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Titre : Etude des neutrophiles chez le macaque cynomolgus comme modèle de l’infection 
VIH : quel est leur impact sur les lymphocytes T et l’inflammation ? 

Mots clés :  Neutrophiles ; Lymphocytes T ; VIH/SIV ; régulation ; inflammation 

Résumé : Malgré les traitements antirétroviraux (ARV), 
les personnes vivant avec le VIH (PVVIH) sont exposées à 
une inflammation chronique persistante, qui augmente 
les risques de développer des comorbidités comme les 
maladies cardiovasculaires ou certains cancers. Alors que 
de nombreuses études se sont intéressées aux rôles des 
monocytes et des macrophages dans l’inflammation au 
cours du VIH, l’impact des neutrophiles et leurs 
interactions avec les autres cellules de l’immunité sont 
peu connus. Notre objectif était ainsi de caractériser la 
dynamique des neutrophiles, leurs capacités 
modulatrices envers les lymphocytes T et leur rôle dans 
l’inflammation dans l’infection VIH. Nous avons utilisé le 
modèle macaque cynomolgus infecté par le Virus 
d’Immunodéficience Simienne (SIV) comme modèle 
préclinique du VIH, qui présente un phénotype et des 
fonctions neutrophiles similaires à l’Homme. Pour cette 
étude, quinze macaques ont été infectés par le SIV et ont 
reçu ou non un TARV à 4 semaines post-infection. Nous 
avons analysé les neutrophiles en combinant de la 
cytométrie en flux, des co-cultures neutrophiles-
lymphocytes T avec détection de cytokines et chimiokines 
solubles et marquages intracellulaires afin de mesurer 
l’activation T ; ainsi qu’une analyse protéomique des 
neutrophiles avant et pendant l’infection SIV. 

Durant l’infection aigüe par le SIV, la fréquence de 
neutrophiles CD101+ CD10- immatures circulants était 
augmentée par rapport aux animaux non infectés, et 
l’expression de CD62L était diminuée chez les 
neutrophiles sanguins totaux. Après six mois d’infection, 
les neutrophiles CD62low et la fréquence d’immatures 
étaient toujours plus élevées chez les macaques non 
traités, alors que les macaques traités par ARV 
présentaient un phénotype neutrophile similaire à la 
baseline. 

Pendant les phases aigües et chroniques de l’infection 
SIV, nous avons montré par des co-cultures de 
neutrophiles et de cellules sanguines mononucléées 

périphériques (PBMCs) que les neutrophiles pouvaient 
moduler la concentration de molécules solubles en lien 
avec l’activation T. Ainsi, les neutrophiles ont induit la 
diminution de cytokines solubles comme l’IL-6, l’IL-1β 
ou le TNFα dans les surnageants de co-culture, tandis 
que la concentration de la chimiokine IP-10 était 
augmentée. En parallèle, lors des phases aigües et 
chroniques, nous avons observé que les neutrophiles 
induisaient une augmentation de l’activation des 
lymphocytes T CD4+ et CD8+, avec une augmentation 
du CD69, des cytokines intracellulaires et de la 
cytotoxicité CD8. En utilisant des puits Transwell, nous 
avons vu que les effets modulateurs induits par les 
neutrophiles dépendaient d’un contact avec les PBMCs. 
Enfin, nous avons observé que les neutrophiles des 
macaques infectés par le SIV présentaient des 
signatures protéomiques antivirales, ainsi que des 
signatures interféron de type I à 21 jours post-infection 
et à 6 mois post-infection. En revanche, les animaux 
sous ARV à 6 mois présentaient des signatures 
neutrophiles associées au métabolisme, ce qui suggère 
que le traitement pourrait restaurer les fonctions 
neutrophiles et diminuer l’inflammation. A travers ces 
résultats, nous démontrons que l’infection par le SIV 
chez le macaque cynomolgus induit l’augmentation de 
neutrophiles immatures et CD62Llow capables de 
moduler l’activation T et leur production de cytokines 
de manière contact-dépendante. De plus, les 
neutrophiles étaient associés à des signatures 
protéomiques antivirales et liées aux voies interféron, 
ainsi qu’une augmentation de la production d’IP-10, un 
phénotype inflammatoire partiellement résolu par le 
ARV. Notre travail permet une meilleure appréhension 
de la modulation induite par les neutrophiles de 
l’activation T et de l’inflammation au cours du SIV. 
Comprendre les capacités modulatrices et 
inflammatoires des neutrophiles dans l’infection 
SIV/VIH est cruciale dans l’optique de définir de 
nouvelles cibles thérapeutiques pour diminuer 
l’inflammation chez les PVVIH. 
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Title: Study of neutrophils in a cynomolgus macaque model of HIV infection: how do they 
impact T cells and inflammation? 

Keywords: Neutrophils ; T lymphocytes ; HIV/SIV ; regulation ; inflammation 

Abstract:  Despite antiretroviral therapy (ART), people 
living with HIV (PLWHIV) are exposed to a persisting 
chronic inflammation, leading to increased risks of 
developing comorbidities such as cardiovascular diseases, 
neurocognitive disorders, or cancer. While many studies 
have explored the roles of monocytes and macrophages 
in immune activation and inflammation, less is known 
about the role of neutrophils and their interactions with 
other immune cells during HIV infection. In this work, we 
aimed to characterize neutrophil dynamics, how they 
modulate T lymphocyte activation, and their impact on 
inflammation during HIV infection. We used cynomolgus 
macaques infected by Simian Immunodeficiency Virus 
(SIV) as a preclinical model of HIV, displaying neutrophil 
phenotype and functions similar to humans. Fifteen 
macaques were infected with SIV and received ART or not 
at four weeks post-infection. We monitored neutrophils 
by combining whole blood flow cytometry, along with 
neutrophil-T cells co-culture assays with cytokine and 
chemokine detection as well as intracellular staining 
assays to evaluate T cell activation. Additionally, we 
analyzed the proteome of neutrophils before and during 
SIV infection.  

During primary infection, the frequencies of circulating 
immature CD101+ CD10- neutrophils increased 
significantly, and neutrophils displayed a CD62Llow 
phenotype. After six months of infection, low-CD62L and 
immature PMNs remained higher than before infection in 
the blood of untreated SIV-infected macaques. On the 
other hand, macaques receiving ART showed a neutrophil 
phenotype similar to baseline. 

In primary and chronic phases of SIV infection, co-cultures 
of autologous neutrophils with peripheral mononuclear 
blood cells (PBMCs) revealed that neutrophils could 
modulate the concentration of molecules produced by 
PBMCs. In acute infection, neutrophils increased IL-1RA 
and granzyme B concentrations, while soluble cytokines 
such as IL-6, IL-1β and TNFα were decreased. Importantly, 
the levels of the chemokine IP-10 significantly increased 
in the presence of neutrophils in the acute and chronic 
phases of SIV infection. 

In parallel, we investigated the direct effects of 
neutrophils on T cells. We observed that neutrophils 
increased CD4+ T cell and CD8+ T cell activation, 
intracellular cytokine production and CD8 cytotoxicity 
during early and, at a lower level, late SIV infection. 
Using Transwell assays, we demonstrated that the 
immunomodulatory properties of neutrophils relied on 
contact-dependent mechanisms. 

Lastly, in order to decipher the impact of SIV infection 
on neutrophils, we performed a proteomic analysis of 
purified neutrophils using mass spectrometry. We 
demonstrated that neutrophils from SIV-infected 
macaques displayed antiviral and interferon type I 
signatures at 21dpi, which persisted in untreated 
chronic infection. Contrary to viremic animals, 
neutrophils from ART-treated macaques showed 
proteome signatures associated with metabolism, 
which suggests the treatment may restore neutrophil 
function and lower inflammation. 

Overall, we found that SIV infection in cynomolgus 
macaques induced immature and CD62Llow neutrophils 
capable of modulating T cell activation and cytokine 
production in a contact-dependent manner. 
Neutrophils in SIV infection were associated with 
antiviral and interferon-related proteome signatures, 
as well as IP-10 production, an inflammatory 
phenotype that was partially resolved with ART. Our 
work provides a better understanding of how 
neutrophils shape T cell activation and inflammation in 
SIV infection. In the future, deciphering neutrophil 
modulatory and inflammatory properties in SIV/HIV 
infection will be crucial in defining new therapeutic 
targets to lower inflammation in PLWHIV. 
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Synthèse des travaux en Français 

Malgré les traitements antirétroviraux (ARV), les personnes vivant avec le virus 
d’immunodéficience humaine (PVVIH) sont exposées à une inflammation chronique 
persistante, qui augmente les risques de développer certaines comorbidités comme les 
maladies cardiovasculaires, neurocognitives ou encore certains cancers. Alors que les 
rôles des populations mononucléées inflammatoires comme les macrophages et les 
cellules dendritiques, ont été explorés au cours du VIH, l’impact des polynucléaires 
neutrophiles sur l’inflammation est peu connu. Pourtant, les neutrophiles constituent 
les leucocytes les plus nombreux du sang et présentent de hauts potentiels 
inflammatoires et anti-infectieux. 

Précédemment, Julien Lemaitre et al. ont démontré que l’infection par le Virus 
d’Immunodéficience Simienne (SIV) SIVmac251 chez le macaque cynomolgus (MCy), 
modèle pré-clinique du VIH, induisait un phénotype immature et activé des 
neutrophiles, partiellement résolu lorsque les animaux étaient traités par ARV. De plus, 
les neutrophiles co-cultivés avec des cellules mononucléées périphériques du sang 
(PBMCs) induisaient une augmentation des fréquences de lymphocytes T CD4+ et T 
CD8+ activés, en particulier en phase aigüe de l’infection. Ces travaux ont montré que 
les neutrophiles étaient capables de moduler l’activation T au cours de l’infection par 
le SIVmac251. Cependant, la nature précise des interactions entre neutrophiles et 
lymphocytes T ainsi que leur impact sur l’inflammation chez les MCys restaient à 
explorer. Ainsi, pour ce projet, notre objectif était d’investiguer l’impact des 
neutrophiles sur les lymphocytes T et les conséquences sur l’inflammation au cours de 
l’infection par le SIVmac251. Plus précisément, nous avons analysé la dynamique des 
neutrophiles aux échelles cellulaire et protéomique, la nature de leurs capacités 
modulatrices envers les lymphocytes T et les PBMCs, et leur lien avec l’inflammation au 
cours de l’infection. Nous avons utilisé le modèle MCy infecté par le SIVmac251, un 
modèle d’infection par le VIH qui a été caractérisé lors de nombreuses études dans 
notre unité de recherche IDMIT et qui permet de reproduire une physiopathologie chez 
le MCy très proche de celle induite par le VIH chez l’Homme. De plus, les MCys 
présentent des neutrophiles ayant un développement, des phénotypes et des fonctions 
similaires aux neutrophiles humains. Pour cette étude, quinze MCys ont été infectés 
par le SIVmac251 et ont reçu ou non un traitement ART à quatre semaines post-
infection. A différents temps de l’infection, nous avons analysé la dynamique des 
neutrophiles en combinant de la cytométrie en flux sur sang total, des co-cultures 
neutrophiles-PBMCs avec détection de cytokines et chimiokines solubles pro et anti-
inflammatoires, ainsi que des marquages extra et intracellulaires afin de mesurer 
l’activation T. Enfin, nous avons caractérisé les changements de protéome des 
neutrophiles sanguins par spectrométrie de masse au cours de l’infection. 

En premier lieu, nous avons analysé le nombre absolu de neutrophiles sanguins ainsi 
que leur phénotype au cours de l’infection par le SIVmac251 chez le MCy. A 10 jours 
post-infection (jpi), correspondant à la phase d’infection aigüe, le nombre absolu de 
neutrophiles sanguins était significativement diminué chez les MCys par rapport aux 
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animaux non infectés (baseline). Par ailleurs, la fréquence de neutrophiles CD101+ 
CD10- immatures circulants était significativement augmentée et l’expression de 
CD62L était diminuée chez les neutrophiles sanguins totaux par rapport à la baseline, 
démontrant un phénotype plus activé qu’avant l’infection. A 6 mois post-infection 
(mpi), alors que le phénotype de neutrophiles CD10low CD62Llow était toujours 
observable chez les CMys infectés sans traitement, les MCys traités par ARV 
présentaient des neutrophiles phénotypiquement similaires à la baseline. Ces données 
montrent que l’infection des MCys par le SIVmac251 induit en phase aigüe une 
déplétion temporaire des neutrophiles, cellules caractérisées par un phénotype 
immature et plus activé qui persiste en phase chronique en l’absence de traitement. 

Dans un second temps, nous avons investigué l’impact des neutrophiles sur la 
concentration de cytokines et chimiokines pro ou anti-inflammatoires produites par les 
PBMCs stimulées, cultivées à differents temps de l’infection avec ou sans neutrophiles. 
A 15 jpi, les concentrations de cytokines solubles comme l’IL-6, l’IL-1β ou le TNFα 
étaient diminuées dans les surnageants de culture en présence de neutrophiles, tandis 
que la concentration d’IL1-RA d’une part, et d’IP-10 d’autre part, étaient augmentées. 
A 6 mpi, les neutrophiles co-cultivés avec les PBMCs tendaient toujours à diminuer les 
concentrations de plusieurs cytokines pro-inflammatoires comme l’INFγ, le TNFα ou 
l’IL-6, indépendamment du traitement. De plus, la concentration d’IP-10 soluble tendait 
à être augmentée chez tous les animaux en présence de neutrophiles, mais de manière 
plus forte chez les animaux non traités. Ces données indiquent que lors de l’infection 
SIVmac251, les neutrophiles induisent la modulation de cytokines en lien avec 
l’inflammation produites par les PBMCs. En particulier, les neutrophiles diminuent les 
taux de plusieurs cytokines pro-inflammatoires d’une part, mais augmentent la 
concentration d’IP-10, une chimiokine impliquée dans l’inflammation. 

En parallèle, nous avons étudié si l’impact direct des neutrophiles sur l’activation des 
lymphocytes T dépendait d’un contact entre ces deux types cellulaires. A 10 jpi, nous 
avons confirmé que les neutrophiles induisaient une augmentation des fréquences de 
lymphocytes T CD4+ et CD8+ activées. Cette activation était caractérisée par une 
expression plus importante du marqueur CD69, de la production de cytokines 
intracellulaires IFNγ et TNFα, ainsi que du marqueur CD107a, associé à la cytotoxicité 
des T CD8+. En phase chronique, les neutrophiles induisaient toujours une 
augmentation de l’expression du CD69 sur les lymphocytes T, mais pas des autres 
marqueurs étudiés, chez les animaux traités et non traités par ART. En utilisant des puits 
Transwell, nous avons démontré que ces effets modulateurs induits par les 
neutrophiles dépendaient d’un contact avec les PBMCs, mais nous n’avons pas pu 
identifier le(s) mécanisme(s) associé(s). 

Enfin, nous avons interrogé l’impact de l’infection SIVmac251 sur les neutrophiles de 
MCys en réalisant une analyse protéomique par spectrométrie de masse de 
neutrophiles purifiés à différents temps d’infection. A partir de ces données, nous avons 
observé que les protéomes des neutrophiles des macaques infectés par le SIV à 21 jpi 
présentaient d’importantes signatures interféron de type I. Ces signatures interféron 
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étaient liées à l’augmentation de la présence de protéines issues de gènes stimulés par 
les interférons (ISG), comme les protéines des familles IFIT ou OAS. De plus, ces 
signatures étaient aussi liées à la présence de protéines de défense antivirales comme 
RIG-I ou SAMHD1. Alors que ces signatures protéiques étaient toujours fortement 
présentes chez les animaux non traités à 6 mpi, les animaux traités présentaient 
davantage de signatures neutrophiles associées au métabolisme cellulaire. Cependant, 
certaines protéines liées aux ISG étaient élevées chez les deux groupes, comme IFIT1 
ou MX2. Ces données suggèrent que le traitement pourrait induire une réduction 
partielle des signatures interféron chez les neutrophiles sanguins et diminuer 
l’inflammation. 

A travers ces résultats, nous démontrons que l’infection par le SIVmac251 chez le 
macaque cynomolgus induit l’augmentation de neutrophiles immatures et CD62Llow 
capables de moduler le micro-environnement cytokinique des PBMCs ainsi que 
l’activation des lymphocytes T de manière contact-dépendante. Au cours de l’infection, 
les neutrophiles étaient associées à des signatures protéomiques liées aux voies 
interféron et à la défense antivirale, et induisaient d’autre part une augmentation de la 
production d’IP-10 soluble, une chimiokine impliquée dans l’inflammation dont la 
concentration plasmatique est élevée chez les PVVIH. Ces données tendent à suggérer 
que les neutrophiles pourraient participer à l’inflammation au cours de l’infection par 
le SIV chez le MCy via les voies interféron, et ce phénotype inflammatoire serait 
partiellement résolu par le traitement ARV. Notre travail permet une meilleure 
appréhension des interactions neutrophiles-lymphocytes T, ainsi que du rôle des 
neutrophiles dans l’inflammation au cours du SIVmac251 chez le MCy. Dans le futur, 
les neutrophiles pourraient constituer de nouvelles cibles thérapeutiques intéressantes 
pour réguler l’inflammation chez les PVVIH.  



8 
 

TABLE OF CONTENT 

LIST OF ABBREVIATIONS ................................................................................................................. 13 

LIST OF FIGURES ............................................................................................................................... 14 

LIST OF TABLES ................................................................................................................................. 15 

FOREWORDS ..................................................................................................................................... 16 

INTRODUCTION ................................................................................................................................ 17 

I. Chronic inflammation in people living with HIV: a remaining challenge ....................................... 17 

i) Brief overview of HIV infection in 2025 ...................................................................................................................................... 17 

1) HIV, a disease that remains deadly despite effective ART .................................................................................................... 17 

2) HIV structure and cell targets ......................................................................................................................................................... 19 

3) HIV drugs: effective treatments & remaining challenges ..................................................................................................... 21 

4) Non-human primate models remain necessary to study HIV and develop new cures ............................................... 23 

ii) The acute phase of HIV infection is associated with local and systemic inflammatory responses ................... 25 

iii) How chronic inflammation occurs and persists in HIV infection ..................................................................................... 28 

1) Gut tissue alteration leads to bacterial translocation ............................................................................................................. 29 

2) HIV reservoirs may favor persisting inflammation .................................................................................................................. 30 

3) Co-infections with HIV increase inflammation in PLWHIV ................................................................................................... 33 

iv) Innate and adaptive immune cells are altered during chronic HIV infection ............................................................. 34 

II. Neutrophils as key actors of inflammation, in HIV and other diseases .......................................... 37 

i) Neutrophils, innate specialists of inflammation ...................................................................................................................... 37 

1) From bone marrow to tissues ........................................................................................................................................................ 38 

2) Neutrophils are equipped to detect danger signals, infiltrate into tissues and eliminate pathogens ................... 47 

ii) Role of neutrophils in inflammation: insights from non-HIV diseases.......................................................................... 55 

1) Neutrophils in lung diseases .......................................................................................................................................................... 55 

2) Neutrophils in inflammatory bowel diseases ............................................................................................................................ 57 

3) Neutrophils in auto-immune diseases ........................................................................................................................................ 58 

III. Neutrophils modulate adaptive cell responses in acute & chronic stress situations (in non-HIV 
diseases) .............................................................................................................................................. 60 

i) Neutrophils participate in T cell recruitment and polarization through direct or indirect interactions ........ 60 

1) Recruitment of T cells by neutrophils at the inflammatory sites with chemotactic molecules ................................. 60 

2) Neutrophils can induce polarization and proliferation of T cells during infections ..................................................... 61 

3) Neutrophils: involved in antigen presentation? ....................................................................................................................... 62 

ii) Suppression of T cell responses by neutrophils and induction of immune tolerance ............................................ 64 

IV. Neutrophils show dual roles in HIV infection ............................................................................... 67 

i) Neutrophils in HIV acquisition or protection ............................................................................................................................ 67 

ii) Neutrophils exert antiviral responses against HIV ................................................................................................................. 68 

iii) Neutrophils and their roles in chronic inflammation during HIV infection ................................................................ 70 



 

9 
 

1) Neutrophil counts, phenotypes and functions are altered during HIV infection .......................................................... 70 

2) Neutrophils in gut mucosa/tissues ............................................................................................................................................... 73 

3) Neutrophil modulation of T cells during HIV infection.......................................................................................................... 74 

OBJECTIVES & METHODS OF THE STUDY ............................................................................... 78 

I. Global objectives ......................................................................................................................... 78 

II. Methods ..................................................................................................................................... 80 

i) Cynomolgus macaques infected with SIVmac251, a relevant model for the study of neutrophils in HIV-1 

infection ................................................................................................................................................................................................................. 80 

ii) Experimental techniques .................................................................................................................................................................... 83 

RESULTS ........................................................................................................................................... 86 

I. Neutrophil isolation from macaque whole blood by magnetic cell sorting ................................... 86 
i) Impact of magnetic cell sorting on neutrophil activation ................................................................................................... 86 

ii) Identification of the technical step inducing neutrophil activation during cell isolation ..................................... 90 

II. Main results: NEUTROPHILS INDUCE CONTACT-DEPENDENT MODULATION OF T CELL 
ACTIVATION AND INFLAMMATORY MOLECULES DURING SIV INFECTION IN NON-HUMAN PRIMATES
  ................................................................................................................................................... 91 

i) Context and objectives of the study ............................................................................................................................................. 91 

ii) Article (in preparation)  ...................................................................................................................................................................... 93 

III. Complementary results ............................................................................................................. 141 

i) Evaluation of ROS production in the course of SIV infection ......................................................................................... 141 

ii) Additional experiments to identify mechanisms underlying neutrophil modulatory effects on T cells ..... 143 

iii) Phenotyping of neutrophils in tissues of SIV-infected animals ..................................................................................... 148 

iv) Neutrophils modulate T cells during Mycobacterium tuberculosis infection in cynomolgus macaques (from 

Dinko et al, manuscript in preparation) ................................................................................................................................................ 150 

DISCUSSION & PERSPECTIVES....................................................................................................... 158 

BIBLIOGRAPHY ................................................................................................................................ 173 

APPENDIX ........................................................................................................................................ 200 



10 
 

ACKNOWLEDGMENT 

Si cette thèse a pu être menée à bien, c’est notamment grâce aux nombreuses personnes qui 
ont participé à ce travail, mais aussi grâce à celles qui m’ont entourée et apporté leur soutien. 

Tout d’abord, je remercie Olivier Lambotte, mon directeur de thèse. Cette aventure a 
commencé au sortir de la pandémie de COVID-19 en 2020, grâce à vous quand vous m’avez 
proposé un stage de M2 à IDMIT sur les neutrophiles dans la continuité de la thèse de Julien. 
Merci beaucoup Olivier pour votre soutien, votre bienveillance et votre humanité, qui je suis 
sûre seront de grandes forces pour la nouvelle mission qui vous attend. Pendant ces années 
de thèse, j’ai beaucoup grandi (bon, je sais que ça ne se voit pas trop comme ça…), et c’est 
aussi parce que vous avez été un vrai mentor pour moi. Merci d’avoir accueilli mes idées parfois 
farfelues et pour la liberté que vous m’avez donnée dans ce projet de thèse. Je vous souhaite 
de grandes années à IDMIT ! 

Ensuite, je remercie Roger Le Grand, qui m’a permis de réaliser cette thèse dans un cadre 
exceptionnel et sur un modèle passionnant, ce pour quoi je suis particulièrement 
reconnaissante. Merci pour vos anecdotes et tous vos précieux enseignements qui me serviront 
aussi après la thèse. 

Enfin, je voudrais remercier Julien Lemaitre, mon encadrant depuis plus de quatre ans. Merci 
beaucoup de m’avoir accompagnée avec beaucoup de bienveillance, dans les moments de 
doute comme dans les moments de réussite et de joie. Je suis fière d’avoir continué dans ta 
voie et d’être passée de petit padawan à maître jedi des neutrophiles comme toi ! Je te souhaite 
énormément de réussite et plein de beaux neutrophiles pour la suite. 

Je souhaite remercier les membres de mon jury de thèse pour avoir accepté d’examiner et 
évaluer mes travaux. Ainsi, merci à Aude Remot et Maria Naranjo-Gomez pour la relecture 
approfondie et bienveillante de mon manuscrit de thèse et leurs suggestions pour le manuscrit 
final ; et merci à Pierre Delobel, Lisa Chakrabarti et Lai Guan Ng pour l’évaluation de mon travail 
et leurs suggestions. 

Merci beaucoup aux membres de mon comité de suivi, qui m’ont donné de précieux conseils 
qui ont été de vrais atouts tout au long de ma thèse : Sylvie Chollet-Martin, Benoit Marteyn et 
Oliver Nüsse. 

Un grand merci à toutes les personnes qui ont participé à ce projet directement ou 
indirectement. En particulier, merci à Laure pour toute ton aide, ton soutien et tes conseils tout 
au long de ma thèse, merci à Tatiana, à toute l’équipe d’ASW et à l’équipe d’Animalliance qui 
m’ont permis d’avoir des prélèvements tout au long de l’étude, à Paul Mazet pour toute la 
partie bio-informatique et grâce à qui j’ai beaucoup appris, merci à Jean Armengaud et son 
équipe pour la partie protéomique, merci à toute l’équipe L2i, à l’équipe LFC, et à Sylvie 
Legendre pour l’envoi des manuscrits papier. 



 

11 
 

Pendant cette thèse j’ai aussi été entourée d’ami.e.s exceptionnel.les à IDMIT que je remercie 
tout particulièrement. 

D’abord Julie, ma bichette (la meilleure des bichettes !!!), ma confidente, ma compagne de 
galère. Quand on s’est rencontrées en M2, tu n’étais pas sûre de continuer en thèse à IDMIT, 
et je suis tellement heureuse que tu aies choisi de rester ! Merci pour ta présence constante, 
tes paroles réconfortantes, tes petites anecdotes, tes fous rires le midi, et surtout merci d’avoir 
été avec moi du début à la fin. La thèse a été tellement plus facile à vivre en ta compagnie. 
Merci aussi pour toutes les relectures et tous tes conseils pendant la thèse. J’emporte avec moi 
tous nos souvenirs de Minorque, de soirées d’anniversaire, de bowling, de restaurants, de 
camping, et tant d’autres. Vivement les prochains ! 

Stanley, the Ghanaian roc ! Merci beaucoup pour tous les moments qu’on a partagés ensemble. 
Grâce à toi, le quotidien était plus serein et aussi plus fun au bureau. Merci à toi pour tout ce 
que tu m’as appris, dans et en dehors du labo, merci pour ton amitié, ton aide et ta présence, 
en particulier dans les moments difficiles. J’espère qu’on aura plein d’autres soirées pour 
admirer tes techniques de danse au café Oz ! 

Marco, le boss de la cytométrie de masse, ta bonne humeur chaque jour a été un vrai moteur 
pour moi ! Alors oui, je n’ai pas eu la chance d’aller à Barcelone, mais je pense qu’on s’est 
rattrapé.e.s depuis. Merci pour tout ce qu’on a partagé ensemble, pour tes vannes, pour ta 
ferveur pour le foot et pour tout le reste. 

Matthieu, l’autre boss de la cytométrie, merci à toi pour tous ces débats enflammés qui ont 
animé notre quotidien, et merci pour toutes ces discussions autour du sport qui m’ont motivée 
à me surpasser. Quand tu veux pour une revanche au 7 wonders et au foot ! 

Mathou, merci à toi pour la douceur que tu m’as apportée à chaque discussion ensemble. Merci 
de m’avoir toujours écoutée et pour ton soutien indéfectible, en particulier à la fin de ma thèse. 

Briçou, pendant ces années de thèse, je crois avoir un peu craqué ton code. Grâce à toi, on a 
vécu des moments inoubliables à IDMIT et en dehors, devant un brasero ou ailleurs, alors merci 
énormément pour ça. 

Mohit, toi aussi tu m’as beaucoup soutenue, en particulier l’année écoulée. Je tiens à te 
remercier pour ta positivité, tes encouragements et ta bonne humeur. Les moments passés 
ensemble étaient toujours agréables et réconfortants. Margaux, merci encore de m’avoir 
formée en début de thèse, pour tous les moments passés ensemble et pour ta présence 
bienveillante. Yaya, merci d’avoir apporté autant de fun au bureau 348 ! Florian, merci à toi 
pour tout ce que tu m’as appris au labo, et pour les pauses café qui m’ont fait du bien tout au 
long de la thèse. Vincent, merci à toi pour ta bienveillance et ta sérénité, c’était vraiment 
chouette de partager ton bureau. Sylvie, merci pour tes petits mots gentils et pour ton aide 
précieuse en fin de thèse. Eva, merci d’avoir été ma confidente, j’ai été contente d’être aussi la 
tienne, surtout pendant ton M2. Garde ta résilience qui est une vraie force. Merci à Flora pour 
ton oreille attentive et bonne chance pour la fin de thèse. Merci à Camille P. et Claire-Maëlle, 



12 
 

avec qui les discussions étaient chouettes, et je vous souhaite beaucoup de réussite pour votre 
fin de thèse. Merci aussi aux autres acolytes des générations à venir avec qui discuter de science 
et d’autres sujets était toujours cool : Alister, Juliette P, Mathieu, Juliette A, Kenza, Corentin, 
Prajwal. Je vous souhaite beaucoup de succès pour vos thèses et surtout beaucoup de plaisir 
dans votre science. Merci à Elisabeth, Nabila, Alessia, Anne-Sophie B., Mariangela, Benoît, 
Nicolas, Christine et toutes les autres personnes qui m’ont aidée et apporté des suggestions 
toujours pertinentes et intéressantes au cours des lab-meetings et des répétitions orales. Un 
merci particulier à Oscar qui m’a aidée à nourrir ma curiosité et mes rêves de science. Merci à 
Lucie pour avoir pris le temps de me parler carrière scientifique et demandes de financement. 
Merci à l’équipe HSS pour leur aide et leur présence en cas de soucis ou de questions. Merci à 
l’équipe COVIR pour m’avoir toujours fourni de très bonnes perspectives et conseils. 

Enfin, merci à toutes les autres personnes avec qui j’ai partagé de chouettes moments à IDMIT, 
que ce soit autour d’un projet scientifique, d’une réunion, d’un café, d’un concert, d’un match 
de football et tant d’autres : Laurine, Candie, Romain, Wesley, Laetitia, Anne-Sophie, Maxime, 
Quentin, Cécile, Hélène, Karl, Kyllian, Julien D., Emma J., Melyssa, Sarah, Jennifer, Manon, 
Thibault, Cindy, Pierre, Louis, Thibaut, Quentin P, Sophie, Camille et tous.tes les autres. 

Merci aussi à celle qui partage mon quotidien, qui cuisine comme une vraie cheffe et qui 
m’épaule depuis des années et j’espère encore beaucoup à venir, Emilie. Merci beaucoup pour 
ton amour. 

Merci à mes parents, qui m’ont accompagnée, supportée et soutenue tout au long de mes 
études pour devenir une scientifique. Je ne peux pas vous remercier assez pour tout ce que 
vous avez fait pour moi. Merci à ma sœur Célia, qui m’écoute et me soutient depuis toujours. 

A ma mentore de Femmes et Sciences, Carine : merci pour toutes ces discussions 
passionnantes et enrichissantes. Tu m’as beaucoup aidée à me construire et tu as été une vraie 
source d’inspiration, et j’en suis très reconnaissante. Merci à mes ami.e.s hors d’IDMIT qui m’ont 
changé les idées et m’ont aidée à aller de l’avant, en particulier Marie-Lou, Juliane, Crimsone, 
Jess, et Laurent. Merci à mon équipe de foot au CA Paris 14 qui a suivi de loin mes aventures 
de thèse et qui m’a toujours apporté son soutien. J’ai aussi une pensée pour celles et ceux qui 
ne sont plus là, mais me surveillent du ciel, et tout particulièrement mes tantes Françoise et 
Catherine. 

 

J’espère sincèrement que ce travail contribuera dans le futur à améliorer le quotidien des 
personnes vivant avec le VIH, en France et dans le monde. 

 

  



 

13 
 

LIST OF ABBREVIATIONS  

AIDS: Acquired immunodeficiency 
syndrome 
AGM: African green monkey 
APCs: Antigen-presenting cells 
ART: Antiretroviral therapy 
AZT: Azidothymidine 
BM: Bone marrow 
CCR5: C-C chemokine receptor 5 
CD: Cluster of differentiation 
CDC: Centers for Disease Control 
CXCR4: C-X-C-chemokine receptor 4 
CMV: Cytomegalovirus 
CyMs: Cynomolgus macaques 
DCs: dendritic cells 
DNA: Deoxyribonucleic acid 
FcγR: Fragment crystallizable receptor for 
immunoglobulin G 
fMLP: N-Formylmethionyl-leucyl-
phenylalanine 
G-CSF: Granulocytic-colony stimulating 
factor 
GIT: Gastrointestinal tract 
GM-CSF: Granulocyte-Macrophage Colony 
Stimulating Factor 
HMCV: Human cytomegalovirus 
HSCs: Hematopoietic stem cells 
HIV: Human immunodeficiency virus 
HLA-DR: Human leukocyte antigen – DR 
isotype 
ICS: Intracellular staining 
IFNα: Interferon alpha (interferon type I) 
IFNγ: Interferon gamma (interferon type II) 
IFNAR: Interferon alpha/beta receptor 
IL: Interleukin 
IL-1RA: Interleukin-1 receptor antagonist 
IP-10 (CXCL10): Interferon gamma-induced 
protein 10 

ISG: Interferon-stimulated genes 
LDN: Low-density neutrophils 
PLS: Lipopolysaccharide 
MDSC: Myeloid-derived suppressor cells 
MHC: Major histocompatibility complex 
MMP: Matrix metalloproteinase 
MPO: Myeloperoxidase 
MSM: Men who have sex with men 
Mtb: Mycobacterium tuberculosis 
NK: Natural killer cells 
NETs: Neutrophil extracellular traps 
NHP: Non-human primate 
PLWHIV: People living with HIV 
PLS-DA: Partial least squares discriminant 
analysis 
PBMC: Peripheral mononuclear cells 
PMA: Phorbol myristate acetate 
PMN: Polymorphonuclear neutrophils 
PRR: Pathogen recognition receptor 
PTCs: Post-treatment controllers 
PTMs: Pigtail macaques 
RBC: Red blood cell lysis 
RIG-I: Retinoic acid-inducible gene I 
RMs: Rhesus macaques 
RNA: Ribonucleic acid 
ROS: Reactive oxygen species 
SHIV: Simian human immunodeficiency 
virus 
SIV: Simian immunodeficiency virus 
SM: Sooty mangabey 
ssRNA: Single-strand ribonucleic acid 
TAN: Tumor-associated neutrophils 
TCR: T cell receptor 
TLR: Toll-like receptor 
TNFα: Tumor necrosis factor alpha 
WHO: World Health Organization 

 



14 
 

LIST OF FIGURES  

Figure 1: Structure of HIV-1 

Figure 2: The HIV life cycle, from Ramdas et al 

Figure 3: Phases of HIV infection 

Figure 4: Main differentiation steps during human granulopoiesis 

Figure 5: The differentiation and specialization of mice neutrophils from bone 
marrow to tissues rely on a continuum called « Neutrotime » 

Figure 6: Diversity in neutrophils from bone marrow to tissue compartments 

Figure 7: Pattern recognition receptors in neutrophils 

Figure 8: Cytokines and chemokines potentially produced by human neutrophils 

Figure 9:  Neutrophil activation during phagocytosis 

Figure 10: Mechanisms involved in T cell modulation induced by neutrophils 

Figure 11: Effects of isolation techniques on purity and activation of neutrophils 
from CyMs 

Figure 12: Level of neutrophil activation in whole blood of CyMs, after 
Ficoll/RBC lysis and after magnetic cell sorting 

Figure 13: Neutrophil ROS production before and during SIV infection in CyMs, 
with stimulations of different nature 

Figure 14: Effects of CD10+ or CD10- neutrophils on T cell activation during the 
chronic phase of SIV infection without ART 

Figure 15: Study of CD14+ monocytes as a partner in neutrophil-T cell 
interactions during chronic SIV infection 

Figure 16: Low-dose Mtb infection leads to heterogeneous clinical evolution, 
lung inflammation and bacterial burden; from Dinko et al (in preparation) 

Figure 17: Functional characterization of neutrophils during Mtb infection in 
CyMs, from Dinko et al (in preparation) 

  



 

15 
 

LIST OF TABLES 

Table 1: Markers for immune cell phenotyping in humans and cynomolgus 
macaques 

Table 2: Flow cytometry panel for the characterization of neutrophils from CyMs 

  



16 
 

FOREWORDS 

This work is part of the graduating process for obtaining the PhD diploma delivered by 
the doctoral school Biosigne, from the Paris-Saclay University. 

This work focuses on the characterization of polynuclear neutrophils and their 
interactions with T lymphocytes in the pathophysiology of the simian 
immunodeficiency virus infection in cynomolgus macaques. This PhD was performed 
in the research unit Infectious Diseases Models for Innovative therapies (IDMIT, 
INSERM UMR1184, Université Paris-Saclay, Commissariat aux Energies Atomiques et 
alternatives of Fontenay-Aux-Roses) under the supervision of Pr. Olivier Lambotte, Dr. 
Roger le Grand and Dr. Julien Lemaitre. Funding for this project was partially provided 
by the ANRS RHIVIERA (Remission of HIV Infection Era) consortium through a public-
private partnership. This consortium aims to develop new tools and strategies in the 
search of a scalable sustained remission of HIV infection. 

  



 

17 
 

INTRODUCTION 

Infections due to human immunodeficiency viruses (HIV) lead to chronic diseases in 

humans, characterized by a progressive depletion of peripheral CD4+ T lymphocytes 

and chronic immune activation. Without treatment, people living with HIV (PLWHIV) 

progress to acquired immunodeficiency syndrome (AIDS) within several years, a 

syndrome defined by profound immunodeficiency and elevated risks of opportunistic 

infections. In PLWHIV, antiretroviral therapy (ART) administration blocks HIV replication 

and prevents disease transmission but does not completely resolve inflammation. 

I. Chronic inflammation in people living with HIV: a 
remaining challenge 

In the absence of a cure for HIV infection, ART remains necessary for patients to control 

viral replication and maintain normal blood CD4+ T cell counts. Although current 

therapies are highly effective in PLWHIV, patients are exposed to systemic 

inflammation. This inflammatory condition can be attributed to different factors, 

including low levels of HIV replication in tissues, persisting antigenic stimulation 

induced by bacterial translocation from the gut, and ongoing chronic activation of 

immune cells. In the long term, metabolic, neurologic, or cardiac diseases are shown to 

be more frequent in PLWHIV compared to the general population, increasing morbidity 

and mortality risks in these patients. Tackling inflammation in PLWHIV by addressing 

early and late immune events in the disease therefore remains of major importance to 

improve patients’ life expectancy and quality of life. 

i) Brief overview of HIV infection in 2025 

1) HIV, a disease that remains deadly despite effective ART 

In the early 1980s, several cases of patients suffering from fungal infection 

Pneumocystis pneumonia were reported in the US Centers for Disease Control [1]. 
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Rapidly, an epidemic started to spread in the northern countries, and a T-lymphotropic 

retrovirus was identified in 1982 to be responsible for this deadly disease. The 

pathogen was isolated in 1983 and was progressively characterized as a retrovirus, then 

called lymphadenopathy-associated virus (LAV), renamed later HIV [2]. As the epidemic 

was spreading around the globe, new techniques to identify and quantify HIV in 

patients were urgently required. Hence, researchers and doctors progressively 

developed diagnostic assays for patients and isolation methods to characterize HIV. In 

the mid 1980’s, the viral sequence of HIV-1 was described for the first time [3]. From 

this work, a phylogenetic description of HIV allowed the identification of two viral 

lineages, HIV-1 and HIV-2. Later, these human strains were found to result from several 

inter-species transmissions from non-human primates (NHP) species to the human 

species, likely due to hunting or meat preparation [4,5]. After HIV started to circulate 

among humans, different viral groups emerged. A large majority of human infections 

during the pandemic have been caused by HIV-1 group M. HIV-1 and HIV-2 both are 

pathogenic, share a common structure, and present similar replicative mechanisms. 

Nonetheless, HIV-2 is characterized by lower transmission rates and slower progression 

to immunodeficiency in patients. In this manuscript, we will use the term “HIV” to 

designate HIV-1 and HIV-2, unless specified differently. 

HIV can be transmitted through the exchange of body fluids such as vaginal secretions, 

sperm and blood, and then establishes in mucosal tissues. Most horizontal 

transmissions of HIV occur during barrier-free vaginal and anal intercourse, but also 

after unsafe injection drug use. Vertical transmissions from mother to child are also 

frequent during pregnancy, birth or breastfeeding. 

Until today, infections due to HIV have affected more than 80 million people worldwide 

and caused the death of more than 40 million. Approximately 40 million people were 

living with HIV in 2024: among them, 77% were receiving ART, and about 15% remained 

unaware of their status. The development of new antiretroviral drugs and efficient 

prevention strategies such as pre-exposure prophylaxis (PrEP) or post-exposure 
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prophylaxis (PEP) have considerably reduced HIV transmission rate. Despite a 60% 

reduction in new HIV infections since 1995, 1.3 million people were newly diagnosed 

with HIV in 2023, and approximately 630,000 HIV-related deaths were reported the 

same year, which represented a death every minute in 2023 according to the World 

Health Organization (WHO). Overall, HIV still represents a threat to public health in 

2025 and many challenges remain to prevent, cure and eradicate HIV-related diseases. 

 

2) HIV structure and cell targets 

HIVs belong to a family of viruses called Retroviridae or retroviruses. Viruses in this 

family are characterized by enveloped virions with an inner core containing the viral 

genome and replicative enzymes, allowing pathogens to integrate their DNA into the 

genome of infected cells. More specifically, HIV is a member of the lentivirus genus, 

which presents long periods of incubation, is cytopathogenic, and leads to chronic 

infections [6]. HIV genome is composed of 2 copies of 9kb single strand RNAs, and 

contains 9 different genes resulting in the synthesis of 15 different proteins. Common 

retroviral genes gag, pol and env encode for structural, enzymatic and envelope 

proteins respectively. The viral genome is protected inside a tridimensional structure 

called capsid, which plays an essential role in the replicative cycle of HIV (Figure 1). 

Besides the HIV genome, different enzymes necessary for infection of the target cells 

are contained in the capsid: protease, reverse transcriptase, and integrase [6]. HIV is 

also characterized by a lipid bilayer, an envelope covered with various proteins. The 

two glycoproteins gp120 and gp41 are crucial for viral protein detection and for the 

binding of HIV to target cell receptors. 
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Figure 1: Structure of HIV-1, from H.L Robinson, Nature Reviews Immunology 
2002 [7] 

HIV-1 is composed of two single-strand RNAs and presents an envelope with gp120 and gp41 proteins, which are 
crucial for HIV fusion with target cell membranes. 

In the 1980s, the protein cluster of differentiation 4 (CD4) was identified as the main 

cell receptor for HIV [8]. CD4 is mainly expressed by CD4+ T cells and binds to class II 

major histocompatibility complexes (MHC II) on antigen-presenting cells (APCs) during 

immune responses, leading to T cell activation. The CD4 protein is also expressed in 

macrophages, monocytes and dendritic cells (DCs) at lower levels [9]. Co-receptors 

CCR5 and CXCR4 are involved in the fusion between the viral envelope and the target 

cell membrane, and determine the nature of the cell target [10]. After the binding and 

fusion of HIV to the target cell membrane, genome replication occurs by reverse 

transcription of the RNA genome into a double-stranded DNA, which can eventually 

integrate into the host genome (Figure 2). 

Rare individuals presenting homozygous CCR5Δ32 mutations are resistant to HIV-1 

infection as the viral entry is blocked from target cells [11]. Several remissions from 

HIV-1 infection were recently achieved in patients after transplantation of 

hematopoietic stem cells from HIV-1-resistant individuals, including one French patient 

who was recently cured in Marseille [12]. 
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Figure 2: The HIV life cycle, from Ramdas et al., Frontiers in microbiology, 2020 
[13] 

HIV uses CD4 as a target cell receptor and CCR5 or CXCR4 as co-receptors. After the fusion between the HIV 
envelope and the target cell membrane, a reverse transcription step leads to the importation of HIV DNA inside the 
cell nucleus. There, using integrase, HIV DNA can integrate the hosts’ DNA. From there, the infected cell can sustain 

the viral replication by producing new virions. 

 

3) HIV drugs: effective treatments & remaining challenges 

After the pandemic started, many trials began to find efficient antiviral treatments 

against HIV. Azidothymidine (AZT) was the first drug approved in 1987 [14]. AZT is a 

molecule targeting the reverse-transcriptase of HIV, thus blocking viral replication. 

Even though the administration of AZT increased the life expectancy of patients by 

several months, the efficiency of this molecule was limited, and resistant HIV variants 

appeared rapidly [15]. Additionally, adherence to AZT was low because of side effects. 

Later, at the end of the 1990s, the life expectancy of patients increased considerably 

with the development of combined antiretroviral therapies, composed of at least 3 

different molecules targeting different steps of the viral replicative circle [16,17]. In fact, 

HIV drug molecules are divided into several categories depending on their target [17]: 

 Nucleoside reverse transcriptase inhibitors (NRTIs) or nucleotide reverse 

transcriptase inhibitors (NtRTIs) 
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 Non-nucleoside reverse transcriptase inhibitors (NNRTIs) 

 Co-receptor inhibitors and fusion inhibitors 

 Protease inhibitors 

 Integrase inhibitors (INIs) 

ART combinations can be adapted for each patient depending on different parameters, 

such as their immunological status. For PLWHIV, ART administration induces an 

undetectable viral load (less than 50 RNA copies of HIV per mL of blood) and 

restoration of blood CD4+ T cell counts after several weeks [18]. Early administration 

of ART after exposure to HIV induced a higher efficiency of the treatment compared to 

a late administration. Early ART was associated with lower viral expansion, lower 

inflammation and better preservation of CD4+ T cells [19]. Recently, Passaes et al. also 

showed in a cynomolgus macaque model of HIV infection that a treatment 

administered early after pathogenic exposure favored the control of viral replication 

and a higher number of memory CD8+ T cells after treatment interruption [20]. 

Indeed, a small fraction of PLWHIV can control viral replication after ART interruption. 

