variants exhibit distinct expression patterns in both healthy 

individuals and patients with SLE. This underscores the intricate nature of IRF-5 expression and 

splicing and suggests the possibility of this gene serving as a biomarker for autoimmune diseases.  

In 2014, Lazzari et al.  found that after TLR7 stimulation distinct isoforms produced through 

alternative splicing are resistant to degradation. In this study, they demonstrated that the E3 
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ubiquitin ligase TRIpartite Motif 21 (TRIM21) acts as a suppressor of signaling pathways regulated 

by several members of the IRF family. TRIM21 control the function of these transcription factors 

by promoting ubiquitination-induced degradation. Analyzing the distinct IRF-5 variants reveals 

that alternative splicing isoforms are less prone to degradation mediated by TRIM21. This 

establishes a functional connection between the expression and activation of the isoforms with 

their stability. The lack of regulation of these isoforms could explain how IRF-5 promote a 

deregulated production of IFN-I and proinflammatory cytokines, which is essential in the 

development and pathogenesis of autoimmune diseases. (Lazzari et al., 2014). 

It is important to consider that the expression of IRF-5 isoforms can be context-dependent and 

the functional properties of each isoform may also depend on their interactions with other cellular 

factors, post-translational modifications, and cell type, immune stimuli, and disease conditions 

(Fu et al., 2017). 

 

Figure 1.3 Principal human IRF-5 isoforms 
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Scheme illustrating the transcripts of the major human IRF-5 isoforms (IRF-5V1-V11). The illustration shows the 

different promoter exons (indicated by boxes in light blue) that each isoform uses and the insertion/deletion patterns 

(indicated by boxes and line in light red), specially in exon 6, present in some of the isoforms that result from alternative 

splicing events. Created with BioRender.com 

 

1.2 Polymorphisms 

It has been reported that functional Single Nucleotide Polymorphisms (SNPs) within the human 

IRF-5 gene can result in amino acid changes within the protein sequence. These variations can 

potentially affect the structure and function of the IRF-5 protein, leading to differences in its 

transcriptional activity, protein-protein interactions, or subcellular localization, and ultimately 

influencing the downstream immune signaling pathways regulated by IRF-5 (Rueda et al., 2006). 

Certain IRF-5 polymorphisms have been associated with changes in the expression levels of IRF-

5. Particularly, some polymorphisms can determine the expression of specific IRF-5 isoforms that 

contain insertions and deletions in the structure of IRF-5, which is associated with an imbalance 

in the immune response and the risk of autoimmune diseases (Cunninghame Graham et al., 2007; 

Feng et al., 2010b; Graham et al., 2006b).  

The exact number of known IRF-5 polymorphisms may vary as new research discoveries continue 

to emerge. Some of the commonly studied IRF-5 polymorphisms have been associated with 

various autoimmune (Peng et al., 2021; Rueda et al., 2006; Sigurdsson et al., 2008). These 

polymorphisms contribute to the dysregulation of immune responses and increase the likelihood 

of developing inflammatory and autoimmune conditions. The specific functional mechanisms 

underlying disease susceptibility may involve altered gene expression, disrupted protein 

interactions, or aberrant immune signaling pathways (Han et al., 2009).  

One of the most studied IRF-5 polymorphisms is rs2004640, also called risk-associated T allele. 

The association of this IRF-5 polymorphism with inflammatory diseases and autoimmune 

diseases may vary among different populations and ethnic groups. (Bae et al., 2019; Kawasaki 

et al., 2008). (Devaraju et al., 2018; Rueda et al., 2006).  

Another well studied polymorphism is rs77571059; an insertion/deletion of a 5-base pair indel 

situated 64 base pairs upstream of the alternate exon 1A within the IRF-5 gene. This SNP has 

been linked to an increased susceptibility to SLE, inflammatory bowel diseases, multiple sclerosis, 

Sjögren’s syndrome and acute coronary syndrome  (Dideberg et al., 2007; Fan et al., 2010; 

Kristjansdottir et al., 2008; Sigurdsson et al., 2005).  
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Other studies have explored genetic links between IRF-5 polymorphisms and genes close to IRF-

5, such as Transportin-3 (TNPO3), that also contain lupus-associated variants (Kottyan et al., 

2015). The TNPO3 gene encodes for a nuclear import receptor involved in nucleocytoplasmic 

transport of proteins. TNPO3 protein is additionally implicated in HIV-1 infection, due to its 

interaction with the HIV-1 capsid protein (Diaz-Griffero, 2012).  

Kottyan et al. identified rs4728142, a variant linked to the IRF-5 promoter, enhances the binding 

of the transcription factor ZBTB3 and increase the expression of the IRF-5 gene (Kottyan et al., 

2015). 

 

1.3 Regulation of IRF-5 expression  

As previously discussed, IRF-5 expression levels depend on the type of isoform, the cell type, its 

regulation, and the presence of polymorphisms. 

One of the mechanisms that determines the expression level of some of the known variants of 

the IRF-5 transcript is polyadenylation. Some polymorphisms create functional polyadenylation 

sites that increase the expression of specific transcript variants. This type of polymorphism is a 

determining factor in the expression of the IRF-5 gene and its correlation with SLE (Cunninghame 

Graham et al., 2007). 

The functionality of the IRF-5 is determined by its activation state. Alteration of one of the essential 

events for activation of IRF-5 (phosphorylation, ubiquitination, dimerization) or impediment in its 

translocation to the cell nucleus, pairing with cofactors or binding to gene promoters negatively 

regulates the functioning of IRF-5. The functionality of IRF-5 is influenced by the specific type of 

dimerization and the proteins with which it forms these dimers. The formation of the IRF-5/IRF-7 

heterodimer does not have a cooperative effect; instead, it leads to a repression of IFNA gene 

transcription rather than enhancement. The interaction between IRF-5 and IRF-7 relies on the 

phosphorylation of IRF-7. These heterodimers are formed through the amino terminus, which 

masks the DNA binding domain. Consequently, this alteration affects the composition of the 

enhanceosome complex binding to IFNA promoters and modulates the expression of various 

IFNA subtypes. These findings suggest that IRF-5 can function both as an activator and a 

repressor of IFN gene expression, depending on its interaction partner (Barnes et al., 2003a). 

In general, the translocation of transcription factors to the nucleus is a crucial process for their 

proper functioning. The subcellular localization of IRF-5 is regulated through importins and 
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exportins that transport IRF-5 between the nucleus and cytoplasm. IRF-5 predominantly resides 

in the cytoplasm in its unstimulated state, primarily due to the influence of its functional nuclear 

export signal (NES). One particular export receptor, Chromosomal Maintenance 1 (CRM1), plays 

a significant role in this process. CRM1 interact with IRF-5 after dephosphorylation in the nucleus. 

CRM1 directly recognizes sequences containing NES and export IRF-5 to the cytoplasm (Lin et 

al., 2005).  Conversely, IRF-5 active form is transported into the nucleus with the aid of the carrier 

proteins karyopherin (KAP)-α1 and -β1. These proteins serve as transport receptors, functioning 

to escort cargo proteins into the nucleus. (Yeon et al., 2008). Mutations in NES affect the intricate 

transport system that ensures precise control over IRF-5 functionality and can result in the 

continuous presence of IRF-5 in the nucleus (Lin et al., 2005).  

Another way to regulate IRF-5 expression and function is through epigenetic mechanisms. Some 

studies have indicated that hypermethylation of promoter CpG island associated with inactivation 

of irf-5 gene expression (Dong et al., 2015; Shin et al., 2010).   Regulation of IRF-5 function is 

also controlled through an interaction with histone acetyltransferases (HAT) and histone 

deacetylases (HDACs). This interaction, with both HDACs and HATs, leads to changes in IRF-5 

ability to activate gene expression. Specifically, HDACs are shown to be required for the 

transactivation and transcription of certain gene promoters (ISRE, IFNA, and IL6), while not being 

necessary for others (TNF). HAT interacts with phosphorylated IRF-5, leading to IRF-5 acetylation 

and inhibiting the recruitment of IRF-5 to IFNA promoters. HATs also form a complex with the 

corepressor proteins SMRT (silencing mediator for retinoid or thyroid-hormone receptor) and 

Sin3a that associate with IRF-5 can block IFNA gene expression (Feng et al., 2010a).   

Moreover, the expression of IRF-5 can be post-transcriptionally modulated by microRNAs, which  

can inhibit translation of IRF-5 mRNA into protein and affecting the expression of different IRF-5 

target genes (Chang et al., 2021; Chen et al., 2017; Fang et al., 2021; Gong et al., 2018; Lin et 

al., 2022; Lv et al., 2021a; Tang et al., 2009; Wang et al., 2021c).  

1.4 IRF-5 function 

IRF-5 is primarily expressed in leukocytes, but it can be found in non-immune cells, such as 

fibroblasts, endothelial cells, and chondrocytes.  

In fibroblasts, IRF-5 serves as a tumor suppression. Indeed, Irf5-/- fibroblasts display resistance to 

apoptosis revealing its critical function in this process, particularly in response to DNA damage 

(Yanai et al., 2007). IRF-5 is a critical regulator of endothelial inflammation. In human endothelial 

cells, this transcription factor upregulates the expression of vascular cell adhesion molecule 1 
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(VCAM-1) via Janus kinase-signal transducer and activator of transcription (JAK-STAT) pathway 

during ischemia-reperfusion injury. This regulates the attachment of leukocytes to endothelial 

cells, contributing to the pathological process in IRI (Cai et al., 2017). IRF-5 also plays a significant 

role in the regulation of Matrix Metalloproteinase-3 (MMP-3) expression in chondrocytes, which 

are crucial cells in the context of osteoarthritis. MMP-3 is involved in the degradation of articular 

cartilage in OA. (Guo et al., 2018a).  

Nevertheless, IRF-5 is mostly known for its involvement in the regulation of immune and 

inflammatory genes. The disruption of IRF-5 function has been linked to the development of 

numerous autoimmune and inflammatory disorders, including systemic lupus erythematosus 

(SLE), rheumatoid arthritis, Sjögren's syndrome, and inflammatory bowel disease. Genetic 

variations in the IRF-5 gene have been associated with an increased risk of developing these 

conditions, highlighting the importance of IRF-5 in immune dysregulation (Dideberg et al., 2007; 

Dieguez-Gonzalez et al., 2008; Miceli-Richard et al., 2007).  

In leukocytes, IRF-5 is expressed at different levels and has different functions in each cell type, 

depending on the stimuli that induce its activation. IRF-5 is expressed more highly in monocytes 

and macrophages, less in dendritic cells and B cells, and it is found at very low levels in T cells 

and NK cells (Li et al., 2016a). The activation of IRF-5 involves different signal transduction 

pathways, including the TLR, RIG-I-like RNA helicase, Dectin-1, NOD2, NF-κB, JAK-STAT, Fas, 

TNF-related apoptosis-inducing ligand (TRAIL), and IFN-I-mediated signaling pathways. These 

pathways use different adapter proteins and kinases for the activation of IRF-5 (Figure 1.4) 

(Ryzhakov et al., 2015). 
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Figure 1.4  Activation of IRF-5 by different signal transduction pathways in leukocytes. 

IRF-5 is upregulated upon activation of several TLRs, such as TLR4, TLR5, TLR7, TLR8 and TLR9 in leukocytes. In 

APCs, IRF-5 is induced by Candida albicans. It is dependent on Dectin-1- and Dectin-2-mediated signaling to produce 

IFN-β. In addition, IRF-5 is strongly induced by type I IFN-mediated signaling. The binding of IFN-I to the receptor 

results in the activation of IRF-5. Cytosolic receptors such as RIG-I and NOD2 can also induce IRF-5. Alternatively, 

Fas stimulation activates IRF-5 in response to DNA damage. Created with BioRender.com. 
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1.4.1 The role IRF-5 in antigen presenting cells 

IRF-5 was characterized for the first time in DCs, where it was found to stimulate IFNA gene 

expression, even in the absence of IRF-7. Notably, IRF-5 displays a unique response pattern in 

that it promotes IFNA gene induction specifically in NDV-infected cells, with distinct expression 

profiles. Indeed, IRF-7 predominantly induces IFNA1, while IRF-5 primarily induces IFNA8 

(Barnes et al., 2001).  

However, the activation of inflammatory genes in infected cells by IRF-5 extends beyond just the 

type I interferon genes. IRF-5 can promote the expression of cytokines such as IL-6, TNF, and 

IL-12. (Krausgruber et al., 2010; Takaoka et al., 2005). In addition, IRF-5 can induce chemokines, 

such as RANTES (also known as CCL5), monocyte chemotactic protein 1 (MCP-1), macrophage 

inflammatory protein 1α (MIP-1α) and 1β (MIP-1β), interleukin-8 (IL-8), and CXC motif chemokine 

10 (CXCL10, also known as interferon γ-induced protein 10 kDa (IP-10)) (Barnes et al., 2002b). 

It has recently been demonstrated that IRF-5 plays a regulatory role in controlling a new specific 

set of genes in dendritic cells during virus infection. A study showed that there is a remarkable 

change towards genes from immune-related pathways, including the dendritic cells maturation, 

IL-1 mediation of RXR, and NFAT regulation of immune responses after West Nile virus (WNV) 

infection. These datasets uncover new binding motifs for IRF-5 beyond the well-established 

canonical IRF binding motif. They also shed light on gene loci that were previously unknown to 

be under the regulation of IRF-5. This research showed the unique and specific program of innate 

immunity and immune gene regulation orchestrated by IRF-5 (Chow et al., 2019).  

IRF-5 also modulates DCs’ maturation by cooperating with IRF-1, IRF-2, and NF-κB (p50, p65, 

and cRel) family members to regulate the expression of maturation-specific markers CD83. CD83 

is upregulated in fully mature DCs, and its regulation depends on chromatin rearrangement, 

transcriptional regulatory elements and molecular machinery, including activators and 

transcription factors and DNA binding sites for activators, called transcription factor binding sites. 

IRF-5, IRF-1, IRF-2 and NF-κB family members form a complex within these regions and have a 

synergistic effect in regulating human CD83 expression (Stein et al., 2013). 

IRF-5 is also known to be a specific marker of inflammatory monocytes and macrophages. It has 

been shown to promote the differentiation of monocytes into pro-inflammatory M1 macrophages 

(Krausgruber et al., 2011; Weiss et al., 2013) and to directly initiate the transcription of genes 

responsible for IL-12 subunit p40 (IL-12p40), IL-12 subunit p35 (IL-12p35), and IL-12 subunit p19 

(IL-12p19), while suppressing the gene for IL-10 (Krausgruber et al., 2011).  
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IRF-5 is also enhancing bacterial clearance in PRR-stimulated, M1-differentiated human 

macrophages. The pathway involves the activation of various mechanisms, including the 

induction of reactive oxygen species, nitric oxide synthase, and autophagy. These pathways are 

activated through IRF-5-dependent MAPK, NF-κB, and Akt2 signaling. Nevertheless, variations 

in the IRF-5 gene associated with immune-mediated disease risk can influence these 

antimicrobial pathways, and potentially affecting an individual's susceptibility to microbial-related 

diseases (Hedl et al., 2019).  

In mice, IRF-5 also regulates the mononuclear phagocytes system within the colon and serves 

as a pivotal factor in initiating intestinal inflammation. IRF-5 facilitates the differentiation of 

monocytes into CD11c+ macrophages with pro-inflammatory properties and regulates the 

generation of antimicrobial and inflammatory mediators by this cell population (Corbin et al., 

2020). These inflammatory CD11c+F4/80+ macrophages promote intestinal inflammation and 

control the progression of immunopathological response during Helicobacter hepaticus induced 

colitis, contributing to immunopathology by generating pro-inflammatory cytokines like IL-23, IL-

1β, and TNF. Pandey et al. showed that mice deficient in IRF-5 have less severe colitis but were 

less capable of effectively eliminating intestinal pathogens. This study identified that IRF-5 in 

macrophages was crucial for phagocytosis and for activating NFκB-dependent pathways involved 

in clearing intracellular bacteria. However, even though bacterial clearance pathways were 

reduced, mice with IRF-5 deficiency had lower inflammatory cytokine levels, which led to reduced 

intestinal permeability, bacterial translocation, and intestinal inflammation (Pandey et al., 2019). 

Interestingly, this CD11c+ macrophage phenotype induced by IRF-5 is not specific for 

inflammatory diseases in the intestine. These macrophages are also involved in atherosclerotic 

plaque inflammation and carotid plaque rupture in humans and mice (Edsfeldt et al., 2022).  

In addition, IRF-5 expression in myeloid cells is crucial for inducing splenomegaly and recruiting 

myeloid cells to the spleen during chronic visceral leishmaniasis (VL) (Mai et al., 2019). During L. 

donovani infection, IRF-5 also induces IL-12 production and modulates HIF-1α expression in DCs. 

The expression of HIF-1α in CD11c+ cells promotes inflammation, affects CD8+ T cell responses, 

increases splenic parasite load and amplifies the disease (Hammami et al., 2017; Hammami et 

al., 2015; Paun et al., 2011). 

1.4.2 Signaling pathways in APCs 

Various pathways leading to IRF-5 activation have been identified in APCs. One of the most 

extensively studied mechanisms is the activation of IRF-5 through the TLR pathway. The study 
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by Takaoka et al. marked the pioneering observation that the presence of IRF-5 is indispensable 

for the TLR-driven initiation of genes associated with pro-inflammatory cytokines. IRF-5 activation 

is limited to TLRs that transmit signals through the MyD88, such as TLR4, TLR5, TLR7, and TLR9. 

This adaptor protein forms a complex that involves IRAK1, IRAK4 and TRAF6. The IRAKs activate 

TRAF6, which then mediated the ubiquitination of IRF-5. TRAF6 also activates the downstream 

kinase transforming growth factor β-activated kinase 1 (TAK1) and IκB kinase β (IKKβ). Finally, 

the kinase IRAK4, operating through TAK1 and IKKβ, triggers RF-5 phosphorylation for its 

activation (Takaoka et al., 2005).  The majority of TLRs that employ the Myd88-dependent 

pathway also activate NF-kB. This results in the phosphorylation of inhibitory IkB proteins, 

allowing NF-kB to enter the nucleus, where it collaborates with IRF-5 to induce the expression of 

proinflammatory genes (Moynagh, 2005). 

Furthermore, IRF-5 can promote TNF induction in CD11c+ DCs through TLR3, TLR4, and TLR9 

signaling pathways. On the other hand, IRF-5 is specifically required for TLR9-mediated type I 

IFN transcription in these cells, distinct from its role in TLR3 and TLR4 signaling (Paun et al., 

2008).   

Schoenemeyer and collaborators described for the first time that TLR7 was upstream of IRF-5. In 

this study, IRF-5 expression was dependent on MyD88, IRAK1 and TRAF6 following TLR7 

stimulation, in contrast to IRF3, which is regulated by TRIF in the TLR3 or TLR4 signaling pathway 

(Schoenemeyer et al., 2005). The importance of this pathway has been identified in the context 

of infectious diseases. For example, myeloid DCs (mDCs) in SARS-CoV-2-infected patients 

exhibited lower levels of the transcription factor IRF-5 at baseline. Furthermore, mDCs and pDCs 

from these patients tended to upregulate IRF-5 less than healthy individuals when stimulated with 

TLR7 agonists. DCs from SARS-CoV-2-infected patients produced lower IL-6 after ex vivo TLR7 

stimulation and the frequency mDCs positive for IRF-5 correlated with mDCs producing IL-6 and 

TNF (Cords et al., 2023).  

In human primary phagocytes, TLR8 can detect Staphylococcus aureus, activate IRF-5, and 

induce the production of IFN-β and IL-12. TLR8 activates IRF-5 through a signaling pathway 

involving TAK1 and IKKβ. However, TLR2 signaling can antagonize this pathway (Bergstrøm et 

al., 2015). In the case of TLR9, the induction of the expression of various genes associated with 

immune responses, including CXCL2 and IκBζ, is also contingent on IRF-5 (Negishi et al., 2005).  

Other proteins important for the activation of IRF-5 through endosomal TLRs are endolysosomal 

transporter SLC15A4 and TLR adapter that interacts with SLC15A4 in the lysosome. Heinz et al. 

recently reported that the interaction of TASL with SLC15A4 is crucial for TLR7, TLR8 and 
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particularly TLR9 signaling in the activation of the IRF-5 pathway. The discovery of a conserved 

functional pLxIS motif (where p denotes a hydrophilic residue and x denotes any residue) in TASL, 

which mediates the recruitment and activation of IRF-5, revealed its function as an essential 

innate immune adapter required to recruit and activate IRF-5 through TLR7-9. This discovery 

highlights a striking mechanistic similarity to IRF-3 and its three adaptors, STING, MAVS, and 

TRIF (Heinz et al., 2020).  

The IRF-5 activation by TLR pathway can be regulate through the inhibition of transcriptional 

modifications. For example, Lyn, a member of the Src family kinase can prevent the transcriptional 

modifications of IRF-5 induced by the TLR-MyD88 pathway (Ban et al., 2016). Moreover, IκB 

Kinase α (IKKα) can phosphorylate IRF-5, resulting in the formation of IRF-5 dimers, which 

typically indicate activation. However, this phosphorylation by IKKα actually inhibits IRF-5’s ability 

to activate the transcription of IFN-I and inflammatory cytokine. TLR-MyD88 pathway also induces 

the expression of alkaline phosphatase, which leads to IRF-5 de-phosphorylation, controlling the 

inflammatory response by decreasing IRF-5 activity (Balkhi et al., 2010). 

In addition, other members of the IRF family serve as a negative regulator of TLR-IRF-5 signaling.  

For instance, IRF-4 inhibits the IRF-5 activation through competition with IRF-5 for interaction with 

MyD88. (Negishi et al., 2005).  

Conversely, it has been shown that some proteins, such as the Nuclear RNA export factor 1 

(NXF1), act as a positive regulator of TLR7-IRF-5 signaling pathway. Initially, NXF1 was 

characterized as an RNA-binding protein responsible for transporting processed mRNA out of the 

nucleus, but NXF1 is also found in complexes with IRF-5, and their interactions are strengthened 

when TLR7 is activated. (Fu et al., 2017). RelA is another protein that amplifies the TLR-IRF-5 

signaling pathway. RelA facilitates the recruitment of IRF-5 to the promoter of inflammatory genes 

after stimulation of TLR4 with LPS (Saliba et al., 2014). 

Besides TLRs, other signal transduction pathways promoting IRF-5 activation in APCs include 

the Dectin-1, the NOD2, RIGI and MDA5, the protein tyrosine kinase 2-beta, and the Fas/FasL 

pathway. The Dectin-1 signaling leads to IRF-5 activation, which promotes IFN-β production in 

response to fungal infection caused by Candida albicans in DCs. The activation of IRF-5 by the 

C-type lectin receptor Dectin-1 depends on the participation of the tyrosine kinase Syk and the 

adapter protein Card9 (del Fresno et al., 2013). 

Cytosolic recognition of both bacteria and viruses through NOD2 also leads to IRF-5 activation. 

For example, Mycobacterium tuberculosis activates the NOD2 pathway, which leads to the 

expression of IFN-I via IRF-5 in a way that depends on the proteins RIP2 and TBK1 (Pandey et 
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al., 2009). Human macrophages, stimulation of NOD2 induces the activation of IRF-5 and its 

association with RIP2, IRAK1 and TRAF6. This interaction is essential for optimal Akt2 activation, 

resulting in elevated expression of glycolytic pathway genes, HIF1A, pro-inflammatory cytokines, 

and M1 polarization (Hedl et al., 2016).  

The interaction of RLRs (RIG-I and MDA5) with the mitochondria-associated adapter molecule 

MAVS also promotes the activation of IRF-5 through the kinases TBK1 and IKK-ε. Lazear et al. 

demonstrated that the activation of interferon-stimulated genes (ISGs) via MAVS can occur 

through a pathway dependent on IRF-5, even in the absence of IRF-3 and IRF-7 in mDCs during 

WNV infection (Lazear et al., 2013). 

Not long ago, protein tyrosine kinase 2-beta (PYK2) was reported to be a novel protein that plays 

a crucial role in macrophage-mediated IRF-5 activation and subsequent inflammatory reactions 

within the gastrointestinal tract. The study identifies PYK2 as a kinase responsible for activating 

IRF-5 and demonstrates that PYK2-deficient macrophages have reduced IRF-5 activation, 

leading to decreased expression of inflammatory genes. (Ryzhakov et al., 2021).  

Finally, Couzinet and collaborators showed that IRF-5 promotes apoptosis in the context of DNA 

damage and tumor suppression. They presented a specific function of IRF-5 that is dependent on 

the cell type and is related to apoptosis triggered by the death receptor Fas. The study 

demonstrated that DCs and hepatocytes from mice lacking the Irf-5 gene exhibit resistance to 

apoptosis upon exposure to a Fas-activating monoclonal antibody. (Couzinet et al., 2008).  

 

1.4.3 The role of IRF-5 in B cell 

The expression and function of IRF-5 was identified in B cells at the same time as it was identified 

in DCs. The first report showed that the activation of IRF-5 by a specific virus leads to the 

expression of different interferon alpha genes.  IRF-5, when activated by NDV, significantly 

increased the production of IFNβ in B cells (Barnes et al., 2004).  

In the subsequent years, IRF-5 was shown to be involved in B cell activation, proliferation, 

maturation, differentiation into distinct subsets, and antibody production. Indeed, the absence of 

IRF-5 impaired the normal generation of germinal center B cells and led to age-related 

splenomegaly, characterized by a disruption of the normal splenic microarchitecture and an 

accumulation of a specific B220− B cell subset with impaired functionality. The splenic B cells in 

Irf5−/− mice exhibited decreased plasma cell levels, antibody affinity maturation, and class switch 

recombination. Moreover, IRF-5 directly regulated the expression of Prdm1, the gene encoding 



 48 

for Blimp-1, a master regulator of plasma cell formation. Additionally, Irf-5−/− B cells displayed 

impaired production of IL-6 in response to TLR7 and TLR9 activation (Lien et al., 2010).  

In human, De et al. identified IRF-5 as an early regulator of B cell activation and demonstrated 

that IRF-5 expression is induced in B cells upon TLR9/BCR stimulation. IRF-5 induced activation, 

proliferation, and differentiation of B cells into specialized cells dedicated to secreting antibodies. 

They also found that targeted knockdown of IRF-5 resulted in a notable retention of 

immunoglobulin, reduced proliferation, impaired plasmablast differentiation, and diminished IgG 

secretion. These observed reductions were primarily attributed to impaired B cell activation and 

clonal expansion (De et al., 2017) 

Other studies confirmed the role of IRF-5 in the production of antibodies and the class switch 

recombination process. For example, Richez et al. found that lack of IRF-5 decreases the 

activation of B cells and the antibody production and rescues the FcγRIIB −/− and FcγRIIB −/− Yaa 

lupus model from disease. IRF-5 expression had the most pronounced impact on the isotypes 

associated with pathogenic autoantibodies (Richez et al., 2010).  

Savitsky et al.  demonstrated that IRF-5 controls the process of switching antibodies to IgG2a- 

and IgG2b, which contributes to lupus-like autoimmunity in mice (Savitsky et al., 2010).The 

findings of Fang et al. support the study of Savitsky et al. They found that IRF-5 regulates class 

switch recombination to IgG2a/c by modulating the expression of the transcription factor Ikaros 

that is essential for allelic exclusion at the Igk locus. Their results demonstrate that IRF-5 regulates 

IgG2a/c expression by reducing Ikaros expression (Fang et al., 2012). 

In addition, IRF-5 can induce the production of proinflammatory cytokines and chemokines and 

increase memory B cells. Thackray et al. showed that Irf5-deficient mice exhibited reduced levels 

of various proinflammatory cytokines and chemokines, a decrease in the number and activity of 

immune cells, impaired West Nile virus (WNV)-specific antibody responses, and a lower count of 

antigen-specific memory B cells and long-lived plasma cells (Thackray et al., 2014).  In B cells 

where IRF-5 was artificially introduced, viral infection triggered the expression of various 

chemokines, specifically CC chemokines like RANTES, MIP-1α and -β, MCP-1, I-309 (known for 

attracting monocytes and inhibiting apoptosis in thymic cells), and CXC chemokines such as IL-

8 (which activates neutrophils) and IP-10 (Barnes et al., 2002b).  

In both humans and mice, IRF-5 in B cells has been associated with autoimmune and 

inflammatory diseases. Guthridge et al. showed that the IRF-5 haplotype associated with lupus 

affects the B-cell receptor pathway (Guthridge et al., 2012). 
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In mice, the expression of the Irf-5 gene is sex-dependent. Indeed, estrogen has been 

demonstrated to enhance the expression of IRF-5 through ERα, affecting the expression and sub-

cellular distribution of the IRF-5 protein in splenic B cells in a sex-dependent manner. As a result, 

more IRF-5 protein was detected in the nucleus of female B cells than males. These observations 

could explain how IRF-5 contribute to gender differences in autoimmune disease development 

(Shen et al., 2010).  

Barnes and collaborators described for the first time the function of IRF-5 as a tumor suppressor 

in B cell lymphoma. They showed that IRF-5 is directly regulated by p53, but its impact on cell 

cycle regulation and promotion of apoptosis occurs independently of p53. IRF-5 inhibits the 

growth of B cell lymphoma both through G(2)-M cell cycle arrest and modification of genes 

associated with growth regulation and apoptosis, including p21, BAK, DAP kinase 2 and BAX 

(Barnes et al., 2003b; Mori et al., 2002).  

Additionally, IRF-5 functions as a pro-apoptotic transcription factor and induces inhibition of cell 

growth of B cells transformed with Epstein-Barr Virus (EBV). EBV transforms primary adult B cells 

into continuously growing lymphoblastoid cell lines. IRF-4 mediates this EBV transformation of 

primary B cells by negatively regulating IRF-5 transcription during EBV transformation (Xu et al., 

2011). 

 

1.4.4 The role of IRF-5 in T cell 

The literature on the function of IRF-5 in T cells is scarce. However, in recent years there has 

been a growing understanding of the involvement of IRF-5 in in different developmental and 

functional aspects of T cells, including the differentiation of T helper cells. IRF-5 can operate 

intrinsically within Th cells or through its ability to affect other cells such as APCs and B cells, 

which produce different cytokines that can induce pathways in naïve T cells resulting in 

modifications of critical gene products for Th cell differentiation. 

Ishikawa et al. published the first article that showed a direct effect of IRF-5 on T cell during virus 

infection. Human T cell leukemia virus type 1 (HTLV-1), which is the causative agent of adult T 

cell leukemia (ATL), induces the upregulation of IRF-5 in T cells. This infection leads to the 

continual transcription of IRF-5 into three different alternatively spliced isoforms (V1, V3, and V4). 

This splicing does not occur in uninfected T cell lines. IRF-5, when expressed in uninfected T 

cells, has a role in promoting the expression of cytokines from the tumor necrosis factor family. 
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However, In HTLV-1-infected T cells, the expression of IRF-5 mRNA is stimulated, particularly by 

the viral oncoprotein Tax, which activates the V3 promoter of IRF-5. This Tax-regulated isoform 

is involved in the development of ATL (Ishikawa et al., 2015). 

Paun et al. described the expression of IRF-5 in T cells for the first time in vivo. They showed that 

TLR7-mediated activation of IRF-5 during chronic L. donovani infection (Paun et al., 2011). In 

addition, IRF-5 plays a key role in the apoptotic signaling pathway triggered by death receptors 

(Hu et al., 2009). Fabié et al. reported an additional cell-intrinsic role for IRF-5 in CD4+ T cells. 

This study provided evidence that IRF-5 promotes cell death in IFN-γ+ CD4+ T cells during chronic 

L. donovani infection. Namely, IRF-5 activation is induced in IFN-γ+ CD4+ T cells by apoptotic 

material through TLR7 signalling, leading to the upregulation of factors involved in TRAIL-

mediated apoptosis, such as death receptor 5 (DR5) and caspase 8 (Fabié et al., 2018). 

IRF-5 was also shown to modulate T cell responses through its interactions with the TCR signaling 

pathway. Indeed, IRF-5 is essential for the efficient assembly and activation of signaling 

complexes triggered by the T cell receptor and for subsequent early downstream signaling events. 

IRF-5 can influence TCR signaling by modulating the expression of key molecules involved in T 

cell activation. For example, the formation of the SLP76, VAV1, and PLCγ1 complex upon T cell 

activation is diminished in CD4+ T cells lacking IRF-5. the activation of ZAP70, PLCγ1, and Lck 

as proximal TCR-initiated signaling pathways and the distal ERK, p38, and JNK signaling 

pathway, required for T cell activation and differentiation, are reduced in IRF-5−/−CD4+ T cells 

(Yan et al., 2020). The same study also revealed that IRF5-deficient CD4+ T cells exhibited a 

reduction in Th1 and Th17 cytokines (IFN-γ and IL-17) production in contrast to their IRF5-

competent counterparts. In contrast, the prevalence of IRF5-deficient CD4+ T cells expressing 

Th2 cytokines (IL-4 and IL-13) was elevated compared to IRF5-competent CD4+ T cells in vivo. 

As well, they demonstrated that IRF-5 in CD4+ T cells interacts with promoters that control the 

expression of cytokines associated with Th1 and Th17 immune responses, promoting T cell-

specific cytokine production in vitro (Yan et al., 2020). 

IRF-5 is also involved in lymphocyte trafficking. Indeed, virus-induced chemokines (RANTES, 

MCP-1, MIP-1α, MIP-1β, IL-8, I-309, and IP-10) in IRF-5-overexpressing cells have lymphocyte 

chemotactic activity and IRF-5 expressed on T cells directly affects their migration to lymph nodes 

(Yan et al., 2020). 

Finally, IRF-5 in T cells has also been associated with autoimmune diseases, suggesting a 

potential role in T cell-mediated pathogenesis. For example, Starskaia et al.  report 79 

differentially methylated regions in CD4+ T cells and 56 in CD8+ T cells in individuals with specific 
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autoantibodies for type 1 diabetes. Notably, they observed DNA methylation changes associated 

with the disease at a very early stage, which included differential methylation in the promoter 

region of IRF5 in CD4+ T cells (Starskaia et al., 2022).  

 

PART V: HUMAN IMMUNODEFICIENCY VIRUS (HIV) 

Awareness of HIV started gaining worldwide attention in the 1980s, primarily due to the 

identification of cases involving advanced and unexplained immunodeficiency. In the early stages 

of the epidemic, a notable occurrence was the increased incidence of opportunistic infections and 

rare cancers in homosexual men in urban centers. This marked the initial recognition of what later 

became known as AIDS. Subsequently, the identification of HIV as the causative agent for AIDS 

occurred in 1983 by two independent research groups. The virus was initially named 

Lymphadenopathy-Associated Virus (LAV) and later called Human T-Cell Lymphotropic Virus III 

(HTLV-III) (Barré-Sinoussi et al., 1983; Gallo et al., 1983). 

HIV infection is characterized by a persistent inflammatory state, which accelerates the 

progression to AIDS, especially in individuals who are not on combination ART. The human body 

cannot fully eliminate HIV, even with treatment. Consequently, it remains a lifelong infection, and 

to date there is no definitive cure for the disease (Mody et al., 2024).  

The global prevalence of HIV infection presents a major public health challenge worldwide. 

According to latest global and regional statistics on the status of the AIDS epidemic from The 

Joint United Nations Programme on HIV and AIDS (UNAIDS) and World Health organization 

(WHO), in 2022, around 39 million people globally were living with HIV, 1.3 million people became 

newly infected with HIV, 85.6 million people have become infected with HIV and 40.4 million 

people have died from AIDS-related illnesses since the start of the epidemic (UNAIDS, 2023).  

1.1 HIV BIOLOGY 

HIV belongs to the family Retroviridae, subfamily Orthoretrovirinae and the genus Lentivirus. Non-

human primate’s immunodeficiency viruses, known as simian immunodeficiency virus (SIV), are 

also categorized within the Lentivirus genus. The emergence of HIV is believed to have originated 

from non-human primates and then sporadically transmitted to humans; a process known as 

zoonosis (Sharp et al., 2011).  
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HIV is classified into two main types, HIV-1 and HIV-2, based on genetic characteristics and 

differences in viral antigens. Each of these types is further divided into various subtypes and 

circulating recombinant forms and unique recombinant forms (Faria et al., 2014). 

HIV has a relatively simple genome structure, which comprises a pair of identical single-stranded 

RNA molecules encapsulated within the viral core. The HIV genome with approximately 9.7 kb, 

encodes three structural proteins, two envelope proteins, three enzymes, and six accessory 

proteins that play crucial roles in the viral life cycle (Figure 1.5).  The group-specific antigen (gag) 

gene is responsible for encoding 3 structural proteins. The integral outer core membrane protein 

Matrix (MA, p17) contributes to the formation of the inner membrane layer. Capsid protein (CA, 

p24) forms the viral core, enclosing the genetic material. Nucleoprotein (NC, p7) is involved in the 

formation of the Nucleocapsid and binds to the viral RNA to form RNA complex, assisting in 

packaging into the virion. Budding protein (p6) is a small nucleic acid-stabilizing protein involved 

in virus particle release (van Heuvel et al., 2022).  

Adjacent to the gag gene is the polymerase (pol) gene, which codes for the HIV enzymes. The 

protease enzyme (PR, p11) is in charge of proteolytic cleavage of precursors and release of 

structural proteins and viral enzymes.  Reverse transcriptase (RT, p51) and RNase H (p15) or RT 

plus RNase H (together p66) transcribe HIV RNA into proviral DNA. Integrase (IN, p32) integrates 

proviral DNA into the host genome (Rhee et al., 2016).  

The pol gene is followed by the envelope gen (env) reading frame, which encodes for structural 

proteins, giving rise to two envelope glycoproteins, surface glycoprotein (SU, gp120), which binds 

to the CD4 receptor on the host cell surface to ensure its adhesion during virus entry, and 

transmembrane glycoprotein (TM, gp41), which facilitates the anchoring of gp120 and viral and 

cell membrane fusion. Then there are the HIV genes that encode several accessory or regulatory 

proteins, including viral infectivity factor (vif), viral protein R (vpr), viral protein U (vpu), trans-

activator of transcription (Tat), regulator of virion (Rev) and negative factor (nef). Additionally, HIV 

produces a Tat-Env-Rev fusion protein (tat/rev protein (tev), p26), which regulates the activity of 

Tat and Rev in nucleus (Vicenzi et al., 2013). 
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Figure 1.5  HIV virion particles and proteins 

Structure of a HIV virion particles. The fully formed enveloped virion exhibits a spherical configuration, encased within 

a lipid bilayer membrane derived from the host cell. This membrane comprises 7–35 envelope glycoprotein trimers. 

Inside this membrane, the inner layer anchors the MA proteins derived from Gag and also contains PR and accessory 

proteins. The capsid, situated at the virion's core, houses two copies of gRNA, RT, and IN. The integrity of the gRNA 

is maintained by the NC proteins. Created with BioRender.com. 

 

1.2 HIV life cycle 

Exposure to HIV occurs primarily via the mucosal route, and the establishment of infection 

depends on the expression of CD4 and the chemokine receptors CC-chemokine receptor 5 

(CCR5) or the CXC-chemokine receptor 4 (CXCR4) on the target cell (Figure 1.6). Initial infection 

involves complex interactions between HIV Env proteins and the CD4 receptor. The HIV surface 

glycoprotein gp120 binds to CD4 on the host cell, causing conformational changes in CD4, gp120, 

and subsequently gp41. This change exposes a site on gp120 for binding to the co-receptor CCR5 

or CXCR4, leading to fusion of the viral envelope with the cell membrane and formation of the 

fusion pore. In vivo, CCR5 and CXCR4 are the main receptors used by HIV, with CCR5 being the 

primary co-receptor for naturally transmitted virus (Xiao et al., 2021).  

Upon entry into the cytoplasm of the host cell, the HIV-1 capsid shields viral HIV RNA genome 

and core proteins, evading detection by intracellular sensors or restriction factors. Within the 

cytoplasm, HIV RT is activated to transcribe viral RNA genome into DNA. Following RNA 
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degradation, the resultant double-stranded HIV DNA integrates into the human host cell genome. 

This integration event concludes the HIV infection of the cell and solidifies the establishment of a 

persistent infection. The proviral genome has the capacity to replicate in tandem with and as an 

integral part of the host cell genome during cell division (Pan et al., 2013). 

Finally, the complete set of HIV proteins is transcribed and translated, and subsequently 

transported to the plasma membrane. At the membrane, the virus assembles and exits the cell, 

completing its maturation process and facilitating the spread of infection (Monje-Galvan et al., 

2020).  

 

Figure 1.6  HIV replication cycle 

HIV gains entry into its target cells by first interacting with the CD4 receptor and either CCR5 or CXCR4 via the envelope 

(Env) glycoprotein (step 1). HIV fuses with the surface of the host cell and the protective shell of the capsid is ruptured, 

allowing the genetic material and proteins of the virus to enter the cell (step 2). Following fusion and uncoating, the viral 

RNA is reverse transcribed into DNA (step 3). The resulting pre-integration complex is transported into the nucleus, 

where the viral DNA integrates into the host genome (step 4). Host enzymes facilitate the transcription of HIV DNA into 

viral mRNAs (step 5), which are then exported to the cytoplasm for translation (step 6). This translation process 

produces viral proteins, leading to the assembly of immature (non-infectious) virions (step 7). At the culmination of the 

HIV life cycle, known as budding, immature HIV particles emerge from the host cell. These immature viruses lack the 

ability to infect other cells (step 8).  Upon leaving the host cell, the newly formed HIV releases the protease enzyme, 
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which cleaves the long protein chains of the immature virus, transforming it into a mature, infectious form (step 9). 

Created with BioRender.com. 

 

1.3 HIV infection progression 

HIV infection progresses in stages, with the initial stage being acute HIV infection, followed by the 

chronic stage. Without proper medical care and treatment, HIV can eventually lead to AIDS, which 

is the most severe stage of HIV infection (Figure 1.7). Acute HIV infection (also known as primary 

HIV–infected (PHI) phase) typically presents with flu-like symptoms and is characterized by a 

high-titer viremia. Then the immune response primarily driven by CTLs and, to some extent, anti-

HIV antibodies, swiftly controls this initial viremia (Clarke et al., 2024).  

The subsequent phase of HIV infection is characterized as chronic HIV infection. In this phase, 

the virus persists in the body, viral RNA remains detectable in plasma, the virus replicates at 

minimal levels and there is active viral turnover, with significant virus production and shedding 

each day. Individuals with chronic HIV infection might not experience any HIV-related symptoms. 

However, a failure of immune control causes a significant decrease in the number of CD4+ T 

lymphocytes and a rapid increase in viral load. It is after this loss of immune control that the CD4+ 

T cell count drops below 300/µL, viral load increases to over 40 copies/mL and the clinical 

symptoms of AIDS manifest. AIDS is characterized by severe immune system suppression, 

leaving the body vulnerable to opportunistic infections and certain types of cancers. Without ART 

chronic HIV infection typically progresses to AIDS within 10 years or more, although the rate of 

progression can vary among individuals (Dessie et al., 2020).  

Although modern antiretroviral treatments are very effective in controlling HIV, they do not clear 

the infection, requiring lifelong adherence to maintain viral suppression and immune health. 

Achieving a true cure is challenging due to the genetic diversity of the virus and rapid mutation, 

which help it evade immune responses and adapt to treatments. Additionally, HIV can evade the 

immune system by downregulating viral antigens on infected cells, making it difficult for the 

immune system to detect and eliminate these cells. (Blassel et al., 2021).  
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Figure 1.7  Clinical course of HIV Infection 

There are three stages of HIV infection: Acute HIV infection, Chronic HIV Infection or asymptomatic, AIDS. Acute HIV 

infection marks the initial phase of HIV progression. HIV proliferates swiftly during this period, disseminating across the 

body and targeting CD4+ T cells. With heightened viral activity, blood HIV levels surge, amplifying transmission risk. In 

chronic HIV infection, also known as asymptomatic HIV infection or clinical latency, the virus persists in the body, albeit 

at minimal levels. Individuals may remain asymptomatic during this phase. Without ART, chronic HIV infection typically 

progresses to AIDS over a span of 10 years or more, although the timeline may vary among individuals (Maartens et 

al., 2014).  

 

Additionally, HIV has the ability to establish latent infections in long-lived cells, such as memory 

T cells. These latently infected cells, mostly transcriptionally inactive, harbor replication-

competent virus, resulting in a resurgence of infection when antiretroviral therapy is discontinued 

(Margolis, 2022).  

Most people living with HIV (PLWH) who receive effective ART experience a restoration of CD4+ 

T cell counts. This immune recovery is a key indicator of successful HIV treatment. However, 

some PLWH who, despite receiving ART, exhibit suboptimal immune recovery with CD4+ T-cell 

counts not rising to expected levels, can experience persistent immune dysfunction despite 

having suppressed viral loads. This group is called immunological non-responders (INRs) or 

discordant individuals (Rb-Silva et al., 2019).  
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The reasons for immunological non-response can be complex and can involve diverse factors. 

Ongoing immune activation and inflammation, even in the presence of viral suppression, that 

could impede CD4+ T cell recovery. Older age at the time of HIV diagnosis and a delayed initiation 

of antiretroviral treatment, especially in advanced stages of HIV infection, can affect the extent of 

immune recovery. In addition, concurrent infections, particularly chronic viral infections, can 

contribute to immune dysfunction and influence the response to ART. Viral reservoirs can still 

exist despite viral suppression, affecting immune restoration (Bono et al., 2022).  

Contrary to INRs, there are individuals who have endured HIV infection for an extended period 

without manifesting symptoms of the disease and without undergoing ART; these individuals are 

known as long-term non-progressors (LTNPs) or long-term survivors (LTS). LTNPs are 

asymptomatic for more than 10 years without antiviral therapy, maintain normal CD4+ T cell 

counts, demonstrate a low viral load (assessed by plasma viremia and infected PBMCs), and 

exhibit low immune activation and normal T regulatory function (De La Torre-Tarazona et al., 

2022). Within LTNPs, a subgroup has been recognized and labeled as elite controllers (EC). 

These individuals can naturally control the virus without ART, spanning a period of at least 2 years 

and in some cases exceeding 10 years, exhibit no detectable virus in the plasma despite 

remaining infected.  These individuals exemplify an optimal level of HIV control among long-term 

survivors and likely share similar immune resistance mechanisms with LTNPs, albeit with more 

pronounced and effective responses (Capa et al., 2022).  

 

The exact mechanisms underlying the maintenance of effective immunity and tissue integrity 

despite the presence of inflammation in HIV elite controllers are not fully understood, but appear 

to involve a combination of genetic, immunological, and virological factors. For instance, a primary 

determinant is mutations affecting the expression of the CCR5 gene, such as the 32-base pair 

deletion (CCR5-delta32 genotype) (Claireaux et al., 2022). Additional mutations within genes 

such as CCR2, CX3CR1, CXCL12 , CCL3L1 and CCL5 (RANTES) have been recognized and 

linked to either host resistance or susceptibility to HIV-1 infection and the progression of the 

disease (Reiche et al., 2007). One of the key host factors linked to effective viral control is the 

human leukocyte antigen (HLA) type. Consequently, individuals with the capacity to generate 

highly functional HIV-specific T cell responses, characterized by robust proliferative capacity and 

efficient targeting of favorable epitopes, exhibit elite control (Acevedo-Sáenz et al., 2015).  

While various viral and host factors contribute to elite control, immunological factor such as 

elevated functionality of HIV-specific CD8 T-cells, maintenance of memory and peripheral T-
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follicular helper CD4 T-cells, sustained HIV-1-specific B-cell responses, diminished levels of NK 

cell activation, and the preservation of plasmacytoid dendritic cells (pDC) characterize the 

immunological profile associated with optimal HIV control. Additionally, reduced disruption of 

intestinal integrity and dysbiosis of the gut microbiota and metabolism contribute to maintaining 

local immunity against HIV (Loucif et al., 2018).  

 

PART VI: IMMUNE RESPONSE TO HIV INFECTION 

Immune responses and their modulation at different stages of HIV-1 infection are dynamic and 

involve a complex interplay between various components of the innate and adaptive immune 

system.  Innate immune responses   

The innate responses are the initial line of defense, contributing significantly to the early control 

of virus replication during acute HIV infection. DCs are essential in the control of HIV infection, in 

that DCs recognize HIV RNA through TLR7 and TLR8 (Wang et al., 2007). This interaction 

triggers a surge of proinflammatory and antiviral cytokines and chemokines, including IFN-I, TNF, 

IL-6, CXCL10, CCL4, and CCL5 (Heil et al., 2004). However, DCs can contribute to viral 

dissemination and CD4+ T cells destruction. Infected DCs can transport the virus to lymphoid 

tissues and transmit it to CD4+ T cells (Pope et al., 1994).  

Monocytes and macrophages can also recognize HIV components through various TLRs present 

on their surfaces or within their cellular compartments (Kedzierska et al., 2002). This recognition 

triggers their activation, bringing them into a proinflammatory state and promoting functions 

important for HIV control, such as antigen presentation, T and B cell coactivation, cytokine 

production, phagocytosis, and chemotaxis. However, in the later stages of HIV infection, the 

functionality of these cells is compromised, and they also act as viral reservoirs, contributing to 

the chronic nature of the infection (Wacleche et al., 2018) 

Similar to mononuclear phagocytes, NK cells can directly recognize and eliminate HIV-infected 

cells through cytotoxic mechanisms, inducing apoptosis or recognizing antibody-coated HIV-

infected cells through their Fc receptors, promoting the destruction of these cells through 

antibody-dependent cell-mediated cytotoxicity (ADCC) (Bernard et al., 2022). Numerous studies 

indicate that HIV-1 significantly alters the balance of NK cell populations and impairs their ability 

to function effectively against the virus. Elevated chronic HIV-1 viremia often leads to a 
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dysfunctional redistribution of NK cell subsets, characterized by an increase in anergic 

CD56/CD16 NK cells (Mavilio et al., 2005) 

. 

