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« Nec ratione alia mortales esse videmur
Inter nos, nisi quod morbis eegrescimus isdem
Atque illi quos a vita natura removit. »

« Nous-mémes, comment nous reconnaissons-nous tous mortels,
Si ce n'est parce que nous sommes sujets aux mémes maladies

Qui ont retranché nos semblables du nombre des vivants ? »

- Lucréce, De rerum natura, La Nature des choses

« La connaissance des maladies infectieuses enseigne aux hommes qu’ils sont freres et
solidaires. Nous sommes freres parce que le méme danger nous menace, solidaires
parce que la contagion nous vient le plus souvent de nos semblables. »

- Charles Nicolle, Destin des maladies infectieuses, 1933
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Avant-propos - Résumé en langue frangaise

Il y a bientdt quarante ans, le monde était confronté a I’émergence d’une nouvelle épidémie
dévastatrice, qui s’est rapidement propagé a travers le monde, pressant la communauté
scientifique et médicale a réagir promptement et a déterminer quelles étaient les origines et
les causes de cette maladie mortelle. En effet, en 1981, des formes rares de pneumonies a
Pneumocystis carinii, des candidoses buccales extensives, des infections virales multiples, et
des cas de sarcome de Kaposi étaient décrits a Los Angeles et San Francisco’™3, initialement
chez des hommes ayant des rapports sexuels avec des hommes (HSH), puis chez des usagers
de drogues injectables, chez des personnes ayant recu des transfusions sanguines, et enfin
au sein de la population générale*>. Cet état d’immunodéficience acquise donnant lieu a des
maladies opportunistes a été par la suite défini en tant qu’entité nosologique : le syndrome
d’immunodéficience acquise (SIDA)®°. L’étiologie du SIDA a été déterminée en 1983,
lorsqu’un rétrovirus — qui serait plus tard nommé « virus de I'immunodéficience humaine »

(VIH) — a été isolé et proposé comme agent causal de la maladie®.

L’émergence du VIH/SIDA est survenue alors que les progrés de la médecine moderne et de
la recherche, consécutivement a I'avénement de I’antibiothérapie et de la vaccination,
laissaient imaginer que |'époque des « pestes» était révolue et que les pandémies
catastrophiques liées a des maladies infectieuses (la derniére en date étant alors la « grippe
espagnole » de 1918-1920) appartenaient au passé'l. Depuis, c’est pourtant une
accélération de I'apparition de « nouvelles maladies » chez I’homme qui a été observée au

cours des quarante derniéres années*?~%’

, avec I'’émergence notable du SARS-CoV-2 en 2019,
responsable de la Covid-19 et qualifiée de pandémie le 11 mars 2020 par I'OMS. Ces
multiples émergences d’agents infectieux pathogenes et les épidémies ou pandémies qui en
découlent ravivent un sentiment de vulnérabilité a I'égard de nouvelles pandémies
mondiales et d’un retour vers les temps ol I"humanité était incapable de contréler les
épidémies'®. « Ce qui est nouveau, ce n’est pas la survenue d’une maladie antérieurement
inconnue, c’est cette survenue au sein d’'un monde qui se croyait définitivement aseptisé,

protégé et tranquille.»*® (Charles Nicolle, Naissance, vie et mort des maladies infectieuses,

1930).
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Dans ce travail, on se propose de fournir dans un premier temps un panorama des raisons
pour lesquelles une intervention thérapeutique curative (souvent désignée sous le terme
« HIV Cure » en Anglais) est toujours nécessaire pour le VIH. Dans un second temps, les
étapes nécessaires vers le développement d’un tel « HIV cure » seront évoquées. Dans un
troisieme temps, on exposera quelles sont les difficultés majeures et les principaux obstacles
a surmonter. Le réle prégnant revétu par les modéles animaux dans la recherche sur le VIH,
ainsi que les contributions et limites qui leur sont associées seront ensuite étudiées. Dans un
cinquieme temps, on considérera les principales stratégies et approches de « HIV cure »
définies et étudiées au cours des derniéres années. Enfin, on exposera certains concepts
moins conventionnels, novateurs ou moins étudiés qui pourraient avoir des implications

bénéfiques pour la recherche d’intervention thérapeutique curative du VIH/SIDA.
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l. De la nécessité d’une intervention thérapeutique curative pour le VIH

On estime aujourd’hui a 38 millions le nombre de personnes vivant avec le VIH (PVVIH) a
travers le monde (ONUSIDA)?°, parmi lesquels seulement 81% connaissent leur statut et
seulement 67% ont acces a un traitement. Le nombre de nouvelles infections annuelles

s’éléverait encore a 1,7 millions?°.

L’avénement de thérapies antirétrovirales, avec I'azidothymidine en 1987222, puis les
thérapies combinant plusieurs antirétroviraux pour limiter I'apparition de résistances en
199623-2%, ont constitué des progrés majeurs dans la gestion de la pandémie de VIH/SIDA et
ont permis de réduire la mortalité de maniere marquée. Ces antirétrovirothérapies (ART),
associées a des politiques de santé publique et a des progrés des approches préventives, ont
en effet permis de réduire le nombre de morts liés au SIDA de plus de 60% depuis un pic
atteint en 20042026,

Toutefois, il semble que les ART actuelles ne soient pas suffisantes pour mettre un terme a la
pandémie. En effet, si les antirétroviraux permettent de supprimer de maniere durable la
réplication virale, ils ne sont pas curatifs, et ne permettent pas d’éviter I'état d’activation
immunitaire chronique associée au VIH. A cause de difficultés et d’obstacles divers, toutes
les personnes vivant avec le VIH et ayant un accés théorique a des thérapies antivirales ne
parviennent pas a maintenir une charge virale indétectable sur le long terme. Les PVVIH sous
ART présentent fréquemment des comorbidités, souvent en lien avec I'état inflammatoire
résiduel associé avec le VIH, parmi lesquelles des maladies cardiovasculaires, des désordres
métaboliques, des troubles neurologiques, des dommages rénaux, des pathologies
hépatiques, et une plus forte prévalence de cancers non définissants du VIH que chez des
individus non infectés?’3%, Il est a noter que les PVVIH constituent une population
globalement vieillissante, d’une part grace aux ART qui permettent de prolonger I'espérance
de vie, d’autre part en suivant les tendances démographiques mondiales vers un
vieillissement de la population.3%32 Ceci est associé a de nouvelles problématiques
concernant la prise en charge clinique des PVVIH agés, les comorbidités non-directement
liges au VIH mais associées a I'age, ainsi que la polypharmacie (prise durable par le méme
patient de quatre a six médicaments ou plus) et de I'anticipation de possibles interactions
médicamenteuses33-3.

A I'échelle des populations, le recours aux ART est entravé par les difficultés matérielles
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d’approvisionnement des PVVIH en médicaments, en particulier dans les pays a faible
revenu et a revenu intermédiaire. Malgré la démocratisation du traitement contre le VIH au
cours des dernieres années, 15 millions de personnes séropositives n‘ont pas accés a la
thérapie antirétrovirale?®. Le risque de résistance aux médicaments antirétroviraux constitue
également une menace pour |'efficacité des traitements du VIH-13°. En outre, la pandémie
liée a la Covid-19 a entrainé des bouleversements dans les systémes de santé de nombreux
pays, ainsi qu’au niveau de I’aide internationale et de I'approvisionnement en ART des pays a
faible revenu et revenu intermédiaire, ce qui pourrait avoir des conséquences déléteres sur
I’évolution de la pandémie de VIH/SIDA en 2020 et dans les années a venir3’1,

Il convient également de mentionner que mettre un terme a la pandémie de VIH/SIDA, serait
bénéfique sur les plans économiques et financiers. L'amélioration des conditions de santé et
des durées de vie des PVVIH pourrait en effet étre significativement bénéfique pour
I’économie des pays les plus affectés??43. Toutefois, fournir des traitements antirétroviraux
quotidiennement a 38 millions de PVVIH — quoique largement bénéfique sur le long terme
d’un point de vue économique — présente un certain nombre de challenges opérationnels,
logistiques, et financiers, ce qui représente un obstacle a la résolution de la pandémie sur le
court terme*#°, Dans ce contexte, un traitement curatif — en particulier s’il ne requiert d’un
nombre restreint d’interventions — pourrait représenter une contribution soutenable, viable

et réaliste vers une maitrise de la pandémie de VIH/SIDA%,
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Il. Des étapes progressives vers le développement de telles thérapies

A ce jour, aucune intervention thérapeutique curative qui permette d’éliminer
compléetement tout virus du VIH capable de se répliquer au sein d’un individu
(« éradication ») ou bien supprimer la réplication virale et garantir une absence de
pathologie pendant une période prolongée sans recourir a I’ART (« rémission ») de maniére
peu risquée, efficace, et durable n’est disponible pour le VIH/SIDA. Une thérapie curative
permettant une « rémission » apparait comme plus réaliste et atteignable a court ou moyen
terme>*>4,

Le fait de définir en amont le cahier des charges d’un tel « HIV Cure » apparait comme un
élément clé dans le développement d’intervention(s) thérapeutique(s) qui puisse(nt) étre
mis(es) en place de maniére efficace auprés des PVVIH. C'est dans cette optique qu’a été
développé le concept de « Target Product Profile » (« profil de produit cible »), qui consiste a
définir les caractéristiques minimales et optimales requises en concertation avec les
différentes parties prenantes (bénéficiaires finaux, communauté scientifique et médicale,
industrie, décideurs politiques, ...)%.

De nombreuses questions doivent étre soulevées, pour lesquelles des réponses simples
n‘émergent pas aisément: Peut-on se satisfaire d’une intervention thérapeutique a
I'efficacité comparable a I’ART, ou qui ne permette pas de contréler tous les virus capables
de se répliquer ? Dans quelle mesure peut-on contrdler le risque de rebond de la charge
virale, et surveiller les risques de contamination qui pourront se poser alors ? Peut-on
accepter d’avoir recours a une thérapie curative efficace mais dont la sureté et I'innocuité
est moindre (ou moins bien définie) que dans le cas de I'’ART 2454648 « Réver de remédes
absolus c'est souvent réver de remedes pires que le mal. » (Georges Canguilhem, le Normal
et le Pathologique, 1966)%. Il apparait que les prérequis pourraient étre définis de facon
minimale dans un premier temps avant d’accroitre le niveau d’exigence pour de nouvelles
thérapies curatives, dans un processus progressif vers un traitement idéal.

Des problématiques d’importance sont alors d’étre techniqguement et logistiguement
capable de déterminer si les ARN viraux capables de se répliquer ont bien tous été

éliminés>®>3, et de surveiller efficacement la survenue d’éventuels rebonds avec présence

de virus infectieux®®.
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lll. Des difficultés a surmonter dans la recherche d’un « HIV Cure »

En 1988, la journaliste américaine Susan Sontag vulgarisait dans Le SIDA et ses métaphores :

« Ce qui rend I'attaque virale si terrifiante, c’est que la contamination, donc la vulnérabilité

est considérée comme permanente. Méme si I'individu infecté ne devait jamais manifester

le moindre symptdme — c’est-a-dire si I'infection demeurait inactive, ou pouvait étre rendue

telle par une intervention médicale —, 'ennemi viral serait a jamais a l'intérieur. [...] Le sida

est une maladie progressive, une maladie du temps. »*!

D’un point de vue physiopathologique, un certain nombre d’obstacles représentent en effet

des difficultés pour la mise en place de thérapies curatives. En particulier :

(i)

(i)

(i)

(iv)

La persistance du VIH sous forme latente au sein de réservoirs cellulaires. Il existe
une grande variété de cellules infectées par le VIH, parfois mal définies. Les
stratégies d’ « éradication » doivent cibler toutes les cellules qui abritent du VIH
capable de se répliquer. Il est généralement difficile ou impossible de différencier
les cellules infectées de maniere latente des cellules non infectées. Les stratégies
« de rémission » qui visent a diminuer la taille du réservoir doivent étre
spécifiques et éviter trop de dommages en éliminant des cellules non-infectées

La persistance du VIH au sein de « sanctuaires » (réservoirs profonds) protégés du
systéme immunitaire et des traitements antiviraux actuels. Le virus latent
persiste en effet au sein de nombreux tissus, parfois trés peu accessibles. Les
stratégies curatives doivent pouvoir les atteindre malgré des barriéres qui sont
parfois a traverser (comme la barriére hémato-encéphalique), et des tissus de
propriétés différentes pour étre efficace au niveau des cellules infectées.

Les dommages tissulaires et I'altération de I'immunité. Le fonctionnement du
systéme immunitaire et de ses parties-prenantes est modifié lors de I'infection
par le VIH, et des dégats tissulaires sont également engendrés deés les premiéres
heures de I'infection, comme par exemple au niveau de la muqueuse intestinale
et de I'architecture des noeuds lymphatiques. Une thérapie curative devra donc
contourner ces perturbations de |'état physiologique de I'immunité et de certains
organes.

L'inflammation persistante et I’état d’activation immunitaire chronique associée

au VIH. Lactivation immunitaire chronique aberrante est reconnue comme
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facteur majeur de progression vers l'immunodéficience, favorise
I'lmmunosénescence et est également liée au développement de nombreuses
comorbidités, y compris chez des personnes recevant I’ART. La seule inhibition de
la réplication virale, comme dans le cas de I'ART actuelle, ne suffit pas a la
restauration d’un systéme immunitaire fonctionnel et a prévenir son
vieillissement prématuré. Il est donc possible que des thérapies curatives
puissent étre avantageusement complémentées par des thérapies

immunomodulatrices.
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IV. Du recours aux modeles animaux dans la recherche sur le VIH

Il n"existe pas de modele animal idéal qui mime parfaitement I'infection par le VIH chez
I’'homme. Néanmoins, I'étude de différents virus et de certaines espéces animales ainsi que
leur utilisation comme modeéle a contribué de maniere incontestable a I'amélioration des
connaissances sur le VIH/SIDA et a8 de nombreux progrés thérapeutiques®*. Ces modéles
animaux comprennent notamment les souris humanisées (généralement infectées par le
VIH-1) ainsi que les modeles de primates non humains (PNH) infectés par des virus
d’immunodéficience simienne®>.

Parmi ces derniers, des hétes non-naturels de lentivirus (Macaca mulatta, macaques rhésus,
d’origine indienne et chinoise ; Macaca nemestrina, macaques a queue de cochon ; Macaca
fascicularis, macaques crabier) infectés par différentes souches de SIVmac (virus issu d’un
franchissement de barriére d’espéce récent en captivité depuis un lentivirus SIVsmm de
mangabey enfumé, Cercocebus atys)*®°’ sont souvent utilisés comme modeéle d’infection
pathogene par les lentivirus.

D’autre part, des hotes naturels de lentivirus (Chlorocebus sabaeus, singes verts d’Afrique ;
Cercocebus atys, mangabeys enfumés ; Mandrillus sphinx, mandrills) sont étudiés dans le
contexte de l'infection par les lentivirus avec lesquels ils ont co-évolués pendant des millions
d’années (SIVagm, SIVsmm, et SIVmnd-1 & -2, respectivement), et utilisés comme modeéles

d’infection non pathogéne par les lentivirus®>°8,

Chaque modele (espéce hote + lentivirus) présente des caractéristiques qui lui sont propres,
comprenant des avantages et des inconvénients. |l convient de les étudier en connaissant
leurs limites. En effet, le choix d’'un modéle pertinent en fonction de la question scientifique
posée revét une importance capitale.

Il est a noter qu’a plusieurs occasions dans le domaine de la recherche thérapeutique et
préventive sur le VIH, des résultats trés prometteurs observés dans des modeéles de primates
non humains n’ont pas pu étre réitérés lors d’essais cliniques chez I’homme. Une des raisons
est en particulier le niveau d’exigence plus rigoureux chez 'homme en termes de controle
d’éventuels rebonds de la charge virale: Aprés une intervention thérapeutique et/ou
I'interruption du traitement antirétroviral, on peut par exemple accepter d’observer un

rebond transitoire de la virémie dans les modeles PNH avant un retour de la charge virale a
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un niveau indétectable, ce qui n’est généralement pas toléré lors d’essais cliniques chez

I’homme®°.

Le recours aux animaux pour la recherche doit se faire avec parcimonie et précaution, en
pleine conscience des implications éthiques associées et en respectant le principe des 3Rs
(Réduire, Raffiner, Remplacer)>>%0, |Is représentent néanmoins un potentiel unique en
termes de découvertes scientifiques pouvant bénéficier a la recherche de traitement curatif
pour le VIH, ainsi qu’a la caractérisation des interactions virus-hote. Leur utilisation est
complémentaire a d’autres outils précieux développés pour la recherche préclinique, comme

les explants de tissus ou les organoides>>>860-62,
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V. Des approches thérapeutiques curatives définies au cours des derniéres années

Au cours des dernieres années, différentes stratégies et concepts thérapeutiques ont été
développés vers un « HIV Cure », via « éradication » du réservoir viral, ou dans une
perspective peut-étre plus réaliste via une « rémission » 462336371 |5 plupart de ces
stratégies impliquent un contréle, une réduction, ou une élimination du réservoir viral et

ciblent le virus (et les cellules infectées) ou le systeme immunitaire.

Une des principales stratégies conceptualisées est celle du « Shock and Kill », qui consiste a
utiliser des agents révertants la latence du VIH (inhibiteurs d’histone déacétylases, agonistes
de certains TLRs, activateurs de la voie NF-kB, ...) pour induire une réversion de la latence
des provirus et une expression virale (génes, ARNs, protéines) au sein des cellules infectées.
Ces cellules pourraient ensuite étre « tuées » du fait des effets cytopathiques du virus ou
bien devenir des cibles identifiables par le systtme immunitaire (Lymphocytes T
cytotoxiques, Natural Killers, ...) ou des thérapies immunitaires (Anticorps neutralisants a

large spectre, vaccins thérapeutiques, ...)’274,

Une autre stratégie, conceptuellement contraire, celle du « Block and Lock », a pour but de
renforcer la latence et de maintenir les provirus dans un état inactif, silencieux, et durable

en I"absence d’ART”>77.

En dehors de ces deux stratégies paradigmatiques, d’autres approches et agents ont été
étudiés et pourraient également étre utilisés seuls ou en combinaison.

C'est le cas en particulier d’approches d’édition génomique, par exemple a partir de
I"utilisation de CRISPRCas9 ou de zinc-finger nucleases (ZFN), pour cibler divers genes viraux
ou éventuellement de I'hédte.

De nombreuses et diverses immunothérapies sont également étudiées, comprenant les
vaccins thérapeutiques, les anticorps monoclonaux et anticorps neutralisants a large spectre,
le transfert adoptif de cellules et en particulier de lymphocytes T exprimant des récepteurs

antigéniques chimériques, ainsi que les inhibiteurs de point de contréle immunitaire*¢:47,6467,
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VI. De certains concepts innovants, non-conventionnels, ou moins étudiés

En plus — ou en complément - de celles précédemment mentionnées, d’autres approches
vers une thérapie curative pour le VIH suscitent un intérét croissant ou pourraient s’avérer
intéressantes dans les années a venir.

Elles comprennent en particulier des approches visant a exploiter le métabolisme des
cellules immunitaires et des cellules cibles du VIH a I'encontre du virus’®®%; ou des
approches exploitant les voies de mort cellulaire (en particulier de I'apoptose) pour tuer les
cellules infectées®3,
D’autres approches ont pour but de limiter les dommages tissulaires associés aux VIH, de
restaurer les dommages immuns causés par linfection, et de réduire I'inflammation
chronique et I'activation immunitaire excessive. Des immunothérapies avec I'administration
de cytokine IL-21 pourraient favoriser la préservation de l'immunité intestinale et la
maintenance de cellules Th17 fonctionnelles subsets®?8>, Des thérapies modérant les effets

de la cascade interféron pourraient également atténuer I'inflammation chronique?®®.

Certaines thérapies ciblant et potentialisant des cellules immunitaires non conventionnelles
ou de l'immunité innée, comme les Natural Killer pourraient également s’avérer
déterminantes vers une meilleure maitrise de l'infection et une régulation de ['état

dysimmunitaire associé au VIH¥’.

Il apparait également crucial de développer de nouvelles stratégies pour parvenir aux
cellules infectées au sein des réservoirs profonds, traverser des barrieres biologiques ou

présenter des épitopes immunogénes au sein des follicules B des noeuds lymphatiques®®.
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La recherche de traitements curatifs pour le VIH/SIDA a bénéficié d’efforts et de progrées
ininterrompus depuis bientdt quarante ans. Il s’agit d’un long cheminement, avec plusieurs
obstacles a surmonter ou contourner, et ou la progression se fait pas a pas avec parfois des
bonds en avant. Les modéles animaux, et en particulier I'étude des primates non-humains,
quoique présentant certaines limites, a apporté des contributions majeures dans ce
domaine®. La recherche curative pour le VIH bénéficie également des progres réalisés dans
les autres domaines qui ont trait au VIH/SIDA (prévention et prophylaxie, recherche
vaccinale, fondamentale et clinique, ...)®° ainsi qu’aux autres maladies infectieuses. De trés
nombreuses connections existent aussi avec le domaine de 'oncologie, ou les difficultés
thérapeutiques rencontrées sont parfois comparables et dont certaines approches
thérapeutiques sont transférées dans le domaine du VIH/SIDA et ou certains progrés ont été

permis par la recherche sur le VIH35%3,

Dans les années a venir, les stratégies les plus prometteuses devraient probablement
consister en des combinaisons de plusieurs agents ciblant des mécanismes différents ou des
approches complémentaires. Les prérequis en termes d’efficacité seront peut-étre minimaux
dans un premier temps, et une association possible avec un maintien initial de I’ART pourra
permettre de bénéficier d’éventuels effets synergiques. De nouveaux progres techniques
restent néanmoins a entreprendre, notamment dans le suivi thérapeutique et la surveillance
des patients apres interruption du traitement antirétroviral. De tels progrés, ainsi que de
nouvelles avancées technologiques devraient permettre de poursuivre avec un niveau
d’exigence croissant la recherche de traitements curatifs pour le VIH/SIDA. Déja, de
nombreux concepts prometteurs et des résultats encourageants (bien qu’encore épars), en
particulier dans les modeles animaux, permettent de jeter un ceil optimiste vers les avancées

thérapeutiques a venir.
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Introduction

Thirty-nine years after the first clinical observations of what would later be called “Acute
Immunodeficiency Syndrome” (AIDS) and thirty-seven years after the identification of HIV as
the etiologic cause of AIDS®, uninterrupted research works have been conducted, leading to

major scientific and therapeutic breakthroughs. Nonetheless, a cure is still missing.

According to the Joint United Nations Programme on HIV and AIDS (UNAIDS), It is estimated
that, globally, 38.0 million [31.6 million—44.5 million] people were living with HIV in 2019.
About 7.1 million people do not know that they are living with HIV, since only 81% of the 38
million people living with HIV (PLWH) have been diagnosed. Only 67% [54-79%)] of all PLWH

have access to treatment, and another 1.7 million people are newly infected each year?.

A safe, effective and durable way of completely eliminating HIV infection (eradication) or
suppressing viremia in the absence of antiretroviral therapy (remission), referred to as “HIV
cure”, will likely play a critical role in in the control of the AIDS epidemic and its

termination?®.

In this work we aim at providing an overview of why an HIV cure is needed and raise the
following questions; what are the major steps required to develop an acceptable target
product profile for a cure, and the major hurdles to be overcome; and why animal models
are needed in HIV science and what are the contributions of non-human primate models.
We also present several novel, unconventional, and scarcely explored concepts aimed at
finding a cure. Here, we focus on fundamental and translational research, the social sciences

and implementation issues already being discussed and reviewed elsewhere.

16/164



I. Why do we need a HIV cure?

l.1. ART has reached major achievements

Over the past four decades the clinical outcome of HIV infection has been revolutionized by
the progress made in the therapeutic options available, hence transforming HIV infection
from a fatal illness to a manageable chronic disease that has limited impact on life

expectancy.

At the time of the first reports of AIDS, in the early 1980s, the lack of comprehensive
understanding of the etiology and pathophysiology of the disease compelled clinicians to
treat only the opportunistic infections associated with the disease, with limited success. The
identification of HIV as the virus responsible for the disease, in 19830, and the subsequent
identification of the CD4 cell surface molecule as its main receptor were the first steps to
understand the tropism of HIV and its life cycle, which enabled the medical and scientific

communities to start investigating antiretroviral approaches.

In 1987, a clinical trial showing that azidothymidine (AZT; also known as zidovudine)
decreased mortality and opportunistic infections in patients with AIDS paved the way to HIV
therapy?. AZT had been originally synthesized as an anticancer treatment and was found to
also block the reverse transcription step of the HIV-1 life cycle??. Nonetheless, a subsequent
emergence of viral resistance quickly developed, spurring the quest to develop new drugs,

generally on the basis of insights into the HIV replication cycle and how to target it>.

A major breakthrough was made in 1996 with the advent of a therapy that combined several
drugs to limit the development of resistance. The introduction of a protease inhibitor
alongside two nucleoside reverse transcriptase inhibitors (NRTIs) in combination
antiretroviral therapy (ART) was shown to markedly reduce morbidity and mortality?3=2°. It
changed the course of the pandemic, contributing to save a large number of lives and to

improve the quality of life of PLWH

The success of life-long ART is now clear on an individual basis, and a study performed in
2013 showed that adult life expectancy in South Africa increased by 11 years over the period
between 2003 (just before ART became available in the public healthcare system) and 2011,

highlighting its global health benefit and cost-effectiveness®*.

17/164



ART is life-saving. According to the latest UNAIDS estimates, AIDS-related deaths have been
reduced by more than 60% since the peak reached in 2004. In 2019, around 690 000 [500
000-970 000] people died from AIDS-related illnesses worldwide, compared to 1.7 million
[1.2 million—2.4 million] in 2004 and 1.1 million [830 000 —1.6 million] in 2010. AIDS-related
mortality has declined by 39% since 2010%.

In high-income countries, most PLWH now have access to highly active antiretroviral therapy
(HAART) soon after they are diagnosed with HIV, thus their viral loads are rapidly controlled.
In low- and middle-income countries (LMICs), the proportion of treated-PLWH is

increasing®*.

l.2. Yet Current ART is not sufficient for ending the pandemic

ART can durably suppress HIV replication. However, even today, only 67% of PLWH have
access to ART. For multiple reasons, it will be most likely impossible to achieve > 90% of
virologically suppressed PLWH at the global level. Moreover, ART it is not curative, must be
taken for life and does not target HIV-associated chronic immune activation. The majority of
PLWH are diagnosed only several years after their infection. As a consequence, they start
treatment late and metabolic disorders can be aggravated. PLWH can develop non AIDS-
related co-morbidities and serious non-AIDS events (SNAEs) that underlie much of the
morbidity in ART-treated PLWH’®%. In a 2016 systematic review of life expectancy
estimates, it was assessed that life expectancy of PLWH on ART is still below the
corresponding HIV-negative life expectancy. Indeed, estimated life expectancy at age 20
years in HIV-positive people on ART ranges from 60% of HIV-negative life expectancy in

Rwanda to 90% in Canada?®.

Because of various challenges, many people are unable to achieve long-term viral
suppression, even if provided theoretical access to ART. Lifelong adherence to treatment is
challenging to many, and in particular to adolescents, and not everyone with access to ART
does well*46, Adherence to ART thus remains a major challenge. Patients on ART face
multiple barriers to adherence. Although interventions exist that may address many of the

most common patient-reported barriers to adherence, no single intervention currently
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seems likely to be sufficient to ensure that high levels of adherence to treatment and

virological suppression are sustained?’.

I.3. The need for a cure at an individual perspective

It is important to note that, at least in high-income countries, PLWH are aging. The aging of
the world’s population is nowadays one of the most significant demographic trends, and
according to UNAIDS, there is a growing number of people aged 50 and older living with HIV
in the world today, that accounts for approximately 13% of the global population of PLWH,
and up to 31% PLWH in high-income countries®#4, The increasing number of people living
with HIV aged 50 and older can be explained by three factors. First, antiretroviral therapy
has been successful in prolonging the lives of people living with HIV in high-income
countries. The life expectancy of a person living with HIV who achieves and maintains viral
suppression on antiretroviral therapy now tends to be close to that of a person who has not
acquired HIV. Finally, the trend of decreasing HIV incidence among younger adults is shifting
the proportion of disease burden to older age groups®*. This is associated with an increased
prevalence of age-related comorbidities, including metabolic disorders. Older people also
tend to be more prone to immunosenescence. Associated co-morbidities, due both to age

and to HIV infection itself, can be only partially prevented with ART32958,

The chronic immune activation is the driving force of CD4+ T-cell depletion in untreated
PLWH?? (Figure 1.). This systemic chronic inflammation might result in part by the disruption
of the intestinal barrier which is responsible for microbial translocation and the entering of
some microbial components into circulatory system, increasing inflammation in a vicious
circle?”. The chronic status of immune activation and inflammation associated with HIV
persistence leads to an increased production of pro-inflammatory cytokines and tissue
damage, such as fibrosis in lymph nodes.

In ART-treated PLWH, the levels of systemic immune activation and inflammation are lower
but still often higher than in HIV-uninfected individuals despite undetectable viral load and a
significant factor responsible for higher than normal risk for developing noninfectious
comorbidities, including cardiovascular and renal disease'®. Moreover, HIV infection and
long-term ART have been associated with the development of metabolic syndrome
(MetS)0L102  MetS is a combination of various metabolic disorders, namely hypertension,

hyperglycemia, changes in fat distribution, increase of cholesterol low-density lipoprotein

19/164



(LDL) and triglycerides, a and reduced level of cholesterol high-density lipoprotein (HDL),
which can additionally lead to cardiovascular diseases (CVDs) such as heart disease, stroke,
and diabetes?’.

First-generation ART, that PLWH received prior to 2000, including nucleoside analogue
reverse transcriptase inhibitors (NRTIs: thymidine analogues, stavudine, zidovudine,
didanosine) and protease inhibitors (Pl: indinavir, ritonavir, nelfinavir) was responsible for
marked adverse events on lipid and glucose metabolism and on adipose tissue, such as
altered fat repartition related with stavudine and zidovudine®>1931%4 Newer molecules then
replaced these antiretrovirals, presenting a markedly lower metabolic toxicity. However,
prior exposure to first-generation NRTIs, even years after treatment discontinuation may
have long-lasting detrimental effects on adipose tissue function, consequently, on
cardiometabolic health in PLWH. Indeed, low adipose tissue density and impaired
adiponectin production have been shown to be associated with prior exposure to thymidine
analogues and didanosine'®>,

On the other hand, some newer antiretrovirals, such as an integrase strand transfer inhibitor
(INSTI, dolutegravir), supposedly metabolic-friendly, were recently associated with weight
gain and obesity. Therefore, the effect of ART on metabolism and adipose tissue in PLWH

still constitutes a significant concern®>106:107,

PLWH also still display a significantly increased risk to develop some non-AlIDS-defining
cancers (NADCs) such as non-Hodgkin and Hodgkin lymphomas as well as cervical anal lung,
liver, and oral cavity/pharyngeal cancers?®%°. This higher cancer rate is apparent even among
long-term ART-treated PLWH32, HIV-associated chronic immune activation and dysregulation
have been suspected to be closely implicated in the multiple myeloma development in

PLWH by accelerating the carcinogenesis events in a complex aging process3°.

Furthermore, drug toxicities and complex drug—drug interactions (polypharmacy) have
substantial health consequence and have emerged as new concerns. Indeed, polypharmacy
is more frequent among PLWH across all age groups (except the elderly) than in individuals
without HIV. Potential concerns associated with polypharmacy include increased pill burden,

decreased medication adherence, increased risk for drug—drug interactions (DDIs), rare
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adverse drug reactions including organ system injury, hospitalization, death, and rising
treatment-related costs.333

It is to emphasize HIV-related stigma still remains widespread!®®9°, Stigma experienced can
be relative to society, family, profession, health care workers, or self-inflicted*'%, with
repercussions for both PLHIV and HIV-negative individuals. It now recognized as a major
factor that affects health and well-being!!'113, It could be a factor co-responsible for a delay

in HIV diagnosis and delayed treatment initiation. The possibility of a HIV cure or remission

of HIV would considerably reduce stigma and discrimination.

Inflammation and
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Figure 1. HIV-induced chronic immune activation and its implications on pathophysiology.

Chronic immune activation persists in people living with HIV (PLWH) over the years and despite effective ART. This even
residual inflammation is associated with the development of non-AIDS co-morbidities in PLWH. These are most often,
cardiovascular diseases (CVDs), metabolic syndrome (MetS) and non-AIDS-defining cancers (NADC). HALS: HIV associated
lipodystrophy syndrome; MHO: metabolically healthy obesity; ROS: reactive oxygen species; BMI: body mass index.

Adapted from Zicari, S. et al. Inmune Activation, Inflammation, and Non-AIDS Co-Morbidities in HIV-Infected Patients under
Long-Term ART. Viruses 11, 200 (2019).
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l.4. The need for an HIV cure at the population level

Current ART also entails several limits at the population level, from small communities to the

world scale in the current globalized era.

Resistance to antiretroviral-drugs constitutes a threat to the efficacy of HIV-1 treatment. It
can be a consequence of a lack of adherence to treatment. The combination of a high
mutation rate, together with frequent recombination events and the tremendous capacity of
the virus to tolerate a high number of mutations leads to the apparition of many viral
variants in each infected individual at levels much higher than for Influenza viruses. These
variants, usually described as “quasispecies”, enable HIV to escape very quickly leading to
the emergence and selection of drug-resistant variants in the case of non-efficient
adherence?.

HIVDR can be either acquired HIV drug resistance (ADR), which develops because of viral
replication in the presence of ARV drugs, or transmitted HIV drug resistance (TDR), which is
detected among ARV drug—naive people with no history of ARV drug exposure. Pretreatment
HIV drug resistance (PDR) refers to resistance detected among ARV drug—naive people
initiating ART, and can be either TDR, ADR or both. TDR occurs when previously uninfected
individuals are infected with a virus that has drug resistance mutations. The prevalence of
TDR mutation is stable in Europe, currently approximately 10%. It is generally lower in areas
where ART has been introduced more recently, but tends to be increasing over time41%5,
According to World Health Organisation estimates, in 12 of 18 countries reporting survey
data to WHO between 2014 and 2018, levels of pretreatment HIVDR (PDR) by efavirenz
(EFV) and/or nevirapine (NVP) among adults initiating first-line ART exceeded 10%. The
prevalence of PDR among children younger than 18 months diagnosed with HIV is alarmingly
high. Based on surveys conducted in nine countries in sub-Saharan Africa between 2012 and
2018, over half of the infants newly diagnosed with HIV carry a virus resistant to efavirenz
and/or nevirapine. Levels of PDR to nucleoside reverse-transcriptase inhibitors (NRTIs) also
exceeded 10% in some low- and middle-income countries'!®. Although HIV drug resistance is
generally less prevalent in high-income countries!!®, some cases of multidrug resistance
have been recently described, such as a HIV-1 subtype-B strains that have been recently
described in two patient in France with resistance mutations to all available NRTIs, non-

NRTIs, and protease inhibitors*’.
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In 2014, UNAIDS had set targets to be reached by 2020. These Fast-Track Targets included
achieving a “90-90-90” goal (90% of PLWH knowing their HIV status; 90% of people who
know their HIV-positive status on treatment; and 90% of people on treatment with
suppressed viral loads), alongside reducing the annual number of new HIV infections by
more than 75%, to 500 000 in 2020, and achieving zero discrimination (Figure 2). Fast-Track
Targets were implemented as a move toward the achievement of the longer-term goal to
end the AIDS epidemic as a global health threat by 2030. Back in 2014, Michel Sidibé,
Executive Director of UNAIDS, stated that “We have bent the trajectory of the epidemic. [...]
Now we have five years to break it for good or risk the epidemic rebounding out of
control.”4%118 Despite huge efforts and achievements over the past few years, the Fast-
Track Targets were not reached in early 2020. Available estimates indicate that only about
79% of PLWH know their HIV status, 78% of whom are on treatment, while 86% of people on
treatment have suppressed viral loads. According to estimates from the Institute for Health
Metrics and Evaluation (IHME), HIV/AIDS is responsible for the largest number of lost
disability-adjusted life years (DALYs) and the second largest number of deaths globally
(behind only tuberculosis) of any single communicable disease, excluding the recent

outbreak of Covid-19 (http://ghdx.healthdata.org/gbd-results-tool).

Of note, even if the goal will be achieved, this would mean that 73% at maximum of PLWH

will be virologically suppressed.
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Figure 2. Representation of HIV treatment and control estimates in PLWH.

(A)The most recent UNAIDS estimates expressed in percentage compared to the “90-90-90” goal (90% of PLWH knowing
their HIV status; 90% of people who know their HIV-positive status on treatment; and 90% of people on treatment with
suppressed viral loads). In 2019 (last data available), 81% [68—95%] of people living with HIV knew their status. Among
people who knew their status, 82% [66—97%] were accessing treatment. And among people accessing treatment, 88% [71—
100%] were virally suppressed.

(B) Of all people living with HIV in 2019, 81% [68—95%] knew their status, 67% [54—-79%] were accessing treatment and 59%
[49-69%] had undetectable viral loads. It is estimated that about 1% PLWH are able to spontaneously keeping their plasma
HIV-1-RNA load below a quantifiable concentration for at least several years in the absence of therapy (‘elite’ control and
rarely ‘post-treatment control’)

(Data from https://www.unaids.org/en/resources/fact-sheet).

In early 2020, an unprecedented upheaval arose with the Covid-19 Pandemic. The pandemic
has caused serious disruptions to health systems, especially in countries facing shortages of
protective equipment and/or large numbers of hospitalizations. These significant
repercussions on health systems will likely have consequences in many areas, among which
HIV/AIDS?’. Some studies were recently undertaken by different teams using mathematical
models to analyze the effects of various possible disruptions to HIV testing, prevention and
treatment services caused by COVID-19. They considered the potential impact of three-to-six
months treatment disruptions on AIDS mortality and HIV incidence, focusing in sub-Saharan
African. In the six-month disruption scenario, estimates of excess AlIDS-related deaths in one
year ranged from 471 000 to 673 000, making it inevitable that the world will miss the global
2020 target of fewer than 500 000 AIDS-related deaths worldwide, and more strikingly
setting the clock on AIDS-related deaths back to its 2008 level. At least for the next five
years, people would continue to die as a consequence of ART-disruption imputable to the
Covid-19 crisis, with annual excess deaths putatively reaching up to 40% over the next half a

decade in Low- and Middle-Income Countries. Even more sporadic interruptions of ART
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supply would affect adherence to treatment, potentially leading to the spread of HIV drug

resistance, with long-term consequences for future treatment success in the region 3741,

On another note, it must be emphasized that ending the AIDS epidemic as a public health
threat would lead to substantial economic benefits. There are many operational and
logistical challenges involved in delivering lifelong treatment. Among other factors, the
economic costs of providing ART to the more than 37.9 million PLWH, albeit potentially
sustainable in a long-term perspective, constitutes a major short-term hurdle***>, Due to the
need for lifelong ART and the increasing life expectancy of those living with HIV, global
treatment costs are unlikely to decline, even as funding for HIV programs has stagnated in
recent years. Although a continued increase in global HIV prevalence, funding for HIV
programs has stagnated, falling to just over USDS 19,0 billion in 2018%°. This is more than
USDS7 billion, or ~37 percent, short of the UNAIDS estimated USS 26.2 billion that would
have been required to reach the UNAIDS global goals by 2020 and the 73% of virologically

suppressed PLWH worldwide?®1%°,

Importantly, the health improvement and extension of life expectancy of PLWH enabled by
access to HIV prevention and treatment would enhance countries’ economic potential,
averting future HIV-related productivity losses, health-care expenditure on people who will
not become infected, and reducing the social resources required. UNAIDS estimates
indicated that fast-tracking the AIDS response prior to 2030 would yield economic returns of
USS 15 per dollar invested, based on the total economic benefits of improved health from
increased access to life-saving treatment and from infections averted*?#3. In this respect, an
HIV cure could represent a sustainable contribution for containing the epidemic, freeing up
global health resources for other pressing issues, such as emerging infectious diseases or the
increasing burden of non-communicable diseases in low- and middle-income countries. An
accessible HIV cure could maintain and strengthen progress achieved thus far in the field of
HIV46,

All the points aforementioned highlight the urgency of identifying an effective means of
controlling the virus in the absence of ART, or finding a cure. The search for a curative
strategy for HIV is together with the search for a vaccine a current key target for the HIV

community>**. Although the road to an HIV cure is long and difficult to forecast, different
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strategies are being studied, from bench to bedside and encouraging results have already

been reported.
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Il. The steps toward achieving a cure for HIV

[1.1. Definition of “HIV cure”

In 2016, the International AIDS Society stated that the optimal outcome for a cure would be
the “complete eradication within an individual of all replication-competent HIV”4. This type
of cure is sometimes referred to as “sterilizing cure”>*>%, and requires the complete
elimination of replication-competent HIV from a PLWH’s body. It would likely involve getting
rid of all infected cells. This approach appears to be challenging to achieve while limiting the
harm to the patient. Moreover, it is currently not technically possible to prove that all cells
containing replication-competent HIV have been eliminated, including in deep reservoirs,
and that not a single virus particle (that could restart a systemic infection) persists. This
difficulty to definitively prove the infection has been completely eliminated is a shared
feature with the cancer field, where it is virtually impossible to assess the elimination of all
cancer cells8°%120 Borrowing from oncology, the HIV field also considers a more realistic
goal of a cure, toward “remission” rather than “eradication”!?!. Remission can be defined as
the absence of viral replication and disease for an extended period off therapy. Such a
permanent and stringent control of HIV infection without the need for medication would

constitute a “functional cure”>*47,

A key element for the development of a potential cure is to determine upstream what it
needs to achieve. For this purpose, the concept of target product profile (TPP) might be
useful. According to WHO, TTP can be used as planning tools to align funding agencies,
industry, community, implementers, regulators and end-users. TPP should provide an

overview of the minimal and optional characteristics of an effective therapy.