These patients, called post-treatment controllers (PTCs), show no signs of HIV disease 

and very low plasma viral loads after several months of analytical treatment 

interruption [21,22]. Currently, many research projects focus on understanding the 

virological and immunological characteristics of PTCs to investigate new therapy 

approaches for an HIV cure [20,23]. So far, several factors have been associated with 

better control of HIV infection without treatment, such as high CD4+/CD8+ T cell ratios, 

low cell-associated HIV DNA levels, and even specific transcriptomic and metabolomics 

signatures compared to non-controllers [20,24]. 

Despite their high efficacy, some ART molecules, such as Dolutegravir, have been 

associated with long-term toxic effects in patients, such as obesity or metabolic 

disturbances, and even neurological effects [17]. Other than side effects, another 

remaining challenge related to ART is emerging drug resistance in PLWHIV. Indeed, 



 

23 
 

drug-resistant HIV variants can be transmitted, increasing the risk of treatment failure 

among patients [25]. 

 

4) Non-human primate models remain necessary to study HIV 
and develop new cures 

Phylogenetic studies identified HIV-1 and HIV-2 as descendants of simian 

immunodeficiency viruses (SIV), which are retroviruses endemic to African apes and 

Old World monkeys. As such, HIV-1 was derived from SIVcpz in chimpanzees [26], while 

HIV-2 and SIVmac descended from a sooty mangabey strain, SIVsmm [27], and animals 

from about thirty different non-human primate (NHP) species were found carrying 

different strains of SIV [28]. Many African monkey species and apes are natural hosts 

for SIV, including African green monkeys (AGMs) and sooty mangabeys, two species 

that do not develop AIDS when exposed to SIV. On the other hand, several Asian NHP 

species are susceptible to certain strains of SIV, inducing a pathophysiology close to 

HIV-1 infection in humans. Besides, HIV-1 is unable to replicate in macaques due to 

cellular blocks such as restriction factors TRIM5 or APOBEC3A [1]. This is why Asian 

macaques have been mainly studied as animal models for HIV infection over the last 

40 years. 

In fact, in vitro assays using primary cells and cell lines exposed to HIV particles have 

considerably improved our knowledge of HIV structure, replicative cycle and molecular 

infectious mechanisms. However, these experiments do not thoroughly reflect the 

complexity of HIV pathology, with systemic alterations and clinical symptoms [29]. 

Therefore, animal models remain necessary and complementary to these in vitro assays 

and current mathematical models. 

Although NHP models are the most commonly used for the study of HIV infection, 

humanized mice also constitute prevalent models, and each model presents benefits 

and drawbacks. Humanized mice are immunodeficient mice engrafted with human cells 

and/or tissues, mainly investigated to decipher anti-HIV immune responses, T cell 
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activation and exhaustion. These models are also frequently used to develop innovative 

therapies such as gene editing or immunotherapies [29]. However, humanized mice do 

not fully recapitulate all the features of HIV disease, such as the different phases of 

infection or progression to AIDS, and also lack mature functional human neutrophils, 

although this issue is now being tackled [30]. 

As previously mentioned, simian models for HIV infection have been of major 

importance for the study of HIV pathophysiology, as they present great proximity with 

humans regarding their genetic background, their immune system and their organ 

architecture. In NHP studies using pathogenic SIV exposure, animals are usually 

inoculated with simian strains such as SIVmac251 and SIVmac239, or humanized strains 

called SHIV [31]. Historically, rhesus macaques (RMs), pig-tailed macaques (PTMs) and 

cynomolgus macaques (CyMs) have been the most studied NHP species to investigate 

HIV pathophysiology. Indeed, these Asian macaque species develop many symptoms 

of the human disease: progressive CD4+ T cell depletion, persistent plasma viremia, 

and progression to AIDS after months or years of SIV infection. These three macaque 

species present some differences in the pathophysiology induced by SIV, and further 

details with a focus on cynomolgus macaques are provided in the Methods section 

p80-83. 

Despite the cost of NHP studies, these animal models present several advantages 

compared to clinical and mice studies. First, macaques can be monitored closely before 

and at all stages of the disease. Longitudinal follow-ups allow precise characterizations 

of innate and adaptive immune cells, especially in the primary phase of infection, 

during which immune events might affect the long-term disease [32]. The early acute 

phase of HIV is difficult to monitor in patients. Hence, results from NHP studies are 

complementary to extensive prospective studies in at-risk healthy volunteers, which 

can be heavy and demanding for patients. NHP models are also needed for the study 

of chronic untreated infection and progression to AIDS because samples from 

untreated patients are rare. Besides, studying immunological behaviors from natural 
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NHP hosts is crucial to decipher the characteristics of individuals controlling SIV 

infection [33].  

Another critical aspect relies on the study of resident immune cells and HIV-infected 

cells in tissues, which usually requires access to lymphoid organs from patients, a 

particularly invasive procedure. On the other hand, NHP models allow the sampling of 

lymphoid and non-lymphoid tissues from NHPs upon euthanasia (spleen, gut or lung 

and brain) or during SIV infection by performing ex vivo biopsies (lymph nodes). 

Studies on NHP tissues have brought significant insights into the characterization of 

the structure, distribution and organization of SIV-infected cells and associated organs, 

as well as local immune responses and inflammation [34]. Finally, NHPs usually present 

good responsiveness to common antiretroviral drugs, which supports their 

involvement in preclinical therapies and HIV vaccine studies. 

All in all, studying SIV infection in NHPs remains crucial to understand early and late 

immune events occurring during HIV infection and to evaluate the efficacy of 

innovative therapies against HIV, as well as vaccines. That being said, one must 

underline the use of animals for research should be refined, reduced and replaced 

progressively with computer modeling developments or organoids as much as 

possible. 

 

ii) The acute phase of HIV infection is associated with 
local and systemic inflammatory responses 

HIV infection is characterized by 3 phases: a primary/acute infection, a chronic phase 

and, after several years, AIDS. As we will see in this chapter, the acute phase of infection 

is crucial because early immune events greatly impact HIV disease progression. Few 

days after exposure to HIV, innate and adaptive immunity orchestrate anti-HIV 

responses. 
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Figure 3: Phases of HIV infection, from Deeks et al., Nature Reviews Disease 
Primers, 2015 [35] 

In patients, HIV infection leads to a peak in plasma viral loads approximately one month after exposure, followed by 
a period of latency that leads to progressive immunodeficiency (AIDS) after several years in the absence of ART. 

 

Primary HIV infection is characterized by a rapid rise of viral RNA in the plasma, 

associated with non-specific clinical manifestations in about half of the patients with 

symptoms such as fever, headache and malaise, however resolved rapidly [36]. 

Immune responses developed in the first 10 days are particularly critical in HIV-1 

infection. Indeed, that time window is characterized by an eclipse phase, during which 

HIV struggles to escape innate immune responses and begins to spread at the local 

foci of infection (Figure 3). This eclipse phase is followed by a strong amplification of 

the virus at the site of infection and in local lymphoid tissues before dissemination [37]. 

In patients, the viral replication usually peaks around 20-30 days after infection, while 

in NHP models, viremia peaks around 10-14 days after SIV inoculation. 

During the acute phase of infection, HIV induces a depletion of tissue CD4+ T cells: 

Th17 and Th1 subsets in gut-associated lymphoid tissues were shown to be strongly 

depleted due to HIV cytopathic effects [38]. Among infected cells, only a few integrate 
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HIV DNA and enter a long-term resting state in which the viral genome persists 

indefinitely, even with therapy, constituting viral reservoirs [39]. Remarkably, peripheral 

CD4+ T cells from patients with acute HIV infection could produce inflammatory 

molecules such as IFNγ, IL-17 or IL-2 when stimulated non-specifically, and this 

capacity was inversely correlated with CD8+ T cell activation [40]. 

Concurrently to T cell depletion in tissues, early immune events following HIV or SIV 

infection are characterized by robust innate responses associated with systemic pro-

inflammatory signals [41]. In the first days after exposure, a systemic cytokine cascade 

is induced, characterized by higher plasma levels of IL-1RA, IFNα, but also IP-10, TNFα, 

sCD14 and MCP-1. Some of these markers, including IP-10, were associated with rapid 

disease progression and low CD4+ T cell counts [42]. Concentrations of several pro-

inflammatory interleukins were also found to be more elevated in the plasma of 

patients, including IL-6, IL-8, IL-18 and IL-15 [43,44]. Interestingly, the suppressive 

cytokine IL-10 was also transiently elevated. This cytokine cascade was not as strong in 

non-progressive or attenuated models of SIV infection compared to pathogenic 

infection in RMs [45], and was reduced with an early treatment [44]. Additionally, a 

prolonged systemic inflammatory response and continuous expression of interferon-

stimulated genes (ISG) were associated with disease progression in RMs. On the 

contrary, inflammatory responses in non-pathogenic infection in AGM returned to 

baseline around 30 days after infection [46]. In patients, systemic inflammatory markers 

such as IP-10 have also been associated with disease progression [19]. Overall, these 

results show how the magnitude, duration and nature of early immune responses 

impact chronic HIV disease and evolution to AIDS. 

Within two weeks post-infection, adaptive responses are developed with a strong 

expansion of CD8+ T cells HIV-specific following the viremia peak [44]. The magnitude 

of cytotoxic T lymphocytes in early infection was negatively correlated with the viral 

setpoint during the chronic phase [47]. Yet, HIV's rapid generation of viral escape 

mutants and reservoirs make cytotoxic responses insufficient to eradicate the virus. 
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iii) How chronic inflammation occurs and persists in 
HIV infection 

With current therapies, most PLWHIV receiving ART present undetectable viral loads 

and restored CD4+ T cell counts, although we can observe incomplete restoration of T 

lymphocytes in case of late diagnosis [48]. Globally, PLWHIV develop more 

comorbidities than the overall population and are exposed to higher risks to develop 

cardiovascular, neurological or metabolic complications [49–51]. Different factors can 

explain the frequent occurrence of these comorbidities, and one of them is chronic 

inflammation. 

Indeed, PLWHIV present higher concentrations of systemic inflammatory molecules 

such as IL-6, IL-8 or sCD14, which may reflect a persisting activation of immune cells. 

Globally, the level of immune activation strongly correlated with disease progression, 

morbidity and mortality [52,53]. Even though the precise mechanisms underlying 

chronic inflammation remain poorly understood, various causes have been identified. 

First, PLWHIV present markers of gut barrier dysfunction, which is associated with 

increased risks of bacterial translocation from the gut microbiota to local tissues and 

inflammation. Second, the persistence of HIV in viral reservoirs in lymphoid organs can 

support a low-level antigenic stimulation for local immune cells. Finally, co-infections 

with Mycobacterium tuberculosis, cytomegalovirus or hepatitis viruses are also 

frequent in PLWHIV, increasing immune perturbations. Other cofactors, such as at-risk 

behaviors, including tobacco or alcohol consumption, also participate in inflammation 

and will not be detailed here.  

1) Gut tissue alteration leads to bacterial translocation 

The gastrointestinal tract (GIT) is a tissue with many crucial functions during 

homeostasis and during infections. This organ is at the interface between the outside, 

mainly microbiota and nutrients, and the inside of the body, the bloodstream. Epithelial 

and immune cells reside in this tissue and constitute the mucosal barrier necessary to 

ensure the integrity and protection of the host by preventing external agents from 
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penetrating the mucosa. Adaptive cells such as T and B lymphocytes are the most 

abundant immune cells in this lymphoid tissue, but innate cells such as macrophages, 

natural killer (NK) cells and neutrophils are also present during homeostasis [54]. 

Among T cell subsets, Th17 cells play a crucial role in mucosal immunity by producing 

IL-17, an important cytokine for the defense against bacteria or fungi [55], and IL-22, 

which regulates host defense at barrier surfaces. 

In patients evolving to AIDS, gastrointestinal symptoms such as diarrhea are observed 

[56]. As a matter of fact, one of the major sites for HIV replication and pathogenesis is 

the GIT [57], and infection with HIV was shown to impair the gut barrier integrity [58,59]. 

Indeed, HIV is responsible for the infection and depletion of many CCR5+ CD4+ T cells 

in the GIT. In particular, resident Th17 cells are preferentially lost, mostly by cytolytic 

events in the mucosa [60], which endangers mucosal surveillance. Additionally, the loss 

of tight junctions in epithelial cells favors the risk of translocation of antigens, including 

microbial products, from the lumen into the tissue and peripheral circulation [61]. The 

rupture of the intestinal barrier can be seen in patients with gut epithelial dysfunction 

markers such as elevated sCD14 and LPS plasma levels, which have been associated 

with a higher risk of mortality in chronic HIV patients who are not treated with ART 

[62,63]. External bacteria in the mucosa induce a strong recruitment of other immune 

cells from the circulation, exacerbating local inflammation [64]. During chronic HIV 

infection, imbalances of the microbial flora also participate in inflammation in patients 

[65]. A recent study showed that administering integrase inhibitors to patients could 

reverse the effects of bacterial translocation, systemic inflammation, gut permeability, 

and microbiota [66]. 
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2) HIV reservoirs may favor persisting inflammation 

a. HIV reservoir establishment 

During early HIV infection, in lymphoid organs, a fraction of HIV-infected cells integrate 

the viral genome. This integration of viral DNA in tissue-infected cells is responsible for 

the long-term persistence of HIV despite efficient therapy. Therefore, even with 

efficient ART, PLWHIV present a very low viremia (about 1 HIV RNA copy/milliliter of 

plasma) and viral DNA in tissue reservoirs [67]. This is why, when ART is interrupted, 

most PLWHIV experience viral rebounds. In this case, we usually observe a reactivation 

of some HIV-infected cells that support HIV replication [68]. Although definitions can 

differ, viral reservoirs can be defined as persisting HIV-infected cells in PLWHIV 

receiving ART, regardless of the mechanism [69]. Reservoirs are mainly constituted of 

CD4+ resting memory T cells that integrated HIV DNA in their genome and became 

latent. In HIV-infected cells, latency is a state where cells become non-productive for 

new virions, but remain capable of producing viral particles when they are activated 

[69]. Besides, the integration of defective HIV genomes in target cells is highly frequent. 

The resulting production of viral antigens may contribute to the induction of local 

immune responses and favor inflammation in tissues [70]. 

The establishment of HIV reservoirs occurs in the first days after viral transmission, 

before the apparition of clinical symptoms in patients, making ART insufficient to 

prevent a total eradication of the virus in the tissues [71]. In SIV-infected RMs, reservoir 

cells were found in the GIT 3 days after inoculation. However, viral reservoirs decreased 

when therapy was administered a few days after SIV inoculation [72]. These beneficial 

results of early therapy on reducing reservoirs were confirmed in cohorts of children 

living with HIV [73,74]. 

Characterizing HIV reservoirs in patients remains highly challenging. Although current 

tools such as quantitative viral outgrowth assay (QVOA) allow the estimation of resting 

CD4+ T cells containing HIV DNA [75], this technique was shown to underestimate total 

viral reservoirs because latent inducible reservoir cells cannot quantified [76]. Indeed, 
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some cells infected with HIV continue to be transcriptionally active with a production 

of HIV DNA, proteins and virions, constituting the active reservoir. On the contrary, 

some infected cells remain completely silent and do not replicate the virus: these cells 

constitute the latent reservoir. Several mechanisms support the persistence of HIV in 

reservoir cells, such as quiescence, cell proliferation and residual replication.  

To target HIV reservoirs, one barrier is to identify HIV-infected cells, which is still 

challenging due to their rarity and the lack of specific markers [69]. Recently, VLA-4 was 

proposed as a new marker for HIV-replication-competent reservoir cells [77]. HIV 

reservoir CD4+ T cells have also been shown to express higher levels of immune 

checkpoint proteins such as PD-1 and TIGIT [78]. Medical history, gender, age and other 

factors also contribute to HIV reservoir heterogeneity, which constitute a challenge for 

the development of universal cure strategies [79,80]. 

Studies of HIV tissue reservoirs are key for localizing and characterizing infected cells. 

Over the last few years, various tools have been developed to decipher lymphoid tissue 

organization and whole-body reservoir distribution during HIV infection. The use of in-

situ hybridization (ISH), immunohistochemistry and immunofluorescence provided 

considerable knowledge on viral persistence and provided insights into new 

therapeutic strategies [81]. NHP models are particularly suited for tissue reservoir 

analysis [69]. Interestingly, Estes et al. have shown a different repartition of viral 

reservoirs before and after ART administration [82]. Before treatment, HIV-infected cells 

were distributed in the main lymphoid tissues: lymph nodes, spleen, gut and lung, 

whereas in ART-treated animals, 99% of HIV-infected cells were located in the gut 

[69,82], and similar results were described in patients [83]. It is possible that HIV 

persistence in viral reservoirs could favor a prolonged antigenic stimulation, which 

could enhance chronic immune activation and inflammation in patients with ART. 

Altogether, HIV persistence in tissue reservoirs could participate in chronic 

inflammation in PLWHIV. Targeting and eliminating viral reservoirs still constitute the 

main challenge to curing HIV in 2025. 
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b. Pharmacological sanctuaries 

As previously described in this manuscript, efficient ART does not completely eliminate 

HIV in patients due to latently infected cells, which remain capable of expressing viral 

particles under certain conditions. One of the reasons why ART is not sufficient for HIV 

elimination is the low penetration of pharmacological molecules in certain organs 

containing HIV-infected cells, such as the central nervous system [84]. The absorption, 

distribution and metabolic disruption of antiretroviral drugs vary greatly depending on 

the nature of the molecules. Tissues with subtherapeutic ART exposure, which can 

support active replication of HIV, constitute pharmacological sanctuaries, and 

improving ART distribution in lymphoid tissues remains a challenge. 

Because accessing tissues from patients is particularly difficult and relies on invasive 

procedures, the distribution of antiretroviral drugs was mainly studied in mice and 

NHPs. In 2010, Bourry et al. compared the effects of early or late administration of ART 

in pathogenic SIV infection on SIV replication in tissues [85]. In this model, the 

administration of ART in SIV-infected CyMs just after the viremia peak did not lower 

SIV replication in lymph nodes and spleen in the early chronic phase, which suggested 

these organs could constitute pharmacological sanctuaries. On the contrary, ART 

induced lower levels of viral replication in gut-associated lymphoid tissues, which 

suggested an efficient drug penetration in this organ. However, Estes et al. 

demonstrated in 2014 that the intracellular concentration of ART in PBMCs was 

significantly lower in the gut, lymph nodes and the rectum compared to the blood cells 

[82]. Similar results were found in human samples comparing ART concentration in 

PBMCs from lymphoid tissues or blood [86]. Additionally, the low penetration of drugs 

in some deep organs, such as the central nervous system or the genital tract, was 

associated with drug resistance in PLWHIV [87,88]. Of note, other mechanisms than 

poor diffusion were described to explain the low efficiency of ART in tissues. Some 

antiretroviral molecules were found to interact with drug transport proteins by acting 

as substrates, inducers or inhibitors. Metabolic enzymes and expression of drug efflux 
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transporters by immune cells could also contribute to inadequate drug distribution in 

PLWHIV receiving ART [89]. 

 

3) Co-infections with HIV increase inflammation in PLWHIV 

a. HIV/HCMV co-infection 

Infections due to the human cytomegalovirus or HCMV are quite common in the global 

population, as the prevalence goes from 40% to 100%, with usually no clinical 

symptoms. PLWHIV are particularly exposed to co-infections with HCMV. After the 

primary phase of infection, HCMV infection is characterized by a life-long viral 

persistence in humans and induces continuous exposure to viral antigens, similar to 

HIV [90]. There were evidence supporting HCMV replication in mucosal tissues, which 

could participate in T cell dysfunction and impaired immunity [91]. Although 

interactions between HIV and HCMV are complex and not fully understood, it is known 

that HCMV favors inflammation during co-infections. Besides soliciting the T cell 

compartment by mobilizing and maintaining HCMV-specific T cells [91], HCMV 

participates in worsening inflammation in patients by several mechanisms. Indeed, 

HCMV replication is enhanced by inflammatory stimuli, and as we described before, 

HIV patients are exposed to persistent inflammation. By developing various molecular 

strategies, HCMV can increase the level of inflammation in tissues: increased expression 

of inflammatory mediators such as IL-6 or IL-1β [92,93], disruption of chemokine 

trafficking by altering the expression of IL-8 or RANTES, or even contribution to gut 

barrier disruption [91,94]. Overall, even with ART, HIV-CMV co-infections increase the 

risks of being exposed to chronic diseases such as cardiovascular or neurological 

affections [95]. 

b. HIV/Mtb co-infection  

Tuberculosis, caused by Mycobacterium tuberculosis (Mtb), affects about 25% of the 

global population, and about 5-10% of people infected with Mtb develop symptoms 
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[96]. Tuberculosis was responsible for approximately 1.25 million deaths in 2023 

according to the WHO. The currently available vaccine, Bacillus Calmette–Guérin (BCG), 

is poorly efficient in adults and does not completely prevent Mtb transmission. In 

PLWHIV, the risk of acquiring Tuberculosis is increased by 26 compared to people who 

do not live with HIV. In 2015, about 1.14 million people were estimated to live with 

both HIV and Mtb, with 400,000 related deaths, setting Mtb as the leading cause of 

mortality in PLWHIV [97]. Of note, receiving ART considerably reduces the risk of 

mortality in HIV/Mtb co-infections [98] but does not allow a full restoration of the 

immune compartment. While host-pathogen interactions are particularly complex in 

HIV/Mtb coinfections, considerable efforts are ongoing to understand the 

pathophysiology leading to an exacerbated chronic inflammation in co-infected 

patients. 

c. HIV/HCV co-infection 

Another frequent co-infection in PLWHIV is the hepatitis C virus, which is transmitted 

through the same routes as HIV (sexual contact, drug use or mother-to-child 

transmission during pregnancy or birth) [99]. Hepatitis C infection does not affect HIV 

disease progression in patients or their response to ART, however the co-infection 

leads to increased risks of liver-related deaths compared to PLWHIV without 

coinfection [100]. 

 

iv)  Innate and adaptive immune cells are altered 
during chronic HIV infection 

During acute HIV infection, patients exhibit high-magnitude CD8+ T cell responses 

specific to the virus [101]. While antiviral roles of CD8+ T cells against HIV are crucial 

and well-established, chronic untreated HIV disease progressively leads to alteration of 

CD8+ T cell differentiation, proliferation, as well as cytokine production and 

cytotoxicity, in contrast to CD8+ T cells from elite controllers [102]. These dysfunctions 
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are also associated with a loss of naïve CD8+ T cells and an exhausted phenotype of 

blood CD8 T+ cells, characterized by the expression of immune-checkpoint inhibitor 

proteins such as PD-1, which expression was correlated positively with CD8+ T cell 

function impairment and elevated viral loads in patients [103]. Conversely, chronic HIV 

infection is also associated with higher frequencies of CD38+ HLA-DR+ CD8+ T cells 

compared to healthy individuals, a phenotype associated with an immune activation 

[104,105]. Although the mechanisms leading to T cell dysfunction are still under 

investigation, inflammation, Treg depletion and lymphoid fibrosis may be involved in 

the process [106]. Only partially restored CD8+ T cell phenotype and functions have 

been observed in patients who initiated ART [107,108]. Strikingly, elite controllers, who 

are chronic HIV patients maintaining a low/undetectable viral load without medication, 

present HIV-specific CD8+ T cells with more cytokine polyfunctionality and higher 

suppressive capacities towards HIV [109]. 

Because elite controllers elicit better T cell responses than non-controllers, many 

current strategies to eradicate HIV rely on the restoration of CD8+ T cell functions, 

however, these strategies have remained unsuccessful so far. 

Besides CD8+ T cells, CD4+ T cells are also qualitatively and quantitatively affected 

during chronic HIV. In the absence of ART, CD4+ T cell counts remain low, and memory 

T cells are dysfunctional, with a lower expression of IL-2 and defects in proliferation 

[110,111] and higher expression of immune checkpoint inhibitors. The expression of 

PD-1 is indeed more elevated on HIV-specific CD4+ T cells during chronic HIV, with a 

significant reduction when ART was administered to the patients [112], and the 

expression of CTLA-4 on CD4+ T cells from PLWHIV correlated with disease 

progression [110]. Importantly, blood CD4+ T cells from PLWHIV also exhibit higher 

expression of CD38, similar to CD8+ T cells [113]. 

Additionally to T cells, B cells are also perturbed during chronic HIV infection, with 

higher immature B cell subsets in the blood of PLWHIV, and alterations in the memory 
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B cell compartment. The administration of ART only partially restored these defects in 

PLWHIV [114]. 

In parallel with adaptive cell alterations, innate immune cells have also been shown to 

be activated during chronic HIV, in particular monocytes and macrophages. Indeed, 

several inflammatory molecules found in the plasma of chronic PLWHIV are related to 

monocyte/macrophage activation, including IP-10 (CXCL10), MCP-1, sCD14 or sCD163 

[115]. Nevertheless, the overall responsibility of innate immune cells in favoring or 

lowering local and systemic inflammation remains to be fully elucidated. Yet, 

understanding the role of innate cells in early and late inflammation during HIV 

infection may bring to light novel strategies to diminish inflammation and improve life 

patients’ expectancy. Among innate immune actors, the neutrophil population has 

been particularly understudied in HIV, while their involvement in other inflammatory 

chronic diseases is now well established. 
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II. Neutrophils as key actors of inflammation, in HIV 
and other diseases 

 

Neutrophils are the most abundant leukocytes in the human blood. For many years, 

these innate immune cells were considered short-lived cells with only functions to 

detect and, after a massive recruitment from blood to tissues, to eliminate pathogens. 

However, over the last 20 years, the research on neutrophils has highlighted many more 

roles of these cells in different inflammatory and infectious contexts. Recent 

investigations on the neutrophil life cycle, phenotype and subsets brought new insights 

into these innate cells, which are becoming of great interest in designing innovative 

therapeutic strategies. Even though neutrophils were shown to be involved in the 

defense against HIV, a lot remains unknown about their impact on early and chronic 

inflammation and how they interact with other immune cells in tissues. 

i) Neutrophils, innate specialists of inflammation 

Polymorphonuclear neutrophils (PMNs) represent the majority of leukocytes in human 

peripheral blood, counting for 50-70% of circulating immune cells. Emerging from the 

bone marrow to the blood as terminally differentiated mature cells, the neutrophil 

lifespan has reached approximately 5.6 days in the blood [116]. Neutrophils display 

many pathogen recognition receptors (PRRs). Additionally, they are equipped with 

ready-to-release proteins which are pre-formed and stored in granules, a characteristic 

that makes neutrophils particularly fast responders when exposed to pathogens. As 

they present potent capacities to respond to chemotactic signals from tissues, a high 

number of neutrophils can be recruited rapidly in tissues to detect and eliminate 

pathogens as soon as they penetrate the body. 

Apart from the described antimicrobial functions of neutrophils, many other capacities 

of PMNs have been emerging over the last years, putting these cells at the heart of an 

immune balance, inducing beneficial effects or detrimental consequences depending 
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on the nature of the disease, the local microenvironment or the subtype of neutrophils. 

Recent studies have shown that neutrophils are involved in a large spectrum of 

processes, including regulating innate and adaptive responses, tissue repair, or even 

homeostasis maintenance. 

1) From bone marrow to tissues 

a. Granulopoiesis 

Human neutrophils originate from hematopoietic and progenitor stem cells (HSPCs) in 

the bone marrow (BM), with about 1011 neutrophils produced daily in a healthy 

individual. Along differentiation and maturation processes, neutrophils undergo 

structural and functional changes such as the acquirement of granules, a process called 

granulopoiesis. Historically, neutrophil development was studied through microscopy 

and cell coloration, which allows the analysis of cellular shape, size, and nucleus 

morphology [117,118]. 

In the BM, the production process of mature neutrophils is divided into two phases: 

neutrophil lineage determination and committed granulopoiesis. The very first step 

consists of the differentiation of HSCs in CD34+ multipotent progenitors (MPs), 

induced by the homing of stem cells in vascular niches in the BM under the regulation 

of chemokines such as CXCL12 produced by endothelial cells [119]. CD34+ cells then 

evolve in many different immune cells, but the expression of PU.1 transcriptional factor 

commits them to common myeloid progenitors (CMPs). Further, PU.1 and C/EBP alpha 

transcription factors drive CMPs to become granulocyte and monocyte progenitors 

(GMPs). The stimulation of GMPs by IL-3 and IL-6 drives them to become proliferative 

neutrophil progenitors, starting with myeloblasts, the first step of committed 

granulopoiesis [120]. From myeloblasts, stages of granulocyte differentiation are 

myeloblast, promyelocyte, myelocyte, metamyelocyte, band, and polymorphonuclear 

neutrophils (Figure 4). All of these differentiation steps highly rely on the evolution of 

expression and concentration of soluble growth factor granulocyte colony-stimulating 

factor (G-CSF), as well as transcription factors of the C/EBP family, GFI1, and PU.1. 
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Usually, the term “pre-neutrophils” gathers neutrophil proliferative subsets, while 

immature neutrophils refer to non-proliferative band neutrophils, and mature 

neutrophils correspond to the fully segmented nuclear neutrophils. 

Figure 4: Main differentiation steps during human granulopoiesis, created with 
Powerpoint, adapted from Yvan-Charvet et al., Trends in Immunology, 2019 

[120] and Amulic et al., Annual Reviews of Immunology, 2012 [121] 
Neutrophil differentiation from hematopoietic stem cells occurs in the bone marrow. Each differentiation step 
depends on the expression of transcription factors and local gradients of cytokines or chemokines. Along this 

maturation process, neutrophils progressively acquire different types of granules and undergo phenotypic changes, 
ending in the generation of mature neutrophils with a segmented nucleus, then released in the blood. 

 
Through granulopoiesis, neutrophils develop three types of cytoplasmic granules: 

primary or azurophilic granules are the first to be formed and are the largest (0.3µm 

diameter) [121]. They notably contain myeloperoxidase (MPO), a crucial enzyme for 

reactive oxygen species reaction (ROS) cascade, and central antimicrobial products like 

defensins. Secondary or specific granules contain lactoferrin and lysozyme, but also 

compounds of NADPH oxidase, which are involved in ROS production. Tertiary 
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granules contain metalloproteases, like gelatinase and matrix metalloproteinase 9 

(MMP-9). Secretory vesicles are the last to be formed. These vesicles are also 

considered as neutrophil granules, although they do not come from the Golgi 

compartment but are formed through endocytosis at the last maturation stages [121].  

Primary granules appear during the transition from myeloblasts to promyelocytes, 

which are characterized by a round nucleus. When promyelocytes evolve in myelocytes, 

cells progressively acquire specific granules. As they move to metamyelocytes or band 

neutrophils, the chromatin condenses, and the nucleus becomes more segmented. 

From this stage, neutrophils are non-proliferative and generate terminally 

differentiated polymorphonuclear neutrophils containing all three granule types plus 

secretory vesicles [121]. 

Extensive work has been done to characterize neutrophils phenotypically during their 

maturation steps, leading to the identification of markers differentiating pre-, immature 

and mature neutrophils. In humans, the markers CD10 and CD101, and in mice, cKit, 

CXCR4, Ly6G and CXCR2 are commonly used to separate the three subsets [117]. 

Upon acute or chronic stress, immature neutrophil frequencies are increased in 

patients' blood [122]. This early release of immature neutrophils from the BM upon 

stress, called emergency granulopoiesis, was observed in a large diversity of 

inflammatory contexts, such as bacterial infections or autoimmune diseases. A possible 

explanation is the massive recruitment of mature neutrophils from the circulation to 

the injured tissue, creating an imbalance in the maturation process in the BM. When 

emergency granulopoiesis occurs, neutrophils can emerge from other organs, such as 

the spleen, a process called extramedullary granulopoiesis [123]. Recent mice studies 

have stressed that emergency granulopoiesis is complex and tightly regulated to 

respond to threatening agents [122]. 
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b. Neutrophil life cycle 

During maturation, neutrophils are retained in the BM by CXCL12, a chemotactic ligand 

produced by perivascular cells and osteoblasts that binds to neutrophil membrane 

receptor CXCR4. As they enter the circulation, mature neutrophils lose the expression 

of CXCR4 [124]. 

In Mammalians, the immune system is sensitive to the circadian rhythm: light and dark 

periods alternation is necessary for good health, as shown by a higher exposition to 

diseases and infections when this rhythm is broken. Depending on the timing of 

pathogen exposure, different immune responses are induced: in mice, when pathogen 

exposure happens during their active phase, at night, total blood leukocyte counts and 

cytokine levels are reduced, inducing a less efficient immune response and higher 

mortality. Among regulators of circadian immunity, BMAL1 is one of the major 

transcription factors responsible for chemotactic signals and immune cell recruitment 

in mice and humans [124]. 

As a matter of fact, neutrophils are particularly sensitive to the circadian rhythm. 

Indeed, the expression of CXCL12, which regulates neutrophil homing or migration 

from the BM to the blood, is also submitted to daily oscillations. As such, neutrophil 

egress from BM to blood, and homing from blood to tissues depend on the time of 

the day or night. The number of neutrophils and their phenotype vary with the circadian 

rhythm: neutrophils sampled at night expressed lower CD62L and CXCR4 expression 

compared to “aged” neutrophils in mice [124]. 

Depletion or dysregulation of neutrophils also induce deleterious effects on other 

circadian-related parameters, underlining the role of these cells in the regulation of 

immune balance and homeostasis in general [125]. 

Although neutrophils have always been considered as short lived-cells with a reported 

lifespan of 4-18h, a study in 2010 challenged this idea by demonstrating a neutrophil 

lifespan of 5.4 days [116]. However, these results were questioned because BM 
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neutrophils may also have been stained in these experiments, increasing the resulting 

lifespan [126]. Recently, it was confirmed that neutrophil production in the bone 

marrow lasts approximately 6 days, and the neutrophil half-life in blood circulation is a 

few hours [127]. Importantly, neutrophil survival was shown to be increased in chronic 

inflammatory contexts, including HIV [128,129], which suggests that neutrophils may 

participate in maintaining inflammation and tissue damage. 

Homeostatic mechanisms leading to neutrophil death are still under investigation. 

Nevertheless, macrophages have been shown to engulf apoptotic neutrophils through 

efferocytosis in tissues [130,131]. In some diseases, neutrophil efferocytosis induces 

macrophage polarization and promotes tissue healing [132,133]. On the other hand, 

dysfunctional efferocytosis of infected neutrophils can lead to bacterial dissemination 

[134,135]. In zebrafish and mice models, neutrophils were shown to migrate from 

tissues back to the blood circulation and end up in lung tissue or BM through reverse 

transendothelial migration. This process could contribute to the resolution of 

inflammation by decreasing the number of neutrophils in tissues. Yet, it may also be 

detrimental by spreading inflammation in other compartments in inflammatory 

contexts [136]. 

Overall, recent studies on neutrophil differentiation, emergence from niches, 

recruitment in tissues and cell death have brought considerable insights into how these 

cells behave during homeostasis, but also in inflammatory and pathogenic contexts.  

 

c. Neutrophil heterogeneity 

Recent investigations of neutrophils from different species have evidenced the 

phenotypic diversity and great plasticity of these cells. Methods allowing deep 

characterization of neutrophil phenotypes, such as mass cytometry or transcriptomic 

studies, identified many different neutrophil subsets. These neutrophil subsets display 

various phenotypical or functional properties, depending on the species, pathogenic 
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context, and even isolation method [137]. In this paragraph, we will evoke briefly 

current neutrophil subsets which are commonly described and investigated in diseases. 

One of the most described neutrophil subsets is low-density neutrophils (LDN), which 

are obtained from the mononuclear fraction after a density separation from human 

blood, contrary to “normal density neutrophils” (NDN), which are found in the 

erythrocyte fraction. LDN are composed of mature and immature neutrophils and their 

low density has been attributed by some authors to a degranulated state. Increased 

frequencies of these cells have been reported in many diseases, including rheumatoid 

arthritis, lupus, cancer and sepsis [138].  

Another subset of neutrophils widely identified are myeloid cells displaying 

immunosuppressive capacities, which have been identified and particularly studied in 

cancer and are called “myeloid-derived suppressor cells” (MDSC). Two MDSC 

populations have been identified: monocytic (Mo-MDSC) and granulocytic (G-MDSC) 

subsets [139]. Of note, G-MDSCs are not phenotypically or morphologically different 

from classically described human neutrophils. They are usually defined in humans as 

CD14−CD11b+CD15+HLA-DR-CD33dim cells [139] and include a mix of mature and 

immature neutrophils. This subset is mostly described in oncology, but they were 

recently identified in other inflammatory contexts, such as HIV infection or sepsis [140]. 

Over the last decade, there has been tremendous investigation into the role of 

neutrophils in tumors and cancers. Neutrophils infiltrating solid tumors are called 

tumor-associated neutrophils (TAN). In many cancer studies, neutrophils have been 

shown to be detrimental to the host by facilitating tumor spread and T cell exhaustion, 

yet they can also present anti-tumor properties. In mice, two subsets have been 

described for TAN, similar to macrophages: N1 for anti-tumor and N2 for pro-tumor 

neutrophils [137]. 

Finally, a lot of work has also been done regarding the characterization of neutrophils 

“aging”, which corresponds to the evolution of neutrophil phenotypes and functions 

from their BM emergence to homing in tissues, as previously evoked. 
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Despite being widely used in neutrophil biology, the precise definition of these 

different neutrophil subsets remains quite controversial. In particular, some authors 

wrote critical papers about the identification of these neutrophil populations because 

some of them are not mutually exclusive, such as LDN and G-MDSCs for example, which 

can be confusing when reading articles from different fields. Hence, several authors 

called researchers to unify the definitions of neutrophil subsets [137]. 

To better define neutrophil subsets, one major question remains: are neutrophils 

diverse and specialized since their differentiation in the BM, or do they acquire 

capacities when recruited to tissues? Several teams have focused on defining 

neutrophil fates and subsets over the last few years, and this field of research is 

currently very active. Because mice experiments are more easily reproduced and 

flexible, most of the corresponding data come from mice neutrophil studies. 

As such, using transcriptomics, Grieshaber-Bouyer et al explored mice neutrophil 

differentiation and subsets from bone marrow to tissues [141]. Using different 

dimensionality reduction methods, such as Uniform Manifold Approximation and 

Projection (UMAP) clustering and diffusion mapping, authors were able to reconstitute 

the chronology of gene expression in mice neutrophils. They could map neutrophil 

transcripts from early immature neutrophils in the BM to mature neutrophils in the 

blood and spleen (Figure 5). Then, they used the RNA velocity method to confirm that 

the mapped transcripts followed a continuous distribution and could reconstitute 

chronological events in neutrophil maturation. This led authors to propose a model 

based on a continuum between neutrophil subsets across time, called “neutrotime”. 

Remarkably, authors found a similar trajectory for human neutrophils using human 

RNA sequencing datasets from the Human Cell Atlas [141]. 
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Figure 5: The differentiation and specialization of mice neutrophils from bone 
marrow to tissues rely on a continuum called « Neutrotime », adapted from 

Grieshaber-Bouyer et al., Nature Communications, 2021 [141] 
(A) Experiments were run on neutrophil samples from mice blood, BM and spleen; (B) Concordance between two 

dimensional reductions methods for the analysis of neutrophil transcripts: diffusion mapping and Uniform Manifold 
Approximation and Projection (UMAP) clustering. On this graph, we can see the distribution of neutrophils depending 

on their maturity status; (C) Distribution of neutrophil transcripts using the diffusion mapping approach. On these 
graphs, we can see that neutrophils from blood displayed a more mature phenotype (yellow), while bone marrow 

neutrophils were more immature (purple); (D) Representation of time vectors for transcriptomic data from 
neutrophils using the RNA velocity method. This figure demonstrates that neutrophil gene expression relies on a 

continuum; (E) Final model proposed by authors: neutrophils are organized along neutrotime and can deviate from it 
across time and in case of inflammation 
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In this work, authors also investigated how expositing mice to inflammatory or 

infectious stimuli could affect neutrophil transcriptional activity, hence the distribution 

of neutrophils in the continuum. To observe how neutrophil gene expression was 

modified in a pathological context, mice were submitted to three different types of 

sterile inflammations induced by IL-1β injections (inducing peritonitis, pneumonitis) or 

exposition to serum from arthritic mice (inducing arthritis). In these inflammatory 

contexts, neutrophil gene expressions were consistently modified compared to 

homeostasis and suggested recruitment of mature PMNs from circulation to inflamed 

tissues [141]. Interestingly, genes related to the expression of IL-1RA, CD14 and 

chemokines were upregulated in neutrophils during inflammation. Strikingly, the 

different types of inflammations induced heterogeneous gene expression in 

neutrophils from inflamed sites, which suggests that neutrophils not only are 

transcriptionally active but may also specialize in tissues during inflammation. 

Interestingly, similar results were found by another team in 2020 [142]. 

Conversely, one should note that despite the consistent results obtained through these 

experiments, authors found discrepancies between neutrophil gene expression and 

protein content, reinforcing the necessity for caution when extrapolating 

transcriptomic results to protein expression. 

These results support a high plasticity of neutrophils, which undergo molecular and 

cellular changes in response to systemic and local stresses. These changes also depend 

on the nature and localization of the injury. It is now accepted that neutrophils 

constitute a heterogeneous immune population and that these cells can reprogram 

when entering tissues (Figure 6). A full comprehension of the neutrophil life cycle, 

responses to injuries, and systemic and tissue fates will be necessary in the future to 

elucidate the role of neutrophils in health and disease. 
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Figure 6: Diversity in neutrophils from bone marrow to tissue compartments, 
from Aroca-Crevillén et al., Annual Review of Pathology: Mechanisms of 

Disease, 2024 [143] 
(1) Neutrophils acquire diversity and become more heterogeneous during their development. The diversification of 

neutrophils increases as they infiltrate into tissues; (2) In inflammatory conditions, granulopoiesis may occur in other 
tissues than the BM, including the spleen (extramedullary granulopoiesis); (3) Neutrophils precursors could be 

recruited directly in tissues where they become mature in case of inflammatory or infectious stimuli; (4) Depending 
on the hematopoietic niche, neutrophil diversification differs 

 

2) Neutrophils are equipped to detect danger signals, infiltrate 
into tissues and eliminate pathogens 

Neutrophils play crucial roles during infections, especially in the first hours after 

pathogen exposure. In patients, depletion of neutrophils or neutropenia can lead to 

extended pathogen spreading and the development of comorbidities [144]. After 

pathogen exposure, neutrophils are rapidly mobilized at the site of infection, 

eliminating pathogens and/or infected cells using a broad spectrum of functions such 

as ROS production, enzymes and antimicrobial molecules release, or phagocytosis.  
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a. Rolling and recruitment 

Over the last years, intravital imaging in mice has provided many insights into the 

mechanisms and chronology of neutrophils recruitment from the circulation to injured 

or inflamed sites [145,146]. In response to injury signals in tissues, local resident innate 

cells rapidly produce cytokines and chemoattracting signals, which induce surface 

alterations in endothelial cells, ending in the upregulation of P and E-selectins at their 

surface [147]. Circulating neutrophils express high levels of selectin receptors such as 

P-selectin glycoprotein ligand-1 (PSGL-1), which bind to endothelial cells' selectin 

receptors. This binding then induces neutrophil rolling at the surface of endothelium, 

in capillaries. As neutrophils undergo rolling in vessels, they progressively slow down 

and are more likely to receive chemoattractant signals expressed by endothelial cells. 

Further activation of neutrophils through CXCL8 or CXCL2 leads to switches in 

neutrophil integrin conformation and binding of neutrophil β2 integrins LFA-1 

(CD11b/CD18, αLβ2) and Mac-1 (CD11b/CD18, αMβ2) to endothelial ICAM-1 and 

ICAM-2 proteins. This process of neutrophil adhesion to endothelial cells also induces 

a reorganization in neutrophil morphology to initiate transmigration to tissues, called 

swarming, driven by a gradient of chemoattractants [147]. Neutrophils are usually 

exposed to a pro-inflammatory environment once they have passed the endothelial 

barrier. In tissues, neutrophils can respond to various chemoattractants, including 

cytokines or chemokines like IL-8 or IFNγ, but also complement like C5A, lipids like 

eicosanoids (LTB4), and pathogen-derived peptides such as N-Formylmethionyl-leucyl-

phenylalanine (fMLP). The binding of chemoattractant molecules to neutrophil 

receptors leads to neutrophil cytoskeleton rearrangement and triggers cell motility in 

tissues along the gradient concentration of chemoattractants. Neutrophils are also 

chemoattractant producers. Notably, they can produce high levels of IL-8, which 

activates the recruitment of other neutrophils from the circulation and is linked to 

inflammation. 
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b. Pathogen and danger detection 

As innate host defenders, neutrophils are equipped with pathogen recognition 

receptors (PRRs), including toll-like-receptors (TLRs), nod-like receptors (NLRs), C-type 

lectin receptors (CLRs) and RNA sensors RIG-I-like receptors (RLRs) [148] (Figure 7). 

These receptors detect many different pathogen-derived molecules like bacterial 

products, viral particles, and fungi or parasites. 

TLRs are constitutively expressed and recognize different natures of pathogen-

associated molecular patterns (PAMPs) and danger-associated molecular patterns 

(DAMPs): for instance, lipopolysaccharide (LPS) binds to TLR4, while TLR9 detects 

pathogenic DNA. Neutrophil TLR ligation induce the activation of signaling pathways 

such as the MyD88 pathway, which leads to the transcription of pro-inflammatory 

genes and cell activation. Depending on the nature of the stimuli, TLR responses can 

elicit different neutrophil responses such as degranulation, NET formation or increased 

cell migration. Human neutrophils express all TLRs except for TLR3, and TLR7 

expression remains controversial [148]. 

NLRs are cytoplasmic sensors of pathogen and danger signals. The role of NLR family 

pyrin domain-containing 3 (NLRP3) was particularly studied because this receptor is 

involved in the formation of inflammasomes [149,150]. Inflammasomes are cytosolic 

protein complexes which are formed upon activation induced bay pathogens or danger 

signals. When formed, inflammasomes recruit caspase-1 and activate gasdermin D, 

which usually leads to pyroptosis, a lytic form of cell death. However, neutrophils were 

shown to be resistant to pyroptosis. Inflammasome complexes are extensively involved 

in the defense against pathogens, but their dysregulation can participate in 

inflammation, as shown in COVID-19 infection [151]. 