 

1.1 IFN-I role in HIV immunity 

IFNs occupy a central place in the antiviral defense mechanism. They play a key role in inducing 

antiviral proteins, regulating signaling events, facilitating the maturation of DCs and activating 

macrophages, NK cells, B cells and T cells to mount an effective immune response (Stacey et al., 

2009). In particular, IFN-I triggers a signaling cascade that prompts adjacent cells to enter an 

antiviral state. This state involves the upregulation of various antiviral proteins and the inhibition 

of viral replication. For example, some important antiviral proteins that interferes with HIV infection 

are listed in Table 1.5 (Schoggins et al., 2011).  

 

 

Table 1.6  Antiviral proteins that interferes with HIV infection 

ISG gen Funtion Mechanism 

ISG20 Inhibition of viral 

replication 

Degradation of Viral RNA by 3'-5' exonuclease activity 

ISG15 Inhibition of release of 

newly formed HIV-1 

virions 

Inhibition of assembly and budding of new HIV virions by 

Interfering with HIV Gag protein 

OAS1 Inhibition of viral 

replication 

Activation of the latent ribonuclease, RNase L, which in 

turn degrades viral RNA, inhibiting viral replication 

ADAR Inhibition of viral 

replication 

Modification of HIV-1 envelope glycoproteins RNA 

sequence by RNA editing enzyme activity in 

macrophages but not in T cells 

APOBEC3G/3F Inhibition of viral 

replication 

Production of mutations in the minus strand DNA during 

reverse transcription to prevent proviral integration in T 

cells. 
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Tetherin, or CD317 or 

BST2 

Inhibition of release of 

newly formed HIV-1 

virions 

Prevention of virion release by forming a physical bridge 

between budding virions and the host cell membrane 

IFITM1/2/3 Inhibition of HIV-1 entry IFITMs to inhibit cell-to-cell infection by antagonizing the 

HIV-1 envelope glycoprotein (Env) 

MOV10 Inhibition of viral 

replication 

Reduction of virus production by inhibition of proteolytic 

processing of HIV-1 Gag, and reverse transcription 

MX2 (MxB) Inhibition of viral 

replication 

Restriction of HIV-1 nuclear import by binding to the core 

and inhibits the uncoating process. Inhibition of HIV-1 

DNA integration by destabilizing HIV-1 nuclear DNA. 

TRIM5 Inhibition of viral 

replication 

Restriction of HIV-1 infection by binding the viral capsid, 

blocking HIV-1 disclosure, and inducing viral RNA 

degradation 

SUN2 (UNC84B) Inhibition of viral 

replication 

Modification of nuclear envelope shape and viral 

infection HIV is blocked after reverse transcription at or 

before nuclear import 

GBP1,5 Inhibition of release of 

newly formed HIV-1 

virions 

Interference of viral envelope glycoprotein (Env) 

processing and incorporation into the virion 

 

Despite the efficiency of IFN-I and antiviral restriction factors in protecting cells from HIV infection, 

they cannot completely control the infection because the virus has developed various methods to 

evade the host's defense mechanisms. HIV-encoded proteins interfere with cellular pathways 

involved in IFN production or signaling. For instance, Vpu can inhibit the expression of IRF-3, and 

Vpx can inhibit IRF-5 function (Cheng et al., 2014; Doehle et al., 2012). Additionally, Vpu and Nef 

can interfere with JAK-STAT signaling pathway, critical for IFN responses, thereby dampening 

the cellular response to IFNs (Nguyen et al., 2018).   

Although IFN-I is a cytokine that plays a pivotal role in antiviral responses it can also contribute 

to immune system activation and tissue damage when chronically elevated (Harris et al., 2010). 

Sustained IFN-I signaling is increasingly recognized as a central mechanism driving persistent 

inflammation that is associated with impaired disease progression in chronic HIV infection (Klatt 

et al., 2013).  
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1.2 Adaptive immune responses   

A strong and effective adaptive immune response helps reduce viral load, which correlates with 

improved clinical outcomes and slows disease progression, reducing susceptibility to 

opportunistic infections and complications associated with advanced HIV disease (Brenna et al., 

2022; Koup et al., 1994). However, in most individuals the adaptive immune response in HIV 

infection is insufficient or delayed, meaning that by the time it develops, it is often too late to 

completely eradicate the infection. Only LTNP or EC individuals develop adaptive humoral and 

cellular responses, that control the infection (Fonseca et al., 2011).  

 

1.2.1 T cells during HIV infection 

The adaptive immune system relies heavily on T cell responses to eliminate infected cells. When 

activated, these T cells can effectively destroy target cells. Nevertheless, during the course of 

infection, the balance of various T cell populations is altered. This disruption not only affects the 

short-lived cells that are naturally part of the immune response, but also puts pressure on the 

maintenance of resting naive and memory T cell pools (Gordon et al., 2010).  

In HIV chronic infection, constant exposure to high levels of antigens causes T cells to enter a 

dysfunctional state known as exhaustion, which impairs their ability to function effectively 

(Fenwick et al., 2019). The hyperactivated or exhausted phenotype is often marked by increased 

expression of certain markers, like programmed cell death protein 1 (PD-1), cytotoxic T-

lymphocyte-associated protein 4 (CTLA-4), lymphocyte-activation gene 3 (LAG-3), T-cell 

immunoglobulin and mucin domain-containing protein 3 (TIM-3), killer cell lectin-like receptor 

subfamily G member 1 (KLRG1), T cell immunoreceptor with Ig and ITIM domains (TIGIT), among 

others (Wang et al., 2020). The presence of exhausted T cells is notably elevated within the gut-

associated lymphoid tissues (GALT), the primary location for viral replication, as compared with 

levels observed in the peripheral blood. In addition, these cells have a reduced proliferative 

capacity, altered cytokine production, and impaired effector functions (Rueda et al., 2012). 

 

Despite ART, a persistent chronic immune activation and inflammation linger throughout the 

disease. This ongoing immune activation, deemed an accelerant for non-AIDS-related 
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complications and a contributor to CD4+ T cell depletion, remains a challenge. The intricate 

mechanisms behind this excessive inflammation in HIV remain yet to be fully elucidated (Lv et al., 

2021b).  

 

1.2.1.1 CD8+ T cells during HIV infection 

CD8+ T-cells are pivotal in the cellular immune response, crucially contributing to the control and 

containment of HIV infection during acute infection. CD8+ CTLs detect infected cells by an MHC-

I-dependent mechanism, enabling them to eliminate infected cells by releasing cytotoxic 

molecules such as perforin and granzymes, or by interacting with cell surface death receptors. 

HIV-1-specific CTLs responses contribute to the daily killing of up to 30% of virus-infected cells 

(Goonetilleke et al., 2009). Additionally, CD8+ T cells release β-chemokines and antiviral factor 

that hinder viral processes, impede viral binding, and interfere with viral transcription (Morvan et 

al., 2021).  

It is important to note that the frequency and proportion of CD8+ T cells that are polyfunctional, 

producing and secreting cytokines such as IFN-γ, TNF, IL-2, in addition to killing target cells or 

having a non-cytotoxic function, are inversely proportional to viral load in the early stages of 

infection (Betts et al., 2006).   

Nevertheless, in most cases, the CD8+ T cell response falls short in maintaining long-term control 

of viremia. Indeed, persistent viremia contributes to the development of generalized CD8+ T cell 

dysfunction, characterized by a decline in proliferative and cytolytic capabilities (Eller et al., 2016).  

HIV induces altered CD8+ T cell function through different mechanisms. HIV rapid mutation rate 

enables evasion of CD8+ T-cell recognition, alongside down-regulation of MHC-I expression on 

infected cells. Additionally, HIV disrupts CD8+ T cell signaling by altering cytokine production and 

cellular receptor engagement. This disrupted TCR stimulation induces an anergic state in these 

cells. Moreover, HIV impacts CD4+ T cells and antigen-presenting cells, necessary for proper 

CD8+ T-cell maturation, ultimately reducing the number of effective CD8+ T cells available to 

combat the virus (Gulzar et al., 2004).  
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1.2.1.2 CD4+ T cells during HIV infection 

Virus-specific helper CD4+ T cell responses contribute to the maintenance and efficacy of robust 

immunity to HIV infection. In individuals controlling viral levels without antiviral therapies, 

persistent and robust HIV-specific CD4+ T cell responses are observed (Rosenberg et al., 1997).  

The production of cytokines by different types of Th cells plays a crucial role in the pathogenesis 

of HIV infection. In both the acute and chronic stages of the infection, serum concentrations of 

specific cytokines are found, including IFNs, IL-10, IL-4, TNF, IL-2, IL -6, IL-13 and IL-22 (Gorenec 

et al., 2016).  This cytokine storms profoundly affect T cell responses and lead to increased 

immune activation, potentially exacerbating CD4+ T cell depletion, influencing their function and 

proliferation, and contributing to the dysregulation of the immune system. It also affects the 

balance of T cell subsets and their cytokine production, leading to an unfavorable environment 

for controlling HIV replication (Muema et al., 2020).  

PLWH displaying lower immune activation show increased frequencies of CD4+ T cells producing 

IFN-γ or IL-17 and higher ratios of effector-to-regulatory cells (Chevalier et al., 2016). Particularly, 

HIV-1- p24-specific Th1 responses, marked by the production of IFN-γ, IL-2 and antiviral β-

chemokines, have an inverse correlation with viral load. Moreover, robust Th1 proliferative 

reactions to HIV-1 are evident when acutely infected individuals are treated with antiviral therapy 

(Ndongala et al., 2009).  IFN-γ is known to promote antiviral activity and Th1 cells assist in the 

development of immunological memory and help activate cytotoxic CD8+ T cells and APCs, to 

target and eliminate HIV-infected cells (Kubo et al., 2016). However, long-term overproduction of 

IFN-γ in HIV infection leads to inflammation and tissue damage (Cordeiro et al., 2022). In PLWH, 

the frequency of HIV-specific Th1 cells and IFN-γ production significantly declines after ART, but 

early treatment initiation is linked to better preservation of these cells (Chevalier et al., 2016). 

It is hypothesized that the loss of Th1 response and the continued progression of HIV infection to 

AIDS is due in part to the fact that HIV causes a shift from a Th1 to a Th2 immune response (Rook 

et al., 1993). HIV-1 envelope proteins, such as gp160 and gp120, reduce Th1-type responses 

(IFN-γ /IL-2) and favor dominant Th2-type responses characterized by extensive IL-4 production 

(Hu et al., 1994). The establishment of a type 2 dominant response favors virus replication and 

virus spread. In certain HIV-positive individuals with diminished CD4+ T cell counts, there is an 

observed prevalence of T cells generating type 2 cytokines, evident in both peripheral blood and 

skin (Romagnani et al., 1994).  
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Tfh cells play a fundamental role in the development of humoral responses against HIV. Within 

the follicles of secondary lymphoid organs, these cells assist cognate B cells by facilitating 

interactions through ligand-receptors and soluble factors essential for promoting germinal center 

(GC) expansion, guiding the maturation of B cells into antibody-secreting cells (ASCs), and 

promoting the creation of high-affinity antibodies, including broadly neutralizing antibodies 

(bNAbs) (Moysi et al., 2018). Nevertheless, in individuals with chronic HIV infection, compromised 

GC-Tfh cell function has been observed, leading to inadequate support for GC-B cells (Cubas et 

al., 2013).  

Tregs possess a dual role in HIV infection. While they can suppress anti-HIV specific responses, 

potentially hindering the immune system fight against the virus, they also have a beneficial 

function by mitigating the damaging effects of excessive immune activation preventing 

immunopathology (Jenabian et al., 2012).  

Th17 and Th22 exhibit overlapping functionalities in mucosal compartments, especially in GALT, 

where HIV primarily replicates, disrupting the mucosa and causing a decrease in CD4+ T cells 

within the gut, which alters the microbial balance and allows microbial products to enter the 

bloodstream, leading to dysbiosis. The frequencies of Th17 and Th22 cells in the intestine are 

positively correlated with intestinal CD4+ T cell ratios and inversely correlated with intestinal 

mucosal damage, as well as with plasma viral loads. Their decrease in the intestinal region is 

correlated with local mucosal immune dysfunction during persistent HIV infection (Ancuta et al., 

2010; Xu et al., 2014).  

In recent research a distinct subset of cytolytic CD4+ T cells has emerged, demonstrating 

substantial killing capacity similar to that of HIV-specific CD8+ T cells. Their collaborative efforts 

play an important role in targeting and eliminating virus-infected cells (Johnson et al., 2015).   

Finally, one of the most important subtypes of T cells in adaptive immunity are the memory T 

lymphocytes. The memory CD4+ T cell subset is preferentially infected by the virus, which causes 

selective functional defects and produces a great loss of this subset of CD4+ T cells. After the 

partial control of the infection, the virus replicates rapidly, spreads widely, and there is significant 

depletion of more than fifty percent of memory CD4+ T cells in various tissue compartments, 

indicating substantial and irreparable damage to the immune system (Gartner et al., 2020; 

Schnittman et al., 1990). CD4+ T cell depletion, especially in mucosal areas, occurs early in HIV 

infections and is not fully reversed by ART, especially if initiated during compromised T cell 

function. The virus targets and eliminates activated CCR5-expressing effector and memory CD4+ 

T cells in the intestinal lamina propria. This depletion is substantial regardless of infection 
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progression and predicts clinical outcomes. While early ART does not prevent initial mucosal 

CD4+ T cells depletion, it significantly aids in their recovery. However, complete restoration of 

these cells is slow, even with controlled virus and reduced inflammation (Le Hingrat et al., 2021). 

Indeed, after the subsequent increase in CD4+ T cells counts with ART, the restoration of antigen 

specific CD4+ T cells cell memory from vaccinations or prior infections did not occur (Thomas et 

al., 2020). Moreover, some individuals have an irreversible loss of CD4+ T cells skin tissue 

Resident Memory T (Trm) cells and face an increased risk of skin and mucosal cancers (Saluzzo 

et al., 2021).  

During HIV infection memory cells also show abnormal maturation and defective functions. In the 

majority of individuals, HIV-1-specific CD4+ T cells exhibit a bias toward an initial central memory 

phenotype. Furthermore, post-ART, these CD4+ T cells specific to HIV-1 demonstrate a 

prevalence of CD27+CD28- expression, which represents an uncommon phenotype and indicates 

an early intermediate stage of differentiation (Yue et al., 2004).  

Individuals who have the ability to maintain a good number of functional memory T lymphocytes, 

have a better prognosis in the development of the disease. For instance, EC individuals have a 

higher percentages of memory cells, especially with less differentiated phenotypes like central 

memory T (Tcm) cells, and lower percentages of cells with differentiated phenotypes like and 

effector memory (Tem) and terminally differentiated effector memory (TEMRA) cells (Meraviglia 

et al., 2019).  

1.2.1.3 CD4+ T cell and latent infection  

While CD4+ T cells, contribute to controlling HIV infection, they also play a role in perpetuating 

viral persistence. The different CD4+ T cell memory subsets also play unique roles in the 

establishment of latent infection. Each memory subsets exhibiting varying susceptibilities to HIV-

1 infection. This susceptibility is influenced by distinct cellular activation states, tissue localization, 

and coreceptor expression (Morcilla et al., 2021). HIV initially aims at a select group of rapidly 

dividing memory CD4+ T cells that showcase prominent surface expression of CCR5 (Gantner et 

al., 2023). Before treatment, during the acute infection, infected cells are more likely to exhibit 

characteristics of transitional memory (Ttm) cells and are abundant in subsets like Th17, 

peripheral Tfh, and regulatory T cells. They notably show increased markers of activation (CD25, 

HLA-DR, Ki67), immune checkpoint molecules (PD-1, LAG-3, TIGIT, Tim-3), as well as integrins 

α4β7 and α4β1 (Pardons et al., 2019). In individuals with chronic untreated HIV-1, long-lived 
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resting memory CD4+ T lymphocytes, such as Tcm, are the primary targets of latent infection 

(Brenchley et al., 2004). 

In PLWH on ART reservoir exhibit characteristics of Tem, Ttm and Tcm. These cells also 

expressed immune checkpoint molecules like PD-1, TIGIT, along with the integrin α4β1 (Pardons 

et al., 2019). In addition, CD4+ T cells expressing the chemokine receptor CCR6 have been 

identified as a reservoir for lingering HIV in gut tissues (Anderson et al., 2020). Tfh, Th1, Th17 

and Th22 were also reported to be an HIV reservoir even in the context of ART (Banga et al., 

2016; Sun et al., 2015; Wacleche et al., 2016).  

T cell survival and homeostatic proliferation are crucial mechanisms in maintaining immunological 

memory but they contribute significantly to the persistence of latently infected memory CD4+ T 

cells in PLWH (Cattin et al., 2022; Chomont et al., 2011). Even with long-term effective ART, the 

virus persists in cells, particularly in memory CD4 T cells, acting as an enduring reservoir of 

infectious virus that necessitates continuous lifelong treatment. To reduce the formation of new 

reservoirs and eliminate latent infected cells, HIV latency reversal agents (LRAs), such as histone 

deacetylase inhibitors and protein kinase C agonists, that alter epigenetic regulation or cell 

signaling pathways have been used to activate latent HIV to expose infected cells to the immune 

system or other antiretroviral drugs and ultimately target and eliminate the hidden virus (Lopes et 

al., 2021). However, to date, none have managed to reduce the viral reservoir or prolong viral 

remission after treatment cessation (Deeks et al., 2021).  

 

1.2.2 B cells during HIV infection 

Alongside the cellular immune reaction, the body promptly triggers the humoral immune response 

upon infection. This humoral response encompasses two major classes of antibodies in their 

action against HIV-1: first, neutralizing antibodies (NAbs) that hinder infection by binding to the 

envelope of free viruses; and second, non-NAbs that recognize the envelope either during virus 

entry or on the surface of infected cells (Overbaugh et al., 2012).  

Antibody responses against HIV are often ineffective. Indeed, most antibodies that bind Env do 

not function to neutralize the virus, due to the rapid ability of the virus to evade them (Wei et al., 

2003). Nevertheless, about 20–30% of HIV-1 infected individuals, can generate bNAbs. These 

antibodies have the unique ability to target specific and highly conserved neutralization-sensitive 

epitopes present on Env trimers (Hraber et al., 2014). These bNAbs can identify either protein-
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based epitopes or focus on glycan structures. Unlike most induced neutralizing antibodies, these 

bNAbs have the remarkable capability to neutralize a wide spectrum of HIV variants, regardless 

of their specific strains or variations (Binley et al., 2004).  

Several bNAbs discovered in untreated HIV-positive individuals target accessible regions such 

as the CD4 binding site and variable loops of the envelope protein. These discoveries are now 

being explored for various prevention, treatment, and potential cure approaches (Caskey et al., 

2019).  

 

1.3 Mechanisms of cell death in HIV 

The detrimental impact of HIV on the immune system derives from its infection and subsequent 

destruction of Th lymphocytes. Cell death can be induced by the virus or by cytotoxic molecules 

or it can be receptor-mediated (Figure 1.8). HIV can directly induce cell death of the host cell by 

different mechanisms. Some HIV strains induce fusion of cell membranes, resulting in the 

formation of multinucleated syncytia, which reduce the cell lifespan. Moreover, the continuous 

budding of the virion can compromise cell viability by causing disruption or increased permeability 

of the plasma membrane. In addition, HIV-infected CD4+T cells can be eliminated from the body 

by CTLs (Levy, 1993). 

Notably, over 95% of the dying cells are not actively infected but rather represent bystander cells. 

Some studies reveal that the demise of these "bystander" cells is linked to abortive HIV infection 

(Doitsh et al., 2010). Death of the infected CD4+ T cells also occurs through the LCD. The protein 

DRAM1, which is regulated by p53 in response to DNA damage, also plays a significant role in 

promoting Lysosome-dependent cell death in HIV1-infected T cells by connecting Lysosomal 

membrane permeabilization to membrane permeabilization (Laforge et al., 2013) .  

Pyroptosis further contributes to the loss of CD4+ T cells. Immune cells recognize viral 

components, such as HIV RNA or DNA, which activate inflammasomes and pyroptosis signaling 

pathways. It sets up a deleterious cycle in which dying CD4+ T cells emit inflammatory signals, 

which attracts more cells to undergo this process and promotes another type of RCD such as 

apoptosis (Lao et al., 2022). 

Apoptosis plays a very important role in HIV infection. HIV infections disrupt the balance of the 

entire immune system, possibly contributing to changes in homeostasis, partially through 

apoptosis. The levels of apoptosis observed in PLWH correlates with the stage of HIV disease 
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(Cummins et al., 2010a). Initial investigations demonstrated that HIV triggers premature apoptosis 

in immune cells within lymphoid organs, impacting various subsets such as B cells, CD4+ and 

CD8+ T cells, as well as dendritic cells (Meyaard et al., 1992). In models leading to AIDS, elevated 

levels of apoptosis were noted in CD4+ T cells, while enhanced CD8+ T cell apoptosis was 

observed in both pathogenic and non-pathogenic primate models (Davis et al., 1998). 

Interestingly, most cells undergoing apoptosis are uninfected during the asymptomatic phase of 

HIV infection. Apoptosis of uninfected bystander cells is primarily mediated through Fas/FasL 

interactions. Therefore, the depletion of CD4+ T cells during AIDS is thought to be inadequately 

explained by the death of cells directly infected with HIV (Dockrell et al., 1999; Finkel et al., 1995).  

HIV-1 infection can induce apoptosis through diverse mechanisms, involving complex interactions 

between the virus and host cells, as well as the activation of inflammatory and immune responses. 

Some HIV proteins have the ability to directly interact with mitochondria to regulate the process 

of apoptosis and MPT-driven RCD. For instance, HIV transactivator protein (Tat) causes rapid 

dissipation of the mitochondrial transmembrane potential and release of cytochrome c in 

mitochondria, as well as inhibiting substrate oxidation in mitochondria and cytochrome c oxidase 

(COX) activity (Lecoeur et al., 2012). 

Moreover, HIV can induce indirect apoptosis in uninfected T cells mediated by upregulation of 

FasL on antigen-presenting cells and T cells (Badley et al., 1996). HIV even induces bystander 

apoptosis through Env glycoprotein and immune activation (Garg et al., 2012). For instance, 

inappropriate signaling triggered by the binding of the HIV-1 envelope to CD4 can induce aberrant 

programmed cell death in CD4+ T cells. This is evidenced by the observed in vitro cytopathic 

effect of HIV-1, which is attributed to the induction of programmed cell death mediated by HIV 

Env protein. This is because the activation of CD4 molecules initiates BAX expression, leading to 

subsequent dissipation of the mitochondrial membrane potential, release of apoptogenic 

intermembrane proteins, such as AIF and cytochrome c, caspase activation, and nuclear 

chromatin condensation (Ferri et al., 2000).  

Inactive HIV virions and released HIV proteins in the extracellular environment can exert profound 

effects on uninfected cells. For example, the HIV protein gp120, soluble and membrane-bound, 

activate apoptotic pathways, including Fas-dependent (upregulation of Fas/FasL) and Fas-

independent (increased Bax, decreased Bcl-2) pathways, through cell receptors such as CD4, 

CXCR4, and CCR5 (Algeciras-Schimnich et al., 2002; Banda et al., 1992).  

The extracellular release of the HIV Nef and Vpu proteins also have been found to induce cell 

death in various blood cells through a mechanism that is independent of Fas signaling. The 
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myristylated N terminus of Nef is a significant contributor to its toxicity, as it can insert into the 

plasma membrane and trigger cell death in uninfected cells. The C terminus of Vpu cause 

membrane disruption and induce cell death (Azad, 2000). In addition, Vpu induces a caspase-

dependent partial cleavage of IRF3, blocking IFN-I responses and inducing apoptosis (Doehle et 

al., 2012).  

The HIV protein Tat also has demonstrated the ability to induce cell death in uninfected cells. HIV 

Tat has bystander toxicity properties, which involves the accumulation of Tat inside the cell and 

its release into the extracellular space after infection. Tat interacts with several surface receptors, 

facilitating cellular uptake by endocytosis. This interaction can result in chromatin remodeling and 

transcriptional regulation of gene expression in the nucleus, along with down-regulation of 

receptors, alterations in cytoskeleton organization and induction of apoptosis (Ajasin et al., 2020). 

Tat leads to apoptosis of Th cells by enhancing the expression of caspase 8 and FasL, via 

transactivation of the promoters through Egr. This mechanism ultimately leads to increased AICD. 

Tat can also enhance TRAIL expression on pDCs and monocytes, potentially promoting apoptosis 

in uninfected T cells (Bartz et al., 1999; Zhang et al., 2001).  

 

The demise of uninfected CD4+ T cells is influenced by the indirect harmful impacts of immune 

activation. Peripheral T cells from individuals with HIV infection exhibit elevated levels of 

activation-induced cell death (AICD). Cells undergoing apoptosis show an activated phenotype, 

marked by features such as HLA-DR positivity, CD38 expression, and carriage of CD45RO and 

Fas markers. In particular, in HIV-positive individuals, the subset of memory cells expressing 

CD45RO appear to be particularly susceptible to apoptosis (Gougeon et al., 1996). Actually, 

apoptosis significantly impacts the loss of memory cells during antigenic stimulation at the same 

time as CD4 ligation (Howie et al., 1994). AICD in uninfected cells is a natural, multi-step 

regulatory process that prepares a cell for death, ultimately limiting an activated immune 

response. Priming can be accomplished through repeated stimulation via CD3/TCR, exclusive 

stimulation through the CD4 receptor, or activation without co-stimulation. During HIV infection, 

excessive immune activation can induce apoptosis through the Fas/FasL pathway or through Fas-

independent pathways involving CD30 and other members of TNF/NGF receptor family, such as 

TRAIL receptors (TRAILR1-R4) (Katsikis et al., 1997; Katsikis et al., 1996).  
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Additionally, HIV proteins can directly regulate other types of RCD. For example, Tat is also 

implicated in the induction of ferroptosis and ADCD. When primary cells are exposed to the HIV-

1 Tat protein, it triggers the initiation of ferroptosis. (Xiao et al., 2022). Recent research has 

revealed instances of ferroptosis occurring in untreated HIV-1 infected CD4+ T cells and those 

experiencing HIV-associated neurocognitive disorders. Patients experiencing these conditions 

were observed to have irregularities or impairments in their mitochondrial function (Sfera et al., 

2022). 

 

Figure 1.8  Cell death pathways during primary HIV-1 infection 

Different types of cell death are the cause of the decrease in of CD4+ T cell during primary HIV-1 infection. Apoptosis, 

involving extrinsic and intrinsic pathways, is a critical mechanism leading to cell death during all phases of infection. 

Extrinsic apoptosis entails the engagement of death receptor members within the tumor necrosis factor receptor gene 

superfamily, such as Fas, TNFR1, and DR5 (TRAILR2). Activation of these receptors by death ligands prompts 

Caspase 8 activation. Additionally, extrinsic cell death pathways encompass activation-induced cell death (AICD) and 

the CTLs, which release perforin and granzymes. Intrinsic apoptosis involves Caspase 3 activation induced by HIV 

proteins and DNA. Additionally, ferroptosis represents another form of CD4+ T cell death instigated by an 

overabundance of iron-linked lipid peroxides within the cell. The excessive lipid peroxidation leads to the destruction of 
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cell membranes and ultimately to cell death. Furthermore, abortively infected CD4+ T cells undergo pyroptosis, an 

intensely inflammatory programmed cell death resulting from Caspase 1 activation. Created with BioRender.com. 

 

1.4 After ART 

Early administration of antiretroviral therapy to individuals with HIV has significantly slowed CD4+ 

T cells loss, disease advancement and mortality rates, particularly, by the reduction of viral 

replication and related induction of cell death. The decrease in persistent antigenic stimulation 

and the lack of cellular signals triggered by viral components help in preserving T lymphocytes 

from apoptosis. This preservation process aids in bolstering immunological revival among 

individuals undergoing ART treatment (Chavan et al., 1999).  

However, T cell susceptibility to cell death is not completely restored by ART. Alterations in 

apoptosis during antiretroviral therapy substantiate the association between disease progression 

and apoptosis (Cummins et al., 2010a). In PLWH under ART, the levels of CD4+ T cells displaying 

early apoptosis is elevated compared with uninfected individuals. Despite increased CD4+ T cell 

counts, there is no observed decline in early T cell apoptosis in the initial weeks of ART. 

Interestingly, there is no discernible difference in Fas expression on early apoptotic T cells. This 

suggests that the immediate expansion of CD4+ T cells during ART is likely not solely due to a 

diminished rate of early apoptosis among peripheral blood CD4+ T cells (Aries et al., 1998).  

After ART, CD4+ T cell death primarily occurs via Fas/FasL-mediated apoptosis, with pyroptosis 

resulting from abortive infections playing a lesser role. Apoptosis of CD4+ T cells continues to be 

observed among the memory subset (McCloskey et al., 1998; van Grevenynghe et al., 2008c). 

Additionally, apoptosis of uninfected CD4 T cells in tonsillar lymphoid tissue also exhibits a 

memory phenotype and remains predominantly Fas-mediated (Dyrhol-Riise et al., 2001). A 

significant distinction in the susceptibility to Fas-mediated apoptosis has been observed between 

PLWH-derived Tcm and Tem under ART compared with EC individuals or HIV- donors. 

Specifically, Tcm and Tem cells from PLWH under ART exhibit enhanced susceptibility to Fas-

mediated apoptosis. In contrast, memory cells from EC subjects exhibit enhanced resistance to 

Fas-mediated apoptosis and prolonged persistence after multiple rounds of T cell receptor 

triggering. The prolonged survival of Tcm and Tem in EC subjects results from the inactivation of 

the Forkhead box transcription factor O class 3a (Foxo3a) pathway (van Grevenynghe et al., 

2008b). 
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Despite the considerable decrease in various markers of immune activation with ART, residual 

immune activation persists at significantly higher levels compared to uninfected controls. One of 

the factors influencing the continuous immune activation is the microbial dysbiosis (French et al., 

2009).  

The alteration in gut microbiota is extensively documented in PLWH undergoing ART compared 

with their healthy counterparts. PLWH experience prolonged immune dysregulation and 

disturbances in microbial balance, contributing to persistent immune activation, inflammation, and 

cell death (Vadaq et al., 2023; Zhang et al., 2023). The mucosal lymphoid tissue harbors a high 

concentration of activated memory CD4+ T cells.  Within the population of gut memory CD4+ T 

cells, Th17 cells serves to uphold immune balance and safeguard the integrity of the gut mucosal 

epithelial barrier, shielding it from microbial infiltration. The severe reduction in gut memory CD4+ 

T cells and Th17 cells results in the breakdown of the gut mucosal immune system, leading to 

intestinal dysfunction. This includes compromised mucosal defense against luminal bacteria and 

deterioration of the integrity of the mucosal epithelial barrier (Bixler et al., 2013). Subsequently, 

numerous intestinal microbes and their by-products enter the bloodstream, triggering immune 

activation and an exaggerated inflammatory reaction (Dinh et al., 2015).  

This continuous inflammatory cycle further targets CD4+ T cells, making them susceptible to viral 

infection or apoptosis, thus accelerating their depletion. The loss of these cells significantly 

heightens vulnerability to opportunistic infections, cancers, and various associated health issues 

(Brenchley et al., 2006).  

Continuous apoptosis in individuals infected with HIV-1 and undergoing ART is linked to a less 

robust recovery of CD4 T lymphocytes, potentially hampering immune reconstitution (Hansjee et 

al., 2004). Ongoing accelerated CD4+ T cell apoptosis continues in individuals not responding to 

immune therapies, even among those achieving full viral suppression on ART (Pitrak et al., 2001). 

Susceptibility to apoptosis is associated with ongoing immune activation and immunosenescence 

or attributed to the negative impact of ART on lymphocyte survival via activation of intrinsic and 

extrinsic pathways (Molina-Pinelo et al., 2009; Negredo et al., 2004). In fact, INRs exhibited the 

most pronounced proliferation of peripheral T cells, reinforcing the direct association with 

heightened T cell activation and cell death (Anthony et al., 2003; Marchetti et al., 2006). INRs with 

very poor recovery of CD4+ T cell counts show elevated levels of activation markers 

(CD4+CD38+CD45RA−HLA-DR+CD95+), necrosis and overall apoptosis (intrinsic and extrinsic) in 

CD4+ T cells on day 1, surpassing the rates observed in corresponding concordant individuals 

that recover CD4+ T cell counts. Levels of CD4+ T-cell apoptosis show a higher correlation than 
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necrosis levels with the expression of different markers of activation, demonstrating a stronger 

link between continuous immune activation and apoptosis (Negredo et al., 2010).  

An altered gut microbiota can also impede the efficacy of ART and impact the immune 

reconstitution of patients. The loss of mucosal Th17 cells during HIV infection is another factor 

leading to microbial translocation, persistent immune activation, and disease progression. The 

absence of these cells is also linked to the inadequate recovery of CD4+ T cell counts following 

the initiation of ART. Chronic residual inflammation due to microbial translocation has been linked 

to suboptimal immune recovery during ART, even when HIV viral suppression is achieved 

(DaFonseca et al., 2015; Geng et al., 2020).  
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2  OBJECTIVES AND GENERAL HYPOTHESIS 

Chronic infections, such as HIV, can lead to persistent immune activation dysfunction, and 

exhaustion of CD4+ T cells. This dysfunction is characterized by impaired cytokine production, 

reduced proliferation, and increased susceptibility to cell death, contributing to the persistence of 

the infection (Virgin et al., 2009).  

The most striking features of HIV infection is the loss of CD4+ T cells. The deficiencies in T cells 

can be attributed to the specific reduction in the quantity and quality of memory cells. The virus 

selectively and effectively attacks HIV-specific CD4+ T cells and memory cells located within 

mucosal tissues (Meyaard et al., 1994). Altered T-cell homeostasis during HIV-1 infection is due 

to changes in the functional level of T cell memory, which is critical for T cell turnover and T cell 

depletion in HIV-1 infection (Margolick et al., 1997).   

Memory CD4+ T cells are affected during all phases of infection, even after receiving ART. During 

the initial phases of HIV infection, widespread infiltration of memory CD4+ T cells results in a 

notable depletion across multiple tissues, nearly half of the body's memory T cells can succumb, 

but virus-specific cells maintain the ability to develop memory (Johnson et al., 2005).   Then, as 

infection progresses, depletion increases in the memory cell population rather than in fully mature 

effector cells. The prevalence of cellular exhaustion and the decrease in memory potential 

increase the deterioration of the immune response (Angelosanto et al., 2012).    

The gradual reduction of peripheral blood CD4+ T cells is related to the elevated cell death and 

the relatively low rate of homeostatic proliferation or immune activation. The continuous cycle of 

CD4+ T cell activation and proliferation, which favors HIV replication, cannot fully explain the rate 

of CD4+ T cell death observed in chronic HIV infection (Yates et al., 2007). That is why it is unlikely 

that the decline in memory CD4+ T cells in HIV-1 infection is due solely to the direct damaging 

effects of the virus or the elimination of infected cells by CTLs and is rather an increased 

susceptibility to cell death in uninfected cells (Esser et al., 2001).  

PLWH continue to show low levels of chronic inflammation and their CD4+ T cells remain 

susceptible to cell death even after the introduction of effective ART and complete suppression 

of plasma HIV RNA levels (Dyrhol-Riise et al., 2001; van Grevenynghe et al., 2008b). 

In the search for important molecules and pathways that are involved in the maintenance of CD4+ 

T cell responses during chronic infections, our laboratory has reported that the upregulation of 

the transcription factor IRF-5 hindered the survival of IFN-ɣ+ CD4+ T cells during the chronic stage 
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of experimental visceral leishmaniasis. Indeed, activation of IRF-5 via TLR7 by inflammatory 

tissue damage-derived apoptotic cell material induced the expression of caspase 8 and DR5, and 

ultimately led IFN-ɣ+ CD4+ T  cells to cell death (Fabié et al., 2018). These findings suggested 

that cell death of effector CD4+ T cells was not promoted by the parasite, but was provoked by 

the inflammatory environment and the consequent  tissue damage. Because tissue disruption and 

the release of DAMPs are common characteristics of persistent infections, we were wondering 

whether IRF-5 was involved in cell death during HIV infection. 

Similarly to VL, HIV-1 infection is characterized by a significant loss of CD4+ T cells, an 

exacerbated inflammatory milieu, tissue damage, and increased TLR7 expression on CD4+ T 

cells. This led us to hypothesize that IRF-5 may contribute to altered memory CD4+ T cell 

homeostasis during HIV-1 infection and that TLR7 could be upstream of IRF-5. 

Hence, the main objective of this work was to elucidate the role of IRF-5 in CD4+ T cell 

maintenance in the context of HIV infection and identify potential IRF-5 signalling partners 

involved in the induction of cell death. 

To this end, the project was structured into the following three specific aims:  

 

1) To determine whether IRF-5 is expressed and is active in human CD4+ T cells. 

To date, it is not known whether IRF-5 is expressed in human CD4+ T cells. To analyze IRF-5 

expression and activation in various T cell subpopulations, Peripheral blood mononuclear cells 

(PBMCs) and CD4+ T cell isolated from PLWH and HIVfree donors were be used for analysis ex 

vivo of IRF-5 expression and activation in naive population, central memory and effector memory 

populations by flow cytometry and ImageStream. 

2) To identify IRF-5 signaling partners. 

We first investigated IRF-5 upstream signaling partners in memory CD4+ T cells. Various 

candidates that have been reported to induce IRF-5 expression in other cell types were 

considered: e.g., TLR7, type I IFN receptor, cytosolic receptors (RIG-I), and TCR signaling (Fabié 

et al., 2018; Lazear et al., 2013; Yan et al., 2020). Since we had previously shown that TLR7 was 

upstream of IRF-5 on CD4+ T cells and during chronic murine L. donovani infection (Fabié et al., 

2018), we hypothesized that this endosomal receptor could induce IRF-5 expression during HIV 

infection. To determine this, we first analyzed whether TLR7 is differentially expressed in CD4+ T 

cells from PLWH. To this end, the gene expression of this receptor was analyzed by qPCR. In 
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addition, To confirm the signaling pathway upstream of IRF-5 activation, purified CD4+ T cells 

were treated in vitro with Imiquimod (TLR7 agonist), anti-CD3/anti-CD28 (TCR-stimulation), 

IFNα/β, RIG-I agonist, and/or apoptotic cell material. ImageStream was used to determinate the 

activation status of IRF-5. 

To determine the downstream IRF-5 signaling partners, the expression of DR5, FAS, TNFR1, and 

annexin V /caspase-3 (cell death) were analyzed by flow cytometry in various CD4+ T cells 

subpopulations, and the expression of CASP8 and cell-cycle regulators were assessed by qPCR. 

If TLR7 is upstream of IRF-5, we also investigated possible pathways that lead to the upregulation 

of TLR7 in CD4+ T cells. We initially tested TCR simulation, DAMPs sensing, and IFN-I exposure, 

three stimuli that are typically present during infections. 

 

3) To investigate whether IRF-5–induced cell death could be blocked.  

Finally, if our hypothesis is correct and IRF-5 promotes cell death in the memory CD4+ T cell 

compartment, we sought to block IRF-5 activation to limit cell death. To do this, we tested cell-

permeable IRF-5 inhibitory peptides (IRF-5-CPPs) that were recently published by Banga et al.  

(Banga et al., 2020), alone or in combination. Levels of apoptosis and cell death were determined 

using Zombie Aqua Fixable Viability Kit, detection of caspase 3, and annexin V by flow cytometry. 

The results of this study are detailed in Chapter 3. 
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3.1 Abstract 

HIV-1 infection is characterized by a strong inflammatory environment, tissue disruption, and a 

progressive decline in CD4+ T cell count. Despite treatment with antiretroviral therapy (ART), the 

majority of persons living with HIV (PLWH) maintain residual levels of inflammation, low degree 

of immune activation, and higher sensitivity to cell death in their memory CD4+ T-cell 

compartment. To date, the mechanisms responsible for this high sensitivity remain elusive. We 

have identified the transcription factor IRF-5 to be involved in impairing the maintenance of murine 

CD4+ T cells in a chronic inflammatory environment. Here, we investigate whether IRF-5 also 

contributes to memory CD4+ T cell loss during HIV-1 infection. 

We show that TLR7 and IRF-5 were upregulated in memory CD4+ T cells from PLWH, when 

compared with naturally protected elite controllers and HIVfree participants. TLR7 was upstream 

of IRF-5, promoting Caspase 8 expression in CD4+ T cells from ART HIV-1+ but not from HIVfree 

participants. Moreover, IRF-5 and TLR7 expression inversely correlated with CD4+ T cell counts 

in primary HIV infection. Interestingly, the TLR7-IRF-5 axis acted synergistically with the Fas/FasL 

pathway, suggesting that TLR7 and IRF-5 expression in ART HIV-1+ memory CD4+ T cells 

represents an imprint that predisposes cells to Fas-mediated apoptosis. This predisposition could 

be blocked using IRF-5 inhibitory peptides. Thus, we propose IRF-5 blockade as a possible 

therapy to prevent memory CD4+ T cell loss in PLWH. 

Keywords: AIDS/HIV, Immunology, Apoptosis, T cells 
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3.2 Introduction 

Infections with the Human Immunodeficiency Virus type 1 (HIV-1) remains a major public health 

issue. Unlike a number of other viruses, the human body cannot clear HIV, even with ART, making 

it a life-long infection (Chun et al., 1997; Finzi et al., 1997; Wong et al., 1997). 

One of the hallmarks of HIV infection is the progressive loss of CD4+ T cells, which affects both 

infected and bystander cells. CD4+ T cell death occurs via several mechanisms, including direct 

viral cytopathogenicity, killing by CD8+ cytotoxic T lymphocytes, and pyroptosis in infected CD4+ 

T cells, or apoptosis in uninfected bystander cells, with the latter being largely Fas/FasL-mediated 

(Badley et al., 1998; Doitsh et al., 2014; Katsikis et al., 1995; Massanella et al., 2013; Monroe et 

al., 2014). Maintenance of a critical count of CD4+ T cells is essential to prevent secondary 

opportunistic infections. ART efficiently controls viral replication and the majority of  PLWH  are 

able to restore CD4+ T cell count with therapy. Nevertheless, it is still unclear why CD4+ T cell 

homeostasis is not fully normalized in PLWH on ART. More importantly, memory CD4+ T cells in 

those PLWH are more prone to Fas-mediated apoptosis (Dyrhol-Riise et al., 2001; van 

Grevenynghe et al., 2008b). The mechanisms leading to this heightened sensitivity are only 

partially known and involve the proapoptotic activity of the transcription factor Foxo3a (van 

Grevenynghe et al., 2008b). Although viral replication is under control, residual levels of immune 

activation and inflammation persist in infected individuals on ART(Finzi et al., 1999; Wada et al., 

2015).  

In the search for molecules and pathways involved in the maintenance of CD4+ T cells in chronic 

inflammatory environments, we have recently identified the transcription factor interferon 

regulatory factor 5 (IRF-5) as a detrimental player in the survival of CD4+ T cells during chronic 

visceral leishmaniasis (Fabié et al., 2018). IRF-5 is a member of the interferon regulatory factor 

(IRF) family, a group of transcription factors with diverse roles, including transcriptional activation 

of interferons, and modulation of cell growth, differentiation, apoptosis, and immune system 

activity (Honda et al., 2006b; Tamura et al., 2008). In recent years, IRF-5 has gained much 

attention for its role in regulating inflammatory responses in immunological diseases. IRF-5 is 

constitutively expressed in antigen presenting cells, where it is involved in the activation of 

inflammatory cytokines and type I interferon (IFN-I) production (Barnes et al., 2001; Barnes et al., 

2004; Honda et al., 2006b; Takaoka et al., 2005) and has been identified as a marker for M1 

macrophage polarization (Krausgruber et al., 2011). Moreover, IRF-5 acts as a tumor suppressor 

(Hu et al., 2005) and is critical for the induction of apoptosis in response to DNA damage in tumor 

cells (Bi et al., 2014a). IRF-5 also mediates apoptosis by modulation of proapoptotic genes 
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including DR5, Fas, Caspase 8, DAP kinase 2, Bak, and Bax. (Hu et al., 2009). In B cells, IRF-5 

induces activation, proliferation, and plasmablast differentiation (De et al., 2017) and is required 

for antibody production and class switching (Fang et al., 2012). However, while IRF-5 appears to 

be required for the optimal assembly of the TCR-initiated signaling complex (Yan et al., 2020), its 

role in T cells is not yet completely understood 

We have also shown that IRF-5 was increasingly expressed during chronic Leishmania donovani 

infection in mice and could be activated via TLR7 expressed in T cells. Interestingly, IFNƴ+ CD4+ 

T cells were capable of sensing tissue damage-derived apoptotic cell material via TLR7; activation 

via TLR7 by apoptotic cell material induced DR5 (or TRAILR2) expression and ultimately led to 

cell death (Fabié et al., 2018).  These findings suggest that sensing of damage-associated 

molecular patterns (DAMPs) released following tissue damage in a chronic inflammatory 

environment and the concomitant TLR7 upregulation by CD4 T cells can promote cell death. As 

HIV-1 infection is characterized by a strong inflammatory environment, tissue disruption, 

upregulation of TLR7 in CD4+ T cells, and a progressive decline in their function (Dominguez-

Villar et al., 2015; McCune, 2001a; Moir et al., 2011; Schacker et al., 2002), we were wondering 

whether the TLR7-IRF5 pathway was involved in impairing human memory CD4+ T cell 

homeostasis during HIV-1 infection.  

Herein, we showed that IRF-5 displayed higher levels of expression and activation and TLR7 was 

upregulated in CD4+ T cells from PLWH when compared with elite controllers (EC) and HIVfree 

participants. Moreover, triggering of TLR7 promoted IRF-5 expression, which in turn induced 

Caspase 8 expression in CD4+ T cells from ART HIV-1+ but not from HIVfree individuals, sensitizing 

these cells to Fas-mediated apoptosis. This cell death pathway could be blocked with cell 

penetrating, IRF-5 blocking peptides. Hence, we propose that heightened expression of TLR7 

and IRF-5 in memory CD4+ T cells from PLWH on ART represents an imprint that affects memory 

CD4+ T cell homeostasis.  

3.3 Materials and Methods 

3.3.1 Study population 

Participants were selected from the Montreal Primary HIV infection study that received approval 

from the McGill University Health Centre Ethical Review Board and at each study sites (ethic 

reference number SL-00.069), Montreal QC,  Canada and were middle-aged subjects (range: 27–

56 years old). Age-matched uninfected participants were selected as a negative control for HIV-
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1 infection from the Investigating IRF-5 signaling pathway in CD4+ T cell study (ethic reference 

number CER-21-599) that received approval from Ethics Committee for Research of Institut 

national de la recherche scientifique (INRS) Laval, QC, Canada. All subjects provided informed 

and written consent for participation. PLWH included in the study were homogeneously selected 

and displayed similar clinical and virological data. PHI participants, whose viral acquisition was 

estimated to have occurred less than four months prior to sample collection, displayed viral loads 

ranging from 3.08 x103 to 513.54 x103 copies/ml. PLWH on ART  displayed both viral suppression 

(viral loads < 40 copies/ml) and CD4+ T cell recovery (> 400 cells/μl in blood post-treatment) for 

at least 5 years. EC participants were selected displaying a long-term viral control (undetectable 

viral loads < 40 copies/ml) without treatment for more than 5 years, and did not have protective 

gene polymorphisms such as CCR5 Δ32 and B57/B27 haplotypes, with CD4+ T cell counts over 

400 cells/μl in their blood. Demographic and clincal characteristics of each study group are 

summarized in Table 3.1.  

Table 3.1  Characteristics and clinical data of all HIV-1+ and HIV
free

 individuals 

Characteristics HIV free PHI ART HIV-1+ EC 

N 17 10 17 9 

Sex F/M 7/17 1/9 7/17 1/8 

Age (years) * 35 (28-55) 33 (28-53) 42 (29-56) 35 (27–51) 

Time of 

infection* 
N/A 63 (32-119) days > 3 years > 3 years 

CD4 count, 

cells/ μl* 
1028 (1288-757) 585 (420-1000) 583 (450-820) 753 (635-753) 

Viral load 

(copies/ml) * 
N/A 

40.57x103 

(3.08-513.54 x103) 

<40 <40 

 



 83 

3.3.2 Cell culture reagents 

Cells were cultured in RPMI 1640 media (Gibco; Invitrogen) supplemented with 3.2 % L-

Glutamine (Cellgro), 10 ml of 2-Mercaptoethanol 55mM (Gibco), 50% Sodium Pyruvate 100mM 

(Gibco) 10% penicillin/streptomycin (Gibco, Invitrogen) and 10% fetal bovine serum (Wisent). The 

antiviral Azidothymidine (AZT Sigma Aldrich; 10µM) was added to all cultures from HIV-1+ 

individuals to prevent viral replication and de novo infections, as previously reported (Dagenais-

Lussier et al., 2016). Cells were washed with Dulbecco’s Phosphate-buffered saline (DPBS 

Gibco, Invitrogen) before RNA extraction or immunofluorescence staining for flow cytometry. 

