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ABSTRACT

In the absence of an efficient vaccine and with current antiretroviral therapies unable to
eradicate the virus, HIV/AIDS remains a serious global public health concern. The successful
elimination of the long-lived latent cellular reservoir poses a significant hurdle for cure
strategies. Novel therapeutic interventions currently being explored include antibody-based
immunotherapy. The HIV-1 envelope glycoproteins (Env) represent the only antigen exposed
at the surface of infected cells and thus, represent a unique target for intervention. Env of most
clinical HIV-1 isolates assumes a ‘closed’ conformation, preventing the binding of non-
neutralizing antibodies (nNAbs), which preferentially bind when Env is ‘open’. While nNAbs
are naturally present in sera from infected individuals, broadly neutralizing antibodies (bNAbs)
that recognize the ‘closed’ conformation are elicited only in a small proportion of infected
individuals. Nevertheless, anti-Env antibodies can mediate Fc-effector functions via
interactions between their Fc domains and IgG Fc receptors (FcyR), including antibody-
dependent cellular cytotoxicity (ADCC). The passive administration of bNAbs can control
disease progression in vivo and their capacity to eliminate infected cells is currently being
investigated in ongoing human clinical trials. Another strategy to eliminate infected cells
includes the use of small CD4 mimetics (CD4mc) to ‘open’ the Env and facilitate the
recognition by nNAbs. In this thesis, we studied three different strategies to harness Fc-effector
activities of both bNAbs and nNAbs to eliminate HIV-1-infected cells.

Two families of nNAbs predominant in HIV+ sera were shown to exert ADCC activity in the
presence of CD4mc. Our first objective was to understand how these two classes of nNAbs
cooperate for Fc-effector functionality and we observed that both their Fc regions act in concert
to engage FcyRlIIla and mediate ADCC.

HIV-1 is a master of immune evasion and increasing evidence indicates that it has developed
several mechanisms to avoid the premature recognition of its Env. In this thesis, we uncover a
new evasion mechanism, wherein Env is internalized upon the binding by antibodies
recognizing its ‘closed’ conformation. This new understanding led us to test the hypothesis
that blocking antibody-induced Env internalization could enhance Fc-effector responses. We
found that blocking dynamin function translates into a higher susceptibility of infected cells to

ADCC, exploiting another approach to target the viral reservoir.



Lastly, to take advantage of the transient formation of antibody-Env immune complexes on
the cell surface, we explored the impact of enhancing Fc functionality by glycan modifications.
Using Nicotiana benthamiana to generate Fc-glycovariants of a clinically relevant bNADb, we
found that afucosylated antibodies, independent of their galactosylation status, demonstrated
augmented FcyRIlla interaction and ADCC activity. Our results with plant-produced
antibodies confirms the growing interest in affordable biologic production platforms for
antibody-based treatments against infected cells.

Altogether, findings from this thesis highlight important ways that Fc-mediated effector
functions of both bNAbs and nnAbs are modulated and can inform the design of
immunotherapies against HIV-1-infected cells. With additional studies to evaluate the
potential of these factors in controlling HIV-1 replication in vivo, these results could
potentially be applied towards strategies targeting latently infected cells to decrease the viral

reservoir.



RESUME

En l'absence d'un vaccin efficace et avec les thérapies antirétrovirales actuelles incapables
d'éradiquer le virus, le VIH/SIDA reste un grave probléme de santé publique au niveau
mondial. L'élimination du réservoir cellulaire latent a longue durée de vie constitue le plus
grand obstacle pour les stratégies de guérison. Parmi les nouvelles interventions thérapeutiques
actuellement a I'é¢tude figurent les immunothérapies a base d'anticorps. Les glycoprotéines de
'enveloppe du VIH-1 (Env) représentent le seul antigene exposé a la surface des cellules
infectées et constituent donc une cible unique pour une intervention. L'Env de la plupart des
isolats cliniques du VIH-1 adopte une conformation ‘fermée’, empéchant la liaison des
anticorps non neutralisants (nNAbs), qui se fixent de préférence lorsque 1'Env est ‘ouverte’.
Alors que les nNAbs sont naturellement présents dans le sérum des personnes infectées, les
anticorps neutralisants a large spectre (bNADbs) qui reconnaissent la conformation ‘fermée’ ne
sont produits que chez une trés faible proportion de personnes infectées. Néanmoins, les
anticorps anti-Env peuvent médier des fonctions effectrices via des interactions entre leurs
domaines Fc et les récepteurs Fc (FcyR), y compris la cytotoxicité cellulaire dépendante des
anticorps (ADCC). L'administration passive de bNAbs peut controler la progression de la
des essais cliniques humains en cours. Une autre stratégie pour éliminer les cellules infectées
inclut 'utilisation de mimétiques moléculaires de CD4 (CD4mc) pour 'ouvrir' I'Env et faciliter
sa reconnaissance par les nNAbs. Dans cette theése, nous avons étudié trois stratégies
différentes pour exploiter les activités effectrices des bNADbs et des nNAbs afin d'éliminer les
cellules infectées par le VIH-1.

Deux familles de nNAbs prédominantes dans les sérums VIH+, ont été montrées comme
exercant une activit¢ ADCC en présence de CD4mc. Notre premier objectif était de
comprendre comment ces deux classes de nNAbs coopérent pour la fonctionnalité effectrice
et nous avons observé que leurs deux régions Fc agissent de concert pour engager le récepteur
FcyRIIla et médier ADCC.