CLRs are primarily involved in the defense against fungi and their binding leads to 

neutrophil degranulation, phagocytosis and production of ROS. 
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RLRs are receptors detecting intracytoplasmic double-stranded RNA. These PRR play 

major roles against viral infections by triggering innate immune responses. RLRs 

include Retinoic Acid Inducible Gene I (RIG-I), melanoma differentiation-associated 

protein 5 (MDA5) and laboratory of genetics and physiology 2 (LGP2). The activation 

of RLRs trigger the expression of antiviral genes, including type I interferons and pro-

inflammatory cytokines [152]. 

Among the complement receptors (CRs), CR3 also called CD11b/CD18 or Mac-1 is 

particularly abundant on neutrophils engaged in chemotactic and phagocytic activities 

[153]. 

Figure 7: Pattern recognition receptors in neutrophils, from Thomas et al., 
Trends in Immunology, 2013 

Neutrophils are equipped with various receptors to detect DAMPs and DAMPs. Some PRRs are located at the cell 
membrane, such as TLR4, while others are cytoplasmic, such as RIG-I. The diversity and abundance of these PRRs 

explain why neutrophils are particularly fast responders in tissues. 

Neutrophils also express receptors for the constant region of IgG immunoglobulins 

(FcγRs), which are primarily involved in recognizing opsonized pathogens or immune 

complexes. In humans, neutrophils express six types of FcγRs: FcγRI/CD64, 

FcγRIIA/CD32a, FcγRIIB/CD32b, FcγRIIC/CD32c, FcγRIIIA/CD16a, and FcγRIIIB/CD16b 

[154]. The glycophosphatidylinositol (GPI)-anchored protein CD16b is the most 
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expressed FcγR on human mature neutrophils. Depending on the context of 

inflammation or infection, the intensity of expression of neutrophil FcγRs is modulated. 

For instance, the exposition of neutrophils to IFNγ induces upregulation of CD64, which 

leads to increased antibody-dependent cell-mediated cytotoxicity (ADCC) capacities in 

neutrophils or the release of ROS. Interestingly, CD64 was proposed as a biomarker for 

several inflammatory conditions, such as sepsis [154,155] and COVID-19 [156]. Another 

example is CD32a, whose affinity for IgG is higher in activated than resting neutrophils. 

Chronic activation of neutrophils by immune complexes can lead to auto-immune 

disorders through the unregulated release of inflammatory molecules such as IL-8 

[157]. 

 

c. Antimicrobial mechanisms and tissue repair 

 Neutrophil degranulation 

Considering their number in circulation and their capacity to be recruited in high 

numbers at inflammatory sites, neutrophils are able to respond quickly to a number of 

threatening agents. Most of the neutrophil protein arsenal is pre-stored inside 

granules, contrary to adaptive cells, which usually synthesize many proteins for their 

activity after receiving activating or pro-inflammatory signals from other cells. 

Neutrophil degranulation, leading to the release of antimicrobial molecules in the 

tissue microenvironment, is tightly regulated and depends on many parameters, such 

as the nature and strength of the stimuli. Usually, granule release is triggered by 

antigen detection through PRRs or FcγR binding: intracellular granules fuse with either 

the cell membrane or the phagosome and release their content in the 

microenvironment [121]. Usually, secretory vesicles, which contain molecules to 

facilitate neutrophil extravasation on their membrane, are the first to be mobilized, 

while azurophilic granules are the last. Degranulation mainly relies on the influx/efflux 

of intracellular calcium levels [121]. 
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Figure 8: Cytokines and chemokines potentially produced by human neutrophils, 
from Tamassia et al., European Journal of Clinical Investigation, 2018 [158] 

Neutrophils were shown to release many different cytokines and chemokines. Some of these proteins are involved in 
cell signaling (IL-1β, TNFα, IL-6), highlighting the capacity of neutrophils to influence other immune and non-

immune cell activities. While some of these molecules are involved in inflammation, such as IP-10 (CXCL10), others 
display anti-inflammatory properties, such as IL-1RA. These results highlight the plasticity of neutrophils. 

When degranulating, neutrophils not only release antimicrobial proteins, but also 

various molecules for cell signaling, cytokines, chemoattractants and alarmins. Indeed, 

neutrophils have been shown to produce a large diversity of molecules, including anti-

inflammatory (IL-1RA, TGFβ1 and TGFβ2) and pro-inflammatory cytokines (IL-1α, IL-1β, 

IL-6, IL-8), but also immunoregulatory cytokines such as IL-12 or chemokines such as 

CXCL10 [143] (Figure 8). The expression of IL-10 by neutrophils is controversial [159]. 

 Reactive oxygen species (ROS) 

One of the most potent neutrophil mechanisms to eliminate infectious agents is the 

release of ROS in the tissue microenvironment or inside intracellular phagosomes [143]. 

The production of ROS relies on the assembly of nicotinamide adenine dinucleotide 

phosphate (NADPH) oxidase, a protein complex composed of several NOX enzymes. 

NOX2 is the main catalytic subunit of this complex and assembles in the plasma or 
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phagosomal membrane, then induces the precursor superoxide anion O2- by oxygen 

reduction [143]. This superoxide is then converted to oxygen metabolites, including 

hydrogen peroxide H2O2, through dismutation. Secondary oxidants such as hydroxyl 

radicals, hypochlorous acids, chloramines and hypothiocyanites are generated through 

myeloperoxidase (MPO) activity: among oxygen species, HOCl presents a particularly 

strong antimicrobial effect [143]. NADPH complexes can form at the plasma membrane 

to induce extracellular ROS or at the phagosomal membrane during phagocytosis (see 

the paragraph dedicated to phagocytosis). 

 Neutrophil extracellular traps (NETs) 

Another primary function of neutrophils is their capacity to produce extracellular traps 

(NETs) in response to various stimuli, including PAMPs, inflammatory mediators, and 

synthetic molecules [160]. In that context, neutrophils can release DNA structures 

composed of decondensed chromatin fibers associated with citrullinated histones and 

cytoplasmic or degranulation proteins such as MPO or elastase. By trapping pathogens, 

NETs enhance their elimination and limit pathogens spreading in the micro-

environment by concentrating them in the DNA structure and destroying virulence 

factors by releasing proteases. NETosis can be triggered by activation stimuli involving 

FcγR, TLRs, or other receptors such as advanced glycation end-products (RAGE) and 

PSLG-1 receptors. According to some studies, the formation of NETs could involve ROS 

by triggering the release of neutrophil elastase, which would degrade F-actin. This 

molecule partially cleaves DNA histones, leading to chromatin decondensation [161]. 

NETosis is mainly described in neutrophils, but the release of extracellular traps has 

also been shown in other innate immune cells, including eosinophils, basophils, or 

macrophages [162]. 

 Phagocytosis 

During phagocytosis, pathogens are engulfed in cell-membrane-derived vacuoles 

called phagosomes, structures that fully mature through the fusion of neutrophil 



54 
 

granules to the phagosome. The recruitment of antimicrobial granule proteins such as 

MPO and NADPH oxidase components in the phagosome leads to the formation of 

ROS, which induces pathogen death [121] (Figure 9). Phagocytosis can be triggered by 

the direct interaction of pathogens/PRR with PAMPs; however, this mechanism is less 

efficient than binding opsonized particles to FcγR or complement receptors such as 

complement receptor 3 (CR3) [163]. 

 Wound healing and tissue repair 

In parallel with these antimicrobial functions, neutrophils were recently shown to 

participate in tissue repair by releasing enzymes degrading the extracellular matrix 

locally and by producing of vascular endothelial growth factor (VEGF), two mechanisms 

which favor neoangiogenesis within the restored tissue [143]. 

Figure 9:  Neutrophil activation during phagocytosis, from Kobayashi et al., 
Immunological Reviews, 2023 [164] 

Phagocytosis is triggered by the engulfment of opsonized pathogens in phagosomes, where neutrophils release ROS 
after NADPH oxidase assembly. Intracellular granules also fuse with the phagosomal membrane, adding 

antimicrobial proteins to eliminate pathogens. 
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ii)  Role of neutrophils in inflammation: insights from 
non-HIV diseases 

The antimicrobial functions of neutrophils are now well-established in many viral, 

bacterial, and fungal pathogenic contexts. However, as previously evoked, the 

dysregulation of neutrophil functions can lead to deleterious consequences for the 

host, such as ongoing inflammation and tissue damage. In this chapter, we aim to raise 

the detrimental role of neutrophils in a few diseases and illustrate the involvement of 

PMNs in different inflammatory contexts. 

1) Neutrophils in lung diseases 

Acute and chronic respiratory infections and diseases are frequent in adults and 

children and are responsible for a consequent number of deaths globally. Although 

neutrophils only represent 1% of lung immune cells at steady state, respiratory diseases 

can be associated with increased neutrophil infiltration. An increasing number of 

studies report that neutrophils infiltrating lungs could be detrimental to the host by 

favoring inflammation and inefficient pathogen clearance. Here, we present briefly the 

roles of neutrophils in several lung diseases. 

 Influenza viruses 

Influenza are acute viral respiratory infections that cause significant morbidity and 

mortality globally and still represent an important threat to human and animal health 

in 2025 [165]. If a therapy is provided rapidly after the onset of symptoms, patients 

usually do not undergo sever complications. However, there are currently no effective 

treatments for severe influenza. In 2019, Tang et al. analyzed hosts factors associated 

with severe influenza. They found that severely infected patients presented increased 

NET formation, delayed apoptosis and neutrophil-related inflammatory pathways 

[166]. Yet, neutrophils also participate in viral clearance, as experiments with neutrophil 

depletion induced a severe form of the disease in a mice model of influenza [167]. 
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These results highlight that neutrophil responses need to be balanced and can lead to 

severe complications if their activity is not tightly regulated. 

 COVID-19 

Recently, the role of neutrophils has been particularly investigated in the respiratory 

tract disease due to COVID-19 infection. Patients severely affected by this disease 

develop respiratory distress and organ failure, which can lead to death. Interestingly, 

proteomics analysis from the blood of patients who developed a severe disease 

presented neutrophil-related immune signatures with increased expression of G-CSF 

and IL-8 [168]. These signatures were predictive of the mortality of patients. In another 

study, COVID-19 infection induced transcriptomic signatures of neutrophil 

degranulation and interferon-related responses in the lungs of infected RMs [169]. 

Similar to COPD, the formation of NETs was increased in the blood and lungs of 

critically ill patients, increasing thrombosis and ischemic stroke risks [170,171]. The 

neutrophil-to-lymphocyte ratio was also established as a predictive marker for COVID-

19 patients [172]. 

 Mycobacterium tuberculosis 

Tuberculosis, an infection due to Mycobacterium Tuberculosis (Mtb) represented the 

6th cause of death in lower-middle-income countries in 2021. Challenges to cure and 

eliminate this infection are increasing bacterial resistance to antibiotics and the low 

efficacy of current vaccines. The roles of neutrophils in Mtb infection are still under 

investigation. However, there is accumulating evidence that neutrophils play dual roles 

during Tuberculosis, which may depend on the stage and the severity of infection. In 

the acute phase, neutrophils show a critical role in Mtb clearance and display 

antibacterial activities, including phagocytosis of infected macrophages, and limit 

bacterial dissemination [173]. Nonetheless, during latent TB, neutrophil infiltration in 

granulomas was associated with local inflammation due to neutrophil oxidative burst, 

necrosis and NETosis in lungs [174].  
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 Chronic obstructive pulmonary disease, an example of non-infectious lung disease 

According to the WHO, Chronic obstructive pulmonary disease (COPD) is the fourth 

leading cause of death worldwide. This respiratory disease is characterized by restricted 

airflow and breathing issues with multifactorial causes, including tobacco consumption. 

The involvement of neutrophils in this disease has been demonstrated in patients and 

mice models. Indeed, in broncho-alveolar lavages from patients, neutrophil counts 

have been shown to be more elevated, in association with elevated concentrations of 

IL-8 and TNFα, which might be produced by local macrophages and epithelial cells 

[175,176]. Neutrophil elastase, one of the major proteinases of neutrophils with a role 

in bacterial clearance, was shown to participate in local inflammatory processes during 

COPD [177]. This protein was shown to contribute to airway mucus obstruction, IL-8 

upregulation, and NET formation, which also participate in inflammation and tissue 

damage [178]. Patients suffering from COPD are often exposed to bacterial infection, 

which also supports inflammation in the lung [179]. 

 

2) Neutrophils in inflammatory bowel diseases 

Inflammatory gut diseases are characterized by chronic inflammation in the 

gastrointestinal tract (GIT), with various symptoms such as weight loss and abdominal 

pain. The two major forms are ulcerative colitis (UC) and Crohn’s disease (CD), which 

are distinct by their clinical and histological aspects [180]. Causes of these diseases are 

multiple and include genetic, environmental, microbiotic, and immune factors. In both 

diseases, disruption of the gut tolerance and signals of tissue damage may be 

responsible for maintaining a high level of inflammation, and both innate and adaptive 

compartments are dysregulated.  

In UC, infiltration of neutrophils in the GIT was correlated with disease severity [181], 

and the dosage of fecal calprotectin is frequently used to evaluate inflammation in 

patients [182]. A recent proteomics analysis also showed elevated neutrophil proteins 
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and proteins related to NETs in biopsies from patients [183]. The recruitment and 

activation of neutrophils from the circulation were maintained by IL-8 production from 

endothelial cells, and elevated NETs and ROS productions were reported in neutrophils 

from patients [184]. The release of NETs in UC has been particularly studied, and 

NETosis is one of the mechanisms described as participating in gut damage in UC [184]. 

On the other hand, CD results from an inefficient immune response after exposition to 

an infectious pathogen. Among other factors, there is a lack of recruitment of 

neutrophils to the gut during the acute phase of the disease which may result from a 

defect in the secretion of pro-inflammatory molecules from the gut. Additionally,  

neutrophil functions seem to be impaired, with reduced phagocytic capacities that lead 

to immune tolerance against gut bacteria [185]. In summary, if neutrophils are involved 

in both diseases, the underlying mechanisms of how they fuel inflammation in gut 

tissues seem to differ. Although the role of neutrophils in these diseases is not fully 

elucidated, there is accumulating evidence showing neutrophil participation in chronic 

inflammation in patients. 

 

3) Neutrophils in auto-immune diseases 

Rheumatoid arthritis (RA) is a chronic autoimmune disease characterized by systemic 

inflammation associated with antibodies against the rheumatoid factor and 

citrullinated peptides. Synovial joints are particularly affected, leading to a progressive 

erosion of the bones and cartilage. Systemic Lupus Erythematosus (SLE) is an 

autoimmune disease characterized by an aberrant activation of the immune system 

and the generation of auto-antibodies against nucleic acids [186]. 

In both of these diseases, neutrophils exhibit an aberrant activation, with delayed 

apoptosis [186], increased ROS production [187,188], and neutrophil degranulation 

[189]. In RA, the binding of neutrophils on immune complexes from the joints leads to 

increased ROS production and induces local damage; a similar process was also 

described in SLE, with immune complexes binding to the blood vessels [186]. By 
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inducing auto-antibodies against NETs and increasing local damage, NETosis was also 

identified as participating in inflammation. In RA, the presence of citrullinated proteins 

on NETs is also responsible for autoantibody generation [190], and NET debris can be 

found in synovial fluids and serum from patients [186]. Interestingly, transcriptomic 

analysis revealed neutrophils presented strong signatures related to IFNα responses in 

both RA and SLE [186]. Notably, several strategic therapies lead to a reduction in 

neutrophil activation and inflammation in RA and SLE. For instance, Jak inhibitors led 

to reduced neutrophil migration, while anti-TNF biological agents decreased TNFα 

expression in neutrophils and NF-κB activation in patients living with RA [191]. In SLE, 

a combination of Rituximab and Belimumab lead to decreased NET production and 

auto-antibody titers [192]. 

Overall, the impact of neutrophils in inflammatory diseases relies on a balance between 

protection and damage to the host, and the consequences highly depend on the nature 

of the disease and host-related parameters, including their age, gender and co-

morbidities. Neutrophils constitute a heterogeneous population, which can be difficult 

to isolate and analyze in tissues from patients in pathogenic contexts. Some neutrophil 

mechanisms identified as deleterious are common in several of the diseases we 

referenced, such as the production of NETs. Understanding neutrophil dynamics during 

diseases will help develop relevant therapies for the future, but for that, we will also 

need to elucidate how neutrophils impact other immune cells.  
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III. Neutrophils modulate adaptive cell responses in 
acute & chronic stress situations (in non-HIV 
diseases) 

 

Over the last two decades, there has been accumulating evidence showing that 

neutrophils can modulate T cells in contexts of infection, cancer or chronic 

inflammation. Depending on the context, neutrophils have been shown to either 

activate or suppress T cell activities through different mechanisms. The interactions 

between neutrophils and T cells can enhance T cell responses and favor pathogen 

clearance. Still, on the other hand, neutrophil-T cell interactions can also contribute to 

unresolved inflammation for the host. This chapter will focus on neutrophil subsets 

associated with T cell modulation, the mechanisms involved, and the consequences of 

neutrophil-T cell interactions for the host. 

i) Neutrophils participate in T cell recruitment and 
polarization through direct or indirect interactions 

1) Recruitment of T cells by neutrophils at the inflammatory 
sites with chemotactic molecules 

As mentioned in this introduction, neutrophils can express a broad spectrum of pro 

and anti-inflammatory molecules in some infectious or inflammatory contexts. These 

proteins released by neutrophils can affect the microenvironment and constitute 

signals for proximal cells. 

For instance, some proteins released by activated neutrophils present chemoattractant 

properties, such as α-defensins, Li-37 and azurocidin [183,184]. Indeed, defensins have 

been shown to attract human naïve T cells and dendritic cells in ex vivo assays [195]. 

Importantly, exposure to IFNα combined with TNFα, LPS, or IL-1β induced a high IP-10 

production from neutrophils, a chemoattractant of T lymphocytes [196]. Additionally, 
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after exposure to IP-10 released by neutrophils, T cell migration was abrogated in the 

presence of anti-IP-10 antibodies. 

In a mice model of influenza infection, the depletion of neutrophils induced a reduction 

of CD8+ T cell recruitment to the trachea [197]. By studying cytokines expressed by 

murine neutrophils, authors showed that CXCL12 induced T cell chemoattracting 

effects. Further investigation showed that when moving, neutrophils leave 

chemoattracting-trails, which accumulate in tissues, increase CD8+ T cell recruitment, 

and favor bacterial clearance. 

 

2) Neutrophils can induce polarization and proliferation of T 
cells during infections 

Over the last two decades, evidence has accumulated for neutrophil capacity to 

polarize T cells depending on the immune context. In a mice model of Legionella 

pneumonia, neutrophil depletion led to loss of Th1-responses characterized by IFNγ 

and IL-12 signatures in the lungs of infected mice, and strongly increased mice 

susceptibility to this bacterial infection [198]. On the other hand, neutrophils were 

suggested to drive early Th2 polarization in a mice model of Leishmania major 

infection, a response associated with higher susceptibility to this infection [199]. The 

crosstalk between neutrophils and Th17 cells has been mainly explored in humans and 

mice. In 2010, Cassatella et al showed that adding culture supernatants of human 

activated neutrophils using LPS and IFNγ induced chemotaxis of Th17 clones. These 

chemoattracting effects were blocked with anti-MIP-3α and anti-MCP-1 antibodies. In 

parallel, activated neutrophils also promoted direct chemotaxis of Th1 clones through 

IP-10 and MCP-1, while Th2 cells were not affected [200]. More recently, neutrophil 

peptide cathelicidin was shown to enhance Th17 differentiation in human and mouse 

CD4+ T cell cultures. In the presence of cathelicidin, frequencies of IL-17A+IL-17F+ 

CD4+ T cells and CD4+ T cell survival were increased [201]. The neutrophil-Th17 

crosstalk was also investigated in auto-immune diseases [202], and further studies are 
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required to understand how this interaction could affect disease outcomes. Of note, 

induction of DC maturation by neutrophils has also been described, participating 

indirectly in T cell activation [203]. 

Lastly, the release of NETs was also shown to induce T cell priming in ex vivo assays 

from healthy human cells. Indeed, CD4+ and CD8+ T cells exposed to NETs expressed 

higher levels of CD25 and CD69, an effect absent in the presence of NETosis inhibitor 

diphenyleneiodonium chloride (DPI). Additionally, authors showed that NETs reduced 

the T cell activation threshold [204]. 

 

3) Neutrophils: involved in antigen presentation? 

It is widely known that DCs and macrophages are professional antigen-presenting cells 

(APCs). APCs are characterized by the expression of MHC II and co-stimulatory proteins 

such as CD80/CD86, as well as the capacity to process and present antigen peptides to 

T cells in lymphoid organs such as lymph nodes. Although neutrophils do not present 

such features at steady state, several teams have recently demonstrated that 

neutrophils can present an APC-like phenotype in various pathological contexts. These 

results mostly rely on mice models, yet there is growing evidence for a similar 

phenotype in human neutrophils [205]. Indeed, human neutrophils are able to express 

MHC II molecules following IFNγ stimulation [206] and also present intracellular stores 

of costimulatory molecules CD80/CD86, which can be brought to the membrane after 

Mac-1 binding [207,208]. In chronic inflammatory contexts such as rheumatoid arthritis, 

neutrophils from patients have been shown to express HLA-DR, which may be induced 

by IFNγ exposition produced by local T cells [209]. MHC-IIpos and MHC-IIneg 

neutrophil phenotypes in bovines have been identified in the context of mastitis, a 

bacterial infection, but also at steady state. Interestingly, those two phenotypes were 

also characterized by different ROS production and phagocytic properties [210,211]. In 

resting animals, MHC-IIpos neutrophils represented less than 5% of total neutrophils 

in mice BM and cattle blood, while this phenotype represented 40% and 60% of 
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neutrophils in mouse and bovine lymph nodes, respectively. Similarly, 10-20% of 

human neutrophils in lymph nodes expressed HLA-DR in a study published in 2019 

[212]. These data suggest neutrophils may present antigens to T cells in these lymphoid 

organs. 

The expression of HLA-DR and co-stimulatory molecules on human neutrophils is 

higher in the presence of memory T cells compared to naïve T cells, which may be due 

to increased IFNγ production by memory cells [213]. The capacity of neutrophils to 

integrate and process antigens with proteases in lysosomes also makes them 

interesting cells to present antigens at their surface; however, this presentation is much 

shorter in time than in macrophages [205]. Moreover, to this day, there is no clear 

evidence for prolonged cell-cell contacts supporting the hypothesis of neutrophils 

presenting antigens to T cells. Besides, cross-contaminations of neutrophil fractions by 

professional APCs can bias studies investigating ex-vivo antigen presentation by 

neutrophils. Lastly, neutrophils could favor antigen presentation by activating DCs. In 

a study from Van Gisbergen et al, the binding of human neutrophil Mac-1 and DC-

SIGN on dendritic cells led to the maturation of DCs through TNFα release, which 

induced Th1 responses [214]. 

Overall, although neutrophils do present APC features in some contexts, it is unlikely 

that they participate in antigen presentation to the same extent as macrophages and 

DCs. On the other hand, in inflammatory contexts where neutrophil survival is increased 

in tissues, and considering their capacity to express HLA-DR and costimulatory 

molecules, it is possible that neutrophils could be involved in presenting antigens to 

antigen-specific memory T cells in lymphoid organs [205]. 

 

 

 



64 
 

ii) Suppression of T cell responses by neutrophils and 
induction of immune tolerance 

There is emerging evidence that neutrophils are also capable of suppressing T cells. 

One of the major described mechanisms for T cell suppression by neutrophils is the 

production of arginase-1, which induces L-arginine depletion, suppressing T cell 

proliferation and cytokine synthesis in human samples [215]. The neutrophil production 

of arginase-1 has been widely described in cancer micro-environments since the early 

2000s [216], and arginase is now considered by many teams as a therapeutic target for 

cancer therapy [217,218]. Using an arginase-1 inhibitor, Gross et al showed significant 

reductions in tumor growths in several mice models of tumors. This reduction was 

associated with better infiltration of T cells in tumors, higher levels of inflammatory 

cytokines and increased interferon-inducible genes [219]. 

Immune checkpoint proteins take part in the regulation of immune responses and are 

involved in the crosstalk between T cells and other immune cells or cancer cells. These 

immune checkpoint proteins have been at the center of many studies and clinical trials 

because their inhibition can lead to increased T cell responses, especially in cancers. 

Among these proteins, we can cite PD-1, CTLA-4 or TIM-3. 

In some contexts, neutrophils have been shown to express ligands to immune 

checkpoints proteins, including PD-L1 that binds to PD-1 on T cells, and CD80 that 

binds to CTLA-4 on T cells.  The expression of PD-L1 on neutrophils has been shown in 

HIV patients (see Introduction, part. IV), but also in contexts of cancer, sepsis and 

bacterial diseases such as Tuberculosis. Furthermore, the expression of PD-L1 on 

neutrophils was associated with capacities to suppress T cell activation and 

proliferation in these contexts [220–222]. 

Additionally, some authors show neutrophils can release the suppressive cytokine IL-

10, leading to the suppression of T cell immune responses [223]. However, IL-10 
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production from neutrophils has been a subject of controversies that is not fully 

elucidated [223]. 

Lastly, it is worthy to note that in other contexts such as pregnancy, the suppressive 

role of neutrophils may be beneficial to the host. For instance, neutrophils could 

participate in regulating T cells and favor immune tolerance during pregnancy. The 

impairment of this mechanism could lead to inflammatory conditions such as pre-

eclampsia [224]. 

An overview of the mechanisms involved in T cell modulation by neutrophils described 

above is presented in Figure 10. This overview indicates that neutrophils can take part 

in the immune balance in many pathogenic or stress contexts. Indeed, on the one hand, 

neutrophils can participate in increasing immune responses, either leading to pathogen 

clearance or favoring detrimental inflammation. On the other hand, can suppress T cell 

functions, which can lead to inefficient antimicrobial responses, or, on the contrary, 

induce immune tolerance that is beneficial in contexts such as pregnancy. 

Overall, the impacts of neutrophils on T cell modulation are highly dependent on the 

context. A recent article also underlines how the level of activation of both T cells and 

neutrophils can impact their interactions [225]. 

How neutrophil-T cell interactions impact infections and chronic inflammation is not 

fully understood. Yet, deciphering the mechanisms underlying neutrophil-T cell 

interactions in blood and tissues could lead to the development of new therapeutic 

strategies in a board diversity of pathologies. For instance, considering the 

inflammatory properties of neutrophils, investigating the role of these cells in HIV 

infection could provide new insights into reducing chronic inflammation in patients. 
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Figure 10: Mechanisms involved in T cell modulation induced by neutrophils, 
adapted with Powerpoint from Moffat et al., Blood, 2024 [205] 

Neutrophils can modulate T cell phenotype, activation and functions through different mechanisms that require cell-
cell contacts or soluble molecules. Depending on the immune context, neutrophils can increase or suppress T cell 

activities, which could influence pathogen clearance and/or chronic inflammation 
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IV. Neutrophils show dual roles in HIV infection 
In the history of HIV research, neutrophils have been neglected for a long time, as they 

were considered poorly involved in the development or evolution of this disease. 

Nonetheless, over the last 20 years, many proofs emerged and unveiled how 

neutrophils are implied in eliminating HIV in tissues and more importantly, how this 

cell population can impact viral spread and global immune responses. The 

inflammatory nature of neutrophils and their capacity to modulate their 

microenvironment place them at the heart of a complex balance between the 

containment of the disease and the development of unrelated-to-AIDS comorbidities. 

i) Neutrophils in HIV acquisition or protection 

The involvement of neutrophils in favoring or reducing HIV acquisition has mostly been 

studied through the investigation of the composition of the female genital tract (FGT) 

in clinical studies. In this tissue, neutrophils usually represent 10 to 20% of total immune 

cells and present a different phenotype from peripheral neutrophils, including 

increased capacities to produce NETs and different levels of expression for the usual 

markers [226–228]. By creating a microenvironment that favors HIV replication, 

inflammation in the FGT has been shown to increase the risk of HIV acquisition. Indeed, 

enrichment in cytokines such as MIP-1α, MIP-1β, and IP-10 in cervicovaginal lavages 

have been correlated with a higher risk of seroconversion in women [229]. However, 

the role of neutrophils in exacerbating or limiting genital inflammation during HIV 

infection has been controversial. As a matter of fact, some authors showed a protective 

role of mucosal PMNs against HIV through the release of neutrophil extracellular traps. 

In one study, neutrophils from the FGT produced NETs within a few minutes after 

exposure to HIV viral particles (VLP), and resulting NETs were able to induce HIV-VLP 

entrapment and inactivation [227]. These results underline the role of neutrophils as 

effector cells in the FTG. Interestingly, neutropenia has also been associated with higher 

risks of HIV acquisition in a South African clinical study [230]. 
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On the other hand, inflammatory neutrophil-related markers such as LL-37, IL-8 and α-

defensins were found to be linked to a higher risk of acquiring HIV [231,232]. This may 

result from neutrophil-related inflammation that enhances T cell recruitment locally. 

 

ii) Neutrophils exert antiviral responses against HIV 

Even though neutrophils were largely studied and described for their role during 

bacterial infections, these innate cells also have been shown to develop antiviral 

responses. However, only a few papers focused on neutrophil capacities to block or 

eliminate HIV or HIV-infected cells, especially during the acute phase of HIV infection, 

considering the difficulty of having access to samples at that time. As a consequence, 

many results measuring neutrophils' antiviral capacities against HIV focus on ex vivo 

neutrophils from healthy donors incubated with HIV particles or HIV-infected cells. 

One of the first works showed in vitro neutrophils could inactivate or block HIV-1 entry 

in target cells through the release of α-defensins [233,234]. While this capacity was first 

attributed to CD8+ T cells by mistake, a paper was retracted two years later as authors 

found α-defensin production was due to neutrophils [234]. Another team showed 

neutrophils stimulated with Phorbol 12-myristate 13-acetate (PMA) from healthy 

donors could block HIV-1 replication in a T cell line through MPO and ROS release 

[235]. 

NETosis was also described as a mechanism for blood neutrophils to capture HIV-1 

after direct recognition through TLR7/8, but this process was found to be countered 

after HIV-1 triggered IL-10 production by DCs [236]. In another study, neutrophils 

exposed to HIV-1 infected macrophages were able to inhibit the viral replication by 

releasing NETs, and the effect was revoked in the presence of DNAse I [237]. 

Additionally, the presence of NETs elicited the production of RANTES and MIP-1β from 

primary macrophages, which show potent anti-HIV-1 effects [237,238]. Some studies 

also report neutrophil from tissues exert antiviral activities against HIV. As mentioned 
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previously, genital neutrophils are capable of capturing and inactivating HIV particles 

through NET production. In pig-tailed macaques infected with SIV, Sivanandham et al 

visualized and quantified NETs isolated from unstimulated and PMA-stimulated 

neutrophils: in this work, blood neutrophils isolated during acute and chronic phases 

of SIV infection produced significantly more NETs compared to before infection. 

Plasmatic NETs were also increased in SIV-infected macaques, and both plasmatic NETs 

and NET production were only partially reduced in ART-treated animals [239]. 

Strikingly, histological analysis of SIV-infected animals revealed the presence of NETs 

in various tissues such as gut crypt abscesses, lungs, liver, and in some blood vessels. 

This paper is particularly noteworthy as there are only a few works on NETs from 

PLWHIV or SIV-infected NHPs, especially focusing on tissues. 

More recently, Reif et al developed a culture of healthy donors tonsil lymphoid cells 

infected with an HIV variant and measured viral titers by evaluating the reverse 

transcriptase activity. When neutrophils were added to the culture, they found viral 

titers were declining progressively, and CD4+ T cell depletion was abrogated. This 

inhibitory effect of HIV-1 by neutrophils depended on cell-cell contact, but 

interestingly, neither NETosis, ROS, nor TLR7/8 blockade could explain the observed 

effect [240]. 

Other mechanisms participating in limiting HIV spreading are Antibody-Dependant 

Cellular Cytotoxicity (ADCC) and Antibody-Dependant Cellular Phagocytosis (ADCP). 

Both of these functions rely on the binding of the constant part of specific monoclonal 

antibodies (Fc), to receptors (FcγR) expressed by innate immune cells, including 

neutrophils. Several studies on HIV vaccines in NHPs showed that FcγR-mediated 

responses could increase the level of protection against the virus [241,242]. Although 

neutrophils were less effective than macrophages and natural killer cells to eliminate 

HIV-infected cells [236], they responded faster [243]. 
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iii) Neutrophils and their roles in chronic inflammation 
during HIV infection 

1) Neutrophil counts, phenotypes and functions are altered 
during HIV infection 

 Neutrophil counts 

Many studies report neutropenia in PLWHIV, characterized by a prolonged decrease in 

neutrophil blood counts. In clinical studies, low neutrophil counts were associated with 

disease progression with lower CD4+ T cell counts and higher viral loads [244]. In this 

study, ART could restore PMN numbers. Low neutrophil counts have been associated 

with higher risks of contracting bacterial infections, especially during HIV infection 

[245]. 

Several factors can explain neutropenia. One of the hypotheses relies on a direct 

cytotoxic effect on neutrophils caused by HIV, yet no evidence has been raised for this 

phenomenon. In fact, the virus was shown to affect progenitor cells in the BM, but not 

differentiated mature neutrophils. By studying the presence of HIV gag protein in 

sorted CD34+ from patients, Christoph C Carter and al. found that after 3 days of HIV 

(without its envelope) exposure, 6% of hematopoietic stem cells were infected, and 

these cells were more susceptible to cell death compared to uninfected cells. In 3/7 

patients living with the virus, gag proteins were detected in CD34+ cells, and all of the 

7 patients' HPCs produced gag protein after stimulation. Of note, HIV proteins were 

also present in patients treated with ART for more than 6 months [246]. 

Anti-neutrophil antibodies detected in the blood associated with neutropenia in 

patients also support higher neutrophil-induced death [247,248]. 

Finally, several studies showed neutrophils from PLWHIV to be more apoptotic than 

healthy humans and NHPs [6-9]. Indeed, a decreased number of neutrophils associated 

with a higher expression of annexin V was observed during the acute phase of SIV 

infection in RMs [249]. The same observation was done in chronically infected 
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macaques and correlated with the evolution of the disease [250]. Genes related to 

neutrophil intrinsic apoptotic pathways were also more elevated in PLWHIV, and ART 

administration did not restore the expression of these genes at baseline levels [251]. Ex 

vivo measurement of neutrophil viability from PLWHIV supported these results, and 

GM-CSF partially reduced neutrophil apoptosis [252]. 

 Neutrophil phenotypes 

During HIV infection, neutrophils present a modified phenotype compared to healthy 

individuals. In 2020, Lemaitre et al found blood neutrophils from chronically 

SIVmac251-infected CyMs were more heterogeneous and more immature than 

uninfected macaques. During chronic SIV infection, blood neutrophils showed higher 

expression of CD11b and decreased expression of CD62L, a phenotype associated with 

activation that was partially resolved by ART [253]. 

Blood neutrophils from PLWHIV also display an activated phenotype, even in patients 

receiving ART. Elbim et al demonstrated that rested neutrophils from PLWHIV showed 

decreased CD62L expression during the early phase of infection, as well as higher 

expression of CD11b/CD18 at all stages of HIV infection, independently of the 

treatment [254]. These results were confirmed more recently with a lower neutrophil 

expression of CD62L and CD16b in PLWHIV receiving ART compared to healthy donors 

[255]. Strikingly, levels of neutrophil activation were more elevated in HIV+ patients 

suffering from chronic diseases related to inflammation [255]. In another study, the 

expression level of the FcγR CD64 in neutrophils was also shown to be more elevated 

in PLWHIV compared to healthy individuals. Interestingly, the expression of CD64 was 

the highest during early HIV infection and remained elevated in ART-naïve patients. 

The expression of CD64 was not entirely resolved in patients on successful ART, 

suggesting this protein could be used as a marker for chronic inflammation [256]. 

 Neutrophil functions 
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Despite their antiviral role in acute infection, several studies demonstrated dysfunctions 

in neutrophils, especially during HIV infection. First studies showing abnormal 

responses from granulocytes during HIV infection were published in the 1990s, 

showing neutrophil responses such as bactericidal activity against Staphylococcus 

aureus were decreased in children and adults living with HIV compared to uninfected 

individuals [257,258]. Similarly, chemotactic responses and fungicidal activities of blood 

neutrophils from chronically infected PLWHIV were significantly reduced compared to 

healthy donors [259]. Of note, several articles show contradictory results regarding 

neutrophil ROS production in PLWHIV [254,260–262]. In 2000, Vecchiarelli et al found 

a higher production of IL-12 in neutrophils from PLWHIV than in healthy donors, but 

an impaired response to LPS [263]. Several studies also showed monocyte dysfunctions 

in phagocytosis, and a few mechanisms responsible for impaired phagocytosis were 

proposed, such as altered formation of phagosomes or down-regulation of the 

signaling chain involved in FcγR-mediated phagocytosis [264,265]. 

Interestingly, subcutaneous injection of GM-CSF to patients suffering from AIDS 

temporarily improved neutrophil functions in one study [266] and increased neutrophil 

cytotoxicity against HIV-infected cells in vitro, independently of HIV status [267]. 

ART has been shown to partially reverse neutrophil dysfunction, even though PMN 

responses were not completely restored [259,268]. However, the major parameter 

correlating with restored neutrophil functions was the immunological status (higher 

CD4+ T cell counts, lower viral loads). Even more so, patients with AIDS presented the 

strongest impairment of neutrophils [269]. 

To this day, few mechanisms have been explored and described to explain defects 

observed in neutrophils from HIV patients. Recently, Piatek et al investigated changes 

in the chromatin of neutrophils in blood PMNs from PLWHIV in comparison with 

healthy donors. They demonstrated neutrophils in PLWHIV presented different post-

transcriptional histone modifications compared to healthy donors, with an increased 

expression of histone modification processes associated with methylation, while 
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histone acetylation was inhibited. Increased expression of histone methylation was 

linked to increased global activation in neutrophils with a higher expression of 

adhesion molecules CD11b/CD18 and enhanced ROS production. On the other hand, 

the expression of several genes coding transcription factors related to the NFκB 

pathway, involved in fast immune responses, was decreased. This dysregulation may 

be responsible for lower neutrophil responses to stimuli such as LPS despite a higher 

basal level of activation [270]. 

Globally, blood neutrophils from PLWHIV present an activated phenotype associated 

with dysfunctional activities. Alterations in neutrophils are only partially resolved with 

ART. Although the precise mechanisms involved in neutrophil changes remain 

unknown, the prolonged exposition to inflammatory mediators related to HIV 

persistence, including IFNγ or TNFα, may participate in maintaining PMNs activated 

during the chronic phase of the disease. On the other hand, the involvement of 

activated neutrophils in chronic inflammation in patients is still unclear. 

2) Neutrophils in gut mucosa/tissues during HIV infection 

Even though the study of neutrophils in tissues remains difficult due to limited access 

to samples, the involvement of neutrophils in tissue inflammation and gut mucosa 

alteration has been investigated by several teams in patients and NHP models. In SIV-

infected RMs, Estes et al. observed a neutrophilic infiltration in the colon using MPO 

staining on histological slides, and the presence of PMNs was considerably increased 

when animals progressed to AIDS [271]. In 2015, Somsouk et al also showed a higher 

infiltration of neutrophils in biopsies of ART-treated PLWHIV, with a trend for 

correlation with lower CD4+ T cell counts [272]. In 2019, Klatt et al showed frequencies 

of fresh neutrophils from the gastrointestinal tract (GIT) of PLWHIV receiving ART were 

increased compared to healthy individuals [6]. In patients receiving ART, the 

frequencies of CD16high Caspase-3low neutrophils, corresponding to a non-apoptotic 

functional phenotype, were also increased in the GIT compared to healthy individuals. 

These results suggest a higher neutrophil lifespan in the gut of patients compared to 
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healthy controls, which could contribute to persisting inflammation in this organ [6]. 

Recently, increased neutrophil infiltration has also been shown in gut biopsies from 

PLWHIV, with a similar intensity during the early or late stages of HIV infection [273]. 

Similar results had been obtained in the past from sigmoid biopsies in early [274] and 

chronic HIV despite ART, with a reduction of neutrophil infiltration after recombinant 

IL-7 administration in patients [275]. Additionally, the investigation of the gut 

microbiome demonstrated bacteria from the GIT could affect neutrophil lifespan in 

patients, either by increasing or decreasing it depending on the nature of the 

dominating bacteria [129]. 

During chronic HIV, increased neutrophil infiltration with an extended lifespan could 

contribute to inflammation, tissue damage and favor microbial translocation. Indeed, 

neutrophils have been shown to be deleterious in patients with inflammatory bowel 

disease, where IL-8 is overexpressed, and ROS production is increased in the colonic 

tissues of patients [180]. 

3) Neutrophil modulation of T cells during HIV infection 

Despite accumulating proof of neutrophils' capacity to modulate T cells in acute and 

chronic stress situations, only a few studies investigated PMN-T cell interactions during 

HIV infection. However, several authors have shown neutrophils from HIV patients or 

SIV-infected animals either expressed modulatory molecules or could directly 

modulate T cell activity through various mechanisms. 

First, several teams have shown an increase in arginase-1 expression in blood 

neutrophils from PLWHIV, a protein that inhibits T cell responses, as described in our 

previous chapter. 

In 2010, Cloke et al. reported elevated arginase-1 activity in the PBMC fraction of 

patients with ≤350 CD4+ T cells/µL of blood compared with healthy controls [276]. 

Levels of arginase-1 activity were negatively correlated with CD4+ T cell counts and 

CD8+ T cell counts in untreated patients, but not in patients receiving ART. Authors 
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further identified arginase-1 positive cells as CD15+CD14- low-density neutrophils 

(LDN), suggesting this subset could be partially involved in T cell suppression during 

HIV infection. A confirmation of this LDN subset identification was brought in 2012 by 

the same team [140], which reported a higher frequency of LDN in patients with CD4+ 

T cell counts ≤350/µL. Recently, Marsile-Medun et al. also demonstrated a higher 

frequency of LDG in PLWHIV. This LDG population was characterized by a decreased 

expression of FcγR, including CD16 and CD32, while CD64 expression was increased 

compared to normal-density granulocytes (NDG). Additionally, LDN from patients 

displayed a more activated phenotype compared to NDN with decreased CD62L 

expression [277]. 

In 2021, Marquez-Coello et al evaluated the expression of various immunomodulatory 

molecules on blood neutrophils from HIV patients. Through this study, they showed 

neutrophils from ART-naïve PLWHIV expressed significantly more intracellular 

arginase-1, PDL-1 and IL-10 compared to healthy donors. Interestingly, the expression 

of these markers was not resolved after ART administration and even increased 

compared to untreated patients [278]. These observations are aligned with previous 

results obtained by Bowers et al. in 2014, who also demonstrated a higher expression 

of PDL-1 on blood neutrophils from patients living with HIV compared to healthy 

donors, independently of ART [279]. In co-cultures of neutrophils and PBMCs, blood 

neutrophils from patients induced a strong reduction in IFNγ+ T cells using HIV-specific 

and non-specific stimulation. Through blocking assays using PDL-1 antibodies and ROS 

scavengers, authors identified PD-1/PDL-1 interaction and ROS production by 

neutrophils as mechanisms partially involved in the immunosuppression exerted by 

neutrophils on T cells. After showing that PLWHIV had higher LDN frequencies than 

healthy donors, they depleted LDN from the PBMC fraction, which resulted in an 

increase of IFNγ+ CD8+ T cells, suggesting LDN could be partly responsible for T cell 

immunosuppression. Neutrophils with high PDL-1 expression correlated positively with 

CD3 downregulation on T cells and elevated concentrations in arginase-1 in HIV 

patients [279]. Overall, these results suggest HIV infection induces neutrophils with an 
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immunosuppressive phenotype, which may participate in T cell exhaustion during the 

chronic phase of HIV infection. 

Recently, another study investigated neutrophil aging in the blood of treated and 

untreated PLWHIV. In this work, authors report elevated frequencies of “aged” 

neutrophils, characterized by a CD62LlowCXCR4+ phenotype, in untreated patients, with 

a partial resolution with ART [280]. This neutrophil subset was positively correlated with 

viral loads and inversely with CD4+ T cell counts. Interestingly, ROS production of aged 

neutrophils was decreased compared to non-aged neutrophils upon LPS stimulation, 

and total neutrophils from untreated patients produced more spontaneous ROS and 

less after LPS stimulation. These results indicate neutrophils from untreated patients 

were less functional. Finally, using co-cultures of neutrophils and PBMCs from patients, 

authors showed immunosuppressive effects of neutrophils on T cells that were partially 

reversed using blocking antibodies against PD-L1 and arginase-1 [280]. 

Conversely, neutrophils have also been shown to activate T cells in the context of HIV 

infection. Using co-cultures between blood neutrophils and PBMCs for 48 hours, 

Dunsmore et al. have shown that neutrophils induced increased expressions of CD69, 

HLA-DR and CD25 on T cells in ART-treated patients with low CD4+ T cell counts. 

Authors identified the mechanism associated with T cell activation by neutrophils relied 

on the shedding of galectin-9 on neutrophils from these patients. This soluble molecule 

binds to CD44 on T cells and induces activation [281]. In PTMs infected with SIV, 

neutrophils were shown to trap T cells in NETs, which increased annexin V expression 

in T cells, indicating cell death [239]. Authors suggest neutrophils could increase T cell 

depletion in tissues, as T cells were found trapped in NETs in gut and lung tissues. 

In our laboratory IDMIT, Lemaitre et al. also studied the impact of SIV infection on 

blood neutrophils from SIV-infected CyMs that received ART after 28 days, 6 months, 

or were left untreated [282]. SIV infection induced an increase in blood immature and 

activated blood neutrophils with elevated CD11b and lower CD62L expressions 

compared to uninfected animals. During the acute phase of infection, adding 
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neutrophils to PBMCs in co-culture assays induced an increase in intracellular T cell 

cytokine production, including higher expression of IL-2 and IFNγ in CD8+ and CD4+ 

T cells, as well as increased IL-17A production in CD4+ T cells. In parallel with this 

activating role of neutrophils, T cell proliferation was decreased in the presence of 

neutrophils during acute SIV infection. In the chronic infection, no significant effects 

were observed when neutrophils were added to PBMCs. In summary, SIV infection in 

CyMs was associated with changes in blood neutrophil phenotype and increased 

modulatory function toward T cell activation during the acute phase. The consequences 

of this crosstalk between these neutrophils and T cells on inflammation are yet to be 

addressed, and further investigation is needed to identify the cellular and molecular 

mechanisms at stake. 

