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Résumé

Deux pandémies virales touchent aujourd’hui des millions d’individus : la pandémie du
Coronavirus Disease 2019 (COVID-19), causée par le Syndrome respiratoire aigu sévere
coronavirus 2 (SRAS-CoV-2) et celle du Syndrome d’Immunodéficience Acquise (SIDA)
causée par le Virus de 'lmmunodéficience Humaine (VIH). Ces deux maladies different
par leur physiopathologie, dont une meilleure compréhension a permis le développement
de traitements efficaces. Pourtant, ces deux pandémies persistent. Une infection par
SARS-CoV-2 peut étre mortelle en raison d’'une réponse immunitaire exacerbée et
potentiellement retardée. Le VIH a linverse échappe continuellement a la réponse
immunitaire, I'affaiblissant au cours des années jusqu'au développement du SIDA,
ouvrant la porte a des maladies opportunistes mortelles. L’intérét global de cette thése

était d’étudier comment la réponse immunitaire échoue pour ces deux infections.

L’objectif de la premiére étude était de trouver un biomarqueur sanguin robuste et fiable
pour prédire le risque de mortalité des patients hospitalisés pour la COVID-19. Nous
avons mesuré la quantité d’ARN viral, de cytokines et de marqueurs de dommages
tissulaires, ainsi que la réponse humorale contre le virus dans des échantillons de plasma
de 279 patients a travers trois cohortes. Nous avons trouvé que I'ARN viral mesuré
environ 11 jours aprés le début des symptdémes, et ajusté pour I'dge et le sexe, peut
prédire la mortalité dans les 60 jours suivant le début des symptébmes. Nous avons
également trouvé que des fortes concentrations de cytokines inflammatoires et de
marqueurs de dommages tissulaires, ainsi qu’un faible niveau d’anticorps liant le Region

Binding Domain (RBD) de la protéine Spike de SARS-CoV-2, sont aussi associées a la



mortalité. Dans un deuxieéme projet, nous nous sommes servis d'outils de réduction de
dimensionnalités combinant les facteurs associés a la mortalité, permettant une
stratification des patients en quatre groupes basés uniquement sur leur profil immuno-
virologique plasmatique. Un seul de ces groupes est lié a une plus grande mortalité. Mis
ensemble, nos travaux permettent une meilleure compréhension de I'hétérogénéité des
patients hospitalisés pour la COVID-19, incluant I'identification des patients a haut risque
de mortalité. Ces données pourraient servir a cibler les traitements thérapeutiques selon

la réponse immunologique du patient.

Notre troisiéeme étude portait sur I'étude de la dysfonction des lymphocytes T CD4+
spécifiques du VIH. Ceux-ci sont affaiblis par l'infection au VIH et perdent leur capacité a
combattre I'infection. Notre objectif était de caractériser la réponse au blocage du point
de contrdle immunitaire (BPCI - immunothérapie qui renverse partiellement la dysfonction
des lymphocytes T) PD-1 parmi les divers types des lymphocytes T CD4+. Nous avons
d’abord comparé I'état de dysfonction des lymphocytes chez deux cohortes de personnes
vivant avec le VIH (PVVIH) non-traitées. Pour 'une des deux cohortes, la virémie est
contrélée par le systéme immunitaire (cohorte dite de « Contrdleurs Elites »), a l'inverse
de la seconde cohorte (dite « Virémique »). Les lymphocytes T CD4+ des personnes
virémiques perdent leur activité antivirale et ont une forte expression de points de
controles immunitaires. Au contraire, les contréleurs élites ont une charge virale
indétectable en 'absence de thérapie antirétrovirale (TAR), et des lymphocytes T CD4+
relativement fonctionnels. En réponse au BPCI, les lymphocytes T CD4+ spécifiques du
VIH démontrent une plus grande réponse chez les PVVIH virémiques, via 'augmentation

du nombre de cellules produisant des cytokines. Chez ces individus, toutes les fonctions



mesurées augmentent, a I'exception des cytokines associées aux cellules T CD4+
folliculaires auxiliaires qui sont impliquées dans I'amorgage des réponses
immunologiques des lymphocytes B. Ces données montrent qu’il existe une réponse
spécifigue des sous-types de lymphocytes T CD4+ aux BPCI. Ce projet démontre
'avantage du blocage du ligand de PD-1 (PD-L1) sur les effets hétérogénes au niveau
unicellulaire, soulignant I'importance de considérer les T CD4+ dans les analyses futures

des essais cliniques évaluant le bénéfice des BPCI.

Mis ensemble, cette thése permet une meilleure caractérisation de la réponse
immunologique contre un virus a infection aigué et, dans un second temps, un autre a
infection chronique. Ces études permettent une meilleure compréhension de
I'hétérogénéité dans la réponse immunologique des personnes infectées qui, si prise en
compte dans des essais cliniques, pourrait aider a expliquer la variété de I'efficacité des

traitements.

Mots-clés : SRAS-CoV-2, VIH, infections virales humaines, immunologie, cellules T,

cytokines, réponse humorale, blocus de point de contréles immunologiques.



Abstract

Viral infections are a major cause of disease in humans. Pandemics refer to virulent
viruses that spread across more than one continent. In the last century, two major such
pandemics have occurred with still-current repercussions: the acquired immunodeficiency
syndrome (AIDS) pandemic caused by the Human Immunodeficiency Virus (HIV), and the
Coronavirus Disease 2019 (COVID-19) pandemic by the severe acute respiratory
coronavirus 2 (SARS-CoV-2). The diseases caused by both of these viruses are very
different in their pathophysiology. A better elucidation of these diseases has already
allowed researchers to develop therapeutic treatments against these infections; however,
both pandemics caused by these viruses are ongoing. While SARS-CoV-2 proves to
ultimately be fatal by an exacerbated and perhaps delayed immune response against the
virus, HIV rather evades the host’s immune response, weakening it over time until
inducing a severe immunocompromised state, opening the door for fatal opportunistic
diseases. The overarching goal of this thesis was to study the failings of the immune

response against each virus, and extract information useful to guide therapeutic practices.

The objective of the first study was to find a robust and reproducible predictor of fatal
outcome among patients hospitalized for their COVID-19. We profiled the plasma of a
total of 279 patients across three independent cohorts to measure SARS-CoV-2 viral
RNA, antibody responses against the virus and the quantities of inflammatory cytokines
and markers of tissue damage. We found that plasma viral RNA could reproducibly predict
fatal outcome on samples collected at 11 days after symptom onset, when adjusted for

age and sex. Plasma vVRNA's predictive accuracy was maintained at earlier timepoints.

VI



We also found that low SARS-CoV-2-region-binding-domain (RBD)-specific 1gG, low
SARS-CoV-2-specific antibody-dependent cellular cytotoxicity, and elevated cytokines
and injury markers were also strongly associated with mortality. In a second study using
dimensionality reduction tools, we were able to separate our cohort in four distinct
« patient clusters », based on their immunovirological plasma profile, with one cluster
enriched in fatal outcomes. Our findings better characterize the heterogeneity of
hospitalized COVID-19 cases, and may be useful in directing targeted therapeutic

treatments.

In our third study, our objective was to characterize the response of dysfunctional HIV-
specific CD4+ T cells to immune checkpoint blockade (ICB) across multiple subsets. We
first sought to compare the functional state of HIV-specific CD4+ T cells among two
cohorts of HIV-infected untreated indivduals, based on their ability to spontaneously
control viral replication. Elite controllers, who have no detectable viral load in the absence
of anti-retroviral therapy (ART), had more functional HIV-specific CD4+ T cells than their
viremic counterparts, as well as lower levels of dysfunction-related transcription factors
and immune checkpoint expression. We then compared the response of HIV-specific
CD4+ T cells to ICB and saw greater increase in functionality in the dysfunctional cells of
viremic individuals. All functions assessed were increased except for B-cell helping T
follicular-helper-associated functions, underlying subset-specific responses to ICB. This
effect was largely lost once ART was initiated, suggesting that the use of ICB would be

optimal right before the initiation of ART.

Together, our results contribute to a better understanding of two pandemic-causing viral

infections, and reveal key considerations for therapy.
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Keywords: SARS-CoV-2, HIV, human viral infections, immunology, T cells, cytokines,

humoral response, immune checkpoint blockade.

VI



Résumé de vulgarisation

Les infections virales sont une cause majeure de maladie chez 'homme. Lorsqu’un virus
se propage sur plus d'un continent, on parle de pandémie. Deux grandes pandémies sont
toujours d’actualité : la pandémie de coronavirus 2019 (COVID-19) causée par le
coronavirus respiratoire aigu seévéere 2 (SRAS-CoV-2), et la pandémie du syndrome de
'immunodéficience acquise (SIDA) due au virus de I'immunodéficience humaine (VIH).
Ces maladies causent la mort par des mécanismes trés différents. Alors que le SRAS-
CoV-2 s'aveére fatal par une réponse immunitaire exacerbée, tandis que le VIH échappe
continuellement a la réponse immunitaire de I'héte, I'affaiblissant au fil du temps jusqu'a
un état d'immunodépression grave. La caractérisation des mécanismes de ces maladies
a permis le développement des traitements thérapeutiques. L'objectif principal de cette
thése était d'étudier les défaillances de la réponse immunitaire humaine contre chacun de

ces virus, et d'en extraire les informations utiles pour guider les pratiques thérapeutiques.

Notre premiére étude s'est concentrée surla COVID-19, ou nous avons essayé de trouver
un biomarqueur facile a mesurer dans le sang qui prédisait les cas fatals. Nous avons
mesure plusieurs protéines ainsi que la quantité de matériel génétique (ARN) du virus
dans le sang de 279 patients hospitalisés pour leur COVID-19, prélevés au début de leur
maladie. Nous avons constaté que I'ARN du SRAS-CoV-2 prédit fiablement la mortalite,
aprés ajustement en fonction de I'age et du sexe. Pour mieux comprendre I'évolution de
la maladie d'un point de vue immuno-virologique, nous avons utilisé dans notre deuxiéme
étude des outils bio-informatiques nous permettant de simultanément considérer tous les

analytes mesurés. Nous avons constaté qu'il existe quatre " types " de réponses



immunitaires, dont I'un est fortement li€ a la mortalité. Nos résultats permettent de mieux
caractériser I'nétérogénéité des cas de COVID-19 hospitalisés, et peuvent étre utiles pour

orienter des traitements thérapeutiques ciblés.

Notre troisiéme étude s'est concentrée sur le VIH, ou notre objectif était de caractériser la
réponse des cellules T CD4+ dysfonctionnelles reconnaissant spécifiquement le virus, a
une immunothérapie appelée blocage du point de contréle immunitaire (BPCI). Ce
traitement peut inverser partiellement le dysfonctionnement des cellules T. Nous avons
d'abord comparé I'état des cellules T CD4+ spécifiques du VIH dans deux cohortes de
personnes infectées par le VIH et non traitées, en fonction de leur capacité a controler
spontanément la réplication virale. Les contrdleurs élites, qui contrdlent la charge virale
la rendant indétectable en absence de traitement antirétroviral (TAR), avaient plus de
cellules T CD4+ fonctionnelles spécifiques du VIH que leurs homologues virémiques,
incapable de contrdler le virus. Dans les cellules des individus virémiques, le BPCI
augmentaient plus fortement leurs fonctionnalités. Toutes les fonctions évaluées ont été
augmentées par BPCI, a I'exception de celles associées aux cellules T folliculaires aidant
les cellules B, suggérant que les réponses aux BPCI dépend du sous-type de cellules T
CD4+. Cet effet est largement perdu chez les personnes sous TAR, ce qui suggére que

l'utilisation du BPCI serait optimale juste avant l'initiation du traitement antirétroviral.

Cette thése a permis une caractérisation approfondie de la réponse immunitaire humaine
contre deux infections virales. Ces résultats permettent de mieux comprendre
I'nétérogénéité entre les personnes infectées, et pourraient aider a orienter les thérapies

ciblées.



Lay Abstract

Viral infections are a major cause of disease in humans. Pandemics refer to virulent
viruses that spread across more than one continent. In the last century, two major such
pandemics have occurred with still-current repercussions : the Coronavirus Disease 2019
(COVID-19) pandemic caused by the severe acute respiratory coronavirus 2 (SARS-CoV-
2), and the acquired immunodeficiency syndrome (AIDS) pandemic by the Human
Immunodeficiency Virus (HIV). These diseases can cause death through very different
mechanisms : while SARS-CoV-2 proves to ultimately be fatal by an exacerbated and
perhaps delayed immune response against the virus, HIV rather evades the host's
immune response, weakening it over time until inducing an severe immunocompromised
state. Better elucidation of the mechanisms behind these diseases have already allowed
researchers to develop therapeutic treatments against these infections ; however, both
pandemics caused by these viruses are ongoing. The overarching goal of this thesis was
to study the failings of the immune response against each virus, and extract information

useful to guide therapeutic practices.

Ouir first study focused on COVID-19, where we tried to find a good biomarker of fatal
outcome that was easy to measure in plasma. We measured multiple proteins and the
amount of the virus’ genetic material (RNA) in the plasma of 279 patients hospitalized for
their COVID-19 collected early in their disease. By comparing our measurements, we
found that SARS-CoV-2 RNA was the best predictor of fatal outcome, when adjusted for
age and sex. Next, to better understand how the disease evolved from a

immunovirological perspective, we used bio-informatic tools to simulteaneously consider

Xl



all our measurements. We found that there are four « types » of patients, and only one
type is strongly enriched in fatal outcome. Our findings better characterize the
heterogeneity of hospitalized COVID-19 cases, and may be useful in directing targeted

therapeutic treatments.

Our second study focused on HIV, where our objective was to characterize the response
of dysfunctional CD4+ T cells which specifically recognize the virus, to an immunotherapy
called immune checkpoint blockade (ICB) which is known to partially reverse dysfunction
of T cells. We first compared the functional state of HIV-specific CD4+ T cells among two
cohorts of HIV-infected untreated individuals, based on their ability to spontaneously
control viral replication. Elite controllers, who have no detectable viral load in the absence
of anti-retroviral therapy (ART), had more functional HIV-specific CD4+ T cells than their
viremic counterparts. We then compared the response of HIV-specific CD4+ T cells to
ICB and saw greater increase in functionality in the dysfunctional cells of viremic
individuals. All functions assessed were increased except for B-cell helping T follicular-
helper-associated functions, underlying subset-specific responses to ICB. This effect was
largely lost once ART was initiated, suggesting that the use of ICB would be optimal right

before the initiation of ART therapy.

This thesis allowed for an in-depth characterisation of the human immune response
against two viral infections. These findings allow for a better understanding of the

heterogeneity among infected people, and could help direct targeted therapies.
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Chapter 1 — Introduction

The immune response is an intricate, multi-layered system which affects all parts of the
human body. It is implicated, at least to some extent, in most (if not all) human diseases.
In the vast majority of pathogen infections, the immune response is effective in defending

the host.