Indeed, many issues and questions need to be debated and no simple answer can be
provided:

Can we be satisfied with a cure whose efficacy is comparable to ART? With a functional cure
that does not suppress all replication-competent virus? What residual viral load threshold
would be adequate? Would a cure that prevent disease progression to AIDS and co
morbidity but not productive viral infection, and thus not HIV transmission, be an acceptable

outcome? What about a cure that would lead to undetectable viral loads but with the threat
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of a potential rebound, that would require a close and heavy follow-up to mitigate the risk of
contamination it would represent for others? Can we be satisfied with a cure that — for any
reason — is not accessible to all PLWH, that is not scalable to the global population, or that
can’t be applied to a significative number of PLWH? Can we accept a cure whose safety is
lower than — or not as well defined as — the safety of ART? The benefit/risk ratio is indeed
crucial to consider and constitutes the limitation to several curative strategies that would be
potentially too harmful to be beneficial. Hence, higher tolerance of a less effective strategy
would make it more suitable. However, it must be emphasized that a therapeutic strategy
that initially presents some adverse effects or potential harms can be refined and improved
to mitigate these risks; every therapeutic mechanism that presents some toxicity in the first
place should not be abandoned too soon. Can we be satisfied with a cure that leaves an
individual susceptible to reinfection? If a cured patient is left vulnerable upon exposure to
re-infection, would it be effective from a public-health perspective? To which extent a
curative strategy could also be used as a protective, prophylactic tool to hinder the HIV/AIDS

pandemic?4>4648

The development of a therapeutic intervention to cure HIV is a progressive and multi-step
process. In the first instance, the initial requirements could be minimal. On the one hand, an
efficient cure but with risks entailed, or a procedure that is too complex and aggressive to be
implemented at a large scale, would still provide a proof of concept of the efficiency of a
given mechanism. On the other hand, a safe and cost-effective therapy displaying low
efficiency could still be useful to analyze acceptance and applicability of a curative
intervention at the population level. Therapies that would not achieve a functional cure in
absence of ART, but that could effectively delay viral rebound upon ART interruption, hinder
the establishment and maintenance of latent HIV reservoirs, or reduce the burden of HIV-
associated chronic immune activation and tissue damage would already represent

milestones in the road towards an ideal HIV cure.

For the time being, the effect of most interventions can only be clearly assessed by

interrupting ART. In order to address the risks it might represent, in particular for
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transmission to partners, some methods and practices have been developed. Nonetheless,
there is no consensus about when to initiate again ART. Biomarkers of control are still
missing. In these respects, continued efforts need to be undertaken to identify circulating

biomarkers that can predict the rebound of infectious virus as early as possible?®.

Another issue is to prove that every replication competent HIV RNA has been eliminated
from a person’s body. Various techniques can be used to detect and evaluate the amount of
persistent virus, but all these entail some limitations (Table 1). While quantifying persistent
virus in an individual, the ability to detect an infected cell depends on the total number of
cells tested, which has an upper limit, and on the number of tissues that can be sampled>®-
>3, Also, assays that measure the free virus in bodily fluids (plasma and cerebrospinal fluid)

are good markers of viral production but do not evaluate the latent reservaoir.

One assay for measuring persistent replication-competent virus is the quantitative viral
outgrowth assay (QVOA). It consists in limiting dilutions of patient CD4+ T cells that are
maximally stimulated with a T-cell-activating mitogen, usually phytohaemagglutinin (PHA),
incubated with HIV-1 negative donor cells, and outgrowth measured by p24 ELISA, viral RNA
or reverse transcriptase activity>1>3122123 However QVOA invariably underestimates the

size of the replication competent reservoir and thus lacks sensitivity>17>3124,

Several variations and modifications to the original QVOA methods have been developed in
the last ten years, that can be more informative and allows for more rapid throughput.
One of these noteworthy variations is murine viral outgrowth assay (MVOA)%. Potentially
infected T cells or PBMCs are injected to a mouse host where they become activated and
release virus into the mouse circulation. HIV-specific RT-PCR is then used to detect virus in
the murine plasma. If, for now, MVOA is not used as a quantitative method but more of a
proof-of-infection assay, some modifications could enable to quantify the virus in murine
plasma to infer the size of the reservoir and amount of persisting virus of the donor. Such
guantitative assay requires multiple animals to be injected with the serial dilutions of patient
cells. The high number of animals required, the long duration of this protocol, and volume of
patient material for ensuring a sufficient number of cells needed thus appears as limiting

factors to the use of MVOA.
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In contrast, some other assays that quantify or sequence specific genomic regions of HIV
tends to overestimate the size of the replication-competent reservoir due to their inability to
distinguish between intact and defective virus. However, single-region PCR-based methods
are still valuable for their ability to quickly and relatively cheaply quantify HIV DNA using
real-time PCR or digital droplet PCR read-outs. These methods can be used to measure cell-
associated DNA to quantify the number of cells that are infected with either intact or

defective virus.

Other methods that consists in full genome sequencing of the integrated genome (or near-
full-length individual proviral sequencing) provide quantitative measurement of levels of
intact proviruses and can better distinguish replication-competent provirus from defective
proviruses, thus limiting the overestimation of viral reservoir, but they are expensive, labor-

intensive and time-consuming!26:127,

At last, some assays afford the advantage of indicating replication-competency, namely:
TILDA and single cell analysis. The Tat-/Rev-induced limiting dilution assay (TILDA) consists in
the maximal stimulation of resting CD4+ T cells with PHA and ionomycin in order to induce
provirus expression. These cells are then serially diluted and nested PCR performed using
primers specific for the tat/rev region is performed on the resulting provirus'?®. Drawbacks
of the TILDA assay include the high amount of cell input required and the fact that measured
transcripts may arise from defective proviral genomes.

By now, assays at the single cell level can also be performed to evaluate the inducible virus.
For example, in the Flow-FISH method, CD4+ T cells are reactivated with PHA and ionomycin,
before fluorescent in situ hybridization (FISH) staining is used to detect gag-pol mRNA
together with gag protein using flow cytometry and/or confocal microscopy?°.

Along similar lines to assays of inducible provirus (QVOA, MVOA), these assays of

translation-competent provirus may underestimate the size of viral reservoir.

The development of novel, scalable assays to accurately quantify the viral reservoir and its
depletion, and potentially the combination of these assays, will be critical to the
development and evaluation of future curative strategies for HIV>?=>3, Some tools developed
in parallel will be helpful for this purpose. For example, the recently developed ultrasensitive
digital ELISA assay (SIMOA) allows to identify viral proteins produced by a single infected

cell’*% and is complementary to the previously mentioned assays.
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After a therapeutic intervention to potentially cure HIV, a close clinical monitoring and
follow-up is required, since a complex matter is to determine how soon it can be known that
the patient has been cured of HIV. If the contingency of a viral rebound will presumably
become less and less likely over time, the question of the reduction of the frequency of
testing arises, as well as the perspective of the monitoring eventually being stopped one
day. Once again, some similarities can be pointed out with the field of oncology: in the
follow up of many malignant diseases, it is customary to reduce the frequency of monitoring
for disease relapse over time. Though, to determine when follow-up can be reduced or
stopped, a deep understanding of the natural history of the specific malignant disease is
required, which implies large cohorts of cured and relapsing patients. Such cohorts are not
currently available in the case of HIV, which makes the likelihood of a late viral rebound

impossible to assess for now>°.
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Does the assay Does the assay

Cell input Zaks
P indicate over- or

Sample used requirement Other comments

replication underestimate

(relative) e
competency? reservoir size?

Assays that measure the free virus

Sampling of Plasma, - Yes - - Good markers of viral production

free virus cerebrospinal - No evaluation of latent reservoir
fluid

Assays of cell-associated HIV

DNA CD4+ T cells Low No Over

RNA CD4+ T cells Low No - - Generally indicates a cell that is

productively infected

- More sensitivity for replication competent
provirus

- Cannot distinguish transcripts that arise
from replication competent cells and

defective cells
Assays of the inducible provirus
QVOA Resting (HLA- High Yes Under - Most specific assay
DR-) peripheral - Only measures replication competent
blood provirus
mononuclear -Time consuming —Requires large volumes of
cells or CD4+ T patient material
cells - Low sensitivity and underestima te size of
the reservoir
MVOA Resting (HLA- High Yes Under - High number of animals required and long
DR-) peripheral duration
blood
mononuclear
cells or CD4+ T
cells
Assays of translation-competent provirus
TILDA CD4+ T cells High Indicates Under (?) - High sensitivity for replication competent
translational provirus
competency - Faster and cheaper than VOA

- Measured transcripts may arise
from defective proviral genomes and not
represent replication-competent virus

Single cell CD4+ T cells Low Indicates Under - Expensive
analysis translational

competency
Sequencing of the virus
Single-region CD4+ T cells Low No Over
sequencing
assays
Full genome CD4+ T cells Depends on Yes Unknown; likely - Expensive and time consuming
sequencing methodology asmall

overestimate

Table 1. General characteristics of the assays used to measure HIV persistence in individuals
Inspired of and adapted from: Horsburgh, B. A. & Palmer, S. Measuring HIV Persistence on Antiretroviral Therapy. in HIV
Vaccines and Cure (eds. Zhang, L. & Lewin, S. R.) vol. 1075 265—-284 (Springer Singapore, 2018);

Pitman, M. C., Lau, J. S. Y., McMahon, J. H. & Lewin, S. R. Barriers and strategies to achieve a cure for HIV. Lancet HIV 5,
e317-e328 (2018);

and Thomas, J., Ruggiero, A., Paxton, W. A. & Pollakis, G. Measuring the Success of HIV-1 Cure Strategies. Front. Cell. Infect.
Microbiol. 10, 134 (2020).

32/164



I1.2. Identified cases of cured patients or people in remission of HIV

The identification of the two main co-receptors for HIV, (CXC-chemokine receptor 4 (CXCR4)
and CC-chemokine receptor 5 (CCR5)), in the year 1996, after more than 10 years of
intensive research, constituted an important milestone3%32, Indeed, the expression on the
cell surface of the main HIV-1 receptor CD4 and at least one additional co-receptor, mainly
CCR5 or CXCR4, determines HIV-1 cell tropism?*33, The main targets of HIV infection are CD4+
T cells, and HIV-1 replication occurs substantially in activated CD4+ T cells. The majority of
the viruses after infection are R5-tropic (HIV using CCR5), while X4-tropic HIV (which use
CXCR4) arise only later on during infection in about half of the patients (in absence of
treatment). R5 viruses thus seem to be those and solely variants capable of establishing a
persistent infection.

As a result of this discovery, genetic screens were performed in the CXCR4 and CCR5 gene.
Mutations in CXCR4 gene are lethal for the foetus which explains the lack of polymorphism.
In contrast, CCR5 is a highly polymorphic gene. A homozygous CCR5 deletion was identified
in the coding region that was frequent in European descendants (while absent in Africa and
Asia). This specific mutation, observed in approximately 1% of the population, consisted in a
32-base-pair deletion in the CCR5 gene that renders the host CCR5-expressing cells resistant
to R5-tropic viruses. The CCR5A32 mutation was pointed as a mechanism able to confer

resistance to HIV infection34-137.

The discovery of cells resistant to HIV had a major impact for HIV cure. “The Berlin Patient” is
the first patient cured of HIV. Until 2019, it was the only patient cured of HIV. This 40-year-
old man, Timothy Ray Brown (which decided to publicly disclose his name), lived with HIV-1
infection for about 10 years and was on ART regimen for 4 years (efavirenz, emtricitabine,
tenofovir) when he developed acute leukemia (unrelated to HIV) requiring a first
myeloablative allogeneic hematopoietic stem cell transplant in February 2007. He was given
HSCT with CD34"* peripheral-blood stem cell from an HLA-identical donor who was screened
for homozygous CCR5A32 mutation. Because of a relapse of his acute myeloid leukemia
Timothy Brown received a second HSCT from the same donor and successfully recovered.
Timothy brown was himself CCR5A32 heterozygous (CCR5A32/ CCR5wt), underwent total

body irradiation and strong conditioning with each HSCT, and discontinued combined ART
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immediately during the first HSCT 138139 He remained off ART for his remaining life, for more

than 12 years, without any sign of HIV.

The case of Timothy Brown is often considered as the first documented example of a
sterilizing HIV cure after combined ART cessation, as not any evidence for residual
replication-competent virus could be found so far despite an extensive search during more
than ten years. Nonetheless, these negative tests cannot completely exclude the presence of
replication-competent virus everywhere in the patient’s body. What’s more, the complexity
of the interventions, make it difficult to assess which parameters were ultimately
responsible for the elimination of the virus and the resolution of HIV infection4°. In addition,
other cases of allogeneneic stem cell transplantation (ie Boston patient) did not result in a

stable state of HIV cure as the virus rebounded after a while.

In order to better assess the mechanism underlying the success in the Berlin patient,
thousands of potential bone marrow donors were screened. 22,000 potential donors
homozygous for CCR5A32 mutation were identified and a large cohort of PLWH who have
undergone allo-HSCT to treat diverse hematologic disorders was assembled through the
ICISTEM consortium (www.icistem.org). 39 people living with HIV and cancer that received
HSCT from matched CCR5A32 or “wild-type” donors to cure the cancer, have been included

in the cohort (among which 26 are still alive).

Among these, the “London Patient” became the second person to achieve HIV remission for
more than a year after having received an allogenic HSCT from a donor with cells resistant to
CCR5-tropic HIV. This adult male individual had been living with HIV since 2003 when he
underwent allo-HSCT in London for Hodgkin’s lymphoma, using cells from a CCR5A32/A32
donor. CCR5-tropic, but not CXCR4-tropic viruses were identified in HIV-1 DNA prior to
transplant. No viral rebound has been observed 30 months after treatment
interruption'*>142 |n contrast to the Berlin patient, the London patient received only one
HSCT, did not undergo whole body irradiation, interrupted cART only 16 months after HSCT
and even though his genotype was CCR5wt/wt, full chimerism with CCR5A32/A32 cells was
achieved after transplant (maintained at 99% in peripheral T cells), which together indicated
that a multiple HSCT as in the Berlin patient were not necessary to induce HIV cure in this
context417143,

Another patient in Disseldorf also received allo-HSCT from a CCR5A32/A32 donor and
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represents a third possibility of HIV remission. The fifty-year old male individual was
diagnosed with HIV in 2010, and with acute myeloid leukemia in 2011. He received
unmodified HSCT from an HLA-identical CCR5A32/A32 donor in February 2013 and remained
on ART with undetectable viral load in plasma until November 2018. No viral rebound have
been observed for 3 months after cART interruption 60140144 |t still appears premature to

conclude that these two patients have been cured.

Nonetheless, based on these 2 additional cases, it seems that the CCR5A32 mutation, ie the
fact to transplant HIV resistant cells is a key factor even if not the only factor that lead to HIV
cure in these rare individuals. Indeed, the ICISTEM study has shown that allo-HSCT is
associated with a drastic reduction in the HIV reservoir, independently of engraftment with
CCR5A32 or wild-type cells. Indeed, in most cases allo-HSCT in presence of cART was
followed by drop of all virological markers below detectable limits, possibly related to graft-
versus-HIV-reservoir like effects®®140.142145 |t js important to note that allo-HSCT does not
systematically leads to HIV remission, even when full donor chimerism is achieved. In the
cases of the Boston patients A and B, as in other individuals who received allo-HSCT with
cells from CCR5 wild-type donors, undetectable viremia was maintained for 3 to 9 months
following treatment interruption but the virus eventually reappeared#®4’, Even when HSCT
is performed with cells from a CCR5A32/A32 donor, viral rebound is still a possible
contingency. It notably occurred in a case known as the “Essen patient” where a PLWH that
had developed anaplastic large-cell lymphoma underwent HSCT from a homozygous
CCR5A32 donor: a viral rebound occurred 3 weeks after HSCT, and the subsequent genotypic
analyses of HIV-1 variants in this patient showed a shift from a dominantly CCR5-tropic HIV

before HSCT toward a CXCR4-tropic HIV after transplantation!.
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Figure 3. Allogenic hematopoietic stem cell transplantation (allo-HSCT) that replace host immune cells with donor cells in
PLWH is associated with a dramatic decrease of HIV reservoirs. In most cases, allo-HSCT in presence of cART is followed by
drop of all virological markers below detectable limits, possibly related to graft-versus-HIV-reservoir like effects (‘kill’ axis). It
is nonetheless important to note that allo-HSCT does not systematically leads to HIV remission, even when full donor
chimerism is achieved. Viral rebound is still a possible contingency even when HSCT is performed with cells from a
CCR5A32/A32 donor. To achieve durable remission of HIV infection, additional interventions to block the virus may be
needed (‘block’ axis). If no (CRR5A32/ A32) donors are identified, alternative additional interventions could include
modification of target cells through gene therapy or Immunotherapies to boost immune responses and control the
remaining infected cells (including therapies based on vaccines, on broadly neutralizing antibodies (bNAbs) against HIV, on T
cells adoptive therapy e.g. CAR T cells) or on other strategies.

Adapted from Saez-Cirion, A. & Miiller-Trutwin, M. The Yellow Brick Road towards HIV Eradication. Trends Immunol. 40,
465-467 (2019).

To date, allo-HSCT with cells from CCR5A32/A32 donor is the only curative intervention that
have led to a potentially complete HIV remission (Figure 3). Nonetheless, it remains a very
complex an aggressive intervention and cannot represents a scalable therapy for the 38

million people living with HIV.

More recently, it has been shown that early initiation of ART in hyperacute or primary HIV
infections is beneficial as it decreases the viral reservoir size, limits viral diversity, protects
immune responses, reduces HIV-associated chronic immune activation, preserves the
function of immune cells in both blood and gut, promote partial restoration of HIV-
associated GALT damage, and improve T-cell functionality in terms of cytolytic activity and
cytokine production'*~1°¢, In most cases, though, it is not sufficient to cure a patient, as

shown also the well-known case of the ‘Mississippi baby’: this infant, which had been
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infected in utero by HIV and was born with a viral load of approximately 20,000 copies of
RNA per ml, was immediately given ART within 30 h after birth. ART was interrupted when
the baby was 18 months old and the child experienced 30 months of undetectable viral load
before rebound eventually occurred!®’. Other similar cases were studied, such as the
“Canadian” and the “Milan” babies, and a drastic viral rebound occurred upon ART cessation
in these cases'®®. Studies in the nonhuman primate model (macaques infected by SIVmac)
showed that ART initiated at 3 days post-infection is not sufficient to avoid the viral rebound

after ART interruption®®?,

In 2013, in the ANRS VISCONTI cohort, 14 PLWH who interrupted prolonged ART that was
initiated shortly after primary HIV-1 infection (PHI) were shown to durably control
viremia'®®. These PLWH were diagnosed with PHI in the late 1990s or early 2000s and
received standard combined ART available at the time, for at least 3 years, and their viral
load became undetectable within a median of 3 months after treatment initiation. Following
the interruption of ART, viral control persisted for a median of 89 months, and their CD4+ T
cell counts remained stable. Eight individuals had viral loads below the detection limit in all
available samples after treatment interruption, whereas occasional blips (low levels of
detectable virus in blood) were recorded for the other six patients'®®. The existence of
individuals in whom the viral load remains undetectable for several years after the
interruption of prolonged therapy that was initiated very early after infection was already
reported in 2010, and these individuals were called “post-treatment controllers (PTCs)”6%,
PTCs were identified also in other studies, being estimated to account for approximately 5—
15% of those treated early during the course of disease, and their ability to control infection
is seemingly not achieved spontaneously but rather favored by the early initiation of
therapy62J6Q16;

Such post-treatment controllers (PTCs) are suspected to achieved control of infection
through different mechanisms than those observed in elite controllers (PLWH highly
efficiently controlling HIV replication efficiently for long periods, also termed “HIV
controllers” (HICs)). Indeed, PTCs tends to display more severe primary infections than HICs
(Figure 4). In the VISCONTI cohort, PTCs lacked protective HLA B alleles (B*27 and B*57) and

instead carried risk-associated HLA alleles (i.e. HLA*B35) that were largely absent among the
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HICs5%1%0 The CD8+ T cell responses displayed by PTCs were also weaker than those of HICs.
The levels of T cell activation were also lower in PTCs than in HICs. These differences likely
indicate that the mechanisms responsible of virus control are not the same in PTCs and HICs.

The underlying mechanisms of HIV remission need to be identified.

Some of the HIC or PTC show a progressive decrease in seropositivity and decreased viral
reservoirs (Figure 4). On the other hand, for some cured patients, it is unclear if there is still
persisting virus that might be under control. There might thus be a continuum between

individuals in remission and cured patients.
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Figure 4. Schematic representation of the hypothetical variation in viraemia, CD4+ T cell counts and inflammation in post-
treatment controllers (PTC, orange) compared with HIV controllers (HIC, green), non-pathogenic infections such as simian
immunodeficiency virus (SIV) infection of natural hosts (NPI, pink) and viraemic progressors (blue).
The orange box on the PTC curves indicates the period of cART initiation, and the dashed line indicates hypothetical levels.
Adapted from Saez-Cirion, A., Jacquelin, B., Barré-Sinoussi, F. & Miiller-Trutwin, M. Immune responses during spontaneous
control of HIV and AIDS: what is the hope for a cure? Philos. Trans. R. Soc. B Biol. Sci. 369, 20130436 (2014).
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lll. What are the major hurdles to overcome in the quest for a cure?

Many curative interventions are currently being explored addressing both virologic and
immunological factors. There are several important issues that must be acknowledged,
addressed and more thoroughly understood. These issues are (1) the challenges raised by
HIV Latency and persistence in cellular reservoirs, (2) HIV persistence in sanctuary sites
relatively protected from ART and/or the immune system, (3) Tissue damage and alteration

of local immunity, and (4) Persistent residual inflammation.

The term “HIV reservoir”, for its part, refers to the cells and tissues that continue to harbor
HIV under optimum therapy®*. According to some definitions, it can comprise all proviruses
that participate in HIV pathogenesis whether or not they are replication competent!3. Other
definitions are more restrictive, including only cell types or anatomical sites in which
replication-competent forms of HIV can persist on a timescale of years in PLWH on optimal
ART4165 and that can be reawakened to begin actively reproducing HIV virions, causing
viral rebound if ART is stopped?®®. Here, closer to the latter definition, we refer to cellular

and tissue reservoirs as environments where a viral rebound can occur from®4.

The reservoir can be considered at different scales: (i) the molecular reservoir, namely the
HIV genomes persisting in infected cells that can participate in pathogenesis (ii) the cellular
reservoir that are the infected cells, and (iii) the anatomical reservoir, composed of the

tissues and organs that harbor (demonstrated or potentially) replication-competent HIV47/64,

Although these matters have been widely addressed and discussed in the literature, we try
to provide here a synthetic overview of what needs to be kept in mind for the conception

and implementation of HIV cure strategies.

l1l.1. HIV Latency and persistence in cellular reservoirs

HIV genome integrates into the host genome alike all retroviruses, and persists in infected
cells all along the lifetime of these'®’~%9, The current ART effectively suppresses HIV
replication, but is not able to eliminate infected cells. In ART-treated PLWH, one of the
major hurdle that hinders HIV eradication is the establishment of long-lived and proliferating
latently infected cells’%172, The study of HIV latency and persistence in cellular reservoirs is

fundamental in the search for an HIV cure?®>173-175,
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HIV latency is defined as the persistence of integrated HIV DNA that is transcriptionally silent
but replication competent®3168176-178 |n other words, latency is a reversibly nonproductive
state of infection of individual cells'®. Latently infected cells can escape immune recognition
and clearance due to the low or inexistent expression of viral proteins (Figure 5). Latently
infected cells are so far undistinguishable from uninfected cells and, hence being all the
more difficult to target with therapies. Intensive research is being conducted to find markers
for identifying latently infected cells. Some cellular markers which are more frequent on
infected cells have recently been proposed as HIV reservoir markers, including immune
checkpoint molecules — such as programmed cell death 1 (PD-1) — as well as CD30 and
CD323179’180.

The state of latency of HIV in the reservoir cells can most likely be influenced by the
responsiveness of these cells to external signals (such as inflammatory cytokines or contact
with antigen-presenting cells) or their localization and capacity to circulate. CD4+ T cells
carrying latent provirus persist despite multiple decades of treatment thanks to the survival
of long-lived cells and homeostatic proliferation 7318, |t has been suggested that latently
infected cells may also have a potential survival advantage, but no such mechanism has been

identified yet®3.

The molecular reservoir sensus lato comprises several types of HIV nucleic acids (Figure 5).
The more persistent one is the integrated form, the provirus, which permits the production
of virions after the reactivation of quiescent infected cells. In this latent reservoir, the virus is
transcriptionally silent and must be reactivated in order to produce new virions. Low-level
viral replication leads to virions, able to infect new cells and maintain the HIV reservoirs. The
provirus form persists during cell proliferation, also participating in the maintenance and
amplification of reservoirs. Unless they revert to the productive state, latent proviruses are
not affected by ART, and cannot be detected by the host immune system due to absent
expression of virus protein and/or RNA. Since the maintenance of quiescence, persistence
and latency require some cellular determinants and molecular mechanisms, proviral latency

appears to be an unstable state, hence foreshadowing potential therapeutic targets®’.
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[11.1.1. Molecular reservoirs
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Figure 5. Molecular reservoirs and total HIV DNA.

Several forms of HIV DNA compose the total HIV DNA and participate in HIV pathogenesis. The integrated form, the
provirus, is the more persistent form and permits production of virions when quiescent infected cells are reactivated. Virions
can infect new cells and propagate infection and the HIV reservoir. The provirus form persists in all cells during cell
proliferation. Episomal forms with 1-LTR or 2-LTR persist and are diluted in some daughter cells during cell proliferation.
Linear unintegrated HIV DNA is the more labile form and is essentially present when the virus is replicating. Defective
provirus, with a deletion, nonsense mutation, or hypermutation, cannot produce new virions but can produce transcripts
and viral proteins which could activate the immune system and participate in HIV pathogenesis.

Adapted from Avettand-Fénoél, V. et al. Total HIV-1 DNA, a Marker of Viral Reservoir Dynamics with Clinical Implications.
Clin. Microbiol. Rev. 29, 859-880 (2016).
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HIV DNA can also stay within the cell nucleus in the form of circularized episomal forms with
one or two long terminal repeats (LTRs). These episomal forms also persist and are diluted in
some daughter cells following cell proliferation.

Unintegrated HIV DNA in the linear, more labile, form can be present, essentially during viral
replication.

Finally, defective provirus, with a deletion, nonsense mutation, or hypermutation, are HIV
nucleic acids that cannot produce new virions. Defective virus represents the majority of
viral genomes measured.1?618218 Eyen if defective provirus is generally impotent to cause
viral rebound, thus not properly included in the term “reservoir”, it produces transcripts and
viral proteins which could activate the immune system and participate in HIV

pathogenesis'63184,

At the cellular scale, it is critical to understand the nature and characteristics of the cells that
can harbor HIV. HIV-infected cells are diverse and the HIV reservoir cells still not

sufficiently well defined.

All the cell populations that are susceptible to HIV infection do not contribute equally to HIV

174 HIV-1 cellular reservoirs are established and maintained according to

persistence
protean and miscellaneous processes, especially depending on (i) the relative cell
susceptibility to HIV infection, (ii) the ability of the infected cell to escape immune
surveillance and resist HIV-induced apoptosis, and (iii) the infected cell’s life span and
turnover potential (Figure 6). These processes are determined by each cell type’s features

and regulated by tissue location, activation, and differentiation state of the cells in response

to environmental conditions and stress signals'’3.
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Figure 6. Cellular determinants for the establishment and persistence of HIV on ART.

HIV persistence is first determined by the susceptibility of different cells to infection (i), which is regulated by the balance of
HIV host dependency factors and viral restriction factors present in the cells. In order to persist, infected cells need to resist
apoptotic signals induced by viral infection and avoid immune surveillance (ii). These resistant infected cells will persist for
variable periods of time depending on their specific life span and capacity to proliferate without enhancing HIV-dependent
cell death signals (iii).

Adapted from Mikhailova, A., Valle-Casuso, J. C. & Sdez-Ciridn, A. Cellular Determinants of HIV Persistence on Antiretroviral
Therapy. in HIV Vaccines and Cure (eds. Zhang, L. & Lewin, S. R.) vol. 1075 213-239 (Springer Singapore, 2018).

In PLWH under ART, HIV-1 persists mainly in the memory subsets of CD4+ T cells, in blood
these correspond in particular to the central memory and transitional memory CD4* T cells,
which displays very low decay, even in patients on ART#/166181 Moreover, differences in
HIV-1 susceptibility were found to be associated with the metabolic activity of the cells. HIV-

1 thus requires a metabolically rich cellular environment to establish both productive and

latent HIV-1 infection in CD4+ T cell subsets8!.

Other cells can also be targets for HIV 857187 These include cells from the myeloid lineage
(macrophages and immature dendritic cells (DC) or plasmacytoid DC. HIV-infected
macrophages upregulate bcl2 and protect themselves from cell death. They are long-lived

cells and might be able to survive for many years'®18% |nfected macrophages are found in
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many tissues and in particular in the brain’®%%!, Whether myeloid cells can support latent
HIV infection has been very controversial and is still debated'®>1%3, In a study performed on
humanized myeloid-only mice (MoM), systemically reconstituted with human myeloid and B
cells but with no human T cells, infected with HIV and suppressed with ART, viral rebound
occurred 7 weeks after ART interruption in 3/9 (33%) mice%. These results support the
existence of a myeloid reservoir for HIV. A role for macrophages as a viral reservoir is also
supported by several other studies performed in macaques and humanized mice'®'% and
humans®®®1%7 |n a recent study, it was shown that macrophages isolated from the urethras
of three individuals on suppressive ART for at least three years harbored not only
replication-competent integrated proviruses but also HIV RNA, proteins, and viral particles,
that were able to produce replication-competent virus when stimulated with
lipopolysaccharide®®”. This corroborates the growing evidences that HIV-infected cells can

persist in the genital tract during ART?98-201,

Additionally, some cells, such as myeloid dendritic cells can internalize free virions in non-

cytolytic vesicles and transfer them at high concentrations to CD4 T cells upon interaction.

HIV-1 can thus reside in multiple cell subsets and the main mechanisms for persistence are
diverse. Their comprehensive understanding is necessary to define and target all infected
cells, as well as specifically identify and distinguish latently infected cells from uninfected

cells.
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[1.2. HIV persistence in sanctuary sites protected from ART and/or the immune

system

Figure 7. Anatomical reservoirs and sanctuary sites.

The main sites harboring replication-competent virus in PLWH under ART are the GALT and secondary lymphoid organs.
Other tissues non-exhaustibly comprise: MALT, reproductive tract, peripheral blood, thymus, bone marrow, central nervous
system and cerebrospinal fluid, adipose tissue liver, and kidneys. Privileged sites and unique body compartments that can
represent “sanctuary sites” for HIV replication have been represented at the four corners: central nervous system (CNS),
lymph nodes, B follicles of the MALT, especially in the gut and the reproductive tract, and macrophages from the urethra.

The establishment of tissue reservoirs (Figure 7) occurs very early in the pathophysiology of

HIV infection and is seemingly impossible to prevent even by very early ART#7/64149,

HIV infection is principally related to lymphoid tissue. Indeed, CD4+ T lymphocytes, which
are the main target cell of HIV, primarily resides within organs of the immune system.
Secondary lymphoid tissues, in particular lymph nodes (LNs) and mucosa-associated
lymphoid tissue (MALT) are the principal HIV/SIV replication sites. As shown in the macaque
model, under ART, SIV is detected in nearly every organ, except the heart?%?. Estes et al.
illustrated that the primary reservoir sites were indeed lymphoid tissues, which accounted
for approximately 98.4% of the tissues where cells producing viral RNA (VRNA+ cells) are

found (gut, LNs, and spleen). When the lung, a tissue, with abundant MALT, was added, it
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increased their estimate of the frequency of VRNA+ cells residing in LTs to circa 99,6%2°2.
Notably, the gut contains a significant proportion of the lymphoid tissue (up to 85%) and
lymphocytes (up to 90%) in the body, in line with other data showing that the GALT is a
major HIV reservoir?%3-205 After prolonged ART, the gut can comprise up to 98% of the
measurable VRNA+ cells, making it the most quantitatively significant anatomical site of
infected cells in treated PLWH?%2, However, LN where the sites with the most frequent signs
of residual replication (Ref Estes). In addition, other tissues, such as the lungs, skin, and
adipose tissue, are also likely to contain cells harboring reservoir cells?%. It has been shown

that when ART is interrupted the virus rebounds from multiple sites2%’.

Thus, HIV persistence occurs in multiple tissues. Each of the aforementioned tissues contains
unique, diverse and variously differentiated cell types that contribute to the persistence of
HIV during effective ARTY’4. The localization and environment and activation status of each
tissue also influence various parameters of persistence, including activation of infected cells

and susceptibility to cell death’3,

“Sanctuary sites” are locations where infected cells are relatively protected from ART and
from the immune system, and where persistent HIV replication can consequently occur.
These tissue reservoirs complicate the efforts to induce HIV remission and cure HIV
infection. Their understanding is important in order to find ways for therapeutic

interventions to reach reservoir cells in these sites208209,

The CNS could be such a sanctuary site. This can possibly be linked to suboptimal ART in the
CNS levels due to impedance of penetration by the blood—brain barrier (BBB). Since an intact
BBB also limits the passage of immune cells and antibodies, it may raise the concern of a
reduced effectiveness of potential immune interventions to eliminate HIV reservoir cells in
the brain?%°-211, Yet, the size of this reservoir and the diversity of cells types that could serve

as HIV reservoir (macrophages, microglia, astrocytes, CD4+ T cells) still remains to be better

known 47,212-214

B cell follicles in secondary lymphoid organs have also been identified as sanctuary sites. It
has been shown that ART levels in lymph nodes are lower than in peripheral blood?*>?% and
that ongoing viral evolution happens in lymph nodes despite undetectable HIV RNA in the
peripheral blood?!®. Hence, ART concentration in the lymph node may not be sufficient to

completely suppress viral replication. Other studies have shown that CD8+ T cells are
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excluded from B cell follicles where there is active viral replication?”?18, Notably, using a
non-human primate model of HIV “elite control”, Fukasawa et al. demonstrated that CD8+ T
cell-mediated control of SIV infection is linked to restriction in the anatomic location of
productive Infection?'®. Furthermore, Banga et al. demonstrated that even in individuals
under long-term cART, infectious virus persists in CD4 T cells within lymph nodes??°. Under
ART, PD-1+ and CTLA-4+ CD4+ T cells in the T zone and Tfh cells in B cell follicles of lymph

nodes seem to be the major reservoir cells for HIV-1 and SIVmac infections?2%:22%,

In addition, follicular dendritic cells (FDC), a non-migratory population of the immune system
of mesenchymal origin (unlike dendritic cells) present in B cell follicles, have been shown to
trap and retain infective HIV-1 particles for extended periods of time.1’3222223 |ndeed HIV-
Immune complexes accumulate on the surface of FDCs. FDC-bound HIV virions remain
infectious even in the presence of neutralizing antibodies and can persist for months or even
years. Years or decades of ART may be necessary to clear HIV-ICs®,

The several aforementioned features make B cell follicles a critical sanctuary for HIV

replication and persistence.

These findings raise concerns regarding the ability to eliminate HIV from privileged sites and
unique body compartments such as the central nervous system (CNS), B cell follicles or the
genital tract that can represent “sanctuary sites” for HIV replication. As a consequence, it
seems determinant to figure out how to facilitate the entry of HIV-1 specific CD8+ T cells or

other efficient immune stakeholders into anatomical sanctuaries of viral replication??42%,
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l11.3. Tissue damage and alteration of immunity

HIV infection and the immune responses that it triggers are responsible for significant
damage of several tissues and specific organs. These damages can disrupt the cellular
players of innate and adaptive immunity and alter the equilibrium and the potency of the
immune system. Some of these damages occur early and can in most cased not be totally

repaired by ART as explained below.

HIV induces damage of mucosal B cells and B cell follicles. Dysregulations of the B-cell
compartment has been described very early, since the first years of the HIV/AIDS epidemic.
It involves lymphadenopathy, activation-induced cell death, polyclonal B Cell differentiation
and hypergammaglobulinemia, increased turnover of B cells due to the altered expression of
homing receptors on their surface, loss of memory B-cell responses and loss of
gastrointestinal tract germinal centers. These damages occur as soon as the earliest stages
of HIV-1 Infection. The loss of normal B-cell follicle architecture in lymph nodes and MALT
and the Dysregulations of the B-cell compartment have numerous pathological
consequences'®®226-231 H|V replication in the B cell follicle also likely mediates defects in

humoral immunity®.

Lymph node stromal cells, notably fibroblastic reticular cells (FRCs) and follicular dendritic
cells (FDCs) networks, as the underpinning element of secondary lymphoid organs,
constitutes the architectural scaffolding of lymphoid tissue. They are also involved in the
production and storage of cytokines required for T-cell survival. The interconnected
relationship between CD4+ T lymphocytes and the FRC stromal network is disrupted during
HIV persistent infection, which causes profound modifications of lymphoid tissues. These
modifications include progressive collagen deposition and fibrosis, which damages and
disrupts the FRC network, predominantly as consequence of persistent chronic immune

activation and inflammation?32.
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Uncontrolled inflammation leads to collagen deposition and fibrosis in lymph nodes. In
particular, irreversible fibrosis might be linked to persistent IFN-related inflammation, TGF-8
produced by regulatory T cells (Treg) leading to collagen deposition, and other yet unknown

possible factors?33,

As soon as the first weeks of HIV infection, the virus offensively spreads over the gut, which
causes a significant depletion of immune cells, in particular memory CD4+ T cells. This
substantial depletion is followed by disruption of the tight junctions in the intestinal
epithelium, which may not be fully restored even with early ART initiation (within the six
months following infection)?®4. It has been shown that the integrity of mucosal epithelial
barrier, can be directly breached upon exposure to HIV-1 allowing translocation of virus and
bacteria. the gut microbiota itself is impacted and the altered bacterial communities possibly
play significant roles in the pathogenesis of chronic HIV infection. ART alone does not
provide an effective control of microbial translocation through the gastrointestinal tract, nor
leads to a complete restauration of the disturbed bacterial communities.

Additionally, it was suggested that following HIV infection, dysfunction in the switching of B
cells could cause a loss of IgA and IgG in the gut, and a negative correlation between IgA
titer in plasma and bacterial translocation could be observed??%23>, A correlation was also
reported between the loss of IgA in plasma and intestine during HIV infection and the level

of inflammation markers?3.

Hence, the disruption of the gut leads to both an imbalance of the intestinal microbiota
composition (dysbiosis) and to the release of bacterial products in the circulation (microbial
translocation) that induce chronic immune activation and inflammation, and the initial

integrity and immune competence of the gut cannot currently be restored?”236237,

The depletion of intestinal CD4+ T cells caused by HIV/SIV in primary infection particularly
impacts Th17 cells. This lineage of CD4+ T cells is characterized by the production of the two
interleukins IL-17 and IL-22. These cytokines promote epithelial regeneration, production of
tight junction proteins, production of antibacterial defensins, and recruitment of neutrophils

to areas of bacterial infection. Therefore, Th17 cells are thought to be crucial for mucosal
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immunity, and their specific loss may impair the ability of PLWH to maintain the physical and

immunological integrity of the mucosal barrier®.