 

Overall, these results indicate that during SIV/HIV infection, neutrophils undergo 

phenotypical and functional changes that impact their capacity to modulate other 

immune cells, including T cells, which play a central role during this infection. Yet, the 

precise effects of neutrophils on T cells and the repercussions of these cell-cell 

interactions on inflammation, organ dysfunction, and viral persistence during HIV 

infection are unknown.  

The roles of neutrophils are now being investigated in many diseases, and studies have 

established that these cells constitute a plastic, heterogeneous, and complex cell 

population with a broad range of functions. However, how neutrophils are involved in 

HIV infection remains to be fully elucidated, and insights from findings in other 

inflammatory diseases must be taken into account.  
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OBJECTIVES AND METHODS 

I. Global objectives 
Chronic inflammation leads to increased risks of comorbidities in PLWHIV. Hence, 

enhancing our knowledge of the mechanisms leading to chronic inflammation remains 

a major challenge to improve patients' quality of life. Processes leading to chronic 

inflammation in PLWHIV are complex and induced by many different biological and 

immune parameters. In chronic HIV infection, a prolonged and dysregulated activation 

of innate and adaptive immune cells is observed. While the roles of mononuclear 

inflammatory immune cell populations, such as macrophages and dendritic cells, have 

been extensively studied, the involvement of neutrophils throughout HIV infection is 

still unclear. Yet, neutrophils' potent antimicrobial functions and their capacity to enter 

tissues massively make them potential actors in early and chronic inflammation during 

HIV infection. Apart from their classical antimicrobial and inflammatory functions, the 

capacity of neutrophils to modulate T cell activation and proliferation is getting 

growing attention in the immunology field. Previous works from several teams support 

that such neutrophil-T cell interactions could occur in HIV and SIV infections. In 

particular, Julien Lemaitre et al have demonstrated an increase in blood immature 

neutrophil fraction associated with immunomodulatory properties during the acute 

phase of pathogenic SIV infection in cynomolgus macaques. However, the nature of 

the interaction between neutrophils and T cells, the impacts of neutrophils on the 

PBMC cytokine network, and the role of neutrophils in inflammation during SIV 

infection are unknown. 

Studying neutrophils at the different stages of HIV disease in patients is complex, and 

sample availability is limited. Here, we investigated neutrophil changes in a cynomolgus 

macaque (CyM) model of HIV infection using a simian strain of the virus, SIVmac251. 

This model of HIV infection has been developed and well characterized in IDMIT over 

the last decades [32,283]. For our work, this model is relevant as CyMs present strong 
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similarities regarding immune cells compared to humans and develop a 

pathophysiology similar to HIV-1 when infected with SIVmac251. 

In this work, we hypothesized that SIVmac251 infection could induce immune events 

affecting neutrophil phenotypes and functions, especially their capacity to modulate T 

cells, in early and late infection in CyMs. We also postulated that neutrophils and their 

interactions with T cells during SIV infection could contribute to chronic inflammation 

or viral persistence, despite ART. 

Hence, our main objectives were to 1) characterize more deeply neutrophil phenotypes 

and functions during SIV infection, 2) investigate how neutrophils modulate T cell and 

PBMC activities, and 3) study the impact of neutrophils in inflammation in the early and 

late stages of SIV infection in CyMs. 

For this work, we had access to blood samples from healthy CyMs and at different times 

of SIVmac251 infection. Animals were followed for a minimum of 6 months, and we 

included one group that received ART 28 days after exposure to evaluate if the 

treatment had an effect on our observations. The animals we followed were part of 

different SIVmac251 studies in IDMIT. Tissue samples were also collected upon 

euthanasia for further analyses of tissue neutrophils. 

Blood neutrophil phenotype was assessed throughout SIVmac251 infection using 

classical flow cytometry. Markers for lineage, activation and maturity were included, 

allowing a robust characterization of neutrophil subsets in CyMs. In parallel, we 

addressed neutrophil modulation of soluble cytokines and chemokines released by 

PBMCs during SIVmac251 infection. To do so, we quantified the concentrations of pro 

and anti-inflammatory cytokines and chemokines in supernatant co-cultures of PBMCs 

and neutrophils. Next, using similar co-cultures, we evaluated the direct effects of 

neutrophils on T cell activation using intra and extracellular flow cytometry. We also 

studied the nature of neutrophil-T cell interactions using Transwells. 
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Additionally, to characterize neutrophil-related immune signatures associated with SIV 

infection, we carried out Partial Least-Squares Discriminant Analysis (PLS-DA) in early-

infected and chronically-infected CyMs with or without ART. We used the data from 

whole blood neutrophil phenotypes and intracellular stainings in neutrophil-T cell co-

cultures for this analysis. 

Lastly, we performed a mass spectrometry analysis to investigate changes in blood 

neutrophil proteins and proteome signatures before and during SIVmac251 infection. 

 

II. Methods 

i)  Cynomolgus macaques infected with SIVmac251, a 
relevant model for the study of neutrophils in HIV-1 
infection 

 Pathogenic SIVmac251 in CyMs induces a disease similar to HIV-1 

As accessing samples from patients can be quite challenging, the use of animal models 

remains necessary to study the pathophysiology of HIV infection. The main animal 

models for HIV infection are NHPs and mice models. Humanized mice are genetically 

immunocompromised mice engrafted with human tissues to reconstitute the human 

immune system [31]. While these mice models bring many insights into HIV infectious 

mechanisms, they only partially reconstitute the human immune system and HIV-1 

pathophysiology. Moreover, mice models do not allow the production of functional 

human neutrophils, and the co-existence of mouse and human neutrophils is observed 

[30].  

In parallel, NHPs have also been extensively studied as models for HIV-1 infection 

because some species develop symptoms similar to HIV when exposed to certain 

simian strains of the virus. As mentioned in the introduction (part I.4), commonly used 

NHP models for HIV infection are rhesus macaques (RMs), pigtailed macaques (PTMs) 
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and Cynomolgus macaques (CyMs). The Mauritian CyM infected with pathogenic 

SIVmac251 has been well characterized in IDMIT as a model for HIV infection for many 

years [284]. After exposure to SIVmac251, CyMs develop a pathophysiology very close 

to HIV-1 in humans, with features such as CD4+ T cell depletion, chronic immune 

activation and persistence of a high viremia when animals remain untreated. After 

several months of infection, CyMs develop AIDS, a state reached after six months post-

infection or more, which is less rapid than RMs and PTMs infected with pathogenic SIV. 

Of note, SIVmac251 was historically isolated from RMs and is genetically closer to HIV-

2 than HIV-1. Contrary to RMs and PTMs, the Mauritian population of CyMs is 

characterized by a low genetic diversity of major histocompatibility complex (MHC) 

with only seven MHC haplotypes. Some of these haplotypes are associated with 

resistance against SIVmac251 infection [285], and a screening of animals allows the 

identification of SIVmac251-susceptible macaques. Additionally, CyMs are sensitive to 

various antiretroviral molecules used in PLWHIV. For our study, ART+ animals received 

daily intracutaneous injections of a tritherapy composed of one integrase inhibitor 

(Dolutegravir) and two NRTI (Emtricitabine and Tenofovir). 

 

Finally, there are many similarities between CyMs and humans regarding their immune 

systems. Most of the markers used to define T and B lymphocytes, as well as innate 

myeloid cells, are common to the two species [286–288]. These immune markers have 

been cross-validated using flow and mass cytometry, and most of the antibodies used 

in NHP studies are clones targeting human epitopes (Table 1). 

Accordingly, markers to evaluate T cell activation in CyMs are also similar to those used 

in human studies, including CD38, HLA-DR and CD69, as well as IFNγ, TNFα and 

interleukins (IL) such as IL-2, IL-6 or IL-17 [20,282]. Nonetheless, some differences exist 

between human and CyM protein epitopes, requiring antibodies or reagents specific 

to NHPs such as the non-human primate Cytostim for T cell stimulation. 
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Cell population Human markers Cynomolgus macaque markers 
Eosinophils CD66+ CD125+ CD66+ CD125+ 
Basophils CD66- CD123+ HLA-DR- CD66+/- CD123+ HLA-DR- 
Monocytes CD14+ HLA-DR+ CD14+ HLA-DR+ 
pDC CD19- CD14- HLA-DR+ CD123+ CD20- CD14- HLA-DR+ CD123+ 
mDC CD19- CD14- HLA-DR+ CD11c+ CD20- CD14- HLA-DR+ CD11c+ 
NK cells CD66- CD3- Granzyme B+ CD66- CD3- CD8+ 
CD8+ T cells CD3+ CD8+ CD3+ CD8+ 
CD4+ T cells CD3+ CD4+ CD3+ CD4+ 
B cells CD19+ CD20+ 
Neutrophils CD66+ CD16+ CD66+ 

Table 1: Markers for immune cell phenotyping in humans and cynomolgus 
macaques, adapted from Elhmouzi-Younes et al, Cytometry. Part A: the journal 

of the International Society for Analytical Cytology, 2017 [286] 

 

 Neutrophils from CyMs are similar to human neutrophils 

We are currently writing a review on neutrophils and infectious diseases in non-human 

primate models. Here are some elements addressed in this future review with a focus 

on CyM neutrophils. 

First of all, neutrophils represent approximately 60% of the total leukocyte population, 

similar to humans [286]. Besides, studies showed that neutrophils from CyMs are 

mostly similar to human neutrophils regarding their production, differentiation, and 

release in circulation. Cytology of BM cells allowed the identification and quantification 

of the different neutrophil maturation stages in CyMs: myeloblasts, promyelocytes, 

myelocytes, metamyelocytes, band and segmented neutrophils [253,289]. 

In NHPs, the global characteristics of neutrophils are common to human neutrophils, 

including cell structure and granularity. However, blood neutrophil phenotyping 

through flow or mass cytometry highlighted some differences in the expression of 

neutrophil proteins from the two species. In humans, segmented neutrophils are often 

identified through the expression of CD66, CD11b, CD15, and CD16b, among many 

other markers. Many of these markers are expressed in neutrophils and were validated 
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in RMs and CyMs, but some of them are absent on neutrophils, or their expression has 

not been confirmed due to a lack of cross-reactivity. For instance, CD16 is not 

expressed on neutrophils from NHPs except for sooty mangabeys [290,291], and CD15 

presents a very low cross-reactivity in NHPs. For neutrophil differentiation, some 

markers such as CD49d are also less relevant in NHPs than in humans for the 

identification of the different neutrophil subpopulations [253]. Moreover, CyM 

neutrophils present an activation phenotype similar to humans, with CD62L 

downregulation and/or CD11b, CD32a, or CD64 upregulation when exposed to stress 

or stimuli [282]. Palgen et al. observed a more activated neutrophil phenotype in 

healthy CyMs compared to human neutrophils through mass cytometry analysis, with 

a higher basal expression of CD11b and CD32 [286]. Additionally, CyM neutrophils 

respond to common stimuli such as PMA, LPS, TNFα or R848 (unpublished data from 

IDMIT) and can perform phagocytosis [253]. Although, to our knowledge, there is no 

comparative study of the expression of PRRs from human and CyM neutrophils, these 

data suggest that neutrophils from both species display similar activation pathways. 

Overall, CyMs represent a relevant model for this study because they develop a disease 

similar to HIV-1 when infected with SIVmac251, and their immune system is close to 

the human immune system, in particular for our main populations of interest, which 

are neutrophils and T lymphocytes. 

 

ii) Experimental techniques 

 Neutrophil isolation from the blood 

To study the role of neutrophils during SIV infection, the isolation of pure neutrophils 

was necessary. Indeed, the cell density separation from CyM whole blood only allows 

the segregation of mononuclear cells in a ring below plasma, and granulocytes in the 

tube pellet. Although neutrophils represent the major cell population in the 

granulocyte fraction, eosinophils constitute an important contaminant population, as 
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they can represent 5-15% of the granulocyte fraction. This is why we developed a 

magnetic cell sorting to deplete CD125+ eosinophils from the granulocyte fraction. We 

also added magnetic beads targeting CD2+ cells to remove any remaining T 

lymphocytes or natural killer cells. 

 Analysis of supernatant soluble molecules in neutrophil-PBMC co-cultures 

To study the impact of neutrophils on different soluble molecules produced by PBMCs, 

we set up a model of co-cultures between autologous PBMCs and blood neutrophils 

in the presence of a non-specific T cell stimulation, or in the absence of stimulation. In 

this assay, we did not add any agent to block secretion, allowing prolonged exchanges 

of small molecules, paracrine and autocrine effects. We used a commercial kit from 

Milliplex, which allows the detection of 38 cytokines and chemokines in NHPs. 

Experiments were run before infection, after 10 days post-infection, 15 days post-

infection, and 6 months post-infection. For this experiment, we had access to more 

animals during the chronic phase compared to the other timepoints. 

 Effects of neutrophils on T cell activation 

To study the impact of neutrophils on T cell activation, we performed similar co-

cultures as described in the previous paragraph. Because we studied T cell intracellular 

cytokine production, we used brefeldin A to block cell secretion after 1 hour of co-

culture. Additionally, intracellular protein recycling was blocked using monensin to 

study the expression of CD107a, a protein expressed in cytotoxic granules. Indeed, 

CD8+ T cell degranulation induces the expression of CD107a at the cell surface, which 

usually is then recycled intracellularly and degraded. 

To study T cell activation, we built a flow cytometry panel for cell staining after an 

overnight incubation. T cell activation was measured through CD69 expression, a 

standard extracellular early activation marker in CyMs, and the expression of 

intracellular cytokines IFNγ, TNFα, IL-2 and IL-17A. For CD8+ T cells, we added the 

marker CD107a. We performed co-cultures with three different neutrophil-to-PBMC 
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ratios (1:1, 3:1, 5:1) to evaluate if the number of neutrophils impacted the effects on T 

cells. 

In order to investigate the contact-dependent effects of neutrophils on T cells during 

SIV infection, neutrophils and PBMCs were co-cultured in classical wells or separated 

by a 0.4 µm membrane, which blocks the circulation of large molecules. 

 PLS-DA analysis 

Because principal component analysis (PCA) analysis is not informative on the 

parameters responsible for the discrimination of different groups, we rather performed 

Partial Least Squares Discriminant Analysis (PLS-DA). For each of these analyses, we 

identified the parameters contributing the most to the discrimination of each group. 

We performed such analysis for the whole blood flow cytometry and ICS datasets. 

 Proteomics 

As previously evoked in the introduction of this manuscript, neutrophils are particularly 

enriched in proteins of different natures, stored in granules, vesicles or cytoplasm. On 

the contrary to proteins, neutrophils present low-levels of RNAs, which enhances the 

risk of false results linked to contamination by other cells in transcriptomic studies. This 

is why we decided to perform a proteome analysis instead of a transcriptional analysis 

of neutrophils. 

For proteomics analysis, neutrophils were isolated and purified using cell sorting, as 

described in the first paragraph. In other experiments we performed, neutrophils were 

processed in RPMI medium supplemented with fetal bovine serum (FBS) which brings 

protein contamination. During neutrophil isolation for proteomics, we used Hank's 

Balanced Salt Solution (HBSS) without calcium or sodium to limit neutrophil activation 

and avoid external protein contamination. The acquisition of samples by mass 

spectrometry was done in collaboration with Jean Armengaud’s team at the 

Progénomix platform in CEA Marcoule. 
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RESULTS 

I. Neutrophil isolation from macaque whole blood 
by magnetic cell sorting 

i) Impact of magnetic cell sorting on neutrophil 
activation 

 Rational approach and methodology 

Neutrophils are short-lived cells which are particularly sensitive to external stimuli. 

Changes in the media, long experiments and multistep processes have been shown to 

trigger neutrophil CD62L shedding and increase CD11b expression, two receptors 

linked to neutrophil activation [292]. Here, we aimed to study pure blood neutrophils 

from CyMs, and this is why we developed a cell sorting on the granulocytic fraction 

obtained after Ficoll separation. Since the most abundant granulocytic cells after 

neutrophils are eosinophils, representing up to 15% of the granulocyte fraction, we 

decided to remove eosinophils through magnetic sorting using beads. Our main 

concern with this technique relied on the impact of this process on neutrophil 

phenotype and function. 

In these additional results, we evaluated the purity of isolated neutrophils. We analyzed 

the phenotype of neutrophils from whole blood and after cell sorting in six healthy 

CyMs to assess their activation level. We stained 200,000 neutrophils using a flow 

cytometry panel with common neutrophil markers for phenotype and activation, as 

shown in Table 2. We also evaluated neutrophil phenotype after TNFα stimulation to 

assess the capacity of neutrophils to respond to such stimuli after isolation. 
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Table 2: Flow cytometry panel for the characterization of neutrophils from CyMs 
This panel was created and adapted from previous results obtained in IDMIT. It includes markers for lineage (CD45, 

CD66, CD3, CD123, CD8, CD20, CD14, CD125), markers for neutrophil maturity (CD10, CD101) and markers for 
neutrophil activation (CD64, CD62L, CD11b, CD32a and HLA-DR). This panel was used for all experiments assessing 

neutrophil activation in our study. 

 

 Results 

First, we observed that the magnetic cell sorting resulted in >95% neutrophil purity 

and efficient removal of CD125+ eosinophils (Figure 11A and 11B). We then studied 

the level of neutrophil activation after isolation, and we found that the mean 

fluorescence intensity (MFI) of several activation markers were increased after 

purification compared to whole blood neutrophils, including CD11b, CD64 and CD10. 

A similar tendency was observed for CD62L, but it was not significant. The expression 

of CD32a was not affected (Figure 11C-11I) 

We then studied the capacity of isolated neutrophils to respond to a mild activation, 

TNFα. We found that a 1 ng/mL concentration of TNFα induced a strong and significant 

decrease of CD62L expression (Figure 11C and 11D), but the expression of CD11b was 

unchanged (Figure 11E and 11F). 

Antibody Clone Fluorochrome Laser Company
BlueVid - - 355-450/50 Thermofisher
CD64 10.1 BUV737 355-740/35 BD
CD10 HI10a BV421 405-420/10 Biolegend
CD45 REA1023 Viogreen 405-525/50 Miltenyi
CD3 SP34.2 BD
CD123 7G3 BD
CD8a RPAT8 BD
CD20 2H7 BD
CD62L SK11 BV711 405-710/50 BD
CD11b REA713 FITC 488-530/30 Miltenyi
CD14 REA599 PerCP-Vio700 488-695/40 Miltenyi
CDw125 REA705 PE 561-585/15 Miltenyi
PD-L1 29E.2A3 PE-Dazzle 594 561-610/20 Biolegend
CD101 REA954 PE-Vio770 561-780/60 Miltenyi
CD32a IV.3 AF647 640-670/14 Stemcell
HLA-DR L234 AF700 640-730/45 Biolegend
CD66abce TET2 APC-Vio770 640-R775 / 50 Miltenyi

BV650 405-660/20
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Overall, we were successful in purifying neutrophils from CyM whole blood. Although 

this multistep process induced a significant increase in CD11b expression, neutrophils 

were still sensitive to TNFα stimulation, as shown by the decrease in CD62L expression. 

We also concluded that with our technical process, CD11b was not an ideal marker to 

measure neutrophil activation after isolation, on the contrary to CD62L. 
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Figure 11: Effects of isolation techniques on purity and activation of neutrophils 
from CyMs 

(A) Scatter dot plots of the neutrophil frequency among CD66+ cells before and after PMN isolation from the blood; 
(B) Scatter dot plots of the eosinophil frequency among CD66+ cells before and PMN isolation from the blood; (C-I) 
Scatter dot plots of frequencies or mean fluorescence intensities of indicated marker in neutrophils before and after 

PMN isolation from the blood and after TNFα stimulation of isolated PMNs. Statistics: Wilcoxon tests were run, 
*p<0.05, **p<0.01 
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ii) Identification of the technical step inducing 
neutrophil activation during cell isolation 

We further aimed to identify which step of the process was responsible for the 

observed neutrophil activation. To do so, we performed similar flow cytometry 

stainings as previously described on the neutrophil fraction from the whole blood of 

CyMs after the following steps: Ficoll/red blood cell (RBC) lysis, and magnetic cell 

sorting. These experiments were run on four animals, one was healthy and three were 

SIV+ART+ animals treated for five months. 

Through these experiments, we identified that the Ficoll/RBC lysis step was the step 

inducing neutrophil activation, and not the neutrophil magnetic sorting (Figure 12A-

12D). Considering that this Ficoll/RBC lysis step could not be avoided, we proceeded 

further with this experimental process while being aware that neutrophils are exposed 

to some activation during this step.  

 

 

 

 

 

 

 

Figure 12: Level of neutrophil activation in whole blood of CyMs, after 
Ficoll/RBC lysis and after magnetic cell sorting 

(A-B) Frequencies or CD62L- and CD11bhigh in neutrophils from whole blood, after Ficoll/RBC lysis or after 
neutrophil sorting; (C-D) Mean fluorescence intensities of CD62L and CD11b in CyM neutrophils from whole blood, 

after ficoll/RBC lysis or after neutrophil sorting. No statistics were performed due to a small number of animals. 

 

W
hole

 b
lo

od

Post
-F

ic
oll 

an
d R

BC ly
si

s

Afte
r n

eu
tro

phil 
so

rti
ng

W
hole

 b
lo

od

Post
-F

ic
oll 

an
d 

RBC ly
si

s

Afte
r n

eu
tro

phil 
so

rti
ng

W
hole

 b
lo

od

Post
-F

ic
oll 

and R
BC ly

si
s

Afte
r n

eu
tro

phil 
sorti

ng

W
hole

 b
lo

od

Post
-F

ic
oll 

an
d R

BC ly
si

s

Afte
r n

eu
tro

phil 
so

rti
ng



 

91 
 

II. Main results: NEUTROPHILS INDUCE CONTACT-
DEPENDENT MODULATION OF T CELL 
ACTIVATION AND INFLAMMATORY MOLECULES 
DURING SIV INFECTION IN NON-HUMAN 
PRIMATES 

i) Context and objectives of the study 

Previously, Julien Lemaitre et al. investigated the changes induced by SIVmac251 

infection in CyMs in whole blood neutrophils. First, using mass cytometry, Julien 

Lemaitre and colleagues showed that blood neutrophils were more heterogeneous and 

displayed an immature phenotype after 18 months of SIV infection compared to 

uninfected macaques. Further analyses showed that chronic SIV infection was also 

associated with activated neutrophils, characterized by a higher expression of CD11b 

and a lower expression of CD62L, and impairment of neutrophil phagocytic capacities. 

In a second study in 2022, Julien Lemaitre et al. explored neutrophil changes in both 

acute and chronic SIV infection in a larger group of SIV-infected animals. He found that 

acute SIV infection (10 days post-infection) was associated with increased frequencies 

of CD10- immature and CD62Llow, CD11bhigh activated neutrophils. This phenotype 

persisted after 6 months of untreated infection, but was partially resolved in animals 

that received ART after 28 days of infection. In this study, Julien Lemaitre et al. found 

that neutrophils increased T cell activation during the acute phase of SIV infection. 

Indeed, when co-cultured with neutrophils, intracellular productions of IFNγ and IL-2 

were increased in CD4+ and CD8+ T cells. In parallel, neutrophils also modulated T cells 

by increasing CD4+ T cell proliferation and decreasing CD8+ T cell proliferation. 

Altogether, these data indicated that SIV infection in CyMs was associated with 

phenotypical changes in neutrophils along with capacities to modulate T cell activation 

and proliferation. However, how these phenotypic changes and neutrophil-T cell 

interactions could play a role in inflammation during SIV infection was not addressed. 
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As previously explained in this manuscript, chronic inflammation in PLWHIV leads to 

increased risks of developing comorbidities. In this work, we wanted to investigate if 

neutrophils could participate in chronic inflammation during SIV infection in CyMs. To 

do so, we investigated how neutrophils modulate pro- and anti-inflammatory cytokines 

and chemokines produced by PBMCs. We also investigated the nature of interaction 

between neutrophils and T cells in early and late SIVmac251 infection in CyMs. 

Additionally, we explored the changes in neutrophil proteomes along SIV infection with 

and without ART. 

In this work, animal blood withdrawal, clinical monitoring, complete blood counts, SIV 

inoculation, and organ sampling upon euthanasia were performed by the Animal 

Welfare team platform (ASW) in association with project managers Laure Fournier-Le-

Ray and Tatiana Botin. Plasma viral loads were followed by polymerase chain reaction, 

by the Laboratory for Immunology and Infections (L2i) team platform. Longitudinal 

follow-ups of CD4+ T cell counts were performed by the Flow Cytometry team platform 

(LFC) and Florian Meurisse, using flow cytometry.  

After blood withdrawal from CyMs, I was able to perform the following technical steps, 

before and during SIV infection: 

 Whole blood neutrophil flow cytometry stainings 

 PBMC isolation and/or neutrophil cell sorting followed by: 

o Co-cultures of PBMCs and neutrophils for Luminex assays 

o Co-cultures of PBMCs and neutrophils for intracellular flow cytometry 

stainings to measure T cell activation 

o Sampling of neutrophil proteomes from purified neutrophils 

o ROS production assays (see additional results) 

 BM and spleen neutrophil flow cytometry stainings (see additional results) 

The quantification of soluble molecules from PBMC/neutrophil co-culture supernatants 

and related quality controls were processed by Julie Morin using Luminex kits. PLS-DA 

analyses were performed with Paul Mazet, who is a bioinformatician in IDMIT. Paul also 
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participated in the analysis of the proteomics dataset. Mass spectrometry acquisition 

for neutrophil proteomics was performed by the Laboratoire Innovations 

technologiques pour la Détection et le Diagnostic (LI2D), at the CEA center in Marcoule, 

France. 

With the support from all the colleagues cited here, I was able to analyze most of the 

data presented in this article. I also mainly wrote this article, which was largely revised 

by Julien Lemaitre, Olivier Lambotte and Roger Le Grand. 

ii) Article (in preparation) 

 Graphical abstract (created with Powerpoint) 

Targeted journal: 
Cell reports medicine 
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Abstract 16 

Despite antiretroviral therapy (ART), people living with HIV are exposed to a persisting 17 

chronic inflammation, leading to increased risks of developing comorbidities. How 18 

polynuclear neutrophils, the most abundant blood immune population with potent 19 

antimicrobial and inflammatory properties, participate in this chronic inflammation, is 20 

poorly described. Here, we investigate how neutrophils are modified at the cellular and 21 

protein levels, and how they modulate other immune cells during SIVmac251 infection 22 

in cynomolgus macaques (CyMs), a model for HIV infection. Using co-cultures of 23 

autologous neutrophils and PBMCs from CyMs, we studied how neutrophils modulate 24 

soluble cytokines and chemokines levels and T cell activation in early and late 25 

SIVmac251 infection. We show that during SIVmac251 infection, neutrophils regulate 26 

pro-inflammatory molecules such as IP-10 and increase T cell expression of activation 27 

markers in a contact-dependent manner. Additionally, mass spectrometry analysis of 28 

neutrophil proteomes revealed that during SIVmac251 infection, neutrophils express 29 

higher levels of proteins linked to interferon pathways, a phenotype partially resolved 30 

with ART.  31 
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INTRODUCTION 32 

In the absence of a cure, antiretroviral therapy (ART) remains necessary for people living 33 

with HIV (PLWHIV) to control viral replication and maintain high blood CD4+ T cell 34 

counts [1]. Despite the high efficiency of ART, unresolved immune activation persists 35 

in association with low-grade chronic systemic inflammation [2,3]. Long-term 36 

consequences are increased morbidity and mortality risks in PLWHIV compared to the 37 

general population [4–6]. Inflammation, resulting from a combination of diverse 38 

mechanisms, is initiated during HIV primary infection, persists in the long term, and 39 

does not resolve despite ART [4]. 40 

Historically described as short-lived cells participating in acute inflammation, emerging 41 

evidence suggest polymorphonuclear neutrophils are involved in many chronic 42 

diseases, including HIV infection-related disorders such as metabolic, cardiovascular 43 

and neurological diseases [7,8]. Neutrophils are the most abundant cells in the human 44 

blood and represent potent defenders against pathogens, including HIV [9]. However, 45 

they can become detrimental to the host when their functions are dysregulated, 46 

inducing damage to the microenvironment and tissues [10]. Although neutrophils are 47 

not mainly targeted by HIV, their phenotype and functions are affected during HIV 48 

infection. In chronic HIV and non-human primate models for HIV infection, studies have 49 

reported blood neutrophils are of more diverse phenotypes than in non-HIV-infected 50 

individuals, in particular with increased immature and activated phenotypes, 51 

characterized by elevated CD11b and decreased CD62L expressions [11,12]. These 52 

phenotype changes are only partially resolved with ART. In addition, in PLWHIV on ART, 53 

blood neutrophil survival is increased, contributing to their accumulation in tissues 54 

such as the gut, indicating neutrophils could participate in HIV pathophysiology and 55 

chronic inflammation [13].  56 

Besides these changes in phenotype, there is growing evidence for neutrophil ability 57 

to modulate T cells through various mechanisms during HIV infection, including the 58 

expression of immunomodulatory proteins or the release of reactive oxygen species 59 
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[14]. However, the precise implication of neutrophils in exacerbating or limiting 60 

inflammation by modulating T cells is unclear. Indeed, neutrophils are described as 61 

playing dual roles in HIV infection, either participating in T cell exhaustion through PD-62 

L1 and arginase-1 expression or, on the contrary, increasing T cell activation by the 63 

release of neutrophil extracellular traps (NETs) or soluble galectin 9 [15–18]. 64 

Non-human-primate (NHP) models such as cynomolgus macaques (CyMs) infected 65 

with pathogenic SIV represent valuable approaches for the study of HIV infection, as 66 

they recapitulate most features of the human disease and are sensitive to ART [19]. 67 

Additionally, neutrophils from CyMs are close to human neutrophils, with similar 68 

differentiation in bone marrow and comparable expression of activation and 69 

differentiation markers in circulation and tissues [11]. Recently, Lemaitre et al have 70 

shown modulatory capacities of neutrophils on T cell activity in CyMs infected with 71 

SIVmac251 [19]. Frequencies of T cells expressing IL-2, IFNγ and TNFα were increased 72 

in the presence of autologous blood neutrophils during the acute phase of infection. 73 

These immunomodulatory properties of blood neutrophils in SIV-infected CyMs were 74 

also associated with a more immature and activated phenotype. 75 

This study explored how neutrophils participate in inflammation at different timepoints 76 

of SIVmac251 infection in CyMs. Through co-cultures of neutrophils and PBMCs, we 77 

investigated neutrophil modulation of soluble PBMC cytokine/chemokine network, 78 

direct contact-dependent interactions with T cells, and dynamics of neutrophil 79 

proteomes in early and late pathogenic SIVmac251 infection. 80 

  81 
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RESULTS 82 

SIV infection in CyMs is associated with immature neutrophils and 83 

increased neutrophil activation 84 

To interrogate the role of neutrophils in SIVmac251 disease pathophysiology, fifteen 85 

CyMs were challenged intravenously (I.V.) with 1000AID50 of SIVmac251  and 86 

antiretroviral therapy (ART) was initiated in six infected animals at 28 days post-87 

infection (dpi) with a combination comprising Tenofovir, Emtricitabine and 88 

Dolutegravir (SIV+ ART+). Nine other macaques were left untreated (SIV+ ART-). As 89 

expected, CyMs developed a primary infection following I.V. challenge, with plasma 90 

SIVmac251 RNA load spiking at approximately 10dpi in all animals (Figure 1A) [20], 91 

and associated with a transient CD4+ T cell depletion (Figure S1A). After ART initiation, 92 

rapid reduction of plasma viral load occurred in all treated animals with a few blips. 93 

Despite the exclusion of CyMs bearing an MHC-H6 haplotype, who spontaneously 94 

control SIV replication [21], one animal in the SIV+ ART- group exhibited a low viral 95 

load compared to the other untreated animals. Therefore, this animal was excluded 96 

from further comparative analysis between uninfected and SIV-infected CyMs. During 97 

primary infection, there was a significant decrease in blood neutrophils at 10 dpi 98 

followed by a peak between 20 and 24 dpi compared to baseline (Figure 1B). When 99 

ART was initiated at 28 dpi, neutrophil counts had returned to baseline levels, with no 100 

significant difference from baseline counts. We did not observe significant differences 101 

at later time points between ART+ and ART-animals. These results indicate that primary 102 

SIV infection in CyMs is associated with an early depletion followed by a spike of 103 

circulating neutrophils that resolved at 28 dpi.  104 

Changes in neutrophil counts have been associated with the modulation of activation 105 

status and maturity. We further characterized neutrophil subpopulations based on their 106 

maturation stage by flow cytometry. We previously identified that the combination of 107 

CD101 and CD10 delineates macaque pre-neutrophils (CD101- CD10-), immature 108 

(CD101+ CD10-) and mature neutrophils (CD101+ CD10+) similarly to humans. Along 109 
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with maturation-based neutrophil subpopulations, we monitored neutrophil activation 110 

by following the expression of CD62L, CD64, CD11b, CD32a and PD-L1. Before 111 

infection, circulating neutrophils were mainly CD10+ mature neutrophils (Figure 1C, 112 

1D and S1B) and displayed low levels of activation based on CD62L and CD11b 113 

expression. Following infection with SIV, neutrophil subpopulations and phenotypes 114 

rapidly changed with a significant increase of CD10- neutrophils and increased 115 

activation in primary infection (Figure 1C-1F). At 10 dpi, frequencies of CD101+ CD10- 116 

immature neutrophils significantly increased (Figure 1D). In parallel, we found a 117 

decrease in CD62L expression in blood neutrophils (Figure 1E-1F and S1C). We 118 

analyzed CD62L expression in neutrophil subpopulations, and we observed that the 119 

CD62L downregulation was mainly driven by mature neutrophils (Figure S1D). In the 120 

absence of treatment, at 6 mpi, immature neutrophil frequencies remained elevated 121 

along with neutrophil activation compared to baseline. ART initiation at 28 dpi in the 122 

treated group was associated with frequencies of immature neutrophils and levels of 123 

activation similar to baseline. All other activation markers were not significantly 124 

changed during infection (Figure S1E-S1H). 125 

Altogether, SIV infection of CyMs resulted in increased activated and immature 126 

neutrophils in blood during primary infection. This phenotype persisted in chronic 127 

infection of CyMs that were not given ART. Meanwhile, ART restored this phenotype 128 

with levels of immature and activated neutrophils comparable to baseline. 129 
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Figure 1. Increased immature and activated circulating neutrophils during 131 

SIVmac251 infection in CyMs 132 

(A) Plasma viral loads in n = 15 SIVmac251-infected CyMs over time (blue lines), with n = 6 being treated at 1mpi 133 
to 6mpi with ART (switching to purple lines). Red line indicates n = 1 infected animal that controlled infection; (B) 134 
Total neutrophil counts from blood during the course of SIVmac251 infection in the same n = 15 CyMs; (C) 135 
Frequencies of immature CD101+ CD10- neutrophils in blood before infection or during acute SIVmac251 infection 136 
(10dpi), and with (+) or without (-) ART beginning at 1mpi, individual values (dots) or group averages (bars) ± 137 
standard deviation (SD); (D) Expression of CD101 versus CD10 at indicated times during infection, defining M 138 
(mature), I (immature) or P (pre) neutrophil subsets; (E) Mean fluorescence intensity (MFI) of CD62L expression by 139 
total blood neutrophils from individual animals (dots) or group average MFI (bar) ± SD; (F) Expression of CD66 140 
versus CD62L by blood neutrophils at indicated times. Wilcoxon tests were performed for all paired datasets, and 141 
Mann-Whitney tests were performed for unpaired datasets; *: p < 0.05; **: p < 0.01; ***: p < 0.001; ****: p < 0.0001 142 

 143 

 144 

Neutrophils modulate PBMC cytokine and chemokine networks in SIV infection 145 

Neutrophils can modulate adaptive immunity through different mechanisms, in HIV 146 

infection and other diseases [14,22]. The early and chronic changes in neutrophil 147 

activation and the increase of circulating immature neutrophils could be associated 148 

with capacities to modulate other immune cells and inflammation.  149 

Thus, we further analyzed how neutrophil changes during SIV infection could impact 150 

PBMCs and inflammation. We set up an in vitro assay to measure the impact of 151 

neutrophils on different pro and anti-inflammatory molecules produced by activated 152 

autologous PBMCs in infected CyMs. 153 

After overnight stimulation of T cells with Cytostim, a non-specific stimulation that 154 

crosslinks the TCR of T cells and MHC molecules, we quantified the concentration of 155 

38 pro and anti-inflammatory chemokines and cytokines in the supernatant of PBMC 156 

cultures in the presence or absence of neutrophils, before infection and in primary and 157 

chronic phases of SIV infection. Before infection, overnight stimulation of PBMCs in the 158 

absence of neutrophils resulted in the production of molecules in culture supernatants, 159 

including IFNγ, TNFα or IL-6 (Figure S2). Neutrophils induced decreases in IFNγ, IL-6 160 

and TNFα concentrations and increases in granzyme B, IP-10, IL-4, IL-17A, VEGF-A and 161 

TGFα concentrations (Figure 2A-2E and Figure S3). 162 
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In primary infection, stimulated PBMCs from SIV-infected CyMs produced higher levels 163 

of numerous molecules in culture supernatants than before infection, including IFNγ, 164 

IL-1β, MCP-1, granzyme B, sFasL and IFNα2. On the contrary, IL-2 and IL-4 levels were 165 

significantly decreased in PBMC cultures compared to before infection (Figure S2). The 166 

presence of neutrophils increased the concentration of granzyme B, IP-10 and IL-1RA 167 

in co-culture supernatants (Figure 2D-2F) compared to PBMCs cultured alone, while 168 

concentrations of IL-6, TNFα and IL-1β were decreased (Figure 2A, 2C and 2G). 169 

In the chronic phase, PBMCs produced higher levels of soluble IFNγ, MIG, MCP-1 and 170 

IL-22 compared to before infection in both SIV+ ART- and SIV+ ART+ groups. 171 

Additionally, PBMCs from treated animals produced significantly higher levels of IL-6, 172 

IL-1β, G-CSF, IFNα2 MIP-1α, sFasL and IL-10 compared to baseline, which was not the 173 

case for untreated animals (Figure S2). At this timepoint, we did not observe significant 174 

changes in cytokine production due to neutrophils, as the low number of macaques 175 

precluded statistical analyses. However, we found that the concentrations of pro-176 

inflammatory proteins such as IFNγ, IL-6, TNFα and MCP-1 tended to decrease in the 177 

presence of neutrophils compared to PBMCs cultured alone in both groups (Figure 178 

2A-2C and 2I), while IL-1β, G-CSF and IFNα2 levels tended to decrease in the SIV+ 179 

ART+ group, but not for SIV+ ART- animals (Figure 2G and 2H, Figure S3). In parallel, 180 

concentrations of IP-10 and granzyme B tended to increase in co-cultures with 181 

neutrophils compared to PBMCs alone in both SIV+ ART+ and SIV+ ART- groups 182 

(Figure 2E). Finally, the cytokine ITAC tended to be higher in SIV+ ART- animals, and 183 

the concentration decreased in the presence of neutrophils (Figure 2J). 184 

Overall, we observed that neutrophils cultured with PBMCs from SIV-infected CyMs 185 

modulated the concentration of key molecules related to T cell and innate cell 186 

activation during acute and late phases. These results suggest that neutrophils could 187 

modulate PBMCs, and especially T cells, by inducing decreases of IL-6, TNFα and IL-1β, 188 

while increasing IL1-RA. On the other hand, neutrophils also induced elevation of IP-189 

10, an inflammatory chemokine that attracts T cells. These results suggest an impact of 190 
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neutrophils on molecules produced by PBMCs and inflammation during early and late 191 

pathogenic SIV infection. 192 



103 

 

 193 



104 

 

Figure 2: Neutrophils modulate the concentration of cytokines and chemokines 194 

produced by PBMCs in early and late SIVmac251 infection in CyMs 195 

(A-J) Supernatant concentrations of indicated molecules in overnight cultures of stimulated PBMCs without (black 196 
dots) or with neutrophils (blue dots) from CyMs before infection (n = 6) during the acute (15dpi, n = 6) or chronic 197 
(6mpi, n = 4 SIV+ ART-, n = 5 SIV+ ART+) phase of SIVmac251 infection. Individual values are represented by dots 198 
and group averages by bars ± SD. Wilcoxon tests were run for all paired datasets; *: p < 0.05 199 
 200 

 201 

Neutrophils modulate T cell activation through contact-dependent 202 

mechanisms in early and late SIV infection 203 

Since neutrophils can modulate PBMC cytokine and chemokine networks during SIV 204 

infection, we next focused on their direct impact on T cells. We previously showed that 205 

neutrophils increased CD8+ and CD4+ T cell intracellular cytokine production during 206 

the acute phase of SIV infection. Thus, we explored if a contact between neutrophils 207 

and T cells is required for these interactions, by performing co-cultures of neutrophils 208 

and T cells separated or not by a 0.4µm Transwell membrane. After overnight 209 

stimulation with Cytostim, in the presence or absence of neutrophils, we used 210 

intracellular staining and flow cytometry to analyze CD4+ and CD8+ T cell activation 211 

(CD69), cytotoxic activity (CD107a) and intracellular cytokine production (TNFα, IFNγ, 212 

IL-17A and IL-2). 213 

Before SIV infection, neutrophils had mild effects on T lymphocyte activation with no 214 

significant impact on CD69, IFNγ, CD107a or IL-17A expression in T cells (Figure S4A-215 

S4F). Neutrophils reduced TNFα production significantly in CD4+ T cells and CD8+ T 216 

cells and IL-2 production in CD4+ T cells, but not CD8+ T cells. These results suggest 217 

neutrophils can decrease T cell production of TNFα and IL-2 at steady state (Figure 218 

S4G-S4J). 219 

In primary infection, both frequencies of CD69+ CD8+ and CD69+ CD4+ T cells 220 

significantly increased in the presence of neutrophils compared to PBMCs cultured 221 

alone (Figure S4A and S4B). We normalized the data by calculating percentages of 222 

increased activated T cells in the presence of neutrophils compared to PBMCs alone, 223 
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with or without Transwells. We found that CD69 expression was not increased when 224 

neutrophils and T cells were not in contact (Figure 3A and 3B). Similarly, neutrophils 225 

increased IFNγ in CD4+ T cells (Figure S4C), CD107a expression in CD8+ T cells (Figure 226 

S4F) and TNFα+ production in CD8+ and CD4+ T cells (Figure S4G and S4H). We 227 

found a similar trend of IFNγ expression in CD8+ T cells, but it did not reach statistical 228 

significance (Figure S4D). When PBMCs and neutrophils were separated by Transwells, 229 

no significant effects of neutrophils were observed on T cell activation (Figure 3C-3G). 230 

Additionally, neutrophils did not affect IL-17A in CD4+ T cells, IL-2 production in CD4+ 231 

T cells or CD8+ T (Figure S4E, S4I and S4J). 232 

At 6mpi, in the SIV+ ART- group, neutrophils increased CD69 expression on CD8+ and 233 

CD4+ T cells when cells were in contact, but not in the Transwell condition (Figure 3A 234 

and 3B). No significant effects were observed during the chronic phase regarding the 235 

production of TNFα, IFNγ and CD107a on CD4+ and CD8+ T cells (Figure S4). Similar 236 

to before infection, TNFα+ CD4+ and IL-2+ CD4+ T cells were decreased in the 237 

presence of neutrophils in SIV+ ART- animals, but not in the Transwell condition 238 

(Figure 3G, S4G and S4I). 239 

Here, we show that neutrophils directly impacted T cells by increasing CD4+ and CD8+ 240 

T cell activation, cytokine production and CD8+ T cell cytotoxicity during the acute 241 

phase of SIVmac251 infection in CyMs. Neutrophils still increased CD69 expression on 242 

T cells after 6 months of SIV infection, but not the other markers. 243 

Altogether, these results demonstrate that direct activation of T cells by neutrophils 244 

during acute and chronic phases of SIVmac251 infection relies on contact-dependent 245 

mechanisms. 246 
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 247 

Figure 3: Neutrophils increase T cell activation in a contact-dependent manner 248 

during SIV infection 249 

(A-G) Percentages of increase of positive T cell frequencies for indicated markers after overnight cultures of 250 
stimulated PBMCs with neutrophils in contact (blue dots) or separated by a 0.4µm transwell membrane (orange 251 
dots). Experiments were performed before infection (n = 14) during the acute (10dpi, n = 11) or chronic (6mpi, n = 252 
8 SIV+ ART-, n = 5 SIV+ ART+) phase of SIVmac251 infection. Individual values are represented by dots and group 253 
averages by bars ± SD. Wilcoxon tests were performed for paired datasets (black stars) *: p < 0.05; Non-parametric 254 
one sample Wilcoxon tests were performed with theoretical median Me = 0 (red stars) 255 
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Neutrophil signatures discriminate between uninfected, acute and 256 

chronic SIV infection +/- ART 257 

Our findings show that neutrophils are phenotypically changed during SIV infection in 258 

CyMs, and these changes are associated with contact-dependent T cell modulation in 259 

acute and chronic SIV infection. We then interrogated if the observed changes in 260 

neutrophils during SIV infection could constitute biomarkers that distinguish the 261 

different groups of CyMs using partial least-squares discriminant analysis (PLS-DA). We 262 

based this discriminant analysis on two datasets: whole blood neutrophil phenotypes 263 

and direct effects of neutrophils on T cell activation (Figure 3). Direct modulatory effects 264 

of neutrophils were expressed as percentages of increases of expression for each T cell 265 

marker, as reported in Figure 3. In this analysis, we identified parameters contributing 266 

the most to the separation between uninfected and SIV+ macaques at the different 267 

time points of infection, according to their variable importance score (Figure S5A-268 

S5C). 269 

With this approach, we found that the most discriminating features between SIV-270 

infected CyMs at 10dpi and uninfected animals were related to the neutrophil 271 

modulation of T cell activation (Figure 4A and 4B). Increased TNFα+, CD107a+ and 272 