From each experimental condition, cells and cell lysates were prepared for the different analyses 

described below.  

 

3.3.3 CD4+ T cell purification 

PBMCs were thawed, resuspended in 1ml of FBS, and centrifuged for 5 minutes at 1400 rpm. 

The supernatant was removed, and the cells were resuspended in 3ml of RPMI medium with 10% 

FBS and incubated at 37◦ C for 2h before the CD4+ T cell purification. 

CD4+ T cells from ART HIV-1+, EC, and HIVfree samples were isolated from PBMCs using the 

EasySep human CD4+ T cell enrichment kit (StemCell Technologies) following manufacturer’s 

instructions, allowing for more than 92% purity as determined by flow cytometry.  

 

3.3.4 In vitro CD4+ T cell stimulation  

1 x 106 CD4+ T cells were activated for 24 h with 1 μg/ml of anti-CD3 (clone OKT3, eBioscience) 

and 1 μg/ml of anti-CD28 Abs (clone CD28.2, Invitrogen and eBioscience). To assess TLR7 

agonist effect on CD4+ T cells, 1 x 106 cells/ml were stimulated with 5 μg/ml of imiquimod 

(Invivogen) for 30 h. For IFN-β stimulation, CD4+ T cells were cultured with 10 ng/ml IFN-β 

(Peprotech) for 6 h and washed three times with RPMI. For some assays, 1g/ml of Brefeldin A 

(GolgiPlugTM, BD Biosciences) was added to cell cultures for 6 h to evaluate the intracellular 

accumulation of inflammatory cytokines. 

To investigate possible pathways resulting in TLR7 expression in CD4+ T cells during HIV-1 

infection, we pre-treated the 1 x 106 CD4+ T cells from HIVfree donors with 10 ng/ml IFN-β for 6 h 
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in the presence or absence of conditioned medium with 10% v/v of DAMPs containing 

supernatant, obtained from PBMCs treated with staurosporine for 24 h, before TCR activation or 

TLR7 stimulation. The supernatant was prepared as follows: PBMCs from HIVfree donors were 

cultured in vitro at a concentration of 106/ml, in the presence of 2 µM staurosporine for 2h at 37C; 

cells were then washed three times with sterile PBS and left in culture for further 4h at 37C, before 

collecting the supernatant.  

 

3.3.5 Fas-induced apoptosis and cell death 

Purified CD4+ T cells were cultured in the presence or absence of 10 ng/ml of recombinant human 

Fas ligand (rFasL or TNFSF6, Biolegend) for 18 h. Apoptosis detection was performed using 

rabbit anti-h cleaved Caspase-3 (Asp175)-PE (clone D3E9, Cell signaling), AnnexinV-APC (BD 

or Biolegend) and Zombie Aqua™ Fixable Viability Kit (Biolegend) labeling according to the 

manufacturer's protocol and subsequent analysis by flow cytometry. The percentage of Fas-

induced apoptosis was determined by the formula: % of apoptosis in the presence of rFasL – % 

of apoptosis in absence of rFasL, as previously described (van Grevenynghe et al., 2008b). 

 

3.3.6 CD4+ T cells and PBMCs stimulation in the presence of inhibitory peptides 

We first analyzed the cytotoxicity of different IRF-5-cell permeable peptides (IRF-5-CPPs), 

described in Table 3.2, on PBMCs and isolated CD4+ T cells. Cells were incubated with various 

concentrations of IRF-5-CPPs (5, 20, and 50μM) for 24h. We evaluated cell death by 

flowcytometry and determined IRF-5 nuclear localization by ImageStream X MKII. To further 

confirm the specificity of IRF-5-CPPs, we used a scrambled version of the peptides as negative 

control and analyzed their ability to inhibit IRF-5 homodimerization and activation after IMQ 

treatment by ImageStream X MKII. We used the combination of IRF-5-CPPs (P1 and P3) that 

could inhibit the nuclear localization of human IRF-5 in CD4+ T cells for the rest of the experiments.  

CD4+ T cells were pretreated with 10 μM of IRF-5-CPPs for 30 min before stimulation with 5 ng/ml 

IMQ for 30h at 37°C; or pretreated cells were stimulated with 5 ng/ml IMQ and, 12h later, 10 ng/ml 

rFasL was added to the culture for further 18h of incubation.  
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Table 3.2  IRF-5-cell permeable peptides sequences 

 

Peptide Sequence Modification Purity 

Peptide 1 MIILIISFPKHKDWKVILVK 

N-Terminal: Acetylation, C-

Terminal: Amidation, TFA 

removal (HCl) 

>95% 

Peptide 2 IRLQISNPYLKFIPLKRAIWLIK 

N-Terminal: Acetylation, C-

Terminal: Amidation, TFA 

removal (HCl) 

>95% 

Peptide 3 MANLGYWLLALFVTYWTDLGLVKKRPKP TFA removal (HCl) >95% 

Peptide 4 MANLGYWLLLLFVTMWTDVGLAKKRPKP TFA removal (HCl) >95% 

Control Peptide 
IKVMWPILFIIKLVHSDKKI and 

MANLGYWLLALFVTMWTDVGLCKKRPKP 

TFA removal (HCl) 

Scrambled 

>95% 

 

3.3.7 Flow cytometry 

Purified CD4+ T cells and PBMCs were labeled with the fluorochrome-conjugated monoclonal 

antibodies described below. Mouse anti-hCD3-BV711 (clone UCHT1, BD or Biolegend), mouse 

anti-hCD4-Alexa flour 700 (clone  RPA-T4 , BD or Biolegend), mouse anti-hCD45RA-APC-H7 

(clone HI100, BD), mouse anti-hCD45RA-APC-Cy7 (clone HI100, Biolegend), mouse anti-

hCD27-PerCP-Cy5.5 (clone RPA-T4 , BD  or Biolegend), mouse anti-hCD197 (CCR7)-BV605 

(clone 2-L1-A, BD), mouse anti-hCD197 (CCR7)-BV605 (clone G043H7, Biolegend), mouse anti-

hIFNγ-PE-Cy7 (clone  4S.B3, BD), mouse anti-hDR5 (CD262) (clone  B-K29, BD), mouse anti-

hCD95-FITC (clone  DX2, BD ), mouse anti-hCD95-PE (clone  DX2, BD), mouse anti-hCD95- 

PE-CF594 (clone  DX2, BD), rabbit anti-hIRF-5-PE (clone E1N9G, Cell signaling, discontinued), 

sheep anti-hIRF-5-Alexa Fluor488 (R&D systems), rabbit anti-h cleaved Caspase-3 (Asp175)-PE 

(clone D3E9, Cell signaling), AnnexinV-APC (BD and  Biolegend),  mouse anti-hIgG1, κ isotype 

control PE-CF594 (clone  X40, BD ), mouse anti-hIgG1 κ isotype control- PE-Cy7 (clone MOPC-

21, BD), rabbit anti-hIgG XP-PE isotype control (clone DA1E, Cell signaling), sheep anti-hIgG 

isotype control-Alexa Fluor488 (R&D systems), and Zombie Aqua™ Fixable Viability Kit 
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(Biolegend). Cells were fixed with 4% Paraformaldehyde (PFA) for 10 minutes at room 

temperature. The cellular permeabilization was done using 0.25% (W/V) saponin in PBS, 

following intracellular staining assays using rabbit anti-hIRF-5-PE (clone E1N9G, Cell signaling), 

sheep antihIRF-5-Alexa Fluor488 (R&D systems), rabbit anti-hcleaved Caspase-3 (Asp175)-PE 

(clone D3E9, Cell signaling), mouse anti-hIgG1, κ isotype control PE-CF594 (clone  X40, BD ), 

mouse anti-hIgG1 κ isotype control- PE-Cy7 (clone MOPC-21, BD), rabbit  anti-hIgG XP-PE 

isotype control (clone DA1E, Cell signaling) and sheep anti-hIgG isotype control-Alexa Fluor488 

(R&D systems). Flow cytometry analysis was performed with a BD LSRII flow cytometer (BD 

Biosciences). Data were analyzed with Flowjo and DIVA software (BD Biosciences). 200,000–

500,000 gated cells were analyzed for each sample.  

 

3.3.8 ImageStreamX flow cytometry 

Samples were stained with mouse anti-hCD3-BV711 (clone UCHT1, BD and Biolegend), mouse 

anti-hCD4-Alexa flour 700 (clone RPA-T4, BD and Biolegend), mouse anti-hCD8-BV650 (clone 

RPA-T8, BD), mouse anti-hCD19-V450 (clone HIB19, BD), mouse anti-hCD14- PE-Cy7 (clone 

M5E2, BD). The cells were then fixed, permeabilized, and stained with DAPI (Invitrogen) to 

visualize the nucleus and mouse anti-hIFNγ-PE-Cy7 (clone 4S.B3, BD), along with mouse anti-

hIRF-5- PE (Biolegend), rabbit anti-hIRF-5-PE (clone E1N9G, Cell signaling), or sheep anti-hIRF-

5-Alexa Fluor488 (R&D systems). Finally, samples were acquired using the ImageStreamX MKII 

flow cytometer and analyzed with IDEAS software (Amnis, Seattle, WA, USA). The localization 

wizard was used to determine the nuclear localization of IRF-5.  The morphology mask was used 

to determine a similarity score, which quantifies the correlation of pixel values of the DAPI and 

IRF-5 images on a per cell basis. A similarity score >1 was used as a cut-off for nuclear 

localization. Cells in individual bins were visually inspected to confirm subcellular localization 

(values < or >1). 200,000–500,000 gated cells were analyzed for each sample.  

 

3.3.9 RNA isolation and quantitative real-time PCR analysis 

RNeasy mini kit (QIAGEN) was used for RNA isolation. RNA yield and purity were measured by 

Nanodrop (Thermo Scientific). RNA isolated from CD4+ T cells and PBMCs cells were used to 

generate cDNAs by reverse transcription using the iScript cDNA synthesis kit (Bio-Rad). cDNAs 
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(Livak et al., 2001; Schmittgen et al., 2008)using iTaq Universal SYBR Green Supermix (Bio-Rad) 

and specific primers for human IRF5, TLR7, CASP8, and GAPDH genes, which are summarized 

in Table 3.3. The transcription level of GAPDH was used as housekeeping gene to normalize the 

expression levels of target genes. Relative gene expression of target genes in each sample was 

determined by the comparative CT method (2−∆∆ct) (Livak et al., 2001; Schmittgen et al., 2008). 

 Table 3.3 Primers used for RT-PCR 

Gene 

name 
Forward Reverse 

GAPDH 5′-GAAGGTGAAGGTCGGAGTC-3′ 5′-GAAGATGGTGATGGGATTTC-3′ 

IRF5 5′-TTATTCTGCATCCCCTGGAG-3′ 5′-GCTCTTGTTAAGGGCACAGC-3′ 

TLR7 5’-TTTACCTGGATGGAAACCAGCTA-3’ 5’-TCAAGGCCTGAGAAGCTGTAAGCTA-3’ 

CASP8 5’-AGAGTCTGTGCCCAAATC AAC -3’ 5’-GCTGCTTCTCTCTTTGCTGAA -3’ 

 

3.3.10 Generation of IRF5 knockout THP-1 cells 

The sgRNA for IRF-5 was obtained from IDT (target sequence 5’ GTA CTG GCA GCT GTT CAC 

CT). Recombinant Alt-R S.p. Cas9 nuclease (85 μg) was incubated with each target sgRNA (6 

μL of 100 μM stock) for 20 min at RT. The reaction was supplemented with Alt-R Cas9 

Electroporation Enhancer (4 μL) and combined with 4 x 106 cells resuspended in complete P3 

nucleofection solution (71μL) (Lonza). The samples were subjected to nucleofection using 

program CM-137 and maintained in RPMI. At 5 days post-nucleofection, 3 x 106 cells were 

collected to confirm knockout efficiency by immunoblot analysis. 

 

3.3.11 Statistical analysis 

Parameters of patients and controls are described as absolute frequencies in the case of 

qualitative variables (gender); as medians and interquartile ranges for non-normally distributed 

quantitative variables (age, viral loads, CD4 counts); and as means and standard deviations (SD) 

for normally distributed quantitative variables. Comparison of quantitative variables of each study 
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group of subjects was performed using Kruskal-Wallis test, followed by the Dunn's multiple 

comparison test. Frequencies, median fluorescence intensity, and cell numbers positive for each 

marker were compared with the Mann-Whitney U test. Variables of in vitro experiments performed 

with and without were compared with the Wilcoxon test and Dunn's multiple comparison test.  

Correlation analyses were performed with Pearson's or Spearman's coefficients. In all cases, a 

p-value ≤ 0.05 was considered statistically significant. Statistical analyses were run in GraphPad 

Prism version 6 (GraphPad Software; La Jolla, CA). 

3.4 Results 

3.4.1 IRF-5 is highly expressed and active in CD4+ T cells from primary HIV-infected 

donors (PHI) 

We have previously reported that activation of the transcription factor IRF-5 in murine IFNƴ+ CD4+ 

T cells leads to cell death during chronic visceral leishmaniasis (Fabié et al., 2018). Interestingly, 

IRF-5 was induced following TLR7 triggering by apoptotic cell material derived from inflammatory 

tissue disruption, suggesting that damage-associated molecular pattern (DAMP)-sensing by CD4+ 

T cells may not be microbial-specific. Hence, we were wondering whether IRF-5 is also expressed 

and promotes cell death in human CD4+ T cells in the context of HIV infection. We chose to 

analyse the function of IRF-5 in CD4+ T cells from PLWH  as the infection is associated with a 

strong inflammatory environment and with a loss of CD4+ T cells before ART initiation (PHI 

phase), and because TLR7 is expressed on CD4+ T cells during HIV-1 infection (Dominguez-Villar 

et al., 2015). PHI participants were between 27 and 56 years old, displayed viral loads ranging 

from 3.08 x103 to 513.54 x103 copies/ml, and their viral acquisition was estimated to have 

occurred less than four months prior to sample collection. Age-matched uninfected participants 

were selected as a negative control for HIV-1 infection. The demographic and clinical 

characteristics of each group are summarized in Table 3.1.  

Before we proceeded to analyse IRF-5 expression in CD4+ T cells from PHI participants, we tested 

the anti-human IRF-5 antibody from R&D Systems for its specificity, which has been a problem 

for many commercial antibodies recognizing IRF-5 (Li et al., 2016b). To this end, we activated 

IRF-5-sufficient and -deficient THP-1 cells with imiquimod (IMQ) or PMA plus IMQ. More than half 

of the unstimulated THP-I cells constitutively expressed IRF-5; this percentage increased upon 

stimulation with IMQ and nearly all the cells expressed IRF-5 after incubation with PMA + IMQ 

(supplemental Figure 3.10A). In contrast, we did not detect IRF-5 expression in Irf5-/- THP-I cells 
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even after stimulation with IMQ or PMA+IMQ (supplemental Fig.1A), suggesting that this anti-

human IRF-5 antibody is specific. We also determined IRF-5 nuclear localization by 

ImageStreamX (supplemental Fig.1B). 

We found a higher frequency of IRF-5 expressing CD4+ T cells in PHI participants when compared 

with CD4+ T cells from HIVfree control participants (Fig. 1A; gating strategy for analysis of PHI 

CD4+ T cells is shown in supplemental Fig.1C). Moreover, this transcription factor co-localized 

with the nucleus in about 40-60% of IRF-5+ CD4+ T cells from HIV-1+ donors compared to 1.8-

6.7% in CD4+ T cells from HIVfree control participants (Fig. 1B and C). Similarly to what we 

previously observed in mice (Fabié et al., 2018), the majority of cells expressing IRF-5 were also 

secreting IFN-ɣ (Fig. 1D) and were mainly effector and memory cells (Fig. 1E and supplemental 

Fig.2A).  As expected, CD4+ T cells from PLWH also showed higher frequencies of AnnexinV+ 

cells, a common marker of cell death and apoptosis, compared with cells from HIVfree control 

participants (Fig. 1F). Of note, IRF-5 expression positively correlated with AnnexinV expression 

(Fig. 1G) and AnnexinV expression inversely correlated with CD4+ T cell count in PLWH (Fig.1H). 

Moreover, IRF-5 expression also inversely correlated with CD4+ T cell count (Fig. 1I), suggesting 

that this transcription factor could contribute to cell death. 

In mice, IRF-5 has been shown to promote cell death by inducing the expression of death receptor 

5 (DR5 or TRAILR2) (Fabié et al., 2018). However, we did not observe any difference in DR5 

expression between CD4+ T cells from PHI and HIVfree donors (supplemental Fig. 2B), even 

though DR5+ cells were mostly IRF-5+ (supplemental Fig. 2C) and nearly all IFNɣ+ cells were also 

DR5+ (supplemental Fig. 2D). Moreover, DR5 expression did not correlate with AnnexinV 

expression (supplemental Fig. 2E), suggesting that, contrary to what observed in L. donovani 

infected mice (Fabié et al., 2018), DR5 is most likely not involved in CD4+ T cell death in PHI 

individuals. 
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Figure 3.1 IRF-5 is expressed in CD4+ T cells from PHI 

PBMCs from PHI and HIVfree individuals were analyzed ex-vivo by flow cytometry. A) Representative FACS plots and 

percentage of IRF-5+ CD4+ T cells. B) Representative ImageStreamX images of CD4+ T cells expressing IRF5 in the 

cytoplasm (first two lanes) and in the nucleus (third and fourth lane). Graphs show C) the frequency of CD4+ T cells 

whose IRF-5 expression co-localizes with the nucleus; D) the percentage of IFNɣ+ and IFNɣ- IRF-5+ CD4+ T cells; E) 

the frequency of CD45RA+ and CD45RA- IFNɣ+ CD4+ T cells expressing IRF-5 in PHI individuals; and F) the percentage 

of Annexin V+ CD4+ T cells from PHI and HIVfree individuals. Data are presented as the mean ± SD. The Mann-Whitney 

U-test was used to determine statistical differences, * p <0.05, ** p< 0.01, *** p<0.001, n=10. Graphs represent 

correlations between G) Annexin V and IRF-5 expression in CD4+ T cells, H) Annexin V expression and CD4+ T cell 
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count, and I) IRF-5 expression and CD4+ T cell count in PHI donors. The Spearman r test was used to determine 

statistical significance, * p <0.05, ** p< 0.01, n=10.  

 

3.4.2 ART HIV-1+ patients show higher frequencies of IRF-5-expressing CD4+ T cells  

HIV-1+ patients treated with ART still show low grade inflammation (Finzi et al., 1999; Wada et 

al., 2015) and their memory CD4+ T cells are prone to Fas-mediated apoptosis despite years of 

aviremia in the blood compartment (Dyrhol-Riise et al., 2001; van Grevenynghe et al., 2008b). 

Thus, we next wanted to know whether IRF-5 is also expressed in memory CD4+ T cells from 

HIV-1+ patients undergoing ART and is involved in sensitizing memory CD4+ T cells to apoptosis.  

PLWH on ART that participated in this study displayed both viral suppression (viral loads < 40 

copies/ml) and CD4+ T cell recovery (> 400 cells/μl in blood post-treatment) for at least 5 years. 

Elite controller (EC) participants had undetectable viral loads (< 40 copies/ml) without treatment 

for more than 5 years, with CD4+ T cell counts over 400 cells/μl in their blood. The demographic 

and clinical characteristics of each study group are summarized in Table 3.1.  

We found significantly higher frequencies of IRF-5-expressing CD4+ T cells in ART HIV-1+ 

individuals (Fig. 2A) compared to controls. Moreover, IRF-5 co-localized with the nucleus in nearly 

the half of the IRF-5+ cells (Fig. 2B; gating strategy for analysis of CD4+ T cells from ART+ HIV-1+ 

donors are shown in supplemental Fig. 3). Since HIV-1+ elite controllers (ECs) can control plasma 

viral load while maintaining CD4+ T cell count in absence of ART, we were interested in 

determining the percentage of IRF-5-expressing CD4+ T cells isolated from EC donors. 

Conversely to ART HIV-1+ individuals, EC presented with lower frequencies of IRF-5+ CD4+ T 

cells (Fig. 2A), with IRF-5 being active in about 20-25% of the IRF-5+ cells (Fig. 2B). Independently 

of expression levels, IRF-5 was mostly expressed in effector and memory CD4+ T cells in all three 

study groups (Fig. 2C). As IRF-5 is expressed in memory CD4+ T cells and these cells are more 

prone to apoptosis in ART HIV-1+ patients, we decided to focus on memory CD4+ T cells. 

Interestingly, memory CD4+ T cells from ART HIV-1+ but not EC donors expressed significantly 

higher levels of AnnexinV (Fig.2D) when compared with the uninfected control group, suggesting 

that memory CD4+ T cell death was more frequent in ART HIV-1+ patients. Expression of 

AnnexinV in memory CD4+ T cells correlated with IRF-5 expression (Fig 2E), suggesting that this 

transcription factor may contribute to memory cell death in ART HIV-1+ donors. No correlation 

was found between IRF-5 and Annexin V expression in memory cells from ECs (supplemental 

Fig. 4A). 
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Figure 3.2  IRF-5 is expressed in memory and effector CD4+ T cells from ART HIV+ 

PBMCs from ART HIV-1+, EC, and HIVfree donors were analyzed ex-vivo by flow cytometry. A) Representative FACS 

plots and percentage of IRF-5+ CD4+ T cells. Graphs show B) the percentage of CD4+ T cells expressing IRF-5 in the 

nucleus; C) the percentage of IRF-5 expression in naïve, effector and memory CD4 + T cell; and D) the percentage of 

memory CD4+ T cells positive for Annexin V in PBMCs isolated from ART HIV-1+, EC, and HIVfree individuals. Data are 

presented as the mean ± SD. The Mann-Whitney U-test was used to determine statistical differences, * p <0.05, ** p< 

0.01, *** p<0.001, n=12 (ART HIV-1+ and HIVfree), n=9 (EC). E) Graph represents correlation between Annexin V and 
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IRF-5 expression in memory CD4+ T cells from ART HIV-1+ patients. The Spearman r test was used to determine 

statistical significance, * p <0.05, n=12. 

3.4.3 TLR7 is upstream of IRF-5 in memory CD4+ T cells from ART HIV-1+ individuals 

We next wanted to investigate IRF-5 upstream signalling partners in memory CD4+ T cells. We 

have previously demonstrated that TLR7 was increasingly expressed in CD4+ T cells over the 

course of Leishmania donovani infection in mice and that TLR7 triggering resulted in IRF-5 

induction (Fabié et al., 2018). TLR7 is known to be expressed in human CD4+ T cells during HIV-

1 infection (Dominguez-Villar et al., 2015), but it is still unknown whether TLR7 expression is 

maintained in CD4+ T cells after ART. Hence, we analyzed TLR7 mRNA expression in CD4+ T 

cells isolated from ART HIV-1+, EC, and HIVfree individuals. The highest levels of TLR7 mRNA 

expression were detected in CD4+ T cells from ART HIV-1+ donors, while ECs expressed 

intermediate TLR7 levels compared with HIVfree donors (Fig. 3A). Subsequently, we stimulated 

CD4+ T cells from the different groups of study with imiquimod (IMQ), a TLR7 agonist. We found 

that treatment of the cells with IMQ induced IRF-5 expression in memory CD4+ T cells from ART 

HIV-1+ and to a lesser extent from EC donors, but not in HIVfree individuals (Figure 3B). To 

understand what would trigger TLR7 and activate IRF-5 in vivo, we measured regenerating islet-

derived protein 3 alpha (REG3ɑ) in the serum of participants as a marker for intestinal mucosa 

damage (Isnard et al., 2020b). In agreement with the literature, we found a significant elevation 

of REG3ɑ in the serum of male and female ART-HIV+ donors, while this molecule was detected 

at very low levels in sera from HIVfree donors (supplemental Fig. 4B). Moreover, we found a 

significant correlation between the frequency of IRF-5 expression and the amount of REG3ɑ in 

the serum of ART-HIV+ donors (supplemental Fig. 4C), implying that DAMPs released from the 

damaged intestinal mucosa could trigger TLR7 and induce IRF-5. 

In agreement with our findings in mice (Fabié et al., 2018), IMQ treatment induced apoptosis 

(Zombie Aqua- AnnexinV+ Caspase 3+) (Fig. 3C) and cell death (Zombie Aqua+ AnnexinV+) (Fig. 

3D) in memory CD4+ T cells from ART HIV-1+ patients to a significantly higher degree than in 

memory CD4+ T cells from EC, directly correlating with TLR7 expression levels. Of note, IMQ 

treatment did not affect cell survival of CD4+ T cells from HIVfree individuals (Fig.3D). Our results 

suggest that the TLR7-IRF-5 axis could play a role in memory CD4+ T cell death in ART HIV-1+ 

donors.  This hypothesis was supported by the direct correlation between TLR7 and IRF-5 

expression (Fig. 3E) and AnnexinV and TLR7 expression (Fig.3F). Although TLR7 and IRF5 are 
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also expressed in CD4+
 T cells from ECs, no correlation between the expression of IRF-5 and 

TLR7, and TLR7 and AnnexinV was found in these cells (supplemental Fig. 5A and B). 

Moreover, CD4+
 T cell stimulation via TCR has been reported to induce IRF-5 in mice (Yan et al., 

2020). We found that the stimulation of cells with ɑCD3/ɑCD28 also induces IRF-5 in total 

(supplemental Fig. 5D) and memory CD4+ T cells (supplemental Fig. 5E) from ART-HIV-1+ and 

HIVfree individuals. However, this did not promote apoptosis (supplemental Fig. 5F) or cell death 

(supplemental Fig. 5G). 

 

Figure 3.3 TLR7 is upstream of IRF-5 

A) Graph shows TLR7 mRNA levels in CD4+ T cells from ART HIV-1+, EC, and HIVfree individuals analyzed ex-vivo by 

RT- PCR. The Mann Whitney test was used to determine significance, * p <0.05, ** p< 0.01, n=9. CD4+ T cells purified 

from ART HIV-1+, EC, and HIVfree donors were treated in vitro with imiquimod (IMQ) or medium alone for 30h. Graphs 

represent B) the percentage of IRF-5+, C) the percentage of apoptotic, and D) the percentage dead memory CD4+ T 

cells. Data are presented as the mean ± SD. The Wilcoxon test was used to determine statistical differences, * p <0.05, 

n=6. Graphs show correlations between E) TLR7 and IRF-5 expression and F) Annexin V and TLR7 expression in ART 

HIV-1+ donors. The Spearman r test was used to determine statistical significance, * p <0.05, n=9.  
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3.4.4 Caspase 8 is downstream of the TLR7-IRF-5 pathway 

Several molecules involved in cell death have been described to be downstream molecular 

targets of IRF-5, including Fas, DR5, and Caspase 8, among others (Hu et al., 2009). As it was 

previously reported that memory CD4+ T cell death during HIV-1 infection is Fas-mediated (van 

Grevenynghe et al., 2008b), and IRF-5 is required for Fas-induced apoptosis (Couzinet et al., 

2008), we set out to investigate whether Fas was downstream of IRF-5 in human CD4+ T cells. In 

agreement with the literature (van Grevenynghe et al., 2008b), we found no difference in the 

expression of Fas between any of the groups studied (Fig. 4A). Hence, we investigated whether 

Caspase 8 expression differed between the various groups of study. A significant upregulation of 

CASP8 mRNA levels was observed in CD4+ T cells from ART HIV-1+ donors when compared with 

EC and HIVfree individuals (Fig. 4B). Moreover, when we treated CD4+ T cells with IMQ, memory 

CD4+ T cells from ART HIV-1+ but not HIVfree individuals upregulated CASP8 mRNA expression 

(Fig. 4C). Taken together, our results suggest that the TLR7-IRF-5 axis induces Caspase 8 

expression and appears to be active in memory CD4+ T cells from ART HIV-1+ donors. 

 

Figure 3.4  Caspase 8 is downstream of IRF5 

CD4+ T cells from PBMCs of ART HIV-1+, EC, and HIVfree individuals were analyzed ex-vivo. Graphs show A) the 

percentage of Fas+ memory CD4+ T cells determined by flow cytometry, and B) RT-PCR analysis of CASP8 mRNA 

levels in purified CD4+ T cells. Data are presented as the mean ± SD. The Mann-Whitney U-test was used to determine 

statistical differences, * p <0.05, n=12 (ART HIV-1+ and HIVfree), n=9 (EC). C) Purified CD4+ T cells from ART HIV-1+ 

and HIVfree donors were treated in vitro with imiquimod (IMQ) or medium alone for 30h. Graph show expression of 

CASP8 mRNA. Data are presented as the mean ± SD. The Wilcoxon test was used to determine statistical significance, 

* p <0.05, n=6. 
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3.4.5 Activation of the TLR7/IRF-5 axis predisposes cells to Fas-mediated apoptosis 

IRF-5 has been shown to be required for Fas-mediated cell death (Couzinet et al., 2008). So, we 

investigated whether Fas/FasL interaction could also induce IRF-5. When we treated CD4+ T cells 

with recombinant human Fas ligand (rFasL), we observed higher percentages of IRF-5+ memory 

CD4+ T cells in both ART HIV-1+ and HIVfree individuals (Fig. 5A). As IRF-5 and Caspase 8 are 

also part of the Fas/FasL signalling pathway (Couzinet et al., 2008; Hitoshi et al., 1998; Zhang et 

al., 1998), we hypothesized that activation of the TLR7-IRF-5-Caspase 8 axis would predispose 

cells to Fas-mediated apoptosis and enhance cell death. To prove our hypothesis, we pre-treated 

cells with or without IMQ for 18h, followed by a 12h incubation with rFasL, and finally analyzed 

the frequency of apoptotic and dead memory CD4+ T cells (Fig. 5B). As expected, we detected 

significantly higher frequencies of apoptotic (Fig. 5C) and dead cells (Fig. 5D) in CD4+ T cells from 

ART HIV-1+ compared with HIVfree individuals following incubation with rFasL alone, suggesting 

that ART HIV-1+ CD4+ T cells had an intrinsic higher predisposition to die by Fas-mediated 

apoptosis than HIVfree CD4+ T cells. We also noticed a synergistic effect in the induction of 

apoptotic cells (Fig. 5C) and cell death (Fig.5D) when we treated purified CD4+ T cells with IMQ 

followed by rFasL, when compared with cells incubated with rFasL alone. This effect was less 

pronounced in CD4+ T cells from HIVfree than from ART HIV-1+ individuals. We next analyzed 

CASP8 mRNA levels by RTqPCR and found a synergism of the stimulation with IMQ followed by 

rFasL in the the induction of CASP8 mRNA in CD4+ T cells from ART HIV-1+ donors only, when 

compared with rFasL alone (Fig. 5E). Taken together, our results show that the TLR7-IRF-5 

pathway feeds into the Fas/FasL signalling pathway, which subsequently amplifies IRF-5 and 

Caspase 8 expression, creating a spiral of death. 
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Figure 3.5  Activation of the TLR7-IRF-5 axis predisposes memory CD4+ T cells to Fas-mediated 
apoptosis 

A) Purified CD4+ T cells from ART HIV-1+ and HIVfree donors were incubated in vitro with rFasL or medium alone for 

18h. Graph shows IRF-5 expression as measured by flow cytometry. Data are presented as the mean ± SD. The 

Wilcoxon test was used to determine statistical differences, * p <0.05, n=6. B) Scheme of the experimental design used 

for 5C-E: purified CD4+ T cells were treated with IMQ or medium alone; 12h later rFasL or medium were added to the 

culture and the cells were incubated for further 18h for a total of 30h incubation at 37°C. Graphs show C) the percentage 

of apoptotic memory CD4+ T cells, D) the percentage of dead memory CD4+ T cells, and E) CASP8 mRNA levels in 

memory CD4+ T cells after 30h stimulation. Data are presented as the mean ± SD. The Wilcoxon test was used to 

determine statistical significance, * p <0.05, n=6. 
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3.4.6 IRF-5 inhibitory peptides limit IMQ and Fas/FasL induced cell death 

Our findings so far indicate that IRF-5 is a key molecule in both the TLR7-IRF-5 axis and the 

Fas/FasL signalling pathway. Hence, we finally sought to block IRF-5 activation to limit cell death. 

To this end, we decided to use IRF-5 inhibitory peptides developed by Banga et al. (Banga et al., 

2020). These cell permeable peptides (IRF-5-CPPs) efficiently block IRF-5 function downstream 

of IRF-5 phosphorylation, preventing subsequent IRF-5 activation in various cell types (Banga et 

al., 2020); however, IRF-5-CPPs have yet to be tested in T cells. Thus, we chose four different 

peptides (P1-4) with different cell-specificities (see Table 3.2). We first tested the cytotoxicity of 

different IRF-5-CPPs, including the control peptide, on human CD4+ T cells from HIVfree donors at 

concentrations varying from 0 to 50µM. IRF-5-CPPs were found to be non-cytotoxic up to 20µM 

(supplemental Fig. 6A). When we tested the ability of IRF-5-CPPs to inhibit nuclear localization 

of human IRF-5 in untreated and IMQ-stimulated CD4+ T cells from ART HIV-1+ and HIVfree 

donors, we observed that P1 and P3 were the most effective peptides at preventing IRF-5 

activation in unstimulated CD4+ T cells (supplemental Fig. 6B; about 62% and 60% inhibition 

following P1 and P3 treatment, respectively) as well as in IMQ-treated (supplemental Fig. 6C) 

cells. We also tested whether P1 and P3 could be used together to achieve a stronger IRF-5 

blockade and ultimately inhibit IMQ-induced cell death. To this end, CD4+ T cells from ART HIV-

1+ and HIVfree individuals were treated with either 5µM P1 or P3 alone, or with a mixture of P1 and 

P3, and subsequently stimulated with IMQ. As shown in supplemental Figure 3.15D, the P1/P3 

mix was slightly more efficient in blocking IRF-5 activation in ART HIV-1+ CD4+ T cells upon 

stimulation with IMQ. Indeed, we observed 44% inhibition of IRF-5 nuclear localization following 

treatment with P1, 40% after incubation with P3, and about 60% when cells were co-cultured with 

P1 and P3 together. Thus, we decided to use a combination of P1 and P3 to inhibit the TLR7-

IRF-5 pathway; the control peptide was used for all “Peptideneg control groups. To this end, we 

treated purified CD4+ T cells with the peptide mix for 30 minutes before stimulation with IMQ. The 

combination of the two IRF-5-CPPs was able to significantly block apoptosis in memory CD4+ T 

from ART HIV-1+ patients. Indeed, we observed lower frequencies of apoptotic (Fig. 6A) and dead 

(Fig. 6B) cells in memory CD4+ T from ART HIV-1+ patients following IMQ stimulation. As 

expected, this was not the case in HIVfree donors, as these cells express very low levels of TLR7 

and do not respond to IMQ (Fig. 3A, C, and D). Similar results were obtained when we analysed 

CASP8 mRNA levels, which were significantly reduced when we added IRF-5 blocking peptides 

to purified CD4+ T cells from ART HIV-1+ patients stimulated with IMQ (Fig. 6C). 
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As the Fas/FasL pathway is involved in memory CD4+ T cell death in HIV-1 infection (van 

Grevenynghe et al., 2008b), we next assessed whether the IRF-5-CPP mix could block Fas-

mediated apoptosis in memory CD4+ T cells from ART HIV-1+ patients. CD4+ T cells were 

incubated for 1 hour with 5 µM of a mixture of P1 and P3 or the control peptide, followed by an 

18h-incubation with or without IMQ. Cells were then treated with rFasL for another 12h (Fig. 6D). 

Remarkably, the IRF-5-CPP mix could significantly limit Fas-mediated apoptosis. In fact, the 

increase in the frequency of apoptotic cells (Fig. 6E) or dead cells (Fig. 6F) following rFasL or 

IMQ + rFasL treatment was approximately reduced by half after IRF-5 blockade in CD4+ T cells 

from ART HIV-1+ donors. A similar effect but less pronounced effect was observed in CD4+ T cells 

from HIVfree individuals. No differences were observed between CD4+ T cells from male and 

female donors, independently of whether they were HIV+ or HIVfree (supplemental Fig. 7 A-D). 

Finally, to clearly prove that inhibition of Fas-mediated apoptosis was indeed dependent on IRF-

5 blockade, we assessed CASP8 mRNA levels after the various treatments, Caspase 8 being a 

downstream molecular target of IRF-5 (Hu et al., 2009). We observed a nearly 50% reduction in 

the induction of CASP8 mRNA in CD4+ T cells from ART HIV-1+ donors treated with either rFasL 

or IMQ + rFasL following IRF-5 blockade (Fig. 6G). The effect in memory CD4+ T cells from HIVfree 

samples was only partial and less pronounced than observed in ART HIV-1+ CD4+ T cells (Fig. 

6G). We did not notice any difference between CD4+ T cells from male and female donors 

(supplemental Fig. 7 E). Taken together, our results suggest that IRF-5 plays a central role in 

ART HIV-1+ memory CD4+ T cell death, not only as a downstream target of TLR7 but also by 

being directly involved in Fas-mediated apoptosis. 
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Figure 3.6  IRF-5 inhibitory peptides rescue memory CD4+ T cells from Fas-mediated apoptosis 

A-C) Purified CD4+ T cells from ART HIV-1+ and HIVfree individuals were pretreated with 10 μM of IRF-5-CPPs for 30 

min before stimulation with IMQ and incubated at 37°C for 30h. Graphs show A) the percentage of apoptotic cells, B) 

the percentage of dead cells, and C) CASP8 mRNA expression levels in memory CD4+ T cells from ART HIV-1+ and 

HIVfree donors. D) Experimental design: Purified CD4+ T cells from ART HIV-1+ and HIVfree individuals were pretreated 

with 10 μM of IRF-5-CPPs for 30 min, stimulated with or without IMQ for 12h and incubated for further 18h with or 

without rFasL. Graphs show E) the percentage of apoptotic cells, F) the percentage of dead cells, and G) CASP8 

mRNA expression levels in memory CD4+ T cells from ART HIV-1+ and HIVfree donors. Data are presented as the mean 

± SD. The Wilcoxon test was used to determine statistical significance, * p <0.05, n=6. 

 

3.4.7 IFN-β and DAMPs promote TLR7 expression in CD4+ T cells 

Although TLR7 expression on T cells has been reported in mice and humans (Caramalho et al., 

2003; Dominguez-Villar et al., 2015; Gelman et al., 2004; Song et al., 2009), the signaling 

pathways promoting TLR7 upregulation in CD4+ T cells remain unknown. Type I IFN was shown 

to enhance TLRs’ expression in B cells (Doucett et al., 2005; Green et al., 2009b; Thibault et al., 

2009) (Silva-Barrios et al., 2016a). As IFN-ß is often part of chronic inflammatory environments 

associated with persistent infections (Dillon et al., 2018) and TLR7 is upregulated in CD4+ T cells 

during persistent infections (Fabié et al., 2018), we first assessed whether purified CD4+ T cells 

from HIVfree individuals exposed to recombinant IFN-ß would upregulate TLR7. We found that 

IFN-ß promoted TLR7 mRNA upregulation as early as 6 hours after initial exposure and this 

expression was maintained over 24 hours (Fig. 7A). Tissue disruption and release of DAMPs are 

also hallmarks of chronic inflammatory environments. Thus, we next exposed CD4+ T cells from 

HIVfree donors to apoptotic cell material. Interestingly, apoptotic cell material could also enhance 

TLR7 mRNA expression, although to a lesser extent than IFNß; nevertheless, its effect was 

synergistic with IFN-ß (Fig. 7B). This suggests that CD4+ T cells in an inflammatory environment 

can upregulate TLR7 independently from their antigen-specificity. Following this, we assessed 

whether CD4+ T cell priming in the presence of DAMPs and IFN-ß can modulate TLR7 mRNA 

expression levels. Stimulation with anti-CD3/CD28 in the presence or absence of apoptotic cell 

material slightly induced TLR7 expression (Fig. 7B). However, anti-CD3/CD28 stimulation of cells 

previously exposed to IFN-ß greatly promoted TLR7 expression, which was further enhanced in 

the presence of DAMPs (Fig. 7B), indicating that antigen specific CD4+ T cells primed in a 

persistent inflammatory environment rich in IFN-ß and DAMPs are bound to express high levels 

of TLR7. 
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To test whether CD4+ T cells exposed to IFN-ß and/ or apoptotic cell material with or without anti-

CD3/CD28 stimulation were more susceptible to Fas-mediated apoptosis, we treated cells with 

rFasL. When we analysed memory CD4+ T cells, we found higher frequencies of IRF-5+ cells (Fig. 

7C), apoptotic cells (Fig. 7D), and dead cells (Fig. 7E) when CD4+ T cells were exposed to IFNß 

+ DAMPs prior to rFasL treatment, compared with rFasL alone. Anti-CD3/CD28 stimulation did 

not alter the cells’ susceptibility to Fas-mediated apoptosis (Fig. 7G and H) but slightly increased 

IRF-5 expression (Fig. 7F). In agreement with the TLR7 expression levels shown in Figure 7B, 

CD4+ T cells exposed to IFNß + DAMPs prior to anti-CD3/CD28 stimulation were significantly 

more susceptible to Fas-mediated apoptosis (Fig. 7G and H) and expressed the highest levels of 

IRF-5 (Fig. 7F) of any treatment group. Similar results were obtained when we analyzed memory 

CD4+ T cells (supplemental Fig. 8 A-F). Taken together, these results suggest that exposure of 

antigen-specific or bystander CD4+ T cells to apoptotic material and IFNß promotes the 

upregulation of TLR7 and predisposes cells to FAS-mediated cell death. 
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Figure 3.7  IFNβ and DAMPs promote the upregulation of TLR7 on CD4+ T cells 

A) Purified CD4+ T cells from HIVfree individuals were incubated with IFNβ or with medium alone. Graph shows RT PCR 

analysis of TLR7 expression at 0, 6, 12 and 24h of treatment. B) Purified CD4+ T cells from HIVfree individuals were 

treated with IFNβ in the presence or absence of conditioned medium with 10% v/v apoptotic material (AM, supernatant 

of staurosporine-treated PBMCs) for 24 h, before stimulation with ɑCD3ɑ/CD28 for further 24h. Graphs shows RT PCR 

analysis of TLR7 gene expression. C-E) Purified CD4+ T cells from HIVfree individuals were incubated with IFNβ in the 

presence or absence of conditioned medium with 10% v/v apoptotic material for 24 h, before adding rFasL for further 

18h. Graphs represent C) the percentage of IRF-5+, D) the percentage of apoptotic, and E) the percentage of dead 

CD4+ T cells after incubation with the indicated culture conditions. F-H) Purified CD4+ T cells from HIVfree donors were 

treated with IFNβ in the presence or absence of conditioned medium with 10% v/v apoptotic material for 24 h; they 

were then stimulated with ɑCD3/ɑCD28 for further 24h and finally incubated for 18h with rFasL. Graphs represent F) 

the percentage of IRF5+, G) the percentage of apoptotic, and H) the percentage of dead CD4+ T cells after incubation 
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as described above. Data are presented as the mean ± SD. The Wilcoxon test was used to determine statistical 

significance, * p <0.05, n=6. 

 

In summary, we propose that memory CD4+ T cells from ART HIV-1+ patients express TLR7 and 

IRF-5, which represent an imprint that predisposes these cells to Fas-mediate apoptosis. The 

TLR7-IRF-5 axis can be activated by DAMPs, resulting in heightened Caspase 8 expression. This 

pathway directly feeds into the Fas-FasL pathway, which increases IRF-5 and Caspase 8 

expression leading to cell death. In contrast, memory CD4+ T cells from HIVfree individuals and 

from ECs, express low levels of TLR7 and IRF-5, which makes these cells less capable of sensing 

DAMPs and ultimately less prone to Fas-mediated apoptosis (Figure 3.8). Figure 3.9 summarizes 

how this pathway could work synergistically with other known cell death pathways (reviewed by 

refs.(Cummins et al., 2010a; Doitsh et al., 2016)), particularly those requiring Caspase 8, to 

induce apoptosis in CD4+ T cells during PHI and after ART. 
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Figure 3.8  Proposed model 

Residual inflammation maintains the upregulation of TLR7 and IRF-5 in memory CD4 + T cells from ART HIV-1+ 

individuals, but not in HIVfree . The activation of this TLR7-IRF-5 axis feeds into the Fas/FasL pathway predisposing and 

enhancing Fas-mediated apoptosis only in memory CD4 + T cells from ART HIV-1+ individuals. Finally, we proposed 

that this mechanism can be block by adding IRF-5 inhibitory peptides, which block the predisposition to Fas-mediated 

cell death. Created with BioRender.com. 
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Figure 3.9  Summary of cell death pathways known to occur in CD4+ T cells during primary HIV-1 
infection or following ART. PHI 

A large proportion of CD4+ T cell death during primary HIV-1 infection occurs via apoptosis and comprises extrinsic 

and intrinsic pathways. Extrinsic apoptosis involves death receptor members of the tumor necrosis factor receptor gene 

superfamily, such as Fas, TNFR1, DR5 (TRAILR2). The activation of these receptors by a death ligand results in the 

activation of caspase 8. We propose that the TLR7-IRF-5 pathway feeds into these pathways by sensitizing cells to 

Fas-, TNFR1-, and DR5-mediated apoptosis through the induction of Caspase 8 and IRF-5. Other extrinsic cell death 

pathways include activation-induced cell death (AICD) and killing by CTLs via secretion of perforin and granzymes. 

Intrinsic apoptosis includes activation of Caspase 3 by HIV proteins and DNA. 

Finally, abortively infected CD4+ T cells die by pyroptosis, a highly inflammatory form of programmed cell death that 

results from the activation of Caspase 1. ART HIV-1+: Although antiretroviral therapy restores CD4+ T cell counts, 

memory CD4+ T cells from ART HIV-1+ patients are still prone to apoptosis, despite treatment. These cells mostly die 
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by Fas-mediated apoptosis. The Fas/FasL pathway is strengthen on one hand by the transcription factor Foxo3a, which 

empowers the “killers”, and, on the other hand, by the TLR7-IRF-5 axis, which weakens the “victims”. Death by 

pyroptosis in abortively infected cells may also occur. Created with BioRender.com. 

 

3.5 Discussion 

Although most HIV-1+ patients recover CD4+ T cell counts on ART it remains unclear why memory 

CD4+ T cells are highly sensitive to apoptosis. Here we show that memory CD4+ T cells from HIV+ 

patients undergoing ART display an imprint by expressing higher levels of TLR7 mRNA. We 

propose that this allows memory CD4+ T cells to sense inflammatory tissue damage-derived 

DAMPs and activates the TLR7-IRF-5 pathway, making cells more susceptible to Fas-mediated 

apoptosis. Treatment with IRF-5 blocking peptides successfully blocks the TLR7-IRF-5 pathway 

and significantly reduces memory cell death by Fas-mediated apoptosis (Figure 3.8). 

 

PLWH on ART are characterized by inflammation and express on CD4+ T cells higher levels 

immune checkpoint molecules like PD-1, CTLA-4, LAG-3, and TIGIT compared with HIVfree 

participants (Fromentin et al., 2016). In addition to their exhaustion function, these molecules 

contribute to the establishment and maintenance of a latent cellular infection (Banga et al., 2016; 

Chomont et al., 2009; Fromentin et al., 2016; Rasmussen et al., 2022). Our findings show that 

memory CD4+ T cells from patients on ART also differ from those from HIVfree individuals and EC 

in their TLR7 expression. Following TLR7 triggering, IRF-5 is activated, which in turn promotes 

Caspase 8 in memory CD4+ T cells from ART HIV-1+ participants. A significant proportion of 

memory and effector CD4+ T cells expressed active IRF-5 (localized to the nucleus) and 

upregulated CASP8, suggesting that the TLR7-IRF-5 axis is active in some cells. Still, the factors 

that activate TLR7 in CD4+ T cells in ART treated PLWH remain to be unvealed. 

 

In our previous work, we have shown that CD4+ T cells are capable of sensing inflammatory tissue 

damage-derived DAMPs via TLR7 in a murine model of visceral leishmaniasis (Fabié et al., 2018). 

As patients on ART display residual levels of immune activation and inflammation, it is possible 

that inflammation could be involved in generating DAMPs-derived from tissue damage occurring 

at the intestinal mucosal site (Brenchley et al., 2006; Jenabian et al., 2015), a major HIV reservoir. 

The fact that IRF-5 is highly expressed and active in CD4+ T cells from PHI suggests that the level 

of inflammation, and consequently DAMPs release, is proportional to IRF-5 upregulation. 
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Nevertheless, activation of the TLR7-IRF-5 axis in CD4+ T cells may be multifactorial and could 

also be triggered by microbial products released into the circulation from the gut lumen due to 

compromised gastrointestinal mucosa (Brenchley et al., 2006). An additional source of DAMPs 

could be derived from material released by non-permissive, resting CD4+ T cells dying by 

pyroptosis following abortive HIV infection (Doitsh et al., 2014; Monroe et al., 2014). Moreover, 

HIV-1 is an enveloped retrovirus with two copies of an ssRNA genome that may be recognized 

by TLR7 (Luban, 2012; Meas et al., 2020). To this end, it would be interesting to analyse IRF-5 

expression in CD4+ T cells located at anatomical reservoir sites, like in the gut mucosa. 