The immune response in a physiological context

The immune response is roughly split between 2 overarching categories: the innate
immune response and the adaptive immune response. The innate immune response
reacts to non-specific stimuli and provides an immediate yet unspecific response. The
adaptive response specifically recognizes one molecular motif (epitope). This allows it to
target pathogens in a targeted manner, increasing the efficiency of the response.
However, the adaptive response is slower to fully develop. It is the adaptive immune
response which creates immunological memory, allowing for long-lasting immunity. Both
these arms interact extensively and are essential to fight off all kinds of harmful agents,
like viral, bacterial or fungi infections, cancerous cells, parasites, etc., with the main goal

of preserving the host.



Innate immune response to viral infection

Globally, the innate immune response includes all aspects of the immune response which
are not adaptive, meaning that do not require rearrangement of the cell germ-line to
function (discussed later) (Chaplin, 2010). This very broad category also includes non-

cellular components:

Non-cellular components

Physical barriers, including the epithelial cell layers that make up the skin and the

respiratory, gastrointestinal and genitourinary tracts. The layer of secreted mucous, which

trap microbes and is constantly refreshed, are also part of this category.

Soluble bioactive small molecules and proteins, which are present in biological fluids and

naturally possess antimicrobial and/or signalling activity.

Cytokines are a large group of signalling molecules secreted by (often activated) cell
groups and which, by binding cell surface receptors, trigger signalling cascades with
diverse downstream results. They are also central in T cell activation (Curtsinger and
Mescher, 2010). Chemokines, a subgroup of cytokines, recruit cells by creating a
gradient that the target cell will follow upstream. Interleukins (IL), another type of
cytokines, are essential in a number of aspects of the immune response, including
maintenance, growth, modulation of the immune response, and differentiation of immune

cells (Justiz Vaillant and Qurie, 2021).

Interferons are key signalling molecules, and span three distinct families. Type | IFN

include 13 IFN alpha (IFNa) subtypes, one IFN beta (IFNb) and a number of others, and



are the most broadly expressed IFNs. Type Il IFN includes IFN gamma (IFNg), mainly
produced by activated T and NK cells. Finally, the third family are type Ill IFNs, made up
of 4 IFN lambdas (IFNI). Type Il IFN have similar functions to type | IFN, but their action
is restricted to epithelial cells, as their receptor is not as common (McNab et al., 2015).
Each family of IFN binds to their own set of surface receptors to activate a specific
transcription pattern, leading to the expression of interferon-stimulated genes (ISGs)
(Platanias, 2005). Some of these are restriction factors (host proteins with direct antiviral
activity). Some ISGs also reduce transcription and translation mechanisms, in view to slow
down viral replication, while others increase antigen presentation and the abundance of
pattern-receptor recognition (PRR) (Altfeld and Gale, 2015), so infected cells are better
recognized and cleared. In addition, they enable recruitment and activation of immune
cells like dendritic cells, macrophages and NK cells (Altfeld and Gale, 2015). Together,
these mechanisms slow viral spread. Finally, ISGs will also play an important role in the

recruitment and priming of adaptive immunity cells.

Other small bioactive molecules rather coat a microbe to enhance antiviral activity against
it (such as phagocytosis). One such example are the surfactant proteins, pulmonary
proteins which bind to target ligands on pathogens and enhance their clearance by

immune cells (Nayak et al., 2012).

Another group still are the exquisitely complex complement proteins. This group of more
than 30 soluble proteins coats the surface of a microbe to enhance phagocytosis or create
pores to destroy it. They also elicit proinflammatory mediators (Dunkelberger and Song,

2010).



Pattern-recognition receptors (PRR), expressed on all cell types, bind to pathogen-

associated molecular patterns (PAMPs — molecular structures that are common in
microbes) and/or danger-associated molecular patterns (DAMPs), molecular structures
found in cellular debris, for example following damage caused by the infection. Some PRR
are membrane-bound like the toll-like receptors, which bind to a range of microbial by-
product like lipopolysaccharide (from the membrane of gram negative bacteria) or double-
stranded RNA (during the replication cycle of a virus). Other PRR are rather cytoplasmic
proteins, like RIG-1-like receptors which bind to viral nucleic acids. Upon binding their
target PAMP, the PRR initiate intracellular signalling cascades which induce type |

interferons, cell death or cytokines (Dunkelberger and Song, 2010).

Although these non-specific functions are widespread throughout the body, there are
some cell types, activated by the aforementioned mechanisms, which embody the innate

immune response.
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Figure 1.1. Mechanisms of the innate immune response contributing to the elimination of an
invading pathogen. Upon recognition, a pathogen can be i) phagocytosed and degraded intracellularly ;
killed by NK cells ; destroyed by bioactive small molecules, either directly (for example through the formation
of pores by the complement cascade) or through opsonization (pathogen is “tagged” for easier identification
by phagocytes). PAMPs also contribute to activation of dendritic cells, thus initiation the antigen-
presentation and T cell-priming processes. Included from (Kuby Immunology, seventh edition), in
accordance with allowed permissions.



Cellular components

Natural killer (NK) cells are a subpopulation of lymphocytes which target infected,

transformed or stressed cells that over express NK activating ligands (NKp46, NKG2D,
DNAM1) or under-express certain physiological markers (MHC ) as a consequence of
their state (Bjorkstrom et al., 2021). NK cells can also mediate antibody-dependent cellular
cytotoxicity through FC receptor FcgRIIl (CD16). NK cells kill aberrant cells without
priming through the release of cytotoxic granules containing granzymes and perforin.
Perforin forms pores in the target cell's membrane, allowing for granzyme to penetrate
within the cell and induce its apoptosis. NK cells also produce IFNg (Bjorkstrom et al.,
2021), IL-2, IL-15, IL18 and type | IFNs (Bjorkstrom et al., 2021), which activate other

immune responses and promote NK survival, proliferation and activation.

Granulocytes, so called because of their many granules, comprise neutrophils and

monocytes, among others.

Neutrophils are short-lived circulating cells with multiple functions. They accumulate in
large quantities at the site of infection, where they fight off the infecting agent by producing
reactive oxygen species. (Kennedy and DelLeo, 2009). They are among the major
phagocytic cells, clearing microbes and particles bound by immunoglobulins and
complement (Chaplin, 2010). They can also produce a number of inflammatory
chemokines such as CXCL9/10/11 and CCL2/3/20, depending on the trigger (Tecchio et

al., 2014).

Monocytes circulate through the blood, patrolling the vascular endothelium, from which



they can rapidly be recruited to an infection site. They first produce inflammatory
mediators, then differentiate into macrophages, and can replenish the macrophages in

tissue at steady state.

Macrophages are long-lived tissue-resident phagocytes and, depending on the
environmental cues they received, they can be 1) inflammatory, 2) anti-inflammatory or 3)

healing. These cells are very plastic, meaning they can switch from one state to another.

1) The combination of IFNg and TNFa activates macrophages. These so-called
“classically activated” macrophages have enhanced microbicidal activity
(production of superoxide anions and oxygen or nitrogen radicals) and secrete
high levels of pro-infammatory cytokines, including IL-1, IL-6 and IL-23 (Mosser
and Edwards, 2008). These macrophages also express chemokines CXCL9,
CXCL10, and CXCL11 which, through CXCR3 signalling, attracts NK and T cells
(Martinez et al., 2009).

2) The anti-inflammatory population is induced by glucocorticoids and TGFb
(produced by macrophages following phagocytosis of apoptotic cells in pro-
inflammatory contexts), although they also arise at the later stages of the
adaptive immune. This population produces high levels of IL-10, and express
high levels of co-stimulatory molecules CD80 and CD86, implying antigen
presentation, although less efficiently than DC (Mosser and Edwards, 2008).

3) Wound-healing macrophages occur through IL-4 stimulation, which allows them
to produce precursors of key components of the extracellular matrix (Kreider et
al., 2007).

Finally, the_Dendritic cells (DC) bridge the gap between innate and adaptive immune

responses by principally serving as antigen-presenting cells (APCs). There are three
major DC populations: 1) conventional or classical DC (cDC)1 and cDC2, 2) plasmacytoid

DC (pDC) (Collin and Bigley, 2018), and 3) an additional population derived from



monocytes (mo-DC).

1) cDC are specialized in antigen-presentation: immature cDC have high endocytic
activity, which allows internalization of microbes for degradation into epitopes.
Upon stimulation by microbial product or inflammatory stimuli, they express major
histocompatibility complex (MHC)-peptide complexes and co-stimulatory
molecules at their surface, ready to prime CD4+ T cells (Satpathy et al., 2012).
While both cDC types can efficiently cross-present and produce IL-12, cDC2 in
humans also produces IL-23, TNFa, CXCL8/IL-8 and IL10, while cDC1 can also
present necrotic antigens to T cells (Rhodes et al., 2019).

2) Through TLR7 and TLR9 in endomoses, pDC sense viral nucleic acids, upon
which they express high levels of type | IFN, TNF, IL-6 and Granzyme B. pDC are
rather poor antigen-presentors (Siegal et al., 1999), and express CD4 and
multiple chemokine receptors, namely CXCR3, CXCR4, CCR2 and CCR7 (Collin
and Bigley, 2018).

3) Mo-DC, also known as “inflammatory DC”, are absent at steady state. They
differentiate from monocytes and egress from the bone marrow via CCR2 to go to
the site of inflammation. They can secrete IL-1, TNFa, IL-12 and IL-23.

Antigen presentation
APCs mediate antigen presentation to T cells via the major histocompatibility complex
(MHC), known has the Human Leukocyte Antigen (HLA) in humans. MHC class |
molecules bind peptides for presentation to CD8+ T cells, and are expressed on nearly all
somatic cells in physiological context. Cytosol-derived peptides are processed and loaded
onto MHC class |, making it ideal to recognize infected cells. MHC class Il is used to
present peptides to CD4+ T cells. Outside the thymus, MHC class Il is expressed on APCs
and phagocytes, although it can be up regulated following IFNg stimulation. It is loaded

with peptides derived from the processing of intravesicular pathogens or extracellular



pathogens, uptaken through phagocytosis, micropinocytosis or receptor-mediated
endocytosis. APCs load their MHC either by phagocyting some infected cells and
trafficking to the secondary lymphoid organs densely populated with T cells, or by
capturing particulate antigen and pathogens trafficked through the lymphatics into the

lymph nodes (Janeway, 2016).

Phagocytic APC can, after phagocyting dead cells, process them and present exogenous
peptides on the MHC class |, in what is called cross-presentation. If the DC was activated
through PRR ligation or CD4+ T cell help prior to cross-presentation, this results in the

productive activation of CD8+ T cells (i.e. cross-priming) (Gutierrez-Martinez et al., 2015).



Adaptive immune response to viral infection

As mentioned previously, immune cells of the adaptive immune response have a single
specificity. For this reason, it is slower than the innate, as it requires first the correct
matching of an antigen with a specific cell, and then the priming of said cell, which normally
happens between 6-10 days in humans. The two main factions are T cells, expressing a

T cell receptor (TCR) and B cells, with B cell receptors (BCR).

A Viral replication
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Innate Immune Activation
Inflammation
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Figure 1.2 Schematic of a perfect immune response with activation of the adaptive immune

response in humans. Wiral infection rapidly activates the innate immune response, resulting in
inflammation. These processes allow efficient activation of both the cellular response mediated by T cells
and the humoral response from B cells. T cells further aid in increasing antibody specificity and in
differentiation into plasmablasts, creating a pool of specific antibodies which are replenished over time.
Meanwhile, virus-specific T cells contract, with a small population of memory T cells persisting. Figure based
on (Sette and Crotty, 2021).

T cells

Based on the chains that compose their TCR, there are two types of T cells: T cells with
o TCR, which make up around 90% of all circulating T cells and generated in the thymus,

and those with ydTCR, which are in majority generated in an extrathymic compartment
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(McVay and Carding, 1996). Because they are the most common, a3 T cells (herein simply
referred to as T cells), are the most studied. In the thymus, this population is further
distinguished between two subsets, on the basis of their co-receptor: cluster of
differentiation (CD)4+ T cells, known as helper T lymphocytes (Tw), and CD8+ T cells,

known at cytotoxic T lymphocytes (CTL).

The heterodimeric TCR, made of one alpha and one beta chain, is made up of constant
and hypervariable regions. Multiple V, D and J segments make up the TCRA and TCRB
loci. Recombination and gene rearrangement of these segments, the addition of
nucleotides between their junctions, and diversity in alpha and beta chain pairing create
a highly diverse repertoire of TCRs. These undergo strict selection processes in the
thymus, where T cells with non-functional rearrangements or autoreactive (meaning they
react too strongly to epitopes present in the host’s cells) TCRs are eliminated. Fewer than
5% of T cells survive the selection process, and can enter the circulation as naive T cells.
The result of this is a pool of highly diverse naive T cells, in terms of capacity to recognize

epitopes.

In the advent of a primary viral infection, there are three distinct phases that characterize

the T cell response:

11
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Figure 1.3 Phases of the T cell response. To allow for stimulation, never-exposed naive T cells’ TCR

must recognize the peptide-MHC complex expressed on an antigen-presenting cell (APC) — signal 1. The
T cell must also receive co-stimulation mediated by CD28-B7 binding (signal 2) and cytokine signalling from
the milieu (signal 3). Priming allows for clonal expansion, whereby a single clone (T cell with a given
specificity) will multiply and create a large pool of activated T cells with effector functions. Once the infection
cleared, most cells undergo apoptosis except for a small, stable pool of long-lived memory cells maintained
by IL-15 and IL-7. Figure modified from (Adams et al., 2020).

Upon breaching the barrier, a virus infects a cell and, through activation of the innate
immune system, inflammation occurs. Antigen-presenting cells (APCs) load their MHC
with viral epitopes. APCs then present their epitopes to T cells, either on MHC class | for
CD8+ T cells, or MHC class Il for CD4+ T cells, along with critical costimulatory signals
(B7/CD80/CD86 interaction with CD28) and cytokines. In response to this, newly activated
T cells enter the expansion phase, where they proliferate in mass and differentiate into
effector cells, with a distinct epigenetic and transcriptomic profile (Kaech and Cui, 2012;
Masopust and Schenkel, 2013). Only T cells activated by the APC proliferate, creating a
pool of clones (i.e. T cells with the same TCR, so the same specificity). This transition is
characterized by the loss of lymphoid homing molecules CCR7 and CD62L, and gain of
CCRY5, through which they are directed to sites of inflammation. As a result, the effector
cells exit the lymphoid tissues and, through the circulation, migrate to sites of inflammation

(Wherry et al., 2004), where they are maintained by IL-2 (Tham et al., 2002). As we will

12



discuss later, these effector T cells are key in aiding the control of viral infections through

diverse mechanisms.

After the clearance of the viral infection and resolution of the inflammation, T cells enter
the contraction phase, where 90-95% of the expanded clones are cleared by apoptosis
(Prlic and Bevan, 2008). This step is necessary, as sustaining so many effector cells is
taxing. In the final maintenance phase, a small subset persists as memory T cells, a
quiescent self-renewing population that can be quickly reactivated to perform effector
functions upon antigen recognition (Masopust and Schenkel, 2013). IL-7 and IL-15 keeps
their numbers constant over time (Gasper et al., 2014). Two populations of memory T
cells are found in circulation : T central memory (which home to secondary lympoid organs
through the expression of CCR7) and T effector memory (circulate through non-lymphoid
tissues and express CCRY5) (Sallusto et al., 1999). It is also worth noting that 98% of T
cells are not in the blood, but rather in the tissues; some effector T cells which went to the
tissues stayed there as persistent tissue-resident memory T cells. They provide the first

line of defence against tissue-invading pathogens (Thome and Farber, 2015).