IFNγ+ CD8+ T cells in the presence of neutrophils were the parameters that 273 

contributed the most to the discrimination of early infected animals, as well as the 274 

frequency of CD62L- neutrophils. On the contrary, uninfected animals were 275 

characterized by a high frequency of mature neutrophils and by parameters unrelated 276 

to neutrophils, including T cell activation in the absence of neutrophils (Figure 4B). 277 

Likewise, we performed a PLS-DA analysis to compare uninfected animals, SIV+ ART- 278 

and SIV+ ART+ CyMs. From this analysis, the first component allowed us to 279 

discriminate uninfected animals against both groups of chronically infected macaques, 280 

while the second component allowed us to compare SIV+ ART+ versus SIV+ ART- 281 

animals (Figure 4C). Variables that discriminated the most chronically infected CyMs 282 

from uninfected macaques were related to direct neutrophil modulation of T cells, 283 
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including modulation of IFNγ+ and TNFα+ CD8+ T cell frequencies, and CD69+ CD8+ 284 

and CD69+ CD4+ T cell frequencies (Figure 4D). Lastly, by analyzing component 2 of 285 

the PLS-DA, we found that these neutrophil-related signatures were more discriminant 286 

in SIV+ ART+ CyMs than SIV+ ART- CyMs (Figure 4E). Additionally, untreated CyMs 287 

were characterized by a high frequency of CD62L- neutrophils, while SIV+ ART+ CyMs 288 

showed a higher proportion of mature neutrophils. 289 

Together, these results indicate that in early or late SIV infection, SIV-infected CyMs 290 

were characterized by elevated signatures related to neutrophil phenotype and 291 

capacities to modulate directly T cell activation, compared to uninfected animals. 292 

Furthermore, neutrophils had higher capacities to modulate T cell function in treated 293 

animals than untreated animals during the chronic phase of infection. 294 

 295 

 296 

 297 

 298 

 299 

 300 

 301 
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Figure 4: Neutrophil modulatory properties are key features of SIVmac251 303 

infection in macaques 304 

(A) Partial Least-Squares Discriminant Analysis (PLS-DA) comparing uninfected (grey) and SIV-infected CyMs at 305 
10dpi (red); (B) Parameters contributing the most to the 1st component of the corresponding PLS-DA; (C) PLS-DA 306 
comparing uninfected (grey), SIV+ ART- CyMs (blue) and SIV+ ART+ CyMs (purple) at 6mpi; (D) Parameters 307 
contributing the most to the 1st component of the corresponding PLS-DA; (E) Parameters contributing the most to 308 
the 2nd component of the corresponding PLS-DA. Annotations: CD8+CD69+% PMN vs noPMN: percentage of 309 
increase of CD69+CD8+ T cells frequency in the presence of neutrophils. CD8+CD69+ PBMC: frequency of 310 
CD69+CD8+ T cells without neutrophils. MFI: mean fluorescence intensity 311 

 312 

Type I interferon pathways are upregulated in neutrophil proteomes 313 

in primary and chronic SIV infection 314 

Because neutrophils express low levels of RNA but display high protein content, we 315 

decided to perform proteomic assays rather than transcriptomic assays [23]. Hence, we 316 

explored proteome changes in purified blood neutrophils induced during SIV infection 317 

in CyMs. We used data-independent acquisition mass spectrometry (DIA-MS) 318 

proteomic analysis on purified blood neutrophils and assessed the impacts of SIV 319 

infection and ART on neutrophils. We identified 5767 proteins in CyM neutrophils, with 320 

few sample variations (Figure S6A). Before infection, the most abundant proteins in 321 

macaque neutrophils were similar to those previously described in human neutrophil 322 

proteomes [24], including lactotransferrin, azurocidin, neutrophil defensins, cathepsin 323 

G, S100-A8, elastase and myeloperoxidase. We regrouped the most abundant proteins 324 

into categories: metabolism, nuclear structure and granules or vesicles (Figure 5A and 325 

Figure S6B). To confirm our previous results on the increase of immature CD10- 326 

neutrophils and downregulation of CD62L following SIV infection, we analyzed CD10 327 

and CD62L expression and observed a similar dynamic (Figure 5B and 5C). 328 

We then performed differentially expressed proteins (DEPs) analysis between 329 

timepoints and groups of macaques. In primary infection (21dpi), we identified 23 DEPs, 330 

which were all upregulated in neutrophils compared to baseline (Figure 5D). These 331 

DEPs included proteins related to antiviral activities, such as RIG-I, MX2 or SAMHD1, 332 

and proteins linked to interferon pathways, such as IFIT2. We further performed a 333 

pathway analysis and found that neutrophils from SIV-infected animals showed 334 
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upregulated pathways associated with type I and type II interferon signaling, antiviral 335 

responses and class I MHC-mediated antigen processing and presentation (Figure 5E). 336 

 337 
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Figure 5: Neutrophils from untreated CyMs display increased expression of 339 

proteins related to interferon pathways 340 

(A) Mass spectrometry signal intensities of the fifteen most abundant proteins in neutrophil proteomes of n = 6 341 
uninfected CyMs with individual values (dots) or average values (bars) ± SD; (B-C) Mass spectrometry signal 342 
intensities for CD10 and CD62L in neutrophils from CyMs before infection (n = 6) during the late acute (21dpi, n = 343 
6) or chronic (6mpi, n = 3 SIV+ ART-, n = 3 SIV+ ART+) phase of SIVmac251 infection; (D) Volcano plot of DEPs in 344 
neutrophils from CyMs infected with SIVmac251 at 21dpi (right) compared to before infection (left); (E) Pathways 345 
associated with DEPs in neutrophils from CyMs infected with SIVmac251 at 21dpi. Pathways were obtained using 346 
Ingenuity Pathway Analysis. Wilcoxon tests *: p < 0.05 347 

 348 

In the chronic phase (6mpi), we found 30 DEPs in neutrophils from SIV+ ART- animals 349 

and 25 DEPs in neutrophils from SIV+ ART+ animals compared to uninfected animals 350 

(Figure 6A and 6B). Signal intensities of proteins related to antiviral defense, such as 351 

RIG-I, OASL or MX1, and proteins linked to type I interferon pathways, such as IFIT1 352 

and IFI16 increased at 21pi remained high at 6mpi in SIV+ ART- animals (Figure 6C-353 

6E, Figure S7A and S7B). We then compared DEPs in neutrophils from SIV+ ART- and 354 

SIV+ ART+ CyMs to baseline. We found that some of the DEPs were common in the 355 

two groups, including proteins related to type I interferon pathways such as IFIT1, and 356 

IFIT3, but also antiviral proteins such as OASL and MX2 (Figure 6A and 6B). For these 357 

proteins, neutrophils from SIV+ ART+ animals presented intermediate intensities 358 

between uninfected and SIV+ ART- animals at 6mpi (Figure 6C-6E). Additionally, 359 

neutrophils from SIV+ ART+ animals showed DEPs specific to their group, with 360 

ribosomal proteins such as FAU and several large ribosomal subunit proteins (RPL). 361 

These proteins were not increased in neutrophils from SIV+ART- animals, or to a lesser 362 

extent (Figure 6B and 6F). 363 

To assess the effect of ART on neutrophil proteomes, we next compared neutrophil 364 

DEPs from treated and untreated animals at 6mpi. First, we identified significantly 365 

upregulated or downregulated proteins in both groups compared to uninfected 366 

animals. Then, we established proteins with fold changes significantly different 367 

between ART+ and ART- groups (Figure S8A) and proceeded to pathway analyses. 368 

SIV+ ART- neutrophils were characterized by the upregulation of type I interferon 369 

signaling, interferon gamma signaling and mitochondrial protein degradation (Figure 370 

6G and S8B), while neutrophils from SIV+ ART+ animals displayed an upregulation of 371 
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pathways related to RNA processing, integrin signaling, EIF2 signaling and neutrophil 372 

degranulation (Figure 6G and S8C). Importantly, SIV+ ART+ animals did show 373 

upregulation of IFNα/β signaling, but these signatures were not dominant compared 374 

to untreated animals (Figure S8C). 375 

These results indicate acute SIV infection-induced changes in neutrophil proteomes, 376 

which were characterized by a higher expression of proteins related to type I/type II 377 

IFNs and antiviral pathways. These pathways persisted in neutrophils after 6 months of 378 

infection in CyMs, while an administration of ART induced a partial reversion of these 379 

neutrophil signatures, with a return to metabolic and homeostatic activities. 380 

 381 

 382 

 383 

 384 

(Fig. next page) 385 

Figure 6: Upregulation of antiviral and interferon-related pathways in CyMs 386 

neutrophils in early and late SIV infection, partially resolved with ART 387 

(A) Volcano plot of DEPs in neutrophils from CyMs infected with SIVmac251 without ART at 6mpi; (B) Volcano plot 388 
of DEPs in neutrophils from CyMs infected with SIVmac251 with ART at 6mpi; (C-F) Scatter plots of mass 389 
spectrometry signal intensities for RIG-I, OASL, IFIT1 and FAU proteins in uninfected and SIVmac251-infected CyMs; 390 
(G) Using Ingenuity Pathway Analysis, pathways associated with DEPs in neutrophils from chronically SIV-infected 391 
CyMs, with or without ART, compared to before infection. Statistics: Wilcoxon tests, *: p < 0.05 392 
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 DISCUSSION 394 

Investigation of the immune events leading to inflammation in HIV infection remains 395 

challenging. Here, we took advantage of the cynomolgus macaque model infected with 396 

SIVmac251, which shares most features of HIV physiopathology, to investigate the role 397 

of neutrophils in shaping T cell activities and inflammation. In this work, we 398 

demonstrate that SIV in CyMs leads to changes in neutrophil phenotype and function, 399 

particularly in their capacity to modulate T cell activation and cytokines or chemokines 400 

produced by PBMCs.  401 

In HIV infection, neutrophils display an activated phenotype associated with altered 402 

functions [12], and have been shown to infiltrate gut tissues in patients and NHP 403 

models during chronic infection [13,25]. Yet, their roles in inflammation are not fully 404 

elucidated, and neutrophils' beneficial versus detrimental effects are discussed [15]. 405 

Here, using flow cytometry on whole blood cells, we report that SIVmac251 acute 406 

infection was associated with increased frequencies of CD10- CD101+ immature 407 

neutrophils in the blood of infected macaques, confirming previous results [19]. The 408 

simultaneous decrease in neutrophil counts may suggest accelerated hematopoiesis 409 

due to neutrophil recruitment in tissues or increased neutrophil apoptosis, as described 410 

by others [26]. We also found that CD62L shedding was mainly driven by mature 411 

neutrophils, and not immature, suggesting that mature subsets may be more 412 

responsive to activation than immature neutrophils. We also assessed the impact of 413 

ART on neutrophil phenotype and modulatory functions during chronic SIV, and found 414 

that treated animals showed a restored neutrophil phenotype compared to untreated 415 

animals. Additional analysis of CD10 and CD62L expressions using proteomics also 416 

confirmed these observations. Increased frequencies of immature neutrophils were 417 

found in HIV patients in the low-density granulocytes subset (LDG), yet were not 418 

assessed in normal-density granulocytes (NDG) [26]. 419 

Only a few studies were conducted to investigate neutrophil modulation of other 420 

immune cells in HIV infection or their impact on inflammation. In chronic HIV infection, 421 



117 

 

several teams have shown that PD-L1 and arginase-1 expressions were increased in 422 

neutrophils and associated with suppressive functions towards T cell activation [16,27]. 423 

On the other hand, Dunsmore et al demonstrated that blood neutrophils from PLWHIV 424 

receiving ART were associated with T cell activation through the release of soluble 425 

galectin-9 [18]. Here, we showed neutrophils could modulate other immune cell 426 

activities during acute and chronic SIVmac251 pathology in CyMs. We demonstrate 427 

that neutrophils exerted effects both on soluble effector molecules and directly on T 428 

cells, hence that neutrophils can impact PBMC cytokine/chemokine networks and T cell 429 

activation directly. 430 

To our knowledge, it is the first report on neutrophil modulation of soluble cytokines 431 

and chemokines produced by PBMCs during SIV/HIV infection. In our work, neutrophils 432 

mostly induced decreased concentrations of soluble cytokines and chemokines 433 

released by T cells, including IL-6, IL-1β, and TNFα. Additionally, during the acute phase 434 

of infection, IL-1RA levels were increased in the presence of neutrophils. IL-1RA is an 435 

antagonist of IL-1 that mostly plays an anti-inflammatory role and can be produced by 436 

various immune cells, including neutrophils [28]. Elevated plasma concentrations of IL-437 

1RA were described during acute SIV infection in PLWHIV and untreated macaques, 438 

but not in macaques receiving ART [29,30]. This points out that in our model, 439 

neutrophils could regulate inflammation during the acute phase of SIV infection. In ex-440 

vivo assays, neutrophils were shown to process and regulate different inflammatory 441 

cytokines such as inactivation of IL-1β through proteases release [31] or processing of 442 

TNFα and IFNγ, resulting in oxygen species release [32,33]. Nonetheless, in our study, 443 

neutrophils also induced higher levels of the T-cell chemoattracting chemokine IP-10 444 

during acute SIV infection. Similar trends were observed in chronic SIV infection, even 445 

in treated macaques. This chemokine was shown to be highly involved in HIV infection 446 

in early and chronic HIV infection [34]. Indeed, high plasmatic levels of IP-10 were 447 

found in PLWHIV during early infection [35] but also in chronic patients receiving ART 448 

and elite controllers [36]. Plasma IP-10 levels were recently linked to increased mortality 449 

in HIV patients [37]. Additionally, Ramirez et al showed in 2014 that stimulated PBMCs 450 
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from ART-treated PLWHIV exposed to recombinant IP-10 secreted lower levels of IFNγ 451 

and IL-6 than unexposed PBMCs [38]. As such, we may hypothesize that neutrophils 452 

could play dual roles in local and systemic inflammation by increasing IP-10 levels in 453 

HIV infection, while decreasing inflammatory cytokine concentrations. Whether IP-10 454 

plays a role in decreasing TNFα, IL-6 and IL-1β levels remains to be elucidated. 455 

In a previous work, Lemaitre et al. showed that neutrophils increased T cell activation 456 

during the acute phase of SIVmac251 infection in CyMs [19]. Here, we confirmed these 457 

results and extended this observation to a cytotoxic CD8+ T cell marker, CD107a, which 458 

expression also increased in the presence of neutrophils co-cultured with PBMCs. 459 

Additionally, we demonstrate that these direct effects of neutrophils on T cell activation 460 

were only found when neutrophils and PBMCs were in contact, but not separated by 461 

Transwell membranes. These results suggest that the mechanisms involved in the 462 

modulation of T cell activation are triggered by cell-cell contacts. Although we did not 463 

test this hypothesis, others have reported direct T cell priming by NET release [39]. In 464 

this intracellular cytokine assay, we did not find any clear difference between untreated 465 

and SIV+ ART+ animals during chronic SIV. This may be due to the low number of 466 

macaques included in the study, or because 5 months of treatment were not long 467 

enough to assess differences between groups. Indeed, several ART+ animals presented 468 

viral loads above the detection threshold, which may reflect a low-grade inflammation 469 

in these CyMs. 470 

In HIV infection, interferon-related signatures have been described in patients [40] and 471 

the roles of type I IFNs during the infection are still under investigation [41], but the 472 

involvement of neutrophils in these signatures is unknown. By analyzing proteomes 473 

from purified neutrophils, we showed that neutrophils from SIV-infected CyMs 474 

displayed interferon type I and type II signatures after the acute phase of infection. 475 

Type I IFN pathways persisted after 6 months of infection in treated and untreated 476 

animals. However, in ART-treated animals, neutrophils were characterized by pathways 477 

related to cellular and transcriptional activities. Contrary to transcriptional analyses, 478 
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only a few studies focused on in-depth proteomic analyses of isolated human 479 

neutrophils. A study of 2024 reported transiently elevated type I IFN pathways in 480 

critically severe COVID-19 patients, associated with increased expression of MX1 and 481 

MX2 [42]. Similar signatures were reported in transcriptional studies in macaques 482 

infected with SARS-Cov2 [43], but also in other diseases such as tuberculosis and auto-483 

immune disorders [44,45]. To our knowledge, this is the first report of IFN pathway 484 

signatures in neutrophils from SIV or HIV-infected individuals. Additionally, our data 485 

suggest that neutrophils could be involved in antiviral mechanisms against SIVmac251, 486 

as we found increased expressions of proteins that detect or induce SIVmac251 487 

restriction such as RIG-I and SAMHD1 respectively. Human neutrophils were also 488 

previously reported to detect and restrict HIV infection in ex-vivo assays [46,47]. 489 

We are aware this work presents some limitations. First, it is known that isolating fresh 490 

neutrophils can be challenging, and so far, there are no existing methods to purify 491 

neutrophils directly from whole blood of non-human Primates. Here, we developed a 492 

method to obtain a >95% pure population of neutrophils that involves several steps, 493 

including the use of Ficoll-Paque, which may have induced neutrophil activation. 494 

Besides, we could not identify a specific mechanism or molecule involved in the 495 

neutrophil modulation of T cells, nor did we perform any T-cell suppressive assay of 496 

SIVmac251-infected cells to assess if T cell functionality was changed in the presence 497 

of neutrophils. Finally, we worked on a small number of macaques, which prevented us 498 

from performing statistical analyses during chronic SIVmac251 infection. 499 

Further analysis will be required to study neutrophil-T cell interactions. For the next 500 

experiments, we could use confocal microscopy to perform protein staining of cellular 501 

synapses and potential T cell entrapment in NETs. To study the crosstalk between 502 

neutrophils and T cells in tissues during SIV infection, analyzing their cellular 503 

distribution in different organs such as the spleen, a lymphoid organ reservoir for SIV, 504 

will also be necessary. In colorectal cancer, neutrophils were shown to increase T cell 505 

activation, and cells were found to co-localize in biopsies from patients [48]. 506 
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Overall, we report that neutrophils modulate inflammatory molecules and induce 507 

contact-dependent T cell activation during SIVmac251 infection in CyMs. Additionally, 508 

our work suggest neutrophils' involvement in inflammation as they displayed IFN type 509 

I pathways and were associated with increased IP-10 concentrations in the presence of 510 

PBMCs. In the future, deciphering the role of neutrophils in HIV infection could lead to 511 

the identification of new therapeutic targets to lower chronic inflammation in PLWHIV. 512 

 513 

ACKNOWLEDGEMENTS 514 

We thank all members of the Animal Science and Welfare, FlowCyTech, Immunology 515 

and Infectiology core facilities of the IDMIT infrastructure for their excellent expertise 516 

and outstanding contributions: Quentin Sconosciuti, Maxime Potier, Victor Magneron, 517 

Eleana Navarre, Jean-Marie Robert, Emma Burban, Sebastien Langlois, Kyllian Lheureux, 518 

Matthieu Van Tilbeurgh, Marco Leonec, Wesley Gros, Laetitia Bossevot and Sylvie 519 

Legendre. We also thank Oscar Haigh for his contribution to proteomic data analysis. 520 

 521 

METHODS 522 

Non-human primates and sampling 523 

Fifteen cynomolgus macaques (Macaca fascicularis) imported from Mauritius were 524 

housed at the IDMIT infrastructure animal facility at the CEA, Fontenay-Aux-Roses, 525 

France. Animals expressing the H6 MHC haplotype were excluded because of their 526 

increased natural capacity to control SIVmac251 infection [21]. All animals were 527 

infected by intravenous inoculation with 1000 animal infectious dose 50% (AID50) of 528 

pathogenic SIVmac251 isolate and followed for 6 months. Six SIV-infected animals 529 

were treated daily subcutaneously, starting from 28 days post-infection, with a 530 

combination of two nucleoside reverse-transcriptase inhibitors, emtricitabine (40 531 

mg/kg) and tenofovir disoproxil fumarate (5.1 mg/kg) and one integrase inhibitor, 532 
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dolutegravir (2.5 mg/kg) [49]. Nine other animals remained untreated. Blood was drawn 533 

and collected in heparin-lithium tubes under anesthesia, consisting of an intramuscular 534 

injection of zolazepam/tiletamine (10mg/kg; Virbac, Carros, France). The macaque 535 

study was approved by the « Ministère de l’Education Nationale, de l’Enseignement 536 

Supérieur et de la Recherche » (France) and the Ethic Comittee « Comité d’éthique en 537 

expérimentation animale n°44 ». Animals were handled in accordance with national 538 

regulations (CEA accreditation number D92-032-02) and European Directive (2010/63, 539 

recommendation n°9) in compliance with the standards for Human Care of the Office 540 

for Laboratory Animal Welfare (OLAW, USA) under OLAW Assurance number #A5826-541 

01 and #F22-00556. 542 

Immunophenotyping of whole blood neutrophils 543 

Heparinized whole blood was processed within 1h following blood draw to preserve 544 

neutrophils. For phenotypic analysis, antibody staining mix was added to 100µL of 545 

heparinized whole blood for 15min at room temperature. Samples were lysed and fixed 546 

using BD FACs Lysing (BD Bioscience) for 15min at room temperature. Cells were 547 

washed three times with PBS and fixed (Fixation Buffer, Biolegend). Acquisition was 548 

performed with a ZE5 BioRad cytometer and analysis using FlowJo software. 549 

CD64 (10.1, BD Bioscience), CD10 (HI10a, Biolegend), CD45 (REA1023, Mitenyi Biotec), 550 

CD3 (SP34.2, BD Bioscience), CD123 (7G3, BD Bioscience), CD8a (RPAT8, BD Bioscience), 551 

CD20 (2H7, BD Bioscience), CD62L (SK11, BD Bioscience), CD11b (REA713, Miltenyi 552 

Biotec), CD14 (REA599, Miltenyi Biotec), CDw125 (REA705, Miltenyi Biotec), PD-L1 553 

(29E.2A3, Biolegend), CD101 (REA954, Miltenyi Biotec), HLA-DR (L234, Biolegend), 554 

CD32a (IV.3, Stemcell) and CD66abce (TET2, Miltenyi).  555 

Granulocyte and PBMC isolation 556 

To separate the different cell fractions, 6mL of freshly collected heparinized blood was 557 

diluted 1:3 with PBS and was layered on Ficoll-Paque solution. After a 20min 558 

centrifugation, the mononuclear cell layer and the pellet containing granulocytes were 559 
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collected separately and processed with pre-warmed lysis solution for 8min to 560 

eliminate erythrocytes. To enrich the granulocytes fraction in neutrophils, a magnetic 561 

depletion was performed: cells were stained with anti-CD125 antibodies conjugated to 562 

PE (Miltenyi Biotec) and washed with AutoMACs Buffer (Miltenyi Biotec). Anti-PE and 563 

anti-CD2 microbeads (Miltenyi Biotec) were added to the granulocyte fraction to target 564 

eosinophils and remaining CD2+ cells respectively, before performing magnetic 565 

depletion using LD columns (Miltenyi Biotec). Neutrophil purity was >95% using this 566 

technique. 567 

Neutrophil/PBMC co-culture for intracellular cytokine assay 568 

Isolated PBMCs were stimulated (TCR stimulation with Cytostim NHP, Miltenyi Biotec) 569 

and cultured in presence or absence of autologous neutrophils at 1:1, 3:1 and 5:1 570 

neutrophil-to-PBMC ratio, together or separately using Transwell plates (Corning). A 571 

mix of co-stimulating antibodies (CD28/CD49d, BD Bioscience) and CD107a antibody 572 

(Miltenyi Biotec) were added to the wells. To study the intracellular cytokine 573 

production, Brefeldin A (10µg/mL, Sigma-Aldrich) and Monensin (1000X, Biolegend) 574 

were added to the wells after a 1-hour incubation at 37°C, 5% CO2. After overnight 575 

incubation, viability staining was performed for 20min at 4°C (Live/Dead, Thermofisher), 576 

cells were washed and permeabilized/fixed with Cytofix/Cytoperm reagent (BD 577 

Bioscience). Cells were stained with antibody mix for 30min at 4°C, washed and 578 

resuspended in fixation buffer (Biolegend). 579 

Measurement of soluble cytokines & chemokines 580 

PBMCs and neutrophils were co-cultured overnight. After 5mn centrifugation at 581 

2200rpm, supernatants were collected and stored at -20°C. For cytokines 582 

quantification, NHP 38-plex (Luminex) was performed. The cytokine and chemokine 583 

profiles in coculture supernatants were analyzed using a bead-based multiplex assay. 584 

Measurements were performed before infection, 10 days post-infection, 15 days post-585 

infection and 6 months post-infection. 586 
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With the Milliplex system (MILLIPLEX MAP Non-Human Primate Cytokine Magnetic 587 

Bead Panel, MilliporeSigma), sCD40L, G-CSF, GM-CSF, sFasL, TNF-α, IFN-γ, granzyme 588 

A, granzyme B, IFNα2, IP-10, MCP-1, ITAC, MIG, MIP1α, MIP3a, MIP1β, TGFa, VEGFa, 589 

perforin, sCD137, IL-1RA, IL-1β, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-10, IL-12/IL-13 (p40), 590 

IL-15, IL-17A, IL-18, IL-21, IL-22, IL-23, IL-33 and RANTES levels were measured. 591 

The assays were performed according to the manufacturer’s instructions. The various 592 

timepoints were evaluated once. Seven standards as well as negative controls provided 593 

in the kits were included. In addition, an in-house internal control was generated by 594 

pooling supernatants of CyMs PBMCs that were cultivated in RPMI + 10% FCS and 595 

activated with either PMA-ionomycin, concanavalin A, or LPS, to assess the efficiency 596 

and reproducibility of the kit. 597 

Partial Least Squares Discriminant analyses 598 

The Partial Least Squares Discriminant Analysis (PLS-DA) was performed on data from 599 

the Intracellular Staining assays (ICS) and whole blood neutrophil phenotype assays 600 

using R software (version 4.2.1). The mixOmics package was employed for model 601 

development, while the ggplot2 package was used for visualization. The interpretation 602 

of the PLS-DA model was guided by the examination of variable importance in 603 

projection (VIP) scores, which identify the most influential variables contributing to 604 

group separation. Based on their VIP scores (provided in the supplementary data, 605 

SFig.5), the top variables were further ranked according to their contribution to the 606 

discriminant components, as indicated by their loading coefficients.  607 

 608 

Sample preparation and Proteomics and Data-independent acquisition shotgun 609 

proteomics  610 

200,000 neutrophils were isolated as previously described in HBSS medium, and placed 611 

in Eppendorf tubes. After a 400g centrifugation for 7min at 4°C, cells were resuspended 612 

in a mix of PBS and SDS-page and heated at 99°C for 5min. Samples were stored at -613 

20°C and processed at the end of the study.  Before acquisition, samples were 614 



124 

 

denatured again for 5 min at 99°C, briefly centrifuged, and then a volume of 25 µL of 615 

each sample was subjected to NuPAGE 4–12% Bis-Tris gel (Thermo) electrophoresis for 616 

5 min. Proteins were stained for 5 min with Coomassie SimplyBlue SafeStain (Thermo) 617 

prior to in-gel trypsin proteolysis with Trypsin Gold (Promega) using 0.011% 618 

ProteaseMAX surfactant (Promega), as described [50]. Peptides were characterized with 619 

an Orbitrap Exploris 480 (Thermo Scientific) tandem mass spectrometer coupled to a 620 

Vanquish Neo UHPLC (Thermo Scientific) as previously described [51]. Peptides were 621 

loaded on a reverse-phase Acclaim PepMap 100 C18 precolumn (5 μm, 100 Å, 300 μm 622 

i.d. × 5 mm, Thermo) and then resolved on a EasySpray PepMap 100 Neo C18 column 623 

(2 μm, 100 Å, 75 μm i.d. × 50 cm, Thermo) at a flow rate of 250 nL.min−1 using a 90-624 

min gradient (4-25% B in 75 min, and 25-40% B in 15 min), with 0.1% HCOOH/100% 625 

H2O as mobile phase A and 0.1% HCOOH/100% CH3CN as mobile phase B. The mass 626 

spectrometer was operated in data-independent acquisition mode as previously 627 

described [52]. Peptides and proteins were identified from the dataset using the DIA-628 

NN software version 1.8.2 [53] against the Macaca fascicularis NCBI fasta database. The 629 

following parameters were used for peptide assignation: trypsin as enzyme, two missed 630 

cleavages allowed, carbamidomethylated cysteines as fixed modification, methionine 631 

oxidation as variable modification, peptide length comprised between 7 and 30, charge 632 

precursor of +2 or +3, and false discovery rate at 1%. Highly heuristic protein grouping 633 

was used to reduce the number of protein groups obtained and high accuracy 634 

quantification mode was enabled.  635 

 636 

Statistical analysis 637 

Statistical analysis was carried out using GraphPad Prism version 10.0. Comparison 638 

between two groups was carried out using non-parametric Wilcoxon tests for paired 639 

datasets and Mann-Whitney tests for unpaired datasets. All the details of the statistical 640 

analysis including the type of test used can be found in the legends of the figures. Data 641 

represented as mean ± SD (Standard Deviation). *p < 0.05, **p < 0.01, ***p < 0.001, 642 

****p < 0.0001, ns = not significant. 643 
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Figure S1: CD4+ T cell count and blood neutrophil phenotypes during SIV 646 

infection in CyMs 647 

(A) Absolute counts of CD4+ T cells n = 15 SIVmac251-infected CyMs over time (blue lines), with n = 6 being treated 648 
at 1mpi to 6mpi with ART (switching to purple lines). Red line indicates n = 1 infected animal that controlled 649 
infection; (B) Frequencies of mature CD101+ CD10+ neutrophils in blood before infection or during acute 650 
SIVmac251 infection (10dpi), and with (+) or without (-) ART beginning at 1mpi, individual values (dots) or group 651 
averages (bars) ± standard deviation (SD); (C) Frequencies of CD62L- blood neutrophils before and during 652 
SIVmac251 infection; (D) Mean fluorescence intensities of CD62L expression by CD10+ mature or CD10- immature 653 
blood neutrophils before and during SIVmac251 infection; (E-G) Mean fluorescence intensities of CD64, CD11b, 654 
CD32a expression by blood neutrophils before and during SIVmac251 infection; (G) Percentages of PD-L1+ 655 
neutrophils during SIVmac251 infection. Wilcoxon tests were performed for paired datasets, and Mann-Whitney 656 
tests were run for unpaired datasets (ART+ versus ART-); **: p < 0.01; ***: p < 0.001; ****: p < 0.0001. 657 
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Figure S2: Supernatant cytokine and chemokine levels produced by stimulated 659 

PBMCs during SIV infection 660 

Supernatant concentrations of indicated molecules in overnight cultures of stimulated PBMCs from CyMs before 661 
infection (n = 6) during the acute (15dpi, n = 6) or chronic 208 (6mpi, n = 4 SIV+ ART-, n = 5 SIV+ ART+) phase of 662 
SIVmac251 infection. Individual values are represented by dots and group averages by bars ± SD. Wilcoxon tests 663 
were run for all paired datasets; *: p < 0.05; **: p < 0.001 664 

  665 



129 

 

 666 



130 

 

Figure S3: Supernatant cytokine and chemokine levels produced by stimulated 667 

PBMCs in the presence of neutrophils during SIV infection 668 

Supernatant concentrations of indicated molecules in overnight cultures of stimulated PBMCs without (black dots) 669 
or with neutrophils (blue dots) from CyMs before infection (n = 6) during the acute (15dpi, n = 6) or chronic (6mpi, 670 
n = 4 SIV+ ART-, n = 5 SIV+ ART+) phase of SIVmac251 infection. Individual values are represented by dots and 671 
group averages by bars ± SD. Wilcoxon tests were performed for all paired datasets; *: p < 0.05   672 



131 

 

Figure S4: Activation of T cells in the presence of neutrophils during SIV infection 673 

in classical or transwell conditions 674 

(A-J) Frequencies of positive T cells for each indicated marker. Positive cells were quantified by intra and extracellular 675 
flow cytometry in the absence (black dots) or presence of neutrophils with a 5:1 ratio (neutrophil:PBMC). PBMCs 676 
and neutrophils were in contact (blue dots) or separated by a Transwell membrane (orange dots) to measure 677 
contact-dependent effects. Wilcoxon tests were performed *: p < 0.05; **: p < 0.01; ***:  p < 0.001 678 

  679 
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Figure S5: Variable Importance scores for top variables of PLS-DA from Fig.4 680 

(A-B) Variable Importance scores (VIP) for the variables composing component LD1 in the PLS-DA from Fig 4.A 681 
comparing data from uninfected and SIVmac251-infected CyMs at 10dpi; (C-D) VIP scores for the variables 682 
composing component LD1 and component LD2 respectively, in the PLS-DA from Fig 4.C comparing data from 683 
uninfected, SIV+ ART- and SIV+ ART+ CyMs 684 

  685 
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 686 
Figure S6: Number of proteins identified and changes in mass spectrometry signal 687 

intensities of MX1 and IFI16 before and during SIVmac251 infection in CyMs 688 

(A) Number of proteins identified with mass spectrometry analysis in purified neutrophils from CyMs before and 689 
during SIVmac251 infection (n = 6); (B) Mass spectrometry signal intensities for indicated proteins in uninfected and 690 
SIVmac251-infected CyMs. 691 

 692 

Figure S7: Mass spectrometry signal intensities of MX1 and IFI16 before and 693 

during SIVmac251 infection in CyMs  694 

(A-B) Mass spectrometry signal intensities of indicated proteins in uninfected and SIVmac251-infected CyMs.; 695 
Wilcoxon tests were performed for paired datasets *: p < 0.05 696 

 697 

 698 
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Figure next page 699 

Figure S8: Up and down-regulated pathways associated to differentially 700 

expressed proteins of neutrophils during chronic SIV infection with or without 701 

ART 702 

(A) Ingenuity Pathways Analysis (IPA) of upregulated pathways in neutrophils from SIV+ ART- CyMs compared to 703 
baseline; (B) Ingenuity Pathways Analysis (IPA) of upregulated pathways in neutrophils from SIV+ ART+ CyMs at 704 
6mpi compared to baseline; (C) Volcano plot of DEPs in neutrophils from SIV+ ART- CyMs (left) or SIV+ ART+ CyMs 705 
(right) at 6mpi compared to baseline. 706 

707 
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III. Complementary results 

i) Evaluation of neutrophil ROS production in the course 
of SIV infection 

 Rational approach and methodology 

As mentioned in the introduction of this manuscript, the impact of HIV/SIV infection 

on neutrophil ROS production is unclear, as studies showed contradictory results. 

Neutrophil ROS production leads to the release of arginase-1, a protein shown to 

suppress T cell function. Hence, we decided to measure the intracellular production of 

ROS using CellROX (Thermofisher) in 200,000 pure neutrophils isolated from 6 SIV-

infected macaques using different stimuli such as TNFα, fMLP and PMA. Because we 

also aimed to evaluate neutrophil capacity to respond to these stimuli and because we 

previously showed the neutrophil response could be evaluated by studying CD62L 

rather than CD11b, we also performed flow cytometry stainings on neutrophils to 

follow the expression of CD62L. 

 Results 

First, we evaluated the robustness of our test before infection by measuring the 

production of ROS with stimuli of different natures or left at 4° or 37°C for 1 hour. In 

this experiment, we observed that the intensity of ROS production, measured through 

the mean of fluorescence intensity (MFI) of the CellROX probe, differed depending on 

the strength of the stimuli. In particular, the combination of TNFα and fMLP induced a 

significant increase in ROS production compared to unstimulated neutrophils. The 

highest ROS production was found with PMA stimulation, as expected in view of the 

literature (Figure 13A) [293]. 

We then compared the production of ROS from neutrophils before infection and at 

different timepoints of SIV infection in CyMs in three different conditions. We evaluated 

the fold change of the CellROX MFI at 37°C without stimulation, a mild stimulation with 
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TNFα and fMLP, or a strong stimulation, PMA. After 21 days of SIV infection, we 

distinguished two groups of animals with different intensities of ROS responses, 

independently of the condition (Figure 13B-13D). 

At 2 months post-infection, the ROS production of neutrophils from untreated animals 

tended to be higher compared to animals receiving ART, in the 37°C and the mild 

stimulation conditions (Figure 13C). However, we could not perform statistical analyses 

because there were only three animals in each group. Interestingly, this tendency 

reversed after 4 months post-infection, with a higher ROS production in ART+ animals 

than untreated animals. 

 

 

 

 

 

 

 

 

 

 

 

Figure 13: Neutrophil ROS production before and during SIV infection in CyMs, 
with stimulations of different nature 

(A) Mean Fluorescence intensity of the CellROX probe for ROS measurement by flow cytometry in neutrophils 
from healthy macaques exposed to different conditions. Stats: Friedmann test. **: p < 0.01, ****: p < 0.0001; (B-D) 
Fold change of CellROX MFI compared to baseline, in neutrophils exposed to 37°C, TNFα+fMLP or PMA before 

and during SIV infection. 
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Lastly, after 6 months of SIV infection, the production of ROS tended to be more 

elevated compared to the baseline condition for all stimulations. Depending on the 

nature of the stimulation, untreated and treated animals showed different responses 

(Figure 13B-13D). 

All in all, even if we saw variations in the production of ROS along SIV infection, we did 

not identify a clear tendency for neutrophil defects or increased ROS capacities. In the 

future, including more animals may help identify such tendencies. 

 

ii) Additional experiments to identify mechanisms 
underlying neutrophil modulatory effects on T cells 

 Rational approach and methodology 

As we identified that neutrophils modulate T cell activation and intracellular cytokine 

production during SIV infection, we aimed to investigate these interactions more 

deeply. First, as different modulatory capacities have been described depending on the 

state of maturation of neutrophils [294], we developed a sorting of CD10+ mature and 

CD10- immature fractions of blood neutrophils and co-cultured these separate 

fractions with autologous PBMCs. 

Secondly, we evaluated CD14+ blood monocytes as potential partners in the PMN–T 

cell interactions, and we used magnetic cell sorting to remove these cells from the 

PBMC fraction before co-culturing neutrophils and PBMCs. 

As we performed these experiments during the chronic phase of SIV infection, only few 

samples could be processed for these two tests. 
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 Results 

First, we validated the efficiency of this sorting. To do so, we performed May Grunwald-

Giemsa (MGG) stainings on Cytospin spreads of each cell fraction. We were able to 

confirm the separation of CD10+ mature neutrophils from CD10- immature neutrophils 

according to nucleus shapes (Figure 14F-14G). 

We then compared T cell activation in the presence of CD10+ or CD10- neutrophils 

using similar co-cultures as previously described in the Methods section. We found that 

CD10- immature neutrophils exerted lower effects on T cells than CD10+ neutrophils. 

Indeed, CD69 expression on CD8+ T cells was increased in the presence of mature 

neutrophils, while immature neutrophils induced a lower increase of CD69 expression 

on CD8+ T cells (Figure 14A). However, we did not see a similar tendency in CD4+ T 

cells regarding CD69 expression (Figure 14D). Additionally, intracellular TNFα 

expression on CD8+ and CD4+ T cells decreased in the presence of mature and 

immature neutrophils. This decrease in TNFα expression was expected regarding our 

results on the modulatory effects of neutrophils during the chronic phase of SIV 

infection. However, we found that the decrease in TNFα expression in T cells tended to 

be stronger in the presence of mature neutrophils compared to immature neutrophils 

(Figure 14B and 14E). Moreover, we saw a similar tendency for CD107a expression in 

CD8+ T cells (Figure 14C). 

Overall, these results could suggest that during chronic SIV infection, mature 

neutrophils are more responsible than immature neutrophils for the modulatory effects 

of neutrophils on T cells in this intracellular cytokine assay. However, we are aware that 

these results should be considered very carefully due to the very low number of animals 

(only three). Furthermore, these results should not be extended to the acute phase of 

SIV infection. Yet, we were successful in sorting CD10+ versus CD10- neutrophils, a 

process that could be useful for studying both subsets in the future. 
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Figure 14: Effects of CD10+ or CD10- neutrophils on T cell activation during the 
chronic phase of SIV infection without ART 

(A-B) MGG stainings of CD10- and CD10+ neutrophil fractions after cell sorting. Bar: 10µm (C-G) Percentage of 
increase of expression of indicated marker on T cells in presence of CD10+ or CD10- of neutrophils from SIV-

infected CyMs; NB: “PMN” designates total neutrophils, which contains mature and immature neutrophils. 
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Then, we studied if CD14+ monocytes from PBMCs were important partners in the 

modulatory effects of neutrophils on T cells. We used negative magnetic depletions to 

remove CD14+ cells from PBMCs and performed similar co-cultures as previously 

described in the Methods section (Figure 15A). As expected, when we removed the 

CD14+ cells from PBMCs without adding neutrophils, CD69 decreased (Figure 15B 

and 15C). When we added neutrophils to total PBMCs, as expected regarding our 

previous results, CD69 expression increased in both CD8+ and CD4+ T cells. When we 

removed CD14+ cells from the PBMCs and added neutrophils, we did not observe any 

major changes on CD69 expression in T cells. However, when we looked at TNFα 

expression, it seemed that removing CD14+ cells from neutrophil-T cell co-cultures 

induced a decrease in TNFα expression compared to the condition with total PBMCs 

(Figure 15D and 15E). 

Again, we should take these results with care due to the low number of animals. Yet, it 

seems that CD14+ cells could be participating in the modulatory effects of neutrophils 

on T cells regarding some activation markers (TNFα) and not others (CD69). Further 

investigation would be needed to confirm these observations on more animals. 
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Figure 15: Study of CD14+ monocytes as a partner in neutrophil-T cell 
interactions during chronic SIV infection 

(A) Experimental protocol for co-cultures with or without CD14+ cells; (B-E) Percentages of increase of indicated 
marker on T cells in presence or absence of CD14+ monocytes and in the presence or absence of autologous 

neutrophils. NB: “PMN” designates total neutrophils, which contain mature and immature neutrophils 
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iii) Phenotyping of neutrophils in tissues of SIV-
infected animals 

 Rational approach and methodology 

Finally, we aimed to study the phenotype of neutrophils from bone marrow and spleen 

in SIV-infected CyMs upon euthanasia. We had access to these tissues upon euthanasia, 

from which we isolated total cells. To obtain splenic cells, we first performed a 

mechanical dissociation of the spleen using GentleMacs dissociator (Miltenyi) and then 

filtered the cell suspension with a 100µm filter. Then, we performed a red blood cell 

lysis for bone marrow and splenic cell suspensions for 8mn, similarly to blood samples. 

Then, after several washes, we performed flow cytometry stainings on one million cells 

for each tissue using the same flow cytometry panel for neutrophils as previously 

described in this manuscript. We performed these experiments in four chronically 

infected SIV animals that had been left untreated and 5 animals that had been receiving 

ART for several months. 

 Results 

We were able to identify mature, immature and pre-neutrophils in bone marrow and 

splenic samples. As expected, bone marrow neutrophils mostly comprised immature 

cells (Figure 16A and 16B). As previously evoked in the work of Lemaitre et al., SIV+ 

ART- animals presented a lower proportion of mature neutrophils and more pre-

neutrophils than SIV+ ART+ animals (Figure 16A). On the other hand, we found no 

difference between the proportions of mature, immature and pre-neutrophil 

frequencies in the spleen of both groups (Figure 16C and 16D) 

These results may indicate that BM granulopoiesis is still perturbed after several 

months of SIV infection without treatment, while ART seems to resolve granulopoiesis. 

However, bone marrow stainings from healthy animals will be required to find if ART+ 

animals returned to baseline regarding their neutrophil phenotype. Secondly, the 

frequencies of neutrophil subsets were not different in the two groups. Two hypotheses 
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can be raised: either these neutrophil subsets are unaffected during SIV infection or 

shifted in ART+ and ART- animals. Again, similar stainings from animals that were not 

infected with SIV could help us unveil this question. 

 

✱

 

Figure 16: Identification and quantification of mature, immature and pre-
neutrophil subsets in bone marrow and spleen of chronically infected CyMs 

(A) Frequencies of mature, immature and pre-neutrophil subsets in bone marrow from SIV-infected CyMs 
identified by flow cytometry. Statistics: Mann-Whitney tests, * p < 0.05  (B) Representative graph of neutrophil 

subsets in the bone marrow of SIV+ ART- CyMs at 6mpi; (C) Frequencies of mature, immature and pre-neutrophil 
subsets in the spleen from SIV-infected CyMs identified by flow cytometry; (D) Representative graph of neutrophil 

subsets in the spleen of an SIV-infected CyM at 6mpi 
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iv) Neutrophils modulate T cells during 
Mycobacterium tuberculosis infection in cynomolgus 
macaques (from Dinko et al., manuscript in 
preparation) 

Different infectious diseases are studied in IDMIT, mainly using NHP models. Recently, 

Julien Lemaitre, Candie Joly and colleagues developed a CyM model for tuberculosis 

infection. Tuberculosis, which is caused by Mycobacterium tuberculosis, is still one of 

the global leading causes of death. Interestingly, neutrophils were shown to play dual 

roles in this infection. On the one hand, neutrophils participate in innate immune 

responses against the bacteria through the release of antimicrobial peptides and 

cytokines, but on the other hand, they were shown to exacerbate inflammation and 

bacterial survival in tissues by producing ROS and NETs. However, the precise 

implication of neutrophils in this disease and their phenotypical or functional changes 

at the different phases of tuberculosis infection are not fully elucidated. 

Another PhD student from IDMIT, Stanley Dinko, investigated the neutrophil dynamics 

in CyMs infected with Mycobacterium tuberculosis. Hence, I had the opportunity to 

investigate if neutrophils could modulate T cells in this model of bacterial infection. 

This work was done in collaboration with Stanley Dinko et al., whose study is partially 

presented above. For this work, I performed co-cultures of PBMCs and purified 

neutrophils from 4 CyMs infected with Mtb before and at 9 weeks post-infection. I also 

took charge of the analysis of these results and participated in creating the resulting 

figure. I also participated in reviewing the article presented above. 

Here, I will present this study shortly and the associated results from the neutrophil-T 

cell experiments we ran. 

 

 

 



 

151 
 

 

 Context and objectives of the study 

Tuberculosis (TB), caused by Mycobacterium tuberculosis (Mtb), is the leading cause of 

death among infectious diseases (WHO-global TB report 2024). In 2024, about ¼ of 

the global population was infected with Mtb [96]. Although the bacillus of Calmette 

and Guérin vaccine (BGC) is available and quite efficient in infants, it induces low 

protection in adults [295]. Besides, current treatments face increasing Mtb multi-drug 

resistance. As a consequence, there is an urgent need for developing innovative 

therapies against Mtb infection. Understanding immune responses and correlates of 
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immune protection induced during TB remains a major challenge to finding new 

therapeutic targets. 