ILC3s are the innate lymphoid cell (ILC) that mirror Th17 cells, and share many functions with
them. Both cells combat extracellular microbes, such as bacteria and fungi. A lack of ILC3s in
the intestine can lead to a loss of control over the symbiotic microbiota?3®, As in the case of
Th17 cells, there is an early and sustained abrogation of ILC function and numbers during
HIV infection, most notably ILC3 in the gastrointestinal tract 23°241, Since ILC don’t express
CD4 on their surface, their depletion is most likely due to a number of yet unknown indirect
effects. The exact degree to which gut ILC3 loss contributes to HIV/SIV-associated intestinal
pathology is unclear. Also, other particular or newly described IL-17 producing cell types,
such as yb cells and MAIT cells are also impacted in the gastrointestinal tract during HIV/SIV

infections 241.

Early ART restores numbers of Th17 cells but not their function!®?. Other studies also
showed that while early ART restores Th17 cells it does not restore the normal levels of Th22

cells in the gut'>3.

[11.4. Persistent inflammation and chronic immune activation of treated HIV
infection.

Chronic immune activation is recognized as the major driver of progressive CD4+ T cell
depletion and the immunosuppressive state associated with untreated HIV infection.
Chronic immune activation established during pathogenic HIV and SIV infections impairs the
integrity and functionality of the host immune system and causes tissue damage by diverse
and interconnected mechanisms®. Whether it is associated with the extent of the reservoir
size is debated. Several mechanisms could link chronic inflammation and HIV reservoirs.
One of these is that generalized immune activation provides available targets for HIV
replication. Indeed, activation, proliferation, and differentiation of naive and memory CD4+
T cells lead to increased CCR5 expression that renders these cells more susceptible to
infection. Loss of specific CD4+ T-cell subsets might result in increased proliferation of some

cells due to homeostatic balance. In addition, interferon-stimulated chemokines in tissues
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can attract novel target cells to the sites of inflammation and HIV production triggering a

vicious cycle.

Chronic immune activation can also contribute to the HIV-associated immunosuppressive
state by inducing regulatory molecules (ie PD-1) and regulatory cells (ie Treg). These would
lead to a suppressive effects on the anti-viral iimmune responses, leading to less efficient
viral control®%:227,242,

Moreover, the proliferation and activation of immune cells (such as monocyte and
macrophages) together with increased levels and a prolonged presence of many proteins (IL-
6, sCD14, C-reactive protein, D-dimer, TGF-b1 etc.) can induce damage in the vascular
system, as well as lipid abnormalities, and result in cardiovascular diseases. They also
facilitate the proliferation of premalignant cells and malignant cells, thus predicting
development of non-AlDS-associated cancers®®?43244, Thus, chronic immune activation

contributes to premature aging and non-AlDS-related events.

Many of the previously mentioned elements and features of the pathophysiology of HIV
infection are responsible for a state of chronic immune activation. This latter can be induced

as a consequence of several, non-mutually exclusive mechanisms %°:

(i) The direct innate and adaptive immune responses against the virus and its antigens.
Nonetheless, even if immune activation and inflammation are significantly lower in PLWH
who control viral replication spontaneously or under ART, high levels of HIV replication are
neither sufficient nor necessary to induce pathological levels of immune activation. The Type
| interferons and pro-inflammatory mediators produced leads to the activation/maturation
of innate immune cells that can then produce other inflammatory molecules?”°°. IFN-I which
is produced at detectable levels in the blood when the viremia levels are high, such as in
primary infection, can be responsible for the elevated expression of proteins encoded by
interferon-stimulated genes (ISG). In the chronic phase of infection, ISGs might rather be

induced by IFN-g2%.

(ii) Viral proteins, such as Tat or Nef, that have been suggested to be responsible for making

infected CD4+ T cells highly sensitive to re-stimulation through the T-cell receptor.

(iii) Loss of mucosal integrity of the gastrointestinal tract leading to microbial translocation.

Among translocated bacterial and fungal products, peptidoglycan, lipoteichoic acid, LPS,
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flagellin, ribosomal DNA, and unmethylated CpG-containing DNA may induce the production
of pro-inflammatory cytokines, such as TNF-a, IL-6, IL-1b, and type | interferons, in various

immune cell types, such as macrophages.

(iv) Loss of specific CD4+ T-cell subsets. This might result in increased proliferation of some
cells due to homeostatic balance. Moreover, the ratio of Regulatory T cells (Tregs) and Th17
cells in the gut is reduced?*®=2%8, Tregs have been reported to be increased in the gut and
LN249-25% H|V-induced pro-inflammatory molecules sustain an abnormal development of
regulatory T cells (Tregs) in the thymus 2°°. Tregs appears to act like a double-edged sword in
the context of HIV infection. Their effects on disease outcome depend on the equilibrium
between attenuating HIV-induced immune hyperactivation and mounting an appropriate

immune response against HIV-1 and opportunistic pathogens®>.

(v) immune response to reactivated infection, notably in the absence of treatment, such as
highly prevalent latent viruses, including cytomegalovirus (CMV), Epstein—Barr virus (EBV),

and or other Herpesviridae.

Effective inhibition of viral replication alone, as successfully provided by ART, is not sufficient
to restore a fully functional immune system and to prevent its premature aging!°%1°3,256-258
Even with long-term ART, HIV-associated chronic immune activation is rarely resolved. Early
ART initiation is associated with stronger decreases in immune activation®%?>°, In most
cases, however, ART is initiated in chronic infection (in France, 3 years after estimated time
of infection). Some abnormalities are though not always restored as mentioned
abovel>2153.256-258  The residual immune activation is considered a major player for the
increased ‘non-AIDS’ morbidity and mortality observed in treated HIV-infected individuals.
Searching for therapeutic interventions with immunomodulatory aims would be highly
beneficial for the clinical management of HIV-infected individuals. For this purpose, a better
identification of the underlying mechanisms to HIV-associated chronic immune activation,
and their understanding at the molecular, cellular, and pathophysiological levels, as well as
their interactions is crucial to better target immune activation in PLWH in a specific and
effective way. Curative therapies will need to be complemented by combined
immunomodulatory approaches (Figure 8). Even in the absence of a successful eradication

or substantial reduction of the HIV reservoirs, novel therapeutic interventions improving the
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recovery of a competent immune system and reducing activation/inflammation-induced
cardiovascular disease, neurocognitive dysfunction, and non-AIDS defining cancers, among

others, would already be highly beneficial?”°.
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Figure 8. Overview of the main challenges to cure HIV and their implications.

There is a large variety of HIV infected cells, that are not all well-defined. Strategies aimed at eradication must target all
cells harboring replication competent virus. Latently infected cells generally undistinguishable from uninfected cells.
Strategies aimed at reducing the size of the reservoir must be specific and avoid excessive damage through elimination of
non-infected cells while successfully targeting preferentially the HIV-infected cells. HIV persistence occurs in multiple tissues.
Cure strategies must reach tissues with distinct properties and sometimes cross barriers to attain HIV-infected cells to the
right place. Immune responses are impaired in the course of HIV Infection. HIV infection is associated with residual chronic
inflammation that induces exhaustion and immune aging. Cure strategies must consequently deal with an immuno-
suppressive microenvironment in tissues.

Adapted from slides by Nicolas Chomont (IAS 2015) and Michaela Miiller-Trutwin (HIV DART and Emerging Viruses 2018).
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IV. Why do we need animal models? What are they?

IV.1. General considerations on the use of animals in research

Animals have been involved in biological research and medicine as a long-established
practice. The use of animal models enables to investigate a variety of mechanisms that are
relevant for human diseases and provide means to assess novel therapies before they are

applied to humans>?.

It should be stressed however that not all results obtained on animals can be directly
translated to humans. Indeed, results are not necessarily confirmed in further human studies
because of various reasons. First, one must keep in mind that there are always significant
genetic and physiological differences between a given animal species and humans, despite
their numerous similarities. These differences have to be thoroughly described and
understood in order to be taken into account in experimental designs and interpretation of
observations. If they can represent challenges, they can also eventually lead to the discovery
of novel mechanisms and enable to imagine innovative therapies. A second reason that
could explain the difficulty to translate the results obtained on animals to humans is the
highly homogeneous genetic composition of the animals used in many animal models, which
in those cases does not reflect the genetic and physiological variations within each species.
There does not exist an animal model that is able to totally mimic a given human disease,
which is itself polymorphic between patients. Yet the differences that characterize animal
species and strains can represent remarkable opportunities to understand differential host
response, disease development and diverse host-pathogens interaction (particularly in the

case of infectious diseases), which can actually benefit the research for new cures>*.

The legitimacy of using animals to benefit human purposes, with the possibility that animals
are harmed, has been increasingly debated while the status of the animals in our modern
societies is at the heart of many ethical and political debates. This aspect, alongside with the
above-mentioned fact that not all results obtained on animals can be directly translated to
humans, often mixed in confusing arguments, are often used to refute any value to animal
research. The issues raised by the use of animals for scientific purposes are not always
clearly and properly addressed. Hence, it is an important matter to conciliate the

perspectives, needs and concerns of the animal-protection community and the animal-
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research community committed to the scientific value and moral acceptability of laboratory
animal research>%26°,

In this perspective, some guidelines have been established to figure out the best approaches
to permit high-quality science while ensuring the highest standard of ethical consideration is
applied in regulating the use of animals in scientific procedures. The most influential
framework has been provided by 3 directives, often referred to as “the 3Rs”, first introduced
by zoologist and psychologist William M. S. Russell and microbiologist Rex L. Burch in 1959 in
Principles of Humane Experimental Technique?®®!. Russell and Burch’s 3Rs principles call for
replacing sentient animals with other models where possible, reducing the number of animal
subjects to what is needed for statistical adequacy, and refining techniques to reduce animal
pain and distress. After a gathering that occurred in Basel (Switzerland), in 2010, a group of
academic researchers representing various research fields that depend on research involving
animals adopted the Basel Declaration as a call for more trust, transparency and open
communication on animal research. They publicly committed to the 3Rs and to respect the
highest ethical and animal welfare standards in carrying out research using animals22,
Nowadays, some additional principles are also used, such as the exigency that the
experiments performed on animal models should represent a prospect of making substantial
and otherwise unattainable social benefit permissible, or the requirement that harming of

animals in research is limited by identifiable considerations of animal welfare?®°,

It is worthy to note that animal research has contributed to undisputable medical advances.
Of the 106 Nobel Prizes awarded for Physiology or Medicine, 94 were dependent on
research using animals, including every single prize awarded for the past 30 years?®3. All
chemotherapy and radiotherapy treatments against cancer, as well as most cancer detection
methods, or organ transplantations are the results of animal research, generally in mice and
rats, but also NHP (i.e. heart transplantation). Other examples include immunizations against
Polio, Diphtheria, and Rabies, that have been developed thanks to animal models, including
large animals, and have then saved countless human lives. What’s more, preclinical testing
of new drugs is still highly reliant on animal procedures, and only an estimated 10% of new
drugs successfully pass to acceptance for clinical use. It seems impossible in this context to
currently replace animal testing in the absence of alternatives>*264,

At last, it should be mentioned that animals also benefit from animal research, whether
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directly through veterinary medicine, with 90% of the veterinary drugs used to treat animals
being identical or highly similar to those used to treat humans>*, or through a better
comprehension of diseases that affect animals, which can be used for conservation purposes
in the wild. For example, it has been shown that chimpanzees (Pan troglodytes troglodytes)
infected with SIVcpz, the ancestor of HIV-1, also suffer from decreased lifespan and AIDS-
similar immunopathologies. This discovery, which can contribute to understand the
population dynamics stakes of this endangered species, has been permitted by noninvasive
samplings and observations in the wild but also benefited from the general knowledge on
lentiviruses that was gained using animal models?%°-2%8, These important bioethics

considerations are widely discussed elsewhere?60.264,269,.270,

57/164



IV.2. Animal species used for research on HIV cure

The only animal species susceptible to HIV viruses are non-human primates (NHP). That is
the major reason why NHP are the most widely used animal models in HIV science. Among
NHP, the main used animal model corresponds to Asian monkeys (macaques) infected with
viruses close to HIV-2 (SIVmac). The inoculation of SIV to the latter leads to persistent
infection and progression to an acquired immunodeficiency syndrome, generally happening
in a similar way as in PLWH. They therefore provide an important model for the study of
lentivirus-associated pathogenesis®2’! Almost all of the pathophysiological features of HIV-1
pathogenesis in humans are recapitulated in this model, including viral targeting of
CD4+CCR5+ T cells, very early depletion of CD4+ T cells at mucosal sites, massive CD4+ T cell
depletion in the gut in the very early phase of infection, and associated damage to the gut
epithelium, translocation of microbial products from the gut lumen into the host, chronically
elevated levels of immune activation, progressive depletion of CD4+ T cells in the periphery,

and the eventual development of opportunistic infections and malignancies>®272,

The implementation of an animal model for a searching an HIV-1 vaccine still represents a
significant difficulty. This difficulty is due to the fact that HIV-1 tropism is strictly limited to
humans and chimpanzees. Hence, the first animal models developed and use in the fight

against HIV involved chimpanzees, a model today abandoned for ethical reasons®%273,

Historically, feline models using cats infected with immunodeficiency virus (FIV) also served
as a model of naturally occurring immunodeficiency. As in HIV/SIV infection, FIV infection is
responsible for a CD4+ T cell depletion and the establishment of a chronic inflammatory
state. Hence, the FIV model has been used in the past to test some antiretroviral drugs?’*.
However, FIV infection does not reproduce all characteristics of HIV infection. FIV mutation
rate differ from HIV and that it evolves more slowly at the intra-individual level. Moreover,
FIV-infected cats establish different viral reservoirs than HIV in humans, since FIV can use
CD134 as a receptor and is consequently able to infect CD8+ T cells and B cells in addition to
CD4+ T cells and macrophages®®?’>. Since some important features of the infection are

clearly different in cats and in humans, this model is hardly ever used anymore.
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Mice, rats or rabbits have been initially proposed, but they couldn’t be successfully infected
with HIV. Attempts to overcome this species-specificity issue by using mouse and rats
engineered to express the human viral receptor on the cell surface were unsuccessful.
Indeed, HIV interactions with its receptor CD4 and co-receptors CXCR4 or CCR5 on host cells
is not the only parameter responsible for its species-specificity. Additional factors limit the
ability of HIV to replicate in cells from other species, including viral restriction factors like
TRIM5a and APOBEC3°%276:277,

More recently, humanized mice models have been developed that can be infected by HIV

and used to answer specific questions?’8-281,
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Macaques, once infected with SIVmac, can reproduce all the distinct outcomes of infection
observed in humans: Some animals can progress rapidly (in a few months) towards an AIDS-
like disease, while the majority will progress toward disease after a period of several
months/years of chronic infection, and at last, a minority of macaques can spontaneously
control HIV infection, similarly to what is observed in human “elite controllers” or "HIV

controllers”>>219.28 Sych viral control is often associated with specific MHC alleles.

Two species of macaques are principally used as models in HIV science: rhesus macaque
(Macaca mulatta) and cynomolgus macaque or crab-eating macaque (Macaca fascicularis).
The pigtailed macaque (Macaca nemestrina) is used less frequently (Figure 9) . Each species
displays a distinct susceptibility to SIVs and disease progression profile, which also varies
according to the geographic origin of the animal. The most frequently used rhesus macaques
(RM) are of Indian and Chinese origin. Compared to Indian RM, Chinese RM, when infected
by SIVmac, have lower plasmatic viral loads. The dynamics of their virological and immune
markers is more close to the one observed in humans®>60:283,

Cynomolgus macaques (Macaca fascicularis) display variable levels of viremia and disease
progression, depending on the host, the viral load and route of infection. When infected
intrarectally with a high viral load of SIVmac, the viremia levels and disease progression
profiles are more similar to that observed in Chinese rhesus macaques or humans?8,
Spontaneous control is though more often observed than in rhesus macaques and humans.
Cynomolgus macaques used in experimental reaearch often are from the island of Mauritius,
Mauritius contains a population of cynomolgus macaques that descended from a small
number of founder animals that since their establishment have been geographically isolated
from other cynomolgus macaques. As a result, this population of animals has limited MHC
class | and Il diversity and has become an intriguing tool for studies seeking to more feasibly
research on MHC haplotypes than might be possible for other, more outbred NHP
populations55:272,285-288,

Pigtailed macaque (Macaca nemestrina), when infected by SIVmac can represent a model of
rapid progression to AIDS, the progression to disease generally occurring in three months. In
the absence of SIV infection, pigtailed macaques have been shown to have higher levels of

baseline immune activation, in association with greater intestinal epithelial permeability
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compared with rhesus macaques?®°. It is possible that residual immune activation levels are
higher in pigtailed macaques than in SIV-infected RMs or HIV-infected humans in the setting
of combined ART?’2, Notably, the pigtailed macaque model has been used to study the
central nervous system diseases and reservoir?®°,

However, in macaques, and in monkeys in general, the diversity of MHC sub-combinations,
as well as other immune components, such as their various Fc receptors, KIR genotypes and
interferon alpha subtypes remain poorly characterized for the time being and need further

investigation.

Thus, the chosen model can vary according to the species and origins of the macaque, as
well as the virus strain used (which will be developed in part IV.3.2.) and the experimentally
controlled parameters of infection (viral load, route, time, ...). In that respect, what can be
inferred from a macaque model is highly dependent on the parameters employed, and those

must be wisely set up according to the question addressed.
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Figure 9. Macaque species commonly used in AIDS research, and their geographical ranges.

a. The geographical range of the rhesus macaque (Macaca mulatta) exceeds that of all other primate species except
humans, extending from western India and Pakistan across China. Captive-breeding programmes in the United States were
initially established using animals imported from India, contributing to the widespread use of Indian-origin rhesus macaques
in AIDS research. However, owing to the increasing demand for rhesus macaques and an embargo on the exportation of
these animals from India since 1978, there has been a substantial decline in their availability and a sharp increase in their
cost. This has led to greater dependence on rhesus macaques imported from China and Burma.

b. The pig-tailed macaque (Macaca nemestrina) is native to Southeast Asia, Malaysia and Indonesia, and last shared a
common ancestor with rhesus macaques approximately 3.5 million years ago.

¢. The cynomolgus macaque (Macaca fascicularis), also known as the long-tailed or crab-eating macaque, is native to
regions of Indochina, Malaysia, Indonesia and the Philippines. Genetic evidence suggests that cynomolgus and rhesus
macaques diverged from a common ancestor approximately 1.9 million years ago. Of note, the breeding center for the
cynomolgus macaques used in research is located on Mauritius islands. The animals there display a genetic bottleneck
Adapted from Hatziioannou, T. & Evans, D. T. Animal models for HIV/AIDS research. Nat. Rev. Microbiol. 10, 852-867

(2012).
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With the advent of humanized mice, it became possible to infect these animals with HIV-1
and use humanized mice models to answer some specific research questions. These models
are produced via transplantation of CD34+ stem cells and/or implantation of human tissue
into immunodeficient mice?®?. The unique capacity of human hematopoietic stem cells to
engraft, expand, and repopulate immunodeficient mice with virtually all different types of
human immune cells has been used to conceive different humanized mice models. Systemic
or local reconstitution can be obtained in mice with human hematopoietic cells, depending
on the strain of mouse and on the use of whether tissue or CD34+ cells. The various
humanized mouse models are repopulated with different human immune cell populations
that can include B cells, monocytes/macrophages, dendritic cells, NK cells and T cells.
Nonetheless, as far as T cells are concerned, they can only be generated in certain mouse
strains, where they are produced in the mouse thymus and thus supposedly educated in the
context of mouse major histocompatibility complex (MHC)?°2. To more accurately obtain
human T cells that are educated in the context of human MHC (HLA molecules), human
thymus tissue is generally implanted under the mouse kidney capsule. In order to avoid
thymic tissue involution and disappearance, a piece of autologous human liver can be co-
implanted. This way, a functional human thymus ‘facsimile’ is obtained, lifelong persisting in
the mouse and continuously producing human thymocytes. In this case, T cells can grow and
expand in the context of HLA class | and Il restriction. Examples of such humanized mice
models used in HIV research comprise SCID-hu thy/liv mice, T cell-only mice (ToM), and bone
marrow/liver/thymus (BLT) mice. By contrast with SCID-hu thy/liv mice and ToM, BLT mice
also receive an autologous human bone marrow transplant after the implantation of human
liver and thymus tissue. Hence, BLT mice are virtually reconstituted with all types of human

hematopoietic cells, including T cell progenitors?’©277:291 (Figure 10)

More recently, a humanized mouse model expressing human HLA-A2 and -DR2 transgenes
have been developed to improve the research on antigen-specific T and B cells in the context

of human pathogen infections?®3.
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Importantly, HIV-infected humanized mice can be treated with the same antiretroviral drugs
that are used in humans and ART treatment results in systemic recovery of CD4 T cells. And

the animals can be infected by the same natural routes as in humans>%61,276-279,291,292.

However, the use of humanized mice models faces some significant limitations.
Their development requires a source of human hematopoietic stem cells as well as complex
and invasive surgical engineering techniques, sometimes considered as ethically debatable.
A long waiting period is needed until full immune reconstitution is observed: the timeframe
needed for mouse production can last up to 7 months, and they need to be generated de
novo for each experiment. The cost of their establishment and maintenance is
high®>-°860.276,278,294 They cannot be bred and have a limited lifespan, all the more so as graft-
versus-host disease may develop and restrict timescale of experiments. The small size of
these animals limits the study of many tissues and implies that only a relatively small volume
of peripheral blood plasma can be obtained from the same animal. There remain significant
anatomical differences with humans, such as the lymphoid organs that are not fully
developed and do not display the full physiopathology of HIV infection. Murine
pharmacokinetic characteristics and drug metabolism also differ from humans. Finally,
rodents display an innate immune system that display many differences with regard to
human innate immune cells>>>860,276,278,294

In conclusion, humanized mice models seem to be an appropriate and useful model for the
study of antivirals and several viral parameters. With regard to the analysis of the
physiopathology and immune responses against the virus, the model still needs major

improvements.
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Figure 10. Five humanized mice models used in HIV research.

lllustrated are five different humanized mouse models that have been extensively used for the study of HIV in vivo. Note that
each model has a different type and/or distribution of cells. For example, ToM have systemic repopulation with human T
cells whereas MoM do not have any T cells but have a full complement of antigen presenting cells. BLT mice have both all
different types of T cells in addition of a full complement of antigen presenting cells.
Adapted from Victor Garcia, J. Humanized mice for HIV and AIDS research. Curr. Opin. Virol. 19, 56—64 (2016).
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IV.3. Viruses used to infect animal models of HIV

The first known simian lentivirus was isolated in 1985 in rhesus macaques (RM, Macaca
mulatta) of Indian origin kept in captivity, and later named SIVmac (Simian
Immunodeficiency Virus, macaque)>®2%>. These monkeys presented clinical symptoms similar
to AIDS in humans. Nonetheless, SIV infection has not been observed in wild macaques, nor
in other species of Asian monkeys in their natural habitat. Only African primates carry
lentiviruses in the wild. The first African primate species identified as a natural SIV carrier
was the sooty mangabey (Cercocebus atys), which can carry the virus SIVsmm?2. It has been
subsequently showed that SIV infection in captive macaques resulted from experimental
tissue transmission from sooty mangabeys that happened to be infected by SIVsmm and

held in captivity in the same primate research centers>®.

Simian lentiviruses (grouped under the denomination simian immunodeficiency viruses, SIVs)
have been identified in more than 40 African non-human primate species in the wild. Hence,
these primates constitute a vast reservoir of lentivirus that can potentially cross species
barriers®”?%” | The HIV viruses present in humans are the result of at least 12 zoonotic
transmission events of African primate lentiviruses to humans?®®2%° (Figure 11). The most

frequent HIV and main causative agent of AIDS worldwide is HIV type 1 group M (HIV-1 M).

In the present state of knowledge, three species — namely chimpanzees (Pan troglodytes
troglodytes), gorillas (Gorilla gorilla gorilla) and sooty mangabeys (Cercocebus atys)
transmitted their viruses to humans3°°-3%3 (Figure 11). HIV-1 group M and group N (more
rare) originated from SIVs infecting chimpanzees (Pan troglodytes troglodytes)3®. In contrast,
strains more close to HIV-1 groups O and P have been found in gorillas (Gorilla gorilla gorilla)
who might have themselves acquired HIV from Chimpanzees®’3%2, The second human
immunodeficiency virus, HIV-2, for its part, originated from sooty mangabeys (SM,
Cercocebus atys)3%3. SIVsmm was transmitted at least in 9 independent occasions, resulting
in HIV-2 group A to |, among which only HIV-2 A and B (as well as a recombining form of
these two) significantly spread in humans3%4,

The seroprevalance varies depending on the species, sub-species and age of the animals. It is

very high (45-50%) in adult sooty mangabeys, African green monkeys (AGM, Chlorocebus
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sabaeus) and mandrils (Mandrillus sphinx). The natural habitat of sooty mangabeys is West-
Africa and of mandrills Central Africa. AGMs are present in all subsaharian Africa except in
tropic forests and constitute the largest reservoir of SIVs3%. Mandrills (Mandrillus sphinx) are
infected with two types of SIV: SIVmnd type 1 (SIVmnd-1) and SIVmnd type 2 (SIVmnd-2)39¢-
309, Humans with antibodies cross-reacting with SIVmnd antigens have been reported, but
there were no human blood samples available to analyse the sequence of the virus. SIVmnd-
infected mandrills share a number of features with SIV-infected AGMs and SMs and
generally do not progress to disease3%.

Sooty mangabeys, AGMs and mandrills display high viremia but do not develop any
immunodeficiency despite high replication rates3°. These three species are commonly
called natural hosts of SIV3!l, They therefore represent models for nonpathogenic infection.
In contrast, macaques — which are not SIV-carriers in their natural habitat — will often
develop an AIDS-like syndrome after SIVmac infection®®. Hence, they are frequently used as

model for pathogenic infection.
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Figure 11. Simplified representation of primate lentiviruses od interest, their natural and non-natural hosts, and their

major transmission events.
Non-human primates can be divided into pathogenic (macaques) and non-pathogenic (sootymangabeys,mandrills and
African Green Monkeys) hosts of SIV. The figure depicts the relationship between the HIV and SIV viruses and the type of

infection caused by these viruses.
Adapted from Garcia-Tellez, T. et al. Non-human primates in HIV research: Achievements, limits and alternatives. Infect.

Genet. Evol. 46, 324-332 (2016).
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Several lentiviruses can be used to infect animal models, with distinct degrees of virulence.
These notably include SIVmac239, SIVmac 251 and SHIV for NHP models. Humanized mice

models are generally infected with HIV-1.

Since rhesus macaques of Indian origin were the first recognized non-natural hosts of
pathogenic SIV infection, the initial development of SIV for animal models involved serially
passaging virus from animal to animal within Indian-origin rhesus macaques, with selection
of virus swarms and molecular cloning of infectious viral genomes associated with rapid or
attenuated disease profile. In this respect, the most widely used and best characterized
pathogenic SIVs are exquisitely well adapted to Indian-origin rhesus monkeys. The SIVs thus

obtained were called SIVmac lineage?”?

. Most of Indian-origin rhesus macaques develop high
peak viral loads (generally exceeding 107 viral RNA copies per mL of plasma) and sustained
high chronic viral loads when infected either with the uncloned viral isolate SIVmac251 or
the infectious molecular clone SIVmac2393!2. A more rapid disease progression is generally
observed with SIVmac239. Some other (rarely used) SIVmac strains display lower virulence,

including SIVmacAnef and SIVmaclA1ll. The latter lead to an attenuated infection in rhesus

macaques>®313314 (Figure 12)
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Figure 12. Host and viral determinants of disease progression rate.

The progression of the disease depends on the intrinsic susceptibility of each species to develop AIDS and on the virulence of
the SIV strain used.

Adapted from Garcia-Tellez, T. et al. Non-human primates in HIV research: Achievements, limits and alternatives. Infect.
Genet. Evol. 46, 324-332 (2016).
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SIVsmm and SIVagm viruses are generally non-pathogenic in their respective natural hosts,
but rhesus and pigtailed macaques, when infected with certain SIVsmm, or SIVagm strains
progress towards AIDS-like disease. This is the case of rhesus macaques infected with
SIVsmm9 and pigtailed macaques infected with SIVagm.VER90 or SIVagm.sab92018.
However, rhesus macaques infected with SIVagm.VER90 and pigtailed macaque infected
with SIVagm.VER155 remain asymptomatic. SIVagm.sab92018 infection in rhesus macaques
results in something similar as what is observed with HIV infected “elite-controllers” in
humans; and consequently, SIVagm-infected RMs have been suggested as an animal model
for Elite-Control of HIV infection3?°,

The outcome of SIV infection in NHP is therefore determined by the combination and
complex interactions between viral and host determinants that are still not sufficiently well

understood?>860:315-320

Vaccine studies are hampered by the fact that macaques are not susceptible to HIV-1
infection. In particular the study on the efficacy of neutralizing antibodies is dependent on
the possibility to challenge animals with viruses coding for the HIV-1 ENV gene. To address
these limitations, SIVmac strains have been engineered where chimeric simian-human
immunodeficiency viruses (SHIVs) were produced where SIVmac ENV has been replaced by
HIV-1 ENV. Similarly, to overcome the resistance to some drugs (NNRTIs) by SIVmac for use
in RMs and pigtailed macaques, SHIVs have been engineered coding for the HIV-1 reverse
transcriptase (RT) gene. Two RT chimeras have been produced: RT-SHIVmac239 and RT-
SHIVmne. RT-SHIVs still have their limitations, including difficulty in suppressing virus
replication with the same triple ART treatments used in humans (i.e.,
tenofovir/emtricitabine/ efavirenz)®. In addition, SHIVs in general have limitations as they
do not fully reproduce the physiopathology of HIV-1 and SIVmac infection. Thus, the

infection is more often attenuated and the CD4+ T cell subset dynamics different.
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available (rare) available
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R
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Table 2. Main models of SIV infection in NHP studied in HIV research.

This chart provides a non-exhaustive overview of non-human primates most often studied or used as models in HIV research.
The principal features of each species/strain are indicated in the table. The viral load and other pathophysiological features
vary depending on various parameters such as species and genetic background, age, viral species or strain, laboratory and
sampling techniques, to mention just a few. Studies performed in Chinese rhesus macaque and in cynomolgus macaque are
less frequent than those performed in Indian rhesus macaques. The amount of available data regarding these animals is
therefore limited.

Inspired by Huot, N., Rascle, P. & Miiller-Trutwin, M. Apport des mod.les animaux dans la recherche sur le VIH. Virologie 23,
229-240 (2019).
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IV.4. The study of natural SIV hosts and some insights it provides

Natural hosts of SIVs share some common features that delineate their specific pattern of

infection.

(i) First, Natural hosts display high viremia levels similar to those seen in pathogenic SIV
infection of RMs and HIV infection of humans3°321-325_ During the chronic phase, the virus
continues replicating to high levels, in most cases at around 103-10° SIV RNA copies/ml of
plasma, but AGMs do not progress to AIDS.32> These characteristics are similar to the
‘viremic non-progressors’, very rare human individuals who display elevated viremia but

maintain CD4 T+cell counts and avoid disease progression for years32°,

(ii) Natural hosts avoid chronic immune activation, which is the driving force of CD4+ T cell
depletion and progression to AIDS in humans?4>322:327-330_S|yagm and SIVsm trigger a potent
type I-interferon (IFN) production, but this response is rapidly controlled in AGM331, After
the acute phase, the immune activation is controlled and returns close to pre-infection

levels327:331

(iii) Natural hosts display strong control of infection and immune activation in secondary
lymphoid tissue (SLT). AGM display a strong control of viral replication in LN (both T zone
and B cell follicles) shortly after peak viremia, that lasts throughout infection. The viral
control is mediated by NK cells. The latter express CXCR5 in SLT during SIVagm infection and
are able to migrate into follicles and contribute to this efficient control of viral replication in
LN follicles?33:332333 | Thjs constitutes a striking difference to HIV in humans and SIVmac in
RMs where virus persist in lymph node “sanctuary sites”. The immune activation, including
of IFN-stimulated gene (ISGs) expression, is particularly rapidly controlled in SLT. LNs do not
display lymphadenopathy nor fibrosis. The FDC network in LNs remains intact in contrast to

HIV-1 and SIVmac infections?33.

(iv) Natural hosts can preserve CD4+ T cell homeostasis. Expendable T cell subsets are
relatively spared from infection. Thus, central memory CD4+ T-cells (Tcm) have been
reported to be infected at a lower frequency than in non-natural hosts. Based on this
observation, it has been suggested that long-lived Tcwm cells are relatively resistant to SIV

infection. Indeed, it has been shown that SM central memory CD4+ T cells exhibit low levels
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of SIV co-receptor CCR5 expression and are less infected in vivo and in vitro (compared with
SM effector memory CD4+ T cells and RM central memory CD4+ T cells)33*. However, SIVsm
does not need CCR5 to infect CD4+ T cells, but can efficiently use other receptors. Thus, the
underlying mechanism could be a different one. For instance, the fact that SIVsm infection is
strongly controlled in SLT but not in the intestine could contribute to this, since the
frequency of TCM is higher in SLT than in the intestine. Whatever the mechanism is, the
preservation of long-lived cells in lymphoid tissues in natural hosts can contribute to the

reduced pathogenicity321,334-336,

(v) In natural hosts, the CD3-TCR receptor is downregulated by the action of the SIV-Nef
protein33’. This might limit the levels of activation and apoptosis in CD4+ T cells337:338, This

function of the Nef gene was lost in SIVs infecting chimpanzees and humans.

(vi) Infected natural hosts preserve their gut mucosal immune system and the integrity of
their gut mucosa. Thereby they efficiently prevent the translocation of microbial products
from the intestinal lumen to the systemic circulation33%34°, In addition, no early preferential
depletion of CD4+ Th17 cells is observed during SIV infection of natural hosts?46:341342 Th17
maintnance in the gut could positively contribute to maintain the intestinal barrier
integrity34l. A recent study34® by Raehtz et al. documenting early SIV infection of AGMs
showed that despite a strong, but transient, interferon-based inflammatory response the
levels of plasma markers linked to enteropathy did not increase. They did not document any
significant increase in apoptosis of either mucosal enterocytes or lymphocytes, nor any

damage to the mucosal epithelium343.

(vii) Stronger or more efficient tissue repair mechanisms might act in natural hosts of SIV. A
recent study by Barrenas et al. demonstrated that monocytes from AGMs rapidly activate
and maintain evolutionarily conserved regenerative wound healing mechanisms in mucosal

tissues , eventually via fibronectin production and TGF-beta sighature344343,

(viii) Of note, SIV-specific adaptive immune responses do not seem to be exacerbated in
natural hosts. SIVagm-infected AGMs do not exhibit strong suppressive CD8+T cell capacities
nor significant infiltrations of CD8+T cells into LN follicles3*¢-3%8, Besides, in vitro
neutralization assays showed that in SIVagm infection there are only few or no detectable
neutralizing antibodies3493°0, Thus, these stakeholders of the adaptive immune response

appear to be weakly induced in SIVagm-infected AGMs, similarly as in HIV-1 and SIVmac
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infections. These may still contribute to the control of viral load in SIVagm infection, but it is
unlikely that they play a major role in this model. Nonetheless, some B cell responses seem
to be different between pathogenic and non-pathogenic infections. AGMs do not
demonstrate hypergammaglobulinemia. They develop more antibodies directed against the
surface part of the ENV encoded proteins3>l. The strong gp120-specific, functional antibody
responses in the milk of SIV-infected AGMs may contribute, together with a lower rate of

target cells, to the rarity of postnatal transmission observed in natural SIV hosts3°%353,

Allover, SIV infection in natural hosts is characterized by a rapid resolution of inflammation
and lack of tissue damage, despite high viremia. Virus and host are thus in an equilibrium
where the host stay healthy while the virus is highly transmissible horizontally (between
adult animals). The absence of progression towards disease in SIV-infected natural hosts
may be related to synergistic or simultaneous mechanisms, and not all of these are fully

understood yet.

Because of the high viremia levels characterizing SIV infection in natural hosts, it is often
considered that they could not constitute a model contributing to the search for a cure of
HIV. Indeed, a similar control of disease with absence of progression but such high viremia
levels can not be tolerated in humans because of the high risk of transmission. Nonetheless,
we propose that natural hosts can represent excellent models to decipher the strong viral
control in SLTs (in contrast with PLWH in which SLTs constitute important HIV reservoirs) and
the mechanisms of protection against tissue damage, microbial translocation, and undue

immune activation.

A better understanding of the mechanisms involved in the pattern of SIV-infection in natural
hosts could allow the development of novel strategies to control HIV associated non-AIDS
comorbidities and mortality in PLWH under ART, and guide the development of new agents
to treat the HIV-associated chronic immune activation. It might prove highly useful as well
for a better understanding of the regulation and impact of the early anti-viral innate immune
responses. In addition, uncovering the mechanisms of TH17 preservation during natural SIV
infection could enable the identification of new therapeutic targets to improve TH17 cell

homeostasis in PLWH, thereby promoting the immunologic restoration of the intestinal
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mucosal barrier3?l. Furthermore, the observation that the pattern of infected cells may be
critical in dictating the progression to AIDS in HIV/SIV infections encourages investigations
on the susceptibility and importance of the different CD4+ T cell subsets (such as Tcm) in
natural history of infection and the development of therapeutic interventions selectively

protecting the more relevant subsets®%-321,

Thus, the comprehension of the mechanisms responsible for this absence AIDS-like disease
and the study of mutually beneficial coadaptations between primate lentiviruses and their
natural hosts, that evolved jointly during thousands of years, might prove to be very

insightful for HIV cure research®>30>321,

IV.5. Essential insights on HIV infection obtained with the help of animal models

Some of the major past and recent advances in the field of HIV could not have been
obtained without animal models??4. Here we list some of the major contributions of animal

models to HIV/AIDS research.

Important proof of concepts for preventive or curative therapeutic approaches were
provided by studies performed on animal models, such as the ability of neutralizing
antibodies (Nab) to protect against infection3>%; the ability of cytomegalovirus-vectored
vaccines to induce wide CD8+ T cell responses against SIV/HIV3>>73€0; or other curative

strategies that will be developed in part V. and VI.

The cellular targets of HIV and their dynamics in blood and tissues were also better
understood thanks to NHP models, including: The fact that resting memory T cells are a
major target of the virus in lymphoid tissues3362, the fact that loss of central memory T
cells is associated with disease progression36363, a better understanding of Trafficking of
Treg, PDC, and NK cells to the gut3643%¢ and the rapid and dramatic depletion of CD4+ T cells
in gut3413%7. Humanized mice models also proved helpful to study the ability for myeloid cells

to support latent HIV infection and supported the possibility of a myeloid reservoir for

H |V187,194,195

NHP models contributed to the understanding that adaptive immune responses arrive too
late at the site of early viral replication. Studies in the macaques have shown that when

infection takes place at mucosal sites, the virus crosses the epithelial barrier using several
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distinct mechanism, rapidly establishes initial founder populations of infected cells (foci) and
disseminates thereafter in draining lymph nodes (LNs)3%8,

The concepts that CD8+ T cell responses arrive “too little” and “too late” into mucosa to
control viral dissemination and that the “window of opportunity” to prevent infection is very

short thus raised from studies performed on macaque models3%9-37%,

The impact of CD8+ T cells on viral set-point and the association of HLA/MHC-I genotypes
with rapid or slow AIDS progression was also elucidated with the help of animal studies,
notably through studying CD8+ T cell responses during the first days after infection,

something that was not possible to do in humans for a long time372,

Animal models still remain essential for the understanding of the events in tissues (the major
site of viral replication) as well as for the development of curative and preventive

approaches to end the HIV epidemic.373-376,

Novel techniques are being developed, such as in vivo imaging of large animals, now models
developed (ie humanized mice) and new human cohorts are being created (to allow the
analyses of the early events in tissues) in order to replace, reduce and refine research with

NH P377’378.
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IV.6. Could studies in humans and in vitro models be sufficient for HIV cure
research?

The study of new therapeutic strategies to cure HIV have involved, inter alia, the
longstanding contributions of animal models. These models enable pharmacological and pre-
clinical trials to assess the pertinence of a curative strategy in vivo. Yet, with the
improvements of in vitro models, some might consider that the use of animal models is no
longer needed in the HIV research field. Indeed, other valuable tools are used in HIV science,
such as model cell lines, primary cells from healthy individuals, primary cells from HIV-
infected suppressed patients, and even tissue explants and organoids that enable to reflect
some pathophysiological mechanisms closer to the in vivo condition. Nonetheless, the

complexity of an entire in vivo model can only be provided by the use of animal models.

Studies in humans and in vitro models alone enable to address numerous issues. Yet, the
major barriers in HIV cure research are unlikely to be overcome without additional
contributions of animal research. These challenges include : (i) The large variety of HIV
infected cells, that are not all well-defined, and are dependent of complex anatomical and
immunological (micro)environments. (ii) The difficulty to selectively target and distinguish
latently infected from uninfected cells. (iii) The occurrence of HIV persistence in multiple
tissues, sometimes hardly accessible (deep reservoirs). (iv) the impairment of immune
responses in the course of HIV Infection and HIV-asociated chronic immune activation
inducing and immune aging.