 

Independently from the agonist molecule that triggers TLR7, ART-treated PLWH are 

characterized by an imprint on CD4+ T cells, likely occurring before ART, that makes them more 

susceptible to sensing DAMPs, HIV, or both. This imprint is also responsible for the activation of 

IRF-5 and consequently Caspase 8 and for sensitizing memory cells to Fas-mediated apoptosis. 

Interestingly, we show that TLR7 and IRF-5 expression levels directly correlate with CD4+ T cell 

death in PLWH on ART. IRF-5 expression is also inversely correlated with CD4+ T cell counts in 

PHI, suggesting that this pathway may also operate early during acute infection and could lead to 

the death of bystander CD4+ T cells. Hence, activation of the TLR7-IRF-5 axis and subsequent 

predisposition to Fas-mediated apoptosis might also affect CD4+ T cells’ homeostasis in general 

and might not be solely restricted to the memory compartment. Thus, it would be interesting to 

investigate the role of IRF-5 in HIV-1+ patients that do not respond to therapy, called immune non-

responders (Autran et al., 1997). Incomplete CD4+ T cell recovery (below 350 cells, despite years 

on effective ART) has been associated with increased replicative senescence, increase in effector 

CD4, and higher sensitivity to cell death, all of which contribute to a lower proliferative capacity of 

CD4+ T cells (Brenchley et al., 2003; Fernandez et al., 2006; Lederman et al., 2011; Marchetti et 

al., 2006; Massanella et al., 2013). More importantly, the extent of lymphoid tissue damage has 

been shown to influence CD4+ T cell count reconstitution (Zeng et al., 2012), suggesting that the 

level of inflammation and the extent of inflammatory tissue damage at the time of therapy affects 

CD4+ T cell recovery. Tissue disruption results in the release of DAMPs, which could trigger TLR7 

expressed on CD4+ T cells and activate the TLR7-IRF-5 axis. Hence, IRF-5 blockade could be 

beneficial in PLWH that fail to recover or show a slow recovery of CD4+ T cells after ART. 

Of note, despite having an active infection and higher levels of systemic immune activation 

compared to HIVfree individuals (Hunt et al., 2008), CD4+ T cells from EC donor expressed low 

levels of TLR7, insufficient to promote IRF-5 and cell death. 
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TLR7 agonists, in combination with other therapies, have been shown to promote sustained 

control of simian-human immunodeficiency virus (SHIV) or SIV in nonhuman primates (Borducchi 

et al., 2018; Hsu et al., 2021; Kasturi et al., 2020; Lim et al., 2018; Moldt et al., 2022; Walker-

Sperling et al., 2022). Indeed, the TLR7 agonist GS-9620 was shown to activate HIV in PBMCs 

from ART HIV+ patients and to reduce viral replication via the production of IFNɑ (Bam et al., 

2017; Tsai et al., 2017). However, only modest effects were observed in HIV controllers on ART 

who received an oral TLR7 agonist (SenGupta et al., 2021). The mild effect was to be attributed 

to increased dendritic cell and natural killer cell crosstalk and an increase in cytotoxicity potential 

(SenGupta et al., 2021). Similarly to ECs, rhesus macaques are capable of naturally controlling 

SIV infection. It is thus possible that their CD4+ T cells do not express high levels of TLR7. In this 

case, the use of TLR7 agonists will not affect the memory CD4+ T cell compartment. However, 

our results suggest that the therapeutic use of TLR7 agonists could lead to an imbalance in CD4+ 

T cell homeostasis and a loss of memory and effector CD4+ T cells in HIV+ patients on ART with 

CD4+ T cells expressing high TLR7 levels.  

 

Several important questions arose from our study: i) what induces TLR7? ii) what determines 

TLR7 expression levels in CD4+ T cells? iii) Are TLR7 expression levels associated with the 

capacity to maintain CD4+ T cell homeostasis during primary infection? 

We tried to identify possible pathways that could lead to TLR7 upregulation in CD4+ T cells and 

found that IFNβ together with DAMPs released from tissue damage display a synergistic effect in 

inducing TLR7 expression on CD4+ T cells. Although this possible synergism can be enhanced 

by TCR triggering, TCR engagement is not strictly required. These results imply that the level of 

IFN-I response and inflammation may determine the level of TLR7 that CD4+ T cells (antigen-

specific and bystanders) will be imprinted with. It is largely recognized that TLR7 expression on 

innate immune cells, particularly plasmacytoid dendritic cells (pDCs), is essential for inducing the 

IFN-I response, which is required to control HIV spread during the acute phase of infection (Li et 

al., 2014; Sandler et al., 2014). However, IFN-I may also have immunosuppressive effects in HIV 

infection (Campillo-Gimenez et al., 2010; Jacquelin et al., 2009).  Hence, a balance between the 

double-edge IFN-I functions, antiviral and immune suppression, is crucial for the outcome of HIV 

infection (Telenti, 2014). One reason for varying IFN-I levels in different individuals is via TLR7 

polymorphisms (Azar et al., 2020; Fallerini et al., 2021; Shaikh et al., 2019; Shi et al., 2020; 

Zaidane et al., 2020a; Zhang et al., 2020), which could determine the amount of IFN-I that is 

produced (Azar et al., 2020). Polymorphisms in the IRF5 gene could also explain why the TLR7-



 111 

IRF-5 axis is more activated in certain individuals than others. IRF5 polymorphisms have been 

well described for autoimmune disease and are often associated with various levels of 

inflammation (Dideberg et al., 2007; Dieguez-Gonzalez et al., 2008; Graham et al., 2006a; Hedl 

et al., 2012).  

 

Our findings highlight the central role played by IRF-5, which is not only involved in predisposing 

memory CD4+ T cells to Fas-mediated apoptosis, but also a key component of the Fas/FasL 

pathway. The IRF-5 effects are complementary to Foxo3a, which enhances the expression of 

FasL (van Grevenynghe et al., 2012; van Grevenynghe et al., 2008b), empowering the “killers”, 

while IRF-5 promotes the expression of Fas (Hu et al., 2009), weakening the “victims”. It is thus 

not surprising that IRF-5 blockade limited not only the induction of caspase 8 via the TLR7-IRF-5 

axis but also Fas-mediated cell death. IRF-5 blockade could be developed as a possible therapy 

to prevent the loss of protective memory CD4+ T cells in patients under ART and to help recover 

CD4+ T cell counts in HIV+ patients that do not respond to therapy. As a heightened expression 

of IFN-I and tissue damage are common features of persistent inflammatory responses, it is 

possible that the pathway we describe in this study is not only involved in HIV-1-pathogenesis but 

could also operate during other chronic viral infections, such as SARS-CoV2. 

 

In conclusion, we report that CD4+ T cells from PLWH receiving ART display heightened TLR7, 

IRF-5, and CASP8 expressions compared to CD4+ T cells from EC and HIVfree donors. Moreover, 

activation of the TLR7-IRF-5 axis feeds into the Fas/FasL pathway predisposing and enhancing 

Fas-mediated apoptosis. The transcription factor IRF-5 plays a central role in both pathways and 

blockade of IRF-5 activation limits cell death. We propose IRF-5 blockade as a possible 

therapeutic target to prevent memory CD4+ T cell loss in patients under ART and, more 

importantly, for patients who have a low CD4+ T cell recovery despite long-term ART that 

represent 20 % of patients with a persistent risk to develop non-AIDS and AIDS comorbidities. 

Figure 3.9 summarizes how this novel pathway could work synergistically with other known cell 

death pathways (reviewed by (Cummins et al., 2010b; Doitsh et al., 2016)), particularly those 

requiring Caspase 8, to induce apoptosis in CD4+ T cells during primary HIV-1 infection and after 

ART. 
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Supplemental Figure 3.10  Anti-IRF-5 antibody specificity and gating strategy 

A) WT and Irf5 -/- THP-1 cells were restimulated with either IMQ or PMA+IMQ and IRF-5 

expression was assessed by flow cytometry. Graphs show a) representative FACS plots and the 

percentage of IRF-5 positive cells, and B) the frequency of IRF-5 nuclear localization. C) 

Representative FACS plots showing the gating strategy used to determine the frequency of cells 

positive for Annexin V, IRF-5+ , IFNɣ+ , and DR5+ in total CD4+ T cells or CD45RA+ and CD45RA- 

CD4+ T cells in PBMCs isolated from PHI and HIVfree individuals. 

 

 

Supplemental Figure 3.11  DR5 expression in IRF-5+ cells 

Graphs show a) the percentage of CD45RA+ and CD45RA- CD4+ T cells expressing IRF-5 and b) the percentage of 

DR5+  CD4+ T cells in PHI and HIVfree individuals; c) the percentage of IRF5 expressing DR5+ CD4+ T cells, and d) the 

percentage of IRF5+ DR5+ CD4+ T cells expressing CD45RA+ / - IFNɣ+/- CD4+ T cells in PHI patients. Data are presented 

as the mean ± SD. The Mann-Whitney U-test and the Kruskal-Wallis test followed by the Dunn’s multiple comparison 

test were used to determine statistical significance, * p < 0.01, *** p 
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Supplemental Figure 3.12  Gating strategy 

Representative FACS plots showing the gating strategy used to determine the frequency of apoptotic, dead, IRF-5+ , 

and Fas+ CD4+ T cells or to gate naïve, effector and memory CD4+ T cells from ART HIV-1+ , EC, and HIVfree donors. 
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Supplemental Figure 3.13  IRF-5 expression does not correlate with Annexin V expression in EC but 
correlates with REG3ɑ concentration in the serum of ART HIV-1+ donors 

A) Graph represents correlation between Annexin V and IRF5 expressions in memory CD4+ T cells from EC. The 

Spearman r test was used to determine statistical significance, * p <0.05, n=10. B-C) The concentration of REG3ɑ in 

the donors’ serum was assessed by ELISA. Graphs show b) REG3ɑ concentrations in the serum of male and female 

ART HIV-1+ participants, and C) the correlation between IRF-5 expression and REG3ɑ serum concentrations. Data are 

presented as the mean ± SD. The Wilcoxon test was used to determine statistical significance, * p <0.05, n=6. For C), 

the Spearman r test was used to determine statistical significance, * p <0.05, n=12 (6 female and 6 male donors). 
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Supplemental Figure 3.14  Correlations Graphs 

Graphs represent correlations between A) TLR7 and IRF-5 expressions and B) TLR7 and Annexin V expressions in 

memory CD4+ T cells from EC. Spearman r test was used to determine statistical differences * p <0.05, n=9. C-F) 

Purified CD4+ T cells from HIV-1+and HIVfree donors were stimulated for 24h with ɑCD3/ɑCD28. Graphs show C) the 

percentage of IRF-5+ total CD4+ T cells and the percentage of d) IRF-5+, e) apoptotic cells, and f) dead cells in memory 

CD4+ T cells. Data are presented as the mean ± SD. The Wilcoxon test was used to determine statistical significance, 

* p <0.05, n=6.  
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Supplemental Figure 3.15 IRF-5 inhibitory peptides limit Fas-mediated apoptosis in memory CD4+ T cells 

Four different IRF-5 blocking peptides and the control peptide were tested for their cytotoxicity and their capacity to 

block IRF-5 in CD4+ T cells.  Graphs show A) the percentage of live PBMCs from HIVfree donors upon incubation with 

IRF-5 inhibitory peptides at various concentrations, and B) IRF-5 nuclear localization in unstimulated and C,D) IRF-5 
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nuclear localization in IMQ-stimulated CD4+ T cells from ART HIV-1+ and HIVfree donors in the presence or absence of 

10μM of the indicated peptides or peptide mix. Data are presented as the mean ± SD, n=3. 

 

 

Supplemental Figure 3.16  CD4 T cells from male and female participants display similar responses 
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A) Purified CD4+ T cells from female and male ART HIV-1+ and HIVfree donors were treated with IMQ or medium alone; 

12h later rFasL or medium were added to the culture and the cells were incubated for further 18h for a total of 30h 

incubation at 37°C. Graphs show the percentage of apoptotic memory CD4+ T cells from A) female and C) male donors 

, the percentage of dead memory CD4+ T cells from B) female and D) male participants, and E) CASP8 mRNA levels 

in memory CD4+ T cells from male (left graph) and female (right graph) donors after 30h stimulation. Data are presented 

as the mean ± SD. The Wilcoxon test was used to determine statistical significance, * p <0.05, n=6. 

 

 

Supplemental Figure 3.17  Stimulation of memory CD4+ T cells in the presence of DAMPs and IFNβ promotes 
the upregulation of TLR7 and predisposes cells to Fas-mediated apoptosis 

Purified CD4+ T cells from HIVfree individuals were treated in vitro for 24 h with 10 ng/ml IFNβ in the presence or absence 

of 10% v/v supernatant containing apoptotic material (AM, supernatant of staurosporine-treated cells), before 

stimulation with ɑCD3/ɑCD28 for 24h. Graphs show a) the percentage of IRF-5+, b) the percentage of apoptotic and c) 

the percentage of death memory CD4+ T cells. CD4+ T cells from HIVfree individuals were treated as described above 

and additionally incubated with rFasL for further 18h after ɑCD3/ɑCD28 stimulation. Graphs show d) the percentage of 

IRF-5+, e) the percentage of apoptotic and f) the percentage of death memory CD4+ T cells. Data are presented as the 

mean ± SD. The Wilcoxon test was used to determine statistical significance, * p <0.05, n=6. 
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4 GENERAL DISCUSSION 

Although ART has proven effective in suppressing HIV-1 replication, recovery of a fully functional 

immune system remains a challenge. PLWH under viral-suppressive ART show varying levels of 

CD4+ T cell recovery (Yan et al., 2023); however, restoration of CD4+ T cell populations tends to 

be slow and sometimes incomplete. Indeed, some patients are unable to fully recover their CD4+ 

T cell count to the level of individuals without health complications. Insufficient recovery of CD4+ 

T cells despite achieving viral suppression leads to heightened morbidity and mortality (Dronda 

et al., 2002).  

In our efforts to understand the vulnerability of CD4+ T cells to cell death in chronic inflammatory 

settings, our laboratory recently reported that upregulation of IRF-5 limited CD4+ T cell survival 

during the chronic stage of experimental VL. Indeed, activation of IRF-5 via TLR7 triggering by 

inflammatory tissue damage-derived apoptotic cell material induced death receptor 5 and 

caspase 8, and ultimately led to cell death (Fabié et al., 2018). When we extended our 

investigation on the TLR7-IRF5 pathway to HIV infection, we found that this axis promotes FAS-

mediated apoptosis of memory CD4+ T cells. This mechanism is operative in individuals under 

ART and may play a role in the maintenance of memory CD4+ T cells and in the recovery of CD4+ 

T cell counts.  Moreover, this pathway may partially explain the poor restoration of the CD4+ T 

cell population in HIV-infected INRs. More specifically, our findings highlight that memory CD4+ T 

cells in PLWH on ART express TLR7 and IRF-5 and that this imprint sensitizes them to cell death 

during chronic infections (Carmona-Pérez et al., 2023).  

Different factors could contribute to this imprint on memory cells. Some of these factors are 

relative to the host polymorphisms, the differential expression of the distinct isoforms of IRF-5, 

and  the level of inflammation, which will determine the presence of DAMPs (Yates et al., 2007).  

Throughout this study, many more questions arose that could help to better explain the function 

of the TLR7-IRF-5 pathway in T cells and the consequences for their maintenance and the 

immune response. Here are some important points to consider in future studies. 
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1. IRF-5 and HIV infection 

1.1 IRF-5 functions  

In this work, we show for the first time that memory CD4+ T cells upregulate IRF-5 in primary HIV-

infected donors and PLWH undergoing ART and that this transcription factor is involved in 

sensitizing memory CD4+ T cells to apoptosis.  

The role of IRF-5 in the immune response against viral infections has been previously 

investigated, but these studies have focused primarily on its function in monocytes, macrophages, 

or dendritic cells, but not in T cells (Pitha, 2011). In addition, IRF-5 has been poorly studied in the 

context of HIV infection. 

Interestingly, HIV has been shown to interact with IRFs to modulate its activity (Cheng et al., 

2014). It could be that the interactions of HIV proteins with IRF-5 alter their transcriptional activity. 

Although it is possible that, after initiation of antiretroviral therapy, the decrease HIV proteins in 

CD4+ T cells caused by low viral replication contributes to an increase in the expression of this 

transcription factor, we do not think that this is the case. Indeed, we believe that the positive 

regulation of IRF-5 is not determined by viral replication, but it is due to an increase in TLR7 

signaling driven by the increase in IFN-I and DAMPs during the chronic phase of the infection. In 

fact, we think that the cells that have this imprint are not necessarily the infected but are the 

bystander cells. 

Because IRF-5 is not only expressed in memory CD4 T cells, it is important to determine its 

function in other CD4+ T cell populations to better tailor a potential therapy against HIV infection. 

For example, IRF-5 may play a role in T cell differentiation and regulation of mucosal inflammation 

during HIV. Inflammatory bowel disease (IBD) and HIV are characterized by a strong inflammatory 

environment and tissue disruption especially in the intestinal mucosa. Studies have demonstrated 

that IRF-5 modulates mucosal inflammation in IBD by controlling Th1 and Th17 immune 

responses as well as cytokine production. The upregulation of the expression of IRF-5 in CD4+ T 

cells from individuals with IBD induced their differentiation into Th1 and Th17 cell types by 

influencing the expression of T-bet and RAR-related orphan receptor C (RORC). IRF-5 

overexpression also enhanced Th1/Th17 immune responses, leading to increased secretion of 

inflammatory cytokines, including IFN-γ, TNF-α, IL-17A, and IL-23. Additionally, IRF-5 expression 

levels show a significant correlation with disease activity, suggesting its potential as a novel target 

for therapeutic strategies for this condition (Yang et al., 2021). It would be interesting to investigate 

whether IRF-5 has a similar function in CD4+ T cells during the acute phase of HIV infection and 

whether its function changes after ART. It is important to note, though, that T cell-specific Irf5-/- 
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mice did not have major defects in their Th1 response against L. donovani (Fabié et al., 2018), 

suggesting that the role of IRF-5 may be tissue and disease-specific.  

It is also essential to investigate whether IRF-5 affects HIV reservoirs, as other transcription 

factors of the IRF family have been reported to affect viral latency. IRF-7 shows a positive 

correlation with the ability of certain inhibitors, like JAK2 inhibitors, to reactivate latent HIV. This 

correlation suggests a promising avenue for HIV eradication through innate immune modulation, 

as it indicates that manipulating IRF-7 levels may contribute to reducing the viral reservoir by 

activating latent HIV. This approach represents a novel pathway that could be explored further in 

the quest to eliminate the HIV reservoir from the body (Ezeonwumelu et al., 2022).  

IRF-5 is also expressed in Tregs. Hence, another factor to investigate is the role of IRF-5 in CD4+ 

T cell in INR individuals. It has been shown that this type of CD4+ T cell has alterations in 

immunoregulation functions involved in the high immune activation existing in INRs. These 

individuals have a high frequency of Tregs, but with decreased HIV-specific immunosuppressive 

functions compared with PLWH without ART. However, in INRs, the function of Tregs appears to 

be primarily associated with regulating the homeostatic proliferation of naïve CD4+ T cells rather 

than modulating immune activation (Méndez-Lagares et al., 2012). 

 

1.2 IRF-5 isoforms and polymorphisms influence T cell maintenance 

Genetic variations in IRF-5 and their association with disease progression in HIV infection has 

been scarcely studied. These variations could influence IRF-5 expression levels or activity, 

impacting the host's ability to mount an effective immune response against the virus. Only one 

report is known related to IRF-5 polymorphisms and immune response to HIV infection. These 

polymorphisms found in the IRF-5 gene is adjacent to TNOP gene 3, a protein that interacts with 

the HIV-1 capsid protein (Sepúlveda-Crespo et al., 2023). The IRF5-TNOP3 polymorphisms had 

significant association with the natural control of HIV infection in EC. It would be interesting to 

identify whether other IRF-5 polymorphisms that have already been described could be directly 

related to the predisposition to induce cell death in T cells after ART, which could influence the 

low maintenance of this cell population in some patients. 

Moreover, the function of IRF-5 during HIV infection could be influenced by the type of isoform 

expressed in T cells. We found in our study that not all peptides designed to block IRF-5 work for 

this transcription factor in all cell types. This is because T cells do not express the same isoforms 

as monocytes and dendritic cells. As explained previously, different IRF-5 isoforms are produced 
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by the alternative splicing that occurs at high rates in the human IRF5 gene. These isoforms 

display unique expression profiles in various cell types, demonstrate different subcellular 

distribution patterns, and fulfill distinct roles in immune responses and the development of 

diseases (Stone et al., 2013). Remarkably, certain isoforms are associated with an increased risk 

of SLE, particularly those originating from exon 1B and displaying splice variations within and 

near the PEST domain located in exon 6. There are several distinctive and consistently produced 

IRF-5 isoforms that commence from exon 1B, and these isoforms possess the capacity to impact 

the functionality of IRF-5 or the transcriptional profiles of genes regulated by IRF-5. For example, 

some of these isoforms are linked to elevated IRF-5 expression and they are linked to a high 

production of proinflammatory cytokines (Wen et al., 2011). 

To date, 16 IRF-5 isoforms have been described, but not all of them are expressed in T cells and 

the factors inducing differential expression of some isoforms in this specific cell type have not yet 

been described. It would be of high importance to identify if certain types of isoforms can be linked 

to the induction of cell death in this type of cells and, even more important, to understand how the 

expression of these isoforms is triggered (Graham et al., 2006b). It is also crucial to identify which 

isoform is induced by TLR7 in CD4+ T cells, since a specific isoform could explain the induction 

of cell death which could be used to design specific peptides only affecting this type of isoform. 

To identify what determines the specific function of IRF-5 in CD4+ T cells, it is not only vital to 

identify the isoforms specifically expressed in CD4+ T cells, but also to identify what type of dimers 

these isoforms form since the formation of homo- or heterodimers could change their 

transcriptional targets (Barnes, 2018; Chang Foreman et al., 2012).   

 

1.3 IRF-5 upstream signalling partners 

In our study, we explored potential pathways responsible for the upregulation of IRF-5 in CD4+ T 

cells. We found that the stimulation of TLR7 induced IRF-5 expression in memory CD4+ T cells 

from ART HIV-1+. 

However, other pathways could be inducing or interacting with IRF-5 during HIV infection. It is 

known that different pathways synergize to promote inflammatory responses, which can enhance 

the TLR7/IRF-5 signalling pathway. For example, a study by Yang et al. showed the synergy 

between CXCL4 and TLR8 to not only enhance TLR8 responses but also skew them toward 

inflammation (Yang et al., 2022). This is achieved through the combined activation of the TBK1 

signaling pathway, which drives inflammatory outcomes by inducing gene expression via IRF-5, 
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as well as by promoting the production of IL-1β through inflammasome activation. Additionally, 

this collaboration leads to genome-wide changes in chromatin accessibility. These findings imply 

that when CXCL4 + TLR8 stimulation occurs, there is a synergistic activation of typical 

inflammatory genes. This heightened activation of inflammatory pathways may contribute to 

cytokine storms and the development of inflammatory diseases. However, it also opens up the 

possibility of therapeutic interventions aimed at selectively dampening pathological inflammation 

while preserving essential aspects of the host's defense mechanisms. 

Additionally, it is essential to identify whether IRF-5 can be induced by other signaling pathways 

that converge in the induction of cell death through Fas/FasL pathway. For example, whether the 

reservoir induces the expression of IRF-5 after the reactivation of the infected cells. In these cells 

it is important to evaluate whether HIV can directly induce IRF-5 through TLR7 or other pathways.  

Further research is necessary to fully understand the intricate interactions between IRF-5 and 

HIV infection. Investigating the specific mechanisms and functional consequences of IRF-5 

activation in the context of HIV can provide valuable insights into host-virus interactions and 

potential therapeutic targets to improve the maintenance of memory cells and immune responses, 

and to control viral replication in HIV-infected individuals. 

 

1.4 The inhibition of IRF-5 as a possible therapeutic strategy 

Because IRF-5 sensitizes memory CD4+ T cell to cell death, IRF-5 inhibition appears as a possible 

therapeutic strategy. IRF-5 inhibition has mostly been studied in the context of autoimmune 

diseases. Blocking IRF-5 using conditional Irf-5 deletion or a novel small-molecule inhibitor has 

been demonstrated to halt the progression of SLE and effectively sustain remission in mice even 

after disease onset. These findings imply that inhibiting IRF-5 could potentially address the 

shortcomings of current SLE treatments, encouraging further exploration of IRF-5 inhibitors in 

drug discovery research (Ban et al., 2021).  

IRF-5 can also be inhibited through the use of peptides. Indeed, IRF-5-inhibiting peptides have 

been shown to reduce inflammation and fibrosis in the heart and enhance vascular endothelial 

function in tight skin (Tsk/+) mice (Weihrauch et al., 2016).  

Although different strategies have been published to inhibit IRF-5 in mice, the question remains 

whether these strategies can be extrapolated for therapeutic use in humans. A study utilizing cell-

penetrating peptide (CPP) inhibitors, which inhibit IRF-5 activity by targeting homodimerization, 

points towards the use of IRF-5 inhibiting peptides as a promising therapeutic approach to control 
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different human diseases in which IRF-5 plays a key role in disease development and progression 

(Banga et al., 2020).  

Thus, strategies of IRF-5 inhibition with demonstrated efficacy in the treatment of diseases such 

as SLE may also be of interest for treating infections such as HIV. The problem that persists with 

this approach are potential unintended consequences of blocking IRF-5 in all cell types due to the 

wide range of functions of this transcription factor. Blocking IRF-5 in general could block CD4+ T 

cell death, but it could also block other functions of IRF-5 in different cell types, including cytokine 

and antibody production, differentiation, and proliferation, which are of enormous importance in 

infection control. Another factor to consider is the different IRF-5 isoforms that are expressed in 

the various cell types since peptides could be restricted to inhibit only certain types of isoforms 

and not all of them. Thus, it would be ideal to identify what type of isoform is expressed in memory 

CD4+ T cells to investigate whether it is specific to a certain cell type and/or to the induction of 

cell death. In this case, peptides could be designed to regulate only the isoforms of IRF-5 that 

induces cell death in CD4+ T cells without affecting the other positive functions that IRF-5 may 

perform in other cell types. 

Another strategy to reduce the induction of cell death by IRF-5 is to reduce its activation by 

inhibiting its phosphorylation, such as, by inhibiting the interaction of IRF-5 with proteins important 

for its phosphorylation such as TASL (Heinz et al., 2020). However, blocking the interaction of 

IRF-5 and TALS will inhibit the phosphorylation and activation of all isoforms and thus block other 

transcription factor functions in T cells and other cell types. 

An alternative strategy to regulate IRF-5 expression is to target it for degradation. TRIM21, an 

E3-ubiquitin ligase, has been shown to facilitate the degradation of IRF-5, offering a potential 

strategy for modulating IRF-5 levels. However this is isoform-dependent. Lazzari E and 

collaborators demonstrated that upon activation of TLR7, TRIM21 selectively targets IRF-5 

isoforms v1/v5 for degradation, while isoforms v2/v3 remain resistant in macrophages (Lazzari et 

al., 2014). 

The Proteolysis-targeting chimera (PROTAC) technology offers a novel and promising approach 

to modulate protein levels through induced degradation (Pettersson et al., 2019).  This technology 

could be used for the reduction of overall IRF-5 levels. However, as it does not specifically 

degrade IRF-5 proteins that only induce cell death, this would not represent a specific blockade 

of this function.   
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Another way to control the levels of the death-inducing IRF-5 protein in CD4+ T cells would be to 

identify whether homodimers and heterodimers define which target molecules can induce death 

in this cell type and thus block the binding of the death-promoting proteins. 

 

2. TLR7 and HIV infection 

2.1 TLR7 functions  

In the current study, we have shown that TLR7 is upregulated in memory CD4+ T cells from ART 

HIV-1+ individuals. We also have demonstrated for the first time that TLR7 activation in these cells 

induces IRF-5 expression, which predisposes the cells to Fas-mediated apoptosis.  

In contrast to IRF-5, TLR7 has been studied in more detail in the context of HIV. TLR7 has been 

shown to play a pivotal role during all phases of infection and to have different functions in the 

various cells of the immune system. The single-stranded RNA of HIV-1 contains numerous 

uridine-rich sequences that serve as ligands for Toll-like receptors 7 and 8 (TLR7/8). During acute 

infection, these interactions trigger the activation of plasmacytoid dendritic cells and monocytes, 

as well as T cell activation mediated by accessory cells. Consequently, TLR ligands encoded by 

HIV-1 directly contribute to the immune activation observed during acute infection (Meier et al., 

2007).  

In mice, persistent TLR7 stimulation has been shown to lead to ongoing immune activation, 

thereby contributing to the gradual decline of immune function and resulting in an 

immunopathological state akin to the progressive lymphoid destruction seen in HIV infection 

(Chang et al., 2012). This included lymphopenia, heightened levels of proinflammatory cytokines, 

splenomegaly, reduced lymphoid cell populations, and structural changes in lymphoid tissues 

characterized by diminished marginal zone B-lymphocytes (Odermatt et al., 1991). Continuous 

activation of TLR7 in different cell types has diverse consequences. The finding that TLR7 

activation causes B cells to adopt an activated state and release nonspecific antibodies in mice 

suggests that immunosuppression is not caused by a general inability of B cells to generate IgG 

(Baenziger et al., 2009). As B-cell activation and hypergammaglobulinemia are hallmark features 

of HIV infection, the alterations in splenic structure and composition following prolonged TLR7 

activation may explain the weakened antigen-specific humoral immune response (De Milito et al., 

2004).  

In addition, stimulation of TLR7 was found to result in sustained elevation of IL-10, IL-6, IFN-ɣ 

and TNF levels, reminiscent of the elevated levels observed in chronic HIV infection (Norris et al., 
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2006). Sustained production of TNF at low levels has significant effects on tissue development, 

notably leading to reduced thymic tissue. Consistent with these findings, mice treated with R848, 

a TLR7 agonist, displayed decreased cellularity in the thymus, suggesting that continuous TLR7 

stimulation could impair thymic function and its ability to counterbalance the loss of T cells 

associated with HIV infection (Glosli et al., 2004).  

TLR7 signaling also negatively regulates CD8+ T cell responses during HIV-1 infection. Indeed, 

elevated TLR7 levels in CD8+ T cells among individuals with HIV-1 infection contribute to aberrant 

immune activation, IFN-ɣ production, and progression of HIV-1 pathogenesis (Song et al., 2009).  

It is also known that TLR7 can induce anergy in human CD4+ T cells during HIV acute infection. 

Reducing TLR7 gene expression using shRNA resulted in a lower occurrence of CD4+ T cells 

infected with HIV-1 in vitro and restored the responsiveness of these HIV-1-positive CD4+ T cells 

(Dominguez-Villar et al., 2015).  

 

2.2 TLR7 polymorphisms  

TLR7 polymorphisms also affect the function of this receptor and increase susceptibility to HIV-1 

infection favouring disease progression. These polymorphisms impact the amount of antiviral 

cytokines, such as IFNs, TNF, interleukin-6 (IL-6), and IL-12, produced after TLR7 stimulation 

(Zaidane et al., 2020b). For example, the TLR7 polymorphism Gln11Leu has been linked to 

elevated viral loads, a notable reduction in IFN-α secretion and a hastened progression toward 

advanced immune suppression in individuals with HIV (Said et al., 2014). Differences in IFN-I 

levels among individuals are also attributed to the presence of TLR7 polymorphisms. For 

example, the polymorphism of human TLR7, rs179008, is associated with lower viremia and 

decreased TLR7-driven IFN-I production by female pDCs (Azar et al., 2020).  

Variations in TLR7 genes are associated with susceptibility and disease progression in Chinese 

MSM (men who have sex with men) individuals infected with HIV-1. Specifically, the TTA 

haplotype correlates with reduced susceptibility and a slower disease progression during acute 

infections. Meanwhile, in patients with chronic HIV infection, the minor allele G of TLR7 rs179009 

and the haplotype CTG are overrepresented, suggesting they may serve as "risk factors" during 

this stage of the infection (Zhang et al., 2020). Similarly, the TLR7 SNP (rs2074109) appears to 

play a role in predisposing individuals to HIV-1 infection in Indian populations (Shaikh et al., 2019).  

TLR7 polymorphism could also affect the sustained TLR7 activation and the imprint that 

predisposes memory CD4+ T cells to Fas-mediated apoptosis. It would be interesting to 
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investigate whether certain TLR7 polymorphisms are associated with the activation of IRF-5 and 

whether patients that do not respond to therapy and do not regain CD4 counts have one of these 

TLR7 polymorphisms. 

 

2.3  Induction of TLR7 expression  

Key questions in our study pertained to the function of TLR7 in CD4+ T cells during HIV infection 

and the induction and maintenance of TLR7 expression even after ART. Our investigation 

revealed a synergistic effect between IFN-β and DAMPs in the induction of TLR7 expression in 

these cells. This synergistic effect was further amplified by TCR signaling. These findings suggest 

that the intensity of the IFN-I response, immune activation, and inflammation-derived tissue 

damage could influence the degree of TLR7 expression on CD4+ T cells, including both antigen-

specific and bystander cells. In autoimmunity models, the level of IFN-β has been shown to 

contribute to TLR7 induction in other cell types, creating a feedback loop in which IFN-β 

production is dependent on TLR7 activation and TLR7 overexpression is dependent on the IFN-I 

response (Green et al., 2009b). This could explain how TLR7 expression in CD4+ T cells is 

maintained over time. 

The role that IFN-I play during HIV antiviral responses are complex. IFN-I is essential for triggering 

antiviral responses during the acute phase, but persistent IFN-I signaling amplifies immune 

activation promoting immune exhaustion, and enhances the expression of various inhibitory 

factors, which suppress antiviral immunity, contributing to viral shedding and the establishment of 

persistently infected reservoirs (Marsden et al., 2012).  Our results demonstrate that IFN-I, in 

addition to inducing chronic immune activation and formation of reservoirs, also induces TLR7 

expression leading to the development of an imprint that predisposes memory CD4+ T cells to cell 

death. Additionally, it has been proposed that the combination of ART with IFNR blockade during 

chronic HIV infection would accelerate viral suppression and reduce the reactivatable reservoir of 

HIV (Zhen et al., 2017). It would be interesting to study the impact of blocking IFN-I signaling on 

the activation of the TLR7 signaling pathway and the induction of Fas-mediated apoptosis. 

Yet, IFN-I is not sufficient to perpetuate TLR7 expression and create this imprint. Despite effective 

ART, PLWH continue to experience persistent chronic immune activation and inflammation. 

Hence other factors may determine the levels of immune activation and inflammation after ART. 

These factors may impact T cell activation through the TCR and the availability of DAMPS that 

are also necessary to perpetuate TLR7 expression and activation and induce cell death. The 
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inflammatory state that persists after ART is attributed to multiple factors, including thymic 

dysfunction, persistent antigenic stimulation due to low residual viremia, microbial translocation 

and dysbiosis due to intestinal mucosal disruption, co-infections, and cumulative ART toxicity 

(Zicari et al., 2019). In our study, we have not yet determined which specific DAMPS promote 

TLR7 expression. We propose that the source of these DAMPS may be microbial translocation 

and dysbiosis due to altered intestinal mucosa. Finding ways to decrease IFN-I signaling, immune 

activation and chronic inflammation at the time of ART initiation could educe TLR7 expression 

levels in memory cells and ultimately reduce their predisposition to cell death. 

 

2.4 TLR7 activation 

Our results highlight that TLR7 is possibly activated by ligands from microbial translocation and 

not by reactivation of viral replication in individuals on ART.  

After the commencement of ART, the rapid decrease in immune activation correlates closely with 

the decrease in HIV-1 viremia. This implies a direct involvement of HIV-1 in immune activation, in 

which TLR7 is implicated (Meier et al., 2007).  However, after receiving ART, people living with 

HIV still exhibit persistent low-grade immune activation and inflammation. In this scenario, TLR7 

triggering is not directly activated by HIV-derived ligands. The specific ligand inducing TLR7 

activation in uninfected or not HIV ssRNA-exposed cells during ART remains to be identified. We 

hypothesize that they could be DAMPS derived from tissue damage due to inflammation and 

microbial translocation from the damaged gut.  

The gut mucosa and GALT play a vital role in maintaining overall physiology and health. HIV 

specifically targets mucosal CD4+ T cells, causes their decline within the gut, leading to significant 

disruptions in gut homeostasis. The virus also causes increased epithelial cell death and reduced 

cell-cell adhesion within the gut, altering the microbial balance and allowing microbial products to 

enter the bloodstream, leading to dysbiosis (Zevin et al., 2016). These disruptions persist despite 

ART, leading to prolonged immune activation and inflammation, which can be compounded by 

opportunistic co-infections (Massanella et al., 2016). These microbial products could act as 

DAMPS that activate different TLRs such as TLR7.  

To assess the level of gut integrity, circulating markers have been utilized, particularly in PLWH. 

Intestinal fatty acid-binding protein (I-FABP), released into the bloodstream upon gut epithelium 

cell death, has been identified as a key marker in this context. Numerous studies have consistently 

shown elevated I-FABP blood levels in PLWH, irrespective of their use of ART, in comparison 
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with individuals without HIV. Additionally, regenerating islet-derived protein 3 α (REG3α), an 

antimicrobial peptide typically produced in the gut lumen, undergoes translocation to the 

submucosa in response to gut damage and the detection of REG3α in the circulation serves as 

an indicator of increased gut permeability, providing valuable insights into the impact of HIV on 

gut health (Ouyang et al., 2023). Indeed, higher levels of REG3α have been observed in PLWH, 

regardless of ART usage, when compared to HIV-negative controls (Isnard et al., 2020a). 

Gut damage associated with HIV facilitates the entry of microbial products into the submucosa 

and systemic circulation. This translocation is often identified by measuring the levels of bacterial 

LPS in the blood. Elevated LPS levels have been observed in both individuals with untreated HIV 

and those undergoing ART. Additionally, the translocation of fungal products such as β-D-glucan 

(BDG) has been documented in HIV infection, and elevated BDG levels persist in PLWH receiving 

ART (Ramendra et al., 2019; Xun et al., 2022).  

In our study, we observed a notable increase in REG3α levels in ART-treated HIV+ individuals, 

contrasting the minimal levels detected in HIV-free donors. Additionally, a noteworthy correlation 

emerged between IRF-5 expression frequency and REG3α levels in the serum of ART-treated 

PLWH. These findings suggest a potential link between these DAMPs released from 

compromised intestinal mucosa, TLR7 activation, and IRF-5 induction (Carmona-Pérez et al., 

2023).  

Heightened immune activation has shown a connection to microbial translocation in both 

untreated and treated HIV infection scenarios (Cassol et al., 2010). Indeed, innate immune 

activation, markers of inflammation, barrier dysfunction as measured by soluble markers predict 

higher mortality rates in individuals undergoing treatment for HIV infection (Hunt et al., 2014). 

Multiple studies have linked gut damage and the translocation of microbial products into the 

bloodstream to inflammation and an elevated risk of non-AIDS-related comorbidities in PLWH 

undergoing ART. These comorbidities include conditions like adiposity, cardiopulmonary issues, 

and neurocognitive impairment (Dirajlal-Fargo et al., 2019; Gianella et al., 2019; Morris et al., 

2012).  

As shown in this project, DAMPS derived from tissue damage activate the TLR7/IRF-5 axis which 

induces CD4+ T cell death in the absence of viral replication. This could explain why memory CD4+ 

T cells remain susceptible to apoptosis triggered by the Fas pathway, even after years of viral 

suppression in the bloodstream (Carmona-Pérez et al., 2023). Other studies also reported that 

microbial TLR agonists can induce cell death. Funderburg and colleagues have suggested that 

the immune dysfunction observed in chronic HIV infection could be driven by systemic exposure 
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to microbial TLR agonists, bacterial LPS, and DNA translocated from the damaged gut. Exposure 

to TLR ligands has been shown to increase immune activation, cause sequestration in lymphoid 

tissues and increase T-cell turnover, which aggravates immune dysfunction and contribute to the 

depletion of CD4+ T cells in chronic HIV infection (Funderburg et al., 2008). In addition, exposing 

PBMCs to various microbial TLR agonists in vitro primarily activates T cells of central memory 

and effector memory phenotype. CD8+ effector memory cells upregulate CD69 expression, 

possibly enhancing their retention in secondary lymphoid tissues, while CD4+ central and effector 

memory T cells are induced to enter the cell cycle and undergo apoptosis (Caron et al., 2005).  

Since ART does not fully control microbial translocation, which is linked to inefficient CD4+ T cell 

reconstitution, it would be interesting to evaluate whether the TLR7/IRF-5 signaling pathway is 

active in INRs individuals. It has been shown that failure to regenerate the CD4+ T cell pool in 

INRs is related to the polymicrobial flora in peripheral blood that remains largely unaltered by 

therapy. It might be intriguing to analyze whether the induction of CD4+ T cell death in these 

individuals is caused by the TLR7/IRF-5 imprint that predisposes these cells to Fas-mediated 

apoptosis (Merlini et al., 2011). However, other factors that may influence reconstitution in these 

individuals should be considered. A swifter rebound in CD4+ T cell counts post-antiretroviral 

therapy is also linked with initial factors such as a higher baseline CD4+ T cell count, younger age, 

reduced pre-ART LPS level, elevated pre-ART soluble CD14 level, diminished pre-ART IL-7 level, 

and IL-7R ha (Rajasuriar et al., 2010).  

Although we strongly believe that the TLR7/IRF-5 imprinting predisposes memory cells to Fas-

mediated apoptosis, it is appropriate to evaluate other pathways of cell death caused by microbial 

translocation.  In pathogenic SIV infection, findings suggest that intestinal barrier dysfunction 

leads to microbial translocation, driven by significant neutrophil infiltration, heightened epithelial 

proliferative activity, and sustained gut mucosal apoptosis (Estes et al., 2010). Neutrophil invasion 

and mucosal cell death remain persistently elevated even with ART. Although epithelial growth 

increases in HIV, it might be hindered in individuals with a poor immune response. Whether 

mucosal cell death causes, or results from, defects in epithelial growth remains uncertain but 

seems linked to widespread inflammation in the body. Future studies are warranted to explore 

the effects of ART and methods that focus on enhancing the gut's protective lining in treated HIV 

cases (Somsouk et al., 2015).  
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2.5  TLR7 pathway during HIV infection 

Our study identified two downstream targets of TLR7 signaling in memory CD4+ T cells: IRF-5 

and caspase-8. However, TLR7-IRF-5 axis could have also other downstream signalling partners. 

For instance, the TLR7-induced production of IFN-β in human plasmacytoid dendritic cells has 

been described, which requires direct phosphorylation of IRF-5 by IKKβ for it activation following 

ligation of TLR7 (Hayden et al., 2014). Other transcription factors could also be induced by TLR7 

during HIV infection in CD4+ T cells, which may contribute to the induction of cell death. For 

example, TLR7 signaling can trigger NF-κB-dependent and IRF7-dependent pathways, leading 

to the activation of innate immune responses and the production of IFNs (Trinchieri et al., 2007). 

In addition, various pathways involving TLR7 may have a synergistic effect on the induction of 

lymphopenia, which could be the case for the TLR7/IRF-5 axis as the IFNAR and IRF7-dependent 

pathways cannot completely account for the lymphoid system disruption. Although effects upon 

TLR7 triggering in Ifnar−/− or Irf7−/− mice were generally less pronounced, these mice still 

presented with lymphopenia, demonstrating that TLR7 can cause lymphocyte depletion by other 

IRF-7-independent mediated mechanisms, which may include IRF-5 (Baenziger et al., 2009; 

Kamphuis et al., 2006).  

 

2.6 Inhibition of the TLR pathway 

One strategy to curb the chronic immune activation instigated by HIV-1 and its accompanying 

immune pathogenesis is to impede the TLR7 pathway directly. Blocking the TLR7 pathway is now 

acknowledged as a crucial mechanism for regulating IRF-5 function. However, TLR7 signaling is 

also important in the control of infection and completely blocking TLR7 in all cell types would also 

have negative consequences. For example, TLR7 contributes to intracellular defense against HIV 

in macrophages, as TLR7 agonists such as imiquimod can inhibit viral entry by boosting the 

production of CC chemokines like MIP-1α, MIP-1β, and RANTES, which are natural ligands for 

the HIV entry co-receptor CCR5. The expression of CCR5, as well as CD4, can also be reduced 

after triggering TLR7 (Meng et al., 2021).  

In addition, blockade of TLR7 could reduce the activation of HIV-1-specific memory T cell 

responses, because TLR7 activation in specific subsets of dendritic cells may amplify their ability 

to activate virus-specific T cells (Hornung et al., 2005; Loré et al., 2003). Hence, inhibition of TLR7 

is definitely not the best strategy to prevent memory cell death because of the numerous adverse 

effects this will cause. 
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2.7 The therapeutic potential of TLR7 agonists  

TLR7 agonists hold significant therapeutic potential in HIV infection by reducing viral reservoirs, 

enhancing antiviral immunity, and possibly contributing to strategies aimed at achieving long-term 

remission or functional cure. However, ongoing research is essential to fully understand their 

efficacy and safety profiles (Zheng et al., 2023).  

Activation of TLR7 has contrasting effects during acute versus latent HIV infection. In fact, 

stimulating TLR7/8 could offer a potential avenue for clearing latent HIV without inducing rapid 

cell death, thus maintaining a controlled replication level while preventing new infections 

(Schlaepfer et al., 2006). Different TLR7 agonists have been explored as possible HIV latency 

reversal agents to support ART therapies and as possible adjuvants to include in vaccine design 

(Sartorius et al., 2021). For example, TLR2 and TLR7 agonists, when used in combination, 

efficiently revive dormant HIV by stimulating immune activity and fostering viral reactivation within 

CD4+ T cells. A similar activation of the virus is observed when triggering TLR7 using its agonist 

vestatolimod (GS-9620) in monocytes and plasmacytoid dendritic cells, which results in the 

release of TNF (Macedo et al., 2018).  

Co-administering TLR7/8 and TLR9 agonists in an adjuvant formulation substantially boosts 

antibody responses against the HIV-1 envelope in Rhesus macaques, suggesting potential 

advantages for forthcoming vaccines. Incorporating TLR7/8 and TLR9 agonists into a squalene-

based oil-in-water emulsion enhances the generation of HIV-1 antibodies. This adjuvant 

combination preserves the antigenicity of recombinant HIV-1 Envs and is expected to be a robust 

formulation to pair with highly antigenic Env capable of eliciting substantial levels of potentially 

protective antibodies (Moody et al., 2014). Such TLR7 agonists, when used alongside other 

treatments, prevent viral rebound following antiretroviral therapy discontinuation and have 

demonstrated efficacy in maintaining long-term control of SHIV or SIV in nonhuman primates 

models (Borducchi et al., 2018; Moldt et al., 2022).  

Additionally, the TLR7 agonist vesatolimod has demonstrated the ability to activate HIV in PBMCs 

from individuals with HIV who are on ART.  It also reduces viral replication by stimulating the 

production of IFN-α (Bam et al., 2017; Tsai et al., 2017). Vesatolimod has been shown to be well 

tolerated and was found to induce immune activation in adults living with HIV-1. It also shows 

promising results in modestly delaying viral rebound in HIV controllers following cessation of 
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antiretroviral therapy, which supports the need for future combination trials (Riddler et al., 2021; 

SenGupta et al., 2021).  

TLR agonist-based therapy has even been attempted as a preventive treatment. Exposure to TLR 

stimulation in HIV-1-exposed seronegative individuals triggers a heightened release of 

immunological factors, potentially enhancing adaptive antiviral immune responses. This 

phenomenon represents an innate immune protective phenotype induced by virus exposure 

against HIV-1 (Biasin et al., 2010). However, it is important to consider when the therapy should 

be administered and its specific effects on each cell type when designing a new therapeutic 

approach. During acute HIV infection, the activation of TLR7/8 may create an antiviral 

environment that limits excessive HIV replication. Conversely, TLR7/8 activation in latently 

infected cells may prompt the release of HIV virions (Schlaepfer et al., 2006).  

Although therapies based on TLR7 agonists help myeloid cell activation and promote the 

elimination of the virus during the onset of the infection, it is important to consider that TLR7 

activations could negatively impact memory CD4+ T cells during the chronic phase of the disease 

by inducing cell death in these cells. This could also affect effector CD4+ T cells whose elimination 

will increase the probability of developing AIDS, especially in PLWH who do not respond to ART. 

 

3 Fas and HIV infection 

3.1 Fas-induced apoptosis 

Fas and Fas ligand have been identified as playing a vital role in the management of cell death 

within the immune system, particularly in regulating the balance and proliferation of T 

lymphocytes. The Fas/FasL pathway is involved in immune cell depletion in HIV infection, in which 

the virus directly or indirectly triggers the loss of CD4+ T cells.  

A prominent theory explaining cell depletion in HIV infection revolves around apoptosis, as 

activating the Fas pathway is considered the primary apoptotic mechanism. Naïve T cells in the 

periphery exhibit minimal or no cell surface Fas expression, while activated memory T cells 

display relatively higher levels of Fas. This higher Fas presence in memory cells is associated 

with their increased susceptibility to apoptosis, emphasizing the role of Fas in immune system 

homeostasis (Salmon et al., 1994; van Grevenynghe et al., 2008c).  

During acute HIV infection, there is a prolonged disruption in the Fas/FasL pathway which may 

not solely relate to virus production but could play a role in disease progression. One hypothesis 

suggests a delicate balance between proapoptotic events (upregulation of Fas expression), 
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possibly initiated by the host to restrict viral replication, and antiapoptotic events (downregulation 

of FasL expression), potentially instigated by the virus to enhance its replication and persistence 

(Cossarizza et al., 2000; Poonia et al., 2009).  