In the defense against Mtb infection, adaptive immune responses have been 

extensively studied to the detriment of innate immune responses. In this work, Dinko 

et al. hypothesized that early innate myeloid immune responses and 

polymorphonuclear neutrophil dysfunctions might impact the progression of Mtb 

infection. The objective was to evaluate myeloid cell heterogeneity associated with 

disease progression at both systemic and tissue levels. The study of early Mtb infection 

in humans is challenging owing to ethical considerations, late diagnosis and 

inaccessibility to tissues. As such, Mtb infection was studied in the cynomolgus 

macaque model, which recapitulates the different spectrum of human TB, ranging from 

latent to active tuberculosis. 

 Methodology 

Recent exploration of non-human primate (NHP) models such as rhesus macaques, 

marmosets and cynomolgus macaques has come in handy. NHPs are now considered 

the gold standard for studying and modeling M. tuberculosis infection owing to the 

fact that they better reflect human pathology than other animal models [296–298]. 

Among NHP species, the CyM (Macaca fascicularis) model serves well for modeling 

tuberculosis owing to its ability to reproduce both active and latent infection, even with 

virulent strains of Mtb [299,300]. Here, this model of Mtb infection was developed and 

fully established, and allowed the study of early immune events and their impact on 

the progression of infection. Ten CyMs were exposed to 25 CFU of Mtb Erdman strain 

through bronchoscopic instillation and were followed for up to 18 weeks. The exposure 

resulted in two profiles of Mtb infection, fast progressors (FP) and slow progressors 

(SP), based on clinical symptoms such as weight loss, dyspnea, hypoxia and severe 

coughing, bacterial load, IGRA and PET-CT imaging. Innate myeloid responses were 

assessed using whole blood transcriptomic analysis, mass cytometry 

immunophenotyping, and neutrophil functional assays including measurements of 
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ROS and NET production, as well as evaluation of T cell modulation by neutrophils in 

co-cultures. 

 

 Results 

First, the model of Mtb infected was validated in CyMs. Low-dose Mtb infection led to 

different outcomes in CyMs, ranging from latent to active TB, providing a favorable 

experimental situation to explore the link between disease progression and early innate 

immune responses. After bacterial exposure, all animals became infected, as evidenced 

by positive ESAT-6/CFP-10 ELISpot responses, lung granulomas observed at 4 weeks 

post-exposure on PET/CT imaging, and symptoms developed by some animals (Figure 

16A-16C). Six out of ten animals progressed quickly to severe disease and reached the 

endpoint from 12 to 20 weeks after exposure (Figure 16B). These animals had a 

significantly higher clinical score, especially due to weight loss, dyspnea, hypoxemia 

and severe coughing (Figure 16B). On the other hand, four macaques exhibited slower 

disease progression with no or mild symptoms of transient weight loss or blood 

oximetry reduction. Because disease progression and clinical presentation differ in 

kinetic and magnitude between animals, we grouped them as fast progressors (FP) and 

slow progressors (SP). Three-dimensional reconstructions of serial PET/CT scans 

evidenced the differences in terms of lesions' initial formation, kinetic and distribution, 

showing few isolated hyper-metabolic (18F-FDG positive) lung granulomas in SP and 

more diffuse lung lesions with lobular or lobar pneumonia in FP (Figure 16A, 16C and 

16D). Tracheobronchial lymph node inflammation was also observed (Figure 16E). 
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Figure 16. Low dose Mtb infection leads to heterogeneous clinical evolution, lung 
inflammation and bacterial burden; from Dinko et al (in preparation) 

(A) Three dimensional reconstructions of lungs using PET/CT scans of two representative Mtb infected NHPs at 
different time points. CT opacities are depicted in yellow and 18-FDG uptake (SUV>1.5) in orange. (B) Clinical scores 
of fast and slow progressor animals. (C) The total number of lung granulomas counted on CT scans. (D-E) The 
amount of 18F-FDG uptake volume in the lung (with SUV>1.5 corresponding to FDG positive threshold) and in 
tracheobronchial lymph nodes (SUVmax). Data are median, and * pvalue < 0.05, ** pvalue < 0.01 and *** pvalue < 
0.001, *** pvalue< 0.0001, 2 way ANOVA test with Sidak’s multiple comparison test. BL: baseline, EP: end point, SUV: 
standard update value. Dark cyan: Slow progressors (SP) and Orange: Fast progressor (FP). 
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Because Mtb infection was also associated with a shift in blood neutrophil maturation 

and neutrophil signatures in transcriptomic data, further analyses of neutrophil 

functions were performed. To determine whether changes in neutrophil maturation 

were associated with the modulation of their functions, NETosis and ROS production 

were assessed in four CyMs infected by Mtb. NET production by blood neutrophils was 

quantified by determining the amount of myeloperoxidase-DNA (MPO-DNA) complex 

produced after stimulation with peptidoglycan (PGN) or phorbol myristate acetate 

(PMA). With this system, unstimulated neutrophils released no or negligible amounts 

of NETs, while PMA stimulation induced a high amount of NETs with no significant 

differences between pre-infection and post-infection (Figure 17A and 17B). PGN was 

used as a physiological stimulation inducing NET production in neutrophils. Compared 

to uninfected macaques, NETosis was significantly increased at 4 weeks pi (p<0.05), 

indicating that the infection induces increased NET release capacities by neutrophils. 

The level of NET production was not significantly different in later time points, with 

data showing more heterogeneity. We also measured reactive oxygen species (ROS) 

using a whole blood flow cytometry assay based on cellROX technology. Capacities to 

produce ROS by neutrophils in response to PMA and N-Formyl-L-methionyl-L-leucyl-

L-phenylalanine (fMLP) were both significantly increased at 4 weeks pi (p<0.01 and 

p<10-3 respectively) (Figure 17C and 17D). Neutrophils stimulated with PMA or fMLP 

produced significantly less ROS at 8 weeks pi compared to 4 weeks pi (p<0.05 and 

p<0.01, respectively). At 12 weeks pi, neutrophils ROS response to PMA remained 

significantly increased compared to baseline. These data indicate that neutrophils' 

capacities to produce NETs and ROS are increased in the early phase of the infection. 

In other studies, changes in neutrophil phenotype or neutrophil subsets have been 

sometimes associated with capacities to modulate T cells. We previously showed that 

neutrophils could modulate T cells during acute and chronic Simian Immunodeficiency 

Virus infection in cynomolgus macaques. Hence, we assessed the capacities of 

autologous purified neutrophils to modulate CD4+ and CD8+ T cell activation, 

cytotoxicity and intracellular cytokine production using an in vitro co-culture assay 
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(Figure 17E). Due to the blood volume needed, we only focused our analysis on 

baseline and 9 weeks pi in four CyMs infected by Mtb. Before infection and in historical 

uninfected controls, neutrophils had a limited impact on T cell functions. At 9 weeks 

post-infection, neutrophils from infected animals increased CD107a expression and 

production of TNF-α in autologous CD8+ T cells compared to baseline (Figure 17F 

and 17G). To investigate the mechanism of T cell modulation by neutrophils, we 

performed a transwell assay, in which neutrophils were separated from PBMC into two 

medium-filled compartments with a 0.4µm porous membrane. In the presence of a 

transwell membrane, T cell modulation by neutrophils was reduced, underlying a 

contact-dependent mechanism (Figure 17F and 17G). Overall, these results indicate 

that neutrophils positively modulated T cells' cytotoxicity and TNF-α production during 

Mtb infection through a contact-dependent mechanism. Further analysis with more 

animals will be required to assess if this neutrophil modulation of T cells is different 

between fast and slow progressors. 

 

 

 

(Figure next page) 

Figure 17. Functional characterization of neutrophils during Mtb infection in CyMs, 
from Dinko et al (in preparation) 

(A-B) NETosis ratio of blood neutrophils stimulated by phorbol myristate acetate (PMA) or peptidoglycan quantified 
MPO-DNA ELISA. Bar graph of data represents the mean. *p<0.05 by Kruskal-Wallis test with Tukey’s correction. (C-
D) Reactive oxygen species (ROS) production by whole blood neutrophils stimulated by PMA or fMLP measured using 
CellROX probe by flow cytometry. Bar graph of data represents the mean. *p<0.05, **p<0.01, ***p<0.001 by Kruskal-
Wallis test with Tukey’s correction. (E) Schematic of neutrophils-T cells co-culture and transwell assay design. Sorted 
neutrophils were co-cultered with autologous PBMC in absence or presence of transwell membrane. Activation markers 
and cytokine production by T cells was measure by intracellular staining coupled with flow cytometry after overnight 
stimulation with Cytostim. BioRender.com. (F-G) Percentage of increase of CD107a and TNFα production by CD8+ T 
cells representing the increase or decrease of percentage of CD107a or TNFα positives cells in presence of neutrophils 
compare to PBMC alone. Data from animals at 9 weeks post-infection were compared with baseline and historical 
controls, ie healthy animals from other internal studies. *p<0.05, **p<0.01, ***p<0.001 by Kruskal-Wallis test with 
Tukey’s correction. 
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DISCUSSION & PERSPECTIVES 

DISCUSSION 

In our study, we chose cynomolgus macaques (CyMs) infected by SIVmac251 as a non-

human primate model of HIV. This model was particularly relevant regarding several 

aspects. First, SIVmac251 infection in CyMs is well characterized in our laboratory (and 

elsewhere) regarding the disease's pathophysiology and evolution. We ensured all 

animals developed the infection through the following of CD4+ T cell counts and SIV 

plasma viral loads. Of note, one animal developed AIDS early, while another was able 

to control its viral load without any treatment. 

Thanks to the animal facility and the Animal & Welfare (ASW) team in IDMIT, we 

performed all experiments very rapidly after animal blood withdrawal, which allowed 

us to limit neutrophil activation or damage. We followed animals closely and performed 

experiments at different key stages of SIV infection. We also had access to chronically 

infected animals with or without ART, and we assessed the impact of treatment on our 

observations. Such a follow-up in patients would be particularly challenging. Another 

major asset of our model is that neutrophils from CyMs and humans are very similar 

regarding their phenotype and responses to stimuli. Because many neutrophil markers 

are common between humans and CyMs, we built a flow cytometry panel to follow the 

expression of CD66, CD62L, CD11b and FcγR, as well as proteins whose expression 

change with maturation like CD101 and CD10 [253,282]. 

However, contrary to humans, neutrophils from NHPs do not express CD16 [290], a 

protein often used as a specific marker for this cell population. To this day, there are 

no specific markers for neutrophils in CyMs. Hence, one major constraint in this work 

was the proper isolation and purification of fresh blood CyM neutrophils. As such, a 

drawback of the study is the potential neutrophil activation/modification due to the 

isolation process. In our work, we designed a protocol to purify neutrophils from CyM 

whole blood, but the process involved many steps: Ficoll, red blood cell lysis and 
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magnetic depletion to remove eosinophil contamination. Although we demonstrated 

that CD62L expression was relatively poorly changed during the process, we saw that 

the expression of CD11b was considerably increased, which may suggest neutrophil 

degranulation or activation. Additionally, we found that the technical step inducing this 

CD11b upregulation was the Ficoll separation/red blood cell lysis, and not the magnetic 

sorting. This observation emphasizes the need to develop neutrophil sorting from CyM 

whole blood, a tool commonly used for human samples in recent studies that does not 

exist for NHP models. In IDMIT, many efforts have been collectively made to isolate 

neutrophils from CyM whole blood or to separate them from the erythrocyte fraction, 

using sedimentation, percoll, and even dextran sedimentation. Unfortunately, none of 

these experiments were conclusive regarding neutrophil purification, and many 

techniques induced neutrophil activation. Collaborating with a company might be 

necessary for the development of neutrophil sorting from CyM whole blood. 

In the literature, LDN/G-MDSCs were shown to exert T cell modulation in various 

infectious contexts, including HIV infection [140]. Interestingly, a few teams have 

managed to purify neutrophils from rhesus macaque whole blood using Ficoll [301], 

while we did not find any report on LDN isolation from CyMs. These differences may 

suggest neutrophils or erythrocytes from CyMs present a different density than human 

or rhesus macaque neutrophils.  

Immature neutrophils are known to be increased in the blood in response to chronic 

or acute stress. Recently, Marini et al. demonstrated that daily injections of G-CSF for 5 

days in healthy patients induced an increase in CD10- blood neutrophils and showed 

that CD10- or CD10+ neutrophils modulated differently T cells [294]. Increased CD10- 

neutrophils were also observed in the blood of sepsis patients [302,303] and were 

associated with increased T cell proliferation, while CD10+ mature neutrophils inhibited 

T cell proliferation. In acute myocardial infarction, CD10- neutrophils were also 

associated with modulatory functions of T cells, with an increased IFN-γ production by 

CD4+ T-cells [304]. These observations tend to show that after an exposition to stress, 
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immature neutrophils are released early from the bone marrow, and that these cells 

modulate T cells differently compared to mature neutrophils. 

Therefore, we developed a protocol to purify CD10+ and CD10- neutrophils from CyM 

whole blood using magnetic depletion cell sorting. With cytospins, we showed this cell 

sorting successfully separated CD10- neutrophils from the CD10+ fraction. However, 

the expression of CD10 on neutrophils forms a smear: as such, some CD10low or 

CD10mid neutrophils were selected in the CD10+ fraction, which may create a bias when 

comparing the functional roles of CD10+/CD10- neutrophils. As we performed these 

experiments at the end of the study, the number of animals was too low to draw clear 

conclusions.  

Indeed, two important limits for our study are the number of animals and the variable 

number of animals depending on the experiments. The latter point is due to the fact 

that some animals came from studies conducted by other teams in IDMIT, thus limiting 

the blood volume we had access to, especially during the viremia peak at 10 days post-

infection. This timepoint is particularly studied during SIV infection because it is difficult 

to investigate in patients. 

In our work, we demonstrated SIV infection in CyMs was associated with higher 

frequencies of immature and activated neutrophils. These results confirm previous 

observations obtained by Lemaitre et al. in IDMIT and also corroborate results from 

patients living with chronic HIV [253,305]. In parallel with this phenotype, we found a 

significant decrease in total blood neutrophils at 10 days post-infection. These results 

could suggest either a recruitment of mature blood neutrophils in the tissues or an 

elevated neutrophil cell death, which has been described in the literature [249]. In our 

study, we did not assess neutrophil apoptosis markers; however, adding cell death 

markers such as caspase-3 or annexin V could be relevant to tackle this question. 
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To investigate how neutrophils can modulate T cell activity at steady state or during 

SIV infection, we set up co-culture assays of isolated neutrophils and PBMCs from 

CyMs. 

Using these co-cultures, we first investigated how neutrophils modulate soluble 

cytokines and chemokines produced by PBMCs before and during SIV infection using 

a multiplex assay to quantify supernatant molecule concentrations in co-cultures. 

Strikingly, in uninfected animals, neutrophils modulated several cytokines produced by 

PBMCs. Cytokines related to T cell activation TNFα, IFNγ and IL-6 were decreased, 

which suggests that at steady state, neutrophils, which are mostly mature cells, are 

already capable to modulate T cells by reducing local pro-activating cytokines. Few 

studies explored neutrophil modulation of T cells in healthy individuals. In 2011, 

Thewissen et al. showed that CD69 expression on T cells decreased in the presence of 

neutrophils and that these suppressive effects were mediated by arginase-1 [306]. 

More recently, Minns et al. demonstrated that the impact of neutrophils on T cells 

depended on each cell type's activation level in healthy volunteers [225]. In this work, 

neutrophils did not affect T cell proliferation, PD-1 expression, or soluble production 

of TNFα/IFNγ in naïve T cells. However, when neutrophils and T cells were cultured in 

presence of CD3/CD28 stimulation for 24h, neutrophils decreased soluble TNFα and 

IFNγ productions by T cells in supernatants. Moreover, if neutrophils were added after 

T cells were previously exposed to CD3/CD28 stimulation for 24h, this suppressive 

activity did not occur. In our CyM model, we co-cultured neutrophils and T cells 

together in the presence of T cell stimulation and also found suppressive effects of 

neutrophils at steady state. In the presence of neutrophils, supernatant concentrations 

of TNFα, IFNγ and IL-6 were decreased, as well as the intracellular T cell production of 

TNFα in CD4+ and CD8+ T cells. Altogether, these observations suggest that 

neutrophils may have a regulatory role in T cell activation in the absence of infection 

or inflammation. 
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During SIV infection, after 15 days, interactions between neutrophils and PBMCs 

resulted in increased IL-1RA concentrations in co-cultures. This protein is usually 

induced in inflammatory contexts and displays anti-inflammatory properties by 

blocking the binding of IL-1 on its receptors. Hence, two hypotheses can be raised from 

this result: either that anti-inflammatory pathways are induced in PBMCs in response 

to neutrophil inflammatory effects, or that neutrophils themselves can adopt an anti-

inflammatory phenotype after several hours of culture with PBMCs. Importantly, IL-1RA 

was shown to be more elevated in the plasma during the acute phase of HIV/SIV 

infection, which underlines the relevance of analyzing the role of this molecule [307]. 

Besides, IL-1RA can be produced by neutrophils [308], but also by other cells such as 

monocytes and macrophages [309]. This may suggest that neutrophils tend to lower 

local inflammation in the presence of PBMCs, which could be beneficial to the host to 

avoid over-inflammation and local damage in tissues.  

During the chronic phase of SIV infection, neutrophils in co-cultures with PBMC 

induced decreased concentrations of many T-cell pro-inflammatory molecules in the 

media, including IFNγ, TNFα, IL-6 or IL-1β. Again, one may hypothesize either that 

neutrophils present or acquire anti-inflammatory properties in the presence of PBMCs, 

or that neutrophils are able to bind/capture these inflammatory molecules, which can 

induce signaling pathways that are yet to be defined. The latter hypothesis is supported 

by the fact that neutrophils express receptors to IFNγ, TNFα and IL-1, and are 

responsive to these molecules. For instance, neutrophils were shown to produce ROS 

in response to TNFα [310], which in turn could lead to T cell immunosuppression 

through arginase-1, as evoked in the introduction of our manuscript. Multiple studies 

showed neutrophils respond to IFNγ [209,311], and neutrophils were shown to process 

and degrade IL-1β [312].  Notably, chemokines related to macrophage/monocyte 

activation were also decreased in the presence of neutrophils in our study, including 

MCP-1. It suggests that neutrophils not just regulate T cells locally, but also other 

mononuclear cells such as monocytes. 
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While several pro-inflammatory molecules were decreased in co-culture supernatants, 

one major chemokine was particularly increased in the presence of neutrophils, which 

is interferon gamma-induced protein 10 (IP-10 or CXCL10). IP-10 is an interferon-

induced molecule that participates in inflammation and immune cell recruitment, 

including T cells. IP-10 levels were shown to be more elevated in the plasma during the 

chronic phase of HIV in patients, even in ART+ patients [115]. In 2014, Noel et al also 

demonstrated that HIV elite controllers presented a lower plasmatic concentration of 

IP-10 compared to other patients living with HIV. However, plasma IP-10 

concentrations from elite controllers remained more elevated than those of healthy 

volunteers [313]. As such, our results suggest neutrophils may be involved in the 

elevation of IP-10 in patients, hence participating in inflammation. 

To our knowledge, this is the first investigation of the effects of neutrophils on soluble 

molecules produced by PBMCs in the course of SIV or HIV infection. Although this 

assay is only partially informative on the cellular sources of molecules and associated 

targets, this data underlines the capacity of neutrophils to interact with PBMCs and 

modulate the local microenvironment. Importantly, neutrophils exerted modulatory 

effects related to T cell activation, but also inflammation, which led us to investigate 

the direct effects of neutrophils on T cells by studying their intracellular cytokine 

production and activation. 

To evaluate direct effects of neutrophils on T cell activation, we studied T cells after 

overnight co-cultures between PBMCs and isolated neutrophils using extra and 

intracellular cytokine staining (ICS). At the resting state, neutrophils induced some 

effects on T cell activation and cytokine production. Notably, intracellular expressions 

of TNFα in CD8+ and CD4+ T cells were decreased, while CD69 expression slightly 

increased in CD4+ T cells. Again, this shows that neutrophils have a potential to 

regulate T cell activity even at steady state. 

During the acute phase of infection, the presence of neutrophils induced a consistent 

increase of intracellular expression for all the markers we observed on CD4+ and CD8+ 
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T cells, except of IL-2 and IL-17. Although the consequences of this activation of T cells 

by neutrophils remain unknown yet, these results suggest neutrophils during the peak 

of infection, with neutrophils increasing T cell defense capacities against viral spread. 

During the chronic phase of infection, neutrophils could still consistently increase the 

expression of CD69 on CD4+ and CD8+ T cells, but not intracellular cytokine 

production. These observations could reflect T cell exhaustion: in HIV infection, T cells' 

activation level remains more elevated compared to healthy donors, but CD8+ T cells 

are dysfunctional [103]. However, we were not able to study common immune 

checkpoint inhibitors such as PD-1 or CTLA-4 on T cells in our study and we did not 

observe any increase in PD-L1 expression on blood neutrophils. 

Additionally, we demonstrated that the impact of neutrophils on T cells relied on 

contact-dependent mechanisms, as we observed no effects of neutrophils when cells 

were separated by a 0.4µm membrane. As mentioned in the introduction of this 

manuscript, neutrophils have been shown to exert T cell activation or suppression 

through several mechanisms during chronic HIV infection [279,281]. 

Interestingly, the “T-cell activating" role of neutrophils observed during the acute phase 

of SIV infection did not reflect in the levels of chemokines and cytokines we measured 

in PBMC/PMN co-culture supernatants. At first, this discordance surprised us, as we 

expected similar effects of neutrophils on intracellular cytokine production in T cells 

and soluble molecules. When we analyzed more deeply ICS and Luminex assays, we 

realized that these two assays are actually complementary. Indeed, ICS assays relied on 

a 1-hour incubation during which neutrophils and PBMCs, including stimulated T cells, 

interact freely in the presence of other cellular partners. After the 1-hour incubation, 

cell secretion was blocked using BFA and monensin. On the other hand, secretion 

remained active in the Luminex assays, which allowed the exchange of soluble factors 

and activation of cellular pathways, and we obtained the “final” result of these 

interactions after overnight incubation. As such, ICS assays gave us information on the 

direct effects of neutrophils on T cells, while multiplex assays informed us on how 
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neutrophils impact cytokine/chemokine concentration in PBMCs in the presence of T 

cell stimulation without knowing which cell produced which molecule. 

In our study, we could not identify a cellular or molecular mechanism to explain how 

neutrophils modulate T cells during SIV infection. Yet, we performed supplementary 

experiments during the chronic infection to characterize more precisely the interaction 

between neutrophils and T cells, by (1) evaluating the role of blood CD14+ 

monocytes/macrophages as potential partners in the interaction and (2) evaluating the 

roles of CD10+ or CD10- neutrophils on T cells. Although these experiments were 

conducted only on a few animals, the results suggested that CD14+ cells do not play a 

major role in neutrophil/T cell interactions after 6 months of SIV infection. In parallel 

with these assays, we found that CD10+ mature neutrophils were the most responsible 

for increasing T cell activation compared to CD10- cells. These results remain to be 

confirmed in a higher number of animals. They should also be performed at the peak 

of infection, during which the frequencies of CD10- blood neutrophils are the highest, 

and the direct effects of neutrophils the strongest. 

It is also necessary to underline that we only assessed T cell activation through 

extracellular and intracellular expression of common T cell markers, but we did not 

study the functional aspects of T cells with suppressive or cytotoxic assays, for example. 

Here, we used a non-specific stimulation for a broader activation. However, further 

investigation remains necessary to evaluate if neutrophils also increase specific CD8+ 

T cells capacities to respond to SIV peptides or kill SIV-infected cells. One difficulty 

would be to use tetramers to isolate such specific cells, which are rare after only 10 

days of SIV infection. 

To identify potential neutrophil-related signatures in SIV-infected animals, we 

performed PLS-DA analyses to identify the data contributing the most to differentiating 

the groups of animals we studied. These analyses allowed us to integrate data of 

different natures at different timepoints of SIV infection. When we built these analyses, 

we identified the importance of having complete datasets, and we learned how to 
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handle missing values. Indeed, we could not integrate datasets with missing values 

because PLS-DA analyses rely on linear regressions, which restricted our analysis to the 

complete datasets. Nonetheless, this method highlighted signatures related to 

neutrophil modulation, especially in the acute phase of infection, reinforcing the 

importance of studying these cells during SIV infection. 

 

Considering that about 75% of PLWHIV had access to antiretroviral therapy in 2023, 

including animals receiving ART in our study seemed relevant. Hence, we included 

animals receiving ART after 1 month of SIV infection, which allows both the study of 

untreated acute and treated chronic phases of infection in these animals. When we 

compared treated versus untreated animals, we did not observe clear differences in the 

modulation of T cell activation and intracellular cytokine expression between ART+ and 

ART- animals after 6 months of infection. Several reasons can explain this lack of 

differences. First, a 5-month ART duration is relatively short to stabilize the effects on 

SIV-infected macaques completely. Indeed, after 5 months of therapy, only one animal 

treated with ART out of 5 presented a viral load close to the undetectability threshold, 

while others still presented viral loads between 1 and 3 log SIV RNA copies/mL blood. 

Another point is that animals received daily intradermal injections, which may have 

caused a low-grade inflammation that could create bias. Finally, we performed the 

experiments on 5 animals ART+ during the chronic phase of SIV, a relatively low 

number of animals that prevents strong statistical analyses. 

On the other hand, the production of IP-10 by PBMCs tended to be more elevated in 

SIV+ ART- animals in the presence of neutrophils compared to SIV+ ART+ animals. 

This may suggest that untreated animals present a higher inflammatory potential than 

animals that received ART, and that neutrophils could participate in this inflammation, 

a hypothesis which is relevant to literature [115]. 

After investigating how neutrophils can modulate T cells in SIV infection, we wanted to 

further analyze neutrophil changes at cellular levels. Because neutrophils express low 
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levels of RNA but high protein content, we decided to perform proteomic assays 

instead of transcriptomic assays. To our knowledge, this is the first report of a 

proteomic analysis of pure neutrophils from cynomolgus macaques at homeostasis 

and during SIV infection. Proteins were identified using a cynomolgus macaque 

database, and we found that the most abundant neutrophil proteins from macaque 

and human neutrophils were similar. Currently, many transcriptomic studies of 

neutrophils rely on mice datasets. In a recent study, Sollberger et al. demonstrated that 

mice neutrophils showed fewer primary granule proteins than human neutrophils and 

a higher global protein mass [314]. This result also strengthens the relevance of using 

macaque models to study neutrophil changes during homeostasis and infections, and 

for future pre-clinical trials for neutrophil modulation. 

In the course of SIV infection, we found that neutrophils were strongly imprinted with 

type I IFN responses. A higher expression of different proteins than uninfected animals, 

such as RIG-I, IFIT1B, or IFIT3 drove these signatures. Our analysis supports persisting 

interferon-related signatures in neutrophils during untreated SIV infection, which may 

participate in chronic inflammation. Although animals receiving ART displayed fewer 

proteins related to interferon pathways, some proteins remained elevated compared 

to baseline in this group, such as IFIT1, suggesting that the phenotype of neutrophils 

is not fully restored with ART.  

Type I IFN are proteins and glycoproteins interfering with viral replication that can be 

produced by all nucleated cell types. Nonetheless, plasmacytoid DCs and monocytes 

were shown to produce high amounts of these proteins compared to other cells. The 

production of type I IFN is triggered by the recognition of PAMPs by PRRs such as TLRs 

or RLRs. In HIV infection, type I interferon responses were described in patients, but 

studies gave mixed results on their roles in HIV control and systemic inflammation 

[315,316]. In 2023, Mackelprang et al. showed that interferon-stimulated genes (ISG) 

were upregulated during the acute phase of HIV infection in PLWHIV, and that these 

signatures persisted in untreated chronic infection [317]. Additionally, both non-HIV 
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controllers and PTCs presented upregulated type I IFN responses after analytic ART 

interruption, but these signatures were resolved after several months in PTCs and not 

in non-controllers [24]. These observations suggest that unresolved type I interferon 

responses could be involved in chronic inflammation and immune exhaustion [318]. 

This hypothesis is also supported by our observations, and suggest that neutrophils 

could be involved in that process. Two hypotheses can be raised in light of our results. 

First, the presence of proteins linked to ISG proteins in neutrophils could be reflecting 

an ongoing inflammation that could be partially sustained by unresolved type I IFN 

pathways sustained by monocytes and plasmacytoid DCs. This hypothesis is relevant 

because neutrophils express receptors to type I IFN (IFNAR) and can trigger 

inflammatory responses when binding to IFNs. A second hypothesis would be that 

neutrophils could favor type I IFN responses by producing high levels of these proteins 

in the context of SIV or HIV infection. A deeper analysis of neutrophil responses to type 

I IFNs in the context of HIV or SIV infection could provide new insights into the roles 

of these cells. In other contexts, the studies of omics and disease-induced pathways in 

neutrophils are recent, and we only found a few studies. Recently, type I interferon 

pathways signatures were described in proteomes of neutrophils from COVID-19 

patients in early disease [319], and in transcriptomic signatures in neutrophils from 

patients living with Sjögren's syndrome [320]. In parallel with these pathways, our 

results reinforce the hypothesis that neutrophils could exert antiviral functions against 

SIV, as shown by upregulated expressions of SAMHD1 or MX2, for instance. 

Investigating neutrophil proteomes from early and chronic PLWHIV and re-

investigating direct and indirect interactions between neutrophils and HIV/SIV would 

be of interest to confirm our observations. 

Currently, most proteomics analyses are built using transcriptomic pathway datasets, 

and more specifically human and mouse cellular pathways. Because we worked on 

protein samples from CyMs, we are aware this could constitute a limit for our analysis, 

even more so because neutrophil transcriptomics is still under investigation. With the 

proteomics dataset we provide, we hope to fill some existing gaps in neutrophil 
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knowledge in both human and CyMs proteome databases and that this dataset will be 

helpful for future studies on neutrophils. 

Finally, we are aware this work presents limitations. First, we were sometimes limited in 

our statistical analyses due to the low number of animals. The animal model we studied, 

CyMs, is expensive and limits the number of individuals we can include. As previously 

mentioned, we are also aware that our results can present some bias due to neutrophil 

activation because of the process. Moreover, many of our results rely on neutrophil-

PBMC co-cultures that model a micro-environment such as a tissue. Yet, we know that 

tissues are complex environments with many other actors, such as epithelial cells, that 

we could not include in this model. Lastly, we could not identify any molecular or 

cellular mechanisms responsible for the modulation induced by neutrophils on T cells. 

However, now that we have identified that neutrophils are involved in the regulation 

of T cell activation and soluble effectors in a contact-dependent way, we will be able 

to target interleukins and neutrophil functions such as the release of ROS to decipher 

neutrophil-T cell interactions. 

Overall, in this work, we identified neutrophil changes at the cellular and protein levels 

before and at different phases of SIV infection in cynomolgus macaques. We found 

neutrophils could modulate T cells differently before and during SIV infection, both 

through soluble cytokine/chemokine modulation and directly in co-cultures. 

Neutrophil-related signatures in SIV-infected macaques were also confirmed using 

PLS-DA analysis. Additionally, neutrophils were involved in the modulation of 

inflammatory proteins by decreasing or increasing them, especially in the chronic 

phase of infection. We also report for the first time (type I) interferon-related responses 

in neutrophils that were partially resolved in animals treated for several months with 

ART. We believe our work brings evidence to integrate neutrophils in strategies 

targeting inflammation in patients living with HIV, especially in therapies focusing on 

interferon-related responses. 
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PERSPECTIVES 

In the future, we should extend our investigations to other infectious diseases, 

especially lung diseases in which neutrophils have been shown to play a role (COVID-

19, tuberculosis, influenza). Preventing neutrophils from fueling inflammation and 

activating other immune cells could lower organ damage and mortality in patients. In 

light of our results, we believe that studying how neutrophils can shape T cell activation 

and functions could lead to a better understanding of immunity in pathophysiology 

and inflammation. 

One of the major perspectives for this project is the investigation of neutrophil-T cell 

interactions in tissues from SIV-infected macaques. Indeed, several teams have shown 

that neutrophils undergo changes in phenotype or transcriptional profile when 

entering tissues, which may also affect their functional capacities and their roles 

[141,321]. Therefore, in my opinion, it would be particularly relevant to investigate the 

bio-distribution of tissue neutrophils in organs of interest in SIV infection, including the 

splenic and intestinal SIV reservoirs, using imaging techniques on embedded tissues. 

More specifically, we would like to stain CD8+ T cells, CD4+ T cells and neutrophils to 

evaluate a potential co-localization of these types of cells in target tissues, which would 

reinforce the hypothesis of a direct interaction between neutrophils and T cells and 

support the data we obtained from blood cells. 

Even more importantly, I think a great perspective would be to develop imaging on 

living cells, to study specifically neutrophil-T cell interactions on a precise moment, or 

over time. This could be done on ex-vivo cell cultures like in our study, but we can also 

imagine performing in vivo videomicroscopy in macaque tissues, which has been 

performed on rhesus macaque granulomas [322]. This sort of experiment could bring 

much information on the mechanisms involved in neutrophil-T cell interactions during 

homeostasis and in pathogenic contexts. Nonetheless, this would require 

developments to perform multiple stainings on co-culture cells to identify NETosis 

(with MPO/elastase/histones) or synapses between cells. 
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In parallel, further investigating the impact of neutrophils on T cells in ex-vivo assays 

could also help decipher cell-cell mechanisms. For instance, we would like to evaluate 

the effects of adding different neutrophil-induced components to T cells on their 

activation. Isolating and adding NETs from stimulated neutrophils to T cell cultures 

could be interesting. Finally, characterizing more precisely the cytokines and 

chemokines specifically produced by macaque neutrophils in response to various 

signals in SIV infection may help us identify the molecular actors involved in PMN-T 

cell interactions. Investigating the responses of neutrophils to the pro-inflammatory 

cytokines produced by T cells, such as IL-6, IFNγ and TNFα, could be one of the first 

steps to unveil this crosstalk. In particular, as previously described, we could investigate 

the potential upregulation or release of arginase-1 or galectin-9 by neutrophils. 

Considering that IP-10 has been linked to the severity of the disease in PLWHIV, 

investigating the role of neutrophils in favoring IP-10 release would be of great interest. 

More specifically, identifying if neutrophils are a source of IP-10 or if this chemokine is 

released by another cell type after interaction with neutrophils, such as macrophages, 

could help in understanding how this molecule is produced. Indeed, another axis of 

this work could be the study of neutrophil-macrophage interactions. 

By deepening our proteomics dataset analysis, we will also improve our knowledge of 

the characterization of neutrophils from cynomolgus macaques. This will help test 

specific neutrophil markers and identify common neutrophil markers between 

cynomolgus macaques, other NHP species, and humans. This could also be done in 

parallel with single cell-transcriptomic assays to have a complete overview of 

neutrophils in our model. As previously mentioned, improving neutrophil isolation by 

developing a cell sorting from the whole blood of CyMs/NHPs in collaboration with 

industry would be of major importance for further studies of neutrophils in these 

models. Indeed, isolating neutrophils properly would not only increase the relevance 

of using this animal model to study the role, but also the relevance of our results for 

translational studies to more clinical aspects. 
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In the long term, we could imagine finding neutrophil-related biomarkers for 

inflammation that could be targeted to reduce pain and comorbidities in patients. For 

instance, therapies targeting NETs with DNAse I or heparin have been shown to 

improve outcomes in several diseases, including lung diseases, and such drugs are now 

considered for COVID-19 patients' clinical trials [323]. Another field in which 

neutrophils are becoming of interest in innovative therapies is cancer. Neutrophils are 

now integrated into immunotherapies, and chimeric antigen receptor (CAR)-

neutrophils have been developed recently using engineered human pluripotent stem 

cells delivering anti-tumor drugs [324]. We could imagine using such CAR-neutrophils 

to deliver ART drugs to organs that constitute pharmacological sanctuaries, or drugs 

regulating inflammation and metabolism in organs involved in comorbidities. However, 

direct or indirect targeting of neutrophils should be carefully considered because, as 

evoked in the introduction, these cells are involved in many regulatory and defense 

pathways crucial for host homeostasis and survival. This gathers all the considerations 

we must take to appreciate how neutrophils are at the center of a “good cop/bad cop” 

balance. 

  



 

173 
 

BIBLIOGRAPHY 

[1] Centers for Disease Control and Prevention (CDC). Pneumocystis pneumonia--
Los Angeles. 1981. MMWR Morb Mortal Wkly Rep 1996;45:729–33. 

[2] Barré-Sinoussi F, Chermann JC, Rey F, Nugeyre MT, Chamaret S, Gruest J, et al. 
Isolation of a T-Lymphotropic Retrovirus from a Patient at Risk for Acquired 
Immune Deficiency Syndrome (AIDS). Science 1983;220:868–71. 
https://doi.org/10.1126/science.6189183. 

[3] Wain-Hobson S, Sonigo P, Danos O, Cole S, Alizon M. Nucleotide sequence of 
the AIDS virus, LAV. Cell 1985;40:9–17. https://doi.org/10.1016/0092-
8674(85)90303-4. 

[4] Peeters M, Honoré C, Huet T, Bedjabaga L, Ossari S, Bussi P, et al. Isolation and 
partial characterization of an HIV-related virus occurring naturally in 
chimpanzees in Gabon. AIDS Lond Engl 1989;3:625–30. 
https://doi.org/10.1097/00002030-198910000-00001. 

[5] Hirsch VM, Olmsted RA, Murphey-Corb M, Purcell RH, Johnson PR. An African 
primate lentivirus (SIVsm) closely related to HIV-2. Nature 1989;339:389–92. 
https://doi.org/10.1038/339389a0. 

[6] Turner BG, Summers MF. Structural biology of HIV. J Mol Biol 1999;285:1–32. 
https://doi.org/10.1006/jmbi.1998.2354. 

[7] Robinson HL. New hope for an AIDS vaccine. Nat Rev Immunol 2002;2:239–50. 
https://doi.org/10.1038/nri776. 

[8] Dalgleish AG, Beverley PCL, Clapham PR, Crawford DH, Greaves MF, Weiss RA. 
The CD4 (T4) antigen is an essential component of the receptor for the AIDS 
retrovirus. Nature 1984;312:763–7. https://doi.org/10.1038/312763a0. 

[9] Zhu T, Muthui D, Holte S, Nickle D, Feng F, Brodie S, et al. Evidence for Human 
Immunodeficiency Virus Type 1 Replication In Vivo in CD14ϩ Monocytes and Its 
Potential Role as a Source of Virus in Patients on Highly Active Antiretroviral 
Therapy. J VIROL 2002;76. 

[10] Weiss RA. Thirty years on: HIV receptor gymnastics and the prevention of 
infection. BMC Biol 2013;11:57. https://doi.org/10.1186/1741-7007-11-57. 

[11] Samson M, Libert F, Doranz BJ, Rucker J, Liesnard C, Farber C-M, et al. Resistance 
to HIV-1 infection in Caucasian individuals bearing mutant alleles of the CCR-5 
chemokine receptor gene. Nature 1996;382:722–5. 
https://doi.org/10.1038/382722a0. 

[12] Gupta RK, Abdul-Jawad S, McCoy LE, Mok HP, Peppa D, Salgado M, et al. HIV-1 
remission following CCR5Δ32/Δ32 haematopoietic stem-cell transplantation. 
Nature 2019;568:244–8. https://doi.org/10.1038/s41586-019-1027-4. 

[13] Ramdas P, Sahu AK, Mishra T, Bhardwaj V, Chande A. From Entry to Egress: 
Strategic Exploitation of the Cellular Processes by HIV-1. Front Microbiol 
2020;11:559792. https://doi.org/10.3389/fmicb.2020.559792. 



174 
 

[14] Fischl MA, Richman DD, Grieco MH, Gottlieb MS, Volberding PA, Laskin OL, et al. 
The efficacy of azidothymidine (AZT) in the treatment of patients with AIDS and 
AIDS-related complex. A double-blind, placebo-controlled trial. N Engl J Med 
1987;317:185–91. https://doi.org/10.1056/NEJM198707233170401. 

[15] Barré-Sinoussi F, Ross AL, Delfraissy J-F. Past, present and future: 30 years of HIV 
research. Nat Rev Microbiol 2013;11:877–83. 
https://doi.org/10.1038/nrmicro3132. 

[16] De Clercq E. Anti-HIV drugs: 25 compounds approved within 25 years after the 
discovery of HIV. Int J Antimicrob Agents 2009;33:307–20. 
https://doi.org/10.1016/j.ijantimicag.2008.10.010. 

[17] Menéndez-Arias L, Delgado R. Update and latest advances in antiretroviral 
therapy. Trends Pharmacol Sci 2022;43:16–29. 
https://doi.org/10.1016/j.tips.2021.10.004. 

[18] Lee FJ, Amin J, Carr A. Efficacy of Initial Antiretroviral Therapy for HIV-1 Infection 
in Adults: A Systematic Review and Meta-Analysis of 114 Studies with up to 144 
Weeks’ Follow-Up. PLoS ONE 2014;9:e97482. 
https://doi.org/10.1371/journal.pone.0097482. 

[19] Krebs SJ, Ananworanich J. Immune activation during acute HIV infection and the 
impact of early antiretroviral therapy. Curr Opin HIV AIDS 2016;11:163–72. 
https://doi.org/10.1097/COH.0000000000000228. 

[20] Passaes C, Desjardins D, Chapel A, Monceaux V, Lemaitre J, Mélard A, et al. Early 
antiretroviral therapy favors post-treatment SIV control associated with the 
expansion of enhanced memory CD8+ T-cells. Nat Commun 2024;15:178. 
https://doi.org/10.1038/s41467-023-44389-3. 

[21] Lambotte O, Boufassa F, Madec Y, Nguyen A, Goujard C, Meyer L, et al. HIV 
Controllers: A Homogeneous Group of HIV-1--Infected Patients with 
Spontaneous Control of Viral Replication. Clin Infect Dis 2005;41:1053–6. 
https://doi.org/10.1086/433188. 

[22] Sáez-Cirión A, Bacchus C, Hocqueloux L, Avettand-Fenoel V, Girault I, Lecuroux 
C, et al. Post-Treatment HIV-1 Controllers with a Long-Term Virological 
Remission after the Interruption of Early Initiated Antiretroviral Therapy ANRS 
VISCONTI Study. PLoS Pathog 2013;9:e1003211. 
https://doi.org/10.1371/journal.ppat.1003211. 

[23] Etemad B, Sun X, Li Y, Melberg M, Moisi D, Gottlieb R, et al. HIV post-treatment 
controllers have distinct immunological and virological features. Proc Natl Acad 
Sci 2023;120:e2218960120. https://doi.org/10.1073/pnas.2218960120. 

[24] Wedrychowski A, Martin HA, Li Y, Telwatte S, Kadiyala GN, Melberg M, et al. 
Transcriptomic Signatures of Human Immunodeficiency Virus Post-Treatment 
Control. J Virol 2023;97:e01254-22. https://doi.org/10.1128/jvi.01254-22. 

[25] Blassel L, Zhukova A, Villabona-Arenas CJ, Atkins KE, Hué S, Gascuel O. Drug 
resistance mutations in HIV: new bioinformatics approaches and challenges. Curr 
Opin Virol 2021;51:56–64. https://doi.org/10.1016/j.coviro.2021.09.009. 



 

175 
 

[26] Gao F, Bailes E, Robertson DL, Chen Y, Rodenburg CM, Michael SF, et al. Origin 
of HIV-1 in the chimpanzee 1999;397. 

[27] Santiago ML, Range F, Keele BF, Li Y, Bailes E, Bibollet-Ruche F, et al. Simian 
Immunodeficiency Virus Infection in Free-Ranging Sooty Mangabeys 
(Cercocebus atys atys) from the Ta¨ı Forest, Coˆte d’Ivoire: Implications for the 
Origin of Epidemic Human Immunodeficiency Virus Type 2. J VIROL 2005;79. 

[28] Schmitz JE, Korioth-Schmitz B. Immunopathogenesis of simian 
immunodeficiency virus infection in nonhuman primates: Curr Opin HIV AIDS 
2013:1. https://doi.org/10.1097/COH.0b013e328361cf5b. 

[29] Mu W, Patankar V, Kitchen S, Zhen A. Examining Chronic Inflammation, Immune 
Metabolism, and T Cell Dysfunction in HIV Infection. Viruses 2024;16:219. 
https://doi.org/10.3390/v16020219. 

[30] Douam F, Ploss A. A humanized “new-trophil” mouse to study early inflammatory 
processes. Proc Natl Acad Sci 2022;119:e2216699119. 
https://doi.org/10.1073/pnas.2216699119. 

[31] Hatziioannou T, Evans DT. Animal models for HIV/AIDS research. Nat Rev 
Microbiol 2012;10:852–67. https://doi.org/10.1038/nrmicro2911. 

[32] Karlsson I, Malleret B, Brochard P, Delache B, Calvo J, Le Grand R, et al. Dynamics 
of T-Cell Responses and Memory T Cells during Primary Simian 
Immunodeficiency Virus Infection in Cynomolgus Macaques. J Virol 
2007;81:13456–68. https://doi.org/10.1128/JVI.01619-07. 

[33] Paiardini M, Pandrea I, Apetrei C, Silvestri G. Lessons learned from the natural 
hosts of HIV-related viruses. Annu Rev Med 2009;60:485–95. 
https://doi.org/10.1146/annurev.med.60.041807.123753. 

[34] Deleage C, Turkbey B, Estes JD. Imaging lymphoid tissues in nonhuman primates 
to understand SIV pathogenesis and persistence. Curr Opin Virol 2016;19:77–84. 
https://doi.org/10.1016/j.coviro.2016.07.002. 

[35] Deeks SG, Overbaugh J, Phillips A, Buchbinder S. HIV infection. Nat Rev Dis Primer 
2015;1:15035. https://doi.org/10.1038/nrdp.2015.35. 