CD4+ T cells
Helper T cells (TH) primarily act to regulate cellular and immune responses. Based on the
environmental cues received at the time of activation, they will polarize towards different
archetypes, governed by distinct master transcription factors, and with the ability to
produce a specific set of cytokines (Becattini et al., 2015). A dominant lineage-specific
transcription factor will counteract the others, but CD4+ T cells are plastic and undergo

functional reprogramming. As such, CD4+ T cells show a great degree of plasticity in

13



moving away from one subset and towards another, as well as by having traits of multiple
subsets at the same time (Becattini et al., 2015). The differentiation of the CD4+ T cell
subset depends on the pathogen, and an aberrant polarization can result in ineffective

pathogen clearance (Pirmez et al., 1993).

Requlatory T (Treqg) cells can either be natural, meaning that they developed their

regulatory functions in the thymus, or induced, when they are activated in the presence of
IL-10. They express the transcription factor FoxP3 and suppress activation through the
secretion of IL-10 and TGFb, as well as through inhibitory cell-to-cell contacts (Becattini

et al., 2015).

TH1 cells are the prototypical antiviral subset, and are induced by IL-12 co-stimulation.
They are characterized the expression of T-bet and/or EOMES and produce IFNg, IL-2,
TNF-a and lymphotoxin. A subset of Th1 also have cytolytic functions like perforin and

granzyme B secretion. Th1 cells express CXCR3. (Becattini et al., 2015).
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Figure 1.4 Overview of CD4+ T helper cell subsets
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TH2 cells are induced by IL-4 and express the transcription factor GATA-3. They produce

IL-4, IL-5, IL-9, IL-13 and GM-CSF. These cells are important to fend off extracellular

multicellular pathogens, like helminths and nemathods. (Becattini et al., 2015).

TH17 are induced by TGFb and IL-6, and their transcription factor is RORgC. They

produce IL-17 and IL-22 (Liang et al., 2006) and express CCR6 and gut-homing integrins.

(Becattini et al., 2015).

Th22 also express CCR6, are regulated by AHR and produce IL-22 without IL-17

(Becattini et al., 2015). They play an essential role in repairing the mucosal barrier.
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T follicular helper (TEH) provide help to B cells. Their master transcription factor (which is

a repressor) is Bcl-6, and they produce IL-21 and CXCL13. Their signature chemokine
receptor, CXCR5, allows them to migrate to germinal centres in lymphoid tissues, where
they can activate B cells and select high-affinity clones, thus playing a key role in the

production of high-affinity antibodies (Sallusto, 2016).

The advent of single-cell RNA seq analyses, in conjunction with increasingly precise tools,
has brought into question the validity of this archetype model. Pure populations of TH
subsets are rarely observed. Effector CD4+ T cells span a continuum, with a
transcriptomic profile principally associated to their cell state (for example, proliferation,
response to IFN, resting) (Kiner et al., 2021). Analyses of transcriptome and chromatin
availability did not reveal discrete polarizations, supporting the theory of a continuum
(Cano-Gamez et al., 2020; Kiner et al., 2021). Only Treg and naive CD4 T cells are

completely distinct from effector cells (Kiner et al., 2021).

Tools to study CD4 T cells
The most specific way to identify virus-specific CD4+ T cells is through the use of MHC-
peptide complexes, most often biotin-labeled and bound to streptavidin, which forms a
tetravalent complex — tetramer (Nepom, 2012). These tetramers will only bind to specific
TCRs and do not require additional manipulation of the cells. The multitude of
immunogenic epitopes harbored by a single pathogen, compounded to the extreme

diversity of the human MHC Il (called HLA class Il), make tetramers hard to apply to

16



heterogeneous cohorts. Conversely, they are particularly useful in contexts of limited

genetic diversity (for example, infections in syngeneic mice) (Nepom, 2012).

Alternative assays have depended on cytokine production to detect activated cells. At the
population level, the overall cytokine profile can be measured in the supernatant of
stimulated cells by ELISA-type assays. To get a sense of the number of virus-specific T
cells a sample contains, ELISpot can be used, where cytokine production is captured
within a small vicinity of where it was produced, allowing to “count” the number of cytokine-
producing cells. Finally, intracellular staining can be used to detect cytokines accumulated
within CD4+ T cells stimulated in the presence of a blocker of protein transport. Although
more widely applicable than tetramers and high throughput, they rely on the detection of
a limited set of cytokines, directing the type of virus-specific CD4+ T cell captured (Schmidt

and Sester, 2013; Reiss et al., 2017).

A relatively newer method called the activation induced marker (AIM) assay relies on the
upregulation of surface markers following the activation of a cell by peptide stimulation
(Reiss et al., 2017). There are multiple combinations of AIM which are employed, based
on the time of stimulation and the tissue from where the cells are collected. Although the
type of AIM used influences what the TH populatons are detected (Reiss et al., 2017),
AIM combinations capture a larger and more diverse pool of virus-specific CD4+ T cells
than cytokine-based assays (Niessl et al., 2020b). Stimulation with multiple peptides also
means more virus-specific CD4+ T cells captured than with tetramer staining.
Preservation of the cell’'s transcriptome enables the use of AIM for bulk (Morou et al.,

2019) and single-cell RNA Seq assays (Meckiff et al., 2020b).
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CD8+ T cells
In secondary lymphoid organs, dendritic cells presenting peptides prime f naive CD8+ T
cells (Zhang and Bevan, 2011). This priming is dependent on CD28 co-stimulation, and
further enhanced by inflammatory cytokines including type | IFN and co-stimulatory
ligands. The primary activation of CD8+ T cells can be dependent of CD4+ T cell priming
of DC (against HSV-1) or independent (as for influenza and LCMV) (Bevan, 2004).
However, CD4+ T cells promote memory CTL development (Shedlock and Shen, 2003)
and play a central role in CD8 T cell reactivation upon secondary challenge (Janssen et
al., 2003). CD4+ T cells also enhances recruitment of CD8+ T cells into infected sites

(Nakanishi et al., 2009).

CD8+ T cells’ antiviral function is very direct: once they recognize infected cells (which
present viral epitopes on their MHC 1), they kill the infected cells through secretion of
perforin and granzymes, similarly to NK cells, or through Fas-FaslL-depdendent apoptosis
induction. Finally, CD8+ T cells also produce pro-inflammatory cytokines like IFNg and

TNFa. (Zhang and Bevan, 2011)

B cells
After their formation, naive B cells leave the bone marrow and are activated by interacting
with a cognate CD4+ T cell. When these interactions occur outside the germinal centre
(GC), the naive B cells differentiate into antibody secreting cells (plasma cells) which are
typically short-lived. These quickly-generated cells provide a rapid burst of antibodies
which mediate early antiviral protection, despite not being highly specific for the invading

pathogens (MacLennan et al., 2003).

Alternatively, B cells enter lymphoid organs and present processed antigens (taken from
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nearby follicular dendritic cells) on their MHC II. They compete for limited TFH help and,
if successful in their match, migrate to a distinct site within the GC where they proliferate
and undergo somatic hypermutation. This latter process introduces single nucleotide
exchanges randomly in the BCR, in an attempt to increase its affinity. B cells will then
return for more interactions with TFH, and repeated cycles and selections ultimately leads
to highly specific B cells. These B cells can differentiate into long-lived plasma cells or

memory B cells and enter the circulation (Crotty, 2011).

In addition to promoting proliferation and activation of B cells, cytokines and co-stimulation
from the TFH can lead to class-switch recombination (CSR). CSR happens by rearranging
the constant region of the immunoglobulin’s heavy chain through DNA excision and
ligation, changing the class but not the specificity of the antibody (Vaidyanathan and

Chaudhuri, 2015).

These different classes of antibodies vary in both conformation and in function (Schroeder
and Cavacini, 2010). IgM is the first immunoglobulin expressed during B cell development,
and it is present on antigen-inexperienced naive B cells. When antigenic stimulation
occurs, IgM form pentamers, for which their multiple interactions can make up for their
typically low affinity (due to little SHM at this point). IgM opsonize antigen, which can block
de novo infection and activate the complement cascade. Another antibody class found on
naive B cells are IgD. Circulating levels of IgD are very low and known to react with
specific bacterial proteins and thus activate B cells. IgG is the predominant class of
antibody, typically making up 75% of all antibody found in the serum, and is a product of
CSR. Monomeric IgG can opsonize pathogens, activate the complement cascade, and

inhibit viral entry. 1IgG antibodies also bind to the Fc-receptors expressed on multiple
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immune cells, and activate pathogen-clearing processes like antibody-dependent cellular
cytotoxicity, antibody-dependent phagocytosis, and release of soluble inhibitors. IgA, also
a result of CSR, are secreted as monomers or dimers and are predominantly found in
mucosal surfaces, where they protect from pathogen binding to the mucosal surface and
may facilitate antigen uptake by dendritic cells for downstream presentation. Finally, IgE
is strongly associated with hypersensitivity and allergic reaction: it binds with very high
affinity to a mast-cell receptor, and causes their degranulation. (Schroeder and Cavacini,

2010)

In summary, there is extensive cross-talk between the different components of both the
innate and adaptive immune response, which allows for their high efficacy. However, there
are instances where the immune response can fail, either by being too strong and causing
immunopathology, or by being outrun by an evolutionary machine of a virus. The immune
response can be modulated or boosted therapeutically. However, to know what aspects
need help, we first need to understand how exactly the immune response failed at its task.
In the following sections, we will discuss the human immune responses against two
pandemic-causing viruses of acute (SARS-CoV-2) or chronic nature (HIV), and focus on
what went wrong, with the perspective of zoning in on therapeutic approaches that would

cure or minimize the repercussions of the infections.
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Acute viral perturbations : SARS-CoV-2

In December 2019, a new strain of coronavirus was characterized in Wuhan, China, and
is thought to have occurred following a zoonotic transmission. Within months, this virus
called SARS-CoV-2 had spread worldwide. As of December 18" 2021, there have been
275 million reported cases, with over 5 million deaths, across 222 countries and territories

(https://www.worldometers.info/coronavirus/?utm campaign=homeAdvegasi1?). While

the advent of protective vaccines has slowed the saturation of hospitals, mutated variants
keep this pandemic going. It is crucial to study the mechanisms of how this coronavirus
causes such severe symptoms, how to identify quickly the patients at greatest risk of

developing critical disease, and how to help them overcome it.

Viral characteristics

SARS-CoV-2 is part of the family of coronaviruses (order Nidovirales, suborder
Coronavirineae, family Coronaviridae, subfamily Orthonocoronavirinae, genera
betacoronavirus). It is an enveloped positive-sense single-stranded RNA virus with a very
large genome (>30kb), exclusively infecting mammalian cells (V'Kovski et al., 2021).
Before the pandemic, we predominantly encountered its milder cousins behind the
common cold (HCoV-229E, HCoV-OC43, etc.), although other infamous highly-
pathogenic coronaviruses have already caused epidemics (SARS-CoV, MERS). SARS-
CoV-2 virions include the structural proteins Spike (S — viral entry), envelope (E),
membrane (M — E and M incorporate RNA genome into viral particle during assembly)

and nucleocapsid (N — encapsulates RNA genome) (V'Kovski et al., 2021)
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Replication cycle

SARS-CoV-2's Spike (S) homotrimeric glycoprotein binds angiotensin converting enzyme
2 (ACEZ2) via it's receptor binding domain (RBD) of the surfaced-exposed S1 part, and
mediates entry into the cell (Letko et al., 2020). Transmembrane protease serine 2
(TMPRSS2) facilitates viral entry by cleaving ACE2 (Hoffmann et al., 2020). Once the
virus is up taken, it first fuses with the cellular membrane, then is released and uncoated.
Two large open reading frames (ORFs) are immediately translated into polyproteins,
which are turned into 15 non-structural proteins (nsp), the majority of which form the
replication and transcription complex (RTC) (Gorbalenya et al., 2006). The RTC includes
a RNA proofreading function which maintains genome integrity (Gorbalenya et al., 2006).
Full-length negative-sense genomic copies are produced, which serve as a template to
produce viral genome to be packaged, as well as to make more RTC and nsp. The
synthesis of negative-strand RNAs also produces subgenomic negative-strand (SgRNAs).
They serve as templates for the nested sg positive-strand mRNAs, which go onto produce

the structural and accessory proteins (V'Kovski et al., 2021).

The concerted effort of some nsp and host cell factors leads to the formation of viral
replication organelles. Once the RTC is anchored in their double-membrane wall (Wolff et
al., 2020), they allow for viral genomic RNA to replicate and be transcribed hidden from
cellular sensors (Klein et al., 2020; Stertz et al., 2007). Translated structural proteins go
to the endoplasmic reticulum-to-Golgi intermediate compartment, where they interact with
N-encapsidated genomic RNA, and bud into the Ilumen of secretory vesicular
compartments (Klein et al., 2020). These now complete virions exit the infected cell via

lysosomal trafficking pathways (Ghosh et al., 2020).The virus can productively infect lung
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epithelial cells, but also intestinal cells and epithelium of other organs (Wang et al., 2020d;

Xiao et al., 2020).

Some of SARS-CoV-2 proteins help in immune evasion. The virus has at least 5
accessory proteins (not structural, not part of the RTC, and not necessary for replication
in cell culture but often play roles in a natural host) (V'Kovski et al., 2021). One accessory
protein, ORF8, binds MHC | to mediate its degradation in vitro (Zhang et al., 2021), and
ORF3b antagonized IFN (Konno et al.,, 2020). nsp can also counteract immune
responses: nsp1 affects cellular translation in the cytoplasm to favour viral over cellular

RNA, effectively blunting expression of IFN types | and Ill (Thoms et al., 2020).