Our study proposes a model where Fas-mediated apoptosis is largely enhanced by the imprint of 

TLR7 and IRF-5 expression in memory CD4+ T cells during HIV infection, highlighting how two 

cell death-promoting signaling pathways may synergistically interplay to reduce CD4+ T cell count. 

One of the most important perspectives of our study is to explore whether the TLR7/IRF-5 

pathway is active and feeding into the Fas/FasL pathway in INR individuals which could explain 

the poor restoration of CD4+ T cell counts in these individuals. Although the Fas/FasL pathway is 

one of the most important in cellular depletion in HIV infection, we must keep in mind that other 

cell death signaling pathways and other factors may contribute to the low CD4+ T cell count in 

INRs. For example, auto-IgG binding on CD4+ T cell surfaces and its mediation of CD4+ T cell 

death via NK cell cytotoxicity is associated with elevated CD4+ T cell apoptosis and impaired CD4+ 

T cell recovery in HIV+ subjects on ART with viral suppression (Luo et al., 2017).  

 

 

3.2 Induction of Fas/FasL pathway 

Our study suggests that IRF-5 is the key that links TLR7/IRF-5 and the Fas/FasL pathway. We 

demonstrate that the TLR7/IRF-5 axis is essential for the sensitization of memory cells to Fas-

mediated apoptosis. Our results are supported by previously published findings that demonstrate 

that IRF-5 is essential for Fas-mediated apoptosis (Couzinet et al., 2008). 

However, as for IRF-5 and TLR7, genetic factors such as polymorphisms may affect the 

expression of Fas and FasL and thus the induction of apoptosis via this pathway. Two 

polymorphisms in the 5′-flanking region of the human Fas gene have been identified (Huang et 

al., 1997). The first polymorphism is located 670 bp upstream from the gene's translational start 

site, at the binding site for signal transducers and activators of transcription (STAT) molecules 

(Huang et al., 1999).  The second polymorphism is a G to A substitution at position −1377 relative 

to the translational start site. Although this change does not create or remove any restriction site, 

it abolishes the consensus sequence of the binding  transcription factor SP-1 (Huang et al., 2000). 

As for FasL, two polymorphic sites have been identified in the second and third introns of the 

gene (Bolstad et al., 2000; Pinti et al., 2002). The first polymorphism, IVS2nt-124, involves an A 

to G substitution at the nucleotide 124 positions upstream from the first base of the third exon. 
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The second polymorphism, IVS3nt169, is a deletion of a T at position 169 downstream from the 

last base of the third exon. The presence of specific Fas or FasL polymorphisms have a significant 

impact on CD4+ T cell generation and the reduction of viral load. These genetic variations appear 

to influence the immune recovery process initiated by antiretroviral therapy (Nasi et al., 2005).  

Another factor that can influence induction of Fas/FasL pathway is the activation of transcription 

factor Foxo3a. Genes involved in the extrinsic apoptotic pathway, such as Fas ligand and TRAIL, 

or components of the intrinsic apoptotic pathway genes, such as PUMA, Noxa, and Bim are 

targets of Foxo3a (Dabrowska et al., 2008).  Foxo3a affects the generation and maintenance of 

lymphocyte memory (Riou et al., 2007; van Grevenynghe et al., 2008a). The reduced 

transcriptional activity of Foxo3a in ECs increased survival of memory cells, it serves as a 

molecular signature or indicator of immunity, linked to natural protection and the absence of 

disease progression (van Grevenynghe et al., 2008b). In the context of INRs, it would also be 

interesting to confirm whether cells that express FOXO3 are those that directly induce cell death 

in memory cells that express TLR7-IRF-5, contributing to the impairment of the generation and 

maintenance of memory of the lymphocytes (van Grevenynghe et al., 2008a).  

 

3.3 Downstream target of Fas signaling 

It is established that Fas signaling serves a dual purpose by inducing both apoptosis and the 

production of inflammatory cytokines. Specifically, among the cytokines elicited by Fas activation, 

the IL-1β family requires proteolytic processing for their biological activity. In response to 

pathogens and danger signals, inflammasomes are activated and cleave IL-1β cytokines through 

caspase-1. Interestingly, the activation of Toll-like receptors (TLRs) leads to an upregulation of 

Fas, making them responsive to Fas ligand-receptor engagement. In macrophages and dendritic 

cells, Fas signaling activates caspase-8, resulting in the maturation of IL-1β and IL-18 

independently of inflammasomes or RIP3, thus controlling a unique, noncanonical pathway for IL-

1β activation in myeloid cells which potentially plays a crucial role in inflammatory processes 

(Bossaller et al., 2012). It would be interesting to investigate whether Fas signaling is involved in 

the production of inflammatory cytokines during HIV infection. It may also contribute to the 

inflammatory environment that increases the expression of TLR7 and IRF-5 in CD4+ T cells. 
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3.4 The inhibition of IRF-5 as a possible therapeutic strategy 

We and others showed that memory CD4+ T cells have an increased susceptibility to Fas-

mediated apoptosis (Carmona-Pérez et al., 2023; van Grevenynghe et al., 2008c). It has been 

shown that a large proportion of T cell death in HIV-infected individuals is due to Fas FasL-

mediated apoptosis and has been proposed that cysteine protease inhibitors can be used to 

prevent Fas ligand up-regulation in HIV-infected patients to decrease apoptosis (Yang et al., 

1997). However, completely blocking Fas-mediated apoptosis would affect the natural balance 

between cell death and proliferation, as well as prevent the elimination of reservoir or infected 

cells by other infections. 

Therefore, we propose a more specific blockade of memory CD4+ T cell death using peptides that 

inhibit IRF-5 activation and thereby decrease the activation of TLR7/IRF-5 and the Fas/FasL 

pathway. 

In conclusion, the TLR7/IRF-5 axis plays a significant role in the pathogenesis of HIV-1 infection 

by sensitizing memory CD4+ T cells to Fas-mediated apoptosis. Understanding the TLR7/IRF-5 

axis opens up potential therapeutic avenues. By targeting this pathway, it might be possible to 

reduce the destruction of memory CD4+ T cells, thereby preserving immune function and 

improving the health outcomes of PLWH. 

  



147 

5 BIBLIOGRAPHY 

Abu-Rish EY, Amrani Y, Browning MJ (2013) Toll-like receptor 9 activation induces expression of 
membrane-bound B-cell activating factor (BAFF) on human B cells and leads to increased 
proliferation in response to both soluble and membrane-bound BAFF. Rheumatology 
(Oxford) 52(7):1190-1201.   

Acevedo-Sáenz L, Carmona-Pérez L, Velilla-Hernández PA, Delgado JC, Rugeles LM (2015) The 
APPEESFRS Peptide, Restricted by the HLA-B*35:01 Molecule, and the APPEESFRF 
Variant Derived from an Autologous HIV-1 Strain Induces Polyfunctional Responses in 
CD8+ T Cells. Biores Open Access 4(1):115-120.   

Adrain C, Brumatti G, Martin SJ (2006) Apoptosomes: protease activation platforms to die from. 
Trends Biochem Sci 31(5):243-247.   

Agrawal S, Gupta S (2011) TLR1/2, TLR7, and TLR9 signals directly activate human peripheral 
blood naive and memory B cell subsets to produce cytokines, chemokines, and 
hematopoietic growth factors. J Clin Immunol 31(1):89-98.   

Ahn EH, Kang SS, Qi Q, Liu X, Ye K (2020) Netrin1 deficiency activates MST1 via UNC5B 
receptor, promoting dopaminergic apoptosis in Parkinson's disease. Proc Natl Acad Sci U 
S A 117(39):24503-24513.   

Ajasin D, Eugenin EA (2020) HIV-1 Tat: Role in Bystander Toxicity. Front Cell Infect Microbiol 
10:61.   

Akira S, Takeda K (2004) Toll-like receptor signalling. Nature Reviews Immunology 4(7):499-511.   

Algeciras-Schimnich A, Vlahakis SR, Villasis-Keever A, Gomez T, Heppelmann CJ, Bou G, Paya 
CV (2002) CCR5 mediates Fas- and caspase-8 dependent apoptosis of both uninfected 
and HIV infected primary human CD4 T cells. Aids 16(11):1467-1478.   

Alquraini A, El Khoury J (2020) Scavenger receptors. Curr Biol 30(14):R790-r795.   

Ancuta P, Monteiro P, Sekaly RP (2010) Th17 lineage commitment and HIV-1 pathogenesis. Curr 
Opin HIV AIDS 5(2):158-165.   

Anderson JL, Khoury G, Fromentin R, Solomon A, Chomont N, Sinclair E, Milush JM, Hartogensis 
W, Bacchetti P, Roche M, Tumpach C, Gartner M, Pitman MC, Epling CL, Hoh R, Hecht 
FM, Somsouk M, Cameron PU, Deeks SG, Lewin SR (2020) Human Immunodeficiency 
Virus (HIV)-Infected CCR6+ Rectal CD4+ T Cells and HIV Persistence On Antiretroviral 
Therapy. J Infect Dis 221(5):744-755.   

Anderton H, Wicks IP, Silke J (2020) Cell death in chronic inflammation: breaking the cycle to 
treat rheumatic disease. Nat Rev Rheumatol 16(9):496-513.   

Andreatta M, Tjitropranoto A, Sherman Z, Kelly MC, Ciucci T, Carmona SJ (2022) A CD4(+) T 
cell reference map delineates subtype-specific adaptation during acute and chronic viral 
infections. Elife 11.   

Angelosanto JM, Blackburn SD, Crawford A, Wherry EJ (2012) Progressive loss of memory T cell 
potential and commitment to exhaustion during chronic viral infection. J Virol 86(15):8161-
8170.   

Anthony KB, Yoder C, Metcalf JA, DerSimonian R, Orenstein JM, Stevens RA, Falloon J, Polis 
MA, Lane HC, Sereti I (2003) Incomplete CD4 T cell recovery in HIV-1 infection after 12 



148 

months of highly active antiretroviral therapy is associated with ongoing increased CD4 T 
cell activation and turnover. J Acquir Immune Defic Syndr 33(2):125-133.   

Antonczyk A, Krist B, Sajek M, Michalska A, Piaszyk-Borychowska A, Plens-Galaska M, Wesoly 
J, Bluyssen HAR (2019) Direct Inhibition of IRF-Dependent Transcriptional Regulatory 
Mechanisms Associated With Disease. Front Immunol 10:1176.   

Aries SP, Weyrich K, Schaaf B, Hansen F, Dennin RH, Dalhoff K (1998) Early T-cell apoptosis 
and Fas expression during antiretroviral therapy in individuals infected with human 
immunodeficiency virus-1. Scand J Immunol 48(1):86-91.   

Ashkenazi A (2002) Targeting death and decoy receptors of the tumour-necrosis factor 
superfamily. Nat Rev Cancer 2(6):420-430.   

Autran B, Carcelain G, Li TS, Blanc C, Mathez D, Tubiana R, Katlama C, Debre P, Leibowitch J 
(1997) Positive effects of combined antiretroviral therapy on CD4+ T cell homeostasis and 
function in advanced HIV disease. Science 277(5322):112-116.   

Averette KM, Pratt MR, Yang Y, Bassilian S, Whitelegge JP, Loo JA, Muir TW, Bradley KA (2009) 
Anthrax lethal toxin induced lysosomal membrane permeabilization and cytosolic 
cathepsin release is Nlrp1b/Nalp1b-dependent. PLoS One 4(11):e7913.   

Azad AA (2000) Could Nef and Vpr proteins contribute to disease progression by promoting 
depletion of bystander cells and prolonged survival of HIV-infected cells? Biochem 
Biophys Res Commun 267(3):677-685.   

Azar P, Mejía JE, Cenac C, Shaiykova A, Youness A, Laffont S, Essat A, Izopet J, Passaes C, 
Müller-Trutwin M, Delobel P, Meyer L, Guéry JC (2020) TLR7 dosage polymorphism 
shapes interferogenesis and HIV-1 acute viremia in women. JCI Insight 5(12).   

Badley AD, Dockrell DH, Algeciras A, Ziesmer S, Landay A, Lederman MM, Connick E, Kessler 
H, Kuritzkes D, Lynch DH, Roche P, Yagita H, Paya CV (1998) In vivo analysis of 
Fas/FasL interactions in HIV-infected patients. J Clin Invest 102(1):79-87.   

Badley AD, McElhinny JA, Leibson PJ, Lynch DH, Alderson MR, Paya CV (1996) Upregulation of 
Fas ligand expression by human immunodeficiency virus in human macrophages 
mediates apoptosis of uninfected T lymphocytes. J Virol 70(1):199-206.   

Bae SC, Lee YH (2019) Association between the interferon regulatory factor 5 rs2004640 
functional polymorphism and systemic lupus erythematosus: an updated meta-analysis. 
Lupus 28(6):740-747.   

Baenziger S, Heikenwalder M, Johansen P, Schlaepfer E, Hofer U, Miller RC, Diemand S, Honda 
K, Kundig TM, Aguzzi A, Speck RF (2009) Triggering TLR7 in mice induces immune 
activation and lymphoid system disruption, resembling HIV-mediated pathology. Blood 
113(2):377-388.   

Balkhi MY, Fitzgerald KA, Pitha PM (2008) Functional regulation of MyD88-activated interferon 
regulatory factor 5 by K63-linked polyubiquitination. Mol Cell Biol 28(24):7296-7308.   

Balkhi MY, Fitzgerald KA, Pitha PM (2010) IKKalpha negatively regulates IRF-5 function in a 
MyD88-TRAF6 pathway. Cell Signal 22(1):117-127.   

Bam RA, Hansen D, Irrinki A, Mulato A, Jones GS, Hesselgesser J, Frey CR, Cihlar T, Yant SR 
(2017) TLR7 Agonist GS-9620 Is a Potent Inhibitor of Acute HIV-1 Infection in Human 
Peripheral Blood Mononuclear Cells. Antimicrob Agents Chemother 61(1).   

Ban T, Kikuchi M, Sato GR, Manabe A, Tagata N, Harita K, Nishiyama A, Nishimura K, Yoshimi 
R, Kirino Y, Yanai H, Matsumoto Y, Suzuki S, Hihara H, Ito M, Tsukahara K, Yoshimatsu 



149 

K, Yamamoto T, Taniguchi T, Nakajima H, Ito S, Tamura T (2021) Genetic and chemical 
inhibition of IRF5 suppresses pre-existing mouse lupus-like disease. Nat Commun 
12(1):4379.   

Ban T, Sato GR, Nishiyama A, Akiyama A, Takasuna M, Umehara M, Suzuki S, Ichino M, 
Matsunaga S, Kimura A, Kimura Y, Yanai H, Miyashita S, Kuromitsu J, Tsukahara K, 
Yoshimatsu K, Endo I, Yamamoto T, Hirano H, Ryo A, Taniguchi T, Tamura T (2016) Lyn 
Kinase Suppresses the Transcriptional Activity of IRF5 in the TLR-MyD88 Pathway to 
Restrain the Development of Autoimmunity. Immunity 45(2):319-332.   

Banda NK, Bernier J, Kurahara DK, Kurrle R, Haigwood N, Sekaly RP, Finkel TH (1992) 
Crosslinking CD4 by human immunodeficiency virus gp120 primes T cells for activation-
induced apoptosis. J Exp Med 176(4):1099-1106.   

Banga J, Srinivasan D, Sun CC, Thompson CD, Milletti F, Huang KS, Hamilton S, Song S, 
Hoffman AF, Qin YG, Matta B, LaPan M, Guo Q, Lu G, Li D, Qian H, Bolin DR, Liang L, 
Wartchow C, Qiu J, Downing M, Narula S, Fotouhi N, DeMartino JA, Tan SL, Chen G, 
Barnes BJ (2020) Inhibition of IRF5 cellular activity with cell-penetrating peptides that 
target homodimerization. Sci Adv 6(20):eaay1057.   

Banga R, Procopio FA, Noto A, Pollakis G, Cavassini M, Ohmiti K, Corpataux JM, de Leval L, 
Pantaleo G, Perreau M (2016) PD-1(+) and follicular helper T cells are responsible for 
persistent HIV-1 transcription in treated aviremic individuals. Nat Med 22(7):754-761.   

Barnes B, Lubyova B, Pitha PM (2002a) On the role of IRF in host defense. J Interferon Cytokine 
Res 22(1):59-71.   

Barnes BJ (2018) IRF5. Encyclopedia of Signaling Molecules, Choi S (Édit.) Springer International 
Publishing, Cham10.1007/978-3-319-67199-4_307. p 2725-2731. 

Barnes BJ, Field AE, Pitha-Rowe PM (2003a) Virus-induced heterodimer formation between IRF-
5 and IRF-7 modulates assembly of the IFNA enhanceosome in vivo and transcriptional 
activity of IFNA genes. J Biol Chem 278(19):16630-16641.   

Barnes BJ, Kellum MJ, Field AE, Pitha PM (2002b) Multiple regulatory domains of IRF-5 control 
activation, cellular localization, and induction of chemokines that mediate recruitment of T 
lymphocytes. Mol Cell Biol 22(16):5721-5740.   

Barnes BJ, Kellum MJ, Pinder KE, Frisancho JA, Pitha PM (2003b) Interferon regulatory factor 5, 
a novel mediator of cell cycle arrest and cell death. Cancer Res 63(19):6424-6431.   

Barnes BJ, Moore PA, Pitha PM (2001) Virus-specific activation of a novel interferon regulatory 
factor, IRF-5, results in the induction of distinct interferon alpha genes. J Biol Chem 
276(26):23382-23390.   

Barnes BJ, Richards J, Mancl M, Hanash S, Beretta L, Pitha PM (2004) Global and distinct targets 
of IRF-5 and IRF-7 during innate response to viral infection. J Biol Chem 279(43):45194-
45207.   

Barré-Sinoussi F, Chermann JC, Rey F, Nugeyre MT, Chamaret S, Gruest J, Dauguet C, Axler-
Blin C, Vézinet-Brun F, Rouzioux C, Rozenbaum W, Montagnier L (1983) Isolation of a T-
lymphotropic retrovirus from a patient at risk for acquired immune deficiency syndrome 
(AIDS). Science 220(4599):868-871.   

Barro M, Patton JT (2007) Rotavirus NSP1 inhibits expression of type I interferon by antagonizing 
the function of interferon regulatory factors IRF3, IRF5, and IRF7. J Virol 81(9):4473-4481.   



150 

Bartz SR, Emerman M (1999) Human immunodeficiency virus type 1 Tat induces apoptosis and 
increases sensitivity to apoptotic signals by up-regulating FLICE/caspase-8. J Virol 
73(3):1956-1963.   

Bencze D, Fekete T, Pázmándi K (2021) Type I Interferon Production of Plasmacytoid Dendritic 
Cells under Control. Int J Mol Sci 22(8).   

Bendelac A, Medzhitov R (2002) Adjuvants of immunity: harnessing innate immunity to promote 
adaptive immunity. J Exp Med 195(5):F19-23.   

Bergstrøm B, Aune MH, Awuh JA, Kojen JF, Blix KJ, Ryan L, Flo TH, Mollnes TE, Espevik T, 
Stenvik J (2015) TLR8 Senses Staphylococcus aureus RNA in Human Primary Monocytes 
and Macrophages and Induces IFN-β Production via a TAK1-IKKβ-IRF5 Signaling 
Pathway. J Immunol 195(3):1100-1111.   

Bernard NF, Alsulami K, Pavey E, Dupuy FP (2022) NK Cells in Protection from HIV Infection. 
Viruses 14(6).   

Betts MR, Nason MC, West SM, De Rosa SC, Migueles SA, Abraham J, Lederman MM, Benito 
JM, Goepfert PA, Connors M, Roederer M, Koup RA (2006) HIV nonprogressors 
preferentially maintain highly functional HIV-specific CD8+ T cells. Blood 107(12):4781-
4789.   

Beutler B, Jiang Z, Georgel P, Crozat K, Croker B, Rutschmann S, Du X, Hoebe K (2006) Genetic 
analysis of host resistance: Toll-like receptor signaling and immunity at large. Annu Rev 
Immunol 24:353-389.   

Bi X, Feng D, Korczeniewska J, Alper N, Hu G, Barnes BJ (2014a) Deletion of Irf5 protects 
hematopoietic stem cells from DNA damage-induced apoptosis and suppresses gamma-
irradiation-induced thymic lymphomagenesis. Oncogene 33(25):3288-3297.   

Bi X, Feng D, Korczeniewska J, Alper N, Hu G, Barnes BJ (2014b) Deletion of Irf5 protects 
hematopoietic stem cells from DNA damage-induced apoptosis and suppresses γ-
irradiation-induced thymic lymphomagenesis. Oncogene 33(25):3288-3297.   

Biasin M, Piacentini L, Lo Caputo S, Naddeo V, Pierotti P, Borelli M, Trabattoni D, Mazzotta F, 
Shearer GM, Clerici M (2010) TLR activation pathways in HIV-1-exposed seronegative 
individuals. J Immunol 184(5):2710-2717.   

Binley JM, Wrin T, Korber B, Zwick MB, Wang M, Chappey C, Stiegler G, Kunert R, Zolla-Pazner 
S, Katinger H, Petropoulos CJ, Burton DR (2004) Comprehensive cross-clade 
neutralization analysis of a panel of anti-human immunodeficiency virus type 1 monoclonal 
antibodies. J Virol 78(23):13232-13252.   

Bixler SL, Mattapallil JJ (2013) Loss and dysregulation of Th17 cells during HIV infection. Clin 
Dev Immunol 2013:852418.   

Blackman MJ, Morris AG (1985) The effect of interferon treatment of targets on susceptibility to 
cytotoxic T-lymphocyte killing: augmentation of allogeneic killing and virus-specific killing 
relative to viral antigen expression. Immunology 56(3):451-457.   

Blassel L, Zhukova A, Villabona-Arenas CJ, Atkins KE, Hué S, Gascuel O (2021) Drug resistance 
mutations in HIV: new bioinformatics approaches and challenges. Curr Opin Virol 51:56-
64.   

Bolstad AI, Wargelius A, Nakken B, Haga HJ, Jonsson R (2000) Fas and Fas ligand gene 
polymorphisms in primary Sjögren's syndrome. J Rheumatol 27(10):2397-2405.   



151 

Bonini S, Micera A, Iovieno A, Lambiase A, Bonini S (2005) Expression of Toll-like receptors in 
healthy and allergic conjunctiva. Ophthalmology 112(9):1528; discussion 1548-1529.   

Bono V, Augello M, Tincati C, Marchetti G (2022) Failure of CD4+ T-cell Recovery upon Virally-
Effective cART: an Enduring Gap in the Understanding of HIV+ Immunological non-
Responders. New Microbiol 45(3):155-172.   

Borducchi EN, Liu J, Nkolola JP, Cadena AM, Yu WH, Fischinger S, Broge T, Abbink P, Mercado 
NB, Chandrashekar A, Jetton D, Peter L, McMahan K, Moseley ET, Bekerman E, 
Hesselgesser J, Li W, Lewis MG, Alter G, Geleziunas R, Barouch DH (2018) Antibody and 
TLR7 agonist delay viral rebound in SHIV-infected monkeys. Nature 563(7731):360-364.   

Bossaller L, Chiang PI, Schmidt-Lauber C, Ganesan S, Kaiser WJ, Rathinam VA, Mocarski ES, 
Subramanian D, Green DR, Silverman N, Fitzgerald KA, Marshak-Rothstein A, Latz E 
(2012) Cutting edge: FAS (CD95) mediates noncanonical IL-1β and IL-18 maturation via 
caspase-8 in an RIP3-independent manner. J Immunol 189(12):5508-5512.   

Brault M, Olsen TM, Martinez J, Stetson DB, Oberst A (2018) Intracellular Nucleic Acid Sensing 
Triggers Necroptosis through Synergistic Type I IFN and TNF Signaling. J Immunol 
200(8):2748-2756.   

Bredesen DE, Mehlen P, Rabizadeh S (2004) Apoptosis and dependence receptors: a molecular 
basis for cellular addiction. Physiol Rev 84(2):411-430.   

Brenchley JM, Hill BJ, Ambrozak DR, Price DA, Guenaga FJ, Casazza JP, Kuruppu J, Yazdani 
J, Migueles SA, Connors M, Roederer M, Douek DC, Koup RA (2004) T-cell subsets that 
harbor human immunodeficiency virus (HIV) in vivo: implications for HIV pathogenesis. J 
Virol 78(3):1160-1168.   

Brenchley JM, Karandikar NJ, Betts MR, Ambrozak DR, Hill BJ, Crotty LE, Casazza JP, Kuruppu 
J, Migueles SA, Connors M, Roederer M, Douek DC, Koup RA (2003) Expression of CD57 
defines replicative senescence and antigen-induced apoptotic death of CD8+ T cells. 
Blood 101(7):2711-2720.   

Brenchley JM, Price DA, Schacker TW, Asher TE, Silvestri G, Rao S, Kazzaz Z, Bornstein E, 
Lambotte O, Altmann D, Blazar BR, Rodriguez B, Teixeira-Johnson L, Landay A, Martin 
JN, Hecht FM, Picker LJ, Lederman MM, Deeks SG, Douek DC (2006) Microbial 
translocation is a cause of systemic immune activation in chronic HIV infection. Nat Med 
12(12):1365-1371.   

Brenna E, McMichael AJ (2022) The Importance of Cellular Immune Response to HIV: 
Implications for Antibody Production and Vaccine Design. DNA Cell Biol 41(1):38-42.   

Brennan MA, Cookson BT (2000) Salmonella induces macrophage death by caspase-1-
dependent necrosis. Mol Microbiol 38(1):31-40.   

Brint EK, MacSharry J, Fanning A, Shanahan F, Quigley EM (2011) Differential expression of toll-
like receptors in patients with irritable bowel syndrome. Am J Gastroenterol 106(2):329-
336.   

Brown J, Wang H, Hajishengallis GN, Martin M (2011) TLR-signaling networks: an integration of 
adaptor molecules, kinases, and cross-talk. J Dent Res 90(4):417-427.   

Cai H, Yao Z, Li W (2017) IRF-5 accelerates leukocyte adhesion to endothelial cells in ischemia-
reperfusion injury through regulating the transcription of VCAM-1. Biochem Biophys Res 
Commun 492(2):192-198.   



152 

Calcagno DM, Chu A, Gaul S, Taghdiri N, Toomu A, Leszczynska A, Kaufmann B, Papouchado 
B, Wree A, Geisler L, Hoffman HM, Feldstein AE, King KR (2022) NOD-like receptor 
protein 3 activation causes spontaneous inflammation and fibrosis that mimics human 
NASH. Hepatology 76(3):727-741.   

Cambi A, Beeren I, Joosten B, Fransen JA, Figdor CG (2009) The C-type lectin DC-SIGN 
internalizes soluble antigens and HIV-1 virions via a clathrin-dependent mechanism. Eur 
J Immunol 39(7):1923-1928.   

Campillo-Gimenez L, Laforge M, Fay M, Brussel A, Cumont MC, Monceaux V, Diop O, Levy Y, 
Hurtrel B, Zaunders J, Corbeil J, Elbim C, Estaquier J (2010) Nonpathogenesis of simian 
immunodeficiency virus infection is associated with reduced inflammation and recruitment 
of plasmacytoid dendritic cells to lymph nodes, not to lack of an interferon type I response, 
during the acute phase. J Virol 84(4):1838-1846.   

Caneparo V, Landolfo S, Gariglio M, De Andrea M (2018) The Absent in Melanoma 2-Like 
Receptor IFN-Inducible Protein 16 as an Inflammasome Regulator in Systemic Lupus 
Erythematosus: The Dark Side of Sensing Microbes. Front Immunol 9:1180.   

Capa L, Ayala-Suárez R, De La Torre Tarazona HE, González-García J, Del Romero J, Alcamí 
J, Díez-Fuertes F (2022) Elite controllers long-term non progressors present improved 
survival and slower disease progression. Sci Rep 12(1):16356.   

Caramalho I, Lopes-Carvalho T, Ostler D, Zelenay S, Haury M, Demengeot J (2003) Regulatory 
T cells selectively express toll-like receptors and are activated by lipopolysaccharide. J 
Exp Med 197(4):403-411.   

Carmona-Pérez L, Dagenais-Lussier X, Mai LT, Stögerer T, Swaminathan S, Isnard S, Rice MR, 
Barnes BJ, Routy JP, van Grevenynghe J, Stäger S (2023) The TLR7/IRF-5 axis 
sensitizes memory CD4+ T cells to Fas-mediated apoptosis during HIV-1 infection. JCI 
Insight 8(13).   

Caron G, Duluc D, Frémaux I, Jeannin P, David C, Gascan H, Delneste Y (2005) Direct stimulation 
of human T cells via TLR5 and TLR7/8: flagellin and R-848 up-regulate proliferation and 
IFN-gamma production by memory CD4+ T cells. J Immunol 175(3):1551-1557.   

Caruso R, Warner N, Inohara N, Núñez G (2014) NOD1 and NOD2: signaling, host defense, and 
inflammatory disease. Immunity 41(6):898-908.   

Caskey M, Klein F, Nussenzweig MC (2019) Broadly neutralizing anti-HIV-1 monoclonal 
antibodies in the clinic. Nat Med 25(4):547-553.   

Cassol E, Malfeld S, Mahasha P, van der Merwe S, Cassol S, Seebregts C, Alfano M, Poli G, 
Rossouw T (2010) Persistent microbial translocation and immune activation in HIV-1-
infected South Africans receiving combination antiretroviral therapy. J Infect Dis 
202(5):723-733.   

Cattin A, Fert A, Planas D, Ancuta P (2022) Flow Cytometry Sorting of Memory CCR6(+)CD4(+) 
T-Cells for HIV Reservoir Quantification. Methods Mol Biol 2407:81-89.   

Cauwels A, Van Lint S, Paul F, Garcin G, De Koker S, Van Parys A, Wueest T, Gerlo S, Van der 
Heyden J, Bordat Y, Catteeuw D, Rogge E, Verhee A, Vandekerckhove B, Kley N, Uzé 
G, Tavernier J (2018) Delivering Type I Interferon to Dendritic Cells Empowers Tumor 
Eradication and Immune Combination Treatments. Cancer Res 78(2):463-474.   

Ceulemans LJ, Braza F, Monbaliu D, Jochmans I, De Hertogh G, Du Plessis J, Emonds MP, 
Kitade H, Kawai M, Li Y, Zhao X, Koshiba T, Sprangers B, Brouard S, Waer M, Pirenne J 
(2016) The Leuven Immunomodulatory Protocol Promotes T-Regulatory Cells and 



153 

Substantially Prolongs Survival After First Intestinal Transplantation. Am J Transplant 
16(10):2973-2985.   

Cevik O, Li D, Baljinnyam E, Manvar D, Pimenta EM, Waris G, Barnes BJ, Kaushik-Basu N (2017) 
Interferon regulatory factor 5 (IRF5) suppresses hepatitis C virus (HCV) replication and 
HCV-associated hepatocellular carcinoma. J Biol Chem 292(52):21676-21689.   

Chang Foreman HC, Van Scoy S, Cheng TF, Reich NC (2012) Activation of interferon regulatory 
factor 5 by site specific phosphorylation. PLoS One 7(3):e33098.   

Chang JJ, Lacas A, Lindsay RJ, Doyle EH, Axten KL, Pereyra F, Rosenberg ES, Walker BD, Allen 
TM, Altfeld M (2012) Differential regulation of toll-like receptor pathways in acute and 
chronic HIV-1 infection. Aids 26(5):533-541.   

Chang Q, Hao Y, Wang Y, Zhou Y, Zhuo H, Zhao G (2021) Bone marrow mesenchymal stem 
cell-derived exosomal microRNA-125a promotes M2 macrophage polarization in spinal 
cord injury by downregulating IRF5. Brain Res Bull 170:199-210.   

Chavan SJ, Tamma SL, Kaplan M, Gersten M, Pahwa SG (1999) Reduction in T cell apoptosis 
in patients with HIV disease following antiretroviral therapy. Clin Immunol 93(1):24-33.   

Chen H, He G, Chen Y, Zhang X, Wu S (2018) Differential Activation of NLRP3, AIM2, and IFI16 
Inflammasomes in Humans with Acute and Chronic Hepatitis B. Viral Immunol 31(9):639-
645.   

Chen L, Cao SQ, Lin ZM, He SJ, Zuo JP (2021) NOD-like receptors in autoimmune diseases. 
Acta Pharmacol Sin 42(11):1742-1756.   

Chen W, Lam SS, Srinath H, Jiang Z, Correia JJ, Schiffer CA, Fitzgerald KA, Lin K, Royer WE, 
Jr. (2008) Insights into interferon regulatory factor activation from the crystal structure of 
dimeric IRF5. Nat Struct Mol Biol 15(11):1213-1220.   

Chen W, Royer WE, Jr. (2010) Structural insights into interferon regulatory factor activation. Cell 
Signal 22(6):883-887.   

Chen W, Yu Y, Shao C, Zhang M, Wang W, Zhang L, Cao X (2001) Enhancement of antigen-
presenting ability of B lymphoma cells by immunostimulatory CpG-oligonucleotides and 
anti-CD40 antibody. Immunol Lett 77(1):17-23.   

Chen X, Zhou L, Peng N, Yu H, Li M, Cao Z, Lin Y, Wang X, Li Q, Wang J, She Y, Zhu C, Lu M, 
Zhu Y, Liu S (2017) MicroRNA-302a suppresses influenza A virus-stimulated interferon 
regulatory factor-5 expression and cytokine storm induction. J Biol Chem 292(52):21291-
21303.   

Cheng X, Ratner L (2014) HIV-2 Vpx protein interacts with interferon regulatory factor 5 (IRF5) 
and inhibits its function. J Biol Chem 289(13):9146-9157.   

Chevalier MF, Didier C, Girard PM, Manea ME, Campa P, Barré-Sinoussi F, Scott-Algara D, 
Weiss L (2016) CD4 T-Cell Responses in Primary HIV Infection: Interrelationship with 
Immune Activation and Virus Burden. Front Immunol 7:395.   

Chiffoleau E, Heslan JM, Heslan M, Louvet C, Condamine T, Cuturi MC (2007) TLR9 ligand 
enhances proliferation of rat CD4+ T cell and modulates suppressive activity mediated by 
CD4+ CD25+ T cell. Int Immunol 19(2):193-201.   

Chinnaiyan AM, O'Rourke K, Tewari M, Dixit VM (1995) FADD, a novel death domain-containing 
protein, interacts with the death domain of Fas and initiates apoptosis. Cell 81(4):505-512.   



154 

Chomont N, DaFonseca S, Vandergeeten C, Ancuta P, Sékaly RP (2011) Maintenance of CD4+ 
T-cell memory and HIV persistence: keeping memory, keeping HIV. Curr Opin HIV AIDS 
6(1):30-36.   

Chomont N, El-Far M, Ancuta P, Trautmann L, Procopio FA, Yassine-Diab B, Boucher G, 
Boulassel MR, Ghattas G, Brenchley JM, Schacker TW, Hill BJ, Douek DC, Routy JP, 
Haddad EK, Sekaly RP (2009) HIV reservoir size and persistence are driven by T cell 
survival and homeostatic proliferation. Nat Med 15(8):893-900.   

Chow KT, Driscoll C, Loo YM, Knoll M, Gale M, Jr. (2019) IRF5 regulates unique subset of genes 
in dendritic cells during West Nile virus infection. J Leukoc Biol 105(2):411-425.   

Chun TW, Stuyver L, Mizell SB, Ehler LA, Mican JA, Baseler M, Lloyd AL, Nowak MA, Fauci AS 
(1997) Presence of an inducible HIV-1 latent reservoir during highly active antiretroviral 
therapy. Proc Natl Acad Sci U S A 94(24):13193-13197.   

Ciechomska M, Wojtas B, Swacha M, Olesinska M, Benes V, Maslinski W (2020) Global miRNA 
and mRNA expression profiles identify miRNA-26a-2-3p-dependent repression of IFN 
signature in systemic sclerosis human monocytes. Eur J Immunol 50(7):1057-1066.   

Claireaux M, Robinot R, Kervevan J, Patgaonkar M, Staropoli I, Brelot A, Nouël A, Gellenoncourt 
S, Tang X, Héry M, Volant S, Perthame E, Avettand-Fenoël V, Buchrieser J, Cokelaer T, 
Bouchier C, Ma L, Boufassa F, Hendou S, Libri V, Hasan M, Zucman D, de Truchis P, 
Schwartz O, Lambotte O, Chakrabarti LA (2022) Low CCR5 expression protects HIV-
specific CD4+ T cells of elite controllers from viral entry. Nat Commun 13(1):521.   

Clark DN, Read RD, Mayhew V, Petersen SC, Argueta LB, Stutz LA, Till RE, Bergsten SM, 
Robinson BS, Baumann DG, Heap JC, Poole BD (2013) Four Promoters of IRF5 Respond 
Distinctly to Stimuli and are Affected by Autoimmune-Risk Polymorphisms. Front Immunol 
4:360.   

Clarke C, Pankavich S (2024) Three-stage modeling of HIV infection and implications for 
antiretroviral therapy. J Math Biol 88(3):34.   

Coccia EM, Severa M, Giacomini E, Monneron D, Remoli ME, Julkunen I, Cella M, Lande R, Uzé 
G (2004) Viral infection and Toll-like receptor agonists induce a differential expression of 
type I and lambda interferons in human plasmacytoid and monocyte-derived dendritic 
cells. Eur J Immunol 34(3):796-805.   

Cognasse F, Hamzeh-Cognasse H, Lafarge S, Chavarin P, Pozzetto B, Richard Y, Garraud O 
(2008) Identification of two subpopulations of purified human blood B cells, CD27- CD23+ 
and CD27high CD80+, that strongly express cell surface Toll-like receptor 9 and secrete 
high levels of interleukin-6. Immunology 125(3):430-437.   

Corbin AL, Gomez-Vazquez M, Berthold DL, Attar M, Arnold IC, Powrie FM, Sansom SN, Udalova 
IA (2020) IRF5 guides monocytes toward an inflammatory CD11c(+) macrophage 
phenotype and promotes intestinal inflammation. Sci Immunol 5(47).   

Cordeiro PAS, Assone T, Prates G, Tedeschi MRM, Fonseca LAM, Casseb J (2022) The role of 
IFN-γ production during retroviral infections: an important cytokine involved in chronic 
inflammation and pathogenesis. Rev Inst Med Trop Sao Paulo 64:e64.   

Cords L, Woost R, Kummer S, Brehm TT, Kluge S, Schmiedel S, Jordan S, Lohse AW, Altfeld M, 
Addo MM, Schulze Zur Wiesch J, Beisel C (2023) Frequency of IRF5+ dendritic cells is 
associated with the TLR7-induced inflammatory cytokine response in SARS-CoV-2 
infection. Cytokine 162:156109.   



155 

Cossarizza A, Stent G, Mussini C, Paganelli R, Borghi V, Nuzzo C, Pinti M, Pedrazzi J, Benatti F, 
Esposito R, Røsok B, Nagata S, Vella S, Franceschi C, De Rienzo B (2000) Deregulation 
of the CD95/CD95L system in lymphocytes from patients with primary acute HIV infection. 
Aids 14(4):345-355.   

Couzinet A, Tamura K, Chen HM, Nishimura K, Wang Z, Morishita Y, Takeda K, Yagita H, Yanai 
H, Taniguchi T, Tamura T (2008) A cell-type-specific requirement for IFN regulatory factor 
5 (IRF5) in Fas-induced apoptosis. Proc Natl Acad Sci U S A 105(7):2556-2561.   

Crawford A, Angelosanto JM, Kao C, Doering TA, Odorizzi PM, Barnett BE, Wherry EJ (2014) 
Molecular and transcriptional basis of CD4⁺ T cell dysfunction during chronic infection. 
Immunity 40(2):289-302.   

Crosse KM, Monson EA, Beard MR, Helbig KJ (2018) Interferon-Stimulated Genes as Enhancers 
of Antiviral Innate Immune Signaling. J Innate Immun 10(2):85-93.   

Cubas RA, Mudd JC, Savoye AL, Perreau M, van Grevenynghe J, Metcalf T, Connick E, Meditz 
A, Freeman GJ, Abesada-Terk G, Jr., Jacobson JM, Brooks AD, Crotty S, Estes JD, 
Pantaleo G, Lederman MM, Haddad EK (2013) Inadequate T follicular cell help impairs B 
cell immunity during HIV infection. Nat Med 19(4):494-499.   

Cui J, Chen Y, Wang HY, Wang RF (2014) Mechanisms and pathways of innate immune 
activation and regulation in health and cancer. Hum Vaccin Immunother 10(11):3270-
3285.   

Cummins NW, Badley AD (2010a) Mechanisms of HIV-associated lymphocyte apoptosis: 2010. 
Cell Death Dis 1(11):e99.   

Cummins NW, Badley AD (2010b) Mechanisms of HIV-associated lymphocyte apoptosis: 2010. 
Cell Death Dis 1:e99.   

Cunningham CR, Champhekar A, Tullius MV, Dillon BJ, Zhen A, de la Fuente JR, Herskovitz J, 
Elsaesser H, Snell LM, Wilson EB, de la Torre JC, Kitchen SG, Horwitz MA, Bensinger 
SJ, Smale ST, Brooks DG (2016) Type I and Type II Interferon Coordinately Regulate 
Suppressive Dendritic Cell Fate and Function during Viral Persistence. PLoS Pathog 
12(1):e1005356.   

Cunninghame Graham DS, Manku H, Wagner S, Reid J, Timms K, Gutin A, Lanchbury JS, Vyse 
TJ (2007) Association of IRF5 in UK SLE families identifies a variant involved in 
polyadenylation. Hum Mol Genet 16(6):579-591.   

Dabrowska A, Kim N, Aldovini A (2008) Tat-induced FOXO3a is a key mediator of apoptosis in 
HIV-1-infected human CD4+ T lymphocytes. J Immunol 181(12):8460-8477.   

DaFonseca S, Niessl J, Pouvreau S, Wacleche VS, Gosselin A, Cleret-Buhot A, Bernard N, 
Tremblay C, Jenabian MA, Routy JP, Ancuta P (2015) Impaired Th17 polarization of 
phenotypically naive CD4(+) T-cells during chronic HIV-1 infection and potential 
restoration with early ART. Retrovirology 12:38.   

Dagenais-Lussier X, Aounallah M, Mehraj V, El-Far M, Tremblay C, Sekaly RP, Routy JP, van 
Grevenynghe J (2016) Kynurenine Reduces Memory CD4 T-Cell Survival by Interfering 
with Interleukin-2 Signaling Early during HIV-1 Infection. J Virol 90(17):7967-7979.   

Davis IC, Girard M, Fultz PN (1998) Loss of CD4+ T cells in human immunodeficiency virus type 
1-infected chimpanzees is associated with increased lymphocyte apoptosis. J Virol 
72(6):4623-4632.   



156 

De La Torre-Tarazona E, Ayala-Suárez R, Díez-Fuertes F, Alcamí J (2022) Omic Technologies 
in HIV: Searching Transcriptional Signatures Involved in Long-Term Non-Progressor and 
HIV Controller Phenotypes. Front Immunol 13:926499.   

De Milito A, Nilsson A, Titanji K, Thorstensson R, Reizenstein E, Narita M, Grutzmeier S, 
Sönnerborg A, Chiodi F (2004) Mechanisms of hypergammaglobulinemia and impaired 
antigen-specific humoral immunity in HIV-1 infection. Blood 103(6):2180-2186.   

De S, Zhang B, Shih T, Singh S, Winkler A, Donnelly R, Barnes BJ (2017) B Cell-Intrinsic Role 
for IRF5 in TLR9/BCR-Induced Human B Cell Activation, Proliferation, and Plasmablast 
Differentiation. Front Immunol 8:1938.   

Deeks SG, Archin N, Cannon P, Collins S, Jones RB, de Jong M, Lambotte O, Lamplough R, 
Ndung'u T, Sugarman J, Tiemessen CT, Vandekerckhove L, Lewin SR (2021) Research 
priorities for an HIV cure: International AIDS Society Global Scientific Strategy 2021. Nat 
Med 27(12):2085-2098.   

Degterev A, Huang Z, Boyce M, Li Y, Jagtap P, Mizushima N, Cuny GD, Mitchison TJ, Moskowitz 
MA, Yuan J (2005) Chemical inhibitor of nonapoptotic cell death with therapeutic potential 
for ischemic brain injury. Nat Chem Biol 1(2):112-119.   

del Fresno C, Soulat D, Roth S, Blazek K, Udalova I, Sancho D, Ruland J, Ardavín C (2013) 
Interferon-β production via Dectin-1-Syk-IRF5 signaling in dendritic cells is crucial for 
immunity to C. albicans. Immunity 38(6):1176-1186.   

Denton D, Kumar S (2019) Autophagy-dependent cell death. Cell Death Differ 26(4):605-616.   

Dessie ZG, Zewotir T, Mwambi H, North D (2020) Modelling of viral load dynamics and CD4 cell 
count progression in an antiretroviral naive cohort: using a joint linear mixed and multistate 
Markov model. BMC Infect Dis 20(1):246.   

Devaraju P, Mehra S, Gulati R, Antony PT, Jain VK, Misra DP, Negi VS (2018) The IRF5 
rs2004640 (G/T) polymorphism is not a genetic risk factor for systemic lupus 
erythematosus in population from south India. Indian J Med Res 147(6):560-566.   

Diaz-Griffero F (2012) The Role of TNPO3 in HIV-1 Replication. Mol Biol Int 2012:868597.   

Dideberg V, Kristjansdottir G, Milani L, Libioulle C, Sigurdsson S, Louis E, Wiman AC, Vermeire 
S, Rutgeerts P, Belaiche J, Franchimont D, Van Gossum A, Bours V, Syvanen AC (2007) 
An insertion-deletion polymorphism in the interferon regulatory Factor 5 (IRF5) gene 
confers risk of inflammatory bowel diseases. Hum Mol Genet 16(24):3008-3016.   

Dieguez-Gonzalez R, Calaza M, Perez-Pampin E, de la Serna AR, Fernandez-Gutierrez B, 
Castañeda S, Largo R, Joven B, Narvaez J, Navarro F, Marenco JL, Vicario JL, Blanco 
FJ, Fernandez-Lopez JC, Caliz R, Collado-Escobar MD, Carreño L, Lopez-Longo J, 
Cañete JD, Gomez-Reino JJ, Gonzalez A (2008) Association of interferon regulatory 
factor 5 haplotypes, similar to that found in systemic lupus erythematosus, in a large 
subgroup of patients with rheumatoid arthritis. Arthritis Rheum 58(5):1264-1274.   

Dillon SM, Guo K, Austin GL, Gianella S, Engen PA, Mutlu EA, Losurdo J, Swanson G, Chakradeo 
P, Keshavarzian A, Landay AL, Santiago ML, Wilson CC (2018) A compartmentalized type 
I interferon response in the gut during chronic HIV-1 infection is associated with 
immunopathogenesis. Aids 32(12):1599-1611.   

Ding J, Mooers BHM, Zhang Z, Kale J, Falcone D, McNichol J, Huang B, Zhang XC, Xing C, 
Andrews DW, Lin J (2014) After embedding in membranes antiapoptotic Bcl-XL protein 
binds both Bcl-2 homology region 3 and helix 1 of proapoptotic Bax protein to inhibit 
apoptotic mitochondrial permeabilization. J Biol Chem 289(17):11873-11896.   



157 

Dinh DM, Volpe GE, Duffalo C, Bhalchandra S, Tai AK, Kane AV, Wanke CA, Ward HD (2015) 
Intestinal microbiota, microbial translocation, and systemic inflammation in chronic HIV 
infection. J Infect Dis 211(1):19-27.   

Dirajlal-Fargo S, Moser C, Rodriguez K, El-Kamari V, Funderburg NT, Bowman E, Brown TT, 
Hunt PW, Currier J, McComsey GA (2019) Changes in the Fungal Marker β-D-Glucan 
After Antiretroviral Therapy and Association With Adiposity. Open Forum Infect Dis 
6(11):ofz434.   

Dixon SJ, Lemberg KM, Lamprecht MR, Skouta R, Zaitsev EM, Gleason CE, Patel DN, Bauer AJ, 
Cantley AM, Yang WS, Morrison B, 3rd, Stockwell BR (2012) Ferroptosis: an iron-
dependent form of nonapoptotic cell death. Cell 149(5):1060-1072.   

Dockrell DH, Badley AD, Algeciras-Schimnich A, Simpson M, Schut R, Lynch DH, Paya CV (1999) 
Activation-induced CD4+ T cell death in HIV-positive individuals correlates with Fas 
susceptibility, CD4+ T cell count, and HIV plasma viral copy number. AIDS Res Hum 
Retroviruses 15(17):1509-1518.   

Doehle BP, Chang K, Rustagi A, McNevin J, McElrath MJ, Gale M, Jr. (2012) Vpu mediates 
depletion of interferon regulatory factor 3 during HIV infection by a lysosome-dependent 
mechanism. J Virol 86(16):8367-8374.   

Doitsh G, Cavrois M, Lassen KG, Zepeda O, Yang Z, Santiago ML, Hebbeler AM, Greene WC 
(2010) Abortive HIV infection mediates CD4 T cell depletion and inflammation in human 
lymphoid tissue. Cell 143(5):789-801.   