[36] Robb ML, Eller LA, Kibuuka H, Rono K, Maganga L, Nitayaphan S, et al. Prospective 
Study of Acute HIV-1 Infection in Adults in East Africa and Thailand. N Engl J Med 
2016;374:2120–30. https://doi.org/10.1056/NEJMoa1508952. 

[37] Haase AT. Perils at mucosal front lines for HIV and SIV and their hosts. Nat Rev 
Immunol 2005;5:783–92. https://doi.org/10.1038/nri1706. 

[38] Lu X, Li Z, Li Q, Jiao Y, Ji Y, Zhang H, et al. Preferential loss of gut-homing α4β7 
CD4+ T cells and their circulating functional subsets in acute HIV-1 infection. Cell 
Mol Immunol 2016;13:776–84. https://doi.org/10.1038/cmi.2015.60. 

[39] Chun T-W, Stuyver L, Mizell SB, Ehler LA, Mican JAM, Baseler M, et al. Presence of 
an inducible HIV-1 latent reservoir during highly active antiretroviral therapy. 
Proc Natl Acad Sci 1997;94:13193–7. https://doi.org/10.1073/pnas.94.24.13193. 

[40] Chevalier MF, Didier C, Girard P-M, Manea ME, Campa P, Barré-Sinoussi F, et al. 
CD4 T-Cell Responses in Primary HIV Infection: Interrelationship with Immune 



176 
 

Activation and Virus Burden. Front Immunol 2016;7. 
https://doi.org/10.3389/fimmu.2016.00395. 

[41] Kazer SW, Walker BD, Shalek AK. Evolution and Diversity of Immune Responses 
during Acute HIV Infection. Immunity 2020;53:908–24. 
https://doi.org/10.1016/j.immuni.2020.10.015. 

[42] Jiao Y, Zhang T, Wang R, Zhang H, Huang X, Yin J, et al. Plasma IP-10 is associated 
with rapid disease progression in early HIV-1 infection. Viral Immunol 
2012;25:333–7. https://doi.org/10.1089/vim.2012.0011. 

[43] Stacey AR, Norris PJ, Qin L, Haygreen EA, Taylor E, Heitman J, et al. 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 
2009;83:3719–33. https://doi.org/10.1128/JVI.01844-08. 

[44] Muema DM, Akilimali NA, Ndumnego OC, Rasehlo SS, Durgiah R, Ojwach DBA, 
et al. Association between the cytokine storm, immune cell dynamics, and viral 
replicative capacity in hyperacute HIV infection. BMC Med 2020;18:81. 
https://doi.org/10.1186/s12916-020-01529-6. 

[45] Keating SM, Heitman JW, Wu S, Deng X, Stacey AR, Zahn RC, et al. Magnitude 
and Quality of Cytokine and Chemokine Storm during Acute Infection Distinguish 
Nonprogressive and Progressive Simian Immunodeficiency Virus Infections of 
Nonhuman Primates. J Virol 2016;90:10339–50. 
https://doi.org/10.1128/JVI.01061-16. 

[46] Jacquelin B, Mayau V, Targat B, Liovat A-S, Kunkel D, Petitjean G, et al. 
Nonpathogenic SIV infection of African green monkeys induces a strong but 
rapidly controlled type I IFN response. J Clin Invest 2009:JCI40093. 
https://doi.org/10.1172/JCI40093. 

[47] Streeck H, Jolin JS, Qi Y, Yassine-Diab B, Johnson RC, Kwon DS, et al. Human 
Immunodeficiency Virus Type 1-Specific CD8+ T-Cell Responses during Primary 
Infection Are Major Determinants of the Viral Set Point and Loss of CD4+ T Cells. 
J Virol 2009;83:7641–8. https://doi.org/10.1128/JVI.00182-09. 

[48] Kelley CF, Kitchen CMR, Hunt PW, Rodriguez B, Hecht FM, Kitahata M, et al. 
Incomplete Peripheral CD4+ Cell Count Restoration in HIV-Infected Patients 
Receiving Long-Term Antiretroviral Treatment. Clin Infect Dis 2009;48:787–94. 
https://doi.org/10.1086/597093. 

[49] Freiberg MS, Chang C-CH, Kuller LH, Skanderson M, Lowy E, Kraemer KL, et al. 
HIV Infection and the Risk of Acute Myocardial Infarction. JAMA Intern Med 
2013;173:614. https://doi.org/10.1001/jamainternmed.2013.3728. 

[50] Longenecker CT, Sullivan C, Baker JV. Immune activation and cardiovascular 
disease in chronic HIV infection: Curr Opin HIV AIDS 2016;11:216–25. 
https://doi.org/10.1097/COH.0000000000000227. 

[51] Deeks SG, Tracy R, Douek DC. Systemic Effects of Inflammation on Health during 
Chronic HIV Infection. Immunity 2013;39:633–45. 
https://doi.org/10.1016/j.immuni.2013.10.001. 



 

177 
 

[52] Kuller LH, Tracy R, Belloso W, Wit SD, Drummond F, Lane HC, et al. Inflammatory 
and Coagulation Biomarkers and Mortality in Patients with HIV Infection. PLoS 
Med 2008;5:e203. https://doi.org/10.1371/journal.pmed.0050203. 

[53] Rodger AJ, Fox Z, Lundgren JD, Kuller LH, Boesecke C, Gey D, et al. Activation and 
Coagulation Biomarkers Are Independent Predictors of the Development of 
Opportunistic Disease in Patients with HIV Infection. J Infect Dis 2009;200:973–
83. https://doi.org/10.1086/605447. 

[54] Sender R, Weiss Y, Navon Y, Milo I, Azulay N, Keren L, et al. The total mass, 
number, and distribution of immune cells in the human body. Proc Natl Acad Sci 
2023;120:e2308511120. https://doi.org/10.1073/pnas.2308511120. 

[55] Klatt NR, Brenchley JM. Th17 cell dynamics in HIV infection: Curr Opin HIV AIDS 
2010;5:135–40. https://doi.org/10.1097/COH.0b013e3283364846. 

[56] Kotler DP, Gaetz HP, Lange M, Klein EB, Holt PR. Enteropathy associated with the 
acquired immunodeficiency syndrome. Ann Intern Med 1984;101:421–8. 
https://doi.org/10.7326/0003-4819-101-4-421. 

[57] Veazey RS, DeMaria M, Chalifoux LV, Shvetz DE, Pauley DR, Knight HL, et al. 
Gastrointestinal Tract as a Major Site of CD4+ T Cell Depletion and Viral 
Replication in SIV Infection. Science 1998;280:427–31. 
https://doi.org/10.1126/science.280.5362.427. 

[58] Nazli A, Chan O, Dobson-Belaire WN, Ouellet M, Tremblay MJ, Gray-Owen SD, et 
al. Exposure to HIV-1 Directly Impairs Mucosal Epithelial Barrier Integrity Allowing 
Microbial Translocation. PLoS Pathog 2010;6:e1000852. 
https://doi.org/10.1371/journal.ppat.1000852. 

[59] Tincati C, Douek DC, Marchetti G. Gut barrier structure, mucosal immunity and 
intestinal microbiota in the pathogenesis and treatment of HIV infection. AIDS 
Res Ther 2016;13:19. https://doi.org/10.1186/s12981-016-0103-1. 

[60] Brenchley JM, Paiardini M, Knox KS, Asher AI, Cervasi B, Asher TE, et al. Differential 
Th17 CD4 T-cell depletion in pathogenic and nonpathogenic lentiviral infections. 
Blood 2008;112:2826–35. https://doi.org/10.1182/blood-2008-05-159301. 

[61] Tincati C, Merlini E, Braidotti P, Ancona G, Savi F, Tosi D, et al. Impaired gut 
junctional complexes feature late-treated individuals with suboptimal CD4+ T-
cell recovery upon virologically suppressive combination antiretroviral therapy. 
AIDS 2016;30:991–1003. https://doi.org/10.1097/QAD.0000000000001015. 

[62] Sandler NG, Wand H, Roque A, Law M, Nason MC, Nixon DE, et al. Plasma Levels 
of Soluble CD14 Independently Predict Mortality in HIV Infection. J Infect Dis 
2011;203:780–90. https://doi.org/10.1093/infdis/jiq118. 

[63] Hunt PW, Sinclair E, Rodriguez B, Shive C, Clagett B, Funderburg N, et al. Gut 
Epithelial Barrier Dysfunction and Innate Immune Activation Predict Mortality in 
Treated HIV Infection. J Infect Dis 2014;210:1228–38. 
https://doi.org/10.1093/infdis/jiu238. 

[64] Klatt NR, Funderburg NT, Brenchley JM. Microbial translocation, immune 
activation, and HIV disease. Trends Microbiol 2013;21:6–13. 
https://doi.org/10.1016/j.tim.2012.09.001. 



178 
 

[65] Vázquez-Castellanos JF, Serrano-Villar S, Latorre A, Artacho A, Ferrús ML, Madrid 
N, et al. Altered metabolism of gut microbiota contributes to chronic immune 
activation in HIV-infected individuals. Mucosal Immunol 2015;8:760–72. 
https://doi.org/10.1038/mi.2014.107. 

[66] Villoslada-Blanco P, Pérez-Matute P, Íñiguez M, Recio-Fernández E, Blanco-
Navarrete P, Metola L, et al. Integrase Inhibitors Partially Restore Bacterial 
Translocation, Inflammation and Gut Permeability Induced by HIV Infection: 
Impact on Gut Microbiota. Infect Dis Ther 2022;11:1541–57. 
https://doi.org/10.1007/s40121-022-00654-4. 

[67] Maldarelli F, Palmer S, King MS, Wiegand A, Polis MA, Mican J, et al. ART 
Suppresses Plasma HIV-1 RNA to a Stable Set Point Predicted by Pretherapy 
Viremia. PLoS Pathog 2007;3:e46. https://doi.org/10.1371/journal.ppat.0030046. 

[68] The RV411 study group, Colby DJ, Trautmann L, Pinyakorn S, Leyre L, Pagliuzza 
A, et al. Rapid HIV RNA rebound after antiretroviral treatment interruption in 
persons durably suppressed in Fiebig I acute HIV infection. Nat Med 
2018;24:923–6. https://doi.org/10.1038/s41591-018-0026-6. 

[69] Cohn LB, Chomont N, Deeks SG. The Biology of the HIV-1 Latent Reservoir and 
Implications for Cure Strategies. Cell Host Microbe 2020;27:519–30. 
https://doi.org/10.1016/j.chom.2020.03.014. 

[70] Imamichi H, Smith M, Adelsberger JW, Izumi T, Scrimieri F, Sherman BT, et al. 
Defective HIV-1 proviruses produce viral proteins. Proc Natl Acad Sci 
2020;117:3704–10. https://doi.org/10.1073/pnas.1917876117. 

[71] Giacomet V, Trabattoni D, Zanchetta N, Biasin M, Gismondo M, Clerici M, et al. 
No cure of HIV infection in a child despite early treatment and apparent viral 
clearance. The Lancet 2014;384:1320. https://doi.org/10.1016/S0140-
6736(14)61405-7. 

[72] Whitney JB, Lim S-Y, Osuna CE, Kublin JL, Chen E, Yoon G, et al. Prevention of 
SIVmac251 reservoir seeding in rhesus monkeys by early antiretroviral therapy. 
Nat Commun 2018;9:5429. https://doi.org/10.1038/s41467-018-07881-9. 

[73] Ananworanich J, Puthanakit T, Suntarattiwong P, Chokephaibulkit K, Kerr SJ, 
Fromentin R, et al. Reduced markers of HIV persistence and restricted HIV-
specific immune responses after early antiretroviral therapy in children. AIDS 
2014;28:1015–20. https://doi.org/10.1097/QAD.0000000000000178. 

[74] Luzuriaga K, Tabak B, Garber M, Chen YH, Ziemniak C, McManus MM, et al. HIV 
Type 1 (HIV-1) Proviral Reservoirs Decay Continuously Under Sustained Virologic 
Control in HIV-1–Infected Children Who Received Early Treatment. J Infect Dis 
2014;210:1529–38. https://doi.org/10.1093/infdis/jiu297. 

[75] Crooks AM, Bateson R, Cope AB, Dahl NP, Griggs MK, Kuruc JD, et al. Precise 
Quantitation of the Latent HIV-1 Reservoir: Implications for Eradication 
Strategies. J Infect Dis 2015;212:1361–5. https://doi.org/10.1093/infdis/jiv218. 

[76] Enick PN, Brooker JP, Tumiotto CM, Staines BT, Eron JJ, McMahon DK, et al. 
Comparison of methods to quantify inducible HIV-1 outgrowth. J Virus Erad 
2021;7:100043. https://doi.org/10.1016/j.jve.2021.100043. 



 

179 
 

[77] Dufour C, Richard C, Pardons M, Massanella M, Ackaoui A, Murrell B, et al. 
Phenotypic characterization of single CD4+ T cells harboring genetically intact 
and inducible HIV genomes. Nat Commun 2023;14:1115. 
https://doi.org/10.1038/s41467-023-36772-x. 

[78] Vellas C, Nayrac M, Collercandy N, Requena M, Jeanne N, Latour J, et al. Intact 
proviruses are enriched in the colon and associated with PD-1+TIGIT− mucosal 
CD4+ T cells of people with HIV-1 on antiretroviral therapy. eBioMedicine 
2024;100:104954. https://doi.org/10.1016/j.ebiom.2023.104954. 

[79] Scully EP, Gandhi M, Johnston R, Hoh R, Lockhart A, Dobrowolski C, et al. Sex-
Based Differences in Human Immunodeficiency Virus Type 1 Reservoir Activity 
and Residual Immune Activation. J Infect Dis 2019;219:1084–94. 
https://doi.org/10.1093/infdis/jiy617. 

[80] Dhummakupt A, Rubens JH, Anderson T, Powell L, Nonyane BAS, Siems LV, et al. 
Differences in inducibility of the latent HIV reservoir in perinatal and adult 
infection. JCI Insight 2020;5:e134105. https://doi.org/10.1172/jci.insight.134105. 

[81] Busman-Sahay K, Starke CE, Nekorchuk MD, Estes JD. Eliminating HIV reservoirs 
for a cure: the issue is in the tissue. Curr Opin HIV AIDS 2021;16:200–8. 
https://doi.org/10.1097/COH.0000000000000688. 

[82] Estes JD, Kityo C, Ssali F, Swainson L, Makamdop KN, Del Prete GQ, et al. Defining 
total-body AIDS-virus burden with implications for curative strategies. Nat Med 
2017;23:1271–6. https://doi.org/10.1038/nm.4411. 

[83] Chun T, Nickle DC, Justement JS, Meyers JH, Roby G, Hallahan CW, et al. 
Persistence of HIV in Gut-Associated Lymphoid Tissue despite Long-Term 
Antiretroviral Therapy. J Infect Dis 2008;197:714–20. 
https://doi.org/10.1086/527324. 

[84] Devanathan AS, Cottrell ML. Pharmacology of HIV Cure: Site of Action. Clin 
Pharmacol Ther 2021;109:841–55. https://doi.org/10.1002/cpt.2187. 

[85] Bourry O, Mannioui A, Sellier P, Roucairol C, Durand-Gasselin L, Dereuddre-
Bosquet N, et al. Effect of a short-term HAART on SIV load in macaque tissues is 
dependent on time of initiation and antiviral diffusion. Retrovirology 2010;7:78. 
https://doi.org/10.1186/1742-4690-7-78. 

[86] Fletcher CV, Staskus K, Wietgrefe SW, Rothenberger M, Reilly C, Chipman JG, et 
al. Persistent HIV-1 replication is associated with lower antiretroviral drug 
concentrations in lymphatic tissues. Proc Natl Acad Sci 2014;111:2307–12. 
https://doi.org/10.1073/pnas.1318249111. 

[87] Eyre RC, Zheng G, Kiessling AA. Multiple drug resistance mutations in human 
immunodeficiency virus in semen but not blood of a man on antiretroviral 
therapy. Urology 2000;55:591. https://doi.org/10.1016/S0090-4295(99)00592-0. 

[88] Smit TK, Brew BJ, Tourtellotte W, Morgello S, Gelman BB, Saksena NK. 
Independent Evolution of Human Immunodeficiency Virus (HIV) Drug Resistance 
Mutations in Diverse Areas of the Brain in HIV-Infected Patients, with and without 
Dementia, on Antiretroviral Treatment. J Virol 2004;78:10133–48. 
https://doi.org/10.1128/JVI.78.18.10133-10148.2004. 



180 
 

[89] Whyte-Allman S-K, Bendayan R. HIV-1 Sanctuary Sites-the Role of Membrane-
Associated Drug Transporters and Drug Metabolic Enzymes. AAPS J 2020;22:118. 
https://doi.org/10.1208/s12248-020-00498-1. 

[90] Fulkerson HL, Nogalski MT, Collins-McMillen D, Yurochko AD. Overview of 
Human Cytomegalovirus Pathogenesis. Methods Mol Biol Clifton NJ 
2021;2244:1–18. https://doi.org/10.1007/978-1-0716-1111-1_1. 

[91] Christensen-Quick A, Vanpouille C, Lisco A, Gianella S. Cytomegalovirus and HIV 
Persistence: Pouring Gas on the Fire. AIDS Res Hum Retroviruses 2017;33:S-23-
S-30. https://doi.org/10.1089/aid.2017.0145. 

[92] Iwamoto GK, Monick MM, Clark BD, Auron PE, Stinski MF, Hunninghake GW. 
Modulation of interleukin 1 beta gene expression by the immediate early genes 
of human cytomegalovirus. J Clin Invest 1990;85:1853–7. 
https://doi.org/10.1172/JCI114645. 

[93] Almeida G, Porada C, St Jeor S, Ascensao J. Human cytomegalovirus alters 
interleukin-6 production by endothelial cells. Blood 1994;83:370–6. 
https://doi.org/10.1182/blood.V83.2.370.370. 

[94] Maidji E, Somsouk M, Rivera JM, Hunt PW, Stoddart CA. Replication of CMV in 
the gut of HIV-infected individuals and epithelial barrier dysfunction. PLOS 
Pathog 2017;13:e1006202. https://doi.org/10.1371/journal.ppat.1006202. 

[95] Lichtner M, Cicconi P, Vita S, Cozzi-Lepri A, Galli M, Lo Caputo S, et al. 
Cytomegalovirus Coinfection Is Associated With an Increased Risk of Severe 
Non–AIDS-Defining Events in a Large Cohort of HIV-Infected Patients. J Infect Dis 
2015;211:178–86. https://doi.org/10.1093/infdis/jiu417. 

[96] Houben RMGJ, Dodd PJ. The Global Burden of Latent Tuberculosis Infection: A 
Re-estimation Using Mathematical Modelling. PLoS Med 2016;13:e1002152. 
https://doi.org/10.1371/journal.pmed.1002152. 

[97] Esmail H, Riou C, Du Bruyn E, Lai RP-J, Harley YXR, Meintjes G, et al. The Immune 
Response to Mycobacterium tuberculosis in HIV-1-Coinfected Persons. Annu Rev 
Immunol 2018;36:603–38. https://doi.org/10.1146/annurev-immunol-042617-
053420. 

[98] Lawn SD, Harries AD, Williams BG, Chaisson RE, Losina E, De Cock KM, et al. 
Antiretroviral therapy and the control of HIV-associated tuberculosis. Will ART do 
it? [Unresolved issues]. Int J Tuberc Lung Dis 2011;15:571–81. 
https://doi.org/10.5588/ijtld.10.0483. 

[99] Sulkowski MS. Viral hepatitis and HIV coinfection. J Hepatol 2008;48:353–67. 
https://doi.org/10.1016/j.jhep.2007.11.009. 

[100] Rockstroh JK, Mocroft A, Soriano V, Tural C, Losso MH, Horban A, et al. Influence 
of Hepatitis C Virus Infection on HIV-1 Disease Progression and Response to 
Highly Active Antiretroviral Therapy. J Infect Dis 2005;192:992–1002. 
https://doi.org/10.1086/432762. 

[101] Ndhlovu ZM, Kamya P, Mewalal N, Kløverpris HN, Nkosi T, Pretorius K, et al. 
Magnitude and Kinetics of CD8+ T Cell Activation during Hyperacute HIV 



 

181 
 

Infection Impact Viral Set Point. Immunity 2015;43:591–604. 
https://doi.org/10.1016/j.immuni.2015.08.012. 

[102] Hersperger AR, Migueles SA, Betts MR, Connors M. Qualitative features of the 
HIV-specific CD8+ T-cell response associated with immunologic control: Curr 
Opin HIV AIDS 2011;6:169–73. https://doi.org/10.1097/COH.0b013e3283454c39. 

[103] Day CL, Kaufmann DE, Kiepiela P, Brown JA, Moodley ES, Reddy S, et al. PD-1 
expression on HIV-specific T cells is associated with T-cell exhaustion and disease 
progression. Nature 2006;443:350–4. https://doi.org/10.1038/nature05115. 

[104] Kestens L, Vanham G, Vereecken C, Vandenbruaene M, Vercauteren G, 
Colebunders RL, et al. Selective increase of activation antigens HLA-DR and CD38 
on CD4+ CD45RO+ T lymphocytes during HIV-1 infection. Clin Exp Immunol 
1994;95:436–41. https://doi.org/10.1111/j.1365-2249.1994.tb07015.x. 

[105] Kestens L, Vanham G, Gigase P, Young G, Hannet I, Vanlangendonck F, et al. 
Expression of activation antigens, HLA-DR and CD38, on CD8 lymphocytes during 
HIV-1 infection. AIDS Lond Engl 1992;6:793–7. 
https://doi.org/10.1097/00002030-199208000-00004. 

[106] Warren JA, Clutton G, Goonetilleke N. Harnessing CD8+ T Cells Under HIV 
Antiretroviral Therapy. Front Immunol 2019;10:291. 
https://doi.org/10.3389/fimmu.2019.00291. 

[107] López M, Soriano V, Peris-Pertusa A, Rallón N, Restrepo C, Benito JM. Elite 
controllers display higher activation on central memory CD8 T cells than HIV 
patients successfully on HAART. AIDS Res Hum Retroviruses 2011;27:157–65. 
https://doi.org/10.1089/aid.2010.0107. 

[108] AGEhIV Study Group, Jiménez VC, Wit FWNM, Joerink M, Maurer I, Harskamp 
AM, et al. T-Cell Activation Independently Associates With Immune Senescence 
in HIV-Infected Recipients of Long-term Antiretroviral Treatment. J Infect Dis 
2016;214:216–25. https://doi.org/10.1093/infdis/jiw146. 

[109] Sáez-Cirión A, Lacabaratz C, Lambotte O, Versmisse P, Urrutia A, Boufassa F, et 
al. HIV controllers exhibit potent CD8 T cell capacity to suppress HIV infection ex 
vivo and peculiar cytotoxic T lymphocyte activation phenotype. Proc Natl Acad 
Sci 2007;104:6776–81. https://doi.org/10.1073/pnas.0611244104. 

[110] Fenwick C, Joo V, Jacquier P, Noto A, Banga R, Perreau M, et al. T-cell exhaustion 
in HIV infection. Immunol Rev 2019;292:149–63. 
https://doi.org/10.1111/imr.12823. 

[111] Younes S-A, Yassine-Diab B, Dumont AR, Boulassel M-R, Grossman Z, Routy J-P, 
et al. HIV-1 Viremia Prevents the Establishment of Interleukin 2–producing HIV-
specific Memory CD4+ T Cells Endowed with Proliferative Capacity. J Exp Med 
2003;198:1909–22. https://doi.org/10.1084/jem.20031598. 

[112] D’Souza M, Fontenot AP, Mack DG, Lozupone C, Dillon S, Meditz A, et al. 
Programmed Death 1 Expression on HIV-Specific CD4+ T Cells Is Driven by Viral 
Replication and Associated with T Cell Dysfunction. J Immunol 2007;179:1979–
87. https://doi.org/10.4049/jimmunol.179.3.1979. 



182 
 

[113] Giorgi JV, Hultin LE, McKeating JA, Johnson TD, Owens B, Jacobson LP, et al. 
Shorter Survival in Advanced Human Immunodeficiency Virus Type 1 Infection Is 
More Closely Associated with T Lymphocyte Activation than with Plasma Virus 
Burden or Virus Chemokine Coreceptor Usage. J Infect Dis 1999;179:859–70. 
https://doi.org/10.1086/314660. 

[114] Moir S, Fauci AS. Insights into B cells and HIV-specific B-cell responses in HIV-
infected individuals. Immunol Rev 2013;254:207–24. 
https://doi.org/10.1111/imr.12067. 

[115] Ramirez LA, Arango TA, Thompson E, Naji M, Tebas P, Boyer JD. High IP-10 levels 
decrease T cell function in HIV-1-infected individuals on ART. J Leukoc Biol 
2014;96:1055–63. https://doi.org/10.1189/jlb.3A0414-232RR. 

[116] Pillay J, Den Braber I, Vrisekoop N, Kwast LM, De Boer RJ, Borghans JAM, et al. In 
vivo labeling with 2H2O reveals a human neutrophil lifespan of 5.4 days. Blood 
2010;116:625–7. https://doi.org/10.1182/blood-2010-01-259028. 

[117] Evrard M, Kwok IWH, Chong SZ, Teng KWW, Becht E, Chen J, et al. Developmental 
Analysis of Bone Marrow Neutrophils Reveals Populations Specialized in 
Expansion, Trafficking, and Effector Functions. Immunity 2018;48:364-379.e8. 
https://doi.org/10.1016/j.immuni.2018.02.002. 

[118] Bainton DF, Ullyot JL, Farquhar MG. The development of neutrophilic 
polymorphonuclear leukocytes in human bone marrow. J Exp Med 1971;134:907–
34. https://doi.org/10.1084/jem.134.4.907. 

[119] Lévesque J-P, Winkler IG, Larsen SR, Rasko JEJ. Mobilization of bone marrow-
derived progenitors. Handb Exp Pharmacol 2007:3–36. 
https://doi.org/10.1007/978-3-540-68976-8_1. 

[120] Yvan-Charvet L, Ng LG. Granulopoiesis and Neutrophil Homeostasis: A Metabolic, 
Daily Balancing Act. Trends Immunol 2019;40:598–612. 
https://doi.org/10.1016/j.it.2019.05.004. 

[121] Amulic B, Cazalet C, Hayes GL, Metzler KD, Zychlinsky A. Neutrophil Function: 
From Mechanisms to Disease. Annu Rev Immunol 2012;30:459–89. 
https://doi.org/10.1146/annurev-immunol-020711-074942. 

[122] Paudel S, Ghimire L, Jin L, Jeansonne D, Jeyaseelan S. Regulation of emergency 
granulopoiesis during infection. Front Immunol 2022;13:961601. 
https://doi.org/10.3389/fimmu.2022.961601. 

[123] Guo R, Xie X, Ren Q, Liew PX. New insights on extramedullary granulopoiesis and 
neutrophil heterogeneity in the spleen and its importance in disease. J Leukoc 
Biol 2024:qiae220. https://doi.org/10.1093/jleuko/qiae220. 

[124] Adrover JM, Del Fresno C, Crainiciuc G, Cuartero MI, Casanova-Acebes M, Weiss 
LA, et al. A Neutrophil Timer Coordinates Immune Defense and Vascular 
Protection. Immunity 2019;50:390-402.e10. 
https://doi.org/10.1016/j.immuni.2019.01.002. 

[125] Ovadia S, Özcan A, Hidalgo A. The circadian neutrophil, inside-out. J Leukoc Biol 
2023;113:555–66. https://doi.org/10.1093/jleuko/qiad038. 



 

183 
 

[126] Tofts PS, Chevassut T, Cutajar M, Dowell NG, Peters AM. Doubts concerning the 
recently reported human neutrophil lifespan of 5.4 days. Blood 2011;117:6050–2. 
https://doi.org/10.1182/blood-2010-10-310532. 

[127] Lahoz-Beneytez J, Elemans M, Zhang Y, Ahmed R, Salam A, Block M, et al. Human 
neutrophil kinetics: modeling of stable isotope labeling data supports short 
blood neutrophil half-lives. Blood 2016;127:3431–8. 
https://doi.org/10.1182/blood-2016-03-700336. 

[128] Colotta F, Re F, Polentarutti N, Sozzani S, Mantovani A. Modulation of 
granulocyte survival and programmed cell death by cytokines and bacterial 
products. Blood 1992;80:2012–20. 
https://doi.org/10.1182/blood.V80.8.2012.2012. 

[129] Hensley-McBain T, Wu MC, Manuzak JA, Cheu RK, Gustin A, Driscoll CB, et al. 
Increased mucosal neutrophil survival is associated with altered microbiota in HIV 
infection. PLOS Pathog 2019;15:e1007672. 
https://doi.org/10.1371/journal.ppat.1007672. 

[130] Greenlee-Wacker MC. Clearance of apoptotic neutrophils and resolution of 
inflammation. Immunol Rev 2016;273:357–70. 
https://doi.org/10.1111/imr.12453. 

[131] Shi J, Gilbert GE, Kokubo Y, Ohashi T. Role of the liver in regulating numbers of 
circulating neutrophils. Blood 2001;98:1226–30. 
https://doi.org/10.1182/blood.V98.4.1226. 

[132] Doran AC, Yurdagul A, Tabas I. Efferocytosis in health and disease. Nat Rev 
Immunol 2020;20:254–67. https://doi.org/10.1038/s41577-019-0240-6. 

[133] Horckmans M, Ring L, Duchene J, Santovito D, Schloss MJ, Drechsler M, et al. 
Neutrophils orchestrate post-myocardial infarction healing by polarizing 
macrophages towards a reparative phenotype. Eur Heart J 2016:ehw002. 
https://doi.org/10.1093/eurheartj/ehw002. 

[134] Codo AC, Saraiva AC, Dos Santos LL, Visconde MF, Gales AC, Zamboni DS, et al. 
Inhibition of inflammasome activation by a clinical strain of Klebsiella 
pneumoniae impairs efferocytosis and leads to bacterial dissemination. Cell 
Death Dis 2018;9:1182. https://doi.org/10.1038/s41419-018-1214-5. 

[135] Dallenga T, Repnik U, Corleis B, Eich J, Reimer R, Griffiths GW, et al. M. 
tuberculosis-Induced Necrosis of Infected Neutrophils Promotes Bacterial 
Growth Following Phagocytosis by Macrophages. Cell Host Microbe 
2017;22:519-530.e3. https://doi.org/10.1016/j.chom.2017.09.003. 

[136] Xu Q, Zhao W, Yan M, Mei H. Neutrophil reverse migration. J Inflamm 2022;19:22. 
https://doi.org/10.1186/s12950-022-00320-z. 

[137] McKenna E, Mhaonaigh AU, Wubben R, Dwivedi A, Hurley T, Kelly LA, et al. 
Neutrophils: Need for Standardized Nomenclature. Front Immunol 
2021;12:602963. https://doi.org/10.3389/fimmu.2021.602963. 

[138] Sun R, Huang J, Yang Y, Liu L, Shao Y, Li L, et al. Dysfunction of low-density 
neutrophils in peripheral circulation in patients with sepsis. Sci Rep 2022;12:685. 
https://doi.org/10.1038/s41598-021-04682-x. 



184 
 

[139] Bronte V, Brandau S, Chen S-H, Colombo MP, Frey AB, Greten TF, et al. 
Recommendations for myeloid-derived suppressor cell nomenclature and 
characterization standards. Nat Commun 2016;7:12150. 
https://doi.org/10.1038/ncomms12150. 

[140] Cloke T, Munder M, Taylor G, Müller I, Kropf P. Characterization of a Novel 
Population of Low-Density Granulocytes Associated with Disease Severity in HIV-
1 Infection. PLoS ONE 2012;7:e48939. 
https://doi.org/10.1371/journal.pone.0048939. 

[141] Grieshaber-Bouyer R, Radtke FA, Cunin P, Stifano G, Levescot A, Vijaykumar B, et 
al. The neutrotime transcriptional signature defines a single continuum of 
neutrophils across biological compartments. Nat Commun 2021;12:2856. 
https://doi.org/10.1038/s41467-021-22973-9. 

[142] Xie X, Shi Q, Wu P, Zhang X, Kambara H, Su J, et al. Single-cell transcriptome 
profiling reveals neutrophil heterogeneity in homeostasis and infection. Nat 
Immunol 2020;21:1119–33. https://doi.org/10.1038/s41590-020-0736-z. 

[143] Aroca-Crevillén A, Vicanolo T, Ovadia S, Hidalgo A. Neutrophils in Physiology and 
Pathology. Annu Rev Pathol Mech Dis 2024;19:227–59. 
https://doi.org/10.1146/annurev-pathmechdis-051222-015009. 

[144] Lima SSS, França MS, Godoi CCG, Martinho GH, Jesus LAD, Romanelli RMDC, et 
al. Neutropenic patients and their infectious complications at a University 
Hospital. Rev Bras Hematol E Hemoter 2013;35:18–22. 
https://doi.org/10.5581/1516-8484.20130009. 

[145] Cichon I, Santocki M, Ortmann W, Kolaczkowska E. Imaging of Neutrophils and 
Neutrophil Extracellular Traps (NETs) with Intravital (In Vivo) Microscopy. 
Methods Mol Biol Clifton NJ 2020;2087:443–66. https://doi.org/10.1007/978-1-
0716-0154-9_26. 

[146] Stackowicz J, Jönsson F, Reber LL. Mouse Models and Tools for the in vivo Study 
of Neutrophils. Front Immunol 2020;10:3130. 
https://doi.org/10.3389/fimmu.2019.03130. 

[147] Liew PX, Kubes P. The Neutrophil’s Role During Health and Disease. Physiol Rev 
2019;99:1223–48. https://doi.org/10.1152/physrev.00012.2018. 

[148] Thomas CJ, Schroder K. Pattern recognition receptor function in neutrophils. 
Trends Immunol 2013;34:317–28. https://doi.org/10.1016/j.it.2013.02.008. 

[149] Yow SJ, Yeap HW, Chen KW. Inflammasome and gasdermin signaling in 
neutrophils. Mol Microbiol 2022;117:961–72. 
https://doi.org/10.1111/mmi.14891. 

[150] Paget C, Doz-Deblauwe E, Winter N, Briard B. Specific NLRP3 Inflammasome 
Assembling and Regulation in Neutrophils: Relevance in Inflammatory and 
Infectious Diseases. Cells 2022;11:1188. https://doi.org/10.3390/cells11071188. 

[151] Courjon J, Dufies O, Robert A, Bailly L, Torre C, Chirio D, et al. Heterogeneous 
NLRP3 inflammasome signature in circulating myeloid cells as a biomarker of 
COVID-19 severity. Blood Adv 2021;5:1523–34. 
https://doi.org/10.1182/bloodadvances.2020003918. 



 

185 
 

[152] Zhao Y, Karijolich J. Know Thyself: RIG-I-Like Receptor Sensing of DNA Virus 
Infection. J Virol 2019;93:e01085-19. https://doi.org/10.1128/JVI.01085-19. 

[153] Smirnov A, Daily KP, Gray MC, Ragland SA, Werner LM, Brittany Johnson M, et al. 
Phagocytosis via complement receptor 3 enables microbes to evade killing by 
neutrophils. J Leukoc Biol 2023;114:1–20. 
https://doi.org/10.1093/jleuko/qiad028. 

[154] Wang Y, Jönsson F. Expression, Role, and Regulation of Neutrophil Fcγ Receptors. 
Front Immunol 2019;10:1958. https://doi.org/10.3389/fimmu.2019.01958. 

[155] Gámez-Díaz LY, Enriquez LE, Matute JD, Velásquez S, Gómez ID, Toro F, et al. 
Diagnostic Accuracy of HMGB-1, sTREM-1, and CD64 as Markers of Sepsis in 
Patients Recently Admitted to the Emergency Department: BIOMARKERS FOR 
SEPSIS DIAGNOSIS. Acad Emerg Med 2011;18:807–15. 
https://doi.org/10.1111/j.1553-2712.2011.01113.x. 

[156] Karawajczyk M, Douhan Håkansson L, Lipcsey M, Hultström M, Pauksens K, 
Frithiof R, et al. High expression of neutrophil and monocyte CD64 with 
simultaneous lack of upregulation of adhesion receptors CD11b, CD162, CD15, 
CD65 on neutrophils in severe COVID-19. Ther Adv Infect Dis 
2021;8:20499361211034065. https://doi.org/10.1177/20499361211034065. 

[157] Mayadas TN, Tsokos GC, Tsuboi N. Mechanisms of Immune Complex–Mediated 
Neutrophil Recruitment and Tissue Injury. Circulation 2009;120:2012–24. 
https://doi.org/10.1161/CIRCULATIONAHA.108.771170. 

[158] Tamassia N, Bianchetto-Aguilera F, Arruda-Silva F, Gardiman E, Gasperini S, 
Calzetti F, et al. Cytokine production by human neutrophils: Revisiting the “dark 
side of the moon.” Eur J Clin Invest 2018;48:e12952. 
https://doi.org/10.1111/eci.12952. 

[159] Bazzoni F, Tamassia N, Rossato M, Cassatella MA. Understanding the molecular 
mechanisms of the multifaceted IL-10-mediated anti-inflammatory response: 
lessons from neutrophils. Eur J Immunol 2010;40:2360–8. 
https://doi.org/10.1002/eji.200940294. 

[160] Brinkmann V, Reichard U, Goosmann C, Fauler B, Uhlemann Y, Weiss DS, et al. 
Neutrophil Extracellular Traps Kill Bacteria. Science 2004;303:1532–5. 
https://doi.org/10.1126/science.1092385. 

[161] Hidalgo A, Libby P, Soehnlein O, Aramburu IV, Papayannopoulos V, Silvestre-Roig 
C. Neutrophil extracellular traps: from physiology to pathology. Cardiovasc Res 
2022;118:2737–53. https://doi.org/10.1093/cvr/cvab329. 

[162] Da Silva NM, Leite NPDM, Carvalho AE, Almeida VDD, Santos ÍKD, Cavalcanti 
JRLDP, et al. The Role of Extracellular Traps in HIV Infection. AIDS Res Hum 
Retroviruses 2024;40:308–16. https://doi.org/10.1089/aid.2022.0178. 

[163] Lehman HK, Segal BH. The role of neutrophils in host defense and disease. J 
Allergy Clin Immunol 2020;145:1535–44. 
https://doi.org/10.1016/j.jaci.2020.02.038. 

[164] Kobayashi SD, DeLeo FR, Quinn MT. Microbes and the fate of neutrophils. 
Immunol Rev 2023;314:210–28. https://doi.org/10.1111/imr.13163. 



186 
 

[165] Petersen E, Memish ZA, Hui DS, Scagliarini A, Simonsen L, Simulundu E, et al. 
Avian “Bird” Flu - undue media panic or genuine concern for pandemic potential 
requiring global preparedness action? Int J Infect Dis IJID Off Publ Int Soc Infect 
Dis 2024;145:107062. https://doi.org/10.1016/j.ijid.2024.107062. 

[166] Tang BM, Shojaei M, Teoh S, Meyers A, Ho J, Ball TB, et al. Neutrophils-related 
host factors associated with severe disease and fatality in patients with influenza 
infection. Nat Commun 2019;10:3422. https://doi.org/10.1038/s41467-019-
11249-y. 

[167] Tate MD, Deng Y-M, Jones JE, Anderson GP, Brooks AG, Reading PC. Neutrophils 
ameliorate lung injury and the development of severe disease during influenza 
infection. J Immunol Baltim Md 1950 2009;183:7441–50. 
https://doi.org/10.4049/jimmunol.0902497. 

[168] Meizlish ML, Pine AB, Bishai JD, Goshua G, Nadelmann ER, Simonov M, et al. A 
neutrophil activation signature predicts critical illness and mortality in COVID-19. 
Blood Adv 2021;5:1164–77. https://doi.org/10.1182/bloodadvances.2020003568. 

[169] Rosa BA, Ahmed M, Singh DK, Choreño-Parra JA, Cole J, Jiménez-Álvarez LA, et 
al. IFN signaling and neutrophil degranulation transcriptional signatures are 
induced during SARS-CoV-2 infection. Commun Biol 2021;4:290. 
https://doi.org/10.1038/s42003-021-01829-4. 

[170] Reusch N, De Domenico E, Bonaguro L, Schulte-Schrepping J, Baßler K, Schultze 
JL, et al. Neutrophils in COVID-19. Front Immunol 2021;12:652470. 
https://doi.org/10.3389/fimmu.2021.652470. 

[171] Masso-Silva JA, Moshensky A, Lam MTY, Odish MF, Patel A, Xu L, et al. Increased 
Peripheral Blood Neutrophil Activation Phenotypes and Neutrophil Extracellular 
Trap Formation in Critically Ill Coronavirus Disease 2019 (COVID-19) Patients: A 
Case Series and Review of the Literature. Clin Infect Dis Off Publ Infect Dis Soc 
Am 2022;74:479–89. https://doi.org/10.1093/cid/ciab437. 

[172] Ulloque-Badaracco JR, Ivan Salas-Tello W, Al-kassab-Córdova A, Alarcón-Braga 
EA, Benites-Zapata VA, Maguiña JL, et al. Prognostic value of neutrophil-to-
lymphocyte ratio in COVID-19 patients: A systematic review and meta-analysis. 
Int J Clin Pract 2021;75. https://doi.org/10.1111/ijcp.14596. 

[173] Alcantara CA, Glassman I, Nguyen KH, Parthasarathy A, Venketaraman V. 
Neutrophils in Mycobacterium tuberculosis. Vaccines 2023;11:631. 
https://doi.org/10.3390/vaccines11030631. 

[174] Muefong CN, Sutherland JS. Neutrophils in Tuberculosis-Associated 
Inflammation and Lung Pathology. Front Immunol 2020;11:962. 
https://doi.org/10.3389/fimmu.2020.00962. 

[175] Pesci A, Majori M, Cuomo A, Borciani N, Bertacco S, Cacciani G, et al. Neutrophils 
infiltrating bronchial epithelium in chronic obstructive pulmonary disease. Respir 
Med 1998;92:863–70. https://doi.org/10.1016/S0954-6111(98)90389-4. 

[176] Keatings VM, Collins PD, Scott DM, Barnes PJ. Differences in interleukin-8 and 
tumor necrosis factor-alpha in induced sputum from patients with chronic 



 

187 
 

obstructive pulmonary disease or asthma. Am J Respir Crit Care Med 
1996;153:530–4. https://doi.org/10.1164/ajrccm.153.2.8564092. 

[177] Thulborn SJ, Mistry V, Brightling CE, Moffitt KL, Ribeiro D, Bafadhel M. Neutrophil 
elastase as a biomarker for bacterial infection in COPD. Respir Res 2019;20:170. 
https://doi.org/10.1186/s12931-019-1145-4. 

[178] Voynow JA, Shinbashi M. Neutrophil Elastase and Chronic Lung Disease. 
Biomolecules 2021;11:1065. https://doi.org/10.3390/biom11081065. 

[179] Hoenderdos K, Condliffe A. The Neutrophil in Chronic Obstructive Pulmonary 
Disease. Too Little, Too Late or Too Much, Too Soon? Am J Respir Cell Mol Biol 
2013;48:531–9. https://doi.org/10.1165/rcmb.2012-0492TR. 

[180] Wéra O, Lancellotti P, Oury C. The Dual Role of Neutrophils in Inflammatory 
Bowel Diseases. J Clin Med 2016;5:118. https://doi.org/10.3390/jcm5120118. 

[181] Therrien A, Chapuy L, Bsat M, Rubio M, Bernard G, Arslanian E, et al. Recruitment 
of activated neutrophils correlates with disease severity in adult Crohn’s disease. 
Clin Exp Immunol 2019;195:251–64. https://doi.org/10.1111/cei.13226. 

[182] Ricciuto A, Griffiths AM. Clinical value of fecal calprotectin. Crit Rev Clin Lab Sci 
2019;56:307–20. https://doi.org/10.1080/10408363.2019.1619159. 

[183] Bennike TB, Carlsen TG, Ellingsen T, Bonderup OK, Glerup H, Bøgsted M, et al. 
Neutrophil Extracellular Traps in Ulcerative Colitis: A Proteome Analysis of 
Intestinal Biopsies. Inflamm Bowel Dis 2015;21:2052–67. 
https://doi.org/10.1097/MIB.0000000000000460. 

[184] Drury B, Hardisty G, Gray RD, Ho G. Neutrophil Extracellular Traps in Inflammatory 
Bowel Disease: Pathogenic Mechanisms and Clinical Translation. Cell Mol 
Gastroenterol Hepatol 2021;12:321–33. 
https://doi.org/10.1016/j.jcmgh.2021.03.002. 

[185] Segal AW. The role of neutrophils in the pathogenesis of Crohn’s disease. Eur J 
Clin Invest 2018;48:e12983. https://doi.org/10.1111/eci.12983. 

[186] Fresneda Alarcon M, McLaren Z, Wright HL. Neutrophils in the Pathogenesis of 
Rheumatoid Arthritis and Systemic Lupus Erythematosus: Same Foe Different 
M.O. Front Immunol 2021;12:649693. 
https://doi.org/10.3389/fimmu.2021.649693. 

[187] Kundu S, Ghosh P, Datta S, Ghosh A, Chattopadhyay S, Chatterjee M. Oxidative 
stress as a potential biomarker for determining disease activity in patients with 
rheumatoid arthritis. Free Radic Res 2012;46:1482–9. 
https://doi.org/10.3109/10715762.2012.727991. 

[188] Perazzio SF, Salomão R, Silva NP, Andrade LEC. Increased neutrophil oxidative 
burst metabolism in systemic lupus erythematosus. Lupus 2012;21:1543–51. 
https://doi.org/10.1177/0961203312461060. 

[189] Birkelund S, Bennike TB, Kastaniegaard K, Lausen M, Poulsen TBG, Kragstrup TW, 
et al. Proteomic analysis of synovial fluid from rheumatic arthritis and 
spondyloarthritis patients. Clin Proteomics 2020;17:29. 
https://doi.org/10.1186/s12014-020-09292-9. 



188 
 

[190] Khandpur R, Carmona-Rivera C, Vivekanandan-Giri A, Gizinski A, Yalavarthi S, 
Knight JS, et al. NETs Are a Source of Citrullinated Autoantigens and Stimulate 
Inflammatory Responses in Rheumatoid Arthritis. Sci Transl Med 2013;5. 
https://doi.org/10.1126/scitranslmed.3005580. 