Variants

The massive worldwide spread of the virus, coupled with massive sequencing efforts of a
number of countries, has revealed that the SARS-CoV-2 genome has mutated through
single nucleotide changes, insertion/deletions events, and, perhaps, recombination
events (Ignatieva et al., 2021). Alinement of 77 801 genome sequences collected globally
identified 15 018 mutations, of which 14 824 were single-nucleotide polymorphism (Hu et
al., 2021). As of July 4th 2021, there were 1 295 identified variants (using the Pango

lineage method(, where variants are a cluster of infections with shared ancestry and

epidemiologically relevant — ie., they did not die out)
(https://www.ecdc.europa.eu/en/covid-19/variants-concern) (https://cov-

lineages.org/global_report.html). Only a small minority of mutations, however, are

expected to change the virus’ fithess. Thus, few of these variants are “of concern” meaning
that mutations they carry affect the viral fitness, transmissibility and/or antigenicity of the

infecting virus, as well as the severity of the infection : B.1.1.7, B.1.351, N.1.617.2, P.1
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and the new omicron variant (https://www.ecdc.europa.eu/en/covid-19/variants-concern)

(https://cov-lineages.orag/global report.html). The variants of interest sometimes have

convergent mutations (appeared separately in two different variants),
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Figure 1.5 SARS-CoV-2 structure and replication cycle. A) Components and structure of a mature
SARS-CoV-2 viral particle. Single strand RNA genome is encapsulated by the nucleocapsid proteins (N),
and contained within a host-derived membrane punctuated by the viral transmembrane structural proteins
membrane (M) and envelope (E), and the protruding trimeric glycoprotein Spike (S). B) Schematic of SARS-
CoV-2 replication cycle within an infected human cell. Viral particle binding to the host cell is mediated by
the interaction of viral protein S with host's ACE2, and viral uptake and fusion is enabled by host factor
TMPRSS2. Viral particle is then uncoated, and viral RNA is translated into two large open reading frames,
ORF1a and ORF1b. These are transcribed into the polyproteins, which in turn are processed into non-
structural proteins (nsp). These nsp usher the formation of double-membrane vesicules (DMVs) and form
the replication and transcription complex (RTC). Viral RNA is replicated and/or transcribed into the nested
set of subgenomic (sg) MRNAs, which are translated into the structural or accessory proteins. The structural
proteins enter the endoplasmic reticulum (ER) membranes and transit through the ER-to-Golgi intermediate
compartments (ERGIC). The ERGIC interact with the new N-encapsidated genomic RNA and buds into the
lumen of secretory vesicules. Lastly, it is secreted by exocytosis. Figure modified from (V'Kovski et al., 2021)
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suggesting evolutionary advantages. These mutations primarily affect Spike, and

resulted in greater infectivity and/or decreased antibody-binding (Harvey et al., 2021).
Other viral proteins are also changed in variants: deletions in ORF8 detected in a variant
resulted in enhanced in vitro replication, although no difference in viral loads in
nasopharyngeal samples (Su et al., 2020). Variants of concern are monitored by public
health authorities, as they have different susceptibilities to vaccines (Krause et al., 2021)
and treatments like monoclonal antibodies, and differ in rates of infectivity (Hu et al.,

2021).

Clinical manifestations

The progression of COVID-19 has distinct “phases” : then early infection, pulmonary, and
hyperinflammation phases (Figure 1.6) (Siddigi and Mehra, 2020). The early phase spans
inoculation and initial establishment of the infection, characterized by non-specific flu-like
symptoms. These include fatigue, fever, dry cough, and loss of smell and/or taste,
although other less frequent symptoms comprise headache, hemoptysis (coughing
blood), diarrhea, anorexia, sore throat, chest pains, chills, nausea, and vomiting (Hu et
al., 2021). Clinically, this stage presents lymphopenia. The range of severity is highly
person-dependent, and the high proportion of infected individuals who were asymptomatic

or who have mild symptoms likely facilitated interindividual spread.

A proportion of infected people progress onto the pulmonary phase, where they develop
viral pneumonia with replication of the virus in the lower respiratory tract. The leading
symptom is hypoxemia, or low blood oxygenation (Diagnosis and Treatment Protocol for

Novel Coronavirus Pneumonia (Trial Version 7), 2020), although it is sometimes not
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accompanied by hypoxia. Tell-tell signs of lung involvement are also apparent with chest

imaging, which show bilateral infiltrates or ground glass opacities.

A minority of people progress onto the final stage of hyperinflammation, characterized by
extrapulmonary systemic hyperinflammation syndrome. It is at this stage that markers of
systemic inflammation as well as markers of tissue damage are highest. It is also
characterized by acute respiratory distress syndrome (ARDS), septic shock and/or multi

organ failure (Hu et al., 2021).

Severity classification varied between research groups, so for the purpose of this thesis:
critical patients are hospitalized individuals requiring mechanical ventilation (i.e.
they reached the third phase); severe patients are hospitalized and require nasal
cannula (reached phase Il with hypoxia); moderate patients are hospitalized without
requiring additional oxygen (phase Il without hypoxia); mild patients are not
hospitalized for their SARS-CoV-2 infection, and asymptomatic patients present no
COVID-19 symptoms (both in phase I). In a report on 72 314 cases among the first in
China, 80% were mild-to-severe and 20% were critical, 5% of which had terminal disease

(Hu et al., 2021.)

Greater severity of COVID-19 is associated to age, male sex, pre-existing chronic
conditions like diabetes, obesity, hypertension, muco-obstructive lung disease, renal
failure and heart disease (Brodin, 2021). As apparent with the symptoms, consequences
of SARS-CoV-2 infection are not exclusive to lungs. Infection can also lead to longer-term
disease grouped under the umbrella-term “long COVID”, symptoms persisting longer than
2 months after initial infection. These include persisting fatigue, myalgia, intestinal

disturbances, skin manifestations, and postural orthostatic tachycardia syndrome (Brodin,
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2021).
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Symtpoms Fever, dry cough Hypoxia multi-organ involvement
Lab Lymphopenia Abnormal chest imagin Elevated inflammatory markers
Symptoms SARS-CoV-2 genome eing (CRP, IL-6, D-Dimer)

Figure 1.6 Stages of COVID-19 with associated symptoms. The early phase constitutes the
establishment of the disease, with viral replication in the upper airways. This phase is characterized by mild
non-specific symptoms and lymphopenia. In the second phase, inflammation occurs in the lungs with
subsequent loss of respiratory capacity. Patients may start to be hospitalized at this stage, with a few
fatalities occurring. The final phase is systemic hyperinflammation, characterized by high plasma levels of
inflammatory cytokines. At this stage, critical patients are usually put on mechanical ventilation. Damages
can extend to multiple organs, often kidneys and heart. It is during this stage that most COVID-19-related
deaths occur. Modified from (Siddigi and Mehra, 2020)

A distinguishing feature of COVID-19-related ARDS is “silent” hypoxamia, where
individuals with critically low blood O: levels experienced no or minor discomforts normally
associated to this state, like shortness of breath or laboured breathing (Dhont et al., 2020;
Guan et al., 2020; Siswanto et al., 2020). Most cases had an almost normal lung
compliance (i.e. expansion capacity) (Sorbello et al., 2020). However, patients with low
compliance and elevated D-dimer (a protein fragment liberated upon dissolution of a blood

clot ; high levels of D-dimer in blood are suggestive of hypercoagulability and/or
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thrombosis) are at increased risk of death(Grasselli et al., 2020). The central feature of
COVID19 pneumonia is low oxygen saturation in the blood (Diagnosis and Treatment
Protocol for Novel Coronavirus Pneumonia (Trial Version 7), 2020) due to compromised
lung function. This can arise following decreased lung perfusion (disruption of the blood
flow to the alveoli) and/or lung ventilation (disruption of air penetrating into the alveoli).
The cause may be a number of non-exclusive pathophysiological events initiated by

SARS-CoV-2.

Pathogenesis

In the lungs
The first cell type infected by SARS-CoV-2 are the ciliated cells of the epithelium of the
nasal cavity (Hou et al., 2020), where ACE2 expression is high. In pre-symptomatic and
early symptomatic phases, active viral replication is oberserved in the upper respiratory
tract (Wolfel et al., 2020). It peaks around 3-5 days post symptom onset (Pan et al., 2020;

Yilmaz et al., 2021), playing an important role in the high transmissibility of the virus.

The virus then makes its way to the lower respiratory tract, where it can infect a number
of cells. How the virus gets there is unclear, although micro particles are likely involved

(Wilson et al., 2020).

Infection of alveolar pneumocytes (Yao et al., 2020) can disrupt the gas exchange
interface. Autopsies revealed disrupted membranes of type || pneumocytes in particular
(Carsana et al.,, 2020). These foamy-type cells secrete pulmonary surfactants which
maintain surface tension, preventing alveoli collapse (Fehrenbach, 2001). Such

surfactants can also play antibacterial and immunomodulatory roles, like Surfactant
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protein D (SP-D) (Sorensen, 2018). Although SP-D can be produced by multiple cell types,
detection of SP-D in circulation is often found in acute and chronic lung injury (Gaunsbaek
et al., 2013), owing to intravascular leakage following loss of the air-lung barrier integrity

(Hastings et al., 1992).

A Early stage B Late stage
Interstitial ¥ T 9 Alveolus Endothelial damage J
monocytes
' 4 SARS-CoV-2
& : £ > 7,
) v
o

1 g i'_,‘,;-\
/0 Macrophage %
o AT1 receptor

o ﬁ T lymphocytes #

TNF
—> IL-1 formation of microthrombi

IL-6

Oedema

Perivascular

lymphocytes T Kallikreine

Kinin receptor Capillary blood vessel TKinin receptors Kininogen

Figure 1.7 Lung pathogenesis during SARS-CoV-2 infection in humans. A) In the early infection
(stage 1), SARS-CoV-2 infects bronchial epithelial cells, type | and type Il alveolar pneumocytes and capillary
endothelial cells, allowing their replication and spread. Infected cells release inflammatory signalling
molecules, activating innate immune responses and recruiting help. B) As immunopathology of SARS-CoV-
2 infection progresses due to direct cytotoxicity from the virus and/or killing from immune cells, kinins
produced from the injured tissue cause vascular smooth muscle relaxation, increasing vascular
permeability. This leads to angioedema, and can progress to pulmonary edema filling the alveolar space.
This also leads to downstream activation of coagulation, further spurred on by the proinflammatory cytokine,
and which can cause microthrombi. Figure from (Osuchowski et al., 2021), used within permissions.

Bronchial epithelial cells can also directly be infected by SARS-CoV-2 (Ehre, 2020). Their
infection is likely behind the accumulation of mucus and cell debris found in the bronchi,
leading to diffuse damage to the respiratory tract (Hellman et al., 2020). Endothelial cells

are also infected (Liu et al., 2021; Varga et al., 2020). Within the lungs, this infection and
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ensuing inflammation may be the direct cause of microangiopathy (disease affecting small
blood vessels) (Varga et al., 2020). Indeed, COVID-19-related alveolar damage is often
observed alongside thrombotic microangiopathy (Sadegh Beigee et al., 2020), where a
blood clot blocks a small blood vessel, for example those bringing unsaturated blood to
get re-oxygenated. These platelet-fibrin microthrombi reduce the alveoli surface area
participating in the gas exchange (Carsana et al., 2020), effectively reducing lung

perfusion.

As the disease progresses, vasoactive peptides (kinins) cause vascular smooth muscle
relaxation, a process normally controlled by ACE2 expressed on pneumocytes
(Osuchowski et al., 2021). Without ACE2, vascular permeability and angioedema
increase, processes further enhanced by proinflammatory cytokines TNFa, IL-1 and IL-6,
as well as nitric oxide release (Osuchowski et al., 2021). Pulmonary oedema fills the
alveolar spaces, reducing O2 transfer from the air into the blood (diffusion capacity). In
addition, lung fibrosis also plays a role in lung deterioration. It is primarily driven the TGF-
b, secreted from the injured and/or inflamed lung (Wilson and Wynn, 2009), although the
excessive amounts found in COVID-19 may also be attributable to CD4+ T cells (Ferreira-

Gomes et al., 2021).

Through the combination of these events, fluid and fibrin fill the alveoli (Hellman et al.,
2020), which undergo remodeling (Carsana et al., 2020). There Is also
neovascularisation, complete with increases in several markers of angiogenesis
(Ackermann et al., 2020). The lungs of patients deceased of COVID-19 are heavier, owing
to oedema and congestion (Carsana et al., 2020). Lung fibrosis is also frequent in these

autopsied lungs (Edler et al., 2020). These mechanisms all contribute to the hypoxeamia
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of severe COVID-19+ patients.

Throughout the body
A number of clinical manifestations of COVID-19 are not only found in the respiratory tract
(reviewed in (Gupta et al., 2020)). SARS-CoV-2 can infect a range of cells types, including
cardiocytes, olfactory sustentacular, bile duct cells (Wang et al., 2020d). Like with
intestinal and other epithelia cells, infection can lead to de novo virus production (Xiao et

al., 2020). Macrophages can also be infected (Wang et al., 2020a).

Inflammation of endothelial cells, with the resulting hypercoagulability, is also observed
outside the lungs. Venous thrombosis, seen in 21-69% of critical COVID-19 patients (Klok
et al., 2020), was much more prevalent than normally observed in ICU (7.5%) (Obi et al.,
2015). In line with the greater incidence of thrombosis, patients with critical COVID-19
have increased fibrinogen (Thachil et al., 2020) and D-dimer levels than moderate (Lippi

and Plebani, 2020) or non-COVID-19 pneumonia (Jirak et al., 2021) patients.

RNAemia (presence of viral RNA in blood products) was an important correlate of both
disease severity and fatality in COIVD-19 patients (Fajnzylber et al., 2020; Hogan et al.,
2020; Prebensen et al., 2020). The quantity of plasma viral RNA did not correlate with that
found in nasal swabs (Prebensen et al., 2020), suggesting that factors other than high
viral presence at the site of infection influence viremia. Plasma SARS-CoV-2 viral RNA
found in acutely-infected COVID-19+ individuals does not seem infectious (Andersson et
al., 2020). While autopsies studies have found SARS-CoV-2 across multiple organs, the
virus’ dissemination seems to be through invasion of endothelia and transport via CD14+
monocytes and macrophages (Yao et al., 2021). It is unclear whether direct infection by

SARS-CoV-2 plays a part in these extrapulmonary symptoms, or if it's rather circulating
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viral by-products which trigger immunopathology. Nonetheless, plasma vRNA correlates
with increased hypertension and respiratory rates, signs of worsening COVID-19

(Gutmann et al., 2021).

Antiviral treatment

The SARS-CoV-2 pandemic has resulted in an enormous use of modelling and artificial

intelligence to screen drugs for re-purposing.

Remdesivir, a broad-spectrum antiviral, inhibits the viral RNA-dependent RNA
polymerase in SARS-CoV-1 and MERS (Agostini et al., 2018). It demonstrated in vitro
inhibitory activity against SARS-CoV-2 (Wang et al., 2020c) prior to the start of the
Adaptive Covid-19 Treatment Trial (ACTT-1) clinical trial (Beigel et al., 2020). Remdesivir
or a saline placebo was administered daily for up to 10 days in 541 and 517 hospitalized
patients, respectively. Although remdesivir significantly shortened hospitalization times
and diminished COVID-19 severity (most significantly in the 18 — 40-year-old age group

and severe cases), there was no significant benefit on survival (Beigel et al., 2020).