The use of animal models to better understand and overcome these barriers provides some
advantages that are not mirrored in clinical trials and in vitro models.
They allow to control the time, dose, inoculation route, host genetic factors, and virulence
and genetic diversity of the infecting virus. This provide a high degree of experimental
control, and thus less unforeseen/ unknown confounding variables than is typically
achievable in human clinical studies. They provide a critical tool to understand the complex
virus—host interactions and immune responses, which cannot be accurately modeled in cell
culture or other more reductive systems?7237°,

Another key advantage of studies performed on animal models is the possibility to perform
longitudinal analyses, with baseline situation being accessible before infection, as the

different studied parameters can be measured before inoculation is performed?’2.

77/164



Animal models enable to study the very first hours of infection, including the ability to
initiate ART very early post-infection. Moreover, with proper animal welfare oversight and
appropriate veterinary support and expertise, they enable to routinely and longitudinally
collect fluids and biopsies with greater frequency than what is feasible in human trials
(including blood, cerebrospinal fluid, bronchoalveolar lavages, and bone marrow aspirates).
They also provide a means to sample tissues that are difficult or impossible to collect in
humans for logistic and ethical reasons, but could represent key sites for the understanding
of viral replication and pathogenesis (for instance vaginal and rectal mucosae, lymph nodes,

spleen, liver, lungs and brain)%%.272:380,

The implementation of tools for a better understanding of non-human primate (NHP)
genome and immune responses, the development of better murine models, and the advent
of new recombinant viruses have led to an enhanced relevance of available animal models.
While none of these models exactly match HIV infection in humans, each model can be
valuable to address the key specific questions of HIV cure research. It always remains
essential to define the benefits and limits of each proposed project, as well as continuing the
use of the 3Rs principles (Replacement, Reduction and Refinement) while performing
animal research>>°%®, Nonetheless, their use shouldn’t be opposed to other precious tools
used in basic, translational and preclinical research, such as tissue explants and organoids,
which needs to be further developed in order to be used in a complementary manner and to
replace the use of animals when possible, even though the use of some animal models will
likely still be necessary to make the connection with clinical research and address specific
issues. Recent advances in technology, for instance in new imaging techniques, are also

likely to improve research while enabling to reduce the required number of animals>>°860-62,
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V. Well-defined approaches and strategies toward a cure

V.1. Several strategies have been conceptualized to achieve an eradicative cure

or remission

Over the years, different therapeutic concepts have been well-defined as strategies towards
an HIV cure. These strategies are aimed either at eliminating every persistent replication-
competent virus — for an “eradication” — or, in a more achievable perspective, to silence
and/or reduce the size of the reservoir and use the host immune system to control the
remaining infected cells and impede a viral rebound.#6:5253,63-71,

Nearly all strategies involve eliminating or reducing the reservoir and target either the virus
or the immune system. There is a range of strategies specifically aimed at eliminating the

virus-infected cells and a range of strategies that boost immune function.

One of the main strategies is often referred to as “shock and kill” (sometimes also termed
“kick-and-kill”7#). It consists in the use of latency reversing agents (LRAs) with the goal of
reversing transcriptional silencing of the virus and, thus, inducing viral gene expression and
productive infection in latently infected cells. Accordingly, these cells expressing viral RNA
and proteins would either be exposed to viral cytopathic effects or become recognizable
targets for the immune system or host-directed therapies. In the best-case scenario, this
strategy could conceptually lead to HIV eradication (Figure 13). ART would likely have to be
continued during the LRA treatment’3,

An alternative to “shock-and-kill” has been proposed, which consists — after an identical step
of latency reversal — in blocking the release of virions and inducing apoptosis of the infected
cells. Such a strategy termed “Lock in and apoptosis” has been proposed in a paper by
Tateishi et al., which suggests for instance to block virus budding from the cell, leading to

apoptosis of the infected cell’%381,

Contrary to “shock and kill”, another strategy is termed “Block and Lock” and aims to
reinforce viral latency in order to maintain the provirus in an inactivate state in the absence
of ART’>~"7 (Figure 13). Transcriptional gene silencing could conceptually be reached with a
range of compounds that can disrupt the regulation of chromatin structure, thus maintaining

the epigenetic mechanisms responsible for HIV-1 latency.
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Figure 13. Different strategies towards a HIV cure.

“shock and kill” consists in the reversal of latency of the reservoir with LRAs followed by immune-mediated cell clearance.
“Lock in and apoptosis” is similar but relies on an enhancement of mechanisms of apoptosis for the “kill”, for instance using
Pr55699 inhibition. In contrast, “Block and Lock” aims at reinforcing and maintaining viral latency, for instance using Tat
inhibitors or siRNAs. (red cells represent HIV-1 latently infected cells).

Adapted from Thomas, J., Ruggiero, A., Paxton, W. A. & Pollakis, G. Measuring the Success of HIV-1 Cure Strategies. Front.
Cell. Infect. Microbiol. 10, 134 (2020).

Outside these paradigmatic strategies, other approaches and agents are also foreseen and
could be used, either alone or in combination (Figure 14).

Gene editing approaches consist in the use of gene editing tools such as CRISPRCas9 and
zinc-finger nucleases (ZFN) to target various host or viral genes. They mirror the strong

interest in developing in vivo gene-editing strategies in other areas of medicine38?,

A range of immune therapies have also been extensively studied, and continuous progress

are still being made. They notably comprise therapeutic vaccines, the use of broadly
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neutralizing antibodies, cell-based therapies such as chimeric antigen receptor (CAR)-T cells,

Immune checkpoint blockade, and other non-specific therapies influencing innate or

adaptive immunity, immune dysfunction and the chronic inflammatory state

Control viral

Figure 14. Approaches towards an (ultimately strerilizing) cure to HIV.
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Various strategies (“shock and kill”, “Block and Lock”) and gene- or inmune- therapy approaches aimed at reducing the size

of the reservoir, controlling viral rebound, and/or silencing the reservoir.

Adapted from Cohn, L. B., Chomont, N. & Deeks, S. G. The Biology of the HIV-1 Latent Reservoir and Implications for Cure
Strategies. Cell Host Microbe 27, 519—-530 (2020).

In the next parts we will focus in some categories of agents that could possibly be used,

either alone or in combination in HIV cure approaches.
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V.2. Overview of the various latency reversal approaches for “shock and kill”

Reversible silencing of viral expression (i.e. latency) in purified resting CD4+ T cells was
demonstrated throughout the first studies on latent HIV infection in the 1990s47/167:168 | the
late 1997, phytohemagglutinin, a mitogen and TCR agonist (still used in viral outgrowth
assays), IL-2, and anti-CD3 and anti-CD28 antibodies were used to reverse latency in resting
central memory CD4+ T cells in vitro, targeting the activation of immune signaling pathways
as a mean to induce responsiveness from the integrated provirus!®. This led to the attempt,
in 1999, to use immune signaling pathways and T cell activation in the presence of potent
antiretroviral therapy to reduce the latent reservoir in vivo. For this purpose, a clinical trial
studied the effects of an anti-CD3 antibody and IL-2 in PLWH on ART38, Unfortunately, it led
to excess global immune activation, T cell depletion and an undue increase in inflammatory
cytokines, causing severe toxicities, and the IL-2 dosage was decreased to safer levels. Viral
replication was successfully induced but did not result in a reduction of the viral reservoir384,
Although the treatment was a disastrous failure from a clinical perspective, it constituted
one of the first attempts to use agents to reverse latency and paved the way to the “shock
and kill” approach’?.

Since then, numerous mechanisms have been considered for the purposes of reversing
latency of the replication-competent proviruses, which constitutes the necessary first step of
“shock and kill” and “Lock in and apoptosis” strategies.

The latency of the provirus being closely linked to host cellular programming, most LRA
target host processes, sharing common features and similar pathways with some agents and
mechanisms used in oncology*’. The approaches to inducing Latency reversal are constantly
evolving and numerous demonstrated or potential latency reversing agents have been

studied in the past 20 years.

Many of the potential LRA that were tested proved to be efficient in inducing viral RNA or
Protein expression from latent proviruses in vitro and a few in vivo. Nonetheless, only a
minor proportion of the latent reservoir was depleted in clinical trials of LRAs thus far and
virologic remission after treatment interruption following this approach was never observed
in humans for now*”:38, Moreover, although being very diverse, many LRAs share the
commonality of presenting off-target toxicities. This represents a challenge which should

lead to the search for more HIV-specific LRA that selectively induce HIV expression from

82/164



infected cell, the attenuation of the toxicity of known LRAs and the careful examination of all

the potential effects of these agents before their use in clinical trials.4”>363

The variety of LRAs have already been extensively reviewed?46371.385387 and several
classification of these agents have been proposed according to their mechanisms of action.
In an extensive inventory of published LRA, Abner and Jordan categorized them into six
groups as follows: “histone post-translational modification modulators”, “non-histone
chromatin modulators”, “NF-kB stimulators”, “TLR agonists”, “extracellular stimulators”, and
“miscellaneous uncommon compounds” 38,

Another — not that different — categorization was suggested by Kim et al.®® and Zerbato et
al.”, with seven (possibly overlapping) classes of LRAs, that can be sorted between
transcription activating LRAs (comprising “epigenetic modifiers”, “NF-kB agonists”, “protein
Kinase C agonists”, and “activators of the PI3K/Akt pathway”), and immunomodulatory LRAs
(comprising “TLR agonists”, “TCR activators and Immune Checkpoint Blockers”, and
“cytokines”). In their recent review, Margolis et al.*” nearly consider the same classes of LRA
but sort them between “epigenetic LRAs” and “signal agonists LRAs”.

We do not propose a proper classification of LRAs but a non-exhaustive overview of some

latency reversing agents of interest (Figure 15).
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Figure 15. Overview of some latency reversing agents and their classes,
according to Kim et al.®3 and Zerbato et al.”X, Abner and Jordan33¢ and Margolis et al.4”
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Amongst the most studied LRAs are epigenetic modifiers, that target the chromatin
restrictions maintaining HIV latency (Figure 16). They notably include histone deacetylases
inhibitors (HDACis), histone methyltransferase inhibitors (HMTis), methylation inhibitors,
bromodomain and extra-terminal domain inhibitors (BETis), and histone crotonylation
inducers (ACSS2 agonist).

HIV expression is restricted by several mechanisms upholding proviral latency in resting
CD4+ T cells, including DNA methylation and histone deacetylation38>3838  Histone
deacetylases (HDACs) induce chromatin condensation and transcriptional repression, which
favors HIV latency. The effects of the histone acetylation/deacetylation equilibrium on
chromatin condensation can be altered by several drugs, some of which are borrowed to the
field of oncology, where they were developed — and some of them approved — inter alia for
the treatment of T cell lymphomas*”38, Such chromatin modulators can exert an effect on
viral gene expression by reversing epigenetic silencing while avoiding global cellular
activation.

Some HDACis are currently being (or about to be) tested in clinical trials®*’1. They notably
include vorinostat3%°, panobistat®®3°!, romidepsin®2, Valproic acid®*®3, Nicotinamide3%4, and
Chidamide3%. Some result from early clinical trials demonstrated only small increase in HIV
RNA, not a significant reduction of the reservoir size, and no delay in time to viral
rebound’*38, Their inability to induce a strong latency reversal and clear infected cells when
used alone might be linked to several reasons, including their possible inhibition of CD8+ T
cell and natural killer (NK) cell function3%¢3°8 and the persistence of chronic immune
activation and T cell exhaustion that hinder T cell-mediated clearance of infected cells. For
these reasons, HDACis seem likely to be more efficient while used in combination with other

LRAs and/or additional agents to “kill” the infected cells®3.
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Figure 16. Disruption of HIV latency by HDAC inhibitors

“The activity of HDACs suppresses HIV expression by promoting deacetylation of lysine residues on histone tails and keeping
the chromatin in a compacted state. Inhibition of HDACs by HDACi promotes histone acetylation by HATs, which leads to
chromatin relaxation and initiation of transcription. HDACs histone deacetylases, HDACi histone deacetylase inhibitors, HATs
histone acetyl transferases, LTR long terminal repeat.”

Adapted from Rasmussen, T. A. & Sggaard, O. S. Clinical Interventions in HIV Cure Research. in HIV Vaccines and Cure (eds.
Zhang, L. & Lewin, S. R.) vol. 1075 285-318 (Springer Singapore, 2018).
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Interestingly, some other epigenetic modulation mechanisms are being investigated. For
instance, it was recently shown that histone crotonylation is a regulator of HIV latency that
could be targeted for therapeutic purposes. Indeed, in a NHP model of HIV/AIDS (SIV-
infected rhesus macaques), reactivation of latent HIV was observed after an increase in the
expression of the fatty acid metabolic enzyme ACSS2 (crotonyl-CoA—producing enzyme acyl-

CoA synthetase short-chain family member 2), which induced histone lysine crotonylation3°°,

Epigenetic modulators alone did not succeed so far in inducing strong latency reversal in
vivo. Continued efforts are being undertaken to develop and investigate other agents that
could be used to reverse latency, notably through the use of cellular signaling pathways.
These agents include protein kinase C (PKC) and activators of the NF-kB pathway such as
CCRS5 agonist Maraviroc and SMAC mimetics, activators of the PI3K/AKT pathway. The use of
Toll-like receptor agonists and some cytokines such as IL-15 have also been explored, and
resulted in mixed results for latency reversal purpose so far at least when used alone. TCR
activators, such as Immune Checkpoint Blockers have recently raised an important interest,

as potent LRAs and beyond.

Protein kinase C (PKC) agonists target signaling pathways that are usually induced by
activation of the TCR. Hence, they can induce non-specific T cell activation and alter gene
expression levels. They comprise diverse compounds, like small-molecule PKC agonists
(PKCas), such as Phorbol esters and Diterpenes, Prostratin, Bryostatin-1 (BRY-1), and Ingenol
derivates such as ingenol-3-angelate (PEP005) and Ingenol- B, purified from the Euphorbia

family.

Bryostatin-1 is currently the only PKC agonist that has been tested in a clinical trial, and did
not induce latency reversal which may be related to the low concentrations
administrated®. Another clinical trial (NCT02531295) has been started to assess the latency
reversing potential of Euphorbia kansui, an ingenol-containing plant used in traditional

Chinese medicine®®! in a dose escalation study.
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Some NF-kB pathway activators also represent potential LRAs. Indeed, NF-kB likely plays a
critical role in the induction of HIV expression®®?, and several compounds can intervene in its
modulation pathways.

CCR5-antagonist Maraviroc, known to inhibit HIV entry, has been shown to induce latency
reversal in vitro. Maraviroc may activate provirus transcription through the activation of NF-
kB as a result of binding CCR5, and thus appeared as a potential LRA%%349%4 |t has been tested
in a clinical trial (NCT02475915) in 2015, in combination with Vorinostat and
hydroxychloroquine. Despite a transient increase in HIV plasmatic viral load, no reduction in
the reservoir size nor delay in time to viral rebound was observed*®. Furthermore,
conflicting data emerged from a study in the NHP rhesus macaque model where Maraviroc
was administrated with the PKC activator ingenol-3-angelate (PEP0O05): it was suggested that
Maraviroc treatment could in fact attenuate the reactivation of latently infected cells after
PEPOOS5 stimulation°®,

Another example of LRA linked to the NF-kB pathway is provided by increasingly studied
activators of the non-canonical (nc) NF-kB pathway.

The ncNF-kB pathway is activated by the second mitochondrial-derived activator of caspases
(SMAC), which inhibits the inhibitor of apoptosis proteins (IAPs). IAPs (for example, X
chromosome-linked IAP (XIAP), cellular IAP1 (clAP1), and cellular IAP2 (clAP2)) represses the
ncNF-kB pathway by constantly degrading the NF-kB-inducing kinase??”4%_ |t has been
shown in vitro that SMAC mimetics, such as AZD5582, could relieve this repression in CD4+ T
cells. SMAC mimetics thus appeared as agents that could potentially reactivate the latent
reservoir®®. Using an ART-suppressed HIV-infected humanized BLT mice model, Nixon et al.
showed that AZD5582 treatment could induce systemic HIV RNA production in vivo. They
completed their results in mice model with the use of a NHP model, in which AZD5582
induced SIV RNA expression in the plasma and lymph nodes of ART-suppressed SIV-infected
rhesus macaques. Their experiments demonstrated that HIV or SIV reactivation could be
robustly induced by SMAC mimetics, although no consistent reduction in the size of
replication-competent reservoirs were observed?®®. Nonetheless, in a recent study by Dashti
et al. that also used a NHP model to assess the efficacy of the same SMAC mimetic AZD5582
in combination with an Ab-derived DART molecule, AZD5582 apparently did not induce a
sufficient latency reversal®!®. A potential correlation between the latency reversing activity

of AZD5582 and the viral reservoir size before intervention has been hypothesized to explain
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this disappointing latency reversal in the last study, but this also highlights the fact that the
ability of SMAC mimetics to reproducibly revert latency in vivo has to be better characterized

and further investigated.

Toll-like receptors (TLRs) and their therapeutic stimulation may also be targeted as
mechanisms to revert HIV latency. TLRs are pathogen recognition receptors that recognize a
multitude of molecules present in virus, bacteria, fungi or protozoa. Various agonists of the
TLRs have been studied in vitro and in vivo as possible LRAs. Outside this potential use, they
can also present other potential benefits for immunotherapies, as TLRs can promote and
augment antiviral responses, promote dendritic cell maturation and antigen presentation,
activate natural killer cells, and enhance immune responses*'¥™#13, The ability of several

agonists of TLR2, TLR3, TLR7, and TLR9 to reverse HIV latency have been explored.

Notably, agonists of TLR7 have led to interesting results while tested (alone or in
combination with other immunotherapies) in NHP models. In 2016 Borducchi et al. observed
that TLR7 agonist GS-986, in combination with therapeutic vaccination, could led to
improved virologic control, increased SIV-specific immune responses, and delayed viral
rebound following ART discontinuation in SIV-infected rhesus macaques that began ART

during acute infection**

. In 2018, they also observed a delayed viral rebound in SHIV-
infected macaques after administration of TLR7 agonist GS-9620 (vesatolimod) alone or in
combination with an Env-specific broadly neutralizing antibody (bnAb) PGT1214>416, (for
bNabs, see also chapter V.4). In the group of macaques that received both GS-9620 and the
bnAb PGT121, for 5 out of 11 animals, the virus did not even rebound after ART interruption.
In these two studies, it is possible that the interesting effects of the two TLR7 agonists GS-
986 and GS-9620 (vesatolimod) were not — or not only — imputable to a latency revering
effect, as transient increases in plasma virus were not clearly observed, and other beneficial
properties, such as immune enhancement and NK cell activation also possibly came into
play’415. A third study by Lim et al. studied the ability of GS-986 and GS-9620 to induce

transient viremia in SIV-infected rhesus macaques. Plasma viremia was successfully induced

and their results were consistent with a reduction of the viral reservoir, in addition to the
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activation of multiple innate and adaptive immune cell populations*!’. Phase 1 clinical trials
(NCT02858401 and NCT03060447) have been undertaken to study the effects of
Vesatolimod alone and in combination with other agents.

Other TLR agonists have been tested with mixed results in preclinical studies and clinical
trials, such as TLR9 agonists*8, In particular Lefitolimod (MGN1703) was studied in a single
arm study NCT02443935, and did not result in a clear latency reversal, nor detectable
changes in the size of the latent HIV-1 reservoir. Nonetheless, it interestingly increased the
activation of plasmocytoid dendritic cells, enhanced the activation of cytotoxic NK cells and
effector CD8+ T cells, upregulated the levels of cytokines and increased the levels of IFN-a2

leading to a significant upregulation of numerous interferon-stimulated genes.

Cytokines have also been studied as potential immunomodulatory LRA, notably IL-2, IL-7 and
IL-15, but generally led to disappointing or mixed results in terms of latency reversal®’’1, |L-
15 and IL-15 superagonists have increasingly raised interests over the past few years. Initially
considered for their latency reversing potential, which is still debated, they might provide
other benefits as immune therapies, thanks to their immunomodulatory properties and
potential abilities to augment the antiviral immune response and improve clearance of
persistent infection. Different studies of IL-15 superagonist N-803 have been recently
conducted in NHP models. Webb et al. did not observe any evidence of any latency reversal
from N-803 subcutaneous administration in SHIV-infected macaques, although disclosing
other very interesting effects of this IL-15 superagonist*’®. Congruently with this work,
another study on N-803 in SIV-infected ART-treated macaques also suggested that this IL-15
superagonist is not sufficient to exert an in vivo LRA effect when used alone*?%42!, They
suggested that CD8+ T cells could play a substantial role in suppressing the latency-reversal
effect of N-803 by promoting the maintenance of viral latency, and the same team
subsequently demonstrated that the combination of CD8pB depletion and N-803 could induce

virus reactivation in SHIV-infected ART-treated rhesus macaques*?2.

Lastly, agents that blocks immune checkpoints have been increasingly studied, following
parallel advances in cancer research*?®. Emerging data indicate that these immune
checkpoint blockers (ICB) could be exploited to reverse latency, by promoting cell cycling

and increasing viral transcription. For instance, antibodies against PD-1 and CTLA-4 may be

90/164



able to enhance latency reversal*?*4%>, |t was recently reported that the CTLA-4 and PD-1
combined blockade could induce SIV reactivation in SlV-infected long-term ART-treated
rhesus macaques, although no delay in viral rebound was observed after ART interruption?2®,
Further investigation of ICB is needed, all the more as they could present other benefits for

therapeutic approaches.

The great variety of potential LRAs that emerged in the last years and the encouraging data
from studies in animal models still make “Shock and Kill” one of the most promising
approach for curing HIV. However, LRAs in “Shock and Kill” strategies are generally unable to
manage chronic immune activation, immune exhaustion, and undue inflammatory state, and
can even worsen those by activating immune cells and triggering the production of cytokines
and other pro-inflammatory compounds. Each LRA comes with potential toxicities, all the
more so as the structure of the genome and cell circle mechanisms are involved, and these
need to be assessed (including long-term effects), reduced, and managed. Some potential
LRAs that displayed only modest or haphazard effects in vivo would be interesting to study in
combination with others. Furthermore, it is unlikely that use of LRAs alone will enable a
significant elimination of infected-cells, as initially envisioned in “shock and kill”’%73, and
additional intervention is likely to be needed for the “kill”, whether complementing or

potentiating the clearance by the immune system®3.

V.3. Transcriptional silencing for “block and lock”

In contrast to “shock and kill” approaches, where the provirus shall be induced, “Block and
Lock” has been more recently proposed as an opposite strategy in which the provirus would

be permanently silenced, and maintained in an inactivate state in the absence of ART”>~"7,

The achievability of such an approach is supported by several observation, as precedents
exists for deep and irreversible latency of retroviruses®’. Indeed, a substantial proportion of
the human genome is constituted of human endogenous retroviruses (HERVs). The ancient
DNA of these retroviruses integrated our genome and was permanently silenced throughout
evolution. Except under exceptional circumstances, it is never transcribed and is silenced

427

through epigenetic mechanisms such as DNA methylation**’. Interestingly, recent studies
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suggest that HIV is subjected to similar regulation mechanisms as HERVs, leading to
selection of less expressed intact proviruses with features of deeper viral latency during
prolonged antiretroviral therapy*?®. Agents and strategies that can bolster these

mechanisms could therefore be of the utmost interest for therapeutic purposes.

The viral Tat protein is necessary to the trans-activation of integrated HIV DNA transcription
by recruiting P-TEFb as well as other processivity factors that constitute the super elongation
complex (SEC). The kinase activity of P-TEFb is required for switching to processive
elongation. The RNA Pol Il complex remains paused in absence of sufficient amount of the
Tat protein®’. Hence, agents that inhibit Tat appeared as some of the first latency-promoting
agents (LPAs) to study’. Didehydro-cortistatin A (dCA), a Tat inhibitor, was studied in a
humanized BLT mouse model, and some modest effects could be observed. The activation of
the reservoir seemed to be reduced after its administration, since there was a decrease in
mMRNA in tissues. Viral rebound was delayed upon treatment interruption and their levels

were reduced in dCA-treated mice’®.

Multiple mechanisms and molecules have been proposed as potential latency promoting
agents, such as small interfering RNAs (siRNAs) that could disrupt chromatin structure
regulation and maintain the epigenetic mechanisms enforcing latency’’; but also other
molecules that inhibit diverse transcription factors such as P-TEFb complex, mTOR
complex*?°430 HSPI90 inhibitors suppressing the HSP90-NF-kB-axis**!, NFAT (CsA), and
Transcription Factor Il H (TFIIH), as well as other drugs like complex-targeting curaxin
CBL0100%*%?, levosimendan“33, and spironolactone*3* (Figure 17). Some of these molecules
have already been studied for therapeutic purposes in other areas of medicine and could be

advantageously repurposed as LPAs*3>43¢,

In particular, the mammalian target of Rapamycin (mTOR) has been shown to be related to
the control of HIV Latency*?**3°, mTOR complex inhibitors (such as Rapamycin) lead to Tat
protein degradation through autophagy, and were therefore identified as promising
candidates for block and lock strategies*3%43’, amongst other possible beneficial uses in HIV
cure strategies such as immunomodulatory effects and control of cytokine-associated

toxicity*38,

Other potential LPAs of interest are Jak-STAT inhibitors such as Tofacitinib and

Ruxolitinib®386439,440 " Downregulation of the Jak-STAT pathway with extracellular JAK-

92/164



inhibitors can lower the STAT5-dependent transcription38. These compounds are considered
to be clinically well tolerated and present other potentially beneficial features, as their
ability to hinder pro-inflammatory signaling and to inhibit HIV reservoir seeding®4. Jak-STAT

inhibitors could be beneficial to cope with chronic inflammation or immune dysfunction in

ART-treated PLWH?°.

The strengths of “block and lock” approach over the “shock and kill” strategies include the
likelihood that agents used as LPAs will display less adverse effects than LRAs in the clinic
and the unlikely ability of “shock and kill” to completely eradicate the provirus from all the
reservoirs. In addition, some LPAs, including those involved in jak-STAT, mTOR-, PKC- or
HSP90- NF-kB pathways, might have immunomodulatory properties that could beneficially
enable to diminish undue inflammation but would have to be monitored and carefully

evaluated to avoid worsening preexisting immunocompromization or causing deleterious

effect to the immune system.
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Figure 17. Potential pathways and mechanisms to target with Latency Promoting Agents (LPAs) for “block and lock”
therapy.

Potential LPAs include agents that inhibit eiter the HIV Tat protein or cell signals involved in mTOR, jak-STAT, or HSP90-NF-
kB pathways. Dashed arrows represent inhibited pathways. mTOR, Mammalian target of rapamycin; PKC, Protein kinase C;
HSP90, Heat-shock protein 90; HSF1, Heat-shock factor 1; NF-kB, Nuclear factor kappa-light-chain-enhancer of activated B

cells; FACT, Facilitates chromatin transcription; LTR, Long terminal repeat; Nuc, nucleosome; Tat, trans-activator of
transcription.

Adapted from Abner, E. & Jordan, A. HIV “shock and kill” therapy: In need of revision. Antiviral Res. 166, 19-34 (2019).
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V.4.Immunotherapies to elicit and strengthen potent immune responses

Antibodies have been the subjects of longstanding interests in HIV cure (and vaccine)
research, and often played a major role in the most successful immunotherapeutic studies.
Antiviral humoral responses usually generate two types of antibodies: antibodies that bind
to the envelope and block infection (neutralizing antibodies) and antibodies that bind to viral
proteins but do not impede viral infection (non-neutralizing antibodies)*’. Both neutralizeing
and non-neutralizing antibodies can contribute with distinct efficacies to eliminate infected
cells expressing viral proteins through have antibody-dependent cellular cytotoxicity (ADCC).
HIV is capable to rapidly escape recognition by antibodies. However, some antibodies are
able to neutralize multiple viral strains and were termed Broadly neutralizing antibodies
(bNAbs)*#1442 These antibodies arise late (often after only 2 years of infection) and only in

very few individuals.

These bNabs can be administered passively and when used in combination have a potent
durable antiviral effect if maintained to sufficiently high levels#641>443-446 |n addition to their
neutralizing mechanism, bNAbs could stimulate ADCC and other Fc-receptor dependent
cytotoxic effects. They could also enhance potent HIV-specific immune responses. Indeed,
Niessl et al. demonstrated that passive administration of the bNabs 3BNC117 and 10-1074
was associated with enhanced HIV-1-specific T cell responses %4, However, bNAbs are
unable to clear latently infected-cells. It has been suggested, that antigen-presenting DCs
that express activating Fc receptors could bind to immune complexes and efficiently process
antigens for presentation and cross-presentation to CD4+ and CD8+ T cells, sustaining a T

cell effect similar to a “vaccinal effect”46:444,

Three complementary studies studied the effects of two bNabs (3BNC117 and 10-1074).
Using a NHP model with SHIV-infected macaques, Nishimura et al. first showed that early
administration of these two bNAbs could reduce the levels of persistent viremia, establish T-
cell immunity and result in long-term infection control*#*. The combination of these two
bNAbs was subsequently studied in a phase 1b clinical trial (NCT02825797), and Mendoza et
al. reported that in these PLWH, the administration of 3BNC117 and 10-1074 immediately
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after interruption of ART could maintain long-term viral suppression in the absence of ART in

individuals with antibody-sensitive viral reservoirs*#..

Targeted engineering of new antibodies (or antibody-based molecules) allows to improve
the pharmacokinetics, potentiate the effector functions (for example with modifications of
the antibodies Fc portion), and design new multi-specific antibodies which bind to two or
three sites on the viral envelope*”4#, which could enable to enhance the possible vaccinal-
effect of antibodies and eliminate HIV-infected cells*®*3>20/12/2020 16:53:00. Such
engineered trispecific bNAb successfully conferred potent immunity in a SHIV-infected

macaque model*¥,

Antibodies targeting cellular epitopes of target cells might also been used in multiple
possible therapeutic pathways. The monoclonal antibody-mediated blockade of the host-
expressed a4B7 integrin have raised some interests over its ability to enhance virologic
control in NHP models*9%0, Indeed, anti-a4B7 could lead to lymphocytes redistribution
throughout the body in NHPs#1, could alter the activation potential of a4B7-expressing cells,
and interfere with virus binding to this integrin on target CD4 T cells**2, which together may
account for antiviral effects. The data obtained for now are nonetheless conflicting in NHP

models#°0.

Therapeutic vaccination approaches could induce strong HIV-1 specific responses, might
consequently be harnessed for functional cure strategies, and may prove to be helpful either
in “shock and kill” strategy, or in “block and lock”. In most individuals (except PTCs), immune
responses are not sufficient to achieve an ART-free HIV remission, and the way to induce
such potent immune responses in PLWH remain an unsolved challenge. Used in “shock and
kill” approaches, therapeutic vaccines could help to boost the immune system to achieve
immune-mediated clearance of reactivated infected cells as soon as they become visible to
the immune system. In “block and lock” approaches, therapeutic vaccines could lead to a

silencing of the remaining reservoir and an immune control of the infection®35943>453,454

Traditional therapeutic vaccine approaches are generally aimed at potentiating adaptive
immune responses and/or redirecting HIV-1-specific CD8+ T cells. They benefited from

recent innovations, notably in delivery modalities, adjuvants, and immunogen design and, an
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can be based on a variety of modalities including live-attenuated viral vectors, DNA and RNA
vaccines, as well as ex vivo loading of dendritic cell and adoptive T cell therapy*>. Most of
these vaccines target conserved regions of HIV#®.Less conventional therapeutic vaccine
approaches include chimeric or biological approaches that harness non-HIV-1-specific CD8+

T cells to kill infected cells*-°3.

In the 2000s, it was demonstrated that T cell vaccines delivering SIV proteins could induce
cellular immune responses, reduce plasma viral loads, and preserve memory CD4 T cell
counts in vivo in SIV-NHP models*7=%>9, In a recent study by Nakamura et al., SIV-infected
ART-treated rhesus macaques were vaccinated with Sendai virus vectors expressing SIV Gag
and Vif. Gag/Vif-specific CD8+ T-cell responses were induced and became predominant.
Viral rebound eventually occurred after ART cessation, but these results suggested that Gag-
specific CD8+ T- cell induction by therapeutic vaccination could augment anti-virus efficacy
of CD8+ cells. If such therapeutic vaccination strategy alone would probably not lead to a
functional cure, it may contribute to more durable viral control under ART or in combination

with other strategies?®t°.

In another therapeutic vaccine study in the NHP model, Hansen et al. studied the effects of a
SIV protein-expressing rhesus cytomegalovirus (RhCMV/SIV) vector3>>3°6358 They observed
that RhCMV/SIV vector-elicited immune responses could control SIVmac239 infection
followed by progressive decrease of the viral reservoir and it is likely that the infection was
eventually eliminated in some of these animals3°®. They subsequently showed that this
replication-deficient CMV vector with SIV inserts could elicit and exacerbate an

unconventional MHC-E-restricted CD8+ T cell response of unprecedented breadth3>8,

As we already mentioned in the paragraph concerning the use of TLR7 as LRA, Borducchi et
al. observed improved virologic control, increased SIV-specific immune responses, and
delayed viral rebound following ART discontinuation in SIV-infected rhesus macaques that
began ART during acute infection and received a combination of TLR7agonist and Ad26/MVA
therapeutic vaccination*4. Therapeutic vaccination was performed with a recombinant
adenovirus serotype 26 (Ad26) prime and a modified vaccinia Ankara (MVA) boost. A
therapeutic vaccine involving Ad26 and MVA was recently studied in a clinical trial
(NCT02919306). A heterologous vaccine regimen of trivalent Ad26 and MVA that express

two multivalent mosaic immunogens from the HIV proteins Gag, Pol and Env was
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administrated to PLWH, and generated robust immune responses. However, after ART
interruption, the vaccine delayed time to viral rebound by only several days compared to
that in placebo recipients, which was statistically non-significant®?. Still, these results are
encouraging for therapeutic vaccines and combination strategies, and, as highlighted by
Mothe et Brander, we can wonder whether the lack of control of the virus may be related to
to still-insufficient stimulation of immune responses, inadequate response profiles, lack of
reservoir mobilization, limited coverage of autologous viruses or the expansion of T cell and

B cell responses to irrelevant targets in the virus>.

Other Immune therapies, including CAR-T cell therapy and the use of immune checkpoint

blockers, will be developed in the chapter VI.

V.5. Gene editing

In vivo gene-editing strategies raise strong interests for therapeutic use in other areas of
medicine3®, and although most are is in their early stages, they could be beneficial in the

field of HIV.

The rise of editing tools such as CRISPRCas9 and zinc-finger nucleases (ZFN) might lead to
interventions targeting various host or viral genes. Among other potential uses, these could
ultimately allow for the induction of host resistance, or the silencing of integrated provirus
and enforcement of viral latency (as part of “block and lock” strategy)°3. Gene editing tools
can be highly specific, by targeting a given gene, which could prevent some global
physiological impact. Safety concerns are nonetheless raised since adverse effects have been

observed in several studies*®2.

Several studies focused on the use of CRISPR-Cas9 in CCR5 or CXCR4 gene editing to induce
host cell resistance to HIV-14634%4 However, this approach presents safety limitations, as
even though individuals who are naturally homozygous for the CCR5A32 generally do well, it
remains unknown whether such gene modification would be totally harmless. Besides, the
use of gene editing tools to directly generate modification in human genome raise some

bioethical issues.

On another note, gene editing tools could be used to directly target the provirus. In
humanized mice model, CRISPR-Cas9 editing of proviral DNA in combination with sequential

long-acting slow-effective release antiviral therapy (LASER-ART) delivery system, eliminated
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HIV-1465, However, translating such an approach in human would face some difficulties. It
would require to reach virtually all proviruses, which imply delivering gene editing tools all
across the reservoir sites. Such delivery requires viral vectors or lipid compounds and their
ability to attain every sanctuary sites and successfully be expressed wherever would

constitute a major challenge>3382466,

Since most strategies involving gene editing tools are still at an early stage and major
challenges and safety concerns need to be addressed, we do no further develop gene editing

strategies. Several of these approaches have been reviewed elsewhere?’0:466-468,
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VI. Novel, unconventional or less explored concepts

VI.1. Using novel immune therapies to reduce the reservoir and control viral

rebound

Following the advances and rapid expands in the field of cancer immunotherapy, and its
numerous ongoing clinical trials, new immunotherapies are being in the field of HIV for novel
investigations. These immunotherapies notably include chimeric antigen receptor (CAR)-T

cell therapy (among other advances in cellular immunotherapy) and immune checkpoint

inhibito rs91—93,423,469—471

CAR-T cells emerged in oncology, mainly as innovative tools for therapies targeting CD19+
hematologic malignancies. Chimeric antigen receptors (CAR) are hybrid antigen receptors
with an extracellular antigen binding domain that are linked to intracellular T cell activation
domains, often constituted by the CD3 zeta chain®’®. CAR-T cells are genetically engineered
autologous or allogeneic T cells that express an antigen-specific CAR, generally targeting
tumor-associated or virus-associated antigen expressed on the neoplastic or infected cell
surface. CARs can also be "equipped" with co-stimulatory domains, enabling the activation
and function of CAR-T cells, as well as cytokine production, and the proliferation of these
cells.®. Most CAR-T cells work to some extent in similar ways to bNabs and might lead to

reservoir reduction in PLWH during ART or virus-control post-ART.

In a series of pre-clinical works, Herzig et al. studied an adaptable CAR-T cell platform based
engineered to bind a variety of broadly neutralizing anti-HIV antibodies. They used a mutant
NKG2D receptor that was formatted as a CAR for expression on CD8 T cells. NKG2Dis a
receptor expressed on CTL and NK cells that can bind to ligands from the MIC/ULBP family,
expressed on stressed cells. They demonstrated that the CAR-T cell could effectively kill HIV-
infected primary cells and reduce the inducible reservoir in blood of HIV+ individuals ex vivo
by 50%—60%. However, as also often observed in studies assessing bNabs, the efficacy of this
CAR-T cell was largely dependent of the levels of envelope expression by the targeted

cells#2,

In another work, Rust. Et al studied the effects of a virus-specific CD4-based CAR-T cells in

SHIV-infected, ART-suppressed rhesus macaques*’3. The macaques were also infused with a
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boost of cell-associated HIV-1 envelope (Env). They observed a significant and
unprecedented expansion of virus-specific CAR+ T-cells, as well as a significant delay in viral
rebounds compared to controls following ART interruption. This constitutes a noteworthy
proof-of-concept that CAR-T cells could represent key stakeholders in combination therapies

for HIV.

A re-engineered CD4-based CAR inspired by successful cancer targeting CARs was shown to
confer promising antiviral activity*’4. This CAR is being tested in a phase 1 clinical trial
(NCT03617198) to assess the potential CAR-T cell activity against HIV and to figure out
whether it could provide some control of HIV replication or reduction of the viral

reservoir?%475-477,

Like bNAbs, CAR-T cells present the limitation that their epitope expression at the surface of
infected cells is required, and the efficacy of CAR-T-cell-based therapies will likely be
dependent of such levels of antigen expression, which would thus involve a prior effective
latency reversal of the reservoir. Moreover, viral escape mutations could occur, and the
ability of CAR-T cell to traffic to Immune-Privileged Sites to reach HIV-infected cells, and to

efficiently clear those cells could constitute significant challenges®”%2.

At a crossroads with oncology, immune checkpoint blockade is being increasingly considered
for novel therapeutic approaches in infectious diseases*%3.

Immune checkpoint molecules are cell surface receptors expressed on immune cells that
regulate immune responses. Immune checkpoint proteins can either provide co-stimulatory
signals that enhance immune activation, or co-inhibitory signals that negatively regulate the
function of immune cells, which has a significant role in the resolution of immune responses
and maintenance of self-tolerance®*.

In the particular case of HIV infection, immune checkpoint proteins have been studied as
soon as the 2000s, in relation to T cell function, natural history, and complications of HIV
infection. The expression of multiple inhibitory immune checkpoint proteins, including PD1,
CTLA4, TIM3 and LAG3 have been shown to be upregulated on both CD4+ and CD8+ T cells in
absence of ART, and are also enriched (although to a lower extent) on the surface of HIV-
infected CD4+ T cells in ART-treated PLWH®54423478-480 Thege upregulated inhibitory immune

checkpoints are associated with immune dysfunction and T cell exhaustion, including loss of

100/164



effector functions and failure to proliferate in response to antigen*’8-481,

On the basis of these observations and therapeutic attempts in the cancer field, the
targeting of immune checkpoint proteins and their blockade has been more and more
considered for therapeutic purposes. As previously introduced in the part concerning LRAs
(part V.2.3.), blockade of immune checkpoints has been suggested as a new potent mean to
reverse latency. The administration of immune checkpoint blockers (ICB), can indeed
promote cell cycling and favor the expression of transcription factors, thus increasing viral
transcription and potentially leading to latency reversal. In addition, immune checkpoint
blockers could partially reverse HIV-associated immune dysfunction, enhance immune
effector functions and HIV-specific CD4+ and CD8+ T cell responses in blood and tissues, and
could eventually lead to the depletion of infected cells through Fc receptor activation or
enhanced T cell killing, especially when used concomittantly with antibodies that activates

Fc rece ptO rs71,423,482,483

Cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) is a homolog of the co-stimulatory
CD28 molecule. Both costimulatory CD28 and coinhibitory CTLA4 are expressed by activated
T cells, and CTLA-4 competes CD28 for CD80 and CD86 (also termed B7) receptor binding,
negatively regulating T-cell activation®4423, High levels of CTLA4 are often expressed in CD4+
T cells in which HIV preferentially persists*®448 | HIV also often persists in PD-1+ CD4+ T cells

(as mentioned in chapter 111.1).