Doitsh G, Galloway NL, Geng X, Yang Z, Monroe KM, Zepeda O, Hunt PW, Hatano H, Sowinski 
S, Muñoz-Arias I, Greene WC (2014) Cell death by pyroptosis drives CD4 T-cell depletion 
in HIV-1 infection. Nature 505(7484):509-514.   

Doitsh G, Greene WC (2016) Dissecting How CD4 T Cells Are Lost During HIV Infection. Cell 
Host Microbe 19(3):280-291.   

Dominguez-Villar M, Gautron AS, de Marcken M, Keller MJ, Hafler DA (2015) TLR7 induces 
anergy in human CD4(+) T cells. Nat Immunol 16(1):118-128.   

Dondelinger Y, Delanghe T, Priem D, Wynosky-Dolfi MA, Sorobetea D, Rojas-Rivera D, Giansanti 
P, Roelandt R, Gropengiesser J, Ruckdeschel K, Savvides SN, Heck AJR, Vandenabeele 
P, Brodsky IE, Bertrand MJM (2019) Serine 25 phosphorylation inhibits RIPK1 kinase-
dependent cell death in models of infection and inflammation. Nat Commun 10(1):1729.   

Dong SM, Lee HG, Cho SG, Kwon SH, Yoon H, Kwon HJ, Lee JH, Kim H, Park PG, Kim H, 
Hayward SD, Park JH, Lee JM (2015) Hypermethylation of the interferon regulatory factor 
5 promoter in Epstein-Barr virus-associated gastric carcinoma. J Microbiol 53(1):70-76.   

Doucett VP, Gerhard W, Owler K, Curry D, Brown L, Baumgarth N (2005) Enumeration and 
characterization of virus-specific B cells by multicolor flow cytometry. J Immunol Methods 
303(1-2):40-52.   

Dronda F, Moreno S, Moreno A, Casado JL, Pérez-Elías MJ, Antela A (2002) Long-term 
outcomes among antiretroviral-naive human immunodeficiency virus-infected patients 
with small increases in CD4+ cell counts after successful virologic suppression. Clin Infect 
Dis 35(8):1005-1009.   

Drummond RA, Brown GD (2011) The role of Dectin-1 in the host defence against fungal 
infections. Curr Opin Microbiol 14(4):392-399.   



158 

Dyrhol-Riise AM, Stent G, Røsok BI, Voltersvik P, Olofsson J, Asjö B (2001) The Fas/FasL system 
and T cell apoptosis in HIV-1-infected lymphoid tissue during highly active antiretroviral 
therapy. Clin Immunol 101(2):169-179.   

Eames HL, Corbin AL, Udalova IA (2016) Interferon regulatory factor 5 in human autoimmunity 
and murine models of autoimmune disease. Transl Res 167(1):167-182.   

Edinger AL, Thompson CB (2004) Death by design: apoptosis, necrosis and autophagy. Curr 
Opin Cell Biol 16(6):663-669.   

Edry E, Azulay-Debby H, Melamed D (2008) TOLL-like receptor ligands stimulate aberrant class 
switch recombination in early B cell precursors. Int Immunol 20(12):1575-1585.   

Edsfeldt A, Swart M, Singh P, Dib L, Sun J, Cole JE, Park I, Al-Sharify D, Persson A, Nitulescu 
M, Borges PDN, Kassiteridi C, Goddard ME, Lee R, Volkov P, Orho-Melander M, 
Maegdefessel L, Nilsson J, Udalova I, Goncalves I, Monaco C (2022) Interferon regulatory 
factor-5-dependent CD11c+ macrophages contribute to the formation of rupture-prone 
atherosclerotic plaques. Eur Heart J 43(19):1864-1877.   

Eller MA, Goonetilleke N, Tassaneetrithep B, Eller LA, Costanzo MC, Johnson S, Betts MR, Krebs 
SJ, Slike BM, Nitayaphan S, Rono K, Tovanabutra S, Maganga L, Kibuuka H, Jagodzinski 
L, Peel S, Rolland M, Marovich MA, Kim JH, Michael NL, Robb ML, Streeck H (2016) 
Expansion of Inefficient HIV-Specific CD8 T Cells during Acute Infection. J Virol 
90(8):4005-4016.   

Elliott MR, Chekeni FB, Trampont PC, Lazarowski ER, Kadl A, Walk SF, Park D, Woodson RI, 
Ostankovich M, Sharma P, Lysiak JJ, Harden TK, Leitinger N, Ravichandran KS (2009) 
Nucleotides released by apoptotic cells act as a find-me signal to promote phagocytic 
clearance. Nature 461(7261):282-286.   

Elmore S (2007) Apoptosis: a review of programmed cell death. Toxicol Pathol 35(4):495-516.   

Erttmann SF, Swacha P, Aung KM, Brindefalk B, Jiang H, Härtlova A, Uhlin BE, Wai SN, Gekara 
NO (2022) The gut microbiota prime systemic antiviral immunity via the cGAS-STING-
IFN-I axis. Immunity 55(5):847-861.e810.   

Esser MT, Bess JW, Jr., Suryanarayana K, Chertova E, Marti D, Carrington M, Arthur LO, Lifson 
JD (2001) Partial activation and induction of apoptosis in CD4(+) and CD8(+) T 
lymphocytes by conformationally authentic noninfectious human immunodeficiency virus 
type 1. J Virol 75(3):1152-1164.   

Estes JD, Harris LD, Klatt NR, Tabb B, Pittaluga S, Paiardini M, Barclay GR, Smedley J, Pung R, 
Oliveira KM, Hirsch VM, Silvestri G, Douek DC, Miller CJ, Haase AT, Lifson J, Brenchley 
JM (2010) Damaged intestinal epithelial integrity linked to microbial translocation in 
pathogenic simian immunodeficiency virus infections. PLoS Pathog 6(8):e1001052.   

Ezeonwumelu IJ, García-Vidal E, Felip E, Puertas MC, Oriol-Tordera B, Gutiérrez-Chamorro L, 
Gohr A, Ruiz-Riol M, Massanella M, Clotet B, Martinez-Picado J, Badia R, Riveira-Muñoz 
E, Ballana E (2022) IRF7 expression correlates with HIV latency reversal upon specific 
blockade of immune activation. Front Immunol 13:1001068.   

Fabié A, Mai LT, Dagenais-Lussier X, Hammami A, van Grevenynghe J, Stäger S (2018) IRF-5 
Promotes Cell Death in CD4 T Cells during Chronic Infection. Cell Rep 24(5):1163-1175.   

Fadok VA, Bratton DL, Konowal A, Freed PW, Westcott JY, Henson PM (1998) Macrophages 
that have ingested apoptotic cells in vitro inhibit proinflammatory cytokine production 
through autocrine/paracrine mechanisms involving TGF-beta, PGE2, and PAF. J Clin 
Invest 101(4):890-898.   



159 

Fallerini C, Daga S, Mantovani S, Benetti E, Picchiotti N, Francisci D, Paciosi F, Schiaroli E, 
Baldassarri M, Fava F, Palmieri M, Ludovisi S, Castelli F, Quiros-Roldan E, Vaghi M, 
Rusconi S, Siano M, Bandini M, Spiga O, Capitani K, Furini S, Mari F, Study G-CM, Renieri 
A, Mondelli MU, Frullanti E (2021) Association of Toll-like receptor 7 variants with life-
threatening COVID-19 disease in males: findings from a nested case-control study. Elife 
10.   

Fan JH, Gao LB, Pan XM, Li C, Liang WB, Liu J, Li Y, Zhang L (2010) Association between IRF-
5 polymorphisms and risk of acute coronary syndrome. DNA Cell Biol 29(1):19-23.   

Fang CM, Roy S, Nielsen E, Paul M, Maul R, Paun A, Koentgen F, Raval FM, Szomolanyi-Tsuda 
E, Pitha PM (2012) Unique contribution of IRF-5-Ikaros axis to the B-cell IgG2a response. 
Genes Immun 13(5):421-430.   

Fang H, Yang M, Pan Q, Jin HL, Li HF, Wang RR, Wang QY, Zhang JP (2021) MicroRNA-22-3p 
alleviates spinal cord ischemia/reperfusion injury by modulating M2 macrophage 
polarization via IRF5. J Neurochem 156(1):106-120.   

Faria NR, Rambaut A, Suchard MA, Baele G, Bedford T, Ward MJ, Tatem AJ, Sousa JD, 
Arinaminpathy N, Pépin J, Posada D, Peeters M, Pybus OG, Lemey P (2014) HIV 
epidemiology. The early spread and epidemic ignition of HIV-1 in human populations. 
Science 346(6205):56-61.   

Feng D, Sangster-Guity N, Stone R, Korczeniewska J, Mancl ME, Fitzgerald-Bocarsly P, Barnes 
BJ (2010a) Differential requirement of histone acetylase and deacetylase activities for 
IRF5-mediated proinflammatory cytokine expression. J Immunol 185(10):6003-6012.   

Feng D, Stone RC, Eloranta ML, Sangster-Guity N, Nordmark G, Sigurdsson S, Wang C, Alm G, 
Syvänen AC, Rönnblom L, Barnes BJ (2010b) Genetic variants and disease-associated 
factors contribute to enhanced interferon regulatory factor 5 expression in blood cells of 
patients with systemic lupus erythematosus. Arthritis Rheum 62(2):562-573.   

Feng IC, Koay LB, Sheu MJ, Kuo HT, Sun CS, Lee C, Chuang WL, Liao SK, Wang SL, Tang LY, 
Cheng CJ, Tsai SL (2007) HBcAg-specific CD4+CD25+ regulatory T cells modulate 
immune tolerance and acute exacerbation on the natural history of chronic hepatitis B 
virus infection. J Biomed Sci 14(1):43-57.   

Fenwick C, Joo V, Jacquier P, Noto A, Banga R, Perreau M, Pantaleo G (2019) T-cell exhaustion 
in HIV infection. Immunol Rev 292(1):149-163.   

Fernández-García V, González-Ramos S, Martín-Sanz P, García-Del Portillo F, Laparra JM, 
Boscá L (2021) NOD1 in the interplay between microbiota and gastrointestinal immune 
adaptations. Pharmacol Res 171:105775.   

Fernandez S, Price P, McKinnon EJ, Nolan RC, French MA (2006) Low CD4+ T-cell counts in 
HIV patients receiving effective antiretroviral therapy are associated with CD4+ T-cell 
activation and senescence but not with lower effector memory T-cell function. Clin 
Immunol 120(2):163-170.   

Ferri KF, Jacotot E, Blanco J, Esté JA, Zamzami N, Susin SA, Xie Z, Brothers G, Reed JC, 
Penninger JM, Kroemer G (2000) Apoptosis control in syncytia induced by the HIV type 
1-envelope glycoprotein complex: role of mitochondria and caspases. J Exp Med 
192(8):1081-1092.   

Fillatreau S, Manfroi B, Dörner T (2021) Toll-like receptor signalling in B cells during systemic 
lupus erythematosus. Nat Rev Rheumatol 17(2):98-108.   



160 

Finkel TH, Tudor-Williams G, Banda NK, Cotton MF, Curiel T, Monks C, Baba TW, Ruprecht RM, 
Kupfer A (1995) Apoptosis occurs predominantly in bystander cells and not in productively 
infected cells of HIV- and SIV-infected lymph nodes. Nat Med 1(2):129-134.   

Finzi D, Blankson J, Siliciano JD, Margolick JB, Chadwick K, Pierson T, Smith K, Lisziewicz J, 
Lori F, Flexner C, Quinn TC, Chaisson RE, Rosenberg E, Walker B, Gange S, Gallant J, 
Siliciano RF (1999) Latent infection of CD4+ T cells provides a mechanism for lifelong 
persistence of HIV-1, even in patients on effective combination therapy. Nat Med 5(5):512-
517.   

Finzi D, Hermankova M, Pierson T, Carruth LM, Buck C, Chaisson RE, Quinn TC, Chadwick K, 
Margolick J, Brookmeyer R, Gallant J, Markowitz M, Ho DD, Richman DD, Siliciano RF 
(1997) Identification of a reservoir for HIV-1 in patients on highly active antiretroviral 
therapy. Science 278(5341):1295-1300.   

Fonseca SG, Procopio FA, Goulet JP, Yassine-Diab B, Ancuta P, Sékaly RP (2011) Unique 
features of memory T cells in HIV elite controllers: a systems biology perspective. Curr 
Opin HIV AIDS 6(3):188-196.   

French MA, King MS, Tschampa JM, da Silva BA, Landay AL (2009) Serum immune activation 
markers are persistently increased in patients with HIV infection after 6 years of 
antiretroviral therapy despite suppression of viral replication and reconstitution of CD4+ T 
cells. J Infect Dis 200(8):1212-1215.   

Friedmann Angeli JP, Schneider M, Proneth B, Tyurina YY, Tyurin VA, Hammond VJ, Herbach 
N, Aichler M, Walch A, Eggenhofer E, Basavarajappa D, Rådmark O, Kobayashi S, Seibt 
T, Beck H, Neff F, Esposito I, Wanke R, Förster H, Yefremova O, Heinrichmeyer M, 
Bornkamm GW, Geissler EK, Thomas SB, Stockwell BR, O'Donnell VB, Kagan VE, Schick 
JA, Conrad M (2014) Inactivation of the ferroptosis regulator Gpx4 triggers acute renal 
failure in mice. Nat Cell Biol 16(12):1180-1191.   

Frisch SM, Francis H (1994) Disruption of epithelial cell-matrix interactions induces apoptosis. J 
Cell Biol 124(4):619-626.   

Fromentin R, Bakeman W, Lawani MB, Khoury G, Hartogensis W, DaFonseca S, Killian M, Epling 
L, Hoh R, Sinclair E, Hecht FM, Bacchetti P, Deeks SG, Lewin SR, Sekaly RP, Chomont 
N (2016) CD4+ T Cells Expressing PD-1, TIGIT and LAG-3 Contribute to HIV Persistence 
during ART. PLoS Pathog 12(7):e1005761.   

Fu B, Zhao M, Wang L, Patil G, Smith JA, Juncadella IJ, Zuvela-Jelaska L, Dorf ME, Li S (2017) 
RNAi Screen and Proteomics Reveal NXF1 as a Novel Regulator of IRF5 Signaling. 
Scientific Reports 7(1):2683.   

Funderburg N, Luciano AA, Jiang W, Rodriguez B, Sieg SF, Lederman MM (2008) Toll-like 
receptor ligands induce human T cell activation and death, a model for HIV pathogenesis. 
PLoS One 3(4):e1915.   

Gaipl US, Sheriff A, Franz S, Munoz LE, Voll RE, Kalden JR, Herrmann M (2006) Inefficient 
clearance of dying cells and autoreactivity. Curr Top Microbiol Immunol 305:161-176.   

Gallo RC, Sarin PS, Gelmann EP, Robert-Guroff M, Richardson E, Kalyanaraman VS, Mann D, 
Sidhu GD, Stahl RE, Zolla-Pazner S, Leibowitch J, Popovic M (1983) Isolation of human 
T-cell leukemia virus in acquired immune deficiency syndrome (AIDS). Science 
220(4599):865-867.   

Galluzzi L, Buqué A, Kepp O, Zitvogel L, Kroemer G (2017) Immunogenic cell death in cancer 
and infectious disease. Nat Rev Immunol 17(2):97-111.   



161 

Galluzzi L, Vitale I, Aaronson SA, Abrams JM, Adam D, Agostinis P, Alnemri ES, Altucci L, Amelio 
I, Andrews DW, Annicchiarico-Petruzzelli M, Antonov AV, Arama E, Baehrecke EH, Barlev 
NA, Bazan NG, Bernassola F, Bertrand MJM, Bianchi K, Blagosklonny MV, Blomgren K, 
Borner C, Boya P, Brenner C, Campanella M, Candi E, Carmona-Gutierrez D, Cecconi F, 
Chan FK, Chandel NS, Cheng EH, Chipuk JE, Cidlowski JA, Ciechanover A, Cohen GM, 
Conrad M, Cubillos-Ruiz JR, Czabotar PE, D'Angiolella V, Dawson TM, Dawson VL, De 
Laurenzi V, De Maria R, Debatin KM, DeBerardinis RJ, Deshmukh M, Di Daniele N, Di 
Virgilio F, Dixit VM, Dixon SJ, Duckett CS, Dynlacht BD, El-Deiry WS, Elrod JW, Fimia 
GM, Fulda S, García-Sáez AJ, Garg AD, Garrido C, Gavathiotis E, Golstein P, Gottlieb E, 
Green DR, Greene LA, Gronemeyer H, Gross A, Hajnoczky G, Hardwick JM, Harris IS, 
Hengartner MO, Hetz C, Ichijo H, Jäättelä M, Joseph B, Jost PJ, Juin PP, Kaiser WJ, Karin 
M, Kaufmann T, Kepp O, Kimchi A, Kitsis RN, Klionsky DJ, Knight RA, Kumar S, Lee SW, 
Lemasters JJ, Levine B, Linkermann A, Lipton SA, Lockshin RA, López-Otín C, Lowe SW, 
Luedde T, Lugli E, MacFarlane M, Madeo F, Malewicz M, Malorni W, Manic G, Marine JC, 
Martin SJ, Martinou JC, Medema JP, Mehlen P, Meier P, Melino S, Miao EA, Molkentin 
JD, Moll UM, Muñoz-Pinedo C, Nagata S, Nuñez G, Oberst A, Oren M, Overholtzer M, 
Pagano M, Panaretakis T, Pasparakis M, Penninger JM, Pereira DM, Pervaiz S, Peter 
ME, Piacentini M, Pinton P, Prehn JHM, Puthalakath H, Rabinovich GA, Rehm M, Rizzuto 
R, Rodrigues CMP, Rubinsztein DC, Rudel T, Ryan KM, Sayan E, Scorrano L, Shao F, 
Shi Y, Silke J, Simon HU, Sistigu A, Stockwell BR, Strasser A, Szabadkai G, Tait SWG, 
Tang D, Tavernarakis N, Thorburn A, Tsujimoto Y, Turk B, Vanden Berghe T, 
Vandenabeele P, Vander Heiden MG, Villunger A, Virgin HW, Vousden KH, Vucic D, 
Wagner EF, Walczak H, Wallach D, Wang Y, Wells JA, Wood W, Yuan J, Zakeri Z, 
Zhivotovsky B, Zitvogel L, Melino G, Kroemer G (2018) Molecular mechanisms of cell 
death: recommendations of the Nomenclature Committee on Cell Death 2018. Cell Death 
Differ 25(3):486-541.   

Galluzzi L, Vitale I, Warren S, Adjemian S, Agostinis P, Martinez AB, Chan TA, Coukos G, 
Demaria S, Deutsch E, Draganov D, Edelson RL, Formenti SC, Fucikova J, Gabriele L, 
Gaipl US, Gameiro SR, Garg AD, Golden E, Han J, Harrington KJ, Hemminki A, Hodge 
JW, Hossain DMS, Illidge T, Karin M, Kaufman HL, Kepp O, Kroemer G, Lasarte JJ, Loi 
S, Lotze MT, Manic G, Merghoub T, Melcher AA, Mossman KL, Prosper F, Rekdal Ø, 
Rescigno M, Riganti C, Sistigu A, Smyth MJ, Spisek R, Stagg J, Strauss BE, Tang D, 
Tatsuno K, van Gool SW, Vandenabeele P, Yamazaki T, Zamarin D, Zitvogel L, Cesano 
A, Marincola FM (2020) Consensus guidelines for the definition, detection and 
interpretation of immunogenic cell death. J Immunother Cancer 8(1).   

Gantner P, Buranapraditkun S, Pagliuzza A, Dufour C, Pardons M, Mitchell JL, Kroon E, Sacdalan 
C, Tulmethakaan N, Pinyakorn S, Robb ML, Phanuphak N, Ananworanich J, Hsu D, 
Vasan S, Trautmann L, Fromentin R, Chomont N (2023) HIV rapidly targets a diverse pool 
of CD4(+) T cells to establish productive and latent infections. Immunity 56(3):653-
668.e655.   

Gao Z, Feng Y, Xu J, Liang J (2022) T-cell exhaustion in immune-mediated inflammatory 
diseases: New implications for immunotherapy. Front Immunol 13:977394.   

Gardai SJ, McPhillips KA, Frasch SC, Janssen WJ, Starefeldt A, Murphy-Ullrich JE, Bratton DL, 
Oldenborg PA, Michalak M, Henson PM (2005) Cell-surface calreticulin initiates clearance 
of viable or apoptotic cells through trans-activation of LRP on the phagocyte. Cell 
123(2):321-334.   

Garg H, Mohl J, Joshi A (2012) HIV-1 induced bystander apoptosis. Viruses 4(11):3020-3043.   



162 

Gartner MJ, Gorry PR, Tumpach C, Zhou J, Dantanarayana A, Chang JJ, Angelovich TA, 
Ellenberg P, Laumaea AE, Nonyane M, Moore PL, Lewin SR, Churchill MJ, Flynn JK, 
Roche M (2020) Longitudinal analysis of subtype C envelope tropism for memory CD4(+) 
T cell subsets over the first 3 years of untreated HIV-1 infection. Retrovirology 17(1):24.   

Gelman AE, Zhang J, Choi Y, Turka LA (2004) Toll-like receptor ligands directly promote activated 
CD4+ T cell survival. J Immunol 172(10):6065-6073.   

Geng ST, Zhang ZY, Wang YX, Lu D, Yu J, Zhang JB, Kuang YQ, Wang KH (2020) Regulation 
of Gut Microbiota on Immune Reconstitution in Patients With Acquired Immunodeficiency 
Syndrome. Front Microbiol 11:594820.   

Gianella S, Letendre SL, Iudicello J, Franklin D, Gaufin T, Zhang Y, Porrachia M, Vargas-
Meneses M, Ellis RJ, Finkelman M, Hoenigl M (2019) Plasma (1 → 3)-β-D-glucan and 
suPAR levels correlate with neurocognitive performance in people living with HIV on 
antiretroviral therapy: a CHARTER analysis. J Neurovirol 25(6):837-843.   

Gibbert K, Joedicke JJ, Meryk A, Trilling M, Francois S, Duppach J, Kraft A, Lang KS, Dittmer U 
(2012) Interferon-alpha subtype 11 activates NK cells and enables control of retroviral 
infection. PLoS Pathog 8(8):e1002868.   

Glosli H, Prydz H, Roald B (2004) Involution of thymus and lymphoid depletion in mice expressing 
the hTNF transgene. Apmis 112(1):63-73.   

Goldstein JL, Ho YK, Basu SK, Brown MS (1979) Binding site on macrophages that mediates 
uptake and degradation of acetylated low density lipoprotein, producing massive 
cholesterol deposition. Proc Natl Acad Sci U S A 76(1):333-337.   

Gong T, Liu L, Jiang W, Zhou R (2020) DAMP-sensing receptors in sterile inflammation and 
inflammatory diseases. Nature Reviews Immunology 20(2):95-112.   

Gong W, Guo X, Zhang Y (2018) Depletion of MicroRNA-373 Represses the Replication of 
Hepatitis C Virus via Activation of Type 1 Interferon Response by Targeting IRF5. Yonsei 
Med J 59(10):1181-1189.   

González-Navajas JM, Fine S, Law J, Datta SK, Nguyen KP, Yu M, Corr M, Katakura K, Eckman 
L, Lee J, Raz E (2010) TLR4 signaling in effector CD4+ T cells regulates TCR activation 
and experimental colitis in mice. J Clin Invest 120(2):570-581.   

Goonetilleke N, Liu MK, Salazar-Gonzalez JF, Ferrari G, Giorgi E, Ganusov VV, Keele BF, Learn 
GH, Turnbull EL, Salazar MG, Weinhold KJ, Moore S, Letvin N, Haynes BF, Cohen MS, 
Hraber P, Bhattacharya T, Borrow P, Perelson AS, Hahn BH, Shaw GM, Korber BT, 
McMichael AJ (2009) The first T cell response to transmitted/founder virus contributes to 
the control of acute viremia in HIV-1 infection. J Exp Med 206(6):1253-1272.   

Gordon SN, Cervasi B, Odorizzi P, Silverman R, Aberra F, Ginsberg G, Estes JD, Paiardini M, 
Frank I, Silvestri G (2010) Disruption of intestinal CD4+ T cell homeostasis is a key marker 
of systemic CD4+ T cell activation in HIV-infected individuals. J Immunol 185(9):5169-
5179.   

Gorenec L, Zidovec Lepej S, Grgic I, Planinic A, Iscic Bes J, Vince A, Begovac J (2016) The 
comparison of Th1, Th2, Th9, Th17 and Th22 cytokine profiles in acute and chronic HIV-
1 infection. Microb Pathog 97:125-130.   

Goritzka M, Durant LR, Pereira C, Salek-Ardakani S, Openshaw PJ, Johansson C (2014) 
Alpha/beta interferon receptor signaling amplifies early proinflammatory cytokine 
production in the lung during respiratory syncytial virus infection. J Virol 88(11):6128-6136.   



163 

Gougeon ML, Lecoeur H, Dulioust A, Enouf MG, Crouvoiser M, Goujard C, Debord T, Montagnier 
L (1996) Programmed cell death in peripheral lymphocytes from HIV-infected persons: 
increased susceptibility to apoptosis of CD4 and CD8 T cells correlates with lymphocyte 
activation and with disease progression. J Immunol 156(9):3509-3520.   

Graham RR, Kozyrev SV, Baechler EC, Reddy MV, Plenge RM, Bauer JW, Ortmann WA, Koeuth 
T, Gonzalez Escribano MF, Argentine, Spanish Collaborative G, Pons-Estel B, Petri M, 
Daly M, Gregersen PK, Martin J, Altshuler D, Behrens TW, Alarcon-Riquelme ME (2006a) 
A common haplotype of interferon regulatory factor 5 (IRF5) regulates splicing and 
expression and is associated with increased risk of systemic lupus erythematosus. Nat 
Genet 38(5):550-555.   

Graham RR, Kozyrev SV, Baechler EC, Reddy MV, Plenge RM, Bauer JW, Ortmann WA, Koeuth 
T, González Escribano MF, Pons-Estel B, Petri M, Daly M, Gregersen PK, Martín J, 
Altshuler D, Behrens TW, Alarcón-Riquelme ME (2006b) A common haplotype of 
interferon regulatory factor 5 (IRF5) regulates splicing and expression and is associated 
with increased risk of systemic lupus erythematosus. Nat Genet 38(5):550-555.   

Graham RR, Kozyrev SV, Baechler EC, Reddy MVPL, Plenge RM, Bauer JW, Ortmann WA, 
Koeuth T, Escribano MFG, Collaborative Groups tA, Spanish, Pons-Estel B, Petri M, Daly 
M, Gregersen PK, Martín J, Altshuler D, Behrens TW, Alarcón-Riquelme ME (2006c) A 
common haplotype of interferon regulatory factor 5 (IRF5) regulates splicing and 
expression and is associated with increased risk of systemic lupus erythematosus. Nature 
Genetics 38(5):550-555.   

Gray EE, Winship D, Snyder JM, Child SJ, Geballe AP, Stetson DB (2016) The AIM2-like 
Receptors Are Dispensable for the Interferon Response to Intracellular DNA. Immunity 
45(2):255-266.   

Green DR, Ferguson T, Zitvogel L, Kroemer G (2009a) Immunogenic and tolerogenic cell death. 
Nat Rev Immunol 9(5):353-363.   

Green NM, Laws A, Kiefer K, Busconi L, Kim YM, Brinkmann MM, Trail EH, Yasuda K, 
Christensen SR, Shlomchik MJ, Vogel S, Connor JH, Ploegh H, Eilat D, Rifkin IR, van 
Seventer JM, Marshak-Rothstein A (2009b) Murine B cell response to TLR7 ligands 
depends on an IFN-beta feedback loop. J Immunol 183(3):1569-1576.   

Griffith TS, Kazama H, VanOosten RL, Earle JK, Jr., Herndon JM, Green DR, Ferguson TA (2007) 
Apoptotic cells induce tolerance by generating helpless CD8+ T cells that produce TRAIL. 
J Immunol 178(5):2679-2687.   

Griffith TS, Yu X, Herndon JM, Green DR, Ferguson TA (1996) CD95-induced apoptosis of 
lymphocytes in an immune privileged site induces immunological tolerance. Immunity 
5(1):7-16.   

Grootjans S, Vanden Berghe T, Vandenabeele P (2017) Initiation and execution mechanisms of 
necroptosis: an overview. Cell Death Differ 24(7):1184-1195.   

Gudowska-Sawczuk M, Mroczko B (2022) The Role of Nuclear Factor Kappa B (NF-κB) in 
Development and Treatment of COVID-19: Review. Int J Mol Sci 23(9).   

Gujer C, Sandgren KJ, Douagi I, Adams WC, Sundling C, Smed-Sörensen A, Seder RA, Karlsson 
Hedestam GB, Loré K (2011) IFN-α produced by human plasmacytoid dendritic cells 
enhances T cell-dependent naïve B cell differentiation. J Leukoc Biol 89(6):811-821.   

Gulzar N, Copeland KF (2004) CD8+ T-cells: function and response to HIV infection. Curr HIV 
Res 2(1):23-37.   



164 

Guo H, Callaway JB, Ting JP (2015) Inflammasomes: mechanism of action, role in disease, and 
therapeutics. Nat Med 21(7):677-687.   

Guo L, Hao R, Tian F, An N, Wang K (2018a) Interferon regulatory factor 5 (IRF5) regulates the 
expression of matrix metalloproteinase-3 (MMP-3) in human chondrocytes. Int 
Immunopharmacol 55:231-236.   

Guo Q, Wu Y, Hou Y, Liu Y, Liu T, Zhang H, Fan C, Guan H, Li Y, Shan Z, Teng W (2018b) 
Cytokine Secretion and Pyroptosis of Thyroid Follicular Cells Mediated by Enhanced 
NLRP3, NLRP1, NLRC4, and AIM2 Inflammasomes Are Associated With Autoimmune 
Thyroiditis. Front Immunol 9:1197.   

Guthridge JM, Clark DN, Templeton A, Dominguez N, Lu R, Vidal GS, Kelly JA, Kauffman KM, 
Harley JB, Gaffney PM, James JA, Poole BD (2012) Effects of IRF5 lupus risk haplotype 
on pathways predicted to influence B cell functions. J Biomed Biotechnol 2012:594056.   

Hale JS, Youngblood B, Latner DR, Mohammed AU, Ye L, Akondy RS, Wu T, Iyer SS, Ahmed R 
(2013) Distinct memory CD4+ T cells with commitment to T follicular helper- and T helper 
1-cell lineages are generated after acute viral infection. Immunity 38(4):805-817.   

Hammami A, Abidin BM, Charpentier T, Fabié A, Duguay AP, Heinonen KM, Stäger S (2017) 
HIF-1α is a key regulator in potentiating suppressor activity and limiting the microbicidal 
capacity of MDSC-like cells during visceral leishmaniasis. PLoS Pathog 13(9):e1006616.   

Hammami A, Charpentier T, Smans M, Stäger S (2015) IRF-5-Mediated Inflammation Limits 
CD8+ T Cell Expansion by Inducing HIF-1α and Impairing Dendritic Cell Functions during 
Leishmania Infection. PLoS Pathog 11(6):e1004938.   

Han SW, Lee WK, Kwon KT, Lee BK, Nam EJ, Kim GW (2009) Association of polymorphisms in 
interferon regulatory factor 5 gene with rheumatoid arthritis: a metaanalysis. J Rheumatol 
36(4):693-697.   

Hansjee N, Kaufmann GR, Strub C, Weber R, Battegay M, Erb P (2004) Persistent apoptosis in 
HIV-1-infected individuals receiving potent antiretroviral therapy is associated with poor 
recovery of CD4 T lymphocytes. J Acquir Immune Defic Syndr 36(2):671-677.   

Harris LD, Tabb B, Sodora DL, Paiardini M, Klatt NR, Douek DC, Silvestri G, Müller-Trutwin M, 
Vasile-Pandrea I, Apetrei C, Hirsch V, Lifson J, Brenchley JM, Estes JD (2010) 
Downregulation of robust acute type I interferon responses distinguishes nonpathogenic 
simian immunodeficiency virus (SIV) infection of natural hosts from pathogenic SIV 
infection of rhesus macaques. J Virol 84(15):7886-7891.   

Hayashi EA, Akira S, Nobrega A (2005) Role of TLR in B cell development: signaling through 
TLR4 promotes B cell maturation and is inhibited by TLR2. J Immunol 174(11):6639-6647.   

Hayden MS, Ghosh S (2014) Innate sense of purpose for IKKβ. Proc Natl Acad Sci U S A 
111(49):17348-17349.   

He B, Qiao X, Cerutti A (2004) CpG DNA induces IgG class switch DNA recombination by 
activating human B cells through an innate pathway that requires TLR9 and cooperates 
with IL-10. J Immunol 173(7):4479-4491.   

Hedl M, Abraham C (2012) IRF5 risk polymorphisms contribute to interindividual variance in 
pattern recognition receptor-mediated cytokine secretion in human monocyte-derived 
cells. J Immunol 188(11):5348-5356.   



165 

Hedl M, Yan J, Abraham C (2016) IRF5 and IRF5 Disease-Risk Variants Increase Glycolysis and 
Human M1 Macrophage Polarization by Regulating Proximal Signaling and Akt2 
Activation. Cell Rep 16(9):2442-2455.   

Hedl M, Yan J, Witt H, Abraham C (2019) IRF5 Is Required for Bacterial Clearance in Human M1-
Polarized Macrophages, and IRF5 Immune-Mediated Disease Risk Variants Modulate 
This Outcome. J Immunol 202(3):920-930.   

Heil F, Hemmi H, Hochrein H, Ampenberger F, Kirschning C, Akira S, Lipford G, Wagner H, Bauer 
S (2004) Species-specific recognition of single-stranded RNA via toll-like receptor 7 and 
8. Science 303(5663):1526-1529.   

Heinz LX, Lee J, Kapoor U, Kartnig F, Sedlyarov V, Papakostas K, César-Razquin A, 
Essletzbichler P, Goldmann U, Stefanovic A, Bigenzahn JW, Scorzoni S, Pizzagalli MD, 
Bensimon A, Müller AC, King FJ, Li J, Girardi E, Mbow ML, Whitehurst CE, Rebsamen M, 
Superti-Furga G (2020) TASL is the SLC15A4-associated adaptor for IRF5 activation by 
TLR7-9. Nature 581(7808):316-322.   

Henke N, Albrecht P, Bouchachia I, Ryazantseva M, Knoll K, Lewerenz J, Kaznacheyeva E, 
Maher P, Methner A (2013) The plasma membrane channel ORAI1 mediates detrimental 
calcium influx caused by endogenous oxidative stress. Cell Death Dis 4(1):e470.   

Hitoshi Y, Lorens J, Kitada SI, Fisher J, LaBarge M, Ring HZ, Francke U, Reed JC, Kinoshita S, 
Nolan GP (1998) Toso, a cell surface, specific regulator of Fas-induced apoptosis in T 
cells. Immunity 8(4):461-471.   

Holler N, Zaru R, Micheau O, Thome M, Attinger A, Valitutti S, Bodmer JL, Schneider P, Seed B, 
Tschopp J (2000) Fas triggers an alternative, caspase-8-independent cell death pathway 
using the kinase RIP as effector molecule. Nat Immunol 1(6):489-495.   

Honda K, Taniguchi T (2006a) IRFs: master regulators of signalling by Toll-like receptors and 
cytosolic pattern-recognition receptors. Nature Reviews Immunology 6(9):644-658.   

Honda K, Taniguchi T (2006b) IRFs: master regulators of signalling by Toll-like receptors and 
cytosolic pattern-recognition receptors. Nat Rev Immunol 6(9):644-658.   

Honda K, Yanai H, Takaoka A, Taniguchi T (2005) Regulation of the type I IFN induction: a current 
view. Int Immunol 17(11):1367-1378.   

Hornung V, Guenthner-Biller M, Bourquin C, Ablasser A, Schlee M, Uematsu S, Noronha A, 
Manoharan M, Akira S, de Fougerolles A, Endres S, Hartmann G (2005) Sequence-
specific potent induction of IFN-alpha by short interfering RNA in plasmacytoid dendritic 
cells through TLR7. Nat Med 11(3):263-270.   

Hornung V, Rothenfusser S, Britsch S, Krug A, Jahrsdörfer B, Giese T, Endres S, Hartmann G 
(2002) Quantitative expression of toll-like receptor 1-10 mRNA in cellular subsets of 
human peripheral blood mononuclear cells and sensitivity to CpG oligodeoxynucleotides. 
J Immunol 168(9):4531-4537.   

Howie SE, Sommerfield AJ, Gray E, Harrison DJ (1994) Peripheral T lymphocyte depletion by 
apoptosis after CD4 ligation in vivo: selective loss of CD44- and 'activating' memory T 
cells. Clin Exp Immunol 95(1):195-200.   

Hraber P, Seaman MS, Bailer RT, Mascola JR, Montefiori DC, Korber BT (2014) Prevalence of 
broadly neutralizing antibody responses during chronic HIV-1 infection. Aids 28(2):163-
169.   



166 

Hsu DC, Schuetz A, Imerbsin R, Silsorn D, Pegu A, Inthawong D, Sopanaporn J, Visudhiphan P, 
Chuenarom W, Keawboon B, Shi W, Robb ML, Mascola JR, Geleziunas R, Koup RA, 
Barouch DH, Michael NL, Vasan S (2021) TLR7 agonist, N6-LS and PGT121 delayed viral 
rebound in SHIV-infected macaques after antiretroviral therapy interruption. PLoS Pathog 
17(2):e1009339.   

Hu CC, Jeng WJ, Chen YC, Fang JH, Huang CH, Teng W, Hsieh YC, Lin YC, Chien RN, Sheen 
IS, Lin CY (2017) Memory Regulatory T cells Increase Only In Inflammatory Phase of 
Chronic Hepatitis B Infection and Related to Galectin-9/Tim-3 interaction. Sci Rep 
7(1):15280.   

Hu G, Barnes BJ (2009) IRF-5 is a mediator of the death receptor-induced apoptotic signaling 
pathway. J Biol Chem 284(5):2767-2777.   

Hu G, Mancl ME, Barnes BJ (2005) Signaling through IFN regulatory factor-5 sensitizes p53-
deficient tumors to DNA damage-induced apoptosis and cell death. Cancer Res 
65(16):7403-7412.   

Hu R, Oyaizu N, Kalyanaraman VS, Pahwa S (1994) HIV-1 gp160 as a modifier of Th1 and Th2 
cytokine response: gp160 suppresses interferon-gamma and interleukin-2 production 
concomitantly with enhanced interleukin-4 production in vitro. Clin Immunol Immunopathol 
73(2):245-251.   

Huang QR, Danis V, Lassere M, Edmonds J, Manolios N (1999) Evaluation of a new Apo-1/Fas 
promoter polymorphism in rheumatoid arthritis and systemic lupus erythematosus 
patients. Rheumatology 38(7):645-651.   

Huang QR, Manolios N (2000) Investigation of the -1377 polymorphism on the Apo-1/Fas 
promoter in systemic lupus erythematosus patients using allele-specific amplification. 
Pathology 32(2):126-130.   

Huang QR, Morris D, Manolios N (1997) Identification and characterization of polymorphisms in 
the promoter region of the human Apo-1/Fas (CD95) gene. Mol Immunol 34(8-9):577-582.   

Hubel P, Urban C, Bergant V, Schneider WM, Knauer B, Stukalov A, Scaturro P, Mann A, Brunotte 
L, Hoffmann HH, Schoggins JW, Schwemmle M, Mann M, Rice CM, Pichlmair A (2019) A 
protein-interaction network of interferon-stimulated genes extends the innate immune 
system landscape. Nature Immunology 20(4):493-502.   

Hunt PW, Brenchley J, Sinclair E, McCune JM, Roland M, Page-Shafer K, Hsue P, Emu B, Krone 
M, Lampiris H, Douek D, Martin JN, Deeks SG (2008) Relationship between T cell 
activation and CD4+ T cell count in HIV-seropositive individuals with undetectable plasma 
HIV RNA levels in the absence of therapy. J Infect Dis 197(1):126-133.   

Hunt PW, Sinclair E, Rodriguez B, Shive C, Clagett B, Funderburg N, Robinson J, Huang Y, 
Epling L, Martin JN, Deeks SG, Meinert CL, Van Natta ML, Jabs DA, Lederman MM (2014) 
Gut epithelial barrier dysfunction and innate immune activation predict mortality in treated 
HIV infection. J Infect Dis 210(8):1228-1238.   

Imanishi T, Unno M, Kobayashi W, Yoneda N, Matsuda S, Ikeda K, Hoshii T, Hirao A, Miyake K, 
Barber GN, Arita M, Ishii KJ, Akira S, Saito T (2019) Reciprocal regulation of STING and 
TCR signaling by mTORC1 for T-cell activation and function. Life Sci Alliance 2(1).   

Isazadeh A, Heris JA, Shahabi P, Mohammadinasab R, Shomali N, Nasiri H, Valedkarimi Z, 
Khosroshahi AJ, Hajazimian S, Akbari M, Sadeghvand S (2023) Pattern-recognition 
receptors (PRRs) in SARS-CoV-2. Life Sci 329:121940.   



167 

Ishikawa C, Senba M, Barnes BJ, Mori N (2015) Constitutive expression of IRF-5 in HTLV-1-
infected T cells. Int J Oncol 47(1):361-369.   

Isnard S, Ramendra R, Dupuy FP, Lin J, Fombuena B, Kokinov N, Kema I, Jenabian MA, 
Lebouché B, Costiniuk CT, Ancuta P, Bernard NF, Silverman MS, Lakatos PL, Durand M, 
Tremblay C, Routy JP (2020a) Plasma Levels of C-Type Lectin REG3α and Gut Damage 
in People With Human Immunodeficiency Virus. J Infect Dis 221(1):110-121.   

Isnard S, Ramendra R, Dupuy FP, Lin J, Fombuena B, Kokinov N, Kema I, Jenabian MA, 
Lebouche B, Costiniuk CT, Ancuta P, Bernard NF, Silverman MS, Lakatos PL, Durand M, 
Tremblay C, Routy JP, Montreal Primary Hiv Infection Study tCCoHIVSP, the Canadian 
HIV, Aging Cohort G (2020b) Plasma Levels of C-Type Lectin REG3alpha and Gut 
Damage in People With Human Immunodeficiency Virus. J Infect Dis 221(1):110-121.   

Izaguirre A, Barnes BJ, Amrute S, Yeow WS, Megjugorac N, Dai J, Feng D, Chung E, Pitha PM, 
Fitzgerald-Bocarsly P (2003) Comparative analysis of IRF and IFN-alpha expression in 
human plasmacytoid and monocyte-derived dendritic cells. J Leukoc Biol 74(6):1125-
1138.   

Jacquelin B, Mayau V, Targat B, Liovat AS, Kunkel D, Petitjean G, Dillies MA, Roques P, Butor 
C, Silvestri G, Giavedoni LD, Lebon P, Barre-Sinoussi F, Benecke A, Muller-Trutwin MC 
(2009) Nonpathogenic SIV infection of African green monkeys induces a strong but rapidly 
controlled type I IFN response. J Clin Invest 119(12):3544-3555.   

Jain S, Chodisetti SB, Agrewala JN (2013) Combinatorial signaling through TLR-2 and CD86 
augments activation and differentiation of resting B cells. PLoS One 8(1):e54392.   

Janeway CA, Jr. (1989) Approaching the asymptote? Evolution and revolution in immunology. 
Cold Spring Harb Symp Quant Biol 54 Pt 1:1-13.   

Janeway CA, Jr., Medzhitov R (2002) Innate immune recognition. Annu Rev Immunol 20:197-
216.   

Jenabian MA, Ancuta P, Gilmore N, Routy JP (2012) Regulatory T cells in HIV infection: can 
immunotherapy regulate the regulator? Clin Dev Immunol 2012:908314.   

Jenabian MA, El-Far M, Vyboh K, Kema I, Costiniuk CT, Thomas R, Baril JG, LeBlanc R, 
Kanagaratham C, Radzioch D, Allam O, Ahmad A, Lebouche B, Tremblay C, Ancuta P, 
Routy JP, Montreal Primary i, Slow Progressor Study G (2015) Immunosuppressive 
Tryptophan Catabolism and Gut Mucosal Dysfunction Following Early HIV Infection. J 
Infect Dis 212(3):355-366.   

Jiang W, Lederman MM, Harding CV, Rodriguez B, Mohner RJ, Sieg SF (2007) TLR9 stimulation 
drives naïve B cells to proliferate and to attain enhanced antigen presenting function. Eur 
J Immunol 37(8):2205-2213.   

Jin W, Li C, Du T, Hu K, Huang X, Hu Q (2014) DC-SIGN plays a stronger role than DCIR in 
mediating HIV-1 capture and transfer. Virology 458-459:83-92.   

Johnson JL, Scholz JL, Marshak-Rothstein A, Cancro MP (2019) Molecular pattern recognition in 
peripheral B cell tolerance: lessons from age-associated B cells. Curr Opin Immunol 
61:33-38.   

Johnson RP, Kaur A (2005) HIV: viral blitzkrieg. Nature 434(7037):1080-1081.   

Johnson S, Eller M, Teigler JE, Maloveste SM, Schultz BT, Soghoian DZ, Lu R, Oster AF, Chenine 
AL, Alter G, Dittmer U, Marovich M, Robb ML, Michael NL, Bolton D, Streeck H (2015) 



168 

Cooperativity of HIV-Specific Cytolytic CD4 T Cells and CD8 T Cells in Control of HIV 
Viremia. J Virol 89(15):7494-7505.   

Jones RB, Ndhlovu LC, Barbour JD, Sheth PM, Jha AR, Long BR, Wong JC, Satkunarajah M, 
Schweneker M, Chapman JM, Gyenes G, Vali B, Hyrcza MD, Yue FY, Kovacs C, Sassi 
A, Loutfy M, Halpenny R, Persad D, Spotts G, Hecht FM, Chun TW, McCune JM, Kaul R, 
Rini JM, Nixon DF, Ostrowski MA (2008) Tim-3 expression defines a novel population of 
dysfunctional T cells with highly elevated frequencies in progressive HIV-1 infection. J Exp 
Med 205(12):2763-2779.   

Kaiser WJ, Sridharan H, Huang C, Mandal P, Upton JW, Gough PJ, Sehon CA, Marquis RW, 
Bertin J, Mocarski ES (2013) Toll-like receptor 3-mediated necrosis via TRIF, RIP3, and 
MLKL. J Biol Chem 288(43):31268-31279.   

Kamphuis E, Junt T, Waibler Z, Forster R, Kalinke U (2006) Type I interferons directly regulate 
lymphocyte recirculation and cause transient blood lymphopenia. Blood 108(10):3253-
3261.   

Karnati HK, Pasupuleti SR, Kandi R, Undi RB, Sahu I, Kannaki TR, Subbiah M, Gutti RK (2015) 
TLR-4 signalling pathway: MyD88 independent pathway up-regulation in chicken breeds 
upon LPS treatment. Vet Res Commun 39(1):73-78.   

Kasturi SP, Rasheed MAU, Havenar-Daughton C, Pham M, Legere T, Sher ZJ, Kovalenkov Y, 
Gumber S, Huang JY, Gottardo R, Fulp W, Sato A, Sawant S, Stanfield-Oakley S, Yates 
N, LaBranche C, Alam SM, Tomaras G, Ferrari G, Montefiori D, Wrammert J, Villinger F, 
Tomai M, Vasilakos J, Fox CB, Reed SG, Haynes BF, Crotty S, Ahmed R, Pulendran B 
(2020) 3M-052, a synthetic TLR-7/8 agonist, induces durable HIV-1 envelope-specific 
plasma cells and humoral immunity in nonhuman primates. Sci Immunol 5(48).   

Kato K, Ishii R, Goto E, Ishitani R, Tokunaga F, Nureki O (2013) Structural and functional analyses 
of DNA-sensing and immune activation by human cGAS. PLoS One 8(10):e76983.   

Katsikis PD, Garcia-Ojeda ME, Torres-Roca JF, Tijoe IM, Smith CA, Herzenberg LA, Herzenberg 
LA (1997) Interleukin-1 beta converting enzyme-like protease involvement in Fas-induced 
and activation-induced peripheral blood T cell apoptosis in HIV infection. TNF-related 
apoptosis-inducing ligand can mediate activation-induced T cell death in HIV infection. J 
Exp Med 186(8):1365-1372.   

Katsikis PD, García-Ojeda ME, Wunderlich ES, Smith CA, Yagita H, Okumura K, Kayagaki N, 
Alderson M, Herzenberg LA, Herzenberg LA (1996) Activation-induced peripheral blood T 
cell apoptosis is Fas independent in HIV-infected individuals. Int Immunol 8(8):1311-1317.   

Katsikis PD, Wunderlich ES, Smith CA, Herzenberg LA, Herzenberg LA (1995) Fas antigen 
stimulation induces marked apoptosis of T lymphocytes in human immunodeficiency virus-
infected individuals. J Exp Med 181(6):2029-2036.   

Kawasaki A, Kyogoku C, Ohashi J, Miyashita R, Hikami K, Kusaoi M, Tokunaga K, Takasaki Y, 
Hashimoto H, Behrens TW, Tsuchiya N (2008) Association of IRF5 polymorphisms with 
systemic lupus erythematosus in a Japanese population: support for a crucial role of intron 
1 polymorphisms. Arthritis Rheum 58(3):826-834.   