Another antiviral tested comes from the HIV field: Lopinavir, an HIV-1 protease inhibitor
for which ritonavir increases half-life. Lopinavir has in vitro antiviral activity against SARS-
CoV-1 (Chen et al., 2004), MERS (Sheahan et al., 2020) and SARS-CoV2 (Choy et al.,
2020), and so was tested in a clinical trial by the RECOVERY group (Group, 2020). 1616
recruited patients received Lopinavir-ritonavir every 12h for up to 10 days, or not (control
group: n = 3424). There was no association to lower 28-day all-cause mortality, nor to
other metrics (hospitalization stay, progression), even if administered early in the course

of the disease (< 7 days after symptom onset).
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Thus, the antivirals were not effective against SARS-CoV-2 infection. As the cause of
death from COVID-19 is thought to be primarily due to immunopathology rather than direct
cytopathology caused by the virus itself, the inflammation may be a better target. The
three drug categories which improved survival benefit in COVID-19 in clinical trials are
either immunotherapies or immunomodulatory drugs: the corticosteroid dexamethasone
(Group et al., 2021b; Group et al., 2020; Tomazini et al., 2020), the two IL-6 blockers
tocilizumab (Investigators et al., 2021) and sarilumab (Group et al., 2021c), and the Janus
kinase (JAK) inhibitor Baricitinib (Marconi et al., 2021). To better understand the
effectiveness of these immunomodulatory drugs, we will first discuss the host immune

responses against SARS-CoV-2.

Innate immune responses activated upon SARS-CoV-2 infection

Critical cases of COVID-19, in the acute phase of the infection, present a distinct plasmatic
profile than uninfected and convalescent donors (Laing et al., 2020), non-critical COVID-
19 cases (Lucas et al., 2020) or non-COVID-19+ critical sepsis cases (Gutmann et al.,
2021). This “COVID-19 signature” has revealed dysregulation in a number of immune

pathways:

A) Aberrantly high activation of the complement cascade
In the blood, multiple components of the complement cascade increased in the plasma of
critical COVID-19 individuals in comparison to sepsis cases (Gutmann et al., 2021) or to
non-critical COVID-19 (Messner et al., 2020). Proteins of this cascade also bind to SARS-
CoV-2 Spike (Gutmann et al., 2021). Furthermore, MBL2 and PTX3 were significantly
associated to fatality in critical COVID-19+ cases (Gutmann et al., 2021). MBL2, which

binds glycoproteins on the viral surface (Ip et al., 2005), forms complexes with PTX3 and
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activates the complement system independently of antigen-antibody complexes (Ma et
al., 2011). This mechanism may explain the overreaction of the complement cascade in
critical COVID-19, even with a delay in antibody responses targeting the virus. This
mechanism can at least partially link the greater severity associated with finding viral

products in the blood.

Severe cases of COVID-19 also have greater levels of agents of the complement cascade

in the BALF (Carvelli et al., 2020).

B) Delayed acute-phase immune responses
Evidence shows type | IFN being critical in SARS-CoV-2 infections. Patients with severe
COVID-19 have an impaired type | IFN response (Hadjadj et al., 2020). In coparison to
the slu, it is delayed (Galani et al., 2021), which is at least in part due to the activity of the
viral proteins (Lei et al., 2020). Dendritic cells collected in acute COVID-19 infection
produced lower levels of type | IFNs as those from healthy controls (Arunachalam et al.,
2020; Zhou et al., 2020a). SARS-CoV-2 is highly sensitive to type | IFN, making this delay

central in the progression of the infection (Mantlo et al., 2020).

This delay in type | IFN responses can simultaneously allow for greater viral replication of

SARS-CoV-2 and delay the priming of the adaptive immune response.

C) Cytokine storm
A cytokine storm is a broad term relating to the hyperactivation of the immune response,
characterized by a huge release of interferons, interleukins, chemokines, etc., and is
associated to ARDS. The cytokine IL-6, which induces proinflammatory responses,

correlates with severity and outcome in COVID-19 (D'Alessandro et al., 2020), although
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this may not be exclusive to COVID-19, and rather a sign of acute infection. For example,
autopsied lungs of patients with COVID-19 compared to those infected with H1N1 showed
similarly high IL-6 mRNA levels, whereas CXCL8 and CXCL13 were uniquely elevated in
the COVID-19 lungs (Ackermann et al., 2020). Increased cytokine signals may have
indirect consequences of the viral infection : for example, bacterial DNA and LPS,
potentially stemming from a breach in the lung integrity following SARS-CoV-2 infection,

correlate positively with inflammatory cytokines (Arunachalam et al., 2020).

D) Expansion of innate immune cell populations
Neutrophilia is present in COVID-19 patients (Mathew et al., 2020). The peripheral
neutrophils include the highly activated subset, the myeloid-derived suppressor cells
(MDSCs), suggestive of emergency hematopoiesis (Metzemaekers et al., 2021), and a
high proportion of immature neutrophil granulocytes (Carissimo et al., 2020). The serum
of COVID-19 patients features high levels of neutrophil extracellular trap (NET) (Zuo et
al., 2020). Autopsied lungs revealed neutrophil infiltration in some patients (Schaefer et
al., 2020). These may have been recruited by the high levels of neutrophil-recruiting
chemokines CXCL1, CXCL2 and CXCLS8 found in the BALF of critical cases (Zhou et al.,

2020b) and/or by their exacerbated Th17 responses in lungs (Schaefer et al., 2020).

Monocytes are also increased in COVID-19 (Lucas et al., 2020) and undergo a shift from
CD16+ towards the classic CD14+ (Wilk et al., 2020). Monocytes display high levels of IL-
1 and IL-6 in critical cases, associated to bystander effect (Liao et al., 2020), and migrate
to the lungs in COVID-19 (Liao et al., 2020). Single-cell RNA Seq on monocytes and
macrophages collected in the BALF of COVID-19 patients reveal increased signatures of

hypoxia, wounding and FCR signalling, concomitant with decreased antigen presentation
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(Xu et al., 2020). HLA-DR expression on monocytes is also greater in deceased patients
following COVID-19 (Wang et al., 2020b). Dendritic cells, specifically plasmacytoid and
myeloid, are reduced in the blood and lungs of COVID-19 patients (Wilk et al., 2020; Liao
et al., 2020). Blood pDC have a decreased ability to produce IFNa and TNFa upon
sitmulation with TLR ligands (Arunachalam et al., 2020), and myeloid cells in general have
a reduction in their machinery for antigen presentation (Arunachalam et al., 2020).
Reduction in cytokine profile suggests that the increase in cytokines originates from tissue
rather than from PBMCs (Arunachalam et al., 2020). These altered phenotypes impede
DC help of T cells, such as proliferation (Zhou et al., 2020a). Paired single-cell RNA
sequencing on myeloid cells collected from BALF and blood showed the same defect in
interferon production among the myeloid cells in the lungs (Xu et al., 2020). However, they
produced massive amounts of chemokines pertinent for the recruitment of T cells (CXCLS9,

CXCL18).

These aberrations can have repercussions on the adaptive response. Leukocytes infiltrate
are observed in autopsied lungs, with perivasuclar T cells and macrophages in the

alveolar lumen, and lymphocytes and monocytes in the intestitium (Carsana et al., 2020).

Adaptive immune responses activated upon SARS-CoV-2 infection

T cells
T cells are central in the antiviral response. Circulating CD4+ and CD8+ T cells both
present traits of activation, although they are reduced in counts (Mathew et al., 2020).

Indeed, the ratio of neutrophil-to-lymphocytes has been proposed as a prognostic marker
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for severity (Ma et al., 2020). While decreases are only observed in the naive and central
memory subsets of CD8+ T cells (Mathew et al., 2020), all CD4+ T cell memory
populations drop, and correlate negatively with CXCL10 (Laing et al., 2020). In spite of
lymphopenia, all T cell populations had increased markers of cycling (Laing et al., 2020).
Shared T cell clonotypes between BALF and blood support recruitment from blood into
the lungs (Xu et al., 2020). Perivascular T lymphocytes in lung endothelium and epithelium
was observed in severe COVID-19 (Ackermann et al., 2020), suggesting they can also be
drivers of immunopathology. However, end-stage disease is associated with exacerbated

neutrophil, and not lymphocyte, infiltration into the lung (Long et al., 2020).

A Non-Critical B Critical
] T Severe disease
Viral load
-] Viral load l 7
T : 1 I 1
Adaptive immunity Adaptive
Figure 1.8 Current understanding of the adaptive immune response and viral load kinetics in

non-critical vs critical SARS-CoV-2 infection in humans. A) Conceptual schematic of a non-critical,
average infection, whereby the innate immune response is slightly delayed upon viral replication, and are
of moderate magnitude and short duration. SARS-CoV-2-specific T and B cells arise in response, coinciding
with the clearance of the virus, and are maintained over time. B) Conceptual schematic of a critical infection,
characterized by a greater delay in innate immune response upon viral replication. Innate immune response
in sustained, and SARS-CoV-2-specific T and B cells are delayed, resulting in a longer persistence of the
virus in the host. While CD8 responses seem lower in critical than non-critical cases, the same was not
observed for CD4+ T cells. Figured modified from (Sette and Crotty, 2021).

SARS-CoV-2-specific CD8+ T cells also develop quickly upon infection (Schulien et al.,

2021). They express high levels of IFNg, GZMB, TNFa and CD107a (Rydyznski
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Moderbacher et al., 2020; Schulien et al., 2021). Strong SARS-CoV-2-specific CD8+ T
cell responses, both in terms of frequency of AIM and in cytokine production, were
associated to better outcome (Rydyznski Moderbacher et al., 2020). After recovery,
patients which suffered from a milder form of SARS-CoV-2 infection have greater SARS-
CoV-2-specific CD8+ T cell responses than those which had a critical infection (Lafon et
al., 2021). This was not observed for SARS-CoV-2-specific CD4+ T cell responses, nor

for specific IgG amounts.

SARS-CoV-2-specific CD4+ T cells are of greater magnitude and more often detected

than their CD8+ counterparts (Grifoni et al., 2020), sometimes as early as 2-4 days post
symptom onset (Rydyznski Moderbacher et al., 2020). Strong CD4+ responses show a
stronger associated to lessened severity than neutralizing antibodies (Rydyznski
Moderbacher et al., 2020). Timing is key : whereas rapid responses of SARS-CoV-2-
specific CD4+ T cells were seen in mild disease (Tan et al., 2021), critical cases of COVID-
19 show a delay in their SARS-CoV-2-specific T cell responses (Zhou et al., 2020a). Spike
is immunodominant, although CD4+ T cells can recognize most of SARS-CoV-2's proteins
(Grifoni et al., 2020). SARS-CoV-2-specific CD4+ T cells expressed high amounts of IFNg
and IL-2, in line with a prototypical Th1 antiviral population (Rydyznski Moderbacher et
al., 2020). Single-cell RNA Seq revealed that SARS-CoV-2-specific CD4+ T cells,
compared to specificities to other viral infections, were enriched in a profile of TFH and
enhanced cytotoxicity (Meckiff et al., 2020b). SARS-CoV-2-specific cTFH were split
among two distinct populations. The first population correlated positively with anti-SARS-
CoV-2 antibody responses and is associated with mild disease. The second population,

of greater proportion in severe disease, has high expression of GZMB and Prf, and is
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rather negatively correlated with antibody response (Meckiff et al., 2020b). This latter
population is enriched in the IFN response signature (Meckiff et al., 2020b). SARS-CoV-
2-specific CD4+ T cells of some hospitalized individuals were also enriched in clusters of
CD4-CTL that underwent large clonal expansion and correlated negatively with SARS-
CoV-2-specific Tregs, more present in mild disease (Meckiff et al., 2020b). Both CD4-
CTLand the cytotoxic cTFH clusters expressed chemokines CCL3/4/5, all involved in
recruitment of myeloid cells (Meckiff et al., 2020a). SARS-CoV-2-specific CD4+ T cells
are also CCRG6+, so associated with TH17 and TH22. However, IL-17a expression is low
in these cells, and although they are able to produce IL-22 (Weiskopf et al., 2020), this
was not associated to reduced severity (Rydyznski Moderbacher et al., 2020). In this case,
CCRG6 expression is likely associated to lung homing, which could have been validated
with CXCRG6 staining. Th2-associated cytokines, like IL-13, IL-5, IL-9 and IL-4, were not
detected by ICS in SARS-CoV-2-specific CD4+ T cells (Rydyznski Moderbacher et al.,
2020) nor in culture media of SARS-CoV-2 peptide-stimulated PBMCs (Weiskopf et al.,
2020). These observations highlight that Th1, TFH and CTL are likely the key players in

the anti-SARS-CoV-2 response.

The frequency of B cells is unchanged in COVID-19 infection (compared to uninfected
controls), but there is an increase in the frequency of plasma blasts (Mathew et al., 2020).

Both are unchanged in BALF (Liao et al., 2020). Functional SARS-CoV-2-specific B cells

likely appear quickly, as almost all patients seroconvert by 2 weeks post symptom onset
(Prevost et al., 2020). Anti-spike IgM, IgA and IgG all occur at similar times (Suthar et al.,

2020). Lymph nodes from deceased COVID-19+ patients revealed the absence of GC
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and accompanying lack of GC B cells, which coincided with a block in TFH differentiation.
These absences have been proposed to explain the typically poor durability of the humoral
response to coronaviruses (Kaneko et al., 2020). In addition, critical COVID-19 cases with
poor clinical outcome were characterized by a plasma blast dominance over early B cell

response (Mathew et al., 2020).

The antibody response is thought to play an important role in SARS-CoV-2, as in many

viral infections. A lot of attention was initially on neutralizing antibodies, in which the IgM
isotype is most active (Gasser et al., 2021). Neutralization by plasma of COVID-19
patients can be detected as soon as 3 days after symptom onset, but is highly variable
among individuals (Rydyznski Moderbacher et al., 2020). Neutralization was not
differential between patients which survive their infection and those who do not (Zohar et
al., 2020), suggesting that the neutralizing capacity of plasma may not be central in
controlling viral replication once infected. It is increased in severe disease(Chen et al.,
2020), although this may likely be due to increased/sustained antigen load seen in severe
disease. For example, patients with mild disease also have lower SARS-CoV-2 antibody
responses than critical patients, when compared within a similar timeframe of acute
infection (Wang et al., 2020f) or after resolution (Zhou et al., 2020a). Administration of
neutralizing monoclonal antibodies in a clinical trial demonstrated a relatively small effect

on viral load (Weinreich et al., 2021).

Neutralization capacity may not be key in the setting of an acute SARS-COV-2 infection.
Similar to the T cell responses, patients which succumb to COVID-19 present a delay in
their IgG antibody response, (Zohar et al., 2020). In a mouse-model of accelerated SARS-

CoV-2-mediated immunopatogenesis, a non-neutralizing yet FCR-permitting antibody,
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but not a neutralizing with FCR-non-permitting counterpart, was protective against fatality

(Ullah et al., 2021).