Programmed cell death protein 1 (PD-1) is another major coinhibitory immune checkpoint
molecule that induces tolerance and downmodulates antigen-specific immunity while
binding to its two ligands PD-L1 and PD-L2%4%23, Mylvaganam et al. studied the effects of an
anti PD-1 antibody in combination with ART in SIV-infected macaques and observed
decreased levels of cell-associated replication-competent virus, as well as beneficial effects
in Th17 cell reconstitution in the rectal mucosa, expansion of proliferating CXCR5+ effector
CD8+ T, enhanced T cell responses, better control of viremia and reduction of the viral
reservoir size*®®, This was congruent with an earlier study by Velu et al. which suggested that
administration of an anti PD-1 antibody in SIV-infected macaques could enhance
proliferation of memory B cells, increase in SIV envelope-specific antibodies and lead to

significant reductions in plasma viral load*®’.
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Studies in NHP models suggested that multiple checkpoint blockade would be necessary to
target the largest subset of memory CD4+ T cells harboring replication competent provirus
as possible, including both CTLA-4* and PD1* CD4* T cells??%4?¢, Indeed, In the NHP model
earlier mentioned (in part V.2.3.), Harper et al. demonstrated that the dual blockade of
CTLA-4 and PD-1 could induce robust latency reversal, enhance T cell proliferation, and
reduce the total levels of integrated virus. Rhesus macaques receiving combined CTLA-4/PD-
1 blockade showed a greater number of reactivated viral lineages compared to anti-PD-1
monotherapy. Immune checkpoint blockade were nevertheless insufficient to achieve a
strong reduction of the reservoir and a viral control, indicating that combination with other

therapeutic strategies could be required?®.

Several anti-PD-1 agents are currently being tested in ongoing phase 1 and 2 clinical trials in
PLWH, including Pembrolizumab (NCT03239899, NCT03367754, NCT02595866), Nivolumab
(NCT03304093, NCT03316274) and Cemiplimab (NCT03787095). It is also the case of anti-
CTLA-4 Ipilimumab (NCT03407105) as well as a combination of Nivolumab and Ipilimumab
(NCT02408861).

After their development for the cancer field, some of these checkpoint inhibitors (including
pembrolizumab, nivolumab, and ipilimumab) have already been approved by the US Food
and Drug Administration (FDA)*®8, making conceivable to repurpose these molecules for the

HIV field.

Other immune checkpoint molecules that have been less studied thus far in the context of
HIV infection, could also potentially be targeted in HIV cure strategies (Figure 18). These
include TIGIT (T-cell immunoreceptor with Ig and ITIM domains), LAG3 (lymphocyte-
activation gene 3), Tim-3 (T-cell immunoglobulin and mucin domain containing-3) CD160,
CD244/2B4, BTLA (B- and T-lymphocyte attenuator, also termed CD272), and the
costimulatory immune checkpoint GITR (glucocorticoid-induced tumor necrosis factor

rece ptO r)64,423,489—491.
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Figure 18. immune checkpoint receptors and their interactions with antigen-presenting cells.

Interactions between Immune checkpoint molecules and their ligands are represented between a T cell (green) and an
antigen presenting cell (pink). Their potential inhibitors (or agonists) are represented in blue (or yellow) boxes, although not
all of these have been detailed in our synthesis. Co-inhibitory checkpoint molecules such as PD-1, CTLA-4, TIGIT, Tim-3, LAG3,
BTLA-4, CD160, and 2B4 are upregulated on T cells during HIV infection and negatively reqgulate T-cell proliferation and
effector function when bound to their cognate ligands. In contrast, the co-stimulatory molecules CD28, CD226, and GITR
enhance T-cell activation when ligated in conjunction with TCR-mediated stimulation.

Adapted from Henderson, L. J., Reoma, L. B., Kovacs, J. A. & Nath, A. Advances toward Curing HIV-1 Infection in Tissue
Reservairs. J. Virol. 94, e00375-19, (2019).

VI.2. Targeting metabolic and cell-death pathways

In the recent years, the study of the relations between immunometabolism and HIV
infection have raised as an emerging field of interest, potentially offering new opportunities

for cure strategies’®8%,

The susceptibility of CD4+ T cells to HIV infections differs between naive and more
differentiated subsets, and depends on various factors. The metabolic activity of the cells
was recently found to be associated with differences in HIV-1 susceptibility, independently
of their differentiation and activation phenotype. Indeed, CD4+ T cells with high oxidative
phosphorylation and glycolysis were selectively infected by HIV-1, suggesting that HIV
preferentially infects cells which display high metabolic activity?®.

As also described for other pathogens, HIV induces modifications in the metabolism of
infected cells to redirect their resources for its structural and functional requirements and
biogenesis’®. Such metabolic dysregulations influence immune cell responses and cell
survival. In order to provide immune response to infection, uninfected immune cells must
also divert energy resources and adopt specific metabolic programs, including metabolic

shifts in relation with the activation of specific cell functions’. It has been suggested that
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such metabolic reprogramming and HIV-induced changes in immune cell metabolism and
redox state might also contribute to CD4+ T cell depletion, chronic immune activation, and

Immunosenescence.’879:81,203

In adult PLWH, a correlation was observed between high glucose metabolic activities and
CD4+ T cell depletion, and enhanced glycolytic activity in CD4+ T cells was shown to be
associated with T cell activation’®4°24%3, Besides, in PLWH, activated monocytes display
increased cell surface expression of Glucose Transporter 1 (Glutl) and increased aerobic
glycolysis, which is accompanied by elevated glucose uptake and enhanced lactate
production. In monocytes, such high glycolytic metabolism is required to produce pro-
inflammatory cytokines, including TNF and IL-6 79492, Upregulation of glycolytic metabolic
pathways may dysregulate mitochondrial biogenesis, and result in oxidative stress, causing
loss of immune functions’®. On another note, fatty acid metabolism was also suggested to

play an important role in the late steps of viral replication.

By taking advantage of this novel knowledge, the inhibition of metabolic activity was
recently tested to specificially target HIV-1-infected CD4+ T cells (Figure 19). A “starve”
approach has been proposed by Palmer et al. and consists in identifying high-priority
metabolic activity of reservoir cells and related metabolic needs that are essential for viral
infectivity, then creating deficiencies in those needs to limit homeostatic proliferation and
eventually cause the death of infected cells’®4%>4%, For instance, 6-diazo-5-oxo-I-norleucine
(DON), a glutamine antagonist and 2-deoxy glucose (2-DG), a competitive inhibitor of
glycolysis, were shown to reduce HIV-1 infection of CD4+ T cells and block the early steps of
its replication, with minimal cell toxicity and low cell death induction in vitro®. UK5099, a
molecule that inhibits the transport of the glycolysis end product pyruvate to the
mitochondria also blocked HIV infection, suggesting the importance of glucose oxidation for
HIV-1 infection. 2-DG was additionally able to eliminate infected CD4+ T cells and to block

HIV-1 amplification.
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Figure 19. inhibition of metabolic to block HIV-1 replication

Molecules that inhibit metabolic pathways, such as 6-diazo-5-oxo-I-norleucine (DON), a glutamine antagonist; 2-deoxy
glucose (2-DG) a competitive inhibitor of glycolysis , and UK5099, a molecule that inhibits the transport of pyruvate to the
mitochondria are able to block the early steps of HIV infection in vitro. 2-DG is also able to eliminate recently infected CD4+
T cells and to block HIV-1 amplification.

Adapted from Valle-Casuso, J. C. et al. Cellular Metabolism Is a Major Determinant of HIV-1 Reservoir Seeding in CD4+ T
Cells and Offers an Opportunity to Tackle Infection. Cell Metab. 29, 611-626.e5 (2019).

Rapamycin, which targets the (mTOR) pathway, not only raised interests for block and lock
strategies*3%43’ (as introduced in part V.3.) but is also an important regulator of glucose
metabolism and cell growth, energy balance, and exerts effects on immunomodulation and
cytokine production’®*3 (Figure 20). mTOR pathway inhibitors may thus both have
favorable immunomodulatory effects and enhance antiviral responses’®. Among other mTOR
inhibitors that can exert effects on the metabolism is Metformin, an anti-hyperglycemic drug
widely used in the diabetes field, that inhibits mTOR signalling independently of the Insulin-
signaling pathway. Metformin has been shown to modulate T cell glycolysis by inhibiting
mMTOR. Improved CD4+ T cell counts were observed in diabetic PLWH initiating ART and
receiving Metformin®®74%, The effects of Metformin have also been studied in non-diabetic
ART-treated individuals in a single-arm pilot study (NCT02659306), but no results are yet

available®s,

Another molecule that could possibly be used in a “Starve” approach is hydroxyurea.
Hydroxyurea is an inhibitor of ribonucleotide reductase that inhibits HIV reverse
transcriptase by decreasing deoxynucleoside triphosphate (ANTP) pools*®°. Hydroxyurea has

been extensively used in medical practice, mainly for the treatment of leukemia, sickle-cell
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anemia and other diseases, because its mechanism targets preferentially highly proliferative
cells. Although seemingly a bit forgotten today, hydroxyurea has also been used in the HIV
field, mainly in the early 2000s during structured treatment interruptions and indicated that
it could lower the rate of viral rebound in PLWH interrupting ART#%°->92, A possible role of
hydroxyurea (HU) in reducing the viral reservoir has thus been suggested>°%°%2, This well-
known molecule thus appears as an interesting candidate to revise and assess in

combination with other approaches for a functional cure.

In contrast to the “starve” approach, an opposite strategy (more similar to “shock and kill”
and LRAs) could be conceptualized by the use of metabolic modulators to stimulate viral
replication in reservoir cells, rendering those cells “unmasked” for the immune system which
would turn able to “Purge out” the reservoir. The metabolic programming of immune cells
could also be targeted to “redirect” or “boost” the immune response, enhancing their
efficiency for functional cures strategies. All these perspectives highlight the need for further
investigation concerning the complex questions of how metabolic remodeling of immune
cells impacts the course of HIV infection, and how metabolic pathways could be harnessed in

curative approaches’8:,
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Figure 20. mTOR metabolic pathway and its potential inhibition in an infected CD4+ TCell (A) and in an activated
macrophage (B)

HV-infected CD4+ T cells reprogram glucose metabolism toward glycolysis, which is marked by increased cell surface Glutl
and mTOR activation. (A) mTOR regulates HIV transcription, leading to viral reactivation and replication. Glycolysis
regulated by mTOR provides precursors for DNA and cell wall synthesis which support homeostatic proliferation of infected
CD4+ T cells. (B) Glutl cell surface expression and glycolytic metabolism is also regulated by mTOR pathway in activated
monocyte/macrophage. A metabolic shift toward glycolysis supports pro-inflammatory cytokine production
monocytes/macrophages. Glutl, glucose transporter 1; mTOR, mechanistic target of rapamycin.

Adapted from Palmer, C. S., Palchaudhuri, R., Albargy, H., Abdel-Mohsen, M. & Crowe, S. M. Exploiting immune cell
metabolic machinery for functional HIV cure and the prevention of inflammaging. F1000Research 7, 125 (2018).
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VI.2.2. Harnessing cell-death pathways to clear infected cells

After numerous studies of “shock-and-kill” strategies, it appears very unlikely that latency
reversal alone could lead to eradication of the infected cells. Additional intervention for the
“kill” is thus required®¥’2. Hence it was proposed to foster apoptosis with “Lock in and

381 and various means could be used for this purpose. Diverse

apoptosis” strategy
compounds that elicit cell-death pathways have been developed for the cancer field, and
some of these could be used to induce apoptosis of HIV-infected cells (Figure 21). Such
compounds have been extensively reviewed by Kim et al.®3 and we provide here a quick

overview of their main classes.
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Figure 21. Apoptosis pathways and they modulation using compounds favoring cell-death pathways.
Diverse compounds that elicit cell-death pathways (in light blue) could be used to induce apoptosis of HIV-infected cells
Compounds (in light blue). PI3K inhibitors block the conversion of PIP2 to PIP3, decreasing active Akt within a cell to stop Akt
from inhibiting apoptosis. Akt inhibitors directly decrease active Akt to prevent Akt from inhibiting apoptosis to ultimately
induce apoptosis. Bcl-2 inhibitors such as Venetoclax inhibit anti-apoptotic Bcl-2 to sensitize the cells toward apoptosis.
Smac mimetics competitively bind inhibitors of apoptosis proteins like X-linked inhibitor of apoptosis (XIAP) to promote
apoptosis. RIG-I detects viral RNA and activates pro-apoptotic Bak/Bax proteins, leading to apoptosis. In addition to viral
RNA, RIG-I inducer compounds like the RA derivative acitretin can also trigger apoptosis.

Adapted from Kim, Y., Anderson, J. L. & Lewin, S. R. Getting the “Kill” into “Shock and Kill”: Strategies to Eliminate Latent
HIV. Cell Host Microbe 23, 14-26 (2018).
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(i) Bcl-2 antagonists

Bcl-2 is a pro-survival protein that regulates apoptosis®®. HIV protease generates a pro-
apoptotic fragment, Casp8p41, which is sequestrated by Bcl-2. Bcl-2 antagonists, such as
Venetoclax and Navitoclax, can Inhibit Bcl-2 leading to the liberation of Casp8p41 and its to
promotion of apoptosis. Venetoclax can lead to the selective apoptosis and clearance of
infected CD4+ T cells from PLWH on ART ex vivo, and is already available in the clinic for the

treatment of chronic lymphocytic leukemia®®4.

(ii) PI3K/Akt Inhibitors

PI3Ks are lipid kinases that regulates numerous intracellular signaling pathways in
leukocytes, and whose activation promotes cell survival. The serine/threonine kinase Akt
(also termed protein kinase B, PKB) is the major effector of the PI3K pathway. The two HIV
proteins Nef and Tat can activate PI3K/Akt signaling pathway to prevent apoptosis®®. The
Inhibition of PI3K/Akt enables transcription of pro-apoptotic genes. Inhibitors of the
PI3K/Akt pathway, such as Edelfosine, Perifosine, and Miltefosine were able to promote cell

death in HIV-1 infected macrophages in vitro®®.

(iii))SMAC mimetics and IAP inhibitors :

Proteins of the inhibitor of apoptosis (IAP) family, including X-linked IAP (XIAP) and clAP, can
regulate apoptosis by direct or indirect inhibition of caspase activation®. Mimetics of the
second mitochondrial-derived activator of caspases (SMAC) have been previously mentioned
(in part V.2.2) for their potential as LRAs, but could also bind and block antiapoptotic IAPs to
promote apoptosis. Interestingly, Campbell et al. showed that some SMAC mimetics
(birinapant, GDC-0152, and embelin) could exploit autophagy and apoptotic machinery to
selectively induce killing of HIV-infected long-lived resting memory CD4+ T cells while sparing

uninfected cells in vitro>°®.
(iv) RIG-l inducers

Retinoic acid-inducible gene | RIG-I is an innate immune response pattern recognition
receptor that senses viral RNA within the cytoplasm of infected cells and can drive the
apoptosis of virus-infected cells®®’. Acitretin, a retinoic acid derivative used in the treatment
to psoriasis, was shown to induce the selective apoptosis of HIV latently infected CD4+ T
cells from ART-treated PLWH ex vivo>®%. These results were not replicated in a similar study

which concluded that stimulation of the RIG-I-dependent interferon cascade by Acitretin
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may not significantly induce cell-death of HIV-infected cells®®. Further studies of RIG-I
inducers are thus needed to better delineate whether they could be of potential value for

HIV cure approaches, including for their potential as innate immune modulators.

VI.3. Aiming at tissue damage protection and repair and reduction of

inflammation

As developed in part Il., major challenges for HIV therapeutics are raised by HIV-induced
tissue damage, disruption of mucosal immunity, immune exhaustion, and chronic
inflammation. Tissue damage control and disease tolerance are inherent features of the
immune system>9, but are not sufficient to restore tissue and immune integrity and hinder
undue inflammation in the case of HIV-infection. Therefore, therapeutic interventions aimed
at favoring the protection of tissue and immune cells from the deleterious effects of HIV,
repairing some of the induced damage, or reversing the chronic inflammatory state of
treated HIV would be highly beneficial. They could improve the quality of life of PLWH by
reducing the burden of inflammation-associated co-morbidities and could help to reach
functional cure by preserving and enhancing the functionality of the immune system?®%°. To
this extent, various therapeutic approaches are being studied, including modulators of
innate immunity, inhibitors of proinflammatory cytokines, probiotic supplementation, and
other mechanisms already mentioned, including notably mTOR inhibitors. In this part, we

will describe a few examples of molecules and approaches that are currently being tested.

IL-21 is a pleiotropic cytokine that is mainly produced by activated CD4 + T cells8%83, |L-21
exerts numerous enhancing and regulatory effects on immunity that include favoring
maintenance of functional CD8+ T cell functionality®!!, promoting NK cell expansion®?, and
inducing and maintaining functional Th17 cells subsets®*. Reduced plasma levels of IL-21
have been found in PLWH>'2513 and higher levels of IL-21 were found in HIV exposed
seronegative individuals (HESN), suggesting that it may confer protective mechanisms°!4. In
primates, pathogenic SIV-infection of rhesus macaques is associated with a significant loss of
IL-21-producing CD4 + T cells and this is not the case of nonpathogenic SIV infection of sooty

manga bey5321,342,515
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Because of its role in inducing and maintaining functional Th17, IL-21 has been used to boost
TH17 cells with the aim that these TH17 cells would foster the intestinal barrier and reduce
inflammation. Pallikkuth et al. observed that SIV-infected RMs treated with IL-21 alone
displayed transient increases in levels of intestinal Th17 cells associated with reduced levels
of intestinal T cell proliferation, microbial translocation and decrease in systemic immune
activation and inflammation. When combined with ART, Micci et al demonstrated that IL-21
administration could result reduce residual inflammation and virus persistence in another
SIV-infected macaque model>®. Ortiz et al. subsequently demonstrated that IL-21 combined
with probiotic therapy could improve Th17 frequencies while reducing markers of microbial
translocation and dysbiosis, resulting in fewer comorbidities compared with controls in a
similar NHP model®>. More recently, the safety of a combination therapy consisting of 1L-21
plus anti- a4B7 monoclonal antibody (mAb) has been assessed in uninfected RMs>’. The
combination of IL-21 and anti-a4B7 mAb was well-tolerated and reduction of the gut homing
of a4B7+ CD4 T cells was observed along with a decrease in levels of gut immune
activation®'’.

The promising effects of IL-21 on Th17 cells preservation and reduced immune activation
observed in NHP models are encouraging and suggest that immunotherapy with IL-21 could
be beneficial for tissue damage control, restoration of intestinal integrity, and immune
enhancement in PLWH. In combination with ART, such therapeutics might attenuate some

comorbidities in PLWH?®.

Interferon-associated therapies have been first considered as a new hope for the treatment
of HIV-infection in the late 1980 and were initially aimed at enhancing the production of IFN-
stimulated genes for their antiviral properties®®°®, However, IFN-a2-based strategies were
limited by adverse effects and imbalance between antiviral activity and inflammation
induced by the IFN pathways>'°. Therapies that enhances interferon pathways might still be
beneficial in patients with low immune activation and such approaches are currently

evaluated in combination with other treatments to reduce the viral reservoirg®520,

In @ macaque model, IFN-I blockade in primary SIVmac infection (day O to 28 post infection)

accelerated disease progression, highlighting the importance of the interferon response
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during acute infection®?!. In contrast, early IFN-a treatment ( day - 7 to 28 post infection)
was shown to confer some protection against infection®!. However, SIV infected macaques
treated with IFN-a during acute infection displayed accelerated disease progression. Indeed,
IFN-a2 treatment resulted in a in an IFN-desensitized state in these macaques, with
decreased antiviral gene expression, increased susceptibility to infection, increased cell-

associated virus load and greater CD4 T-cell depletion compared to placebo®??.

HIV infection induces a strong interferon-type 1 response in primary infection, and also IFN-y
responses. Chronic HIV infection is associated with a persistent increase in the expression of
interferon-stimulated genes. Counteracting IFN pathways to reduce the IFN-associated
inflammation was thought to prove helpful for immunological non-responders and PLWH
with excessive basal IFN-signature despite viral control on ART®®. Using a macaque model, it
was suggested that blocking IFN-I signaling during chronic SIV infection could suppress IFN-I-
related inflammatory pathways without increasing virus replication®??. Various mechanisms
could lead to a decreased IFN pathway, by either limiting the production of endogenous IFN

by IFN-producing cells or limiting the signaling transduction in the target cells.

Hydroxychloroquine is an inhibitor of TLR7 and TLR9 signaling, initially developed as an
antimalarial drug in the 1950s, that have been extensively studied in autoimmune disorders
with chronic IFN-signature, notably in systemic lupus erythematosus>?3. Hydroxychloroquine
has been under the spotlight in 2020, and is undoubtedly one of the most discussed drugs of
the year, since its use has been proposed for the treatment of COVID-19 in the first months
of the pandemic. A positive impact on the clinical outcomes of COVID-19 patients could not
be demonstrated®?*>%>. A potential benefit of hydroxychloroquine for PLWH had been
suggested about ten years ago®99405526527 A reduction of excessive T cell activation by
hydroxychloroquine has subsequently been observed in PLWH?>?8, but was unfortunately not
observed in other clinical studies®®>>27°2%, The potential of Hydroxychloroquine to limit

immune activation in combination with other strategies of HIV cure is unclear.

Anti-INFAR antibodies represent another means of controlling IFN pathways. interferon-a/f
receptor (IFNAR) can be targeted to limit the signaling transduction of IFN cascade. The use
of anti-IFNAR antibodies antagonizing in humanized mouse models has led to some
noteworthy results>3%=>32 |n those models, IFNAR antagonism led to a decrease in interferon

stimulated genes (ISG) expression, that correlated with reduced expression of CD8+T cell
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exhaustion and activation markers, restoration of CD8 functionality, and preservation of the
CD4+ T cell count. Of note, reductions of the HIV inducible reservoirs were observed after
ART interruption in both studies. These results point IFNAR antagonism as a promising
means of downmodulating activated T cells towards a more quiescent state and restoring

their functionality against HIV-infected cells®®.

Another pathway to hinder the signaling transduction of IFN cascade is represented by the
inhibition of the Janus activating kinase signal transducer and activator of transcription (Jak-
STAT) pathway. Earlier mentioned as potential latency promoting agents (in part V.3), Jak-
STAT inhibitors could present significant benefits in the reduction of HIV-associated chronic
immune activation. Indeed, JAK/STAT pathway is activated in chronic HIV infection and is
involved upstream in the production of inflammatory cytokines (including IL6 and TNFa) and
activation of immune cells, which contributes to the onset of inflammatory-related
comorbidities such as cardiovascular disease and gut-immune dysfunction®°33534  jak
inhibitors include ruxolitinib and Baricitinib that are available drugs for the treatment of
myelofibrosis or polycytemia vera (Ruxolitinib), and rheumatoid arthritis (baricitinib)®°.
Gavegnano et al. demonstrated that Ruxolitinib could reduce infection of human primary
lymphocytes and macrophages by HIV-1 and HIV-2 strains and inhibit reservoir
establishment, maintenance and expansion in vitro and ex vivo*?>3>, The same molecule
was also shown to induce reduction in immune activation markers including CCR5, HLA-DR,
CD38, CD25, Ki67, and PD-1. A reduction of Bcl-2 expression in primary T cells ex vivo,
potentially indicating implications in the modulation of cell-death pathways8439440,536,537 ' A
Phase 2a clinical trial involving Ruxolinib in PLWH have recently been completed
(NCT02475655). Besides, in a (SCID) mouse model, baricitinib was shown to be able to
reverse HIV-associated neurocognitive disorders>32, Jak inhibitors thus appear insightful for
the management of HIV-associated immune dysfunction and chronic, encouraging further

developments.

The downmodaulation of interferon pathways by the aforementioned pathways could benefit
anti-inflammatory strategies, and might be advantageously combined with other therapeutic
interventions in PLWH for reducing HIV comorbidities and relieve the immune system from
its chronic inflammatory burden, potentially improving the immune-mediated control of HIV

reservoirs towards a functional cure.
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Other approaches aimed at tissue protection and repair and reduction of inflammation are
being currently tested as well, such as probiotics (to help to repair intestinal damage) and

anti-fibrotics (to reduce fibroses in lymph nodes), in diverse combination8>°3°,

VI.4. Therapies targeting unconventional and innate immune cells

As developed before, various immunotherapies have been foreseen and assessed in various
models and clinical trials. Most of these studies have targeted CD8+ T cells responses, and
many factors may account for their mixed results thus far®. The regions of the virus that are
targeted by initial CD8+ T cell responses are often highly variable and resulting in rapid
selection of escape mutants, and the breadth and the magnitude of CD8+ T cell responses is
often insufficient for an effective clearance of infected cells®*. T cells are driven towards a
dysfunctional state by sustained exposure to HIV antigens, leading to T cell exhaustion,
marked by upregulation of PD-1 and other regulatory pathways*’847°. These dysfunctional
responses that target escaped epitopes are generally immunodominant and rapidly
expanded, leading to an overall inefficiency.

On the other hand, as stated in the second part of this work, HIV infection is accompanied by
an early and sustained depletion and abrogation of the function and numbers of diverse cell
types from innate or adaptive immunity, such as CD4 Th17 cells, y& T cells, MAIT cells, and
Innate lymphoid cells, notably ILC3 in the gastrointestinal tract, leading to disruption of the
mucosal barrier and dysregulation of the local immune system?3°-241,

Harnessing other cell types than conventional CD8+ T cells, modulating unconventional
immune effector cells, or augmenting and potentializing innate immunity could thereby

prove insightful to get around these issues.

In Lymph nodes, CD8+ T cells are generally considered as unable to do migrate into the B cell
follicles, which contributes to make follicles a prime sanctuary for HIV replication.
However, a small proportion of CD8+ T cells expressing CXCR5+ has been described in both
SIVmac and HIV-1 infections®*1~>%3, These CXCR5+CD8+ T cells in LN were present at higher
levels in PLWH compared to uninfected individuals, and were observed in immediate

proximity to viral RNA+ cells, probably as soon as the early stages of infection®*>5%, In SIV-
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infected rhesus macaques, the viremia and frequency of T follicular helper cells were found
to be negatively correlated with the frequency of SIV-specific CXCR5+CD8+ T cells>*. These
CXCR5+CD8+ T cell subsets would need to be better understood and characterized, inter alia
to determine whether or not they represent a homogeneous population with shared

features and potentially beneficial abilities to target.

Other unconventional CD8+ T cells are MHC-E-restricted CD8+ T cells. It was observed in the
aforementioned therapeutic vaccine study by Hansen et al., that replication-deficient CMV
vector with SIV inserts could elicit and exacerbate an unconventional MHC-E-restricted CD8+
T cell response of unprecedented breadth, contributing (along with other factors) to an
efficient control of SIV infection in half of the immunized macaques3>®. MHC-E (or HLA-E in
humans) is a nonclassical class | molecule that usually presents peptides derived from
cellular proteins, including activation and stress-related proteins, such as Hsp60°6>%¢, MHC-
E was initially described as the ligand of CD94/NKG2 receptors expressed at the surface of
NK cells, but also by some CD8+ T cells. Once complexed with peptides, MHC-E can indeed
interact with the ap T-cell receptor (TCR) expressed on CD8+ T cells>*. MHC-E-restricted
CD8+ T cells are crucial stakeholders for the prevention of autoimmune diseases, the
maintenance of self-tolerance, and the prevention of and tissue damage. They are often
considered as members of the CD8+ Treg family>%°>L, It has been shown that MHC-E is

upregulated during HIV-1 infections®>?

, possibly in relation with increased circulating levels
of inflammation markers such as HSP90 and IFN-y. MHC-E restricted CD8+ T cells have been
studied in inflammatory disorders, and have been shown to express tissue homing
receptors, including CCR7 and CXCR5, as well as NK cell receptors such as
NKG2A542549,550,553,554  Although the contributions of conventional CD8+ T cells are well-
characterized during HIV/SIV infection, MHC-E restricted CD8+ T cells remain poorly

understood. Characterization of their potentially beneficial implication in inflammation and

tissue damage control would require further investigations.

Other unconventional immune cell populations, such as yo T cells, may be worth attention
for the HIV field. The y& T cells is a unique subset of innate-like T lymphocytes with specific
features which differ from conventional o T cells, which predominate in current cell-based
immunotherapies>>>°°¢, y§ T cells can display anti-viral and cytotoxic activities and have

been recently shown to directly inhibit HIV infection and specifically eliminate HIV-infected
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cells in vitro>>>. They can recognize antigens in a MHC-independent manner and access to
certain immune privileged anatomical sites, potentially making them very helpful to

circumvent the hurdles faced by CTL-based strategies®®.

Enhancing the beneficial properties of unconventional immune cell subsets could prove to
be a valuable approach to potentiate HIV cure strategies, and a deeper understanding of
these cells in the context of HIV infection would likely be very insightful for future

approaches.

Among innate lymphoid cells, NK cells appear as a cell subtype of particular interest to
harness for curative strategies. NK cells play an important role for the recognition and
elimination of abnormal cells including stressed or infected cells. They have therefore raised

357560 and in other infectious diseases and viral

growing interest in the field of oncology
infections>®17°%3, In the case of lentiviruses infections, NK cells play a major role in the control
of viral reservoir in lymph nodes.

This has notably been brought to light in natural hosts, such as African green monkeys, in
which NK cells migrate into lymph node follicles, and play a major role in viral reservoir
control®33, In contrast, NK cells are not observed in follicles of secondary lymphoid organs in
SIVmac-infected macaques?3*333, SIVagm-infected AGMs display high levels of CXCR5+ NK

cells in SLT. Strategies that allow to increase the levels of NK cells in follicles during HIV

infection could be useful and are under investigation (Figure 22).

It is also likely that in SIVagm infection, Interleukin-15 enhances the survival of NK cells in
the follicles. Indeed, in AGM, the increase of NK cell numbers in follicles has been shown to
be associated with a high production of IL-15 within follicles. IL-15 is presented there in
membrane-bound form by FDC and other antigen-presenting-like cells. IL-15 especially in its
membrane-bound form is known to also enhance thee cytotoxic profile of NK cells>64—6,
Accordingly, the use of IL-15 appears as a potential way to target NK cell immunity for HIV
clearance strategies. This cytokine has been administered into SIVmac infected macaques
and analyzed for its potential to promote NK cell activity and increase their access — but also
that of effector CD8+ T cell — to lymph node follicles. IL-15 stimulated NK cells have shown

their ability to efficiently clear HIV-1-infected cells ex-vivo>®. 1I-15 and II-15 superagonists,

that mimic the membrane-bound form, such as N-803, were initially considered as potential
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LRAs (chapter V.2). However, they could prove to be more beneficial in activating and
directing effector CD8+ T and NK cells to the B cell follicle, as suggested by Webb et al. that
studied N-803 subcutaneous administration in SHIV-infected macaques*'®. IL-15 mediated
activation of NK effector cells could also improve the ability of the vaccine-induced

antibodies to recruit effector cells for antibody-dependent cellular cytotoxicity (ADCC)>®’.

Outside 1I-15 and its agonists, other soluble agents could be used to potentially improve NK
cell functionality®’. Bispecific and Trispecific Killer cell Engagers (BiKEs and TriKEs) are small
immunomodulatory molecules that could be used to potentiate NK cell functionality, and
that once again are being studied in the cancer field. They are constituted of a single chain
variable fragment (scFv) from an antibody connected to one (BiKE) or two (TriKE) variable
portions of antibodies specific to an antigen expressed on the surface of target cells, and can
induce ADCC via NK-expressed CD16 protein®°68°69 Their use could improve specific
targeting by NK cells and enhance NK cell activation, survival and expansion and they can be
combined with IL-15 administration. Li et al. designed and assessed BiKEs consisting of
CD16A binding antibody domains fused to an engineered soluble human CD4 with high
affinity to HIV-envelope glycoproteins, and showed that they could mediate killing of
chronically and acutely HIV-1 infected T cells by human peripheral blood mononuclear

cells®’°,

TLR agonists, such as TLR7 agonist Vesatolimod (GS-9620), could also be used to activate NK
cells. In the previously mentioned study by Borducchi et al. in which administration of this
TLR7 agonist (alone or in combination with bNAb PGT121) led to a delayed viral rebound in
SHIV-infected macaques, GS-9620 led to activation of NK cells. They hypothesize that
activated NK cells may have had a key role in PGT121-mediated elimination of infected CD4+
T cells**>418|n the similar study by Lim et al., it was observed that in SIV-infected rhesus
macaques, 20 to 25% of NK cells became activated after treatment with the other TLR7

agonist GS-986%Y.
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Figure 22. Therapeutic startegies to harness NK cells in HIV infection based on soluble agents and mAB.
The beneficial and potent immune features of NK cells could be harnessed through activation strategies. These include
activation of NK cells through broadly neutralizing antibodies (bNAbs), engineered proteins, Bi-specific or Tri-specific Killer
engagers (BiKEs or TriKEs), soluble mediators such as cytokines and TLR agonists. The boosted NK effector functions can
include cytotoxicity and cytokine production.

Adapted from Alrubayyi, A., Ogbe, A., Moreno Cubero, E. & Peppa, D. Harnessing Natural Killer Cell Innate and Adaptive
Traits in HIV Infection. Front. Cell. Infect. Microbiol. 10, 395 (2020).

Another means of harnessing NK cell immunity includes the use of chimeric antigen
receptors, similarly to the aforementioned CAR-T cells therapies. For instance, using a
humanized model, Zhen et al. determined that CAR-modified hematopoietic
stem/progenitor cell (HSPCs) can differentiate into functional NK cells in vivo and suppress

HIV replication®’>.

Although generally considered as stakeholders of innate immunity, growing data indicates
that NK cell responses can also display features similar to adaptive T and B cell responses,
such as establishing pools of memory-like cells and expanding antigen-specific NK cell
population. “Adaptive” and “memory” NK cells have been reported in SIV/SHIV-infected
rhesus macaques®’! and in PLWH?72>74, The specific features of these “memory” NK cells,
including their increased longevity, increased reactivity against immunogenetic epitopes,
and enhanced capacity for ADCC, could be harnessed for HIV therapeutic strategies, notably

in combination with other immune therapies such as bNAbs®’.
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VI.5. Targeting the cells to the right place

HIV persistence in deep reservoirs and anatomic compartments that are not accessible to
the immune system or antiretroviral drugs constitutes a major challenge for HIV therapeutic
approaches. An increasing number of techniques and strategies are thus envisioned and
tested to enable anti-HIV drugs and potent immune cells to traffic to infected cells in tissues,

across these barriers and up to the sanctuary sites.

Penetrating the B-cell follicle, in particular, constitutes a significant stake to efficiently tackle
HIV8. As developed in the previous paragraphs, CXCR5 follicular homing receptor is an
important determinant of cell trafficking into the B cell follicle, and CXCR5 expressing NK or
CD8+ T cells have been reported. Both immune therapies with bNAbs or multi-specific
antibodies and adoptive therapy with ex vivo expanded CTL or CAR T cells will likely face
significant limitations if they do not penetrate into the B cell follicle. However, Mylvaganam
et al. demonstrated the ability of TGF-B to induce CXCR5 expression in CTL>#*. As previously
stated, administration of IL-15 superagonist was also shown to promote the migration of
CD8+ T cells and NK cells into B cell follicles*'°. On the other hand, using a NHP model, Ayala
et al. demonstrated that transduction with CXCR5 performed by T cell engineering could
lead to trafficking and localization of CD8 T Cells into Rhesus Macaque B-Cell Follicles®’>.
Similarly, Bronniman et al. suggested that CXCR5-expressing lymphocytes could be
transduced to secrete multi-specific antibodies or bNAbs in order to localize the effects of

antibody-based immune therapy to the follicle®.

A great variety of works are investigating new means and bioengineering techniques to
route drugs to infected cells and/or present immunogens to immune cells in specific
compartments that could lead to enhanced efficiency of natural immune responses®’6->81,
Martin et al. used a rhesus macaque model to assess two strategies to route HIV
immunogens up to B cell follicles: On the one hand, in vivo formation of immune complexes
(ICs) with a passively transferred anti-Env mAb; on the other hand, generation of self-
assembling protein nanoparticles displaying four copies of stabilized Env trimers>’°. They
found that both ICs and nanoparticles led to a concentration of antigens at the periphery of
B cell follicles in the draining LNs of NHPs. Nanoparticles were additionally shown to persist
on follicular dendritic cells in the germinal centers. These encouraging results suggest that

these two techniques could be employed to reach potent effector cells in B cell follicles. In a
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similar approach, Francica et al. designed synthetic “star” nanoparticles aimed at trafficking
to lymph nodes to bring immunogen proteins on site®®°. They tested these nanoparticles
with HIV-1 peptide minimal immunogens in both mice and NHP models. Although no
neutralization was observed with the immunogens they used, their study constitutes an
encouraging attempt for the use of nanoparticles in immune therapies and vaccine

strategies against HIV.

Numerous other nanoparticle-based approaches have been recently developed for the HIV
field, and have been extensively reviewed by Bowen et al.>® Among numerous potential
benefits, these approaches could improve HAART delivery and efficacy, potentiate latency
reversal and therapeutic vaccine approaches, enhance gene editing approaches, improve the

81 Although preliminary,

efficacy of adoptive T cell therapy, and boost innate immunity
encouraging results from preclinical testing indicates that the use of nanoparticles to
improve trafficking offers promising perspectives to overcome longstanding hurdles in HIV

cure approaches.

The continued progress in bioengineering techniques, along with a better comprehension of
the mechanisms responsible for immune cells homing and the establishment of sanctuary
sites in HIV infection should hopefully lead to advances for therapeutic interventions in the

years to come.
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Conclusions & perspectives

Despite continued scientific progress and longstanding efforts from all the stakeholders
involved in the attempt to end the HIV/AIDS pandemic, a therapeutic intervention leading to
a fully curative “sterilizing cure” or a “functional cure” that ensures a sustained virus control
in absence of antiretroviral therapy is still not available. The available effective antiretroviral
treatments and prevention strategies that have been developed and implemented over the
past decades constituted major achievements. Nonetheless, identifying an effective means
of controlling the virus in absence of ART remains urgent from the perspective of individual
PLWH as well as to the population level and at a global scale. Target product profiling and
comprehensive design, development, and implementation of scalable approach, as well as
means to assess a cure are required to search for new therapeutics that would benefit to the

highest number of PLWH as possible.

Multiple biological challenges shall be kept in mind for the development of an effective cure
approach, including (i) the great variety and diversity of HIV infected cells, (ii) the difficulty to
specifically distinguish and target latently infected cells among uninfected cells, (iii) the
multiple tissues harboring persistent virus, some of which being extremely difficult to reach
(iv) the impairment of Immune responses, HIV-associated chronic immune activation, tissue

damage, cell depletion and impaired physiological functions.

The use of animal models such as humanized mouse and non-human primate models — to
better understand lentiviral infection and pathogenesis and assess curative approaches in in
vivo pre-clinical models — as well as the study of nonpathogenic natural SIV hosts — to
ascertain the mechanisms they developed throughout their coevolution with their
lentiviruses and the ways they escape deleterious effects from SIVs — have provided

undisputable contributions and remain very valuable for HIV science.

A wide range of approaches either directly targeting free virus and HIV-infected cells or
harnessing immune function and favoring recovery have been studied, some of which led to
encouraging and insightful results. These approaches sometimes fit within well-defined
strategies such as “shock and kill” or “block and lock”, or sometimes suggest a revision of those
paradigms. Future therapeutic prospects could benefit from the ongoing progresses in

bioengineering technologies, but also emerge from less explored approaches such as the
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modulation of immunometabolism?®7°, the harnessing of innate immunity and unconventional
immune cell subtypes®”>> or the management of HIV-induced damage, inflammation and
alterations®>86%°  following the growing tendency to increasingly enlist the body’s own
defenses and disease tolerance mechanism>%0.