[191] Wright HL, Chikura B, Bucknall RC, Moots RJ, Edwards SW. Changes in expression 
of membrane TNF, NF-κB activation and neutrophil apoptosis during active and 
resolved inflammation. Ann Rheum Dis 2011;70:537–43. 
https://doi.org/10.1136/ard.2010.138065. 

[192] Kraaij T, Kamerling SWA, De Rooij ENM, Van Daele PLA, Bredewold OW, Bakker 
JA, et al. The NET-effect of combining rituximab with belimumab in severe 
systemic lupus erythematosus. J Autoimmun 2018;91:45–54. 
https://doi.org/10.1016/j.jaut.2018.03.003. 

[193] Chertov O, Michiel DF, Xu L, Wang JM, Tani K, Murphy WJ, et al. Identification of 
Defensin-1, Defensin-2, and CAP37/Azurocidin as T-cell Chemoattractant 
Proteins Released from Interleukin-8-stimulated Neutrophils. J Biol Chem 
1996;271:2935–40. https://doi.org/10.1074/jbc.271.6.2935. 

[194] Yang D, Chen Q, Schmidt AP, Anderson GM, Wang JM, Wooters J, et al. Ll-37, the 
Neutrophil Granule–And Epithelial Cell–Derived Cathelicidin, Utilizes Formyl 
Peptide Receptor–Like 1 (Fprl1) as a Receptor to Chemoattract Human Peripheral 
Blood Neutrophils, Monocytes, and T Cells. J Exp Med 2000;192:1069–74. 
https://doi.org/10.1084/jem.192.7.1069. 

[195] Yang D, Chen Q, Chertov O, Oppenheim JJ. Human neutrophil defensins 
selectively chemoattract naive T and immature dendritic cells. J Leukoc Biol 
2000;68:9–14. https://doi.org/10.1189/jlb.68.1.9. 

[196] Gasperini S, Marchi M, Calzetti F, Laudanna C, Vicentini L, Olsen H, et al. Gene 
expression and production of the monokine induced by IFN-gamma (MIG), IFN-
inducible T cell alpha chemoattractant (I-TAC), and IFN-gamma-inducible 
protein-10 (IP-10) chemokines by human neutrophils. J Immunol Baltim Md 1950 
1999;162:4928–37. 

[197] Lim K, Hyun Y-M, Lambert-Emo K, Capece T, Bae S, Miller R, et al. Neutrophil trails 
guide influenza-specific CD8+ T cells in the airways. Science 2015;349:aaa4352. 
https://doi.org/10.1126/science.aaa4352. 

[198] Tateda K, Moore TA, Deng JC, Newstead MW, Zeng X, Matsukawa A, et al. Early 
Recruitment of Neutrophils Determines Subsequent T1/T2 Host Responses in a 
Murine Model of Legionella pneumophila Pneumonia. J Immunol 2001;166:3355–
61. https://doi.org/10.4049/jimmunol.166.5.3355. 

[199] Tacchini-Cottier F, Zweifel C, Belkaid Y, Mukankundiye C, Vasei M, Launois P, et 
al. An Immunomodulatory Function for Neutrophils During the Induction of a 
CD4+ Th2 Response in BALB/c Mice Infected with Leishmania major. J Immunol 
2000;165:2628–36. https://doi.org/10.4049/jimmunol.165.5.2628. 

[200] Pelletier M, Maggi L, Micheletti A, Lazzeri E, Tamassia N, Costantini C, et al. 
Evidence for a cross-talk between human neutrophils and Th17 cells. Blood 
2010;115:335–43. https://doi.org/10.1182/blood-2009-04-216085. 



 

189 
 

[201] Minns D, Smith KJ, Alessandrini V, Hardisty G, Melrose L, Jackson-Jones L, et al. 
The neutrophil antimicrobial peptide cathelicidin promotes Th17 differentiation. 
Nat Commun 2021;12:1285. https://doi.org/10.1038/s41467-021-21533-5. 

[202] Yasuda K, Takeuchi Y, Hirota K. The pathogenicity of Th17 cells in autoimmune 
diseases. Semin Immunopathol 2019;41:283–97. https://doi.org/10.1007/s00281-
019-00733-8. 

[203] Davidson DJ, Currie AJ, Reid GSD, Bowdish DME, MacDonald KL, Ma RC, et al. The 
cationic antimicrobial peptide LL-37 modulates dendritic cell differentiation and 
dendritic cell-induced T cell polarization. J Immunol Baltim Md 1950 
2004;172:1146–56. https://doi.org/10.4049/jimmunol.172.2.1146. 

[204] Tillack K, Breiden P, Martin R, Sospedra M. T Lymphocyte Priming by Neutrophil 
Extracellular Traps Links Innate and Adaptive Immune Responses. J Immunol 
2012;188:3150–9. https://doi.org/10.4049/jimmunol.1103414. 

[205] Moffat A, Gwyer Findlay E. Evidence for antigen presentation by human 
neutrophils. Blood 2024;143:2455–63. 
https://doi.org/10.1182/blood.2023023444. 

[206] Gosselin EJ, Wardwell K, Rigby WF, Guyre PM. Induction of MHC class II on human 
polymorphonuclear neutrophils by granulocyte/macrophage colony-stimulating 
factor, IFN-gamma, and IL-3. J Immunol Baltim Md 1950 1993;151:1482–90. 

[207] Sandilands GP, Hauffe B, Loudon E, Marsh AG, Gondowidjojo A, Campbell C, et 
al. Detection of cytoplasmic CD antigens within normal human peripheral blood 
leucocytes. Immunology 2003;108:329–37. https://doi.org/10.1046/j.1365-
2567.2003.01591.x. 

[208] Sandilands GP, Ahmed Z, Perry N, Davison M, Lupton A, Young B. Cross-linking 
of neutrophil CD11b results in rapid cell surface expression of molecules required 
for antigen presentation and T-cell activation. Immunology 2005;114:354–68. 
https://doi.org/10.1111/j.1365-2567.2004.02114.x. 

[209] Grieshaber-Bouyer R, Exner T, Hackert NS, Radtke FA, Jelinsky SA, Halyabar O, et 
al. Aging and interferon gamma response drive the phenotype of neutrophils in 
the inflamed joint 2021. https://doi.org/10.1101/2021.11.16.465905. 

[210] Rambault M, Gilbert FB, Roussel P, Tessier A, David V, Germon P, et al. Neutrophils 
expressing major histocompatibility complex class II molecules circulate in blood 
and milk during mastitis and show high microbicidal activity. J Dairy Sci 
2023;106:4245–56. https://doi.org/10.3168/jds.2022-22728. 

[211] Rambault M, Doz-Deblauwe É, Le Vern Y, Carreras F, Cunha P, Germon P, et al. 
Neutrophils Encompass a Regulatory Subset Suppressing T Cells in Apparently 
Healthy Cattle and Mice. Front Immunol 2021;12:625244. 
https://doi.org/10.3389/fimmu.2021.625244. 

[212] Lok LSC, Dennison TW, Mahbubani KM, Saeb-Parsy K, Chilvers ER, Clatworthy MR. 
Phenotypically distinct neutrophils patrol uninfected human and mouse lymph 
nodes. Proc Natl Acad Sci 2019;116:19083–9. 
https://doi.org/10.1073/pnas.1905054116. 



190 
 

[213] Vono M, Lin A, Norrby-Teglund A, Koup RA, Liang F, Loré K. Neutrophils acquire 
the capacity for antigen presentation to memory CD4+ T cells in vitro and ex vivo. 
Blood 2017;129:1991–2001. https://doi.org/10.1182/blood-2016-10-744441. 

[214] Van Gisbergen KPJM, Sanchez-Hernandez M, Geijtenbeek TBH, Van Kooyk Y. 
Neutrophils mediate immune modulation of dendritic cells through 
glycosylation-dependent interactions between Mac-1 and DC-SIGN. J Exp Med 
2005;201:1281–92. https://doi.org/10.1084/jem.20041276. 

[215] Rodriguez PC, Quiceno DG, Ochoa AC. l-arginine availability regulates T-
lymphocyte cell-cycle progression. Blood 2007;109:1568–73. 
https://doi.org/10.1182/blood-2006-06-031856. 

[216] Schmielau J, Finn OJ. Activated granulocytes and granulocyte-derived hydrogen 
peroxide are the underlying mechanism of suppression of t-cell function in 
advanced cancer patients. Cancer Res 2001;61:4756–60. 

[217] Niu F, Yu Y, Li Z, Ren Y, Li Z, Ye Q, et al. Arginase: An emerging and promising 
therapeutic target for cancer treatment. Biomed Pharmacother 2022;149:112840. 
https://doi.org/10.1016/j.biopha.2022.112840. 

[218] Vonwirth V, Bülbül Y, Werner A, Echchannaoui H, Windschmitt J, Habermeier A, 
et al. Inhibition of Arginase 1 Liberates Potent T Cell Immunostimulatory Activity 
of Human Neutrophil Granulocytes. Front Immunol 2021;11:617699. 
https://doi.org/10.3389/fimmu.2020.617699. 

[219] Steggerda SM, Bennett MK, Chen J, Emberley E, Huang T, Janes JR, et al. Inhibition 
of arginase by CB-1158 blocks myeloid cell-mediated immune suppression in the 
tumor microenvironment. J Immunother Cancer 2017;5:101. 
https://doi.org/10.1186/s40425-017-0308-4. 

[220] Xue R, Zhang Q, Cao Q, Kong R, Xiang X, Liu H, et al. Liver tumour immune 
microenvironment subtypes and neutrophil heterogeneity. Nature 
2022;612:141–7. https://doi.org/10.1038/s41586-022-05400-x. 

[221] Qi X, Yu Y, Sun R, Huang J, Liu L, Yang Y, et al. Identification and characterization 
of neutrophil heterogeneity in sepsis. Crit Care 2021;25:50. 
https://doi.org/10.1186/s13054-021-03481-0. 

[222] Doz-Deblauwe E, Bounab B, Carreras F, Fahel JS, Oliveira SC, Lamkanfi M, et al. 
Dual neutrophil subsets exacerbate or suppress inflammation in tuberculosis via 
IL-1β or PD-L1. Life Sci Alliance 2024;7:e202402623. 
https://doi.org/10.26508/lsa.202402623. 

[223] Davey MS, Tamassia N, Rossato M, Bazzoni F, Calzetti F, Bruderek K, et al. Failure 
to detect production of IL-10 by activated human neutrophils. Nat Immunol 
2011;12:1017–8. https://doi.org/10.1038/ni.2111. 

[224] Bert S, Ward EJ, Nadkarni S. Neutrophils in pregnancy: New insights into innate 
and adaptive immune regulation. Immunology 2021;164:665–76. 
https://doi.org/10.1111/imm.13392. 

[225] Minns D, Smith KJ, Hardisty G, Rossi AG, Gwyer Findlay E. The Outcome of 
Neutrophil-T Cell Contact Differs Depending on Activation Status of Both Cell 



 

191 
 

Types. Front Immunol 2021;12:633486. 
https://doi.org/10.3389/fimmu.2021.633486. 

[226] Moreno De Lara L, Parthasarathy RS, Rodriguez-Garcia M. Mucosal immunity and 
HIV acquisition in women. Curr Opin Physiol 2021;19:32–8. 
https://doi.org/10.1016/j.cophys.2020.07.021. 

[227] Barr FD, Ochsenbauer C, Wira CR, Rodriguez-Garcia M. Neutrophil extracellular 
traps prevent HIV infection in the female genital tract. Mucosal Immunol 
2018;11:1420–8. https://doi.org/10.1038/s41385-018-0045-0. 

[228] Adapen C, Réot L, Nunez N, Cannou C, Marlin R, Lemaître J, et al. Local Innate 
Markers and Vaginal Microbiota Composition Are Influenced by Hormonal Cycle 
Phases. Front Immunol 2022;13:841723. 
https://doi.org/10.3389/fimmu.2022.841723. 

[229] Masson L, Passmore J-AS, Liebenberg LJ, Werner L, Baxter C, Arnold KB, et al. 
Genital Inflammation and the Risk of HIV Acquisition in Women. Clin Infect Dis 
2015;61:260–9. https://doi.org/10.1093/cid/civ298. 

[230] Ramsuran V, Kulkarni H, He W, Mlisana K, Wright EJ, Werner L, et al. Duffy-Null–
Associated Low Neutrophil Counts Influence HIV-1 Susceptibility in High-Risk 
South African Black Women. Clin Infect Dis 2011;52:1248–56. 
https://doi.org/10.1093/cid/cir119. 

[231] Levinson P, Kaul R, Kimani J, Ngugi E, Moses S, MacDonald KS, et al. Levels of 
innate immune factors in genital fluids: association of alpha defensins and LL-37 
with genital infections and increased HIV acquisition. AIDS 2009;23:309–17. 
https://doi.org/10.1097/QAD.0b013e328321809c. 

[232] Arnold KB, Burgener A, Birse K, Romas L, Dunphy LJ, Shahabi K, et al. Increased 
levels of inflammatory cytokines in the female reproductive tract are associated 
with altered expression of proteases, mucosal barrier proteins, and an influx of 
HIV-susceptible target cells. Mucosal Immunol 2016;9:194–205. 
https://doi.org/10.1038/mi.2015.51. 

[233] Mackewicz CE, Yuan J, Tran P, Diaz L, Mack E, Selsted ME, et al. alpha-Defensins 
can have anti-HIV activity but are not CD8 cell anti-HIV factors. AIDS Lond Engl 
2003;17:F23-32. https://doi.org/10.1097/00002030-200309260-00001. 

[234] Zhang L, Yu W, He T, Yu J, Caffrey RE, Dalmasso EA, et al. Contribution of human 
alpha-defensin 1, 2, and 3 to the anti-HIV-1 activity of CD8 antiviral factor. 
Science 2002;298:995–1000. https://doi.org/10.1126/science.1076185. 

[235] Klebanoff SJ, Coombs RW. Viricidal effect of polymorphonuclear leukocytes on 
human immunodeficiency virus-1. Role of the myeloperoxidase system. J Clin 
Invest 1992;89:2014–7. https://doi.org/10.1172/JCI115810. 

[236] Saitoh T, Komano J, Saitoh Y, Misawa T, Takahama M, Kozaki T, et al. Neutrophil 
Extracellular Traps Mediate a Host Defense Response to Human 
Immunodeficiency Virus-1. Cell Host Microbe 2012;12:109–16. 
https://doi.org/10.1016/j.chom.2012.05.015. 

[237] Mojoli A, Gonçalves BS, Temerozo JR, Cister-Alves B, Geddes V, Herlinger A, et al. 
Neutrophil extracellular traps from healthy donors and HIV-1-infected individuals 



192 
 

restrict HIV-1 production in macrophages. Sci Rep 2020;10:19603. 
https://doi.org/10.1038/s41598-020-75357-2. 

[238] Verani A, Scarlatti G, Comar M, Tresoldi E, Polo S, Giacca M, et al. C–C Chemokines 
Released by Lipopolysaccharide (LPS)-stimulated Human Macrophages Suppress 
HIV-1 Infection in Both Macrophages and T Cells. J Exp Med 1997;185:805–16. 
https://doi.org/10.1084/jem.185.5.805. 

[239] Sivanandham R, Brocca-Cofano E, Krampe N, Falwell E, Venkatraman SMK, 
Ribeiro RM, et al. Neutrophil extracellular trap production contributes to 
pathogenesis in SIV-infected nonhuman primates. J Clin Invest 2018;128:5178–
83. https://doi.org/10.1172/JCI99420. 

[240] Reif T, Dyckhoff G, Hohenberger R, Kolbe C-C, Gruell H, Klein F, et al. Contact-
dependent inhibition of HIV-1 replication in ex vivo human tonsil cultures by 
polymorphonuclear neutrophils. Cell Rep Med 2021;2:100317. 
https://doi.org/10.1016/j.xcrm.2021.100317. 

[241] Bradley T, Pollara J, Santra S, Vandergrift N, Pittala S, Bailey-Kellogg C, et al. 
Pentavalent HIV-1 vaccine protects against simian-human immunodeficiency 
virus challenge. Nat Commun 2017;8:15711. 
https://doi.org/10.1038/ncomms15711. 

[242] Barouch DH, Stephenson KE, Borducchi EN, Smith K, Stanley K, McNally AG, et al. 
Protective Efficacy of a Global HIV-1 Mosaic Vaccine against Heterologous SHIV 
Challenges in Rhesus Monkeys. Cell 2013;155:531–9. 
https://doi.org/10.1016/j.cell.2013.09.061. 

[243] Worley MJ, Fei K, Lopez-Denman AJ, Kelleher AD, Kent SJ, Chung AW. Neutrophils 
mediate HIV-specific antibody-dependent phagocytosis and ADCC. J Immunol 
Methods 2018;457:41–52. https://doi.org/10.1016/j.jim.2018.03.007. 

[244] Levine AM, Karim R, Mack W, Gravink DJ, Anastos K, Young M, et al. Neutropenia 
in human immunodeficiency virus infection: data from the women’s interagency 
HIV study. Arch Intern Med 2006;166:405–10. 
https://doi.org/10.1001/archinte.166.4.405. 

[245] Keiser P, Higgs E, Smith J. Neutropenia is associated with bacteremia in patients 
infected with the human immunodeficiency virus. Am J Med Sci 1996;312:118–
22. https://doi.org/10.1097/00000441-199609000-00004. 

[246] Carter CC, Onafuwa-Nuga A, McNamara LA, Riddell J, Bixby D, Savona MR, et al. 
HIV-1 infects multipotent progenitor cells causing cell death and establishing 
latent cellular reservoirs. Nat Med 2010;16:446–51. 
https://doi.org/10.1038/nm.2109. 

[247] Ribera E, Ocaña I, Almirante B, Gómez J, Monreal P, Martinez Vázquez JM. 
Autoimmune neutropenia and thrombocytopenia associated with development 
of antibodies to human immunodeficiency virus. J Infect 1989;18:167–70. 
https://doi.org/10.1016/S0163-4453(89)91206-1. 

[248] Rubinstein DB, Farrington GK, O’Donnell C, Hartman KR, Wright DG. 
Autoantibodies to leukocyte alphaMbeta2 integrin glycoproteins in HIV infection. 



 

193 
 

Clin Immunol Orlando Fla 1999;90:352–9. 
https://doi.org/10.1006/clim.1998.4668. 

[249] Elbim C, Monceaux V, Mueller YM, Lewis MG, François S, Diop O, et al. Early 
Divergence in Neutrophil Apoptosis between Pathogenic and Nonpathogenic 
Simian Immunodeficiency Virus Infections of Nonhuman Primates. J Immunol 
2008;181:8613–23. https://doi.org/10.4049/jimmunol.181.12.8613. 

[250] Elbim C, Monceaux V, François S, Hurtrel B, Gougerot-Pocidalo M-A, Estaquier J. 
Increased neutrophil apoptosis in chronically SIV-infected macaques. 
Retrovirology 2009;6:29. https://doi.org/10.1186/1742-4690-6-29. 

[251] Muraduzzaman AKM, Islam NM, Tabassum S, Munshi SU. Intrinsic Apoptotic 
Pathway Genes of Circulating Blood Neutrophils Triggered during HIV Infection 
and Remained Stimulated in ART Patients. Curr HIV Res 2023;21:122–7. 
https://doi.org/10.2174/1570162X21666230519164239. 

[252] Pitrak DL, Tsai HC, Mullane KM, Sutton SH, Stevens P. Accelerated neutrophil 
apoptosis in the acquired immunodeficiency syndrome. J Clin Invest 
1996;98:2714–9. https://doi.org/10.1172/JCI119096. 

[253] Lemaitre J, Cosma A, Desjardins D, Lambotte O, Le Grand R. Mass Cytometry 
Reveals the Immaturity of Circulating Neutrophils during SIV Infection. J Innate 
Immun 2020;12:170–81. https://doi.org/10.1159/000499841. 

[254] Elbim C, Prevot M, Bouscarat F, Franzini E, Chollet-Martin S, Hakim J, et al. 
Polymorphonuclear neutrophils from human immunodeficiency virus- infected 
patients show enhanced activation, diminished fMLP-induced L- selectin 
shedding, and an impaired oxidative burst after cytokine priming. Blood 
1994;84:2759–66. https://doi.org/10.1182/blood.V84.8.2759.2759. 

[255] Campillo-Gimenez L, Casulli S, Dudoit Y, Seang S, Carcelain G, Lambert-Niclot S, 
et al. Neutrophils in antiretroviral therapy–controlled HIV demonstrate 
hyperactivation associated with a specific IL-17/IL-22 environment. J Allergy Clin 
Immunol 2014;134:1142-1152.e5. https://doi.org/10.1016/j.jaci.2014.05.040. 

[256] Mitsumoto-Kaseida F, Murata M, Ura K, Takayama K, Hiramine S, Shimizu M, et 
al. The Expression Level of Neutrophil CD64 Is a Useful Marker of Systemic 
Inflammation Associated with HIV Infection. AIDS Res Hum Retroviruses 
2017;33:147–56. https://doi.org/10.1089/aid.2016.0107. 

[257] Roilides E, Mertins S, Eddy J, Walsh TJ, Pizzo PA, Rubin M. Impairment of 
neutrophil chemotactic and bactericidal function in children infected with human 
immunodeficiency virus type 1 and partial reversal after in vitro exposure to 
granulocyte-macrophage colony-stimulating factor. J Pediatr 1990;117:531–40. 
https://doi.org/10.1016/S0022-3476(05)80684-5. 

[258] Schaumann R, Krosing J, Shah PM. Phagocytosis of Escherichia coli and 
Staphylococcus aureus by neutrophils of human immunodeficiency virus-
infected patients. Eur J Med Res 1998;3:546–8. 

[259] Mastroianni CM, Lichtner M, Mengoni F, D‚Agostino C, Forcina G, d‚Ettorre G, et 
al. Improvement in neutrophil and monocyte function during highly active 



194 
 

antiretroviral treatment of HIV-1-infected patients: AIDS 1999;13:883–90. 
https://doi.org/10.1097/00002030-199905280-00003. 

[260] Bandres JC, Trial J, Musher DM, Rossen RD. Increased phagocytosis and 
generation of reactive oxygen products by neutrophils and monocytes of men 
with stage 1 human immunodeficiency virus infection. J Infect Dis 1993;168:75–
83. https://doi.org/10.1093/infdis/168.1.75. 

[261] Pitrak DL, Bak PM, DeMarais P, Novak RM, Andersen BR. Depressed neutrophil 
superoxide production in human immunodeficiency virus infection. J Infect Dis 
1993;167:1406–10. https://doi.org/10.1093/infdis/167.6.1406. 

[262] Ryder MI, Winkler JR, Weinreb RN. Elevated phagocytosis, oxidative burst, and F-
actin formation in PMNs from individuals with intraoral manifestations of HIV 
infection. J Acquir Immune Defic Syndr 1988;1:346–53. 

[263] Vecchiarelli A, Monari C, Palazzetti B, Bistoni F, Casadevall A. Dysregulation in IL-
12 secretion by neutrophils from HIV-infected patients. Clin Exp Immunol 
2008;121:311–9. https://doi.org/10.1046/j.1365-2249.2000.01278.x. 

[264] Mazzolini J, Herit F, Bouchet J, Benmerah A, Benichou S, Niedergang F. Inhibition 
of phagocytosis in HIV-1–infected macrophages relies on Nef-dependent 
alteration of focal delivery of recycling compartments. Blood 2010;115:4226–36. 
https://doi.org/10.1182/blood-2009-12-259473. 

[265] Kedzierska K, Ellery P, Mak J, Lewin SR, Crowe SM, Jaworowski A. HIV-1 Down-
Modulates γ Signaling Chain of FcγR in Human Macrophages: A Possible 
Mechanism for Inhibition of Phagocytosis. J Immunol 2002;168:2895–903. 
https://doi.org/10.4049/jimmunol.168.6.2895. 

[266] Vecchiarelli A, Monari C, Baldelli F, Pietrella D, Retini C, Tascini C, et al. Beneficial 
effect of recombinant human granulocyte colony-stimulating factor on fungicidal 
activity of polymorphonuclear leukocytes from patients with AIDS. J Infect Dis 
1995;171:1448–54. https://doi.org/10.1093/infdis/171.6.1448. 

[267] Baldwin G, Fuller N, Roberts R, Ho D, Golde D. Granulocyte- and granulocyte-
macrophage colony-stimulating factors enhance neutrophil cytotoxicity toward 
HIV-infected cells. Blood 1989;74:1673–7. 
https://doi.org/10.1182/blood.V74.5.1673.1673. 

[268] Michailidis C, Giannopoulos G, Vigklis V, Armenis K, Tsakris A, Gargalianos P. 
Impaired phagocytosis among patients infected by the human 
immunodeficiency virus: implication for a role of highly active anti-retroviral 
therapy. Clin Exp Immunol 2012;167:499–504. https://doi.org/10.1111/j.1365-
2249.2011.04526.x. 

[269] Flø RW, Naess A, Nilsen A, Harthug S, Solberg CO. A longitudinal study of 
phagocyte function in HIV-infected patients. AIDS Lond Engl 1994;8:771–7. 
https://doi.org/10.1097/00002030-199406000-00008. 

[270] Piatek P, Tarkowski M, Namiecinska M, Riva A, Wieczorek M, Michlewska S, et al. 
H3K4me3 Histone ChIP-Seq Analysis Reveals Molecular Mechanisms Responsible 
for Neutrophil Dysfunction in HIV-Infected Individuals. Front Immunol 
2021;12:682094. https://doi.org/10.3389/fimmu.2021.682094. 



 

195 
 

[271] Estes JD, Harris LD, Klatt NR, Tabb B, Pittaluga S, Paiardini M, et al. Damaged 
Intestinal Epithelial Integrity Linked to Microbial Translocation in Pathogenic 
Simian Immunodeficiency Virus Infections. PLoS Pathog 2010;6:e1001052. 
https://doi.org/10.1371/journal.ppat.1001052. 

[272] Somsouk M, Estes JD, Deleage C, Dunham RM, Albright R, Inadomi JM, et al. Gut 
epithelial barrier and systemic inflammation during chronic HIV infection. AIDS 
2015;29:43–51. https://doi.org/10.1097/QAD.0000000000000511. 

[273] Tincati C, Bono V, Cannizzo ES, Tosi D, Savi F, Falcinella C, et al. Primary HIV 
infection features colonic damage and neutrophil inflammation yet containment 
of microbial translocation. AIDS 2024;38:623–32. 
https://doi.org/10.1097/QAD.0000000000003799. 

[274] Deleage C, Schuetz A, Alvord WG, Johnston L, Hao X-P, Morcock DR, et al. Impact 
of early cART in the gut during acute HIV infection. JCI Insight 2016;1. 
https://doi.org/10.1172/jci.insight.87065. 

[275] Sereti I, Estes JD, Thompson WL, Morcock DR, Fischl MA, Croughs T, et al. 
Decreases in Colonic and Systemic Inflammation in Chronic HIV Infection after 
IL-7 Administration. PLoS Pathog 2014;10:e1003890. 
https://doi.org/10.1371/journal.ppat.1003890. 

[276] Cloke TE, Garvey L, Choi B -S., Abebe T, Hailu A, Hancock M, et al. Increased Level 
of Arginase Activity Correlates with Disease Severity in HIV-Seropositive Patients. 
J Infect Dis 2010;202:374–85. https://doi.org/10.1086/653736. 

[277] Marsile-Medun S, Souchard M, Abba Moussa D, Reynaud É, Tuaillon E, Naranjo-
Gomez M, et al. Fc receptors are key discriminatory markers of granulocytes 
subsets in people living with HIV-1. Front Immunol 2024;15:1345422. 
https://doi.org/10.3389/fimmu.2024.1345422. 

[278] Márquez-Coello M, Ruiz-Sánchez C, Martín-Aspas A, Fernández Gutiérrez Del 
Álamo C, Illanes-Álvarez F, Cuesta-Sancho S, et al. Neutrophil Expression of T and 
B Immunomodulatory Molecules in HIV Infection. Front Immunol 
2021;12:670966. https://doi.org/10.3389/fimmu.2021.670966. 

[279] Bowers NL, Helton ES, Huijbregts RPH, Goepfert PA, Heath SL, Hel Z. Immune 
Suppression by Neutrophils in HIV-1 Infection: Role of PD-L1/PD-1 Pathway. 
PLoS Pathog 2014;10:e1003993. https://doi.org/10.1371/journal.ppat.1003993. 

[280] Liu K, Huang H-H, Yang T, Jiao Y-M, Zhang C, Song J-W, et al. Increased 
Neutrophil Aging Contributes to T Cell Immune Suppression by PD-L1 and 
Arginase-1 in HIV-1 Treatment Naïve Patients. Front Immunol 2021;12:670616. 
https://doi.org/10.3389/fimmu.2021.670616. 

[281] Dunsmore G, Rosero EP, Shahbaz S, Santer DM, Jovel J, Lacy P, et al. Neutrophils 
promote T-cell activation through the regulated release of CD44-bound 
Galectin-9 from the cell surface during HIV infection. PLOS Biol 
2021;19:e3001387. https://doi.org/10.1371/journal.pbio.3001387. 

[282] Lemaitre J, Desjardins D, Gallouët A-S, Gomez-Pacheco M, Bourgeois C, Favier B, 
et al. Expansion of Immature Neutrophils During SIV Infection Is Associated With 



196 
 

Their Capacity to Modulate T-Cell Function. Front Immunol 2022;13:781356. 
https://doi.org/10.3389/fimmu.2022.781356. 

[283] Benlhassan-Chahour K, Penit C, Dioszeghy V, Vasseur F, Janvier G, Rivière Y, et al. 
Kinetics of Lymphocyte Proliferation during Primary Immune Response in 
Macaques Infected with Pathogenic Simian Immunodeficiency Virus SIVmac251: 
Preliminary Report of the Effect of Early Antiviral Therapy. J Virol 2003;77:12479–
93. https://doi.org/10.1128/JVI.77.23.12479-12493.2003. 

[284] Le Grand R, Vogt G, Vaslin B, Roques P, Théodoro F, Aubertin AM, et al. Specific 
and non-specific immunity and protection of macaques against SIV infection. 
Vaccine 1992;10:873–9. https://doi.org/10.1016/0264-410x(92)90052-l. 

[285] Aarnink A, Dereuddre-Bosquet N, Vaslin B, Le Grand R, Winterton P, Apoil P-A, et 
al. Influence of the MHC genotype on the progression of experimental SIV 
infection in the Mauritian cynomolgus macaque. Immunogenetics 2011;63:267–
74. https://doi.org/10.1007/s00251-010-0504-6. 

[286] Elhmouzi-Younes J, Palgen J, Tchitchek N, Delandre S, Namet I, Bodinham CL, et 
al. In depth comparative phenotyping of blood innate myeloid leukocytes from 
healthy humans and macaques using mass cytometry. Cytometry A 2017;91:969–
82. https://doi.org/10.1002/cyto.a.23107. 

[287] Bjornson-Hooper ZB, Fragiadakis GK, Spitzer MH, Chen H, Madhireddy D, Hu K, 
et al. A Comprehensive Atlas of Immunological Differences Between Humans, 
Mice, and Non-Human Primates. Front Immunol 2022;13:867015. 
https://doi.org/10.3389/fimmu.2022.867015. 

[288] Feraoun Y, Palgen J-L, Joly C, Tchitchek N, Marcos-Lopez E, Dereuddre-Bosquet 
N, et al. The Route of Vaccine Administration Determines Whether Blood 
Neutrophils Undergo Long-Term Phenotypic Modifications. Front Immunol 
2022;12:784813. https://doi.org/10.3389/fimmu.2021.784813. 

[289] Carter CM, Cregar LC, Aulbach AD. Cytological Bone Marrow Cell Differential 
Counts and Morphologic Findings in Healthy Cynomolgus Monkeys ( Macaca 
fascicularis ) from Nonclinical Toxicology Studies. Toxicol Pathol 2017;45:267–74. 
https://doi.org/10.1177/0192623316677067. 

[290] Rogers KA, Scinicariello F, Attanasio R. IgG Fc receptor III homologues in 
nonhuman primate species: genetic characterization and ligand interactions. J 
Immunol Baltim Md 1950 2006;177:3848–56. 
https://doi.org/10.4049/jimmunol.177.6.3848. 

[291] Jones R, Manickam C, Ram DR, Kroll K, Hueber B, Woolley G, et al. Systemic and 
mucosal mobilization of granulocyte subsets during lentiviral infection. 
Immunology 2021;164:348–57. https://doi.org/10.1111/imm.13376. 

[292] Krémer V, Godon O, Bruhns P, Jönsson F, De Chaisemartin L. Isolation methods 
determine human neutrophil responses after stimulation. Front Immunol 
2023;14:1301183. https://doi.org/10.3389/fimmu.2023.1301183. 

[293] Damascena HL, Silveira WAA, Castro MS, Fontes W. Neutrophil Activated by the 
Famous and Potent PMA (Phorbol Myristate Acetate). Cells 2022;11:2889. 
https://doi.org/10.3390/cells11182889. 



 

197 
 

[294] Marini O, Costa S, Bevilacqua D, et al. Mature CD10+ and immature CD10- 
neutrophils present in G-CSF-treated donors display opposite effects on T cells. 
Blood. 2017;129(10):1343-1356. Blood 2017;129:3271. 
https://doi.org/10.1182/blood-2017-05-783423. 

[295] Dockrell HM, McShane H. Tuberculosis vaccines in the era of Covid-19 – what is 
taking us so long? eBioMedicine 2022;79:103993. 
https://doi.org/10.1016/j.ebiom.2022.103993. 

[296] Dijkman K, Vervenne RAW, Sombroek CC, Boot C, Hofman SO, van Meijgaarden 
KE, et al. Disparate Tuberculosis Disease Development in Macaque Species Is 
Associated With Innate Immunity. Front Immunol 2019;10:2479. 
https://doi.org/10.3389/fimmu.2019.02479. 

[297] Scanga CA, Flynn JL. Modeling Tuberculosis in Nonhuman Primates. Cold Spring 
Harb Perspect Med 2014;4:a018564. 
https://doi.org/10.1101/cshperspect.a018564. 

[298] Via LE, Weiner DM, Schimel D, Lin PL, Dayao E, Tankersley SL, et al. Differential 
Virulence and Disease Progression following Mycobacterium tuberculosis 
Complex Infection of the Common Marmoset (Callithrix jacchus). Infect Immun 
2013;81:2909–19. https://doi.org/10.1128/IAI.00632-13. 

[299] Capuano SV, Croix DA, Pawar S, Zinovik A, Myers A, Lin PL, et al. Experimental 
Mycobacterium tuberculosis Infection of Cynomolgus Macaques Closely 
Resembles the Various Manifestations of Human M. tuberculosis Infection. Infect 
Immun 2003;71:5831–44. https://doi.org/10.1128/IAI.71.10.5831-5844.2003. 

[300] Lin PL, Rodgers M, Smith L, Bigbee M, Myers A, Bigbee C, et al. Quantitative 
Comparison of Active and Latent Tuberculosis in the Cynomolgus Macaque 
Model. Infect Immun 2009;77:4631–42. https://doi.org/10.1128/IAI.00592-09. 

[301] Lin A, Liang F, Thompson EA, Vono M, Ols S, Lindgren G, et al. Rhesus Macaque 
Myeloid-Derived Suppressor Cells Demonstrate T Cell Inhibitory Functions and 
Are Transiently Increased after Vaccination. J Immunol 2018;200:286–94. 
https://doi.org/10.4049/jimmunol.1701005. 

[302] Liu M, Wang G, Wang L, Wang Y, Bian Y, Shi H, et al. Immunoregulatory functions 
of mature CD10+ and immature CD10– neutrophils in sepsis patients. Front Med 
2023;9:1100756. https://doi.org/10.3389/fmed.2022.1100756. 

[303] Kwok AJ, Allcock A, Ferreira RC, Cano-Gamez E, Smee M, Burnham KL, et al. 
Neutrophils and emergency granulopoiesis drive immune suppression and an 
extreme response endotype during sepsis. Nat Immunol 2023;24:767–79. 
https://doi.org/10.1038/s41590-023-01490-5. 

[304] Fraccarollo D, Neuser J, Möller J, Riehle C, Galuppo P, Bauersachs J. Expansion of 
CD10neg neutrophils and CD14+HLA-DRneg/low monocytes driving 
proinflammatory responses in patients with acute myocardial infarction. eLife 
2021;10:e66808. https://doi.org/10.7554/eLife.66808. 

[305] Campillo-Gimenez L, Casulli S, Dudoit Y, Seang S, Carcelain G, Lambert-Niclot S, 
et al. Neutrophils in antiretroviral therapy–controlled HIV demonstrate 



198 
 

hyperactivation associated with a specific IL-17/IL-22 environment. J Allergy Clin 
Immunol 2014;134:1142-1152.e5. https://doi.org/10.1016/j.jaci.2014.05.040. 

[306] Thewissen M, Damoiseaux J, Van De Gaar J, Tervaert JWC. Neutrophils and T cells: 
Bidirectional effects and functional interferences. Mol Immunol 2011;48:2094–
101. https://doi.org/10.1016/j.molimm.2011.07.006. 

[307] Chevalier MF, Petitjean G, Dunyach-Rémy C, Didier C, Girard P-M, Manea ME, et 
al. The Th17/Treg Ratio, IL-1RA and sCD14 Levels in Primary HIV Infection Predict 
the T-cell Activation Set Point in the Absence of Systemic Microbial Translocation. 
PLoS Pathog 2013;9:e1003453. https://doi.org/10.1371/journal.ppat.1003453. 

[308] McColl SR, Paquin R, Ménard C, Beaulieu AD. Human neutrophils produce high 
levels of the interleukin 1 receptor antagonist in response to 
granulocyte/macrophage colony-stimulating factor and tumor necrosis factor 
alpha. J Exp Med 1992;176:593–8. https://doi.org/10.1084/jem.176.2.593. 

[309] Arend WP, Malyak M, Guthridge CJ, Gabay C. Interleukin-1 receptor antagonist: 
role in biology. Annu Rev Immunol 1998;16:27–55. 
https://doi.org/10.1146/annurev.immunol.16.1.27. 

[310] McLeish KR, Merchant ML, Creed TM, Tandon S, Barati MT, Uriarte SM, et al. 
Frontline Science: Tumor necrosis factor-α stimulation and priming of human 
neutrophil granule exocytosis. J Leukoc Biol 2017;102:19–29. 
https://doi.org/10.1189/jlb.3HI0716-293RR. 

[311] Ambruso DR, Briones NJ, Baroffio AF, Murphy JR, Tran AD, Gowan K, et al. In vivo 
interferon-gamma induced changes in gene expression dramatically alter 
neutrophil phenotype. PLOS ONE 2022;17:e0263370. 
https://doi.org/10.1371/journal.pone.0263370. 

[312] Clancy DM, Sullivan GP, Moran HBT, Henry CM, Reeves EP, McElvaney NG, et al. 
Extracellular Neutrophil Proteases Are Efficient Regulators of IL-1, IL-33, and IL-
36 Cytokine Activity but Poor Effectors of Microbial Killing. Cell Rep 
2018;22:2937–50. https://doi.org/10.1016/j.celrep.2018.02.062. 

[313] Noel N, Boufassa F, Lécuroux C, Saez-Cirion A, Bourgeois C, Dunyach-Remy C, et 
al. Elevated IP10 levels are associated with immune activation and low CD4+ T-
cell counts in HIV controller patients. AIDS 2014;28:467–76. 
https://doi.org/10.1097/QAD.0000000000000174. 

[314] Sollberger G, Brenes AJ, Warner J, Arthur JSC, Howden AJM. Quantitative 
proteomics reveals tissue-specific, infection-induced and species-specific 
neutrophil protein signatures. Sci Rep 2024;14:5966. 
https://doi.org/10.1038/s41598-024-56163-6. 

[315] Bosinger SE, Utay NS. Type I Interferon: Understanding Its Role in HIV 
Pathogenesis and Therapy. Curr HIV/AIDS Rep 2015;12:41–53. 
https://doi.org/10.1007/s11904-014-0244-6. 

[316] Sugawara S, Thomas DL, Balagopal A. HIV-1 Infection and Type 1 Interferon: 
Navigating Through Uncertain Waters. AIDS Res Hum Retroviruses 2019;35:25–
32. https://doi.org/10.1089/aid.2018.0161. 



 

199 
 

[317] Mackelprang RD, Filali-Mouhim A, Richardson B, Lefebvre F, Katabira E, Ronald 
A, et al. Upregulation of IFN-stimulated genes persists beyond the transitory 
broad immunologic changes of acute HIV-1 infection. iScience 2023;26:106454. 
https://doi.org/10.1016/j.isci.2023.106454. 

[318] Teer E, Mukonowenzou NC, Essop MF. The Role of Sustained Type I Interferon 
Secretion in Chronic HIV Pathogenicity: Implications for Viral Persistence, 
Immune Activation, and Immunometabolism. Viruses 2025;17:139. 
https://doi.org/10.3390/v17020139. 

[319] Long MB, Howden AJM, Keir HR, Rollings CM, Giam YH, Pembridge T, et al. 
Extensive acute and sustained changes to neutrophil proteomes post-SARS-CoV-
2 infection. Eur Respir J 2024;63:2300787. 
https://doi.org/10.1183/13993003.00787-2023. 

[320] Peng Y, Wu X, Zhang S, Deng C, Zhao L, Wang M, et al. The potential roles of 
type I interferon activated neutrophils and neutrophil extracellular traps (NETs) 
in the pathogenesis of primary Sjögren’s syndrome. Arthritis Res Ther 
2022;24:170. https://doi.org/10.1186/s13075-022-02860-4. 

[321] Haverkamp JM, Crist SA, Elzey BD, Cimen C, Ratliff TL. In vivo suppressive function 
of myeloid-derived suppressor cells is limited to the inflammatory site. Eur J 
Immunol 2011;41:749–59. https://doi.org/10.1002/eji.201041069. 

[322] Kauffman KD, Sakai S, Lora NE, Namasivayam S, Baker PJ, Kamenyeva O, et al. 
PD-1 blockade exacerbates Mycobacterium tuberculosis infection in rhesus 
macaques. Sci Immunol 2021;6:eabf3861. 
https://doi.org/10.1126/sciimmunol.abf3861. 

[323] Herre M, Cedervall J, Mackman N, Olsson A-K. Neutrophil extracellular traps in 
the pathology of cancer and other inflammatory diseases. Physiol Rev 
2023;103:277–312. https://doi.org/10.1152/physrev.00062.2021. 

[324] Chang Y, Cai X, Syahirah R, Yao Y, Xu Y, Jin G, et al. CAR-neutrophil mediated 
delivery of tumor-microenvironment responsive nanodrugs for glioblastoma 
chemo-immunotherapy. Nat Commun 2023;14:2266. 
https://doi.org/10.1038/s41467-023-37872-4. 

 

 

 

 

 

 



200 
 

APPENDIX 

Posters 

 Role des neutrophiles dans l’infection SIV : effets immunomodulateurs T et impact 
tissulaire sur la persistance virale, Gaëlle Sandillon, Julien Lemaitre, Delphine 
Desjardins, Roger Le Grand, Olivier Lambotte. 
Presented during the Université des Jeunes Chercheur.e.s de SIDACTION, 

Novembre 2022, Carry-le-Rouet, France 

 Expansion of immature neutrophils during SIV infection is associated with their 
capacity to modulate T cell function, Gaëlle Sandillon, Julien Lemaitre, Delphine 
Desjardins, Anne-Sophie Gallouët, Mario Gomez-Pacheco, Christine Bourgeois, 
Benoit Favier, Asier Saez-Cirion, Roger Le Grand and Olivier Lambotte. 
Presented during the Neutrophil symposium, December 2022, Mexico City, 

Mexico 

 Immunomodulation of T Cells by Neutrophils during SIV infection in cynomolgus 
macaques, Gaëlle Sandillon, Julien Lemaitre, Laure Fournier-Le-Ray, Tatiana Botin, 
Delphine Desjardins, Roger Le Grand and Olivier Lambotte. 
Presented during the Biosigne Doctoral school day, April 2023, Le Kremlin-Bicêtre, 

France 

Oral communications 

 Immunomodulation of T lymphocytes by neutrophils during SIV infection in 
Cynomolgus macaques. Presented during the Biosigne Doctoral school day, April 
2024, Saclay, France 

 Immunomodulation of T lymphocytes by neutrophils during SIV infection in 
Cynomolgus macaques. Presented during the Neutrophil symposium, September 
2024, Munich, Germany 

Training courses 

Here are two courses I followed that particularly enriched my knowledge of HIV on the 

one hand, and helped me gain confidence throughout my PhD on the other hand. 

 Université des Jeunes Chercheur.e.s de SIDACTION 2022: This program is a 1-
week multidisciplinary formation presenting all HIV-related research domains. In 
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this program, we built a multidisciplinary group project focusing on improving 
antiretroviral therapy acceptance in children living with HIV. 

 Mentoring program « Women in Science » 2023: This one-year program aims to 
guide, advise and support young female researchers in their personal and 
professional development. Through this program, I was mentored by Dr. Carine Van 
Heijenoort, and I participated in several formations, such as “How to Speak in 
Public” and “Improve your Self-knowledge” 
 

 

Scientific animations and participation in IDMIT’s life 

During my time at IDMIT, I wanted to get involved in the organization of scientific and 

student gatherings inside and outside the research unit. Taking part in the organization 

of these events allowed me to extend my network and increase my knowledge of 

various scientific subjects. 

 I was the vice-president of the ACTIF association in 2022/2023 (Association du CEA 
des Thésard.e.s d’Ile de France): during this time, I co-organized various activities 
for PhD students from the CEA. I also co-organized and/or co-animated 
conferences for M2 students on climate change in 2022 and 2023, with the topics 
“Renewable energies” in 2022 and “Water” in 2023. 
 

 I co-organized the “Doctoral and Post-doctoral Day” at the CEA Research Institute 
of Biology “François Jacob” (about 100 students): I was part of the organizing 
committee and the jury who attributed prizes for best posters and oral 
presentations. 
 

 I co-organized the “Doctoral and Post-doctoral Day” at IDMIT in 2022 and 2024 
(about 30 students) 
 

 I co-animated a workgroup during the IDMIT seminar in 2023 on the theme of 
ecology in laboratories 
 

 I was elected as the representative of fixed-term employees for the IDMIT council 
in 2024 

 