The presence of antibodies per se, either neutralizing or with Fc function, again may not
be the main antiviral factor. Patients with primary antibody deficiencies like
agammaglobulinaemia (Quinti et al., 2020) or on anti-B cell therapies did not exhibit worse
disease course or outcomes (Montero-Escribano et al., 2020). These patients contrast
strikingly to those with chronic renal failure, a condition known to delay the generation of
antigen-specific T cells and antibody responses after challenge (Litjens et al., 2008).
Patients with chronic renal disease are at greater risk of xritical disease (Suleyman et al.,
2020). The antibody response correlates with the SARS-CoV-2-specific CD4+ T cell
response (Ullah et al., 2021), so the kinetics and magnitude of the antibody response may
simply be a reflection of the central CD4+ T cell response. A loss of correlation between
features of SARS-CoV-2-specific CD4+ T cells and the humoral response, as is seen in

older patients, was associated with greater severity (Rydyznski Moderbacher et al., 2020).
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Therapeutic immune modulation in COVID-19

As previously mentioned, the three drug categories improve survival benefitin COVID-19:
the corticosteroid dexamethasone (Group et al., 2021b; Group et al., 2020, Tomazini et
al., 2020), the two IL-6 blockers tocilizumab (Investigators et al., 2021) and sarilumab
(Group et al., 2021c), and the Janus kinase (JAK) inhibitor Baricitinib (Marconi et al.,

2021).

Dexamethasone
Dexamethasone is a glucocorticoid, belonging to the family of corticosteroid drugs
(https://pubchem.ncbi.nim.nih.gov/compound/Dexamethasone). Binding of this steroid to
glucocorticoid receptor on cell membrane forms a complex which is translocated to the
nucleus and interferes with AP-1 and NFbK-inducible genes like IL-1/2/6/8, TNFa and
IFNg (Chikanza, 2002). It also induces IL-10 production through synthesis of
glucocorticoid response element. At high doses, dexamethasone attenuates T cell
responses by disrupting TCR signalling (Van Laethem et al., 2001) and modulating
calcium signalling (Harr et al., 2009). Dexamethasone also reduces lung edema through
ameliorated permeability of the pulmonary vasculature (Huang et al., 2014) and up-
regulation of alveolar liquid clearance (Folkesson et al., 2000). Finally, dexamethasone’
is also anti-fibrotic, by preventing collagen accumulation upon acute lung injury

(Wigenstam et al., 2018).
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Figure 1.9 Rate ratios on outcome based on immunotherapies in acute COVID-19 among
hospitalized patients. Figure up to date as of September 2021.

Given the inflammatory nature of COVID-19’s pathology, dexamethasone was quickly
considered as a immunomodulatory therapy. Patients were recruited for a large clinical
trial in the UK as soon as March 2020 with the results first released in June 2020 (Group
et al., 2021b). The randomized trial included 6425 patients, split into a moderate-dose
dexamethasone-treatment group (roughly 1/3) and a group which received usual care
only. Patients were treated with dexamethasone for up to 10 days or until discharge, and
primary outcome was all-cause mortality within 28 days of randomization. The trial
showed a significant reduction in mortality in the treated group (23% vs 26%), with the
greatest survival benefit observed in the critical patients (29% vs 41%). In contrast, there
was no survival benefit in the moderate patients, for which treatment was potentially
harmful due to as serious adverse effects (4 cases in total). Treatment was associated to
shorter hospital durations and fewer progression in severity. Importantly, the trial showed

that survival benefit was only observed if treatment was initiated at or after 7 days after
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symptom onset (although these patients tended to be critical). This suggests that the
treatment is most effective once edema is already present in the lungs, rather than in the
acute viral phase. Dexamethasone was associated with delayed viral clearance in cases
of SARS (Lee et al., 2004), MERS (Arabi et al., 2018) and influenza (Lee et al., 2009).
Thus, early administration may impede antiviral responses, which in turn may worsen the

direct pathology of the virus.

Other smaller clinical trials were also performed with glucocorticoids : in Brazil, an open-
label trial with 299 randomized patients also observed lower disease severity when treated
with dexamethasone, but no effect on 28-day mortality (Tomazini et al., 2020). However,
a significant caveat of this study, aside from the relatively smaller sample size, was that
35% of the untreated group actually received corticosteroids during the study period.
These same results were observed in a randomized trial with 403 patients in the USA
(Angus et al.,, 2020). Another trial in France with 149 patients saw no significant
associations (Dequin et al., 2020). It is important to note that these studies were
underpowered, given the heterogeneity of the hospitalized cases of COVID-19. The latter

two trials used hydrocortisone, reported to be less potent and shorter-acting.

The results of these findings contributed to the changes in standard of care guidelines in
many countries, which now recommend the use of glucocorticoids in patients hospitalized

for COVID-19.

IL-6 antagonists
The inflammatory pleiotropic cytokine IL-6 is produced by multiple cell types (including T
and B cells, DCs, endothelial cells, etc.) in response to infection or tissue damage.

Through ligation of it's surface receptors IL-6R, it activates the JAK/STAT3 pathway,
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triggering processes like cytokine production and cell activation (Velazquez-Salinas et al.,
2019). It is thus central in inflammation, and has been associated with severity and death
in almost all studies investigating plasma cytokine levels in the acute phases of severe

COVID-19.

In parallel with dexamethasone, the use of IL-6 blockers have been assessed in clinical
trials early in the pandemic. The two humanized monoclonal antibodies used were
tocilizumab (marketed under Actemera), and sarilumab (Kevzara), both of which target IL-
6R. The largest clinical trial completed to date was again by the RECOVERY group. This
trial recruited a total of 4116 patients, split equally between treated with IL-6R blockade
(one or two doses within a 24h time span) or receiving usual care (Group, 2021b). This
trial primarily used tocilizumab, although sometimes employed sarilumab as well. An
additional selection criteria was presence of hypoxia and clinical indication of inflammation
(determined by high levels of plasma CRP at the time of randomization). This trial again
found a significant survival benefit when treated with IL-6R blocker (see figure 1.9),
specifically when used concomitantly with dexamethasone. This treatment also reduced
duration of hospitalization, as well as the incidence of renal replacement therapy like
hemodialysis (indicative of renal failure). The greatest survival benefit was observed in
the moderate cases, while no significant benefit was seen in severe and critical cases.
The most benefit was also seen when in patients treated within 7 days after symptom
onset, but not if administered later, suggesting an important role of IL-6 in early

immunopathology.

Eight smaller clinical trials tested IL-6R blockers in COVID-19 patients, but only REMAP-

CAP, the second-largest trial, saw a significant reduction in mortality, once again
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underscoring that most trials were underpowered.

JAK inhibitor Baricitinib
JAK inhibitors disrupt the protein’s phosphorylation of signal transducer and activator of
transcription (STAT). These latter proteins mediate cytokine signals (Kaplan, 2013), and
preventing their phosphorylation has a strong anticytokinic effect. Baricitinib selectively
inhibits JAK1/2, leading to anti-inflammatory profile (Sanchez et al., 2018), and was
predicted as a useful treatment for COVID-19 by artificial intelligence algorithms (Stebbing
et al., 2020). It reduced multiple cytokines implicated in COVID-19 pathophysiology (IL-
1b, IL-6, TNFa), allowed for rapid recovery of lymphopenia, and increased antibody
production (Bronte et al., 2020). Batricinib also has a direct antiviral effect on SARS-CoV-

2 propagation, through interference with viral endocytosis (Stebbing et al., 2020).

In the large randomized, placebo-controlled double-blind trial (COV-BARRIER) conducted
across 12 countries, 764 patients received daily batricinib (up to 14 days or until
discharge), while 761 patients received placebo (Marconi et al., 2021). Recruited patients
also had at least one elevated plasma marker of inflammation. The study found a
significant reduction in 28-day all-cause mortality risk in the overall population. When the
cohorts were stratified, a significant benefit was observed in severe patients (they did not
include critical patients at enrolment), men, and patients younger than 65 years old. There
was a significant benefit whether patients were co-treated with systemic corticosteroids or
not. A second smaller trial did not reach significance for survival benefit, but did show
significantly shorter hospitalizations, and fewer adverse effects when treated with a
combination of baricitinib and remdesivir (Kalil et al., 2021). Baricitinib has since been

approved in Japan, and for emergency use in USA.
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Convalescent plasma treatment
Quite early in the pandemic, it was apparent that individuals infected with SARS-CoV-2
generated a neutralizing antibody response. This spurred on the rationale of convalescent
plasma treatment (CPT), where these antibody-containing plasma from donors with
resolved infections could be administered to severe cases of COVID-19. Antibodies can
help control viral replication by neutralizing de novo cell infection by blocking binding, by
activating phagocytosis, the complement cascade, ADCC, and by enhancing antigen
presentation. The use of plasma from donors with resolved infections has been used as

passive immunity for pneumonia caused by influenza (Hung et al., 2011).

Once again, the RECOVERY ran the biggest trial (Group, 2021a). Hospitalized patients
were administered two 275 ml doses of plasma from convalescent donors previously
tested for high titers of anti-S IgG. In total, 5794 patients received convalescent plasma,
while 5763 patients were controls. The trial showed no survival benefit in the overall
cohort, nor in any subsequent stratification (age, sex, respiratory support, use of
corticosteroids). There was a small trend increased survival if treatment was received less
than 7 days after symptom onset. This treatment was associated with 16 severe allergic

reactions, and 13 cases of serious adverse events.

This lack of effect from convalescent plasma was reported in 10 other studies (Group,
2021a), including the Canadian CONCOR-1 trial (Begin et al., 2021). This latter study
noted that increases in ADCC and neutralization capacities of the convalescent plasma
were independently associated with better outcome. The importance of the quality of the
plasma was similarly underlined in a second study (Joyner et al., 2021). However, the

survival benefit noted by this study in the group receiving plasma with high antibody levels
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may be because they compared it to recipients of plasma with low antibody levels (and
not to a proper control group). Thus, whether the benefit observed in high-titer
convalescent plasma was due to actual benefit, or rather because receiving low-titer

convalescent plasma increased the risk of fatality, could not be determined.

Taken together, these studies support a lack of survival benefit of using convalescent
plasma, at least with the patient groups examined. Although the intended benefit of
convalescent plasma administration was to passively provide anti-SARS-CoV-2
antibodies, plasma is a complex tissue which can lead to adverse effects. The alternative

strategy is administrating purified antibodies.

Monoclonal antibody
As of May 13" 2022, the Antibody Society’'s COVID-19 Biologics tracker
(antibodysociety.org) reported over 200 potein-based COVID-19 interventions in various
stages of development and testing. Over 30 anti-SARS-CoV-2 monoclonal antibodies
have entered clinical trials, and four treatments, either single or combination of two

monoclonal antibodies, have been approved in at least one country.

The Cochrane systemic review updated in September 2™ 2021 (evidence up to date as
of June 17th — no updates as of May 13" 2022) reviewed six randomized controlled trials
which used neutralizing antibodies (nAbs) to treat COVID-19 (36 ongoing) (Kreuzberger
et al.,, 2021). Only two of these evaluated their efficacy in hospitalized patients. The
ACTIV-3 trial recruited 163 patients treated with a single infusion of bamlanivimab
(neutralizing monoclonal antibody with high affinity for RBD), and 151 in the placebo
group. The study found no significant effect on mortality, time to discharge or disease

progression, although there were serious adverse effects (Group et al., 2021a). Recently,
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a study showed the emergence of a mutation in five of six hospitalized COVID-19 patients
treated with balmanivimab (Peiffer-Smadja et al., 2021), highlighting the risk of escape
mutations when using monotherapies. The second clinical trial, conducted by the
RECOVERY group, evaluated the efficacy of two non-competing neutralizing antibodies
which target RBD : casirivimab and imbedivimab (Group, 2022). A single dose combining
both antibodies in equal amounts were administered to 4839 hospitalized patients, while
4946 received the placebo. Overall survival benefit was non-significant ; however, if the
analysis was restricted to seronegative patients at the time of randomization, the
treatment resulted in a significant survival benefit as well as decreased progression
towards severe disease. The authors of the Cochrane study conclude that none of the
trials (counting both in hospitalized patients nor the four other trials on COVID-19+ mild
and outpatients) provide meaningful conclusions on the usefulness of monoclonal
antibodies in treating SARS-CoV-2 (Kreuzberger et al., 2021). This conclusion may be
overly conservative, as the RECOVERY group highlights that the benefit is in the
subgroup of patients which have not yet generated an appropriate antibody response.
This latter group are for example immunocomprised individuals, which may not be able to

generate an antibody response, and have extended viral shedding.

The rise of new variants always risk to impede the efficacy of these monoclonal antibodies.
As of January 2022, the dominant variant is Omicron (subdivided in three main lineages)
(Viana et al., 2022), which demonstrates mutations in a number of the regions of the Spike
protein, incluing RBD (Bruel et al., 2022). As neutralizing antibodies target the RBD region,
these mutations have lead to decreased sensitivity to neutralizing antibodies in vitro (Bruel

et al., 2022; Ou et al., 2022). Specifically, the RECN-COV-2 cocktail (imdevimab with
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casirivimab), which had shown most success against the Alpha, Beta, Delta and Gamma
variants, showed no in vitro neutralization capacity of omicron strains (Bruel et al., 2022;
Tuccori et al., 2022). The Evosheld cocktail (cilgavimab and tixagevimab) showed better
neutralization, with high varaibility depending on the omicron strain considered (Bruel et
al., 2022; Tuccori et al., 2022). Screening of different monoclonal antibodies, as well as
sequencing the virus in host, becomes necessary to efficitently treat the ongoing viral

replication (Bruel et al., 2022).

In summary, treatments which target the inflammatory stages of COVID-19 have a proven
benefit in survival in large clinical trials. This has only been demonstrated with SARS-
CoV-2-specific monoclonal antibodies in seronegative patients. Other types of treatment,
such as convalescent plasma therapy and antiviral drugs, have no survival benefit.
Namely, remsidivir which, although it significantly reduced hospitalization duration, did not
show a significant effect on fatality (Wang et al., 2020e). This is despite the proven antiviral

in vitro effect (Wang et al., 2020c).

The lack of effect from direct-acting antivirals, and targeted effect from monoclonal
antibodies was unexpected, as these strategies are used against other viral infections.
For example, the progression of rabies can be blocked by the administration of
monoclonal antibodies, and the same strategy was employed in Ebola, while direct-acting
antivirals cure chronic HCV infection. However, SARS-CoV-2 distinguishes itself from
these viruses by it’s rapidity : the infection is normally resolved in a couple of days. People
infected with SARS-CoV-2 receive treatment once hospitalized. In our cohorts, the median
time between onset of symptoms and hospitalization was 5 days, with a range from 3 to

12 days. Thus, it is likely that the window of time when antivirals would be useful is too

51



short for useful administration, with the exception of immunocompromised individuals with
enduring infections. Similarly, monoclonal antibodies are only beneficial in people who

have not yet produced their own SARS-CoV-2-specific antibodies.

In summary, the principal immunological characteristics of severe COVID-19 are a
delayed type | IFN response and delayed adaptive immune response, both of which favour
greater and perhaps longer viral replication, resulting in greater damage to the lungs.
Therapeutic strategies that specifically target the inflammatory response, rather than viral
replication, are most effective in increasing survival. Other immunpathological
mechanisms are exacerbated neutrophilia and complement cascade activation.
Remaining questions were still how the different components are intertwined, and which

are decisive for patient survival.