Besides, in the HIV science field and through the approaches studied, connections shall be
made and sustained between cure and vaccine research>%694>>581,582 55 well as with other
infectious diseases??3°%3°83  and other conditions including inflammatory diseases?®.
Significantly, HIV cure research display humerous parallels and crossroads with oncology®®-
92,9293 facing similar facing similar but also several different challenges.

In a near future, the most promising strategies will most likely consist in combining agents

targeting different mechanisms or complementary approaches, possibly in association with

antiretroviral therapy initiated early after infection in the first instance#14415417,422,486

Although the road to curing HIV is long and difficult to forecast, continuous progress towards
an ideal outcome are being made, slowly but steadily, and sudden breakthrough sometimes
fast forward the advances. Altogether, a myriad of encouraging results and promising
concepts indicates that a HIV cure may be not so far from being attainable. These efforts
undertaken might also result, as it has already been the case in the past, in novel concepts

and new tools for the fight against other diseases.
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Appendix

Figure 23. Timeline presenting key moments in HIV research.
AIDS, acquired immunodeficiency syndrome; HIV, Human Immunodeficiency Virus; CD4, cluster of differentiation 4; AZT,
azidothymidine; CCR5, CC-chemokine receptor 5; CXCR4, CXC-chemokine receptor 4, APOBEC3G, apolipoprotein B mRNA
editing enzyme, catalytic polypeptide-like 3G; TRIM5a, tripartite motif-containing 5a; WHO, world health organization;

PrEP, pre-exposure prophylaxis, PEP, post-exposure prophylaxis; TasP, treatment as prevention.

* First clinical and
epidemiological
observations of AIDS

* Isolation and
identification of HIV as
the cause of AIDS

« Identification of CD4
as the main HIV
receptor

* Demonstration of
the efficacy of AZT in a
clinical trial

« Identification of the
two main co-receptors
for HIV (CCRS and
CXCR4)

* Advent of
combination
antiretroviral therapy

* Identification of HIV
controllers and other
long-term non-
progressors

« Introduction of
generic antiretrovirals

* Identification of
restriction factors:
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* Concept of « shock
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* Characterization of
patients that
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*Discovery of bNabs the use of

* Recommendation for antiretroviral drugs for

PLWH to start ART as treating and * "Undetectable = * Development of
diagnosed HIV

124/164



enve

zcole - ) "
B ";."-'1*7 UNIVERSITE
o iy J) TOULOUSE i

PAuUL SABATIER Shox

AGREMENT SCIENTIFIQUE

En vue de I'obtention du permis d’imprimer de la thése de doctorat vétérinaire

Je soussigné, Romain VOLMER, Enseignant-chercheur, de I'Ecole Nationale Vétérinaire de
Toulouse, directeur de thése, certifie avoir examiné la thése de Gauthier TERRADE intitulée
« Vers une thérapie curative pour le VIH/SIDA : Panorama des stratégies étudiées et

apports des modéles animaux » et que cette dernidre peut éire imprimée en vue de sa

soutenance.

Fait a Toulouse, le 20/10/2020 Vu:

Enseignant-chercheur de I'Ecole Nationale Le Directeur de I'Ecole Nationale
Vétérinaire de Toulouse Vétérinaire de Toulouse

Docteur Romain VOLMER M. Pierre SANS

R~

Vu: Vu et autorisation de Pimpression :
Le Président du jury Le Président de I'Université Paul Sabatier
Pierre DELOJBEL M. Jean-Marc BROTO

UZnine ALAR

M. Gauthier TERRADE

a €té admis(e) sur concours en : 2015

a obtenu son diplome d'études fondamentales vétérinaires le: 09/09/2019
a validé son année d'approfondissement le: 31/08/2020

n'a plus aucun stage, ni enseignement optionnel a valider.

Université
Ecole national Serina Lot des o y (076 T de Toulouse




126/164



Bibliography

1. Centers for Disease Control (CDC). Pneumocystis pneumonia--Los
Angeles. MMWR Morb. Mortal. Wkly. Rep. 30, 250-252 (1981).
2. Gottlieb, M. S. et al. Pneumocystis carinii pneumonia and mucosal

candidiasis in previously healthy homosexual men: evidence of a new acquired
cellular immunodeficiency. N. Engl. J. Med. 305, 1425-1431 (1981).

3. Gottlieb, G. J. et al. A preliminary communication on extensively

disseminated Kaposi’s sarcoma in young homosexual men. Am. J.
Dermatopathol. 3, 111-114 (1981).

4. Rozenbaum, W. et al. Multiple opportunistic infection in a male
homosexual in France. Lancet Lond. Engl. 1, 572-573 (1982).

5. Barré-Sinoussi, F., Ross, A. L. & Delfraissy, J.-F. Past, present and
future: 30 years of HIV research. Nat. Rev. Microbiol. 11, 877-883 (2013).

6. Siegal, F. P. et al. Severe acquired immunodeficiency in male
homosexuals, manifested by chronic perianal ulcerative herpes simplex lesions.
N. Engl. J. Med. 305, 1439-1444 (1981).

7. Centers for Disease Control (CDC). Update on acquired immune
deficiency syndrome (AIDS)--United States. MMWR Morb. Mortal. Wkly. Rep.
31, 507-508, 513-514 (1982).

8. Quagliarello, V. The Acquired Immunodeficiency Syndrome: current
status. Yale J. Biol. Med. 55, 443-452 (1982).

9. Polsky, B. & Gold, J. W. The acquired immune deficiency syndrome.
Surg. Annu. 18, 280-295 (1986).

10. Barre-Sinoussi, F. et al. Isolation of a T-lymphotropic retrovirus from a
patient at risk for acquired immune deficiency syndrome (AIDS). Science 220,
868-871 (1983).

11. Sontag, S. Le sida et ses métaphores. (Christian Bourgois éditeur,
1988).

12. Reperant, L. A. & Osterhaus, A. D. M. E. AIDS, Avian flu, SARS,
MERS, Ebola, Zika... what next? Vaccine 35, 44704474 (2017).

13. Pasquier, C., Bertagnoli, S., Gonzalez-Dunia, D. & lzopet, J. Virologie

humaine et zoonoses cours et fiches de synthése. (Dunod, 2013).

14, Woolhouse, M. E. J. Population biology of emerging and re-emerging
pathogens. Trends Microbiol. 10, s3-s7 (2002).

15. Woolhouse, M. E. J. & Gowtage-Sequeria, S. Host Range and
Emerging and Reemerging Pathogens. Emerg. Infect. Dis. 11, 1842-1847
(2005).

16. Woolhouse, M. E. J., Haydon, D. T. & Antia, R. Emerging pathogens:
the epidemiology and evolution of species jumps. Trends Ecol. Evol. 20, 238—
244 (2005).

17. Morens, D. M., Daszak, P., Markel, H. & Taubenberger, J. K. Pandemic
COVID-19 Joins History’s Pandemic Legion. mBio 11, e00812-20,

127/164



/mbio/11/3/mBi0.00812-20.atom (2020).

18. Guilbaud, A. & Sansonetti, P. J. Le retour des épidémies. (Presses
universitaires de France, 2015).

19. Nicolle, C. (1866-1936). Naissance, vie et mort des maladies
infectieuses. Libr. Félix Alcan Paris (1930).

20. UNAIDS FactSheet 2020, available at

https://www.unaids.org/sites/default/files/media_asset/UNAIDS_FactSheet_en.p
df.

21. Fischl, M. A. et al. The Efficacy of Azidothymidine (AZT) in the
Treatment of Patients with AIDS and AIDS-Related Complex. N. Engl. J. Med.
317, 185-191 (1987).

22. Mitsuya, H. et al. 3’-Azido-3’-deoxythymidine (BW A509U):. an
antiviral agent that inhibits the infectivity and cytopathic effect of human T-
lymphotropic virus type I11/lymphadenopathy-associated virus in vitro. Proc.
Natl. Acad. Sci. 82, 70967100 (1985).

23. Ho, D. D. et al. Rapid turnover of plasma virions and CD4 lymphocytes
in HIV-1 infection. Nature 373, 123-126 (1995).
24. Hammer, S. M. et al. A Controlled Trial of Two Nucleoside Analogues

plus Indinavir in Persons with Human Immunodeficiency Virus Infection and
CD4 Cell Counts of 200 per Cubic Millimeter or Less. N. Engl. J. Med. 337,
725-733 (1997).

25. Palella, F. J. et al. Declining Morbidity and Mortality among Patients
with Advanced Human Immunodeficiency Virus Infection. N. Engl. J. Med. 338,
853-860 (1998).

26. UNAIDS Data 2020, available at
https://www.unaids.org/en/resources/documents/2020/unaids-data.

27. Zicari, S. et al. Immune Activation, Inflammation, and Non-AIDS Co-
Morbidities in HIV-Infected Patients under Long-Term ART. Viruses 11, 200
(2019).

28. Mahale, P., Engels, E. A., Coghill, A. E., Kahn, A. R. & Shiels, M. S.
Cancer Risk in Older Persons Living With Human Immunodeficiency Virus
Infection in the United States. 8.

29. Thrift, A. P. & Chiao, E. Y. Are Non-HIV Malignancies Increased in
the HIV-Infected Population? Curr. Infect. Dis. Rep. 20, 22 (2018).

30. Bandera, A., Colella, E., Clerici, M., Rizzardini, G. & Gori, A. The
contribution of immune activation and accelerated aging in multiple myeloma
occurring in HIV-infected population: AIDS 32, 2841-2846 (2018).

31. Centers for Disease Control and Prevention (CDC). HIV and Older
Americans. 2.

32. Deeks, S. G. HIV infection, inflammation, immunosenescence, and
aging. Annu. Rev. Med. 62, 141-155 (2011).
33. Lopez-Centeno, B. et al. Polypharmacy and Drug—Drug Interactions in

People Living With Human Immunodeficiency Virus in the Region of Madrid,

128/164



Spain: A Population-Based Study. 10.

34. Moore, H. N., Mao, L. & Oramasionwu, C. U. Factors associated with
polypharmacy and the prescription of multiple medications among persons living
with HIV (PLWH) compared to non-PLWH. AIDS Care 27, 1443-1448 (2015).

35. Justice, A. C. et al. Nonantiretroviral polypharmacy and adverse health
outcomes among HIV-infected and uninfected individuals: AIDS 32, 739-749
(2018).

36. Boucher, C. A. et al. State of the Art in HIV Drug Resistance: Science
and Technology Knowledge Gap. AIDS Rev. 16.

37. UNAIDS Press Release. The cost of inaction: COVID-19-related
service disruptions could cause hundreds of thousands of extra deaths from HIV.
11 May 2020.

38. Phillips, A. Estimation of the potential effects of disruption to HIV
programs in sub-Saharan Africa caused by COVID-19: results from multiple
models APPENDIX. 690912 Bytes (2020)

doi:10.6084/M9.FIGSHARE.12279932.V1.

39. Jewell, B. L., Edinah Mudimu, Stover, J., Kelly, S. L. & Phillips, A.
Potential effects of disruption to HIV programmes in sub-Saharan Africa caused
by COVID-19: results from multiple mathematical models. 402336 Bytes (2020)
doi:10.6084/M9.FIGSHARE.12279914.V1.

40. Stover, J. et al. Estimation of the Potential Impact of COVID-19
Responses on the HIV Epidemic: Analysis using the Goals Model.
http://medrxiv.org/lookup/doi/10.1101/2020.05.04.20090399 (2020)
d0i:10.1101/2020.05.04.20090399.

41. Hogan, A. B. et al. Report 19: The Potential Impact of the COVID-19
Epidemic on HIV, TB and Malaria in Low- and Middle-Income Countries. 29
(2020).

42. UNAIDS. Fast-track: world AIDS day report 2014.

43. Jamison, D. T. et al. Global health 2035: a world converging within a
generation. The Lancet 382, 1898-1955 (2013).

44, UN Joint Programme on HIV/AIDS (UNAIDS). The Gap Report.
(2016).

45, International AIDS Society Towards a Cure Working Group et al.
International AIDS Society global scientific strategy: towards an HIV cure 2016.
Nat. Med. 22, 839-850 (2016).

46. Ndung’u, T., McCune, J. M. & Deeks, S. G. Why and where an HIV
cure is needed and how it might be achieved. Nature 576, 397-405 (2019).

47. Margolis, D. M. et al. Curing HIV: Seeking to Target and Clear
Persistent Infection. Cell 181, 189-206 (2020).

48. Beacroft, L. & Hallett, T. B. The potential impact of a ‘“curative
intervention” for HIV: a modelling study. Glob. Health Res. Policy 4, 18 (2019).

49, Canguilhem, G. Le normal et le pathologique. (Puf, 1966).
50. Zerbato, J. M. & Lewin, S. R. A cure for HIV: how would we know?

129/164



Lancet HIV 7, e304-e306 (2020).

51. Horsburgh, B. A. & Palmer, S. Measuring HIV Persistence on
Antiretroviral Therapy. in HIV Vaccines and Cure (eds. Zhang, L. & Lewin, S.
R.) vol. 1075 265-284 (Springer Singapore, 2018).

52. Pitman, M. C., Lau, J. S. Y., McMahon, J. H. & Lewin, S. R. Barriers
and strategies to achieve a cure for HIV. Lancet HIV 5, e317—e328 (2018).

53. Thomas, J., Ruggiero, A., Paxton, W. A. & Pollakis, G. Measuring the
Success of HIV-1 Cure Strategies. Front. Cell. Infect. Microbiol. 10, 134 (2020).

54, Barré-Sinoussi, F. & Montagutelli, X. Animal models are essential to
biological research: issues and perspectives. Future Sci. OA 1, fs0.15.63 (2015).

55. Huot, N., Rascle, P. & Muiiller-Trutwin, M. Apport des modeéles
animaux dans la recherche sur le VIH. Virologie 23, 229-240 (2019).

56. Marx, P. A. History of Simian Immunodeficiency Virus Discovery. in
Natural Hosts of SIV 19-36 (Elsevier, 2014). doi:10.1016/B978-0-12-404734-
1.00002-4.

57. Sauter, D. & Kirchhoff, F. Properties of Human and Simian
Immunodeficiency Viruses. in Natural Hosts of SIV 69-84 (Elsevier, 2014).
doi:10.1016/B978-0-12-404734-1.00004-8.

58. Garcia-Tellez, T. et al. Non-human primates in HIV research:
Achievements, limits and alternatives. Infect. Genet. Evol. 46, 324-332 (2016).

59. Mothe, B. & Brander, C. Small steps forward for HIV vaccine
development. Nat. Med. 26, 466-467 (2020).

60. Pandrea, 1. Animal Models for HIV Cure Research. Front. Immunol. 7,
15 (2016).

61. Hatziioannou, T. & Evans, D. T. Animal models for HIV/AIDS
research. Nat. Rev. Microbiol. 10, 852-867 (2012).

62. Saez-Cirion, A., Jacquelin, B., Barré-Sinoussi, F. & Muller-Trutwin, M.
Immune responses during spontaneous control of HIV and AIDS: what is the
hope for a cure? Philos. Trans. R. Soc. B Biol. Sci. 369, 20130436 (2014).

63. Kim, Y., Anderson, J. L. & Lewin, S. R. Getting the “Kill” into “Shock
and Kill”: Strategies to Eliminate Latent HIV. Cell Host Microbe 23, 14-26
(2018).

64. Henderson, L. J.,, Reoma, L. B., Kovacs, J. A. & Nath, A. Advances
toward Curing HIV-1 Infection in Tissue Reservoirs. J. Virol. 94, e00375-19,
/jvi/94/3/JV1.00375-19.atom (2019).

65. Margolis, D. A. et al. Long-acting intramuscular cabotegravir and
rilpivirine in adults with HIV-1 infection (LATTE-2): 96-week results of a
randomised, open-label, phase 2b, non-inferiority trial. The Lancet 390, 1499-
1510 (2017).

66. Kalidasan, V. & Theva Das, K. Lessons Learned From Failures and
Success Stories of HIV Breakthroughs: Are We Getting Closer to an HIV Cure?
Front. Microbiol. 11, 46 (2020).

67. Cohn, L. B., Chomont, N. & Deeks, S. G. The Biology of the HIV-1

130/164



Latent Reservoir and Implications for Cure Strategies. Cell Host Microbe 27,
519-530 (2020).

68. Rasmussen, T. A. et al. Panobinostat, a histone deacetylase inhibitor,
for latent-virus reactivation in HIV-infected patients on suppressive antiretroviral
therapy: a phase 1/2, single group, clinical trial. Lancet HIV 1, e13—e21 (2014).

69. HIV Vaccines and Cure: The Path Towards Finding an Effective Cure
and Vaccine. vol. 1075 (Springer Singapore, 2018).
70. Peterson, C. W. & Kiem, H.-P. Cell and Gene Therapy for HIV Cure. in

HIV-1 Latency (eds. Silvestri, G. & Lichterfeld, M.) vol. 417 211-248 (Springer
International Publishing, 2017).

71. Zerbato, J. M., Purves, H. V., Lewin, S. R. & Rasmussen, T. A.
Between a shock and a hard place: challenges and developments in HIV latency
reversal. Curr. Opin. Virol. 38, 1-9 (2019).

72. Hamer, D. Can HIV be Cured? Mechanisms of HIV Persistence and
Strategies to Combat It. Curr. HIV Res. 2, 99-111 (2004).

73. Deeks, S. G. Shock and kill. Nature 487, 439-440 (2012).

74. Lewin, S. R. & Rasmussen, T. A. Kick and kill for HIV latency. Lancet
Lond. Engl. 395, 844-846 (2020).

75. Mousseau, G. et al. The Tat Inhibitor Didehydro-Cortistatin A Prevents
HIV-1 Reactivation from Latency. mBio 6, e00465-15 (2015).
76. Kessing, C. F. et al. In Vivo Suppression of HIV Rebound by

Didehydro-Cortistatin A, a “Block-and-Lock” Strategy for HIV-1 Treatment.
Cell Rep. 21, 600-611 (2017).

77. Méndez, C., Ledger, S., Petoumenos, K., Ahlenstiel, C. & Kelleher, A.
D. RNA-induced epigenetic silencing inhibits HIV-1 reactivation from latency.
Retrovirology 15, 67 (2018).

78. Palmer, C. S. et al. Emerging Role and Characterization of
Immunometabolism: Relevance to HIV Pathogenesis, Serious Non-AIDS
Events, and a Cure. J. Immunol. 196, 4437-4444 (2016).

79. Palmer, C. S., Palchaudhuri, R., Albargy, H., Abdel-Mohsen, M. &
Crowe, S. M. Exploiting immune cell metabolic machinery for functional HIV
cure and the prevention of inflammaging. F1000Research 7, 125 (2018).

80. Klein Geltink, R. I. The metabolic tug of war between HIV and T cells.
Nat. Metab. 1, 653-655 (2019).
81. Valle-Casuso, J. C. et al. Cellular Metabolism Is a Major Determinant

of HIV-1 Reservoir Seeding in CD4+ T Cells and Offers an Opportunity to
Tackle Infection. Cell Metab. 29, 611-626.e5 (2019).

82. Parrish-Novak, J. et al. Interleukin 21 and its receptor are involved in
NK cell expansion and regulation of lymphocyte function. Nature 408, 57-63
(2000).

83. Spolski, R. & Leonard, W. J. Interleukin-21: basic biology and
implications for cancer and autoimmunity. Annu. Rev. Immunol. 26, 57-79
(2008).

131/164



84. Korn, T. et al. IL-21 initiates an alternative pathway to induce
proinflammatory TH17 cells. 12 (2013).

85. Ortiz, A. M. et al. IL-21 and probiotic therapy improve Th17
frequencies, microbial translocation, and microbiome in ARV-treated, SIV-
infected macaques. Mucosal Immunol. 9, 458-467 (2016).

86. Noél, N. et al. Interferon-associated therapies toward HIV control: The
back and forth. Cytokine Growth Factor Rev. 40, 99-112 (2018).

87. Alrubayyi, A., Ogbe, A., Moreno Cubero, E. & Peppa, D. Harnessing
Natural Killer Cell Innate and Adaptive Traits in HIV Infection. Front. Cell.
Infect. Microbiol. 10, 395 (2020).

88. Bronnimann, M. P., Skinner, P. J. & Connick, E. The B-Cell Follicle in
HIV Infection: Barrier to a Cure. Front. Immunol. 9, (2018).

89. Gavegnano, C., Savarino, A., Owanikoko, T. & Marconi, V. C.
Crossroads of Cancer and HIV-1: Pathways to a Cure for HIV. Front. Immunol.
10, 2267 (2019).

90. Paiardini, M., Dhodapkar, K., Harper, J., Deeks, S. G. & Ahmed, R.
Editorial: HIV and Cancer Immunotherapy: Similar Challenges and Converging
Approaches. Front. Immunol. 11, 519 (2020).

91. Gay, F. et al. Immuno-oncologic Approaches: CAR-T Cells and
Checkpoint Inhibitors. Clin. Lymphoma Myeloma Leuk. 17, 471-478 (2017).

92. Kim, G. B., Hege, K. & Riley, J. L. CAR Talk: How Cancer-Specific
CAR T Cells Can Instruct How to Build CAR T Cells to Cure HIV. Front.
Immunol. 10, 2310 (2019).

93. Rasmussen, T. A., Anderson, J. L., Wightman, F. & Lewin, S. R.
Cancer therapies in HIV cure research. Curr. Opin. HIV AIDS 12, 96-104
(2017).

94. Bor, J., Herbst, A. J., Newell, M.-L. & Barnighausen, T. Increases in
Adult Life Expectancy in Rural South Africa: Valuing the Scale-Up of HIV
Treatment. Science 339, 961-965 (2013).

95. Lagathu, C. et al. Metabolic complications affecting adipose tissue,
lipid and glucose metabolism associated with HIV antiretroviral treatment.
Expert Opin. Drug Saf. 18, 829-840 (2019).

96. Wandeler, G., Johnson, L. F. & Egger, M. Trends in life expectancy of
HIV-positive adults on antiretroviral therapy across the globe: comparisons with
general population. 11, 9 (2016).

97. Shubber, Z. et al. Patient-Reported Barriers to Adherence to
Antiretroviral Therapy: A Systematic Review and Meta-Analysis. PLOS Med.
13, 1002183 (2016).

98. Ripa, M., Chiappetta, S. & Tambussi, G. Immunosenescence and
hurdles in the clinical management of older HIV-patients. Virulence 8, 508-528
(2017).

99. Paiardini, M. & Mauller-Trutwin, M. HIV-associated chronic immune
activation. Immunol. Rev. 254, 78-101 (2013).

132/164



100. Plaeger, S. F. et al. Immune Activation in the Pathogenesis of Treated
Chronic HIV Disease: A Workshop Summary. AIDS Res. Hum. Retroviruses 28,
469-477 (2011).

101. Bosho, D. D. et al. Prevalence and predictors of metabolic syndrome
among people living with human immunodeficiency virus (PLWHIV). Diabetol.
Metab. Syndr. 10, 10 (2018).

102. Raposo, M. A. et al. Metabolic disorders and cardiovascular risk in
people living with HIV/AIDS without the use of antiretroviral therapy. Rev. Soc.
Bras. Med. Trop. 50, 598-606 (2017).

103. Caron, M. et al. The HIV-1 nucleoside reverse transcriptase inhibitors
stavudine and zidovudine alter adipocyte functions in vitro. AIDS Lond. Engl.
18, 2127-2136 (2004).

104. van Zoest, R. A. et al. Higher Prevalence of Hypertension in HIV-1-
Infected Patients on Combination Antiretroviral Therapy Is Associated With
Changes in Body Composition and Prior Stavudine Exposure. Clin. Infect. Dis.
63, 205-213 (2016).

105. on behalf of the Copenhagen Comorbidity in HIV Infection
(COCOMO) Study et al. Long-lasting alterations in adipose tissue density and
adiponectin production in people living with HIV after thymidine analogues
exposure. BMC Infect. Dis. 19, 708 (2019).

106. The NAMSAL ANRS 12313 Study Group. Dolutegravir-Based or
Low-Dose Efavirenz—Based Regimen for the Treatment of HIV-1. N. Engl. J.
Med. 381, 816-826 (2019).

107. Venter, W. D. F. et al. Dolutegravir plus Two Different Prodrugs of
Tenofovir to Treat HIV. N. Engl. J. Med. 381, 803-815 (2019).

108. Earnshaw, V. A., Rosenthal, L. & Lang, S. M. Stigma, activism, and
well-being among people living with HIV. AIDS Care 28, 717-721 (2016).

109. Cobos Manuel, 1. et al. [Stigma and HIV: relevant for everyone]. Rev.
Med. Suisse 16, 744-748 (2020).

110. Arias-Colmenero, T. et al. Experiences and Attitudes of People with
HIV/AIDS: A Systematic Review of Qualitative Studies. Int. J. Environ. Res.
Public. Health 17, 639 (2020).

111. Chu, C. E. et al. Exploring the Social Meaning of Curing HIV: A
Qualitative Study of People Who Inject Drugs in Guangzhou, China. AIDS Res.
Hum. Retroviruses 31, 78-84 (2015).

112. Rueda, S. et al. Examining the associations between HIV-related stigma
and health outcomes in people living with HIV/AIDS: a series of meta-analyses.
BMJ Open 6, e011453 (2016).

113. Katz, I. T. et al. Impact of HIV-related stigma on treatment adherence:
systematic review and meta-synthesis. J. Int. AIDS Soc. 16, 18640 (2013).

114. World Health Organisation. HIV drug resistance report 2019.
https://www.who.int/hiv/pub/drugresistance/hivdr-report-2019/en/.

115. Boucher, C. A. et al. State of the Art in HIV Drug Resistance:
Surveillance and Regional Gaps. AIDS Rev. 20, 43-57 (2018).

133/164



116. Visseaux, B. et al. Surveillance of HIV-1 primary infections in France
from 2014 to 2016: toward stable resistance, but higher diversity, clustering and
virulence? J. Antimicrob. Chemother. 75, 183-193 (2020).

117. Raymond, S. et al. Sexual transmission of an extensively drug-resistant
HIV-1 strain. Lancet HIV 7, e529-e530 (2020).

118. UNAIDS press release. 2014. UNAIDS reports that reaching Fast-
Track Targets will avert nearly 28 million new HIV infections and end the AIDS
epidemic as a global health threat by 2030.

119. UNAIDS data 2019, available at
https://www.unaids.org/en/resources/documents/2019/2019-UNAIDS-data.

120. Vigano, S., Bobisse, S., Coukos, G., Perreau, M. & Harari, A. Cancer
and HIV-1 Infection: Patterns of Chronic Antigen Exposure. Front. Immunol. 11,
1350 (2020).

121. Dubé, K. et al. Use of ‘eradication’ in HIV cure-related research: a
public health debate. BMC Public Health 18, 245 (2018).

122. Siliciano, J. D. & Siliciano, R. F. Enhanced Culture Assay for Detection
and Quantitation of Latently Infected, Resting CD4<SUP>+</SUP> T-Cells
Carrying Replication-Competent Virus in HIV-1-Infected Individuals. in Human
Retrovirus Protocols vol. 304 003-016 (Humana Press, 2005).

123. Stone, M. et al. Assessing suitability of next-generation viral outgrowth
assays as proxies for classic QVOA to measure HIV-1 latent reservoir size. J.
Infect. Dis. jiaa089 (2020) doi:10.1093/infdis/jiaa089.

124. Bruner, K. M., Hosmane, N. N. & Siliciano, R. F. Towards an HIV-1
cure: measuring the latent reservoir. Trends Microbiol. 23, 192-203 (2015).

125. Metcalf Pate, K. A. et al. A Murine Viral Outgrowth Assay to Detect
Residual HIV Type 1 in Patients With Undetectable Viral Loads. J. Infect. Dis.
212, 1387-1396 (2015).

126. Bruner, K. M. et al. A quantitative approach for measuring the reservoir
of latent HIV-1 proviruses. Nature 566, 120-125 (2019).

127. Abdel-Mohsen, M. et al. Recommendations for measuring HIV
reservoir size in cure-directed clinical trials. Nat. Med. 26, 1339-1350 (2020).

128. Procopio, F. A. et al. A Novel Assay to Measure the Magnitude of the
Inducible Viral Reservoir in HIV-infected Individuals. EBioMedicine 2, 874-883
(2015).

129. Baxter, A. E. et al. Single-Cell Characterization of Viral Translation-
Competent Reservoirs in HIV-Infected Individuals. Cell Host Microbe 20, 368—
380 (2016).

130. Passaes, C. P. B. et al. Ultrasensitive HIV-1 p24 Assay Detects Single
Infected Cells and Differences in Reservoir Induction by Latency Reversal
Agents. J. Virol. 91, e02296-16, e02296-16 (2017).

131. Feng, Y., Broder, C. C., Kennedy, P. E. & Berger, E. A. HIV-1 entry
cofactor: functional cDNA cloning of a seven-transmembrane, G protein-coupled
receptor. Science 272, 872-877 (1996).

134/164



132. Weiss, R. A. Thirty years on: HIV receptor gymnastics and the
prevention of infection. BMC Biol. 11, 57 (2013).

133. Wilen, C. B, Tilton, J. C. & Doms, R. W. HIV: Cell Binding and Entry.
Cold Spring Harb. Perspect. Med. 2, a006866-a006866 (2012).

134. Liu, R. et al. Homozygous defect in HIV-1 coreceptor accounts for
resistance of some multiply-exposed individuals to HIV-1 infection. Cell 86,
367-377 (1996).

135. Samson, M. et al. Resistance to HIV-1 infection in caucasian
individuals bearing mutant alleles of the CCR-5 chemokine receptor gene.
Nature 382, 722—725 (1996).

136. Dean, M. et al. Genetic restriction of HIV-1 infection and progression
to AIDS by a deletion allele of the CKR5 structural gene. Hemophilia Growth
and Development Study, Multicenter AIDS Cohort Study, Multicenter
Hemophilia Cohort Study, San Francisco City Cohort, ALIVE Study. Science
273, 18561862 (1996).

137. Mueller, M. C. & Bogner, J. R. Treatment with CCR5 antagonists:
which patient may have a benefit? Eur. J. Med. Res. 12, 441-452 (2007).

138. Hiitter, G. et al. Long-Term Control of HIV by CCRS5 Delta32/Delta32
Stem-Cell Transplantation. N. Engl. J. Med. 360, 692-698 (2009).

139. Brown, T. R. I Am the Berlin Patient: A Personal Reflection. AIDS Res.
Hum. Retroviruses 31, 2-3 (2015).

140. Saez-Cirion, A. & Muller-Trutwin, M. The Yellow Brick Road towards
HIV Eradication. Trends Immunol. 40, 465-467 (2019).

141. Gupta, R. K. et al. HIV-1 remission following CCRS5A32/A32
haematopoietic stem-cell transplantation. Nature 568, 244248 (2019).

142. Gupta, R. K. et al. Evidence for HIV-1 cure after CCR5A32/A32
allogeneic haemopoietic stem-cell transplantation 30 months post analytical
treatment interruption: a case report. Lancet HIV 7, e340-e347 (2020).

143. Jilg, N. & Li, J. Z. On the Road to a HIV Cure. Infect. Dis. Clin. North
Am. 33, 857-868 (2019).

144. Jensen, B.-E. O. et al. “Analytic treatment interruption (ATI) after
allogeneic CCR5-D32 HSCT for AML in 2013,” in Proceedings of the
Conference on Retroviruses and Opportunistic Infections (CROI), Seattle, WA.
(2019).

145, Salgado, M. et al. Mechanisms That Contribute to a Profound
Reduction of the HIV-1 Reservoir After Allogeneic Stem Cell Transplant. Ann.
Intern. Med. 169, 674 (2018).

146. Henrich, T. J. et al. Antiretroviral-Free HIV-1 Remission and Viral
Rebound After Allogeneic Stem Cell Transplantation: Report of 2 Cases. Ann.
Intern. Med. 161, 319 (2014).

147. Cummins, N. W. et al. Extensive virologic and immunologic
characterization in an HIV-infected individual following allogeneic stem cell
transplant and analytic cessation of antiretroviral therapy: A case study. PLOS
Med. 14, e1002461 (2017).

135/164



148. Kordelas, L., Verheyen, J. & Esser, S. Shift of HIV Tropism in Stem-
Cell Transplantation with CCR5 Delta32 Mutation. N. Engl. J. Med. 371, 880-
882 (2014).

149. Henrich, T. J. et al. HIV-1 persistence following extremely early
initiation of antiretroviral therapy (ART) during acute HIV-1 infection: An
observational study. PLOS Med. 14, e1002417 (2017).

150. Moir, S. et al. B cells in early and chronic HIV infection: evidence for
preservation of immune function associated with early initiation of antiretroviral
therapy. Blood 116, 5571-5579 (2010).

151. Bitnun, A. et al. Early Initiation of Combination Antiretroviral Therapy
in HIV-1-Infected Newborns Can Achieve Sustained Virologic Suppression
With Low Frequency of CD4+ T Cells Carrying HIV in Peripheral Blood. Clin.
Infect. Dis. 59, 1012-1019 (2014).

152. Schuetz, A. et al. Initiation of ART during Early Acute HIV Infection
Preserves Mucosal Thl1l7 Function and Reverses HIV-Related Immune
Activation. PLOS Pathog. 10, e1004543 (2014).

153. Kok, A. et al. Early initiation of combined antiretroviral therapy
preserves immune function in the gut of HIV-infected patients. Mucosal
Immunol. 8, 127-140 (2015).

154, Okoye, A. A. et al. Early antiretroviral therapy limits SIV reservoir
establishment to delay or prevent post-treatment viral rebound. Nat. Med. 24,
1430-1440 (2018).

155. Ndhlovu, Z. M. et al. Augmentation of HIV-specific T cell function by
Immediate treatment of hyperacute HIV-1 infection. Sci. Transl. Med. 11,
(2019).

156. Klock, E. et al. Impact of early ART initiation on performance of cross
sectional incidence assays. AIDS Res. Hum. Retroviruses AlD.2019.0286 (2020)
doi:10.1089/A1D.2019.0286.

157. Persaud, D. et al. Absence of Detectable HIV-1 Viremia after
Treatment Cessation in an Infant. N. Engl. J. Med. 369, 1828-1835 (2013).

158. Ananworanich, J. & Robb, M. L. The transient HIV remission in the
Mississippi baby: why is this good news? J. Int. AIDS Soc. 17, 19859 (2014).

159. Whitney, J. B. et al. Rapid seeding of the viral reservoir prior to SIV
viraemia in rhesus monkeys. Nature 512, 74-77 (2014).

160. Séez-Ciridn, A. 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. 9, e1003211
(2013).

161. Hocqueloux, L. et al. Long-term immunovirologic control following
antiretroviral therapy interruption in patients treated at the time of primary HIV-
1 infection: AIDS 24, 1598-1601 (2010).

162. Namazi, G. et al. The Control of HIVV After Antiretroviral Medication
Pause (CHAMP) Study: Posttreatment Controllers Identified From 14 Clinical
Studies. J. Infect. Dis. 218, 1954-1963 (2018).

136/164



163. Avettand-Fénoél, V. et al. Total HIV-1 DNA, a Marker of Viral
Reservoir Dynamics with Clinical Implications. Clin. Microbiol. Rev. 29, 859—
880 (2016).

164. Siliciano, J. D. & Siliciano, R. F. Assays to Measure Latency,
Reservoirs, and Reactivation. in HIV-1 Latency (eds. Silvestri, G. & Lichterfeld,
M.) vol. 417 23-41 (Springer International Publishing, 2017).

165. Eisele, E. & Siliciano, R. F. Redefining the Viral Reservoirs that
Prevent HIV-1 Eradication. Immunity 37, 377-388 (2012).

166. Blankson, J. N., Persaud, D. & Siliciano, R. F. The Challenge of Viral
Reservoirs in HIV-1 Infection. Annu. Rev. Med. 53, 557-593 (2002).

167. Finzi, D. Identification of a Reservoir for HIVV-1 in Patients on Highly
Active Antiretroviral Therapy. Science 278, 1295-1300 (1997).

168. Chun, T.-W. et al. Presence of an inducible HIV-1 latent reservoir
during highly active antiretroviral therapy. Proc. Natl. Acad. Sci. 94, 13193-
13197 (1997).

169. Wong, J. K. Recovery of Replication-Competent HIV Despite
Prolonged Suppression of Plasma Viremia. Science 278, 1291-1295 (1997).

170. Finzi, D. et al. Latent infection of CD4+ T cells provides a mechanism
for lifelong persistence of HIV-1, even in patients on effective combination
therapy. Nat. Med. 5, 512-517 (1999).

171. Pierson, T., McArthur, J. & Siliciano, R. F. Reservoirs for HIV-1:
Mechanisms for Viral Persistence in the Presence of Antiviral Immune
Responses and Antiretroviral Therapy. Annu. Rev. Immunol. 18, 665-708 (2000).

172. Siliciano, J. D. et al. Long-term follow-up studies confirm the stability
of the latent reservoir for HIV-1 in resting CD4+ T cells. Nat. Med. 9, 727728
(2003).

173. Mikhailova, A., Valle-Casuso, J. C. & Séez-Cirion, A. Cellular
Determinants of HIV Persistence on Antiretroviral Therapy. in HIV Vaccines
and Cure (eds. Zhang, L. & Lewin, S. R.) vol. 1075 213-239 (Springer
Singapore, 2018).

174, Barton, K., Winckelmann, A. & Palmer, S. HIV-1 Reservoirs During
Suppressive Therapy. Trends Microbiol. 24, 345-355 (2016).

175. Passaes, C. P. & Saez-Cirién, A. HIV cure research: Advances and
prospects. Virology 454-455, 340-352 (2014).

176. Koup, R. A. et al. Temporal association of cellular immune responses
with the initial control of viremia in primary human immunodeficiency virus
type 1 syndrome. J. Virol. 68, 4650-4655 (1994).

177. Pedersen, C. et al. Clinical course of primary HIV infection:
consequences for subsequent course of infection. BMJ 299, 154-157 (1989).

178. Chun, T.-W. et al. In vivo fate of HIV-1-infected T cells: Quantitative
analysis of the transition to stable latency. Nat. Med. 1, 1284-1290 (1995).

179. Darcis, G., Berkhout, B. & Pasternak, A. O. The Quest for Cellular
Markers of HIV Reservoirs: Any Color You Like. Front. Immunol. 10, 2251

137/164



(2019).

180. Bruel, T. & Schwartz, O. Markers of the HIV-1 reservoir: facts and
controversies. Curr. Opin. HIV AIDS 13, 383-388 (2018).

181. Chomont, N. et al. HIV reservoir size and persistence are driven by T
cell survival and homeostatic proliferation. Nat. Med. 15, 893-900 (2009).

182. Bruner, K. M. et al. Defective proviruses rapidly accumulate during
acute HIV-1 infection. Nat. Med. 22, 1043-1049 (2016).

183. Pollack, R. A. et al. Defective HIV-1 Proviruses Are Expressed and
Can Be Recognized by Cytotoxic T Lymphocytes, which Shape the Proviral
Landscape. Cell Host Microbe 21, 494-506.e4 (2017).

184. Imamichi, H. et al. Defective HIV-1 proviruses produce viral proteins.
Proc. Natl. Acad. Sci. 117, 3704-3710 (2020).

185. Kumar, A., Abbas, W. & Herbein, G. HIV-1 Latency in
Monocytes/Macrophages. Viruses 6, 1837-1860 (2014).

186. Kandathil, A. J., Sugawara, S. & Balagopal, A. Are T cells the only
HIV-1 reservoir? Retrovirology 13, 86 (2016).

187. Honeycutt, J. B. et al. Macrophages sustain HIV replication in vivo
independently of T cells. J. Clin. Invest. 126, 1353-1366 (2016).
188. Igarashi, T. et al. Macrophage are the principal reservoir and sustain

high virus loads in rhesus macaques after the depletion of CD4+ T cells by a
highly pathogenic simian immunodeficiency virus/HIV type 1 chimera (SHIV):
Implications for HIV-1 infections of humans. Proc. Natl. Acad. Sci. 98, 658-663
(2001).

189. Swingler, S., Mann, A. M., Zhou, J., Swingler, C. & Stevenson, M.
Apoptotic Killing of HIV-1-Infected Macrophages Is Subverted by the Viral
Envelope Glycoprotein. PLoS Pathog. 3, e134 (2007).

190. Cribbs, S. K., Lennox, J., Caliendo, A. M., Brown, L. A. & Guidot, D.
M. Healthy HIV-1-Infected Individuals on Highly Active Antiretroviral Therapy
Harbor HIV-1 in Their Alveolar Macrophages. AIDS Res. Hum. Retroviruses 31,
64-70 (2015).

191. Koppensteiner, H., Brack-Werner, R. & Schindler, M. Macrophages
and their relevance in Human Immunodeficiency Virus Type | infection.
Retrovirology 9, 82 (2012).

192. Wacleche, V., Tremblay, C., Routy, J.-P. & Ancuta, P. The Biology of
Monocytes and Dendritic Cells: Contribution to HIV Pathogenesis. Viruses 10,
65 (2018).