Kazama H, Ricci JE, Herndon JM, Hoppe G, Green DR, Ferguson TA (2008) Induction of 
immunological tolerance by apoptotic cells requires caspase-dependent oxidation of high-
mobility group box-1 protein. Immunity 29(1):21-32.   

Kedzierska K, Crowe SM (2002) The role of monocytes and macrophages in the pathogenesis of 
HIV-1 infection. Curr Med Chem 9(21):1893-1903.   



169 

Kerr JF, Wyllie AH, Currie AR (1972) Apoptosis: a basic biological phenomenon with wide-ranging 
implications in tissue kinetics. Br J Cancer 26(4):239-257.   

Kervevan J, Chakrabarti LA (2021) Role of CD4+ T Cells in the Control of Viral Infections: Recent 
Advances and Open Questions. Int J Mol Sci 22(2).   

Kesavardhana S, Malireddi RKS, Kanneganti TD (2020) Caspases in Cell Death, Inflammation, 
and Pyroptosis. Annu Rev Immunol 38:567-595.   

Kim T-S, Shin E-C (2019) The activation of bystander CD8+ T cells and their roles in viral infection. 
Experimental & Molecular Medicine 51(12):1-9.   

Klatt NR, Chomont N, Douek DC, Deeks SG (2013) Immune activation and HIV persistence: 
implications for curative approaches to HIV infection. Immunol Rev 254(1):326-342.   

Komai-Koma M, Jones L, Ogg GS, Xu D, Liew FY (2004) TLR2 is expressed on activated T cells 
as a costimulatory receptor. Proc Natl Acad Sci U S A 101(9):3029-3034.   

Kopeina GS, Zhivotovsky B (2022) Programmed cell death: Past, present and future. Biochemical 
and Biophysical Research Communications 633:55-58.   

Kottyan LC, Zoller EE, Bene J, Lu X, Kelly JA, Rupert AM, Lessard CJ, Vaughn SE, Marion M, 
Weirauch MT, Namjou B, Adler A, Rasmussen A, Glenn S, Montgomery CG, Hirschfield 
GM, Xie G, Coltescu C, Amos C, Li H, Ice JA, Nath SK, Mariette X, Bowman S, 
Rischmueller M, Lester S, Brun JG, Gøransson LG, Harboe E, Omdal R, Cunninghame-
Graham DS, Vyse T, Miceli-Richard C, Brennan MT, Lessard JA, Wahren-Herlenius M, 
Kvarnström M, Illei GG, Witte T, Jonsson R, Eriksson P, Nordmark G, Ng WF, Anaya JM, 
Rhodus NL, Segal BM, Merrill JT, James JA, Guthridge JM, Scofield RH, Alarcon-
Riquelme M, Bae SC, Boackle SA, Criswell LA, Gilkeson G, Kamen DL, Jacob CO, 
Kimberly R, Brown E, Edberg J, Alarcón GS, Reveille JD, Vilá LM, Petri M, Ramsey-
Goldman R, Freedman BI, Niewold T, Stevens AM, Tsao BP, Ying J, Mayes MD, Gorlova 
OY, Wakeland W, Radstake T, Martin E, Martin J, Siminovitch K, Moser Sivils KL, Gaffney 
PM, Langefeld CD, Harley JB, Kaufman KM (2015) The IRF5-TNPO3 association with 
systemic lupus erythematosus has two components that other autoimmune disorders 
variably share. Hum Mol Genet 24(2):582-596.   

Koup RA, Safrit JT, Cao Y, Andrews CA, McLeod G, Borkowsky W, Farthing C, Ho DD (1994) 
Temporal association of cellular immune responses with the initial control of viremia in 
primary human immunodeficiency virus type 1 syndrome. J Virol 68(7):4650-4655.   

Kozyrev SV, Alarcon-Riquelme ME (2007) The genetics and biology of Irf5-mediated signaling in 
lupus. Autoimmunity 40(8):591-601.   

Krausgruber T, Blazek K, Smallie T, Alzabin S, Lockstone H, Sahgal N, Hussell T, Feldmann M, 
Udalova IA (2011) IRF5 promotes inflammatory macrophage polarization and TH1-TH17 
responses. Nat Immunol 12(3):231-238.   

Krausgruber T, Saliba D, Ryzhakov G, Lanfrancotti A, Blazek K, Udalova IA (2010) IRF5 is 
required for late-phase TNF secretion by human dendritic cells. Blood 115(22):4421-4430.   

Kristjansdottir G, Sandling JK, Bonetti A, Roos IM, Milani L, Wang C, Gustafsdottir SM, 
Sigurdsson S, Lundmark A, Tienari PJ, Koivisto K, Elovaara I, Pirttilä T, Reunanen M, 
Peltonen L, Saarela J, Hillert J, Olsson T, Landegren U, Alcina A, Fernández O, Leyva L, 
Guerrero M, Lucas M, Izquierdo G, Matesanz F, Syvänen AC (2008) Interferon regulatory 
factor 5 (IRF5) gene variants are associated with multiple sclerosis in three distinct 
populations. J Med Genet 45(6):362-369.   



170 

Kroemer G, Galluzzi L, Vandenabeele P, Abrams J, Alnemri ES, Baehrecke EH, Blagosklonny 
MV, El-Deiry WS, Golstein P, Green DR, Hengartner M, Knight RA, Kumar S, Lipton SA, 
Malorni W, Nuñez G, Peter ME, Tschopp J, Yuan J, Piacentini M, Zhivotovsky B, Melino 
G (2009) Classification of cell death: recommendations of the Nomenclature Committee 
on Cell Death 2009. Cell Death Differ 16(1):3-11.   

Krueger PD, Osum KC, Jenkins MK (2021) CD4(+) Memory T-Cell Formation during Type 1 
Immune Responses. Cold Spring Harb Perspect Biol 13(12).   

Kubo Y, Izumida M, Yashima Y, Yoshii-Kamiyama H, Tanaka Y, Yasui K, Hayashi H, Matsuyama 
T (2016) Gamma-interferon-inducible, lysosome/endosome-localized thiolreductase, 
GILT, has anti-retroviral activity and its expression is counteracted by HIV-1. Oncotarget 
7(44):71255-71273.   

Kumaran Satyanarayanan S, El Kebir D, Soboh S, Butenko S, Sekheri M, Saadi J, Peled N, Assi 
S, Othman A, Schif-Zuck S, Feuermann Y, Barkan D, Sher N, Filep JG, Ariel A (2019) 
IFN-β is a macrophage-derived effector cytokine facilitating the resolution of bacterial 
inflammation. Nat Commun 10(1):3471.   

Kuriakose T, Man SM, Malireddi RK, Karki R, Kesavardhana S, Place DE, Neale G, Vogel P, 
Kanneganti TD (2016) ZBP1/DAI is an innate sensor of influenza virus triggering the 
NLRP3 inflammasome and programmed cell death pathways. Sci Immunol 1(2).   

Labarrere CA, Kassab GS (2021) Pattern Recognition Proteins: First Line of Defense Against 
Coronaviruses. Front Immunol 12:652252.   

Laforge M, Limou S, Harper F, Casartelli N, Rodrigues V, Silvestre R, Haloui H, Zagury JF, Senik 
A, Estaquier J (2013) DRAM triggers lysosomal membrane permeabilization and cell 
death in CD4(+) T cells infected with HIV. PLoS Pathog 9(5):e1003328.   

Laidlaw BJ, Cui W, Amezquita RA, Gray SM, Guan T, Lu Y, Kobayashi Y, Flavell RA, Kleinstein 
SH, Craft J, Kaech SM (2015) Production of IL-10 by CD4(+) regulatory T cells during the 
resolution of infection promotes the maturation of memory CD8(+) T cells. Nat Immunol 
16(8):871-879.   

Lambert AA, Gilbert C, Richard M, Beaulieu AD, Tremblay MJ (2008) The C-type lectin surface 
receptor DCIR acts as a new attachment factor for HIV-1 in dendritic cells and contributes 
to trans- and cis-infection pathways. Blood 112(4):1299-1307.   

Lang KS, Burow A, Kurrer M, Lang PA, Recher M (2007) The role of the innate immune response 
in autoimmune disease. J Autoimmun 29(4):206-212.   

Langan D, Rose NR, Moudgil KD (2020) Common innate pathways to autoimmune disease. Clin 
Immunol 212:108361.   

Lao X, Mei X, Zou J, Xiao Q, Ning Q, Xu X, Zhang C, Ji L, Deng S, Lu B, Chen M (2022) Pyroptosis 
associated with immune reconstruction failure in HIV-1- infected patients receiving 
antiretroviral therapy: a cross-sectional study. BMC Infect Dis 22(1):867.   

Larkin B, Ilyukha V, Sorokin M, Buzdin A, Vannier E, Poltorak A (2017) Cutting Edge: Activation 
of STING in T Cells Induces Type I IFN Responses and Cell Death. J Immunol 199(2):397-
402.   

Lazear HM, Lancaster A, Wilkins C, Suthar MS, Huang A, Vick SC, Clepper L, Thackray L, Brassil 
MM, Virgin HW, Nikolich-Zugich J, Moses AV, Gale M, Jr., Früh K, Diamond MS (2013) 
IRF-3, IRF-5, and IRF-7 coordinately regulate the type I IFN response in myeloid dendritic 
cells downstream of MAVS signaling. PLoS Pathog 9(1):e1003118.   



171 

Lazzari E, Korczeniewska J, J NG, Smith S, Barnes BJ, Jefferies CA (2014) TRIpartite motif 21 
(TRIM21) differentially regulates the stability of interferon regulatory factor 5 (IRF5) 
isoforms. PLoS One 9(8):e103609.   

Le Bon A, Etchart N, Rossmann C, Ashton M, Hou S, Gewert D, Borrow P, Tough DF (2003) 
Cross-priming of CD8+ T cells stimulated by virus-induced type I interferon. Nat Immunol 
4(10):1009-1015.   

Le Bon A, Tough DF (2002) Links between innate and adaptive immunity via type I interferon. 
Curr Opin Immunol 14(4):432-436.   

Le Hingrat Q, Sereti I, Landay AL, Pandrea I, Apetrei C (2021) The Hitchhiker Guide to CD4(+) 
T-Cell Depletion in Lentiviral Infection. A Critical Review of the Dynamics of the CD4(+) T 
Cells in SIV and HIV Infection. Front Immunol 12:695674.   

Lecoeur H, Borgne-Sanchez A, Chaloin O, El-Khoury R, Brabant M, Langonné A, Porceddu M, 
Brière JJ, Buron N, Rebouillat D, Péchoux C, Deniaud A, Brenner C, Briand JP, Muller S, 
Rustin P, Jacotot E (2012) HIV-1 Tat protein directly induces mitochondrial membrane 
permeabilization and inactivates cytochrome c oxidase. Cell Death Dis 3(3):e282.   

Lederman MM, Calabrese L, Funderburg NT, Clagett B, Medvik K, Bonilla H, Gripshover B, Salata 
RA, Taege A, Lisgaris M, McComsey GA, Kirchner E, Baum J, Shive C, Asaad R, 
Kalayjian RC, Sieg SF, Rodriguez B (2011) Immunologic failure despite suppressive 
antiretroviral therapy is related to activation and turnover of memory CD4 cells. J Infect 
Dis 204(8):1217-1226.   

Lee S, Karki R, Wang Y, Nguyen LN, Kalathur RC, Kanneganti TD (2021) AIM2 forms a complex 
with pyrin and ZBP1 to drive PANoptosis and host defence. Nature 597(7876):415-419.   

Lee SM, Joo YD, Seo SK (2009) Expression and Function of TLR2 on CD4 Versus CD8 T Cells. 
Immune Netw 9(4):127-132.   

Lemaitre B, Nicolas E, Michaut L, Reichhart JM, Hoffmann JA (1996) The dorsoventral regulatory 
gene cassette spätzle/Toll/cactus controls the potent antifungal response in Drosophila 
adults. Cell 86(6):973-983.   

Levy JA (1993) Pathogenesis of human immunodeficiency virus infection. Microbiol Rev 
57(1):183-289.   

Li D, De S, Li D, Song S, Matta B, Barnes BJ (2016a) Specific detection of interferon regulatory 
factor 5 (IRF5): A case of antibody inequality. Scientific Reports 6(1):31002.   

Li D, De S, Li D, Song S, Matta B, Barnes BJ (2016b) Specific detection of interferon regulatory 
factor 5 (IRF5): A case of antibody inequality. Sci Rep 6:31002.   

Li D, Wu M (2021) Pattern recognition receptors in health and diseases. Signal Transduct Target 
Ther 6(1):291.   

Li G, Cheng M, Nunoya J, Cheng L, Guo H, Yu H, Liu YJ, Su L, Zhang L (2014) Plasmacytoid 
dendritic cells suppress HIV-1 replication but contribute to HIV-1 induced 
immunopathogenesis in humanized mice. PLoS Pathog 10(7):e1004291.   

Li J, Ding SC, Cho H, Chung BC, Gale M, Jr., Chanda SK, Diamond MS (2013) A short hairpin 
RNA screen of interferon-stimulated genes identifies a novel negative regulator of the 
cellular antiviral response. mBio 4(3):e00385-00313.   

Li S, Mirlekar B, Johnson BM, Brickey WJ, Wrobel JA, Yang N, Song D, Entwistle S, Tan X, Deng 
M, Cui Y, Li W, Vincent BG, Gale M, Jr., Pylayeva-Gupta Y, Ting JP (2022) STING-



172 

induced regulatory B cells compromise NK function in cancer immunity. Nature 
610(7931):373-380.   

Lien C, Fang CM, Huso D, Livak F, Lu R, Pitha PM (2010) Critical role of IRF-5 in regulation of B-
cell differentiation. Proc Natl Acad Sci U S A 107(10):4664-4668.   

Lim SY, Osuna CE, Hraber PT, Hesselgesser J, Gerold JM, Barnes TL, Sanisetty S, Seaman MS, 
Lewis MG, Geleziunas R, Miller MD, Cihlar T, Lee WA, Hill AL, Whitney JB (2018) TLR7 
agonists induce transient viremia and reduce the viral reservoir in SIV-infected rhesus 
macaques on antiretroviral therapy. Sci Transl Med 10(439).   

Lin R, Yang L, Arguello M, Penafuerte C, Hiscott J (2005) A CRM1-dependent nuclear export 
pathway is involved in the regulation of IRF-5 subcellular localization. J Biol Chem 
280(4):3088-3095.   

Lin Z, Xie X, Gu M, Chen Q, Lu G, Jia X, Xiao W, Zhang J, Yu D, Gong W (2022) microRNA-
144/451 decreases dendritic cell bioactivity via targeting interferon-regulatory factor 5 to 
limit DSS-induced colitis. Front Immunol 13:928593.   

Lind NA, Rael VE, Pestal K, Liu B, Barton GM (2022) Regulation of the nucleic acid-sensing Toll-
like receptors. Nature Reviews Immunology 22(4):224-235.   

Liu G, Zhang H, Zhao C, Zhang H (2020) Evolutionary History of the Toll-Like Receptor Gene 
Family across Vertebrates. Genome Biol Evol 12(1):3615-3634.   

Liu Y, Levine B (2015) Autosis and autophagic cell death: the dark side of autophagy. Cell Death 
Differ 22(3):367-376.   

Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data using real-time 
quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 25(4):402-408.   

Liwinski T, Zheng D, Elinav E (2020) The microbiome and cytosolic innate immune receptors. 
Immunol Rev 297(1):207-224.   

Lopes JR, Chiba DE, Dos Santos JL (2021) HIV latency reversal agents: A potential path for 
functional cure? Eur J Med Chem 213:113213.   

Loré K, Betts MR, Brenchley JM, Kuruppu J, Khojasteh S, Perfetto S, Roederer M, Seder RA, 
Koup RA (2003) Toll-like receptor ligands modulate dendritic cells to augment 
cytomegalovirus- and HIV-1-specific T cell responses. J Immunol 171(8):4320-4328.   

Lossi L (2022) The concept of intrinsic versus extrinsic apoptosis. Biochem J 479(3):357-384.   

Loucif H, Gouard S, Dagenais-Lussier X, Murira A, Stäger S, Tremblay C, Van Grevenynghe J 
(2018) Deciphering natural control of HIV-1: A valuable strategy to achieve antiretroviral 
therapy termination. Cytokine Growth Factor Rev 40:90-98.   

Luban J (2012) Innate immune sensing of HIV-1 by dendritic cells. Cell Host Microbe 12(4):408-
418.   

Luo Z, Zhou Z, Ogunrinde E, Zhang T, Li Z, Martin L, Wan Z, Wu H, Qin Z, Ou T, Zhang J, Ma L, 
Liao G, Heath S, Huang L, Jiang W (2017) The effect of plasma auto-IgGs on CD4(+) T 
cell apoptosis and recovery in HIV-infected patients under antiretroviral therapy. J Leukoc 
Biol 102(6):1481-1486.   

Lv H, Li J, Che Y (2021a) miR-31 from adipose stem cell-derived extracellular vesicles promotes 
recovery of neurological function after ischemic stroke by inhibiting TRAF6 and IRF5. Exp 
Neurol 342:113611.   



173 

Lv M, Chen M, Zhang R, Zhang W, Wang C, Zhang Y, Wei X, Guan Y, Liu J, Feng K, Jing M, 
Wang X, Liu YC, Mei Q, Han W, Jiang Z (2020) Manganese is critical for antitumor immune 
responses via cGAS-STING and improves the efficacy of clinical immunotherapy. Cell Res 
30(11):966-979.   

Lv T, Cao W, Li T (2021b) HIV-Related Immune Activation and Inflammation: Current 
Understanding and Strategies. J Immunol Res 2021:7316456.   

Maartens G, Celum C, Lewin SR (2014) HIV infection: epidemiology, pathogenesis, treatment, 
and prevention. Lancet 384(9939):258-271.   

Macedo AB, Novis CL, De Assis CM, Sorensen ES, Moszczynski P, Huang SH, Ren Y, Spivak 
AM, Jones RB, Planelles V, Bosque A (2018) Dual TLR2 and TLR7 agonists as HIV 
latency-reversing agents. JCI Insight 3(19).   

Mai LT, Smans M, Silva-Barrios S, Fabié A, Stäger S (2019) IRF-5 Expression in Myeloid Cells 
Is Required for Splenomegaly in L. donovani Infected Mice. Front Immunol 10:3071.   

Majno G, Joris I (1995) Apoptosis, oncosis, and necrosis. An overview of cell death. Am J Pathol 
146(1):3-15.   

Malireddi RKS, Kesavardhana S, Kanneganti TD (2019) ZBP1 and TAK1: Master Regulators of 
NLRP3 Inflammasome/Pyroptosis, Apoptosis, and Necroptosis (PAN-optosis). Front Cell 
Infect Microbiol 9:406.   

Man SM, Jenkins BJ (2022) Context-dependent functions of pattern recognition receptors in 
cancer. Nature Reviews Cancer 22(7):397-413.   

Mancl ME, Hu G, Sangster-Guity N, Olshalsky SL, Hoops K, Fitzgerald-Bocarsly P, Pitha PM, 
Pinder K, Barnes BJ (2005) Two discrete promoters regulate the alternatively spliced 
human interferon regulatory factor-5 isoforms. Multiple isoforms with distinct cell type-
specific expression, localization, regulation, and function. J Biol Chem 280(22):21078-
21090.   

Marchetti G, Gori A, Casabianca A, Magnani M, Franzetti F, Clerici M, Perno CF, Monforte A, 
Galli M, Meroni L (2006) Comparative analysis of T-cell turnover and homeostatic 
parameters in HIV-infected patients with discordant immune-virological responses to 
HAART. Aids 20(13):1727-1736.   

Margolick JB, Donnenberg AD (1997) T-cell homeostasis in HIV-1 infection. Semin Immunol 
9(6):381-388.   

Margolis DM (2022) Latency Reversal and Clearance of Persistent HIV Infection. Methods Mol 
Biol 2407:375-389.   

Maris NA, Dessing MC, de Vos AF, Bresser P, van der Zee JS, Jansen HM, Spek CA, van der 
Poll T (2006) Toll-like receptor mRNA levels in alveolar macrophages after inhalation of 
endotoxin. Eur Respir J 28(3):622-626.   

Marsden MD, Kovochich M, Suree N, Shimizu S, Mehta R, Cortado R, Bristol G, An DS, Zack JA 
(2012) HIV latency in the humanized BLT mouse. J Virol 86(1):339-347.   

Martin GE, Sen DR, Pace M, Robinson N, Meyerowitz J, Adland E, Thornhill JP, Jones M, Ogbe 
A, Parolini L, Olejniczak N, Zacharopoulou P, Brown H, Willberg CB, Nwokolo N, Fox J, 
Fidler S, Haining WN, Frater J (2021) Epigenetic Features of HIV-Induced T-Cell 
Exhaustion Persist Despite Early Antiretroviral Therapy. Front Immunol 12:647688.   



174 

Massanella M, Curriu M, Carrillo J, Gómez E, Puig J, Navarro J, Dalmau J, Martínez-Picado J, 
Crespo M, Cabrera C, Negredo E, Clotet B, Blanco J (2013) Assessing main death 
pathways in T lymphocytes from HIV infected individuals. Cytometry A 83(7):648-658.   

Massanella M, Fromentin R, Chomont N (2016) Residual inflammation and viral reservoirs: 
alliance against an HIV cure. Curr Opin HIV AIDS 11(2):234-241.   

Matzinger P (1994) Tolerance, danger, and the extended family. Annu Rev Immunol 12:991-1045.   

Mavilio D, Lombardo G, Benjamin J, Kim D, Follman D, Marcenaro E, O'Shea MA, Kinter A, 
Kovacs C, Moretta A, Fauci AS (2005) Characterization of CD56-/CD16+ natural killer 
(NK) cells: a highly dysfunctional NK subset expanded in HIV-infected viremic individuals. 
Proc Natl Acad Sci U S A 102(8):2886-2891.   

McCloskey TW, Bakshi S, Than S, Arman P, Pahwa S (1998) Immunophenotypic analysis of 
peripheral blood mononuclear cells undergoing in vitro apoptosis after isolation from 
human immunodeficiency virus-infected children. Blood 92(11):4230-4237.   

McCune JM (2001a) The dynamics of CD4+ T-cell depletion in HIV disease. Nature 
410(6831):974-979.   

McCune JM (2001b) The dynamics of CD4+ T-cell depletion in HIV disease. Nature 
410(6831):974-979.   

McKinney EF, Lee JC, Jayne DR, Lyons PA, Smith KG (2015) T-cell exhaustion, co-stimulation 
and clinical outcome in autoimmunity and infection. Nature 523(7562):612-616.   

Meas HZ, Haug M, Beckwith MS, Louet C, Ryan L, Hu Z, Landskron J, Nordbo SA, Tasken K, 
Yin H, Damas JK, Flo TH (2020) Sensing of HIV-1 by TLR8 activates human T cells and 
reverses latency. Nat Commun 11(1):147.   

Medzhitov R, Janeway CA, Jr. (1997) Innate immunity: the virtues of a nonclonal system of 
recognition. Cell 91(3):295-298.   

Meier A, Alter G, Frahm N, Sidhu H, Li B, Bagchi A, Teigen N, Streeck H, Stellbrink HJ, Hellman 
J, van Lunzen J, Altfeld M (2007) MyD88-dependent immune activation mediated by 
human immunodeficiency virus type 1-encoded Toll-like receptor ligands. J Virol 
81(15):8180-8191.   

Méndez-Lagares G, Pozo-Balado MM, Genebat M, García Pergañeda A, Leal M, Pacheco YM 

(2012) Severe immune dysregulation affects CD4⁺CD25(hi)FoxP3⁺ regulatory T cells in 
HIV-infected patients with low-level CD4 T-cell repopulation despite suppressive highly 
active antiretroviral therapy. J Infect Dis 205(10):1501-1509.   

Meng FZ, Liu JB, Wang X, Wang P, Hu WH, Hou W, Ho WZ (2021) TLR7 Activation of 
Macrophages by Imiquimod Inhibits HIV Infection through Modulation of Viral Entry 
Cellular Factors. Biology (Basel) 10(7).   

Meraviglia S, Di Carlo P, Pampinella D, Guadagnino G, Presti EL, Orlando V, Marchetti G, Dieli 
F, Sergi C (2019) T-Cell Subsets (T(CM), T(EM), T(EMRA)) and Poly-Functional Immune 
Response in Patients with Human Immunodeficiency Virus (HIV) Infection and Different 
T-CD4 Cell Response. Ann Clin Lab Sci 49(4):519-528.   

Mercier BC, Ventre E, Fogeron ML, Debaud AL, Tomkowiak M, Marvel J, Bonnefoy N (2012) 
NOD1 cooperates with TLR2 to enhance T cell receptor-mediated activation in CD8 T 
cells. PLoS One 7(7):e42170.   



175 

Merlini E, Bai F, Bellistrì GM, Tincati C, d'Arminio Monforte A, Marchetti G (2011) Evidence for 
polymicrobic flora translocating in peripheral blood of HIV-infected patients with poor 
immune response to antiretroviral therapy. PLoS One 6(4):e18580.   

Meyaard L, Otto SA, Hooibrink B, Miedema F (1994) Quantitative analysis of CD4+ T cell function 
in the course of human immunodeficiency virus infection. Gradual decline of both naive 
and memory alloreactive T cells. J Clin Invest 94(5):1947-1952.   

Meyaard L, Otto SA, Jonker RR, Mijnster MJ, Keet RP, Miedema F (1992) Programmed death of 
T cells in HIV-1 infection. Science 257(5067):217-219.   

Miceli-Richard C, Comets E, Loiseau P, Puechal X, Hachulla E, Mariette X (2007) Association of 
an IRF5 gene functional polymorphism with Sjögren's syndrome. Arthritis Rheum 
56(12):3989-3994.   

Minguet S, Dopfer EP, Pollmer C, Freudenberg MA, Galanos C, Reth M, Huber M, Schamel WW 
(2008) Enhanced B-cell activation mediated by TLR4 and BCR crosstalk. Eur J Immunol 
38(9):2475-2487.   

Mody A, Sohn AH, Iwuji C, Tan RKJ, Venter F, Geng EH (2024) HIV epidemiology, prevention, 
treatment, and implementation strategies for public health. Lancet 403(10425):471-492.   

Mohanty A, Sadangi S, Paichha M, Samanta M (2020) Molecular characterization and 
expressional quantification of lgp2, a modulatory co-receptor of RLR-signalling pathway 
in the Indian major carp Labeo rohita following pathogenic challenges and PAMP 
stimulations. J Fish Biol 96(6):1399-1410.   

Moir S, Chun TW, Fauci AS (2011) Pathogenic mechanisms of HIV disease. Annu Rev Pathol 
6:223-248.   

Moldt B, Chandrashekar A, Borducchi EN, Nkolola JP, Stephenson H, Nagel M, Hung M, 
Goldsmith J, Pace CS, Carr B, Thomsen ND, Blair WS, Geleziunas R, Barouch DH (2022) 
HIV envelope antibodies and TLR7 agonist partially prevent viral rebound in chronically 
SHIV-infected monkeys. PLoS Pathog 18(4):e1010467.   

Molina-Pinelo S, Vallejo A, Díaz L, Soriano-Sarabia N, Ferrando-Martínez S, Resino S, Muñoz-
Fernández MA, Leal M (2009) Premature immunosenescence in HIV-infected patients on 
highly active antiretroviral therapy with low-level CD4 T cell repopulation. J Antimicrob 
Chemother 64(3):579-588.   

Monje-Galvan V, Voth GA (2020) Binding mechanism of the matrix domain of HIV-1 gag on lipid 
membranes. Elife 9.   

Monroe KM, Yang Z, Johnson JR, Geng X, Doitsh G, Krogan NJ, Greene WC (2014) IFI16 DNA 
sensor is required for death of lymphoid CD4 T cells abortively infected with HIV. Science 
343(6169):428-432.   

Moody MA, Santra S, Vandergrift NA, Sutherland LL, Gurley TC, Drinker MS, Allen AA, Xia SM, 
Meyerhoff RR, Parks R, Lloyd KE, Easterhoff D, Alam SM, Liao HX, Ward BM, Ferrari G, 
Montefiori DC, Tomaras GD, Seder RA, Letvin NL, Haynes BF (2014) Toll-like receptor 
7/8 (TLR7/8) and TLR9 agonists cooperate to enhance HIV-1 envelope antibody 
responses in rhesus macaques. J Virol 88(6):3329-3339.   

Morcilla V, Bacchus-Souffan C, Fisher K, Horsburgh BA, Hiener B, Wang XQ, Schlub TE, Fitch 
M, Hoh R, Hecht FM, Martin JN, Deeks SG, Hellerstein MK, McCune JM, Hunt PW, Palmer 
S (2021) HIV-1 Genomes Are Enriched in Memory CD4(+) T-Cells with Short Half-Lives. 
mBio 12(5):e0244721.   



176 

Mori T, Anazawa Y, Iiizumi M, Fukuda S, Nakamura Y, Arakawa H (2002) Identification of the 
interferon regulatory factor 5 gene (IRF-5) as a direct target for p53. Oncogene 
21(18):2914-2918.   

Morris A, Hillenbrand M, Finkelman M, George MP, Singh V, Kessinger C, Lucht L, Busch M, 
McMahon D, Weinman R, Steele C, Norris KA, Gingo MR (2012) Serum (1→3)-β-D-
glucan levels in HIV-infected individuals are associated with immunosuppression, 
inflammation, and cardiopulmonary function. J Acquir Immune Defic Syndr 61(4):462-468.   

Morvan MG, Teque FC, Locher CP, Levy JA (2021) The CD8(+) T Cell Noncytotoxic Antiviral 
Responses. Microbiol Mol Biol Rev 85(2).   

Moynagh PN (2005) TLR signalling and activation of IRFs: revisiting old friends from the NF-
kappaB pathway. Trends Immunol 26(9):469-476.   

Moysi E, Petrovas C, Koup RA (2018) The role of follicular helper CD4 T cells in the development 
of HIV-1 specific broadly neutralizing antibody responses. Retrovirology 15(1):54.   

Muema DM, Akilimali NA, Ndumnego OC, Rasehlo SS, Durgiah R, Ojwach DBA, Ismail N, Dong 
M, Moodley A, Dong KL, Ndhlovu ZM, Mabuka JM, Walker BD, Mann JK, Ndung'u T 
(2020) Association between the cytokine storm, immune cell dynamics, and viral 
replicative capacity in hyperacute HIV infection. BMC Med 18(1):81.   

Nagata S, Tanaka M (2017) Programmed cell death and the immune system. Nat Rev Immunol 
17(5):333-340.   

Nasi M, Pinti M, Bugarini R, Troiano L, Lugli E, Bellodi C, Mussini C, Borghi V, Trenti T, Balli F, 
Esposito R, Cossarizza A (2005) Genetic polymorphisms of Fas (CD95) and Fas ligand 
(CD178) influence the rise in CD4+ T cell count after antiretroviral therapy in drug-naïve 
HIV-positive patients. Immunogenetics 57(9):628-635.   

Ndongala ML, Peretz Y, Boulet S, Doroudchi M, Yassine-Diab B, Boulassel MR, Rouleau D, 
Tremblay C, LeBlanc R, Routy JP, Sékaly RP, Bernard NF (2009) HIV Gag p24 specific 
responses secreting IFN-gamma and/or IL-2 in treatment-naïve individuals in acute 
infection early disease (AIED) are associated with low viral load. Clin Immunol 131(2):277-
287.   

Negishi H, Ohba Y, Yanai H, Takaoka A, Honma K, Yui K, Matsuyama T, Taniguchi T, Honda K 
(2005) Negative regulation of Toll-like-receptor signaling by IRF-4. Proc Natl Acad Sci U 
S A 102(44):15989-15994.   

Negredo E, Massanella M, Puig J, Pérez-Alvarez N, Gallego-Escuredo JM, Villarroya J, Villarroya 
F, Moltó J, Santos JR, Clotet B, Blanco J (2010) Nadir CD4 T cell count as predictor and 
high CD4 T cell intrinsic apoptosis as final mechanism of poor CD4 T cell recovery in 
virologically suppressed HIV-infected patients: clinical implications. Clin Infect Dis 
50(9):1300-1308.   

Negredo E, Moltó J, Burger D, Viciana P, Ribera E, Paredes R, Juan M, Ruiz L, Puig J, Pruvost 
A, Grassi J, Masmitjà E, Clotet B (2004) Unexpected CD4 cell count decline in patients 
receiving didanosine and tenofovir-based regimens despite undetectable viral load. Aids 
18(3):459-463.   

Nguyen NV, Tran JT, Sanchez DJ (2018) HIV blocks Type I IFN signaling through disruption of 
STAT1 phosphorylation. Innate Immun 24(8):490-500.   

Nicotera P (2002) Apoptosis and age-related disorders: role of caspase-dependent and caspase-
independent pathways. Toxicol Lett 127(1-3):189-195.   



177 

Nirmala JG, Lopus M (2020) Cell death mechanisms in eukaryotes. Cell Biol Toxicol 36(2):145-
164.   

Norris PJ, Pappalardo BL, Custer B, Spotts G, Hecht FM, Busch MP (2006) Elevations in IL-10, 
TNF-alpha, and IFN-gamma from the earliest point of HIV Type 1 infection. AIDS Res 
Hum Retroviruses 22(8):757-762.   

Odermatt B, Eppler M, Leist TP, Hengartner H, Zinkernagel RM (1991) Virus-triggered acquired 
immunodeficiency by cytotoxic T-cell-dependent destruction of antigen-presenting cells 
and lymph follicle structure. Proc Natl Acad Sci U S A 88(18):8252-8256.   

Ohto U (2022) Activation and regulation mechanisms of NOD-like receptors based on structural 
biology. Front Immunol 13:953530.   

Onoguchi K, Yoneyama M, Fujita T (2011) Retinoic acid-inducible gene-I-like receptors. J 
Interferon Cytokine Res 31(1):27-31.   

Onomoto K, Onoguchi K, Yoneyama M (2021) Regulation of RIG-I-like receptor-mediated 
signaling: interaction between host and viral factors. Cell Mol Immunol 18(3):539-555.   

Ouyang J, Yan J, Zhou X, Isnard S, Harypursat V, Cui H, Routy JP, Chen Y (2023) Relevance of 
biomarkers indicating gut damage and microbial translocation in people living with HIV. 
Front Immunol 14:1173956.   

Overbaugh J, Morris L (2012) The Antibody Response against HIV-1. Cold Spring Harb Perspect 
Med 2(1):a007039.   

Padovan E (2017) Modulation of CD4+ T Helper Cell Memory Responses in the Human Skin. Int 
Arch Allergy Immunol 173(3):121-137.   

Pan X, Baldauf HM, Keppler OT, Fackler OT (2013) Restrictions to HIV-1 replication in resting 
CD4+ T lymphocytes. Cell Res 23(7):876-885.   

Pandey AK, Yang Y, Jiang Z, Fortune SM, Coulombe F, Behr MA, Fitzgerald KA, Sassetti CM, 
Kelliher MA (2009) NOD2, RIP2 and IRF5 play a critical role in the type I interferon 
response to Mycobacterium tuberculosis. PLoS Pathog 5(7):e1000500.   

Pandey SP, Yan J, Turner JR, Abraham C (2019) Reducing IRF5 expression attenuates colitis in 
mice, but impairs the clearance of intestinal pathogens. Mucosal Immunol 12(4):874-887.   

Pandian N, Kanneganti TD (2022) PANoptosis: A Unique Innate Immune Inflammatory Cell Death 
Modality. J Immunol 209(9):1625-1633.   

Pardons M, Baxter AE, Massanella M, Pagliuzza A, Fromentin R, Dufour C, Leyre L, Routy JP, 
Kaufmann DE, Chomont N (2019) Single-cell characterization and quantification of 
translation-competent viral reservoirs in treated and untreated HIV infection. PLoS Pathog 
15(2):e1007619.   

Pashenkov MV, Murugina NE, Budikhina AS, Pinegin BV (2019) Synergistic interactions between 
NOD receptors and TLRs: Mechanisms and clinical implications. J Leukoc Biol 
105(4):669-680.   

Paun A, Bankoti R, Joshi T, Pitha PM, Stäger S (2011) Critical role of IRF-5 in the development 
of T helper 1 responses to Leishmania donovani infection. PLoS Pathog 7(1):e1001246.   

Paun A, Reinert JT, Jiang Z, Medin C, Balkhi MY, Fitzgerald KA, Pitha PM (2008) Functional 
characterization of murine interferon regulatory factor 5 (IRF-5) and its role in the innate 
antiviral response. J Biol Chem 283(21):14295-14308.   



178 

Peng Y, Chen B, Sheng X, Qian Y (2021) Polymorphisms in IRF5 and TYK2 Genes Are 
Associated with Rheumatoid Arthritis in a Chinese Han Population. Med Sci Monit 
27:e928455.   

Pestka S, Krause CD, Walter MR (2004) Interferons, interferon-like cytokines, and their receptors. 
Immunol Rev 202:8-32.   

Pettersson M, Crews CM (2019) PROteolysis TArgeting Chimeras (PROTACs) - Past, present 
and future. Drug Discov Today Technol 31:15-27.   

Pinti M, Troiano L, Nasi M, Moretti L, Monterastelli E, Mazzacani A, Mussi C, Ventura P, Olivieri 
F, Franceschi C, Salvioli G, Cossarizza A (2002) Genetic polymorphisms of Fas (CD95) 
and FasL (CD178) in human longevity: studies on centenarians. Cell Death Differ 
9(4):431-438.   

Pitha PM (2011) Innate antiviral response: role in HIV-1 infection. Viruses 3(7):1179-1203.   

Pitrak DL, Bolaños J, Hershow R, Novak RM (2001) Discordant CD4 T lymphocyte responses to 
antiretroviral therapy for HIV infection are associated with ex-vivo rates of apoptosis. Aids 
15(10):1317-1319.   

Platnich JM, Muruve DA (2019) NOD-like receptors and inflammasomes: A review of their 
canonical and non-canonical signaling pathways. Arch Biochem Biophys 670:4-14.   

Poonia B, Pauza CD, Salvato MS (2009) Role of the Fas/FasL pathway in HIV or SIV disease. 
Retrovirology 6:91.   

Pope M, Betjes MG, Romani N, Hirmand H, Cameron PU, Hoffman L, Gezelter S, Schuler G, 
Steinman RM (1994) Conjugates of dendritic cells and memory T lymphocytes from skin 
facilitate productive infection with HIV-1. Cell 78(3):389-398.   

PrabhuDas MR, Baldwin CL, Bollyky PL, Bowdish DME, Drickamer K, Febbraio M, Herz J, Kobzik 
L, Krieger M, Loike J, McVicker B, Means TK, Moestrup SK, Post SR, Sawamura T, 
Silverstein S, Speth RC, Telfer JC, Thiele GM, Wang XY, Wright SD, El Khoury J (2017) 
A Consensus Definitive Classification of Scavenger Receptors and Their Roles in Health 
and Disease. J Immunol 198(10):3775-3789.   

Presicce P, Orsborn K, King E, Pratt J, Fichtenbaum CJ, Chougnet CA (2011) Frequency of 
circulating regulatory T cells increases during chronic HIV infection and is largely 
controlled by highly active antiretroviral therapy. PLoS One 6(12):e28118.   

Rahman AH, Taylor DK, Turka LA (2009) The contribution of direct TLR signaling to T cell 
responses. Immunol Res 45(1):25-36.   

Rajasuriar R, Booth D, Solomon A, Chua K, Spelman T, Gouillou M, Schlub TE, Davenport M, 
Crowe S, Elliott J, Hoy J, Fairley C, Stewart G, Cameron P, Lewin SR (2010) Biological 
determinants of immune reconstitution in HIV-infected patients receiving antiretroviral 
therapy: the role of interleukin 7 and interleukin 7 receptor α and microbial translocation. 
J Infect Dis 202(8):1254-1264.   

Rakoff-Nahoum S, Medzhitov R (2009) Toll-like receptors and cancer. Nature Reviews Cancer 
9(1):57-63.   

Ramendra R, Isnard S, Mehraj V, Chen J, Zhang Y, Finkelman M, Routy JP (2019) Circulating 
LPS and (1→3)-β-D-Glucan: A Folie à Deux Contributing to HIV-Associated Immune 
Activation. Front Immunol 10:465.   

Rasmussen TA, Zerbato JM, Rhodes A, Tumpach C, Dantanarayana A, McMahon JH, Lau JSY, 
Chang JJ, Gubser C, Brown W, Hoh R, Krone M, Pascoe R, Chiu CY, Bramhall M, Lee 



179 

HJ, Haque A, Fromentin R, Chomont N, Milush J, Van der Sluis RM, Palmer S, Deeks SG, 
Cameron PU, Evans V, Lewin SR (2022) Memory CD4(+) T cells that co-express PD1 and 
CTLA4 have reduced response to activating stimuli facilitating HIV latency. Cell Rep Med 
10.1016/j.xcrm.2022.100766:100766.   

Raziorrouh B, Sacher K, Tawar RG, Emmerich F, Neumann-Haefelin C, Baumert TF, Thimme R, 
Boettler T (2016) Virus-Specific CD4+ T Cells Have Functional and Phenotypic 
Characteristics of Follicular T-Helper Cells in Patients With Acute and Chronic HCV 
Infections. Gastroenterology 150(3):696-706.e693.   

Rb-Silva R, Goios A, Kelly C, Teixeira P, João C, Horta A, Correia-Neves M (2019) Definition of 
Immunological Nonresponse to Antiretroviral Therapy: A Systematic Review. J Acquir 
Immune Defic Syndr 82(5):452-461.   

Rehli M (2002) Of mice and men: species variations of Toll-like receptor expression. Trends 
Immunol 23(8):375-378.   

Rehwinkel J, Gack MU (2020) RIG-I-like receptors: their regulation and roles in RNA sensing. Nat 
Rev Immunol 20(9):537-551.   

Reiche EM, Bonametti AM, Voltarelli JC, Morimoto HK, Watanabe MA (2007) Genetic 
polymorphisms in the chemokine and chemokine receptors: impact on clinical course and 
therapy of the human immunodeficiency virus type 1 infection (HIV-1). Curr Med Chem 
14(12):1325-1334.   

Repnik U, Stoka V, Turk V, Turk B (2012) Lysosomes and lysosomal cathepsins in cell death. 
Biochim Biophys Acta 1824(1):22-33.   

Reynolds JM, Pappu BP, Peng J, Martinez GJ, Zhang Y, Chung Y, Ma L, Yang XO, Nurieva RI, 
Tian Q, Dong C (2010) Toll-like receptor 2 signaling in CD4(+) T lymphocytes promotes T 
helper 17 responses and regulates the pathogenesis of autoimmune disease. Immunity 
32(5):692-702.   

Rhee SY, Sankaran K, Varghese V, Winters MA, Hurt CB, Eron JJ, Parkin N, Holmes SP, 
Holodniy M, Shafer RW (2016) HIV-1 Protease, Reverse Transcriptase, and Integrase 
Variation. J Virol 90(13):6058-6070.   

Rice PJ, Kelley JL, Kogan G, Ensley HE, Kalbfleisch JH, Browder IW, Williams DL (2002) Human 
monocyte scavenger receptors are pattern recognition receptors for (1-->3)-beta-D-
glucans. J Leukoc Biol 72(1):140-146.   

Richez C, Yasuda K, Bonegio RG, Watkins AA, Aprahamian T, Busto P, Richards RJ, Liu CL, 
Cheung R, Utz PJ, Marshak-Rothstein A, Rifkin IR (2010) IFN regulatory factor 5 is 
required for disease development in the FcgammaRIIB-/-Yaa and FcgammaRIIB-/- mouse 
models of systemic lupus erythematosus. J Immunol 184(2):796-806.   

Riddler SA, Para M, Benson CA, Mills A, Ramgopal M, DeJesus E, Brinson C, Cyktor J, Jacobs 
J, Koontz D, Mellors JW, Laird GM, Wrin T, Patel H, Guo S, Wallin J, Boice J, Zhang L, 
Humeniuk R, Begley R, German P, Graham H, Geleziunas R, Brainard DM, SenGupta D 
(2021) Vesatolimod, a Toll-like Receptor 7 Agonist, Induces Immune Activation in Virally 
Suppressed Adults Living With Human Immunodeficiency Virus-1. Clin Infect Dis 
72(11):e815-e824.   

Riou C, Yassine-Diab B, Van grevenynghe J, Somogyi R, Greller LD, Gagnon D, Gimmig S, 
Wilkinson P, Shi Y, Cameron MJ, Campos-Gonzalez R, Balderas RS, Kelvin D, Sekaly 
RP, Haddad EK (2007) Convergence of TCR and cytokine signaling leads to FOXO3a 



180 

phosphorylation and drives the survival of CD4+ central memory T cells. J Exp Med 
204(1):79-91.   

Rock KL, Lai JJ, Kono H (2011) Innate and adaptive immune responses to cell death. Immunol 
Rev 243(1):191-205.   

Roh JS, Sohn DH (2018) Damage-Associated Molecular Patterns in Inflammatory Diseases. 
Immune Netw 18(4):e27.   

Romagnani S, Maggi E, Del Prete G (1994) An alternative view of the Th1/Th2 switch hypothesis 
in HIV infection. AIDS Res Hum Retroviruses 10(5):iii-ix.   

Rook GA, Onyebujoh P, Stanford JL (1993) TH1/TH2 switching and loss of CD4+ T cells in 
chronic infections: an immunoendocrinological hypothesis not exclusive to HIV. Immunol 
Today 14(11):568-569.   

Rosenberg ES, Billingsley JM, Caliendo AM, Boswell SL, Sax PE, Kalams SA, Walker BD (1997) 
Vigorous HIV-1-specific CD4+ T cell responses associated with control of viremia. Science 
278(5342):1447-1450.   

Royer WE, Chen W, Lam SS, Srinath H, Jiang Z, Correia JJ, Schiffer CA, Fitzgerald KA, Lin K 
(2009) Activation Of Interferon Regulatory Factors Revealed By The Crystal Structure Of 
Dimeric IRF-5. Biophysical Journal 96(3):586a-587a.   

Rueda B, Reddy MV, González-Gay MA, Balsa A, Pascual-Salcedo D, Petersson IF, Eimon A, 
Paira S, Scherbarth HR, Pons-Estel BA, González-Escribano MF, Alarcón-Riquelme ME, 
Martín J (2006) Analysis of IRF5 gene functional polymorphisms in rheumatoid arthritis. 
Arthritis Rheum 54(12):3815-3819.   

Rueda CM, Velilla PA, Chougnet CA, Montoya CJ, Rugeles MT (2012) HIV-induced T-cell 
activation/exhaustion in rectal mucosa is controlled only partially by antiretroviral 
treatment. PLoS One 7(1):e30307.   

Rühl S, Shkarina K, Demarco B, Heilig R, Santos JC, Broz P (2018) ESCRT-dependent 
membrane repair negatively regulates pyroptosis downstream of GSDMD activation. 
Science 362(6417):956-960.   

Rumpret M, von Richthofen HJ, Peperzak V, Meyaard L (2022) Inhibitory pattern recognition 
receptors. J Exp Med 219(1).   

Ryzhakov G, Almuttaqi H, Corbin AL, Berthold DL, Khoyratty T, Eames HL, Bullers S, Pearson 
C, Ai Z, Zec K, Bonham S, Fischer R, Jostins-Dean L, Travis SPL, Kessler BM, Udalova 
IA (2021) Defactinib inhibits PYK2 phosphorylation of IRF5 and reduces intestinal 
inflammation. Nat Commun 12(1):6702.   

Ryzhakov G, Eames HL, Udalova IA (2015) Activation and function of interferon regulatory factor 
5. J Interferon Cytokine Res 35(2):71-78.   

Said EA, Al-Yafei F, Zadjali F, Hasson SS, Al-Balushi MS, Al-Mahruqi S, Koh CY, Al-Naamani K, 
Al-Busaidi JZ, Idris MA, Balkhair A, Al-Jabri AA (2014) Association of single-nucleotide 
polymorphisms in TLR7 (Gln11Leu) and TLR9 (1635A/G) with a higher CD4T cell count 
during HIV infection. Immunol Lett 160(1):58-64.   

Saliba DG, Heger A, Eames HL, Oikonomopoulos S, Teixeira A, Blazek K, Androulidaki A, Wong 
D, Goh FG, Weiss M, Byrne A, Pasparakis M, Ragoussis J, Udalova IA (2014) IRF5:RelA 
interaction targets inflammatory genes in macrophages. Cell Rep 8(5):1308-1317.   



181 

Salimzadeh L, Le Bert N, Dutertre CA, Gill US, Newell EW, Frey C, Hung M, Novikov N, Fletcher 
S, Kennedy PT, Bertoletti A (2018) PD-1 blockade partially recovers dysfunctional virus-
specific B cells in chronic hepatitis B infection. J Clin Invest 128(10):4573-4587.   

Salmon M, Pilling D, Borthwick NJ, Viner N, Janossy G, Bacon PA, Akbar AN (1994) The 
progressive differentiation of primed T cells is associated with an increasing susceptibility 
to apoptosis. Eur J Immunol 24(4):892-899.   

Saluzzo S, Pandey RV, Gail LM, Dingelmaier-Hovorka R, Kleissl L, Shaw L, Reininger B, 
Atzmüller D, Strobl J, Touzeau-Römer V, Beer A, Staud C, Rieger A, Farlik M, Weninger 
W, Stingl G, Stary G (2021) Delayed antiretroviral therapy in HIV-infected individuals leads 
to irreversible depletion of skin- and mucosa-resident memory T cells. Immunity 
54(12):2842-2858.e2845.   