Chronic viral infection : HIV

During the end of the 1970s and early 1980s, young adults were presenting to clinic with
rare conditions only observed in cases of severe immunodeficiency. This disease, later
named Acquired Immunodeficiency Syndrome (AIDS), is caused by the human
immunodeficiency virus (HIV). This pathogen has fuelled decades of research, resulting
in a greater understanding of the human immune system and the discovery of effective
disease-halting treatments, antiretrovirals (ARVs). However, there are no widely-
applicable therapies for cure, nor any protective vaccine. As a consequence, there are
still 38 million people worldwide living with the virus

(https://www.who.int/data/gho/data/themes/hiv-aids).
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Figure 1.10 Milestones in HIV research. Four decades of research, beginning with the discovery of
HIV, have allowed researchers to make this death-sentence a chronic disease. IPrEx: Iniciativa Profilaxis
Pre-Exposicion study; PrEP, pre-exposure prophylaxis; SMART, Strategies for Management of
Antiretroviral Therapy; START, Strategic Timing of AntiRetroviral Treatment. Used with permission from
(Deeks et al., 2015).

Viral characteristics

HIV is a lentivirus (Ortervirales order, family of retroviridae, subfamily of orthoretrovirinae
and Lentivirus genus). There are two species of HIV: HIV-1 and HIV-2, which likely
originated from separate cross-species events (HIV-1 from simian immunodeficiency virus
(SIV) in chimpanzees and gorillas, and HIV-2 from SIV in sooty mangabeys). While HIV-
2 is less pathogenic and its rates are decreasing worldwide, the more pathogenic HIV-1
is responsible for the majority of the HIV pandemic. HIV-1 is subdivided in four distinct
phylogenetic lineages (groups M, N, O and P), with M accounting for the vast majority of
cases (Keele et al., 2006). M is further subdivided in 9 subclades with distinct geographical
distributions (Bbosa et al., 2019). The subclade C, accounting for 50% of all HIV-1
infections, is the most frequent clade of Southern Africa and Southeast Asia, while in the
Americas, Western Europe and Australia, subtype B is dominant (Bbosa et al., 2019). The

HIV-1 virion is enveloped by a host-derived double-lipid membrane, punctuated by
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multiple trimeric spikes, formed by the surface glycoprotein gp120 and the
transmembrane protein gp41 (collectively called the Env trimer). Gp41 links to the matrix,
this latter structure, made up of matrix antigen p17, building the inner layer of the virion.
Within the matrix, the bullet-shaped capsid, made of 1 500 copies of the p24 protein, holds
the two identical single 9.2 kb strands of RNA that makes up the HIV genome (Toccafondi
et al., 2021), along with the nucleocapsid proteins that cover the genome. Multiple viral
enzymes, such as the reverse transcriptase (RT) and integrase (IN) and accessory
proteins, and some host cellular factors are also included within the capsid. The protease

is found between the capsid and the matrix (Toccafondi et al., 2021).

Replication cycle
HIV primarily infects CD4+ T cells and, to a lesser extent, macrophages given its tropism.
HIV entry is dependent on surface protein expression of CD4 and CCR5 or CXCR4,
depending on the tropism of the virion (Kwong et al., 1998). Binding of gp120 with CD4
changes the conformation of the Env trimer, allowing binding with the second co-receptor
(Wilen et al., 2012). The hydrophobic fusion protein of gp41 is then exposed and enters
into the plasma membrane of the target cells. Gp41 then folds itself (second
conformational change), bringing the cell membrane and virion membrane together and
allowing their fusion. The capsid fully enters the cytoplasm, protecting the viral genome
from cellular sensors (Toccafondi et al., 2021). There is debate as to how long the capsid
lasts before its disassembly (Wilen et al., 2012), but is followed by reverse transcription of
the genome. This process is done by the viral RT and aided by additional viral proteins
which form the reverse transcription process (RTC) (Fassati et al., 2003). The DNA strand

is then created based off the RNA template. The lack of proofreading activity of the RT,
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as well as cellular enzymes of the apolipoprotein B mRNA editing enzyme catalytic
popypeptide-like 3 (APOBEC3) family introduce mutational errors and edit cytidine to
uracil. This results in an extremely high mutation rate (Tazi et al., 2010), estimated at one
mutation per 1000 — 10 000 nucleotides, which is roughly between 1 and 10 mutations
per de novo generated genome (Abram et al., 2010). The RTC and HIV DNA make up the
pre-integration complex. The PIC traffics along the cytoskeleton network to the nucleus’
surface, where it is actively transported into the nucleus thanks to the nuclear localization

signals on the PIC’s component matrix antigen and viral protein r (Vpr) (Lewis et al., 1992).

Once in the nucleus, the viral integrase (VI) allows for the integration of the viral DNA into
the host’'s genome. The VI assembles with the viral DNA and removes two nucleotides at
the 3’-ends of the viral DNA. This creates two reactive hydroxyl groups, which the VI then
uses to join phosphates of the cellular DNA (called strand transfer), creating a gap in the
cellular DNA. These gaps are closed by the host cell’s repair machinery, sealing in the
viral genome into that of the cell. This integration is a central reason as to why it is so hard
to cure HIV; viral replication can be halted here for long intervals of time, making up the

pool of silent reservoirs of virus.

If not halted (or after reactivation of the reservoir), transcription of HIV follows, where its
products depend on the stage of the transcription. Initially, only small, multiply-spliced
MRNA (<2kb) are produced. Once in the cytoplasm, they are transcribed into the
regulatory proteins HIV transactivating protein Tat, the regulator of expression of virion
proteins Rev, and the accessory protein negative regulatory factor Nef. Tat returns to the
nucleus and, by both modifying the repressing cellular enzymes of the promoter of the

HIV genome and recruiting cellular elongation factors to newly-formed HIV RNA, allows
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the generation of incompletely spliced and full-length unspliced HIV mRNAs. Rev binds
to these longer HIV RNAs and mediates active export (Tazi et al., 2010). Incompletely
spliced viral mRNA translates into virion infectivity factor (Vif), Vpr, Vpu (viral protein u)
and Env (cleaved into gp120 and gp41), whereas the unspliced mRNA produces the Gag-
Pol polyprotein (later cleaved into the matrix antigen), the capsid p24, the nucleocapsid,
viral enzyme proteases, the reverse transcriptase, an RNAse, and the integrase
(Sundquist and Krausslich, 2012). The full-length mRNA can also be integrated as the

viral genome into new particles.

Now that all the virions’ components are de novo produced, the late phase begins, mainly
coordinated by the poly-protein Gag (Sundquist and Krausslich, 2012): 1) It's MA domain
allows it to bind to the cell membrane and to locally concentrate Env proteins ; 2) it's NC
domains binds the full-length HIV genome ; 3) it's CA domain mediates Gag-Gag
interactions that create a lattice of Gag proteins forming the immature virion. The new viral
particle is released through cellular factors recruited by Gag’s p6 domain (Gottlinger et al.,
1991). A final cleavage of the Gag and Gag-Pol poly-protein complexes by the virus’
protease produces the structural particles making up the capsid, matrix and nucleocapsid,
as well as the other viral enzymes (Sundquist and Krausslich, 2012). Only then is the new

viral particle, with its bullet-shaped core, infectious.

During chronic untreated infection, viral replication occurs primarily in GC TFH in lymphoid
tissues and TH17 cells in the gut, both cell types being highly permissive to infection
(Elhed and Unutmaz, 2010; Kohler et al., 2016; Perreau et al., 2013). However, HIV

genome can be found throughout the body (Wong and Yukl, 2016).
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Figure 1.11 HIV structure and replication cycle. A) Components and structure of a mature HIV viral
particle. Single strand RNA genome is encapsulated by the nucleocapsid proteins, then by the capsid, which
also includes viral proteins like integrase, reverse transcriptase, Vif, Vpr and Nef. This is contained within
the matrix and finally encircled by a host-derived membrane punctuated by the viral trimeric Env protein,
made of gp120 and gp41. B) Schematic of HIV replication cycle within an infected human cell. Viral particle
binding to the host cell is mediated by the interaction of viral protein Env with host's CCR5 or CXCR4 and
CD4, enabling fusion with cell membrane. The viral particle is then uncoated, and viral RNA is reverse
transcribed. Viral DNA is transported into the nucleus and integrates to the host cell’'s genome, where it
remains transcriptionally silent or proceeds to transcription. Nested viral mRNA is transported into cytoplasm
and translated into viral proteins. New viral particles are assembled and bud. Maturation finishes in budded
virion and renders them infectious. Figure modified from (Deeks et al., 2015).
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Anti Retrovirals (ARVs)
The first ARV was approved for FDA in 1987, and as of February 2021, there are 23 such

ARVs spanning 8 functional classes (https://hivinfo.nih.gov/understanding-hiv/fact-

sheets/fda-approved-hiv-medicines). Because of the extremely high propensity for

mutation of the HIV replication cycle, using only 1 ARV rapidly results in viral escape and
drug resistance. For this reason, a cocktail of three ARVs from at least two different
classes is used to treat HIV-infected individuals. Viral tropism and the presence of quasi

species with resistances can affect the potency of a given regiment (lacob et al., 2017).

As seen previously, the very first step of the viral replication cycle is the attachment of the
virion to the cell surface. This is the step targeted by the two most recent classes of ARVs.

The first is an attachment Inhibitor, the most recent class of ARV. This class only includes

one drug (fostemsavir), approved in 2020, which binds the gp120 protein and prevents

interaction with the cell membrane. The second class is a Post-Attachment Inhibitor, also

only counts one ARV (ibalizumab), approved in 2018. This drug is a humanized
monoclonal antibody which, through binding of CD4, leads to a conformational change of

the CD4-gp120 complex, making it unsuitable for viral entry (lacob et al., 2017).

Beyond attachment, two classes of ARVs are entry inhibitors, with again one drug per

class. The Fusion Inhibitor enfuvirtide (T-20) is a peptide which mimics a domain of gp41,

competing with the homologous domains of the proteins, effectively disrupting the fusion

process (Arts and Hazuda, 2012). The CCRS Antagonist maraviroc binds to cellular CCR5

and induces a conformational change that make the receptor unable to bind its ligand nor
the virus (lacob et al., 2017). The next step of the replication cycle targeted by ARV is the

reverse transcription. For this step, there are two classes of drugs. Nucleoside Reverse

58



Transcriptase Inhibitors (NRTIs) were the first class of drugs to treat HIV, with zidovudine

(AZT), and now count five drugs. During the viral RNA-dependent DNA or DNA-dependent
RNA synthesis, the inclusion of these nucleotide analogs prevent the subsequent addition
of other nucleotides, resulting in chain termination (lacob et al., 2017). The Non-

Nucleoside Reverse Transcriptase Inhibitors (nNRTIs) rather bind the viral reverse

transcriptase (RT) and lead to a conformational change in the substrate-binding site,
reducing polymerase activity. This class of drugs also includes 5 compounds

(https://hivinfo.nih.gov/understanding-hiv/fact-sheets/fda-approved-hiv-medicines).

The class of Integrase Stand Transfer Inhibitor (INSTIs), comprised of three compounds,

bind the integrase-viral DNA complex to inhibit strand transfer. The final group of ARVs

are protease Inhibitors, counting six drugs, and block the cleavage of the Gag-Pol poly-

protein. This impedes the maturation of the virion, which is blocked in a non-infectious

state (Doitsh and Greene, 2016).

These ARVs only target the active replication cycle of HIV and cannot clear the latent viral

reservoir. This is why ARVs must be taken for life.
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Summary of antiretrovirals approved for treatment of HIV

Table 1.2

https://hivinfo.nih.gov/understanding-hiv/fact-sheets/fda-approved-hiv-medicines
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Viral Reservoir
Upon integration of the HIV genome into its DNA, a small fraction of infected cells do not
continue on to produce virions; the HIV DNA rather enters a transcriptionally silent state,
termed latent infection. Since there are no expression of viral, latently infected cells
escape the immune response, allowing them to persist for years. This process likely
occurs in activated T cells transitioning to a resting state (Van Lint et al., 2013). All latently
infected cells are referred to as the HIV’s “reservoir”, and it is thought to be maintained
mainly through homeostatic proliferation of infected cells during ART (Kuo and Lichterfeld,
2018), although perhaps also by sporadic reactivation in tissues with low ART penetrance
(Fletcher et al., 2014). This latter phenomenon may also allow some transcriptional
activity, and resulting viral by-products may be implicated in the sustained chronic

inflammation (Niessl et al., 2020b).

Formation of viral reservois occurs very early upon infection. The “Mississipy-
baby”,infected at her birth from her mother, was off treatment for only 30 hours, yet this
was sufficient to allow for viral rebound when she was taken off ART (albeit with a
considerable 27-month delay in rebound) (Ananworanich and Robb, 2014). In the SIVrm
model, integrated HIV genome in cells of lymph nodes and gastrointestinal tract were

detectable 3 days post-infection, before blood viremia (Whitney et al., 2014).

The size of the reservoir is very stable during ART (Siliciano et al., 2003). Upon ART
interruption, viral loads rebounds from reservoir cells within weeks, with plasma VL
returning to pre-ART levels (Harrigan et al., 1999). This is thought to occur following
activation of cells harbouring latent virus (Zevin et al., 2016) and/or from residual viral

replication in tissues hidden from ART (Martinez-Picado and Deeks, 2016).
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Disease progression

Viremic patients
HIV is transmitted through biological fluids, primarily through sexual intercourse, but also
through blood exchanges, for example by contaminated blood transfusions and
pregnancy labour. Although HIV was initially detected mostly in men, new HIV infections
are detected in similar scale in both men and women. In most infected individuals, three

distinct clinical phases characterize HIV infection.

The acute phase lasts a couple of weeks, and is further subdivided in smaller time lapses.

In the first “eclipse” part, a transmitter/founder (TF) virus must pass the mucus layer to
come into contact with the resident immune cells of the mucosal epithelium. TF viruses
are different from the quasi species found in the serum of HIV-infected individuals. They
have increased infectivity and IFN | resistance (Joseph et al., 2015). Furthermore, they
are preferentially CCR5-tropic, an advantage given the enrichment of CCR5+ CD4+ T
cells in the gastrointestinal mucosa (Poles et al., 2001). In SIV-infected monkeys, foci of
infected CD4+ T cells in the female genital tract are observed as soon as 2-4 days after
challenge (Stieh et al., 2016). Additional immune cells, including the target CD4+ T cells,
are recruited to the site of infection by the inflammation, further increasing the pool of
infected cells (Perez-Zsolt et al., 2019). During this phase, lasting 7 to 21 days, there is
no viral RNA detectable in the blood, and no clinical symptoms (Cohen et al., 2011). The

reservoir is also established at this time (Whitney et al., 2014).