193. Kruize, Z. & Kootstra, N. A. The Role of Macrophages in HIV-1
Persistence and Pathogenesis. Front. Microbiol. 10, 2828 (2019).

194, Honeycutt, J. B. et al. HIV persistence in tissue macrophages of
humanized myeloid-only mice during antiretroviral therapy. Nat. Med. 23, 638—
643 (2017).

195. Arainga, M. et al. A mature macrophage is a principal HIV-1 cellular
reservoir in humanized mice after treatment with long acting antiretroviral

138/164



therapy. Retrovirology 14, 17 (2017).

196. Kandathil, A. J. et al. No recovery of replication-competent HIV-1
from human liver macrophages. J. Clin. Invest. 128, 4501-4509 (2018).

197. Ganor, Y. et al. HIV-1 reservoirs in urethral macrophages of patients
under suppressive antiretroviral therapy. Nat. Microbiol. 4, 633-644 (2019).

198. Matusali, G. et al. Detection of Simian Immunodeficiency Virus in
Semen, Urethra, and Male Reproductive Organs during Efficient Highly Active
Antiretroviral Therapy. J. Virol. 89, 5772-5787 (2015).

199. Houzet, L. et al. Seminal Simian Immunodeficiency Virus in
Chronically Infected Cynomolgus Macaques Is Dominated by Virus Originating
from Multiple Genital Organs. J. Virol. 92, (2018).

200. Le Tortorec, A. et al. From Ancient to Emerging Infections: The
Odyssey of Viruses in the Male Genital Tract. Physiol. Rev. 100, 1349-1414
(2020).

201. Chéret, A. et al. Impact of early cART on HIV blood and semen
compartments at the time of primary infection. PLOS ONE 12, e0180191 (2017).

202. Estes, J. D. et al. Defining total-body AIDS-virus burden with
implications for curative strategies. Nat. Med. 23, 1271-1276 (2017).

203. Alzahrani, J. et al. Inflammatory and immunometabolic consequences
of gut dysfunction in HIV: Parallels with IBD and implications for reservoir
persistence and non-AIDS comorbidities. EBioMedicine 46, 522-531 (2019).

204. Chun, T. et al. Persistence of HIV in Gut-Associated Lymphoid Tissue
despite Long-Term Antiretroviral Therapy. J. Infect. Dis. 197, 714-720 (2008).

205. Wong, J. K. & Yukl, S. A. Tissue reservoirs of HIV. Curr. Opin. HIV
AIDS 11, 362-370 (2016).

206. Damouche, A. et al. Adipose Tissue Is a Neglected Viral Reservoir and
an Inflammatory Site during Chronic HIV and SIV Infection. PLoS Pathog. 11,
€1005153 (2015).

207. Rothenberger, M. K. et al. Large number of rebounding/founder HIV
variants emerge from multifocal infection in lymphatic tissues after treatment
interruption. Proc. Natl. Acad. Sci. U. S. A. 112, E1126-1134 (2015).

208. HIV-1 Latency. vol. 417 (Springer International Publishing, 2018).

2009. Hsu, D. C. & Ananworanich, J. Immune Interventions to Eliminate the
HIV Reservoir. in HIV-1 Latency (eds. Silvestri, G. & Lichterfeld, M.) vol. 417
181-210 (Springer International Publishing, 2017).

210. Calcagno, A. et al. Cerebrospinal Fluid Inhibitory Quotients of
Antiretroviral Drugs in HIV-Infected Patients Are Associated With
Compartmental Viral Control. Clin. Infect. Dis. 60, 311-317 (2015).

211. Bell, R. D. & Ehlers, M. D. Breaching the Blood-Brain Barrier for Drug
Delivery. Neuron 81, 1-3 (2014).

212. Joseph, S. B. & Swanstrom, R. The evolution of HIV-1 entry
phenotypes as a guide to changing target cells. J. Leukoc. Biol. 103, 421-431
(2018).

139/164



213. Joseph, S. B., Trunfio, M., Kincer, L. P., Calcagno, A. & Price, R. W.
What can characterization of cerebrospinal fluid escape populations teach us
about viral reservoirs in the central nervous system?: AIDS 33, S171-S179
(2019).

214. Avalos, C. R. et al. Brain Macrophages in Simian Immunodeficiency
Virus-Infected, Antiretroviral-Suppressed Macaques: a Functional Latent
Reservoir. mBio 8, mBi0.01186-17, €01186-17 (2017).

215. Fletcher, C. V. et al. Persistent HIV-1 replication is associated with
lower antiretroviral drug concentrations in lymphatic tissues. Proc. Natl. Acad.
Sci. 111, 2307-2312 (2014).

216. Lorenzo-Redondo, R. et al. Persistent HIVV-1 replication maintains the
tissue reservoir during therapy. Nature 530, 51-56 (2016).

217. Folkvord, J. M., Armon, C. & Connick, E. Lymphoid Follicles Are
Sites of Heightened Human Immunodeficiency Virus Type 1 (HIV-1)
Replication and Reduced Antiretroviral Effector Mechanisms. AIDS Res. Hum.
Retroviruses 21, 363-370 (2005).

218. Connick, E. et al. CTL Fail to Accumulate at Sites of HIV-1
Replication in Lymphoid Tissue. J. Immunol. 178, 6975-6983 (2007).

219. Fukazawa, Y. et al. B cell follicle sanctuary permits persistent
productive simian immunodeficiency virus infection in elite controllers. Nat.
Med. 21, 132-139 (2015).

220. Banga, R. et al. PD-1+ and follicular helper T cells are responsible for
persistent HIV-1 transcription in treated aviremic individuals. Nat. Med. 22,
754-761 (2016).

221. McGary, C. S. et al. CTLA-4+PD-1— Memory CD4+ T Cells Critically
Contribute to Viral Persistence in Antiretroviral Therapy-Suppressed, SIV-
Infected Rhesus Macaques. Immunity 47, 776-788.e5 (2017).

222. Manches, O., Frleta, D. & Bhardwaj, N. Dendritic cells in progression
and pathology of HIV infection. Trends Immunol. 35, 114-122 (2014).

223. Heesters, B. A. et al. Follicular Dendritic Cells Retain Infectious HIV
in Cycling Endosomes. PLOS Pathog. 11, €1005285 (2015).

224, Veenhuis, R. T. & Blankson, J. N. The Antiviral Immune Response and
Its Impact on the HIV-1 Reservoir. in HIV-1 Latency (eds. Silvestri, G. &
Lichterfeld, M.) vol. 417 43-67 (Springer International Publishing, 2017).

225. Jones, R. B. & Walker, B. D. HIV-specific CD8+ T cells and HIV
eradication. J. Clin. Invest. 126, 455-463 (2016).

226. Kulkarni, V. & Ruprecht, R. M. Mucosal IgA Responses: Damaged in
Established HIV Infection—Yet, Effective Weapon against HIVV Transmission.
Front. Immunol. 8, 1581 (2017).

227. Moir, S. & Fauci, A. S. B cells in HIV infection and disease. Nat. Rev.
Immunol. 9, 235-245 (2009).

228. de Bree, G. J. & Lynch, R. M. B cells in HIV pathogenesis: Curr. Opin.
Infect. Dis. 29, 23-30 (2016).

140/164



229. Pensieroso, S. et al. B-cell subset alterations and correlated factors in
HIV-1 infection: AIDS 27, 1209-1217 (2013).

230. Zhang, Z.-Q. et al. Early depletion of proliferating B cells of germinal
center in rapidly progressive simian immunodeficiency virus infection. Virology
361, 455-464 (2007).

231. Levesque, M. C. et al. Polyclonal B Cell Differentiation and Loss of
Gastrointestinal Tract Germinal Centers in the Earliest Stages of HIV-1
Infection. PLoS Med. 6, e1000107 (2009).

232. Estes, J. D. Pathobiology of HIV/SIV-associated changes in secondary
lymphoid tissues. Immunol. Rev. 254, 65-77 (2013).

233. Huot, N., Bosinger, S. E., Paiardini, M., Reeves, R. K. & Miiller-
Trutwin, M. Lymph Node Cellular and Viral Dynamics in Natural Hosts and
Impact for HIV Cure Strategies. Front. Immunol. 9, 780 (2018).

234, Handoko, R. et al. Determinants of suboptimal CD4 * T cell recovery
after antiretroviral therapy initiation in a prospective cohort of acute HIV-1
infection. J. Int. AIDS Soc. 23, (2020).

235. Hel, Z. et al. Dysregulation of Systemic and Mucosal Humoral
Responses to Microbial and Food Antigens as a Factor Contributing to Microbial
Translocation and Chronic Inflammation in HIV-1 Infection. PLoS Pathog. 13,
€1006087 (2017).

236. Nwosu, F. C., Avershina, E., Wilson, R. & Rudi, K. Gut Microbiota in
HIV Infection: Implication for Disease Progression and Management.
Gastroenterol. Res. Pract. 2014, 1-6 (2014).

237. Nazli, A. et al. Exposure to HIV-1 Directly Impairs Mucosal Epithelial
Barrier Integrity Allowing Microbial Translocation. PLoS Pathog. 6, e1000852
(2010).

238. Vivier, E. et al. Innate Lymphoid Cells: 10 Years On. Cell 174, 1054—
1066 (2018).

239. Shah, S. V., Manickam, C., Ram, D. R. & Reeves, R. K. Innate
Lymphoid Cells in HIV/SIV Infections. Front. Immunol. 8, 1818 (2017).

240. Mudd, J. C. et al. Hallmarks of primate lentiviral immunodeficiency
infection recapitulate loss of innate lymphoid cells. Nat. Commun. 9, 3967
(2018).

241. Mudd, J. C. & Brenchley, J. M. Innate Lymphoid Cells: Their
Contributions to Gastrointestinal Tissue Homeostasis and HIV/SIV Disease
Pathology. Curr. HIV/AIDS Rep. 16, 181-190 (2019).

242. Miller-Trutwin, M. & Hosmalin, A. Role for plasmacytoid dendritic
cells in anti-HIV innate immunity. Immunol. Cell Biol. 83, 578-585 (2005).

243. Kuller, L. H. et al. Inflammatory and Coagulation Biomarkers and
Mortality in Patients with HIV Infection. PLoS Med. 5, €203 (2008).

244, Hsue, P. Y., Deeks, S. G. & Hunt, P. W. Immunologic Basis of
Cardiovascular Disease in HIV-Infected Adults. J. Infect. Dis. 205, S375-S382
(2012).

141/164



245. Jacquelin, B. et al. Nonpathogenic SIV infection of African green
monkeys induces a strong but rapidly controlled type I IFN response. J. Clin.
Invest. 119, 3544-3555 (2009).

246. Favre, D. et al. Critical loss of the balance between Thl7 and T
regulatory cell populations in pathogenic SIV infection. PLoS Pathog. 5,
€1000295 (2009).

247. Favre, D. et al. Tryptophan catabolism by indoleamine 2,3-dioxygenase
1 alters the balance of TH17 to regulatory T cells in HIV disease. Sci. Transl.
Med. 2, 32ra36 (2010).

248. Kanwar, B., Favre, D. & McCune, J. M. Th17 and regulatory T cells:
implications for AIDS pathogenesis. Curr. Opin. HIV AIDS 5, 151-157 (2010).

249. Estes, J. D. et al. Premature induction of an immunosuppressive
regulatory T cell response during acute simian immunodeficiency virus
infection. J. Infect. Dis. 193, 703-712 (2006).

250. Estes, J. D. et al. Simian Immunodeficiency virus-Induced Lymphatic
Tissue Fibrosis Is Mediated by Transforming Growth Factor [B1-positive
Regulatory T Cells and Begins in Early Infection. J. Infect. Dis. 195, 551-561
(2007).

251. Epple, H.-J. et al. Mucosal but not peripheral FOXP3+ regulatory T
cells are highly increased in untreated HIV infection and normalize after
suppressive HAART. Blood 108, 3072-3078 (2006).

252. Allers, K. et al. Gut mucosal FOXP3+ regulatory CD4+ T cells and
Nonregulatory CD4+ T cells are differentially affected by simian
immunodeficiency virus infection in rhesus macaques. J. Virol. 84, 3259-3269
(2010).

253. Hasenkrug, K. J., Chougnet, C. A. & Dittmer, U. Regulatory T cells in
retroviral infections. PLOS Pathog. 14, e1006776 (2018).

254. Wan, Z. et al. Regulatory T cells and T helper 17 cells in viral
infection. Scand. J. Immunol. n/a, e12873 (2020).

255. Bandera, A. et al. CD4+ T Cell Depletion, Immune Activation and
Increased Production of Regulatory T Cells in the Thymus of HIV-Infected
Individuals. PLoS ONE 5, €10788 (2010).

256. Korencak, M. et al. Effect of HIV infection and antiretroviral therapy
on immune cellular functions. JCI Insight 4, €126675 (2019).

257. Papagno, L. et al. Immune Activation and CD8+ T-Cell Differentiation
towards Senescence in HIV-1 Infection. PLoS Biol. 2, €20 (2004).

258. Fastenackels, S. et al. HIV-mediated immune aging in young adults
infected perinatally or during childhood: AIDS 33, 1705-1710 (2019).

259. Planchais, C. et al. Early Antiretroviral Therapy Preserves Functional
Follicular Helper T and HIV-Specific B Cells in the Gut Mucosa of HIV-1-
Infected Individuals. J. Immunol. 200, 3519-3529 (2018).

260. DeGrazia, D. & Beauchamp, T. L. Beyond the 3 Rs to a More
Comprehensive Framework of Principles for Animal Research Ethics. ILAR J.
i1z011 (2019) doi:10.1093/ilar/ilz011.

142/164



261. Russell, William Moy Stratton, and Rex Leonard Burch. The principles
of humane experimental technique. Methuen, 1959.

262. McGrath, J. C., McLachlan, E. M. & Zeller, R. Transparency in
Research involving Animals: The Basel Declaration and new principles for
reporting research in BJP manuscripts: Transparency in Research involving
Animals. Br. J. Pharmacol. 172, 2427-2432 (2015).

263. http://www.animalresearch.info/en/medical-advances/nobel-prizes/.

264. Balls, M. It’s Time to Reconsider The Principles of Humane
Experimental Technique. Altern. Lab. Anim. 48, 40-46 (2020).

265. Compton, A. A., Malik, H. S. & Emerman, M. Host gene evolution
traces the evolutionary history of ancient primate lentiviruses. Philos. Trans. R.
Soc. B Biol. Sci. 368, 20120496 (2013).

266. Etienne, L. et al. Characterization of a new simian immunodeficiency
virus strain in a naturally infected Pan troglodytes troglodyteschimpanzee with
AIDS related symptoms. Retrovirology 8, 4 (2011).

267. Rudicell, R. S. et al. Impact of Simian Immunodeficiency Virus
Infection on Chimpanzee Population Dynamics. PLoS Pathog. 6, €1001116
(2010).

268. Keele, B. F. et al. Increased mortality and AIDS-like immunopathology
in wild chimpanzees infected with SIVVcpz. Nature 460, 515-519 (2009).

269. Brown, M. J. et al. Culture of Care: Organizational Responsibilities. in
Management of Animal Care and Use Programs in Research, Education, and
Testing (eds. Weichbrod, R. H., Thompson, G. A. (Heidbrink) & Norton, J. N.)
(CRC Press/Taylor & Francis, 2018).

270. Hampshire, V. A. & Gilbert, S. H. Refinement, Reduction, and
Replacement (3R) Strategies in Preclinical Testing of Medical Devices. Toxicol.
Pathol. 47, 329-338 (2019).

271. Fauci, A. S. & Desrosiers, R. C. Pathogenesis of HIV and SIV. in
Retroviruses (eds. Coffin, J. M., Hughes, S. H. & Varmus, H. E.) (Cold Spring
Harbor Laboratory Press, 1997).

272. Del Prete, G. Q. & Lifson, J. D. Nonhuman Primate Models for Studies
of AIDS Virus Persistence During Suppressive Combination Antiretroviral
Therapy. in HIV-1 Latency (eds. Silvestri, G. & Lichterfeld, M.) vol. 417 69-109
(Springer International Publishing, 2017).

273. Nath, B. M., Schumann, K. E. & Boyer, J. D. The chimpanzee and
other non-human-primate models in HIVV-1 vaccine research. Trends Microbiol.
8, 426-431 (2000).

274. Mohammadi, H. & Bienzle, D. Pharmacological Inhibition of Feline
Immunodeficiency Virus (FIV). Viruses 4, 708724 (2012).

275. Krakoff, E., Gagne, R. B., VandeWoude, S. & Carver, S. Variation in
Intra-individual Lentiviral Evolution Rates: a Systematic Review of Human,
Nonhuman Primate, and Felid Species. J. Virol. 93, e00538-19,
/jvi/93/16/JV1.00538-19.atom (2019).

276. Victor Garcia, J. Humanized mice for HIV and AIDS research. Curr.

143/164



Opin. Virol. 19, 56-64 (2016).

277. Garcia, J. V. In vivo platforms for analysis of HIV persistence and
eradication. J. Clin. Invest. 126, 424-431 (2016).

278. Marsden, M. D. Benefits and limitations of humanized mice in HIV
persistence studies. Retrovirology 17, 7 (2020).

279. Agarwal, Y. et al. Moving beyond the mousetrap: current and emerging
humanized mouse and rat models for investigating prevention and cure strategies
against HIV infection and associated pathologies. Retrovirology 17, 8 (2020).

280. Hosur, V. et al. Improved mouse models and advanced genetic and
genomic technologies for the study of neutrophils. Drug Discov. Today
$1359644620301446 (2020) doi:10.1016/j.drudis.2020.03.018.

281. Weichseldorfer, M., Heredia, A., Reitz, M., Bryant, J. L. & Latinovic,
O. S. Use of Humanized Mouse Models for Studying HIV-1 Infection,
Pathogenesis and Persistence. J. AIDS HIV Treat. 2, 23-29 (2020).

282. Loffredo, J. T. et al. Mamu-B*08-Positive Macaques Control Simian
Immunodeficiency Virus Replication. J. Virol. 81, 8827-8832 (2007).

283. Cumont, M.-C. et al. Early divergence in lymphoid tissue apoptosis
between pathogenic and nonpathogenic simian immunodeficiency virus
infections of nonhuman primates. J. Virol. 82, 1175-1184 (2008).

284. Bruel, T. et al. Long-Term Control of Simian Immunodeficiency Virus
(SIV) in Cynomolgus Macaques Not Associated with Efficient SIV-Specific
CDB8+ T-Cell Responses. J. Virol. 89, 3542-3556 (2015).

285. Krebs, K. C., Jin, Z., Rudersdorf, R., Hughes, A. L. & O’Connor, D. H.
Unusually High Frequency MHC Class | Alleles in Mauritian Origin
Cynomolgus Macaques. J. Immunol. 175, 5230-5239 (2005).

286. O’Connor, S. L. et al. Comprehensive characterization of MHC class Il
haplotypes in Mauritian cynomolgus macaques. Immunogenetics 59, 449-462
(2007).

287. Mee, E. T. et al. MHC haplotype frequencies in a UK breeding colony
of Mauritian cynomolgus macaques mirror those found in a distinct population
from the same geographic origin. J. Med. Primatol. 38, 1-14 (2009).

288. Mohns, M. S. et al. Expansion of Simian Immunodeficiency Virus
(SIV)-Specific CD8 T Cell Lines from SIV-Naive Mauritian Cynomolgus
Macaques for Adoptive Transfer. J. Virol. 89, 9748-9757 (2015).

289. Klatt, N. R. et al. Compromised gastrointestinal integrity in pigtail
macaques is associated with increased microbial translocation, immune
activation, and IL-17 production in the absence of SIV infection. Mucosal
Immunol. 3, 387-398 (2010).

290. Zink, M. C. et al. High Viral Load in the Cerebrospinal Fluid and Brain
Correlates with Severity of Simian Immunodeficiency Virus Encephalitis. J.
Virol. 73, 10480-10488 (1999).

291. Shultz, L. D., Brehm, M. A., Garcia-Martinez, J. V. & Greiner, D. L.
Humanized mice for immune system investigation: progress, promise and
challenges. Nat. Rev. Immunol. 12, 786-798 (2012).

144/164



292. Shultz, L. D. et al. Human Lymphoid and Myeloid Cell Development in
NOD/LtSz- scid IL2R y ™" Mice Engrafted with Mobilized Human
Hemopoietic Stem Cells. J. Immunol. 174, 6477-6489 (2005).

293. Masse-Ranson, G. et al. Accelerated thymopoiesis and improved T-cell
responses in HLA-A2/-DR2 transgenic BRGS-based human immune system
mice. Eur. J. Immunol. 49, 954-965 (2019).

294. Honeycutt, J. B. & Garcia, J. V. Humanized mice: models for
evaluating NeuroHIV and cure strategies. J. Neurovirol. 24, 185-191 (2018).

295. Daniel, M. D. et al. Isolation of T-cell tropic HTLV-IlI-like retrovirus
from macaques. Science 228, 1201-1204 (1985).

296. Silvestri, G., Paiardini, M., Pandrea, I., Lederman, M. M. & Sodora, D.
L. Understanding the benign nature of SIV infection in natural hosts. J. Clin.
Invest. 117, 3148-3154 (2007).

297. Simon, F. et al. Identification of a new human immunodeficiency virus
type 1 distinct from group M and group O. Nat. Med. 4, 1032-1037 (1998).

298. Gao, F. et al. Origin of HIV-1 in the chimpanzee Pan troglodytes
troglodytes. Nature 397, 436441 (1999).

299. Sharp, P. M. & Hahn, B. H. Origins of HIV and the AIDS Pandemic.
Cold Spring Harb. Perspect. Med. 1, a006841-a006841 (2011).

300. Keele, B. F. et al. Chimpanzee Reservoirs of Pandemic and
Nonpandemic HIV-1. Science 313, 523-526 (2006).
301. Plantier, J.-C. et al. A new human immunodeficiency virus derived

from gorillas. Nat. Med. 15, 871-872 (2009).

302. Heuverswyn, F. V. et al. SIV infection in wild gorillas. Nature 444,
164-164 (2006).

303. Hirsch, V. M., Olmsted, R. A., Murphey-Corb, M., Purcell, R. H. &
Johnson, P. R. An African primate lentivirus (SIVsmclosely related to HIV-2.
Nature 339, 389-392 (1989).

304. Damond, F. et al. Identification of a Highly Divergent HIV Type 2 and
Proposal for a Change in HIV Type 2 Classification. AIDS Res. Hum.
Retroviruses 20, 666672 (2004).

305. Ma, D. et al. SIVagm Infection in Wild African Green Monkeys from
South Africa: Epidemiology, Natural History, and Evolutionary Considerations.
PLOS Pathog. 9, €1003011 (2013).

306. Souquieére, S. et al. Wild Mandrillus sphinx are carriers of two types of
lentivirus. J. Virol. 75, 70867096 (2001).

307. Takehisa, J. et al. Natural infection of wild-born mandrills (Mandrillus
sphinx) with two different types of simian immunodeficiency virus. AIDS Res.
Hum. Retroviruses 17, 1143-1154 (2001).

308. Hu, J. et al. Characterization and comparison of recombinant simian
immunodeficiency virus from drill (Mandrillus leucophaeus) and mandrill
(Mandrillus sphinx) isolates. J. Virol. 77, 4867—4880 (2003).

309. Apetrei, C. et al. Immunovirological analyses of chronically simian

145/164



immunodeficiency virus SIVmnd-1- and SlIVmnd-2-infected mandrills
(Mandrillus sphinx). J. Virol. 85, 13077-13087 (2011).

310. Santiago, M. L. et al. Simian Immunodeficiency Virus Infection in
Free-Ranging Sooty Mangabeys (Cercocebus atys atys) from the Tai Forest,
Cote d’Ivoire: Implications for the Origin of Epidemic Human
Immunodeficiency Virus Type 2. J. Virol. 79, 12515-12527 (2005).

311. Sodora, D. L. et al. Toward an AIDS vaccine: lessons from natural
simian immunodeficiency virus infections of African nonhuman primate hosts.
Nat. Med. 15, 861-865 (2009).

312. Hirsch, V. M. & Lifson, J. D. Simian immunodeficiency virus infection
of monkeys as a model system for the study of AIDS pathogenesis, treatment,
and Prevention. in Advances in Pharmacology vol. 49 437477 (Elsevier, 2000).

313. Van Rompay, K. K. A., Blackwood, E. J., Landucci, G., Forthal, D. &
Marthas, M. L. Role of CD8+ cells in controlling replication of nonpathogenic
Simian Immunodeficiency Virus SIVmaclA1ll. Virol. J. 3, 22 (2006).

314. Khatissian, E. et al. Persistence of pathogenic challenge virus in
macaques protected by simian immunodeficiency virus SIVmacDeltanef. J.
Virol. 75, 1507-1515 (2001).

315. Pandrea, I. et al. Functional cure of SIVagm infection in rhesus
macaques results in complete recovery of CD4+ T cells and is reverted by CD8+
cell depletion. PLoS Pathog. 7, 1002170 (2011).

316. Pandrea, I. et al. Coagulation biomarkers predict disease progression in
SIV-infected nonhuman primates. Blood 120, 1357-1366 (2012).

317. Courgnaud, V., Saurin, W., Villinger, F. & Sonigo, P. Different
evolution of simian immunodeficiency virus in a natural host and a new host.
Virology 247, 41-50 (1998).

318. Courgnaud, V., Muller-Trutwin, M. & Sonigo, P. Evolution et virulence
des lentivirus de primates. médecine/sciences 20, 448-452 (2004).

3109. Donahoe, R. M. et al. Probable deceleration of progression of Simian
AIDS affected by opiate dependency: studies with a rhesus macaque/SIVsmm9
model. J. Acquir. Immune Defic. Syndr. 1999 50, 241-249 (2009).

320. Wiederin, J. L. et al. Plasma proteomic analysis of simian
immunodeficiency virus infection of rhesus macaques. J. Proteome Res. 9,
4721-4731 (2010).

321. Chahroudi, A., Bosinger, S. E., Vanderford, T. H., Paiardini, M. &
Silvestri, G. Natural SIV Hosts: Showing AIDS the Door. Science 335, 1188-
1193 (2012).

322. Silvestri, G. et al. Nonpathogenic SIV Infection of Sooty Mangabeys Is
Characterized by Limited Bystander Immunopathology Despite Chronic High-
Level Viremia. Immunity 18, 441-452 (2003).

323. Pandrea, I. et al. Simian immunodeficiency viruses replication
dynamics in African non-human primate hosts: common patterns and species-
specific differences. J. Med. Primatol. 35, 194-201 (2006).

324, Goldstein, S. et al. Comparison of simian immunodeficiency virus

146/164



SIVagmVer replication and CD4+ T-cell dynamics in vervet and sabaeus
African green monkeys. J. Virol. 80, 4868-4877 (2006).

325. Rey-Cuillé, M. A. et al. Simian immunodeficiency virus replicates to
high levels in sooty mangabeys without inducing disease. J. Virol. 72, 3872—
3886 (1998).

326. Rotger, M. et al. Comparative transcriptomics of extreme phenotypes of
human HIV-1 infection and SIV infection in sooty mangabey and rhesus
macaque. J. Clin. Invest. 121, 2391-2400 (2011).

327. Bosinger, S. E. et al. Global genomic analysis reveals rapid control of a
robust innate response in SIV-infected sooty mangabeys. J. Clin. Invest. 119,
3556-3572 (2009).

328. Estes, J. D. et al. Early Resolution of Acute Immune Activation and
Induction of PD-1 in SIV-Infected Sooty Mangabeys Distinguishes
Nonpathogenic from Pathogenic Infection in Rhesus Macaques. J. Immunol. 180,
6798-6807 (2008).

320. Harris, L. D. et al. Downregulation of robust acute type | interferon
responses distinguishes nonpathogenic simian immunodeficiency virus (SIV)
infection of natural hosts from pathogenic SIV infection of rhesus macaques. J.
Virol. 84, 7886-7891 (2010).

330. Lederer, S. et al. Transcriptional profiling in pathogenic and non-
pathogenic SIV infections reveals significant distinctions in kinetics and tissue
compartmentalization. PLoS Pathog. 5, e1000296 (2009).

331. Jacquelin, B. et al. Innate Immune Responses and Rapid Control of
Inflammation in African Green Monkeys Treated or Not with Interferon-Alpha
during Primary SIVVagm Infection. PLoS Pathog. 10, e1004241 (2014).

332. Huot, N., Rascle, P., Garcia-Tellez, T., Jacquelin, B. & Muller-Trutwin,
M. Innate immune cell responses in non pathogenic versus pathogenic SIV
infections. Curr. Opin. Virol. 19, 3744 (2016).

333. Huot, N. et al. Natural killer cells migrate into and control simian
immunodeficiency virus replication in lymph node follicles in African green
monkeys. Nat. Med. 23, 1277-1286 (2017).

334. Paiardini, M. et al. Low levels of SIV infection in sooty mangabey
central memory CD4 + T cells are associated with limited CCR5 expression.
Nat. Med. 17, 830-836 (2011).

335. Meythaler, M. et al. Early induction of polyfunctional simian
immunodeficiency virus (SIV)-specific T lymphocytes and rapid disappearance
of SIV from lymph nodes of sooty mangabeys during primary infection. J.
Immunol. Baltim. Md 1950 186, 5151-5161 (2011).

336. Heeney, J. L. AIDS: a disease of impaired Th-cell renewal? Immunol.
Today 16, 515-520 (1995).
337. Schindler, M. et al. Nef-mediated suppression of T cell activation was

lost in a lentiviral lineage that gave rise to HIV-1. Cell 125, 1055-1067 (2006).

338. Joas, S. et al. Species-specific host factors rather than virus-intrinsic
virulence determine primate lentiviral pathogenicity. Nat. Commun. 9, 1371

147/164



(2018).

339. Brenchley, J. M. et al. Microbial translocation is a cause of systemic
immune activation in chronic HIV infection. Nat. Med. 12, 1365-1371 (2006).

340. Pantaleo, G. et al. HIV infection is active and progressive in lymphoid
tissue during the clinically latent stage of disease. Nature 362, 355-358 (1993).

341. Brenchley, J. M. et al. Differential Th1l7 CD4 T-cell depletion in
pathogenic and nonpathogenic lentiviral infections. Blood 112, 2826-2835
(2008).

342. Paiardini, M. Th17 cells in natural SIV hosts. Curr. Opin. HIV AIDS 5,
166-172 (2010).

343. Raehtz, K. D. et al. African green monkeys avoid SIV disease
progression by preventing intestinal dysfunction and maintaining mucosal barrier
integrity. PLOS Pathog. 16, 1008333 (2020).

344. Barrenas, F. et al. Macrophage-associated wound healing contributes to
African green monkey SIV pathogenesis control. Nat. Commun. 10, 1-15 (2019).

345. Barrenas, F. et al. Author Correction: Macrophage-associated wound
healing contributes to African green monkey SIV pathogenesis control. Nat.
Commun. 10, 5768 (2019).

346. Diop, O. M. et al. High Levels of Viral Replication during Primary
Simian Immunodeficiency Virus SIVagm Infection Are Rapidly and Strongly
Controlled in African Green Monkeys. J. Virol. 74, 7538-7547 (2000).

347. Zahn, R. C. et al. Simian immunodeficiency virus (SIV)-specific CD8+
T-cell responses in vervet African green monkeys chronically infected with
SIVagm. J. Virol. 82, 11577-11588 (2008).

348. Lozano Reina, J.-M. et al. Gag p27-specific B- and T-cell responses in
Simian immunodeficiency virus SIVagm-infected African green monkeys. J.
Virol. 83, 2770-2777 (2009).

349. Norley, S. G. et al. Immunological studies of the basis for the
apathogenicity of simian immunodeficiency virus from African green monkeys.
Proc. Natl. Acad. Sci. U. S. A. 87, 9067-9071 (1990).

350. Gicheru, M. M. et al. Neutralizing antibody responses in Africa green
monkeys naturally infected with simian immunodeficiency virus (SIVagm). J.
Med. Primatol. 28, 97-104 (1999).

351. Nguyen, Q. N. et al. Predominant envelope variable loop 2-specific and
gp120-specific antibody-dependent cellular cytotoxicity antibody responses in
acutely SIV-infected African green monkeys. Retrovirology 15, 24 (2018).

352. Pandrea, I. et al. Paucity of CD4+ CCR5+ T Cells May Prevent
Transmission of Simian Immunodeficiency Virus in Natural Nonhuman Primate
Hosts by Breast-Feeding. J. Virol. 82, 5501-5509 (2008).

353. Amos, J. D. et al. Lack of B Cell Dysfunction Is Associated with
Functional, gp120-Dominant Antibody Responses in Breast Milk of Simian
Immunodeficiency Virus-Infected African Green Monkeys. J. Virol. 87, 11121
11134 (2013).

148/164



354, Barouch, D. H. et al. Therapeutic efficacy of potent neutralizing HIV-1-
specific monoclonal antibodies in SHIV-infected rhesus monkeys. Nature 503,
224-228 (2013).

355. Hansen, S. G. et al. Profound early control of highly pathogenic SIV by
an effector memory T-cell vaccine. Nature 473, 523-527 (2011).

356. Hansen, S. G. et al. Immune clearance of highly pathogenic SIV
infection. Nature 502, 100-104 (2013).

357. Hansen, S. G. et al. Cytomegalovirus vectors violate CD8+ T cell
epitope recognition paradigms. Science 340, 1237874 (2013).

358. Hansen, S. G. et al. Broadly targeted CD8+ T cell responses restricted
by major histocompatibility complex E. Science 351, 714-720 (2016).

3509. Hansen, S. G. et al. A live-attenuated RhCMV/SIV vaccine shows
long-term efficacy against heterologous SIV challenge. Sci. Transl. Med. 11,
eaaw2607 (2019).

360. Abad-Fernandez, M. & Goonetilleke, N. Human cytomegalovirus-
vectored vaccines against HIV. Curr. Opin. HIV AIDS 14, 137-142 (2019).

361. Mattapallil, J. J. et al. Massive infection and loss of memory CD4+ T
cells in multiple tissues during acute SIV infection. Nature 434, 1093-1097
(2005).

362. Li, Q. et al. Peak SIV replication in resting memory CD4+ T cells
depletes gut lamina propria CD4+ T cells. Nature 434, 1148-1152 (2005).

363. Picker, L. J. et al. Insufficient Production and Tissue Delivery of
CD4+Memory T Cells in Rapidly Progressive Simian Immunodeficiency Virus
Infection. J. Exp. Med. 200, 1299-1314 (2004).

364. Reeves, R. K., Evans, T. I., Gillis, J. & Johnson, R. P. Simian
Immunodeficiency Virus Infection Induces Expansion of 047+ and Cytotoxic
CD56+ NK Cells. J. Virol. 84, 8959-8963 (2010).

365. Reeves, R. K. et al. CD16— natural killer cells: enrichment in mucosal
and secondary lymphoid tissues and altered function during chronic SIV
infection. Blood 115, 4439-4446 (2010).

366. Reeves, R. K. et al. SIV Infection Induces Accumulation of
Plasmacytoid Dendritic Cells in the Gut Mucosa. J. Infect. Dis. 206, 1462-1468
(2012).

367. Veazey, R. S. Gastrointestinal Tract as a Major Site of CD4+ T Cell
Depletion and Viral Replication in SIV Infection. Science 280, 427-431 (1998).

368. Haase, A. T. Targeting early infection to prevent HIV-1 mucosal
transmission. Nature 464, 217-223 (2010).

3609. Haase, A. T. Early Events in Sexual Transmission of HIV and SIV and
Opportunities for Interventions. Annu. Rev. Med. 62, 127-139 (2011).

370. Reynolds, M. R. et al. CD8+ T-lymphocyte response to major
immunodominant epitopes after vaginal exposure to simian immunodeficiency
virus: too late and too little. J. Virol. 79, 9228-9235 (2005).

371. Sodora, D. L., Gettie, A., Miller, C. J. & Marx, P. A. Vaginal

149/164



transmission of SIV: assessing infectivity and hormonal influences in macaques
inoculated with cell-free and cell-associated viral stocks. AIDS Res. Hum.
Retroviruses 14 Suppl 1, S119-123 (1998).

372. Nomura, T. & Matano, T. Association of MHC-I genotypes with
disease progression in HIV/SIV infections. Front. Microbiol. 3, (2012).

373. Barbian, H. J. et al. Destabilization of the gut microbiome marks the
end-stage of simian immunodeficiency virus infection in wild chimpanzees:
Impact of SIVcpz on the Gut Microbiome. Am. J. Primatol. 80, 22515 (2018).

374. Handley, S. A. et al. SIV Infection-Mediated Changes in
Gastrointestinal Bacterial Microbiome and Virome Are Associated with
Immunodeficiency and Prevented by Vaccination. Cell Host Microbe 19, 323—
335 (2016).

375. Monaco, C. L. et al. Altered Virome and Bacterial Microbiome in
Human Immunodeficiency Virus-Associated Acquired Immunodeficiency
Syndrome. Cell Host Microbe 19, 311-322 (2016).

376. Palmer, B. E., Li, S. X. & Lozupone, C. A. The HIV-Associated Enteric
Microbiome Has Gone Viral. Cell Host Microbe 19, 270-272 (2016).

377. Santangelo, P. J. et al. Whole-body immunoPET reveals active SIV
dynamics in viremic and antiretroviral therapy—treated macaques. Nat. Methods
12, 427-432 (2015).

378. Ventura, J. D. et al. Longitudinal bioluminescent imaging of HIV-1
infection during antiretroviral therapy and treatment interruption in humanized
mice. PLoS Pathog. 15, e1008161 (2019).

379. Del Prete, G. Q., Lifson, J. D. & Keele, B. F. Nonhuman primate
models for the evaluation of HIV-1 preventive vaccine strategies: model
parameter considerations and consequences. Curr. Opin. HIV AIDS 11, 546-554
(2016).

380. Gardner, M. B. & Luciw, P. A. Macaque Models of Human Infectious
Disease. ILAR J. 49, 220-255 (2008).

381. Tateishi, H. et al. A clue to unprecedented strategy to HIV eradication:
“Lock-in and apoptosis”. Sci. Rep. 7, 8957 (2017).

382. Yin, H., Kauffman, K. J. & Anderson, D. G. Delivery technologies for
genome editing. Nat. Rev. Drug Discov. 16, 387-399 (2017).

383. Prins, J. M. et al. Immuno-activation with anti-CD3 and recombinant
human IL-2 in HIV-1-infected patients on potent antiretroviral therapy: AIDS 13,
2405-2410 (1999).

384. Van Praag, R. M. E. et al. OKT3 and IL-2 treatment for purging of the
latent HIV-1 reservoir in vivo results in selective long-lasting CD4+ T cell
depletion. J. Clin. Immunol. 21, 218-226 (2001).

385. Rasmussen, T. A. & Sggaard, O. S. Clinical Interventions in HIV Cure
Research. in HIV Vaccines and Cure (eds. Zhang, L. & Lewin, S. R.) vol. 1075
285-318 (Springer Singapore, 2018).

386. Abner, E. & Jordan, A. HIV “shock and kill” therapy: In need of
revision. Antiviral Res. 166, 19-34 (2019).

150/164



387. Rasmussen, T. A. & Lewin, S. R. Shocking HIV out of hiding: where
are we with clinical trials of latency reversing agents? Curr. Opin. HIV AIDS 11,
394-401 (2016).

388. Ruelas, D. S. & Greene, W. C. An Integrated Overview of HIV-1
Latency. Cell 155, 519-529 (2013).

3809. Siliciano, R. F. & Greene, W. C. HIV Latency. Cold Spring Harb.
Perspect. Med. 1, a007096-a007096 (2011).

390. Elliott, J. H. et al. Activation of HIV Transcription with Short-Course
Vorinostat in HIV-Infected Patients on Suppressive Antiretroviral Therapy.
PLoS Pathog. 10, e1004473 (2014).

391. Rasmussen, T. A. et al. Comparison of HDAC inhibitors in clinical
development: effect on HIV production in latently infected cells and T-cell
activation. Hum. Vaccines Immunother. 9, 993-1001 (2013).

392. Sggaard, O. S. et al. The Depsipeptide Romidepsin Reverses HIV-1
Latency In Vivo. PLOS Pathog. 11, €1005142 (2015).

393. Croshy, B. & Deas, C. M. Repurposing medications for use in treating
HIV infection: A focus on valproic acid as a latency-reversing agent. J. Clin.
Pharm. Ther. 43, 740-745 (2018).

394. Samer, S. et al. Nicotinamide activates latent HIVV-1 ex vivo in ART
suppressed individuals, revealing higher potency than the association of two
methyltransferase inhibitors, chaetocin and B1X01294. Braz. J. Infect. Dis. Off.
Publ. Braz. Soc. Infect. Dis. 24, 150-159 (2020).