Sameer AS, Nissar S (2021) Toll-Like Receptors (TLRs): Structure, Functions, Signaling, and 
Role of Their Polymorphisms in Colorectal Cancer Susceptibility. Biomed Res Int 
2021:1157023.   

Sandler NG, Bosinger SE, Estes JD, Zhu RT, Tharp GK, Boritz E, Levin D, Wijeyesinghe S, 
Makamdop KN, del Prete GQ, Hill BJ, Timmer JK, Reiss E, Yarden G, Darko S, Contijoch 
E, Todd JP, Silvestri G, Nason M, Norgren RB, Jr., Keele BF, Rao S, Langer JA, Lifson 
JD, Schreiber G, Douek DC (2014) Type I interferon responses in rhesus macaques 
prevent SIV infection and slow disease progression. Nature 511(7511):601-605.   

Santagostino SF, Assenmacher CA, Tarrant JC, Adedeji AO, Radaelli E (2021) Mechanisms of 
Regulated Cell Death: Current Perspectives. Vet Pathol 58(4):596-623.   

Sarkar S, Spencer DA, Barnette P, Pandey S, Sutton WF, Basu M, Burch RE, Cleveland JD, 
Rosenberg AF, Rangel-Moreno J, Keefer MC, Hessell AJ, Haigwood NL, Kobie JJ (2021) 
CD4+ T Cells Are Dispensable for Induction of Broad Heterologous HIV Neutralizing 
Antibodies in Rhesus Macaques. Front Immunol 12:757811.   

Sartorius R, Trovato M, Manco R, D'Apice L, De Berardinis P (2021) Exploiting viral sensing 
mediated by Toll-like receptors to design innovative vaccines. NPJ Vaccines 6(1):127.   

Savage HP, Kläsener K, Smith FL, Luo Z, Reth M, Baumgarth N (2019) TLR induces 
reorganization of the IgM-BCR complex regulating murine B-1 cell responses to infections. 
Elife 8.   

Savitsky DA, Yanai H, Tamura T, Taniguchi T, Honda K (2010) Contribution of IRF5 in B cells to 
the development of murine SLE-like disease through its transcriptional control of the IgG2a 
locus. Proc Natl Acad Sci U S A 107(22):10154-10159.   

Scaffidi P, Misteli T, Bianchi ME (2002) Release of chromatin protein HMGB1 by necrotic cells 
triggers inflammation. Nature 418(6894):191-195.   

Schacker TW, Nguyen PL, Beilman GJ, Wolinsky S, Larson M, Reilly C, Haase AT (2002) 
Collagen deposition in HIV-1 infected lymphatic tissues and T cell homeostasis. J Clin 
Invest 110(8):1133-1139.   

Schlaepfer E, Audigé A, Joller H, Speck RF (2006) TLR7/8 triggering exerts opposing effects in 
acute versus latent HIV infection. J Immunol 176(5):2888-2895.   

Schmittgen TD, Livak KJ (2008) Analyzing real-time PCR data by the comparative C(T) method. 
Nat Protoc 3(6):1101-1108.   

Schnittman SM, Lane HC, Greenhouse J, Justement JS, Baseler M, Fauci AS (1990) Preferential 
infection of CD4+ memory T cells by human immunodeficiency virus type 1: evidence for 



182 

a role in the selective T-cell functional defects observed in infected individuals. Proc Natl 
Acad Sci U S A 87(16):6058-6062.   

Schock SN, Chandra NV, Sun Y, Irie T, Kitagawa Y, Gotoh B, Coscoy L, Winoto A (2017) 
Induction of necroptotic cell death by viral activation of the RIG-I or STING pathway. Cell 
Death Differ 24(4):615-625.   

Schoenemeyer A, Barnes BJ, Mancl ME, Latz E, Goutagny N, Pitha PM, Fitzgerald KA, 
Golenbock DT (2005) The interferon regulatory factor, IRF5, is a central mediator of toll-
like receptor 7 signaling. J Biol Chem 280(17):17005-17012.   

Schoggins JW, Rice CM (2011) Interferon-stimulated genes and their antiviral effector functions. 
Curr Opin Virol 1(6):519-525.   

Schweier O, Aichele U, Marx AF, Straub T, Verbeek JS, Pinschewer DD, Pircher H (2019) 
Residual LCMV antigen in transiently CD4(+) T cell-depleted mice induces high levels of 
virus-specific antibodies but only limited B-cell memory. Eur J Immunol 49(4):626-637.   

Seeling M, Pöhnl M, Kara S, Horstmann N, Riemer C, Wöhner M, Liang C, Brückner C, Eiring P, 
Werner A, Biburger M, Altmann L, Schneider M, Amon L, Lehmann CHK, Lee S, Kunz M, 
Dudziak D, Schett G, Bäuerle T, Lux A, Tuckermann J, Vögtle T, Nieswandt B, Sauer M, 
Böckmann RA, Nimmerjahn F (2023) Immunoglobulin G-dependent inhibition of 
inflammatory bone remodeling requires pattern recognition receptor Dectin-1. Immunity 
56(5):1046-1063.e1047.   

SenGupta D, Brinson C, DeJesus E, Mills A, Shalit P, Guo S, Cai Y, Wallin JJ, Zhang L, Humeniuk 
R, Begley R, Geleziunas R, Mellors J, Wrin T, Jones N, Milush J, Ferre AL, Shacklett BL, 
Laird GM, Moldt B, Vendrame E, Brainard DM, Ramgopal M, Deeks SG (2021) The TLR7 
agonist vesatolimod induced a modest delay in viral rebound in HIV controllers after 
cessation of antiretroviral therapy. Sci Transl Med 13(599).   

Sepúlveda-Crespo D, Jiménez-Sousa MA, Fernández-Rodíguez A, Muñoz-Fernández MA, 
Jiménez JL, Moreno S, Garcia F, Martínez I, Benito JM, Rallón N, Resino S (2023) IRF5-
TNOP3 polymorphisms are associated with elite control of HIV infection: A retrospective 
study. J Med Virol 95(6):e28841.   

Serhan CN, Savill J (2005) Resolution of inflammation: the beginning programs the end. Nat 
Immunol 6(12):1191-1197.   

Sfera A, Thomas KG, Andronescu CV, Jafri N, Sfera DO, Sasannia S, Zapata-Martín Del Campo 
CM, Maldonado JC (2022) Bromodomains in Human-Immunodeficiency Virus-Associated 
Neurocognitive Disorders: A Model of Ferroptosis-Induced Neurodegeneration. Front 
Neurosci 16:904816.   

Shaikh N, Nirmalkar A, Thakar M (2019) Polymorphisms in Toll-Like Receptors (TLRs)-7 and 9 
Genes in Indian Population with Progressive and Nonprogressive HIV-1 Infection. AIDS 
Res Hum Retroviruses 35(6):577-582.   

Sharp PM, Hahn BH (2011) Origins of HIV and the AIDS pandemic. Cold Spring Harb Perspect 
Med 1(1):a006841.   

Shen H, Panchanathan R, Rajavelu P, Duan X, Gould KA, Choubey D (2010) Gender-dependent 
expression of murine Irf5 gene: implications for sex bias in autoimmunity. J Mol Cell Biol 
2(5):284-290.   

Shen L, Gao Y, Liu Y, Zhang B, Liu Q, Wu J, Fan L, Ou Q, Zhang W, Shao L (2016) PD-1/PD-L 
pathway inhibits M.tb-specific CD4(+) T-cell functions and phagocytosis of macrophages 
in active tuberculosis. Sci Rep 6:38362.   



183 

Shen P, Lampropoulou V, Stervbo U, Hilgenberg E, Ries S, Mecqinion A, Fillatreau S (2013) 
Intrinsic Toll-like receptor signalling drives regulatory function in B cells. Front Biosci (Elite 
Ed) 5(1):78-86.   

Shi H, He H, Sun C, Fu J, Ghosh D, Deng C, Sheng Y (2020) Association of toll-like receptor 
polymorphisms with acquisition of HIV infection and clinical findings: A protocol for 
systematic review and meta-analysis. Medicine (Baltimore) 99(52):e23663.   

Shin SH, Kim BH, Jang JJ, Suh KS, Kang GH (2010) Identification of novel methylation markers 
in hepatocellular carcinoma using a methylation array. J Korean Med Sci 25(8):1152-1159.   

Sigurdsson S, Göring HH, Kristjansdottir G, Milani L, Nordmark G, Sandling JK, Eloranta ML, 
Feng D, Sangster-Guity N, Gunnarsson I, Svenungsson E, Sturfelt G, Jönsen A, 
Truedsson L, Barnes BJ, Alm G, Rönnblom L, Syvänen AC (2008) Comprehensive 
evaluation of the genetic variants of interferon regulatory factor 5 (IRF5) reveals a novel 5 
bp length polymorphism as strong risk factor for systemic lupus erythematosus. Hum Mol 
Genet 17(6):872-881.   

Sigurdsson S, Nordmark G, Göring HH, Lindroos K, Wiman AC, Sturfelt G, Jönsen A, Rantapää-
Dahlqvist S, Möller B, Kere J, Koskenmies S, Widén E, Eloranta ML, Julkunen H, 
Kristjansdottir H, Steinsson K, Alm G, Rönnblom L, Syvänen AC (2005) Polymorphisms 
in the tyrosine kinase 2 and interferon regulatory factor 5 genes are associated with 
systemic lupus erythematosus. Am J Hum Genet 76(3):528-537.   

Silva-Barrios S, Smans M, Duerr CU, Qureshi ST, Fritz JH, Descoteaux A, Stager S (2016a) 
Innate Immune B Cell Activation by Leishmania donovani Exacerbates Disease and 
Mediates Hypergammaglobulinemia. Cell Rep 15(11):2427-2437.   

Silva-Barrios S, Smans M, Duerr CU, Qureshi ST, Fritz JH, Descoteaux A, Stäger S (2016b) 
Innate Immune B Cell Activation by Leishmania donovani Exacerbates Disease and 
Mediates Hypergammaglobulinemia. Cell Rep 15(11):2427-2437.   

Silvis MJM, Kaffka Genaamd Dengler SE, Odille CA, Mishra M, van der Kaaij NP, Doevendans 
PA, Sluijter JPG, de Kleijn DPV, de Jager SCA, Bosch L, van Hout GPJ (2020) Damage-
Associated Molecular Patterns in Myocardial Infarction and Heart Transplantation: The 
Road to Translational Success. Front Immunol 11:599511.   

Singh B (2000) Stimulation of the developing immune system can prevent autoimmunity. J 
Autoimmun 14(1):15-22.   

Snell LM (2022) CD4+ progenitor cells sustain helper responses during chronic infection. 
Immunity 55(7):1143-1145.   

Snell LM, McGaha TL, Brooks DG (2017) Type I Interferon in Chronic Virus Infection and Cancer. 
Trends Immunol 38(8):542-557.   

Somsouk M, Estes JD, Deleage C, Dunham RM, Albright R, Inadomi JM, Martin JN, Deeks SG, 
McCune JM, Hunt PW (2015) Gut epithelial barrier and systemic inflammation during 
chronic HIV infection. Aids 29(1):43-51.   

Song Y, Zhuang Y, Zhai S, Huang D, Zhang Y, Kang W, Li X, Liu Q, Yu Q, Sun Y (2009) Increased 
expression of TLR7 in CD8(+) T cells leads to TLR7-mediated activation and accessory 
cell-dependent IFN-gamma production in HIV type 1 infection. AIDS Res Hum 
Retroviruses 25(12):1287-1295.   

Spranger S, Spaapen RM, Zha Y, Williams J, Meng Y, Ha TT, Gajewski TF (2013) Up-regulation 
of PD-L1, IDO, and T(regs) in the melanoma tumor microenvironment is driven by CD8(+) 
T cells. Sci Transl Med 5(200):200ra116.   



184 

Srinivasula SM, Hegde R, Saleh A, Datta P, Shiozaki E, Chai J, Lee RA, Robbins PD, Fernandes-
Alnemri T, Shi Y, Alnemri ES (2001) A conserved XIAP-interaction motif in caspase-9 and 
Smac/DIABLO regulates caspase activity and apoptosis. Nature 410(6824):112-116.   

Stacey AR, Norris PJ, Qin L, Haygreen EA, Taylor E, Heitman J, Lebedeva M, DeCamp A, Li D, 
Grove D, Self SG, Borrow P (2009) Induction of a striking systemic cytokine cascade prior 
to peak viremia in acute human immunodeficiency virus type 1 infection, in contrast to 
more modest and delayed responses in acute hepatitis B and C virus infections. J Virol 
83(8):3719-3733.   

Starskaia I, Laajala E, Grönroos T, Härkönen T, Junttila S, Kattelus R, Kallionpää H, Laiho A, 
Suni V, Tillmann V, Lund R, Elo LL, Lähdesmäki H, Knip M, Kalim UU, Lahesmaa R (2022) 
Early DNA methylation changes in children developing beta cell autoimmunity at a young 
age. Diabetologia 65(5):844-860.   

Stein MF, Lang S, Winkler TH, Deinzer A, Erber S, Nettelbeck DM, Naschberger E, Jochmann R, 
Stürzl M, Slany RK, Werner T, Steinkasserer A, Knippertz I (2013) Multiple interferon 
regulatory factor and NF-κB sites cooperate in mediating cell-type- and maturation-specific 
activation of the human CD83 promoter in dendritic cells. Mol Cell Biol 33(7):1331-1344.   

Stewart MD, Johnson GA, Bazer FW, Spencer TE (2001) Interferon-tau (IFNtau) regulation of 
IFN-stimulated gene expression in cell lines lacking specific IFN-signaling components. 
Endocrinology 142(5):1786-1794.   

Stögerer T, Stäger S (2020) Innate Immune Sensing by Cells of the Adaptive Immune System. 
Front Immunol 11:1081.   

Stone RC, Du P, Feng D, Dhawan K, Rönnblom L, Eloranta ML, Donnelly R, Barnes BJ (2013) 
RNA-Seq for enrichment and analysis of IRF5 transcript expression in SLE. PLoS One 
8(1):e54487.   

Su SV, Gurney KB, Lee B (2003) Sugar and spice: viral envelope-DC-SIGN interactions in HIV 
pathogenesis. Curr HIV Res 1(1):87-99.   

Sun H, Kim D, Li X, Kiselinova M, Ouyang Z, Vandekerckhove L, Shang H, Rosenberg ES, Yu 
XG, Lichterfeld M (2015) Th1/17 Polarization of CD4 T Cells Supports HIV-1 Persistence 
during Antiretroviral Therapy. J Virol 89(22):11284-11293.   

Suthar MS, Ramos HJ, Brassil MM, Netland J, Chappell CP, Blahnik G, McMillan A, Diamond 
MS, Clark EA, Bevan MJ, Gale M, Jr. (2012) The RIG-I-like receptor LGP2 controls CD8(+) 
T cell survival and fitness. Immunity 37(2):235-248.   

Suthers AN, Sarantopoulos S (2017) TLR7/TLR9- and B Cell Receptor-Signaling Crosstalk: 
Promotion of Potentially Dangerous B Cells. Front Immunol 8:775.   

Tabas I, Ron D (2011) Integrating the mechanisms of apoptosis induced by endoplasmic 
reticulum stress. Nat Cell Biol 13(3):184-190.   

Tait SWG, Green DR (2010) Mitochondria and cell death: outer membrane permeabilization and 
beyond. Nature Reviews Molecular Cell Biology 11(9):621-632.   

Takaoka A, Hayakawa S, Yanai H, Stoiber D, Negishi H, Kikuchi H, Sasaki S, Imai K, Shibue T, 
Honda K, Taniguchi T (2003) Integration of interferon-alpha/beta signalling to p53 
responses in tumour suppression and antiviral defence. Nature 424(6948):516-523.   

Takaoka A, Yanai H, Kondo S, Duncan G, Negishi H, Mizutani T, Kano S, Honda K, Ohba Y, Mak 
TW, Taniguchi T (2005) Integral role of IRF-5 in the gene induction programme activated 
by Toll-like receptors. Nature 434(7030):243-249.   



185 

Takeuchi O, Akira S (2010) Pattern recognition receptors and inflammation. Cell 140(6):805-820.   

Tamura T, Yanai H, Savitsky D, Taniguchi T (2008) The IRF family transcription factors in 
immunity and oncogenesis. Annu Rev Immunol 26:535-584.   

Tang CH, Zundell JA, Ranatunga S, Lin C, Nefedova Y, Del Valle JR, Hu CC (2016) Agonist-
Mediated Activation of STING Induces Apoptosis in Malignant B Cells. Cancer Res 
76(8):2137-2152.   

Tang Y, Luo X, Cui H, Ni X, Yuan M, Guo Y, Huang X, Zhou H, de Vries N, Tak PP, Chen S, Shen 
N (2009) MicroRNA-146A contributes to abnormal activation of the type I interferon 
pathway in human lupus by targeting the key signaling proteins. Arthritis Rheum 
60(4):1065-1075.   

Taniguchi T, Ogasawara K, Takaoka A, Tanaka N (2001) IRF family of transcription factors as 
regulators of host defense. Annu Rev Immunol 19:623-655.   

Tarigan R, Shimoda H, Doysabas KCC, Ken M, Iida A, Hondo E (2020) Role of pattern recognition 
receptors and interferon-beta in protecting bat cell lines from encephalomyocarditis virus 
and Japanese encephalitis virus infection. Biochem Biophys Res Commun 527(1):1-7.   

Taylor RC, Cullen SP, Martin SJ (2008) Apoptosis: controlled demolition at the cellular level. Nat 
Rev Mol Cell Biol 9(3):231-241.   

Telenti A (2014) HIV: The mixed blessing of interferon. Nature 511(7511):537-538.   

Terpstra V, van Berkel TJ (2000) Scavenger receptors on liver Kupffer cells mediate the in vivo 
uptake of oxidatively damaged red blood cells in mice. Blood 95(6):2157-2163.   

Thackray LB, Shrestha B, Richner JM, Miner JJ, Pinto AK, Lazear HM, Gale M, Jr., Diamond MS 
(2014) Interferon regulatory factor 5-dependent immune responses in the draining lymph 
node protect against West Nile virus infection. J Virol 88(19):11007-11021.   

Thibault DL, Graham KL, Lee LY, Balboni I, Hertzog PJ, Utz PJ (2009) Type I interferon receptor 
controls B-cell expression of nucleic acid-sensing Toll-like receptors and autoantibody 
production in a murine model of lupus. Arthritis Res Ther 11(4):R112.   

Thomas A, Hammarlund E, Gao L, Holman S, Michel KG, Glesby M, Villacres MC, Golub ET, 
Roan NR, French AL, Augenbraun MH, Slifka MK (2020) Loss of Preexisting 
Immunological Memory Among Human Immunodeficiency Virus-Infected Women Despite 
Immune Reconstitution With Antiretroviral Therapy. J Infect Dis 222(2):243-251.   

Thornton AM, Shevach EM (1998) CD4+CD25+ immunoregulatory T cells suppress polyclonal T 
cell activation in vitro by inhibiting interleukin 2 production. J Exp Med 188(2):287-296.   

Trinchieri G, Sher A (2007) Cooperation of Toll-like receptor signals in innate immune defence. 
Nat Rev Immunol 7(3):179-190.   

Tsai A, Irrinki A, Kaur J, Cihlar T, Kukolj G, Sloan DD, Murry JP (2017) Toll-Like Receptor 7 
Agonist GS-9620 Induces HIV Expression and HIV-Specific Immunity in Cells from HIV-
Infected Individuals on Suppressive Antiretroviral Therapy. J Virol 91(8).   

Uchimura T, Oyama Y, Deng M, Guo H, Wilson JE, Rampanelli E, Cook KD, Misumi I, Tan X, 
Chen L, Johnson B, Tam J, Chou WC, Brickey WJ, Petrucelli A, Whitmire JK, Ting JPY 
(2018) The Innate Immune Sensor NLRC3 Acts as a Rheostat that Fine-Tunes T Cell 
Responses in Infection and Autoimmunity. Immunity 49(6):1049-1061.e1046.   



186 

UNAIDS (2023) Global HIV & AIDS statistics 2023 fact sheet [Available from: 
https://www.unaids.org/en/resources/fact-sheet] 
https://www.unaids.org/sites/default/files/media_asset/UNAIDS_FactSheet_en.pdf  

Utzschneider DT, Charmoy M, Chennupati V, Pousse L, Ferreira DP, Calderon-Copete S, Danilo 
M, Alfei F, Hofmann M, Wieland D, Pradervand S, Thimme R, Zehn D, Held W (2016) T 
Cell Factor 1-Expressing Memory-like CD8(+) T Cells Sustain the Immune Response to 
Chronic Viral Infections. Immunity 45(2):415-427.   

Vacchelli E, Ma Y, Baracco EE, Sistigu A, Enot DP, Pietrocola F, Yang H, Adjemian S, Chaba K, 
Semeraro M, Signore M, De Ninno A, Lucarini V, Peschiaroli F, Businaro L, Gerardino A, 
Manic G, Ulas T, Günther P, Schultze JL, Kepp O, Stoll G, Lefebvre C, Mulot C, Castoldi 
F, Rusakiewicz S, Ladoire S, Apetoh L, Bravo-San Pedro JM, Lucattelli M, Delarasse C, 
Boige V, Ducreux M, Delaloge S, Borg C, André F, Schiavoni G, Vitale I, Laurent-Puig P, 
Mattei F, Zitvogel L, Kroemer G (2015) Chemotherapy-induced antitumor immunity 
requires formyl peptide receptor 1. Science 350(6263):972-978.   

Vadaq N, Zhang Y, Vos WA, Groenendijk AL, Blaauw MJ, van Eekeren LE, Jacobs-Cleophas M, 
van de Wijer L, Dos Santos JC, Gasem MH, Joosten LA, Netea MG, de Mast Q, Fu J, van 
der Ven AJ, Matzaraki V (2023) High-throughput proteomic analysis reveals systemic 
dysregulation in virally suppressed people living with HIV. JCI Insight 8(11).   

Vajjhala PR, Ve T, Bentham A, Stacey KJ, Kobe B (2017) The molecular mechanisms of signaling 
by cooperative assembly formation in innate immunity pathways. Mol Immunol 86:23-37.   

van Grevenynghe J, Cubas RA, DaFonseca S, Metcalf T, Tremblay CL, Trautmann L, Sekaly RP, 
Schatzle J, Haddad EK (2012) Foxo3a: an integrator of immune dysfunction during HIV 
infection. Cytokine Growth Factor Rev 23(4-5):215-221.   

van Grevenynghe J, Halwani R, Chomont N, Ancuta P, Peretz Y, Tanel A, Procopio FA, shi Y, 
Said EA, Haddad EK, Sekaly RP (2008a) Lymph node architecture collapse and 
consequent modulation of FOXO3a pathway on memory T- and B-cells during HIV 
infection. Semin Immunol 20(3):196-203.   

van Grevenynghe J, Procopio FA, He Z, Chomont N, Riou C, Zhang Y, Gimmig S, Boucher G, 
Wilkinson P, Shi Y, Yassine-Diab B, Said EA, Trautmann L, El Far M, Balderas RS, 
Boulassel MR, Routy JP, Haddad EK, Sekaly RP (2008b) Transcription factor FOXO3a 
controls the persistence of memory CD4(+) T cells during HIV infection. Nat Med 
14(3):266-274.   

van Grevenynghe J, Procopio FA, He Z, Chomont N, Riou C, Zhang Y, Gimmig S, Boucher G, 
Wilkinson P, Shi Y, Yassine-Diab B, Said EA, Trautmann L, Far ME, Balderas RS, 
Boulassel M-R, Routy J-P, Haddad EK, Sekaly R-P (2008c) Transcription factor FOXO3a 
controls the persistence of memory CD4+ T cells during HIV infection. Nature Medicine 
14(3):266-274.   

van Heuvel Y, Schatz S, Rosengarten JF, Stitz J (2022) Infectious RNA: Human 
Immunodeficiency Virus (HIV) Biology, Therapeutic Intervention, and the Quest for a 
Vaccine. Toxins (Basel) 14(2).   

Vanamee É S, Faustman DL (2018) Structural principles of tumor necrosis factor superfamily 
signaling. Sci Signal 11(511).   

Vanpouille-Box C, Alard A, Aryankalayil MJ, Sarfraz Y, Diamond JM, Schneider RJ, Inghirami G, 
Coleman CN, Formenti SC, Demaria S (2017) DNA exonuclease Trex1 regulates 
radiotherapy-induced tumour immunogenicity. Nat Commun 8:15618.   

https://www.unaids.org/en/resources/fact-sheet
https://www.unaids.org/sites/default/files/media_asset/UNAIDS_FactSheet_en.pdf


187 

Vicenzi E, Poli G (2013) Novel factors interfering with human immunodeficiency virus-type 1 
replication in vivo and in vitro. Tissue Antigens 81(2):61-71.   

Virgin HW, Wherry EJ, Ahmed R (2009) Redefining chronic viral infection. Cell 138(1):30-50.   

Wacleche VS, Goulet JP, Gosselin A, Monteiro P, Soudeyns H, Fromentin R, Jenabian MA, 
Vartanian S, Deeks SG, Chomont N, Routy JP, Ancuta P (2016) New insights into the 
heterogeneity of Th17 subsets contributing to HIV-1 persistence during antiretroviral 
therapy. Retrovirology 13(1):59.   

Wacleche VS, Tremblay CL, Routy JP, Ancuta P (2018) The Biology of Monocytes and Dendritic 
Cells: Contribution to HIV Pathogenesis. Viruses 10(2).   

Wada NI, Jacobson LP, Margolick JB, Breen EC, Macatangay B, Penugonda S, Martínez-Maza 
O, Bream JH (2015) The effect of HAART-induced HIV suppression on circulating markers 
of inflammation and immune activation. Aids 29(4):463-471.   

Walczak H, Haas TL (2008) Biochemical analysis of the native TRAIL death-inducing signaling 
complex. Methods Mol Biol 414:221-239.   

Walker-Sperling VEK, Mercado NB, Chandrashekar A, Borducchi EN, Liu J, Nkolola JP, Lewis M, 
Murry JP, Yang Y, Geleziunas R, Robb ML, Michael NL, Pau MG, Wegmann F, 
Schuitemaker H, Fray EJ, Kumar MR, Siliciano JD, Siliciano RF, Barouch DH (2022) 
Therapeutic efficacy of combined active and passive immunization in ART-suppressed, 
SHIV-infected rhesus macaques. Nat Commun 13(1):3463.   

Walker MM, Crute BW, Cambier JC, Getahun A (2018) B Cell-Intrinsic STING Signaling Triggers 
Cell Activation, Synergizes with B Cell Receptor Signals, and Promotes Antibody 
Responses. J Immunol 201(9):2641-2653.   

Wang F, Gómez-Sintes R, Boya P (2018) Lysosomal membrane permeabilization and cell death. 
Traffic 19(12):918-931.   

Wang J, Wang W, Chen H, Li W, Huang T, Zhang W, Ling W, Lai P, Wang Y, Geng S, Li M, Du 
X, Weng J (2021a) C-Type Lectin-Like Molecule-1 as a Biomarker for Diagnosis and 
Prognosis in Acute Myeloid Leukemia: A Preliminary Study. Biomed Res Int 
2021:6643948.   

Wang JP, Asher DR, Chan M, Kurt-Jones EA, Finberg RW (2007) Cutting Edge: Antibody-
mediated TLR7-dependent recognition of viral RNA. J Immunol 178(6):3363-3367.   

Wang S, Zhang Q, Hui H, Agrawal K, Karris MAY, Rana TM (2020) An atlas of immune cell 
exhaustion in HIV-infected individuals revealed by single-cell transcriptomics. Emerg 
Microbes Infect 9(1):2333-2347.   

Wang Y, Kanneganti TD (2021b) From pyroptosis, apoptosis and necroptosis to PANoptosis: A 
mechanistic compendium of programmed cell death pathways. Comput Struct Biotechnol 
J 19:4641-4657.   

Wang Y, Krieg AM (2003) Synergy between CpG- or non-CpG DNA and specific antigen for B 
cell activation. Int Immunol 15(2):223-231.   

Wang Y, Wang X, Zhang H, Han B, Ye Y, Zhang M, Wang Y, Xue J, Wang C (2021c) Transforming 
Growth Factor-β1 Promotes M1 Alveolar Macrophage Polarization in Acute Lung Injury by 
Up-Regulating DNMT1 to Mediate the microRNA-124/PELI1/IRF5 Axis. Front Cell Infect 
Microbiol 11:693981.   



188 

Wang Z, Yang X, Mei X, Zhou Y, Tang Z, Li G, Zhong J, Yu M, Huang M, Su X, Lin B, Cao P, 
Yang J, Ran P (2022) SARS-CoV-2-specific CD4(+) T cells are associated with long-term 
persistence of neutralizing antibodies. Signal Transduct Target Ther 7(1):132.   

Wei X, Decker JM, Wang S, Hui H, Kappes JC, Wu X, Salazar-Gonzalez JF, Salazar MG, Kilby 
JM, Saag MS, Komarova NL, Nowak MA, Hahn BH, Kwong PD, Shaw GM (2003) Antibody 
neutralization and escape by HIV-1. Nature 422(6929):307-312.   

Weihrauch D, Krolikowski JG, Jones DW, Zaman T, Bamkole O, Struve J, Pillai S, Pagel PS, Lohr 
NL, Pritchard KA, Jr. (2016) An IRF5 Decoy Peptide Reduces Myocardial Inflammation 
and Fibrosis and Improves Endothelial Cell Function in Tight-Skin Mice. PLoS One 
11(4):e0151999.   

Weiss M, Blazek K, Byrne AJ, Perocheau DP, Udalova IA (2013) IRF5 is a specific marker of 
inflammatory macrophages in vivo. Mediators Inflamm 2013:245804.   

Wen F, Ellingson SM, Kyogoku C, Peterson EJ, Gaffney PM (2011) Exon 6 variants carried on 
systemic lupus erythematosus (SLE) risk haplotypes modulate IRF5 function. 
Autoimmunity 44(2):82-89.   

Wicherska-Pawłowska K, Wróbel T, Rybka J (2021) Toll-Like Receptors (TLRs), NOD-Like 
Receptors (NLRs), and RIG-I-Like Receptors (RLRs) in Innate Immunity. TLRs, NLRs, 
and RLRs Ligands as Immunotherapeutic Agents for Hematopoietic Diseases. Int J Mol 
Sci 22(24).   

Willingham SB, Bergstralh DT, O'Connor W, Morrison AC, Taxman DJ, Duncan JA, Barnoy S, 
Venkatesan MM, Flavell RA, Deshmukh M, Hoffman HM, Ting JP (2007) Microbial 
pathogen-induced necrotic cell death mediated by the inflammasome components 
CIAS1/cryopyrin/NLRP3 and ASC. Cell Host Microbe 2(3):147-159.   

Wong JK, Hezareh M, Gunthard HF, Havlir DV, Ignacio CC, Spina CA, Richman DD (1997) 
Recovery of replication-competent HIV despite prolonged suppression of plasma viremia. 
Science 278(5341):1291-1295.   

Wu DL, Xu GH, Lu SM, Ma BL, Miao NZ, Liu XB, Cheng YP, Feng JH, Liu ZG, Feng D, Na L, Li 
WQ, Zhao YR (2013a) Correlation of AIM2 expression in peripheral blood mononuclear 
cells from humans with acute and chronic hepatitis B. Hum Immunol 74(5):514-521.   

Wu J, Sun L, Chen X, Du F, Shi H, Chen C, Chen ZJ (2013b) Cyclic GMP-AMP is an endogenous 
second messenger in innate immune signaling by cytosolic DNA. Science 339(6121):826-
830.   

Xia S, Zhang Z, Magupalli VG, Pablo JL, Dong Y, Vora SM, Wang L, Fu TM, Jacobson MP, Greka 
A, Lieberman J, Ruan J, Wu H (2021) Gasdermin D pore structure reveals preferential 
release of mature interleukin-1. Nature 593(7860):607-611.   

Xia Y, Sandor K, Pai JA, Daniel B, Raju S, Wu R, Hsiung S, Qi Y, Yangdon T, Okamoto M, Chou 
C, Hiam-Galvez KJ, Schreiber RD, Murphy KM, Satpathy AT, Egawa T (2022) BCL6-
dependent TCF-1(+) progenitor cells maintain effector and helper CD4(+) T cell responses 
to persistent antigen. Immunity 55(7):1200-1215.e1206.   

Xiao Q, Yan L, Han J, Yang S, Tang Y, Li Q, Lao X, Chen Z, Xiao J, Zhao H, Yu F, Zhang F 
(2022) Metabolism-dependent ferroptosis promotes mitochondrial dysfunction and 
inflammation in CD4(+) T lymphocytes in HIV-infected immune non-responders. 
EBioMedicine 86:104382.   

Xiao T, Cai Y, Chen B (2021) HIV-1 Entry and Membrane Fusion Inhibitors. Viruses 13(5).   



189 

Xie T, Peng W, Liu Y, Yan C, Maki J, Degterev A, Yuan J, Shi Y (2013) Structural basis of RIP1 
inhibition by necrostatins. Structure 21(3):493-499.   

Xu C, Lu Y, Zheng X, Feng X, Yang X, Timm J, Wu J, Wang B, Lu M, Yang D, Liu J (2017) TLR2 
Expression in Peripheral CD4+ T Cells Promotes Th17 Response and Is Associated with 
Disease Aggravation of Hepatitis B Virus-Related Acute-On-Chronic Liver Failure. Front 
Immunol 8:1609.   

Xu CL, Hao YH, Lu YP, Tang ZS, Yang XC, Wu J, Zheng X, Wang BJ, Liu J, Yang DL (2015) 
Upregulation of toll-like receptor 4 on T cells in PBMCs is associated with disease 
aggravation of HBV-related acute-on-chronic liver failure. J Huazhong Univ Sci Technolog 
Med Sci 35(6):910-915.   

Xu D, Meyer F, Ehlers E, Blasnitz L, Zhang L (2011) Interferon regulatory factor 4 (IRF-4) targets 
IRF-5 to regulate Epstein-Barr virus transformation. J Biol Chem 286(20):18261-18267.   

Xu H, Wang X, Veazey RS (2014) Th17 Cells Coordinate with Th22 Cells in Maintaining 
Homeostasis of Intestinal Tissues and both are Depleted in SIV-Infected Macaques. J 
AIDS Clin Res 5(5).   

Xu J, Yang Y, Sun J, Ding Y, Su L, Shao C, Jiang B (2006) Expression of Toll-like receptors and 
their association with cytokine responses in peripheral blood mononuclear cells of children 
with acute rotavirus diarrhoea. Clin Exp Immunol 144(3):376-381.   

Xun J, Guo S, Xu Y, Chen R, Tang Q, Zhang X, Liu D, Zhang R, Shen Y, Liu L, Wan J, Chen J, 
Lu H (2022) Circulating (1 → 3)-β-D-Glucan as an immune activation marker decreased 
after ART in people living with HIV. Front Public Health 10:981339.   

Yan J, Pandey SP, Barnes BJ, Turner JR, Abraham C (2020) T Cell-Intrinsic IRF5 Regulates T 
Cell Signaling, Migration, and Differentiation and Promotes Intestinal Inflammation. Cell 
Rep 31(13):107820.   

Yan L, Xu K, Xiao Q, Tuo L, Luo T, Wang S, Yang R, Zhang F, Yang X (2023) Cellular and 
molecular insights into incomplete immune recovery in HIV/AIDS patients. Front Immunol 
14:1152951.   

Yanai H, Chen HM, Inuzuka T, Kondo S, Mak TW, Takaoka A, Honda K, Taniguchi T (2007) Role 
of IFN regulatory factor 5 transcription factor in antiviral immunity and tumor suppression. 
Proc Natl Acad Sci U S A 104(9):3402-3407.   

Yanai Y, Sanou O, Yamamoto K, Yamauchi H, Ikegami H, Kurimoto M (2002) The anti-tumor 
activities of interferon (IFN)-alpha in chronic myelogenous leukaemia (CML)-derived cell 
lines depends on the IFN-alpha subtypes. Cancer Lett 185(2):173-179.   

Yang C, Bachu M, Du Y, Brauner C, Yuan R, Ah Kioon MD, Chesi G, Barrat FJ, Ivashkiv LB 
(2022) CXCL4 synergizes with TLR8 for TBK1-IRF5 activation, epigenomic remodeling 
and inflammatory response in human monocytes. Nat Commun 13(1):3426.   

Yang J, Zhao Y, Shao F (2015) Non-canonical activation of inflammatory caspases by cytosolic 
LPS in innate immunity. Curr Opin Immunol 32:78-83.   

Yang WS, Kim KJ, Gaschler MM, Patel M, Shchepinov MS, Stockwell BR (2016) Peroxidation of 
polyunsaturated fatty acids by lipoxygenases drives ferroptosis. Proc Natl Acad Sci U S A 
113(34):E4966-4975.   

Yang Y, Liu ZH, Ware CF, Ashwell JD (1997) A cysteine protease inhibitor prevents activation-
induced T-cell apoptosis and death of peripheral blood cells from human 



190 

immunodeficiency virus-infected individuals by inhibiting upregulation of Fas ligand. Blood 
89(2):550-557.   

Yang Y, Zhang C, Jing D, He H, Li X, Wang Y, Qin Y, Xiao X, Xiong H, Zhou G (2021) IRF5 Acts 
as a Potential Therapeutic Marker in Inflammatory Bowel Diseases. Inflamm Bowel Dis 
27(3):407-417.   

Yates A, Stark J, Klein N, Antia R, Callard R (2007) Understanding the slow depletion of memory 
CD4+ T cells in HIV infection. PLoS Med 4(5):e177.   

Ye J, Zeng B, Zhong M, Li H, Xu L, Shu J, Wang Y, Yang F, Zhong C, Ye X, He X, Ouyang D 
(2021) Scutellarin inhibits caspase-11 activation and pyroptosis in macrophages via 
regulating PKA signaling. Acta Pharm Sin B 11(1):112-126.   

Yeon SI, Youn JH, Lim MH, Lee HJ, Kim YM, Choi JE, Lee JM, Shin JS (2008) Development of 
monoclonal antibodies against human IRF-5 and their use in identifying the binding of IRF-
5 to nuclear import proteins karyopherin-alpha1 and -beta1. Yonsei Med J 49(6):1023-
1031.   

Yong YK, Saeidi A, Tan HY, Rosmawati M, Enström PF, Batran RA, Vasuki V, Chattopadhyay I, 
Murugesan A, Vignesh R, Kamarulzaman A, Rajarajeswaran J, Ansari AW, Vadivelu J, 
Ussher JE, Velu V, Larsson M, Shankar EM (2018) Hyper-Expression of PD-1 Is 
Associated with the Levels of Exhausted and Dysfunctional Phenotypes of Circulating 
CD161(++)TCR iVα7.2(+) Mucosal-Associated Invariant T Cells in Chronic Hepatitis B 
Virus Infection. Front Immunol 9:472.   

Yu L, Chen Y, Tooze SA (2018) Autophagy pathway: Cellular and molecular mechanisms. 
Autophagy 14(2):207-215.   

Yu X, Feng B, He P, Shan L (2017) From Chaos to Harmony: Responses and Signaling upon 
Microbial Pattern Recognition. Annu Rev Phytopathol 55:109-137.   

Yue FY, Kovacs CM, Dimayuga RC, Parks P, Ostrowski MA (2004) HIV-1-specific memory CD4+ 
T cells are phenotypically less mature than cytomegalovirus-specific memory CD4+ T 
cells. J Immunol 172(4):2476-2486.   

Zaidane I, Ouladlahsen A, Bensghir R, Chihab H, Jadid FZ, Fihry RE, Baba H, Filali KME, 
Oudghiri M, Wakrim L, Benjelloun S, Ezzikouri S (2020a) An assessment of toll-like 
receptor 7 and 8 gene polymorphisms with susceptibility to HIV-1 infection, AIDS 
development and response to antiretroviral therapy. Immunol Lett 227:88-95.   

Zaidane I, Ouladlahsen A, Bensghir R, Chihab H, Jadid FZ, Fɩhry RE, Baba H, Filali KME, 
Oudghiri M, Wakrim L, Benjelloun S, Ezzikouri S (2020b) An assessment of toll-like 
receptor 7 and 8 gene polymorphisms with susceptibility to HIV-1 infection, AIDS 
development and response to antiretroviral therapy. Immunol Lett 227:88-95.   

Zander R, Schauder D, Xin G, Nguyen C, Wu X, Zajac A, Cui W (2019) CD4(+) T Cell Help Is 
Required for the Formation of a Cytolytic CD8(+) T Cell Subset that Protects against 
Chronic Infection and Cancer. Immunity 51(6):1028-1042.e1024.   

Zeng M, Southern PJ, Reilly CS, Beilman GJ, Chipman JG, Schacker TW, Haase AT (2012) 
Lymphoid tissue damage in HIV-1 infection depletes naive T cells and limits T cell 
reconstitution after antiretroviral therapy. PLoS Pathog 8(1):e1002437.   

Zevin AS, McKinnon L, Burgener A, Klatt NR (2016) Microbial translocation and microbiome 
dysbiosis in HIV-associated immune activation. Curr Opin HIV AIDS 11(2):182-190.   



191 

Zhang J, Cado D, Chen A, Kabra NH, Winoto A (1998) Fas-mediated apoptosis and activation-
induced T-cell proliferation are defective in mice lacking FADD/Mort1. Nature 
392(6673):296-300.   

Zhang M, Li X, Pang X, Ding L, Wood O, Clouse K, Hewlett I, Dayton AI (2001) Identification of a 
potential HIV-induced source of bystander-mediated apoptosis in T cells: upregulation of 
trail in primary human macrophages by HIV-1 tat. J Biomed Sci 8(3):290-296.   

Zhang T, Zhu J, Su B, Cao L, Li Z, Wei H, Huang X, Zheng K, Li A, Chen N, Liu L, Xia W, Wu H, 
He Q (2020) Effects of TLR7 Polymorphisms on the Susceptibility and Progression of HIV-
1 Infection in Chinese MSM Population. Front Immunol 11:589010.   

Zhang X, Shi H, Wu J, Zhang X, Sun L, Chen C, Chen ZJ (2013) Cyclic GMP-AMP containing 
mixed phosphodiester linkages is an endogenous high-affinity ligand for STING. Mol Cell 
51(2):226-235.   

Zhang X, Wu J, Du F, Xu H, Sun L, Chen Z, Brautigam CA, Zhang X, Chen ZJ (2014) The cytosolic 
DNA sensor cGAS forms an oligomeric complex with DNA and undergoes switch-like 
conformational changes in the activation loop. Cell Rep 6(3):421-430.   

Zhang Y, Andreu-Sánchez S, Vadaq N, Wang D, Matzaraki V, van der Heijden WA, Gacesa R, 
Weersma RK, Zhernakova A, Vandekerckhove L, de Mast Q, Joosten LAB, Netea MG, 
van der Ven A, Fu J (2023) Gut dysbiosis associates with cytokine production capacity in 
viral-suppressed people living with HIV. Front Cell Infect Microbiol 13:1202035.   

Zhao Y, Shi J, Shao F (2018) Inflammatory Caspases: Activation and Cleavage of Gasdermin-D 
In Vitro and During Pyroptosis. Methods Mol Biol 1714:131-148.   

Zhen A, Rezek V, Youn C, Lam B, Chang N, Rick J, Carrillo M, Martin H, Kasparian S, Syed P, 
Rice N, Brooks DG, Kitchen SG (2017) Targeting type I interferon-mediated activation 
restores immune function in chronic HIV infection. J Clin Invest 127(1):260-268.   

Zheng H, Wu P, Bonnet PA (2023) Recent Advances on Small-Molecule Antagonists Targeting 
TLR7. Molecules 28(2).   

Zhu W, Zu X, Liu S, Zhang H (2019) The absent in melanoma 2 (AIM2) inflammasome in microbial 
infection. Clin Chim Acta 495:100-108.   

Zicari S, Sessa L, Cotugno N, Ruggiero A, Morrocchi E, Concato C, Rocca S, Zangari P, Manno 
EC, Palma P (2019) Immune Activation, Inflammation, and Non-AIDS Co-Morbidities in 
HIV-Infected Patients under Long-Term ART. Viruses 11(3).   

Zucchini N, Bessou G, Robbins SH, Chasson L, Raper A, Crocker PR, Dalod M (2008) Individual 
plasmacytoid dendritic cells are major contributors to the production of multiple innate 
cytokines in an organ-specific manner during viral infection. Int Immunol 20(1):45-56.   

 

  





 

 

6 APPENDIX I 

List of publications from collaborations  

1. Swaminathan S, Mai LT, Meli AP, Carmona-Pérez L, Charpentier T, Lamarre A, King IL, 

Stäger S. LAG-3- and CXCR5-expressing CD4 T cells display progenitor-like properties 

during chronic visceral leishmaniasis. Cell Rep. 2024 Mar 26;43(3):113879. doi: 

10.1016/j.celrep.2024.113879. Epub 2024 Feb 27. PMID: 38416647. 

 

2. Stögerer T, Silva-Barrios S, Carmona-Pérez L, Swaminathan S, Mai LT, Leroux LP, 

Jaramillo M, Descoteaux A, Stäger S. Leishmania donovani Exploits Tunneling Nanotubes 

for Dissemination and Propagation of B Cell Activation. Microbiol Spectr. 2023 Aug 

17;11(4):e0509622. doi: 10.1128/spectrum.05096-22. Epub 2023 Jul 5. PMID: 37404188; 

PMCID: PMC10434010. 

 

 

List of Scholarships and awards 

1. Prix Perron-Desrosiers highlighting the excellence of the research work, INRS- CAFSB. 

Laval, Canada. CAD 500. 

 

2. Montreal Immunology Meetings (MIM) travel award for the annual Canadian Society for 

Immunology (CSI) meeting, Orford, Quebec, CAD 500. 

 

 

3. The TD Insurance Scholarship Program for the annual CSI meeting, Halifax, Nova Scotia, 

CAD 500. 

 

 

 

 

 



194 

List of conference presentations 

 

1. Canadian Society for Immunology (CSI), 36th Annual Spring Meeting - April 22 to 

25, 2024. The Banff Centre, Banff, Alberta, Canada  

Carmona-Pérez L, Dagenais-Lussier X, van Grevenynghe J, and Stäger S 

“IRF-5 and CD4 T cell death during persistent infection” 

 

2. Canadian Society for Immunology (CSI), 35th Annual Spring Meeting (National 

Academic Event, poster presentation), June 6 to 9, 2023. Orford, Québec, Canada 

Carmona-Pérez L, Dagenais-Lussier X, van Grevenynghe J, and Stäger S 

“The TLR7-IRF-5 axis sensitizes memory CD4+ T cells to Fas-mediated apoptosis during 

HIV-1 infection” 

 

3. Le colloque La Journée Québécoise du VIH – 2023 (National Academic Event, poster 

presentation), March 22, 2023. Montréal, Québec, Canada.  

Carmona-Pérez L, Dagenais-Lussier X, van Grevenynghe J, and Stäger S  

“Upregulation of TLR7 and IRF5 sensitizes memory CD4 T cells from HIV1+ individuals 

on ART to cell death”.  

 

4. 9th Annual Montreal Immunology Meetings (MIM) symposium (National Academic 

Event, poster presentation), October 27, 2022. Montréal, Québec, Canada.  

Carmona-Pérez L, Dagenais-Lussier X, van Grevenynghe J, and Stäger S.  

 “Upregulation of TLR7 and IRF5 sensitizes CD4+T cells from HAART patients to cell 

death” 

 

5. Canadian Society for Immunology (CSI), 34th Annual Spring Meeting (National 

Academic Event, poster presentation), June 17 to 20, 2022. Halifax Québec, Canada. 

Carmona-Pérez L, Dagenais-Lussier X, van Grevenynghe J, and Stäger S.  

“Upregulation of TLR7 and IRF5 sensitizes CD4+T cells from HAART patients to cell 

death” 

 



195 

6. Le Congrès Armand-Frappier (National Academic Event, oral presentation) Online 

event, November 8 to 12, 2021. Montréal, Québec, Canada. 

 Carmona-Pérez L, Dagenais-Lussier X, van Grevenynghe J, and Stäger S.  

 “The role of IRF-5 in CD4+ T cells in HIV+ individuals” 

 

7. 8th Annual Montreal Immunology Meetings (MIM) symposium (National Academic 

Event, poster presentation) Online event, November 1, 2021. Montréal, Québec, 

Canada.  

Carmona-Pérez L, Dagenais-Lussier X, van Grevenynghe J, and Stäger S 

 “The role of IRF-5 in CD4+ T cell maintenance and survival in HIV+ individuals” 

 

8. Montreal Immunology Meetings (MIM) symposium (poster presentation), November 

6, 2019. Montréal, Québec, Canada.  

Carmona-Pérez L, Dagenais-Lussier X, van Grevenynghe J, and Stäger S. 

 “The role of IRF-5 in CD4+ T cells during immune response to HIV” 

 

9. Le Congrès Armand-Frappier (poster presentation), Octobre 28 to 31, 2019. Saint-

Sauveur, Québec, Canada.  

Carmona-Pérez L, Dagenais-Lussier X, van Grevenynghe J, and Stäger S. Saint-Sauveur, 

Québec, Canada. 

 “The role of IRF-5 in CD4+ T cells during immune response to HIV” 

 

 

 

 

 