Past the eclipse part, infected CD4+ T cells and HIV-bound DC and myeloid cells transport
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HIV into draining lymph nodes, leading to the systemic dissemination of the virus. This
phase lasts a few weeks and can be asymptomatic or characterized by acute retroviral
syndrome (flu-like symptoms such as headache, nausea, and body aches). Infected
individuals experience a rapid depletion of their CD4+ T cells throughout the body, most
dramatically in the gut-associated lymphoid tissue (GALT) (Brenchley et al., 2004), while
HIV viral load peaks. This initial depletion of CD4+ T cells mainly affects the CCR5+ Tem
while sparing CCRS- naive and central memory CD4+ T cells (Okoye and Picker, 2013).
It is thought to arise from direct killing and Fas/Fas ligand-mediated apoptosis (Barber et
al., 2006). In the final part of the acute phase, the host’s immune response blunts viral
replication, resulting in a decline of viremia. Blood CD4+ T cell counts are partially
recovered thanks to replenishment by the TCM population (Okoye and Picker, 2013),
although the GALT remain highly depleted, particularly within the Th17 population
(Brenchley et al., 2004; Elhed and Unutmaz, 2010). This loss increases the susceptibility
to bacterial and fungal infections, while decreasing gut integrity. This leads to microbial
product translocation from the lumen into the blood stream, establishing a state of chronic

immune activation (Brenchley et al., 2006).

The phase that follows is the chronic phase, which lasts anywhere from 3 years (for quick

progressors) to 20 years (slow progressors) (Poropatich and Sullivan, 2011). The viral
load decreases to a “steady state”, at relatively constant amounts of copies/ml of blood.
CD4+ T cells maintain a high turnover rate as they continue to be killed off by several
mechanisms. An ex vivo study has shown that more than 95% of dying cells are abortively
infected and cause pyroptosis, a highly-inflammatory form of programmed cell death

(Doitsh et al., 2014). CD4+ T cells not carrying the co-receptor necessary for HIV’s entry
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(CCR5 or CXCR4, depending on the tropism) are spared from this process. Given
CXCR4’s widespread expression, it may partially explain why early emergence of CXCR4-
tropic viruses are associated with pan-CD4+ T cell depletion and quicker progression of
the disease (Connor et al., 1997; Harouse et al., 1999). Other mechanisms target the
productively infected CD4+ T cells, like apoptosis by viral protease’s activation of the
caspase-3 pathways (Doitsh et al., 2014). NK and CD8+ T cells kill infected cells and by-
stander cells coated by viral products released into circulation (if those cytotoxic by-
products themselves do not kill the cells) (Cummins and Badley, 2010). In addition,
regulatory pathways, like increased proportions of Treg (Presicce et al., 2011) and greater
expression of immune checkpoints (which will be discussed later) may also play a role in

the slowing of the replenishment.

During the chronic phase, there is a lot of active viral replication within the susceptible
TFH of the GC (Perreau et al., 2013), where the follicular dendritic cells trap a high
concentration of HIV particles within immune complexes (Smith-Franklin et al., 2002). As
a result, ongoing chronic inflammation leads to extensive scarring of the lymphoid tissue
microenvironments (Schacker et al., 2006), disrupting their ability to support T cell

homeostasis, for example by IL-7 delivery (Estes, 2013).

The final stage of the infection is AIDS, whereby the infected individual reaches a critically-
low CD4+ T cell count, after the disruption of the regenerative capacity of the immune
system. AIDS is characterized by the advent of rare diseases only seen in
immunocompromised individuals, like Kaposi's sarcoma, cytomegalovirus retinitis, HIV-
related encephalopathy, pneumocystis jiroveci pneumonia, etc. These secondary

diseases are often what causes the death of infected patients, rather than HIV itself
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(Bonnet et al., 2005).

The speed of the disease progression is associated with viral load and CD4+ T cell counts
(Deeks et al., 2013). There are two contexts where viral load (and thus disease

progression) is blunted: spontaneous or therapeutic control of viral replication.

Elite controllers
The proposed definition of an Elite controller (EC), from the International HIV Controllers
Consortium, is an ART-naive HIV-infected individual with at least three plasma
measurements of HIV-RNA below 50 copies/ml for at least one year (Deeks and Walker,
2007). This definition encompasses a rare group of individuals which are heterogeneous
in terms of clinical manifestations, genetic background, and immunological factors.
Characteristics of the infecting virus has also been linked to EC (Navarrete-Munoz et al.,
2020). For example, deletion in Nef in the infecting virus of contaminated blood products
allowed for the six recipients to maintain virological suppression for 10 to 14 years
(Deacon et al., 1995). However, fully replication-competent HIV, and without deletion, are
also found in some EC (Blankson et al., 2007). EC’s reservoirs are less frequent than
individuals with ART-suppressed HIV (Jiang et al., 2020), although a greater proportion
of their reservoir lacked lethal sequence defects. Their reservoir also seems selected
towards deep latency, where the virus integrated in reppresive chromatin area (Battivelli
et al., 2018), and displayed little mutational escape from CTL, suggesting early seeding
(Jiang et al., 2020). Taken together, these evidences suggest that, with the exception of
a few unique cases, host factors play a greater role in the elite control of the virus than its

sequence, although they are not mutually exclusive.
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Among clinical factors, not all EC can maintain normal CD4+ T cell counts (Boufassa et
al., 2011; Hunt et al., 2008). Decreased counts are associated to greater systemic
inflammation and the advent of non-AlDS-defining events, including cardiovascular
disease, atherosclerosis, and cancer (Okulicz et al., 2016; Pereyra et al., 2012). The
duration of time an EC can control the infection can vary anywhere between 1 to at least
25 years, after which time there is loss of immunological control and progression of the

disease (Navarrete-Munoz et al., 2020).

EC are enriched in certain HLA types, providing the first evidence that genetic background
is key. Class | HLA alleles have the strongest independent association with HIV disease
outcome, with at least 17 being associated with slower disease progression, and 14 with
quicker progression towards AIDS (Goulder and Walker, 2012). HLA-B*27 and HLA-B*57
are overrepresented in EC, with loss of control occurring after viral escape (Kaslow et al.,

1996; Miura et al., 2009).

These observations highlight the importance of HIV-specific CD8+ T cells in establishing
and maintaining viral control in the absence of ART. This is further supported by the loss
of immunological control in EC following a reduction in HIV-specific CD8+ T cell poly
functionality and viral suppression capacity (Pernas et al., 2018; Rosas-Umbert et al.,

2019).

HIV-specific CD4+ T cells are comparatively understudied, although protective type Il
HLA, namely HLA-DRB1*15:02 and HLA-DRB1*13:01, have also been associated to
slower disease progression (Ranasinghe et al., 2013). Beyond this observation, there are
other clear observations that CD4+ T cells contribute to HIV control. High-affinity in vivo

CD4+ T cell responses against Gag has been associated to HIV control (Benati et al.,
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2016). EC also maintain robust HIV-specific Th1 responses and strong proliferative

capacities (Ferre, et al., 2010).

To further characterize the HIV-specific CD4+ T cell response of EC, we have sequenced
the transcriptome of a sorted pool of these cells from both EC and CP (Morou et al., 2019).
We have found that HIV-specific CD4+ T cells of EC have preserved helper differentiation
capabilities. Furthermore, our work has shown that EC’s HIV-specific CD4+ T cells have
a preserved pool of HIV-specific Th17 cells, which correlated negatively with a biomarker
of gut dysbiosis (Morou et al., 2019). Finally, not all of the functional traits of HIV-specific
CD4+ T cells observed in EC were present in ART. This highlights incomplete restoration

on ART which, as we shall see, affects more than the HIV-specific T cell response.

ART-treated patients
Suppression of viral replication by ART reduces ongoing inflammation and significantly
restores memory CD4+ T cells in blood and secondary lymphoid tissue, even when
initiated during the AIDS phase (Autran et al., 1997). Reconstitution of CD4+ T cells take
several years to reach pre-infection levels (Guihot et al., 2011), although initiation during
primary infection enhances immune recovery (Le et al., 2013). The amount of CD4+ T cell

reconstitution is an important

Among HIV-infected individuals on suppressive ART, serious non-AIDS event (nAEs),
such as cardiovascular, liver and renal diseases, are the leading causes of disease and
death (Deeks et al., 2013). These are predicted by multiple biomarkers of inflammation
and coagulation, highlighting the critical role of chronic inflammation despite ART (Hunt
et al., 2016; Kuller et al., 2008; Tenorio et al., 2014). This inflammation is thought to be

driven by residual HIV replication (for example in tissues with low ART penetrance),
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coinfections, gut mucosal injury with resulting translocation of microbial products, and/or
tissue fibrosis (Hsu et al., 2013). Higher CD4+ T cell counts at the time of ART initiation
are associated with greater immune reconstitution, lower residual inflammation, and lower
prevalence of nAEs (Deeks et al., 2013; Rodger et al., 2013; van Lelyveld et al., 2012).
This is also observed eith early treatment initiation. While initiation of ART extremely early
(within the first couple of weeks following infection) does normalize coagulation
biomarkers to levels seen in uninfected controls, it reduces without normalizing markers
of monocyte activation from microbial by-products, inflammation and fibrosis (Sereti et al.,
2020).These latter three are associated with death, cardiovascular events and/or disease
progression in HIV-infected individuals (Hunt et al., 2014). A marker of enterocyte turnover
(I-FABP), representative of intestinal damage, is increased regardless of ART initiation
time, and correlate with the amount of integrated HIV detectable in gut tissue (Sereti et
al., 2020). Thus, while CD4+ T cell depletion leads to immunodeficiency in chronic
infection, persisting inflammation not eradicated by ART leads to increased morbidity and

mortality. This remains one of HIV’s critical problems.

Animal models
HIV cannot infect species other than humans (unless by using transgenic models). Other
animal models of chronic infection have been seminal for the understanding of how a

chronic viral infection leads to the deterioration of the immune response.

The animal model closest to HIV is SIV infections in non-human primates (NHP). In natural
hosts of SIV (many species of African monkeys, such as the chimpanzees - SIVcp and
sooty mangabeys - SIVsm), SIV infection does not develop into a disease. For example,

SIV infections in sooty mangabeys and African green monkeys present with high viral
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replication and rapid turnover of infected CD4+ T cells in acute infection, but preserved
lymph node architectures. They do not have chronic immune activation nor depletion of
mucosal and peripheral CD4+ T cells (Chahroudi et al., 2012). Conversely, SIV infections
in Asian monkeys, which are not natural hosts, replicates a number of HIV infections in
AIDS. The most studied species is the rhesus macaques whom, upon SIV infection
(SIVrm), maintain high viral loads, rapid turnover and loss of CD4+ T cells, most
importantly in the GALT (Hatziioannou and Evans, 2012). They also display similar clinical
syndromes like opportunistic infection (Apetrei et al., 2005). Disease progression in the
rhesus macaques is much quicker, reaching AIDS within 1-2 years in the absence of ART

(Hatziioannou and Evans, 2012).

NHP being large animals and expensive to maintain, a model of chronic infection in mice
is also highly relevant. The workings of an acute viral infection were studied using the
Armstrong (Arm) strain of the lymphocytic choriomeningitis virus (LCMV). This acute viral
infection, which causes severe inflammation in the meninges, is cleared within 10 days
after inoculation. It is characterized by robust antiviral T cell responses. A mutant of this
strain (clone 13), was found to generate a chronic infection, cleared 90 days after infection
(Ahmed et al., 1984). Both strains only differ by 3 amino acids, none of which being within
the T cell epitope. Thus, we can track anti-viral T cell responses of the same specificity
between acute and chronic infections. As will be discussed below, much of what we know
about cues leading up to exhaustion come from these LCMV models. However, LCMV
clone 13 is ultimately cured, in contrast to HIV and other chronic human viral infections,
like HCV. Furthermore, major differences between mouse and human immune responses

can affect the translationability of results. For example, priming and polarization of CD4 T
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cells are not driven by the exact same signals in both species. Chemokines differ
substantially between mice and humans. For these reasons, in vivo observations made in
mice mdels greately benefit from validation using primary cell from humans (Mestas and

Hughes, 2004).

Innate immune responses

Antigen-presenting cells are pivotal for T cell priming. During chronic untreated HIV and

SIVrm infection, both pDC and mDC are decreased in the blood, the extent of which is
associated to increased viral loads (Donaghy et al., 2001). The transcriptome of
monocytes and mDCs were distinct between uninfected individuals versus chronically-
infected untreated individuals. The latter grouped showed increased interferon-response
genes, as well as subdued singatures of IL-1 signalling and antigen-processing and
presentation (Murray et al., 2020). Although the impact of these changes on T cell
responses has been studied in the LCMV model, whose DC compartment present similar
traits. Dendritic cells after 21 days of chronic infection presented lower levels of CD80,
CD86 and MHC | (machinery for priming and antigen presentation) than those in the acute
phase of the infection (Snell et al., 2018). The features of LCMV-specific CD8+ T cells
primed by chronic-exposed DC were different from the acute-exposed DC; when primed
by the chronic-exposed, their development depended on IL-21 (rather than IL-2), and they
had lower immune checkpoint (IC) expression and greater Eomes, TCF-1 and CXCR5
expression. This suggests that decreased signalling strength enforced a memory-like
phenotype (Snell et al., 2018). Thus, disruption in T cell priming can also partially explain

the suboptimal features of the HIV-specific T cell responses discussed next.
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Adaptive immune responses

Beyond targets, HIV-specific T cells are highly implicated in fighting the HIV infection. In
all individuals infected with HIV, the T cell response exerts a certain level of viral control,
which explains the sharp post-peak decrease of viral load in acute infection. Indeed,
depletion of either CD4+ T cells (Ortiz et al., 2011) or CD8+ T cells (Matano et al., 1998)

prior to primary SIV infection abrogates the post-peak decline of viral load in NHPs.

In the setting of chronic viral infection, the adaptive immune response is quite different
from the prototypical one seen in acute infections. The persistence of antigens stimulates
virus-specific cells repetitively, with co-stimulation (in contrast to anergy, where a cell not
receiving co-stimulation becomes hyporesponsive (Wherry, 2011)). These changes are
seen in a wealth of chronic infections and across species, like LCMV clone 13 infections

in mice, SIV infection in primates, and HCV and HBC and HIV in humans (Wherry, 2011).
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Figure 1.12 Overview of immune response over time in viremic HIV infection.
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HIV-specific T cell responses

HIV-specific CD8+ T cells exert a strong effect on the virus itself. Two decades ago,

researchers found a temporal association between the advent of HIV-specific CD8+ T
cells and the post-peak viral load decrease (Koup, 1994). They recognized that these HIV-
specific CD8+ T cells caused the selection of escape variants in HIV-1 (Borrow et al.,
1997). CD8 depletion in the SIV model also showed prolonged depletion of CD4+ T cells
(Matano et al., 1998). HIV-specific CD8+ T cells in acute HIV infection primarily target

Env.

After the immune response fails to clear the primary infection, and we fall into the chronic
phase, HIV-specific CD8+ T cells enter a distinct differentiation state referred to as
‘exhaustion” (Wherry, 2011). Exhausted virus-specific CD8+ T cells follow a hierarchical
loss-of-function, preceded by selective elimination of highly-exhausted cells. They are
also characterized by high and sustained levels of IC, altered transcription factor profile,
and metabolic derangement. Importantly, they are unable to transition into a long-lived

quiescent state, rather relying on continuous TCR signalling for maintenance.

Despite their loss-of-function, exhausted CD8+ T cells are not inert. The residual functions
they retain drive epitope mutation (Seki and Matano, 2011), and exert some level of vira