395. Kuai, Q. et al. Histone deacetylase inhibitor chidamide promotes
reactivation of latent human immunodeficiency virus by introducing histone
acetylation. J. Med. Virol. 90, 1478-1485 (2018).

396. Pace, M. et al. Histone Deacetylase Inhibitors Enhance CD4 T Cell
Susceptibility to NK Cell Killing but Reduce NK Cell Function. PLOS Pathog.
12, 1005782 (2016).

397. Jones, R. B. et al. Histone Deacetylase Inhibitors Impair the
Elimination of HIV-Infected Cells by Cytotoxic T-Lymphocytes. PLoS Pathog.
10, 1004287 (2014).

398. Jones, R. B. et al. A Subset of Latency-Reversing Agents Expose HIV-
Infected Resting CD4+ T-Cells to Recognition by Cytotoxic T-Lymphocytes.
PLOS Pathog. 12, 1005545 (2016).

399. Jiang, G. et al. HIV latency is reversed by ACSS2-driven histone
crotonylation. J. Clin. Invest. 128, 1190-1198 (2018).

400. Gutiérrez, C. et al. Bryostatin-1 for latent virus reactivation in HIV-
infected patients on antiretroviral therapy: AIDS 30, 1385-1392 (2016).

401. Cary, D. C., Fujinaga, K. & Peterlin, B. M. Euphorbia Kansui
Reactivates Latent HIV. PLOS ONE 11, e0168027 (2016).

402. Williams, S. A. et al. Prostratin Antagonizes HIV Latency by
Activating NF- B. J. Biol. Chem. 279, 42008-42017 (2004).

403. Lopez-Huertas, M. R. et al. The CCR5-antagonist Maraviroc reverses

151/164



HIV-1 latency in vitro alone or in combination with the PKC-agonist Bryostatin-
1. Sci. Rep. 7, 2385 (2017).

404. Madrid-Elena, N. et al. Maraviroc Is Associated with Latent HIV-1
Reactivation through NF-kB Activation in Resting CD4 * T Cells from HIV-
Infected Individuals on Suppressive Antiretroviral Therapy. J. Virol. 92, e01931-
17, /jvi/92/9/e01931-17.atom (2018).

405. Kroon, E. D. M. B. et al. A randomized trial of vorinostat with
treatment interruption after initiating antiretroviral therapy during acute HIV-1
infection. J. Virus Erad. 6, 100004 (2020).

406. Wang, X., Russell-Lodrigue, K. E., Ratterree, M. S., Veazey, R. S. &
Xu, H. Chemokine receptor CCR5 correlates with functional CD8 * T cells in
SIV-infected macaques and the potential effects of maraviroc on T-cell
activation. FASEB J. 33, 8905-8912 (2019).

407. Fulda, S. Molecular Pathways: Targeting Death Receptors and Smac
Mimetics. Clin. Cancer Res. 20, 3915-3920 (2014).

408. Nixon, C. C. et al. Systemic HIV and SIV latency reversal via non-
canonical NF-«kB signalling in vivo. Nature 578, 160-165 (2020).

409. Pache, L. et al. BIRC2/clAP1 Is a Negative Regulator of HIV-1
Transcription and Can Be Targeted by Smac Mimetics to Promote Reversal of
Viral Latency. Cell Host Microbe 18, 345-353 (2015).

410. Dashti, A. et al. SMAC mimetic plus triple combination bispecific
HIVXCD3 DART® molecules in SHIV.C.CH505-infected, ART-suppressed
rhesus macaques. J. Virol. JVI.00793-20, jvi;JVI1.00793-20vl (2020)
doi:10.1128/JV1.00793-20.

411. Iwasaki, A. & Medzhitov, R. Toll-like receptor control of the adaptive
immune responses. Nat. Immunol. 5, 987-995 (2004).

412. Martinsen, J. T., Gunst, J. D., Hgjen, J. F., Tolstrup, M. & Sggaard, O.
S. The Use of Toll-Like Receptor Agonists in HIV-1 Cure Strategies. Front.
Immunol. 11, 1112 (2020).

413. Macedo, A. B., Novis, C. L. & Bosque, A. Targeting Cellular and
Tissue HIV Reservoirs With Toll-Like Receptor Agonists. Front. Immunol. 10,
2450 (2019).

414. Borducchi, E. N. et al. Ad26/MVA therapeutic vaccination with TLR7
stimulation in SIV-infected rhesus monkeys. Nature 540, 284-287 (2016).

415. Borducchi, E. N. et al. Antibody and TLR7 agonist delay viral rebound
in SHIV-infected monkeys. Nature 563, 360-364 (2018).

416. Borducchi, E. N. et al. Publisher Correction: Antibody and TLR7
agonist delay viral rebound in SHIV-infected monkeys. Nature 564, E8-ES8
(2018).

417. Lim, S.-Y. et al. TLR7 agonists induce transient viremia and reduce the
viral reservoir in SIV-infected rhesus macaques on antiretroviral therapy. Sci.
Transl. Med. 10, eaa04521 (2018).

418. Winckelmann, A. A. et al. Administration of a Toll-Like Receptor 9
Agonist Decreases the Proviral Reservoir in Virologically Suppressed HIV-

152/164



Infected Patients. PLoS ONE 8, 62074 (2013).

419. Webb, G. M. et al. The human IL-15 superagonist N-803 promotes
migration of virus-specific CD8+ T and NK cells to B cell follicles but does not
reverse latency in ART-suppressed, SHIV-infected macaques. PLOS Pathog. 16,
€1008339 (2020).

420. McBrien, J. B. et al. Robust and persistent reactivation of SIV and HIV
by N-803 and depletion of CD8+ cells. Nature 578, 154-159 (2020).

421. McBrien, J. B. et al. Author Correction: Robust and persistent
reactivation of SIV and HIV by N-803 and depletion of CD8+ cells. Nature 578,
E21-E21 (2020).

422. McBrien, J. B. et al. Combination of CDS8B depletion and IL-15
superagonist N-803 induces virus reactivation in SHIV-infected, long-term ART-
treated rhesus macaques. J. Virol. (2020) doi:10.1128/JV1.00755-20.

423. Wykes, M. N. & Lewin, S. R. Immune checkpoint blockade in
infectious diseases. Nat. Rev. Immunol. 18, 91-104 (2018).

424. Evans, V. A. et al. Programmed cell death-1 contributes to the
establishment and maintenance of HIV-1 latency: AIDS 32, 1491-1497 (2018).

425. Fromentin, R. et al. PD-1 blockade potentiates HIV latency reversal ex
vivo in CD4+ T cells from ART-suppressed individuals. Nat. Commun. 10, 814
(2019).

426. Harper, J. et al. CTLA-4 and PD-1 dual blockade induces SIV
reactivation without control of rebound after antiretroviral therapy interruption.
Nat. Med. (2020) doi:10.1038/s41591-020-0782-y.

427. Schulz, W. A., Steinhoff, C. & Florl, A. R. Methylation of Endogenous
Human Retroelements in Health and Disease. in DNA Methylation:
Development, Genetic Disease and Cancer (eds. Doerfler, W. & Béhm, P.) vol.
310 211-250 (Springer Berlin Heidelberg, 2006).

428. Einkauf, K. B. et al. Intact HIV-1 proviruses accumulate at distinct
chromosomal positions during prolonged antiretroviral therapy. J. Clin. Invest.
129, 988-998 (2019).

429. Giacca, M. HIV Latency TORn Down. Cell Host Microbe 20, 700—702
(2016).

430. Besnard, E. et al. The mTOR Complex Controls HIV Latency. Cell
Host Microbe 20, 785-797 (2016).

431. Kim, H., Choi, M.-S., Inn, K.-S. & Kim, B.-J. Inhibition of HIV-1
reactivation by a telomerase-derived peptide in a HSP90-dependent manner. Sci.
Rep. 6, 28896 (2016).

432. Jean, M. J. et al. Curaxin CBL0100 Blocks HIV-1 Replication and
Reactivation through Inhibition of Viral Transcriptional Elongation. Front.
Microbiol. 8, 2007 (2017).

433. Hayashi, T. et al. Screening of an FDA-approved compound library
identifies levosimendan as a novel anti-HIV-1 agent that inhibits viral
transcription. Antiviral Res. 146, 76-85 (2017).

153/164



434. Lacombe, B., Morel, M., Margottin-Goguet, F. & Ramirez, B. C.
Specific Inhibition of HIV Infection by the Action of Spironolactone in T Cells.
J. Virol. 90, 10972-10980 (2016).

435. Bailon, L., Mothe, B., Berman, L. & Brander, C. Novel Approaches
Towards a Functional Cure of HIV/AIDS. Drugs (2020) doi:10.1007/s40265-
020-01322-y.

436. Darcis, G., Van Driessche, B., Bouchat, S., Kirchhoff, F. & Van Lint,
C. Molecular Control of HIV and SIV Latency. in HIV-1 Latency (eds. Silvestri,
G. & Lichterfeld, M.) vol. 417 1-22 (Springer International Publishing, 2017).

437. Sagnier, S. et al. Autophagy Restricts HIV-1 Infection by Selectively
Degrading Tat in CD4 * T Lymphocytes. J. Virol. 89, 615-625 (2015).

438. Martin, A. R. et al. Rapamycin-mediated mTOR inhibition uncouples
HIV-1 latency reversal from cytokine-associated toxicity. J. Clin. Invest. 127,
651-656 (2017).

439. Gavegnano, C. et al. Baricitinib reverses HIV-associated
neurocognitive disorders in a SCID mouse model and reservoir seeding in vitro.
J. Neuroinflammation 16, 182 (2019).

440. Gavegnano, C. et al. Novel mechanisms to inhibit HIV reservoir
seeding using Jak inhibitors. PLoS Pathog. 13, e1006740 (2017).

441. Scheid, J. F. et al. Broad diversity of neutralizing antibodies isolated
from memory B cells in HIV-infected individuals. Nature 458, 636—640 (2009).

442. Eroshkin, A. M. et al. bNAber: database of broadly neutralizing HIV
antibodies. Nucleic Acids Res. 42, D1133-1139 (2014).

443. Bar, K. J. et al. Effect of HIVV Antibody VRCO1 on Viral Rebound after
Treatment Interruption. N. Engl. J. Med. 375, 2037-2050 (2016).

444, Nishimura, Y. et al. Early antibody therapy can induce long-lasting
immunity to SHIV. Nature 543, 559-563 (2017).

445, Mendoza, P. et al. Combination therapy with anti-HIV-1 antibodies
maintains viral suppression. Nature 561, 479-484 (2018).

446. Niessl, J. et al. Combination anti-HIV-1 antibody therapy is associated
with increased virus-specific T cell immunity. Nat. Med. 26, 222—-227 (2020).

447. Xu, L. et al. Trispecific broadly neutralizing HIV antibodies mediate
potent SHIV protection in macaques. Science 358, 85-90 (2017).

448. Sung, J. A. M. et al. Dual-Affinity Re-Targeting proteins direct T cell-
mediated cytolysis of latently HIV-infected cells. J. Clin. Invest. 125, 4077-4090
(2015).

449. Byrareddy, S. N. et al. Sustained virologic control in SIV+ macaques
after antiretroviral and a4p7 antibody therapy. Science 354, 197-202 (2016).

450. Iwamoto, N. et al. Blocking a 4 7 integrin binding to SIV does not
improve virologic control. Science 365, 1033-1036 (2019).

451. Calenda, G. et al. Integrin 04p7 Blockade Preferentially Impacts
CCR6+ Lymphocyte Subsets in Blood and Mucosal Tissues of Naive Rhesus
Macaques. J. Immunol. Baltim. Md 1950 200, 810-820 (2018).

154/164



452. Santangelo, P. J. et al. Early treatment of SIV+ macaques with an a4p7
mADb alters virus distribution and preserves CD4+ T cells in later stages of
infection. Mucosal Immunol. 11, 932-946 (2018).

453. Mylvaganam, G. H., Silvestri, G. & Amara, R. R. HIV therapeutic
vaccines: moving towards a functional cure. Curr. Opin. Immunol. 35, 1-8
(2015).

454, Pantaleo, G. & Levy, Y. Therapeutic vaccines and immunological
intervention in HIV infection: a paradigm change. Curr. Opin. HIV AIDS 11,
576-584 (2016).

455, Leal, L. et al. New challenges in therapeutic vaccines against HIV
infection. Expert Rev. Vaccines 16, 587-600 (2017).

456. Gaiha, G. D. et al. Structural topology defines protective CD8 * T cell
epitopes in the HIV proteome. Science 364, 480-484 (2019).

457. Letvin, N. L. et al. Preserved CD4+ central memory T cells and
survival in vaccinated SIV-challenged monkeys. Science 312, 1530-1533
(2006).

458. Mattapallil, J. J. et al. Vaccination preserves CD4 memory T cells
during acute simian immunodeficiency virus challenge. J. Exp. Med. 203, 1533-
1541 (2006).

459, Wilson, N. A. et al. Vaccine-induced cellular immune responses reduce
plasma viral concentrations after repeated low-dose challenge with pathogenic
simian immunodeficiency virus SIVmac239. J. Virol. 80, 5875-5885 (2006).

460. Nakamura-Hoshi, M. et al. Therapeutic vaccine-mediated Gag-specific
CDB8+ T-cell induction under anti-retroviral therapy augments anti-virus efficacy
of CD8+ cells in simian immunodeficiency virus-infected macaques. Sci. Rep.
10, 11394 (2020).

461. Colby, D. J. et al. Safety and immunogenicity of Ad26 and MVA
vaccines in acutely treated HIV and effect on viral rebound after antiretroviral
therapy interruption. Nat. Med. 26, 498-501 (2020).

462. Kimberland, M. L. et al. Strategies for controlling CRISPR/Cas9 off-
target effects and biological variations in mammalian genome editing
experiments. J. Biotechnol. 284, 91-101 (2018).

463. Wang, W. et al. CCR5 Gene Disruption via Lentiviral Vectors
Expressing Cas9 and Single Guided RNA Renders Cells Resistant to HIV-1
Infection. PLoS ONE 9, 115987 (2014).

464. Xu, L. et al. CRISPR/Cas9-Mediated CCR5 Ablation in Human
Hematopoietic Stem/Progenitor Cells Confers HIV-1 Resistance In Vivo. Mol.
Ther. 25, 1782-1789 (2017).

465. Dash, P. K. et al. Sequential LASER ART and CRISPR Treatments
Eliminate HIV-1 in a Subset of Infected Humanized Mice. Nat. Commun. 10,
2753 (2019).

466. Xiao, Q., Guo, D. & Chen, S. Application of CRISPR/Cas9-Based
Gene Editing in HIV-1/AIDS Therapy. Front. Cell. Infect. Microbiol. 9, 69
(2019).

155/164



467. Ernst, M. P. T. et al. Ready for Repair? Gene Editing Enters the Clinic
for the Treatment of Human Disease. Mol. Ther. Methods Clin. Dev. 18, 532—
557 (2020).

468. Ashmore-Harris, C. & Fruhwirth, G. O. The clinical potential of gene
editing as a tool to engineer cell-based therapeutics. Clin. Transl. Med. 9, 15
(2020).

469. Kuhlmann, A.-S., Peterson, C. W. & Kiem, H.-P. Chimeric antigen
receptor T-cell approaches to HIV cure. Curr. Opin. HIV AIDS 13, 446-453
(2018).

470. Leibman, R. S. & Riley, J. L. Engineering T Cells to Functionally Cure
HIV-1 Infection. Mol. Ther. J. Am. Soc. Gene Ther. 23, 1149-1159 (2015).

471. Rust, B. J., Kiem, H.-P. & Uldrick, T. S. CAR T-cell therapy for cancer
and HIV through novel approaches to HIV-associated haematological
malignancies. Lancet Haematol. (2020) doi:10.1016/S2352-3026(20)30142-3.

472. Herzig, E. et al. Attacking Latent HIV with convertibleCAR-T Cells, a
Highly Adaptable Killing Platform. Cell 179, 880-894.e10 (2019).

473. Rust, B. J. et al. Robust Expansion of HIV CAR T Cells Following
Antigen Boosting in ART-Suppressed Nonhuman Primates. Blood (2020)
doi:10.1182/blood.2020006372.

474, Leibman, R. S. et al. Supraphysiologic control over HIV-1 replication
mediated by CD8 T cells expressing a re-engineered CDA4-based chimeric
antigen receptor. PLOS Pathog. 13, 1006613 (2017).

475. Zhen, A. et al. HIV-specific Immunity Derived From Chimeric Antigen
Receptor-engineered Stem Cells. Mol. Ther. 23, 1358-1367 (2015).

476. Liu, L. et al. Novel CD4-Based Bispecific Chimeric Antigen Receptor
Designed for Enhanced Anti-HIV Potency and Absence of HIV Entry Receptor
Activity. J. Virol. 89, 6685-6694 (2015).

477. Hale, M. et al. Engineering HIV-Resistant, Anti-HIV Chimeric Antigen
Receptor T Cells. Mol. Ther. 25, 570-579 (2017).

478. Trautmann, L. et al. Upregulation of PD-1 expression on HIV-specific
CD8+ T cells leads to reversible immune dysfunction. Nat. Med. 12, 1198-1202
(2006).

479. Kaufmann, D. E. et al. Upregulation of CTLA-4 by HIV-specific CD4+
T cells correlates with disease progression and defines a reversible immune
dysfunction. Nat. Immunol. 8, 1246-1254 (2007).

480. Chew, G. M. et al. TIGIT Marks Exhausted T Cells, Correlates with
Disease Progression, and Serves as a Target for Immune Restoration in HIV and
SIV Infection. PLoS Pathog. 12, 1005349 (2016).

481. Boyer, Z. & Palmer, S. Targeting Immune Checkpoint Molecules to
Eliminate Latent HIV. Front. Immunol. 9, 2339 (2018).

482. Romano, E. et al. Ipilimumab-dependent cell-mediated cytotoxicity of
regulatory T cells ex vivo by nonclassical monocytes in melanoma patients.
Proc. Natl. Acad. Sci. 112, 6140-6145 (2015).

156/164



483. Dahan, R. et al. FcyRs Modulate the Anti-tumor Activity of Antibodies
Targeting the PD-1/PD-L1 Axis. Cancer Cell 28, 543 (2015).

484. Leng, Q., Bentwich, Z. & Borkow, G. Increased TGF-B, Cbl-b and
CTLA-4 levels and immunosuppression in association with chronic immune
activation. Int. Immunol. 18, 637-644 (2006).

485. El-Far, M. et al. Nef promotes evasion of human immunodeficiency
virus type 1-infected cells from the CTLA-4-mediated inhibition of T-cell
activation. J. Gen. Virol. 96, 1463-1477 (2015).

486. Mylvaganam, G. H. et al. Combination anti-PD-1 and antiretroviral
therapy provides therapeutic benefit against SIV. JCI Insight 3, 122940 (2018).

487. Velu, V. et al. Enhancing SIV-specific immunity in vivo by PD-1
blockade. Nature 458, 206-210 (2009).

488. Khoja, L., Butler, M. O., Kang, S. P., Ebbinghaus, S. & Joshua, A. M.
Pembrolizumab. J. Immunother. Cancer 3, 36 (2015).

4809. Pascutti, M. F. et al. Enhanced CD8 T Cell Responses through GITR-
Mediated Costimulation Resolve Chronic Viral Infection. PLOS Pathog. 11,
e1004675 (2015).

490. Whittall, T. et al. Immunogenic and tolerogenic signatures in human
immunodeficiency virus (HIV)-infected controllers compared with progressors
and a conversion strategy of virus control: Immunogenic signatures in HIV
control. Clin. Exp. Immunol. 166, 208-217 (2011).

491. Larsson, M. et al. Molecular signatures of T-cell inhibition in HIV-1
infection. Retrovirology 10, 31 (2013).

492. Palmer, C. S. et al. Glucose transporter 1-expressing proinflammatory
monocytes are elevated in combination antiretroviral therapy-treated and
untreated HIV+ subjects. J. Immunol. Baltim. Md 1950 193, 5595-5603 (2014).

493. Clerc, I. et al. Entry of glucose- and glutamine-derived carbons into the
citric acid cycle supports early steps of HIV-1 infection in CD4 T cells. Nat.
Metab. 1, 717-730 (2019).

494. Kulkarni, M. M. et al. Cellular fatty acid synthase is required for late
stages of HIV-1 replication. Retrovirology 14, 45 (2017).

495, Palmer, C. S., Cherry, C. L., Sada-Ovalle, 1., Singh, A. & Crowe, S. M.
Glucose Metabolism in T Cells and Monocytes: New Perspectives in HIV
Pathogenesis. EBioMedicine 6, 31-41 (2016).

496. Palmer, C. S. & Crowe, S. M. Immunometabolism may provide new
insights into novel mechanisms of HIV reservoir persistence: AIDS 30, 2895—
2896 (2016).

497. Moyo, D. et al. Cohort study of diabetes in HIV-infected adult patients:
Evaluating the effect of diabetes mellitus on immune reconstitution. Diabetes
Res. Clin. Pract. 103, e34—e36 (2014).

498. Routy, J.-P. et al. Effect of metformin on the size of the HIV reservoir
in non-diabetic ART-treated individuals: single-arm non-randomised Lilac pilot
study protocol. BMJ Open 9, e028444 (2019).

157/164



499. Lori, F. & Lisziewicz, J. Rationale for the use of hydroxyurea as an
anti-human immunodeficiency virus drug. Clin. Infect. Dis. Off. Publ. Infect.
Dis. Soc. Am. 30 Suppl 2, S193-197 (2000).

500. Foli, A., Seminari, E., Ravot, E., Lisziewicz, J. & Lori, F. Role of
hydroxyurea during structured treatment interruptions. J. Biol. Regul. Homeost.
Agents 16, 64-68 (2002).

501. Lori, F. et al. Structured treatment interruptions to control HIV-1
infection. Lancet Lond. Engl. 355, 287-288 (2000).

502. Garcia, F. et al. A cytostatic drug improves control of HIV-1 replication
during structured treatment interruptions: a randomized study. 17, 9 (2003).

503. Adams, J. M. & Cory, S. The Bcl-2 protein family: arbiters of cell
survival. Science 281, 1322-1326 (1998).

504. Cummins, N. W. et al. Prime, Shock, and Kill: Priming CD4 T Cells
from HIV Patients with a BCL-2 Antagonist before HIV Reactivation Reduces
HIV Reservoir Size. J. Virol. 90, 4032-4048 (2016).

505. Lucas, A. et al. Targeting the PI3K/Akt cell survival pathway to induce
cell death of HIV-1 infected macrophages with alkylphospholipid compounds.
PloS One 5, (2010).

506. Campbell, G. R., Bruckman, R. S., Chu, Y.-L., Trout, R. N. & Spector,
S. A. SMAC Mimetics Induce Autophagy-Dependent Apoptosis of HIV-1-
Infected Resting Memory CD4+ T Cells. Cell Host Microbe 24, 689-702.e7
(2018).

507. Mogensen, T. H. Pathogen recognition and inflammatory signaling in
innate immune defenses. Clin. Microbiol. Rev. 22, 240-273, Table of Contents
(2009).

508. Li, P. et al. Stimulating the RIG-I pathway to Kill cells in the latent HIV
reservoir following viral reactivation. Nat. Med. 22, 807-811 (2016).

500. Garcia-Vidal, E. et al. Evaluation of the Innate Immune Modulator
Acitretin as a Strategy To Clear the HIV Reservoir. Antimicrob. Agents
Chemother. 61, (2017).

510. Martins, R. et al. Disease Tolerance as an Inherent Component of
Immunity. Annu. Rev. Immunol. 37, 405437 (2019).

511. Barker, B. R., Gladstone, M. N., Gillard, G. O., Panas, M. W. & Letvin,
N. L. Critical role for IL-21 in both primary and memory anti-viral CD8+ T-cell
responses. Eur. J. Immunol. 40, 3085-3096 (2010).

512. lannello, A. et al. Decreased Levels of Circulating IL-21 in HIV-
Infected AIDS Patients: Correlation with CD4 * T-Cell Counts. Viral Immunol.
21, 385-388 (2008).

513. lannello, A. et al. Dynamics and consequences of IL-21 production in
HIV-infected individuals: a longitudinal and cross-sectional study. J. Immunol.
Baltim. Md 1950 184, 114-126 (2010).

514. Serna-Ortega, P. A. et al. IL-21 is associated with natural resistance to
HIV-1 infection in a Colombian HIV exposed seronegative cohort. Microbes
Infect. S1286457919301820 (2019) doi:10.1016/j.micinf.2019.11.002.

158/164



515. Pallikkuth, S. et al. Maintenance of Intestinal Th17 Cells and Reduced
Microbial Translocation in SIV-infected Rhesus Macaques Treated with
Interleukin (IL)-21. PLoS Pathog. 9, e1003471 (2013).

516. Micci, L. et al. Interleukin-21 combined with ART reduces
inflammation and viral reservoir in SIV-infected macaques. J. Clin. Invest. 125,
4497-4513 (2015).

517. Pino, M. et al. Safety and Immunological Evaluation of Interleukin-21
Plus Anti-04f7 mAb Combination Therapy in Rhesus Macaques. Front.
Immunol. 11, 1275 (2020).

518. De Wit, R. et al. CLINICAL AND VIROLOGICAL EFFECTS OF
HIGH-DOSE RECOMBINANT INTERFERON-a IN DISSEMINATED AIDS-
RELATED KAPOSI’S SARCOMA. The Lancet 332, 1214-1217 (1988).

5109. Lane, H. C. et al. Anti-retroviral effects of interferon-alpha in AIDS-
associated Kaposi’s sarcoma. Lancet Lond. Engl. 2, 1218-1222 (1988).

520. Papasavvas, E. et al. NK Response Correlates with HIV Decrease in
Pegylated IFN-o2a—Treated Antiretroviral Therapy—Suppressed Subjects. J.
Immunol. 203, 705-717 (2019).

521. Sandler, N. G. et al. Type | interferon responses in rhesus macaques
prevent SIV infection and slow disease progression. Nature 511, 601-605
(2014).

522. Nganou-Makamdop, K. et al. Type | IFN signaling blockade by a
PASylated antagonist during chronic SIV infection suppresses specific
inflammatory pathways but does not alter T cell activation or virus replication.
PLOS Pathog. 14, e1007246 (2018).

523. Costedoat-Chalumeau, N. et al. Hydroxychloroquine in systemic lupus
erythematosus: results of a French multicentre controlled trial (PLUS Study).
Ann. Rheum. Dis. 72, 1786-1792 (2013).

524, Maisonnasse, P. et al. Hydroxychloroquine use against SARS-CoV-2
infection in non-human primates. Nature (2020) doi:10.1038/s41586-020-2558-
4,

525. Elavarasi, A. et al. Chloroquine and Hydroxychloroquine for the
Treatment of COVID-19: a Systematic Review and Meta-analysis. J. Gen.
Intern. Med. (2020) doi:10.1007/s11606-020-06146-w.

526. Martinson, J. A. et al. Chloroguine modulates HIV-1-induced
plasmacytoid dendritic cell alpha interferon: implication for T-cell activation.
Antimicrob. Agents Chemother. 54, 871-881 (2010).

527. Paton, N. I. et al. Effects of hydroxychloroquine on immune activation
and disease progression among HIV-infected patients not receiving antiretroviral
therapy: a randomized controlled trial. JAMA 308, 353-361 (2012).

528. Murray, S. M. et al. Reduction of Immune Activation with Chloroquine
Therapy during Chronic HIV Infection. J. Virol. 84, 1208212086 (2010).

529. Routy, J.-P. et al. Assessment of chloroquine as a modulator of immune
activation to improve CD4 recovery in immune nonresponding HIV-infected
patients receiving antiretroviral therapy: Chloroquine in ART-treated HIV-

159/164



infected patients. HIV Med. 16, 48-56 (2015).

530. Cheng, L. et al. Blocking type I interferon signaling enhances T cell
recovery and reduces HIV-1 reservoirs. J. Clin. Invest. 127, 12 (2017).

531. Zhen, A. et al. Targeting type | interferon—mediated activation restores
immune function in chronic HIV infection. J. Clin. Invest. 127, 260-268 (2016).

532. Deeks, S. G., Odorizzi, P. M. & Sekaly, R.-P. The interferon paradox:
can inhibiting an antiviral mechanism advance an HIV cure? J. Clin. Invest. 127,
103-105 (2016).

533. Bovolenta, C. et al. Constitutive Activation of STATs Upon In Vivo
Human Immunodeficiency Virus Infection. 8.

534. Boulware, D. R. et al. Higher Levels of CRP, D-dimer, IL-6, and
Hyaluronic Acid Before Initiation of Antiretroviral Therapy (ART) Are
Associated With Increased Risk of AIDS or Death. J. Infect. Dis. 203, 1637—
1646 (2011).

535. Gavegnano, C. et al. Ruxolitinib and tofacitinib are potent and selective
inhibitors of HIV-1 replication and virus reactivation in vitro. Antimicrob.
Agents Chemother. 58, 1977-1986 (2014).

536. Spivak, A. M. et al. Janus kinase inhibition suppresses PKC-induced
cytokine release without affecting HIV-1 latency reversal ex vivo. Retrovirology
13, 88 (2016).

537. Chetoui, N., Boisvert, M., Gendron, S. & Aoudjit, F. Interleukin-7
promotes the survival of human CD4+ effector/memory T cells by up-regulating
Bcl-2 proteins and activating the JAK/STAT signalling pathway. Immunology
130, 418-426 (2010).

538. Vier, J., Groth, M., Sochalska, M. & Kirschnek, S. The anti-apoptotic
Bcl-2 family protein A1/Bfl-1 regulates neutrophil survival and homeostasis and
is controlled via PI3K and JAK/STAT signaling. Cell Death Dis. 12.

539. Cockerham, L. R. et al. A Randomized Controlled Trial of Lisinopril to
Decrease Lymphoid Fibrosis in Antiretroviral-Treated, HIV-infected Individuals.
Pathog. Immun. 2, 310-334 (2017).

540. Deng, K. et al. Broad CTL response is required to clear latent HIV-1
due to dominance of escape mutations. Nature 517, 381-385 (2015).

541. He, R. et al. Follicular CXCR5-expressing CD8+ T cells curtail chronic
viral infection. Nature 537, 412-416 (2016).

542. Miles, B. et al. Follicular Regulatory CD8 T Cells Impair the Germinal
Center Response in SIV and Ex Vivo HIV Infection. PLOS Pathog. 12,
1005924 (2016).

543. Petrovas, C. et al. Follicular CD8 T cells accumulate in HIV infection
and can kill infected cells in vitro via bispecific antibodies. Sci. Transl. Med. 9,
eaag2285 (2017).

544, Leong, Y. A. et al. CXCR5+ follicular cytotoxic T cells control viral
infection in B cell follicles. Nat. Immunol. 17, 1187-1196 (2016).

545. Mylvaganam, G. H. et al. Dynamics of SIV-specific CXCR5+ CD8 T

160/164



cells during chronic SIV infection. Proc. Natl. Acad. Sci. 114, 1976-1981
(2017).

546. Michaélsson, J. et al. A Signal Peptide Derived from hsp60 Binds
HLA-E and Interferes with CD94/NKG2A Recognition. 12.

547. Stroynowski, I. & Lindahl, K. F. Antigen presentation by non-classical
class I molecules. Curr. Opin. Immunol. 6, 38-44 (1994).

548. Anraku, 1. et al. Circulating Heat Shock Protein 60 Levels Are Elevated
in HIV Patients and Are Reduced by Anti-Retroviral Therapy. PLoS ONE 7,
e45291 (2012).

549. Joosten, S. A., Sullivan, L. C. & Ottenhoff, T. H. M. Characteristics of
HLA-E Restricted T-Cell Responses and Their Role in Infectious Diseases.
Journal of Immunology Research vol. 2016 €2695396
https://www.hindawi.com/journals/jir/2016/2695396/ (2016).

550. Kim, H.-J. & Cantor, H. Regulation of self-tolerance by Qa-1-restricted
CD8+ regulatory T cells. Semin. Immunol. 23, 446-452 (2011).

551. Stocks, B. T., Wilson, C. S., Marshall, A. F., Brewer, L. A. & Moore,
D. J. Host Expression of the CD8 Treg/NK Cell Restriction Element Qa-1 is
Dispensable for Transplant Tolerance. Sci. Rep. 7, 1-8 (2017).

552. Nattermann, J. et al. HIV-1 infection leads to increased HLA-E
expression resulting in impaired function of natural killer cells. 14 (2005).

553. Anderson, C. K., Reilly, E. C., Lee, A. Y. & Brossay, L. Qa-1-
Restricted CD8+ T Cells Can Compensate for the Absence of Conventional T
Cells during Viral Infection. Cell Rep. 27, 537-548.e5 (2019).

554, Lu, L. & Cantor, H. Generation and regulation of CD8(+) regulatory T
cells. Cell. Mol. Immunol. 5, 401-406 (2008).

555. Garrido, C. et al. yo T cells: an immunotherapeutic approach for HIV
cure strategies. JCI Insight 3, (2018).

556. Mann, B. T., Sambrano, E., Maggirwar, S. B. & Soriano-Sarabia, N.
Boosting the Immune System for HIV Cure: A y6 T Cell Perspective. Front.
Cell. Infect. Microbiol. 10, 221 (2020).

557. Bugide, S., Janostiak, R. & Wajapeyee, N. Epigenetic Mechanisms
Dictating Eradication of Cancer by Natural Killer Cells. Trends Cancer 4, 553—
566 (2018).

558. Gras Navarro, A., Bjorklund, A. T. & Chekenya, M. Therapeutic
Potential and Challenges of Natural Killer Cells in Treatment of Solid Tumors.
Front. Immunol. 6, (2015).

550. Minetto, P. et al. Harnessing NK Cells for Cancer Treatment. Front.
Immunol. 10, 2836 (2019).

560. Veluchamy, J. P. et al. The Rise of Allogeneic Natural Killer Cells As a
Platform for Cancer Immunotherapy: Recent Innovations and Future
Developments. Front. Immunol. 8, 631 (2017).

561. Petitdemange, C., Maucourant, C., Tarantino, N., Rey, J. & Vieillard,
V. Glycogen synthetase kinase 3 inhibition drives MIC-A/B to promote cytokine

161/164



production by human natural killer cells in Dengue virus type 2 infection. Eur. J.
Immunol. 50, 342—-352 (2020).

562. Guma4, M. et al. Imprint of human cytomegalovirus infection on the NK
cell receptor repertoire. Blood 104, 36643671 (2004).

563. Okoye, A. A. et al. Therapeutic potential and challenges of natural
killer. J. Immunol. 203, 2928-2943 (2019).

564. Ferlazzo, G. et al. Distinct roles of IL-12 and IL-15 in human natural
Killer cell activation by dendritic cells from secondary lymphoid organs. Proc.
Natl. Acad. Sci. 101, 16606-16611 (2004).

565. Imamura, M. et al. Autonomous growth and increased cytotoxicity of
natural Killer cells expressing membrane-bound interleukin-15. Blood 124,
1081-1088 (2014).

566. Garrido, C. et al. Interleukin-15-Stimulated Natural Killer Cells Clear
HIV-1-Infected Cells following Latency Reversal Ex Vivo. J. Virol. 92, e00235-
18 (2018).

567. Fisher, L. et al. Vaccine-Induced Antibodies Mediate Higher Antibody-
Dependent Cellular Cytotoxicity After Interleukin-15 Pretreatment of Natural
Killer Effector Cells. Front. Immunol. 10, 2741 (2019).

568. Tay, S. S., Carol, H. & Biro, M. TriKEs and BiKEs join CARs on the
cancer immunotherapy highway. Hum. Vaccines Immunother. 12, 2790-2796
(2016).

5609. Vallera, D. A. et al. IL15 Trispecific Killer Engagers (TriKE) Make
Natural Killer Cells Specific to CD33 * Targets While Also Inducing
Persistence, In Vivo Expansion, and Enhanced Function. Clin. Cancer Res. 22,
3440-3450 (2016).

570. Li, W. et al. One-domain CD4 Fused to Human Anti-CD16 Antibody
Domain Mediates Effective Killing of HIV-1-Infected Cells. Sci. Rep. 7, 9130
(2017).

571. Reeves, R. K. et al. Antigen-specific NK cell memory in rhesus
macaques. Nat. Immunol. 16, 927-932 (2015).

572. Zhou, J. et al. An NK Cell Population Lacking FcRy Is Expanded in
Chronically Infected HIV Patients. J. Immunol. 194, 4688-4697 (2015).

573. Peppa, D. et al. Adaptive Reconfiguration of Natural Killer Cells in
HIV-1 Infection. Front. Immunol. 9, 474 (2018).

574. Nikzad, R. et al. Human natural Killer cells mediate adaptive immunity
to viral antigens. Sci. Immunol. 4, eaat8116 (2019).

575. Ayala, V. I. et al. CXCR5-Dependent Entry of CD8 T Cells into Rhesus
Macaque B-Cell Follicles Achieved through T-Cell Engineering. J. Virol. 91,
e02507-16, e02507-16 (2017).

576. Thalhauser, S., Peterhoff, D., Wagner, R. & Breunig, M. Critical design
criteria for engineering a nanoparticulate HIV-1 vaccine. J. Controlled Release
317, 322-335 (2020).

577. Surve, D. H., Jirwankar, Y. B., Dighe, V. D. & Jindal, A. B. Long

162/164



acting Efavirenz and HIV-1 fusion inhibitor peptide co-loaded polymer-lipid
hybrid nanoparticles (PLN): statistical optimization, cellular uptake and in vivo
biodistribution. Mol. Pharm. acs.molpharmaceut.0c00773 (2020)
doi:10.1021/acs.molpharmaceut.0c00773.

578. Surve, D. H. & lJindal, A. B. Recent advances in long-acting
nanoformulations for delivery of antiretroviral drugs. J. Control. Release Off. J.
Control. Release Soc. 324, 379-404 (2020).

579. Martin, J. T. et al. Targeting HIVV Env immunogens to B cell follicles in
nonhuman primates through immune complex or protein nanoparticle
formulations. NPJ Vaccines 5, 72 (2020).

580. Francica, J. R. et al. Star nanoparticles delivering HIV-1 peptide
minimal immunogens elicit near-native envelope antibody responses in
nonhuman primates. PLOS Biol. 17, €3000328 (2019).

581. Bowen, A., Sweeney, E. E. & Fernandes, R. Nanoparticle-Based
Immunoengineered Approaches for Combating HIV. Front. Immunol. 11, 789
(2020).

582. Fourcade, L., Poudrier, J. & Roger, M. Natural Immunity to HIV: A
Template for Vaccine Strategies. Viruses 10, 215 (2018).

583. Cohen, M. L. Changing patterns of infectious disease. 406, 6 (2000).

163/164



Gauthier Terrade

Titre :

Vers une thérapie curative pour le VIH/SIDA : Panorama des stratégies étudiées et apports des modeles
animaux.

Résumé :

Prés de quarante ans aprés I'émergence du VIH/SIDA, des progrés scientifiques et thérapeutiques majeurs ont
été obtenus. Toutefois, aucun traitement curatif n’est actuellement disponible.

On se propose dans ce travail de fournir un panorama : (1) Des raisons pour lesquelles un traitement curatif est
nécessaire ; (2) Des prérequis pour développer un traitement curatif ; (3) Des obstacles a surmonter ; (4) De
I'utilisation, des contributions et des limites des modeéles animaux dans la recherche sur le VIH; (5) Des
approches thérapeutiques curatives définies au cours des derniéres années; (6) De certains concepts
innovants, non-conventionnels, ou moins étudiés.

Un ensemble de résultats encourageants et de concepts prometteurs indiquent qu’une approche
thérapeutique curative pour le VIH/SIDA demeure atteignable ; et la combinaison de différentes approches et
les progrés en cours et a venir rendent tangible I'objectif d’'une rémission en I'absence de traitement
antirétroviral.

Mots clés : VIH, Thérapie curative, Modeles animaux, Primates non-humains, Rémission

Title:

HIV cure research: strategies in pipeline and contribution of animal models.

Abstract:

Nearly forty years after the emergence of the HIV/AIDS pandemic, research has continued uninterrupted,
leading to major scientific and therapeutic breakthroughs, including antiretroviral therapy (ART). Nonetheless,
ART is not curative and a cure is still missing.

In this work we aim at providing an overview of: (1) Why an HIV cure is needed; (2) The major steps required to
develop a cure; (3) The major hurdles to overcome; (4) Why animal research (and especially non-human
primate models) is needed in HIV science and what are their contributions and limitations; (5) Well-defined
approaches toward a cure; and (6) a presentation of novel, nonconventional, and scarcely explored concepts.

Whilst a cure for HIV infection and AIDS remains unavailable, a myriad of encouraging results and promising
concepts indicate that it is still attainable. Combinations of different approaches and ongoing progress could
enable to reach the goal of long-term ART-free viral remission in a not-so-distant future.

Key Words: HIV Cure, Animal models, Non-human primates, HIV, SIV, Remission
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