Le VIH-1 est un maitre de I'évasion immunitaire et il y a de plus en plus de preuves montrant
qu'il a développé plusieurs mécanismes pour éviter la reconnaissance prématurée d’Env. Dans

cette thése, nous avons identifi¢ un nouveau mécanisme d'évasion, dans lequel Env est



internalisé lors de la liaison par des anticorps reconnaissant sa conformation ‘fermée’. Cette
nouvelle compréhension nous a conduit a tester 1'hypothése selon laquelle le blocage de
l'internalisation de I'Env induite par les anticorps pourrait améliorer les réponses effectrices.
Nous avons constaté que le blocage de la fonction de la dynamine se traduit par une plus grande
susceptibilité des cellules infectées a I' ADCC, exploitant ainsi une autre approche pour cibler
le réservoir.

Enfin, pour prendre avantage de la formation transitoire de complexes immuns anticorps-Env
a la surface des cellules, nous avons exploré I'impact de 1'amélioration de la fonctionnalité des
domaines Fc par des modifications de glycans. En utilisant Nicotiana benthamiana pour
générer des glycovariants d'un bNAb ayant un potentiel clinique, nous avons découvert que
les anticorps afucosylés, indépendamment de leur statut de galactosylation, démontraient une
interaction avec le FcyRIIla et une activit¢ ADCC accrues. Nos résultats avec les anticorps
produits par des plantes confirment l'intérét croissant pour les plateformes de production
biologique abordables pour les traitements a base d'anticorps contre les cellules infectées.
Dans I'ensemble, les résultats de cette thése mettent en évidence des fagons importantes de
moduler les fonctions effectrices médiées par le Fc des bNAbs et des nnAbs et peuvent
informer la conception d'immunothérapies contre les cellules infectées par le VIH-1. Avec des
¢tudes supplémentaires pour évaluer le potentiel de ces facteurs dans le controle de la
réplication du VIH-1 in vivo, ces résultats pourraient potentiellement étre appliqués a des

stratégies ciblant les cellules infectées de fagon latente pour diminuer le réservoir viral.
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PREFACE

This thesis was written in accordance with the guidelines provided for a “Manuscript-based
(Article-based) thesis” format from McGill University's Graduate and Postdoctoral Studies

“Guidelines for Preparation of a Thesis”:

“As an alternative to the traditional format, a thesis may be presented as a collection of
scholarly papers of which the student is the first author or co-first author. A manuscript-based
doctoral thesis must include the text of a minimum of two manuscripts published, submitted
or to be submitted for publication. Manuscripts for publication in journals are frequently very
concise documents. A thesis, however, is expected to consist of more detailed, scholarly work.
A manuscript-based thesis will be evaluated by the examiners as a unified, logically coherent

document in the same way a traditional thesis is evaluated.”

The thesis consists of 6 chapters. Chapter 1 is a comprehensive literature review of the topics
central to this thesis and outlines the objectives of the research presented in this thesis.
Chapters 2, 3, 4, and 5 are four respective manuscripts that are published in scientific journals;
the candidate is the first or co-first author of all these manuscripts. The contributions of all
authors on these manuscripts are listed in following ‘Contribution of Authors’ section. These
chapters are composed of their own introduction, methods, results, discussion, and references.
The results presented in this thesis represents a significant contribution to knowledge that is
the result of independent scholarship and is summarised and discussed in Chapter 6. The
references for Chapters 1 and 6 are listed at the end of the thesis. The candidate’s supervisor,

Dr. Andrés Finzi, provided editorial support in the preparation of this thesis.
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CHAPTER 1

General Introduction

This chapter provides a literature review of the topics relevant to the research presented in this
thesis. Section 1.1 reviews the origin of HIV and the viral replication cycle. In Section 1.2, the
pathogenesis of infection, current HIV therapies, and vaccines strategies are discussed. An
introduction to humoral immune responses against HIV will be described in Section 1.3. Parts
of a published review article [Anand, S.P. and Finzi, A., 2019. Understudied factors
influencing Fc-mediated immune responses against viral infections. Vaccines, 7(3)] are used
throughout this chapter to provide a succinct overview of the four published research articles
presented in this thesis. Finally, the rationale and main objectives of the research presented in

Chapters 2 to 5 are outlined in section 1.4.



1.1 HIV-1 and AIDS

According to the UNAIDS 2020 report, more than 37 million individuals are currently living
with the human immunodeficiency virus (HIV) globally and acquired immunodeficiency
syndrome (AIDS)-related deaths have claimed the lives of an estimated 36.3 million people

since the beginning of the HIV pandemic (https://www.unaids.org/en). With the increased

availability of combination antiretroviral therapies (ART), most individuals now living with
HIV have a longer lifespan (1). Behavioural interventions as well as the availability of ART
for pre-exposure prophylaxis (PrEP) has further reduced the risk of HIV transmissions (2, 3).
However, only ~ 73% of people living with HIV worldwide are on ART, leaving an estimated
15 million people that still do not have access to ART. Thus, complete treatment access
remains a hurdle to curb the spread of HIV and untreated individuals experience a progressive

decrease in their CD4+ T lymphocyte count, ultimately leading to life-threatening AIDS.

As of 2021, curative treatments and an effective vaccine have still not been established.
Although disease symptoms and viral loads can be suppressed with ART, the need for a cure
remains as infected individuals harbour ‘HIV Reservoirs’. With ART-induced suppression of
HIV replication, circulating CD4+ T cell numbers typically increase back to normal levels.
Despite this, many patients still experience residual immune dysregulation syndrome (RIDS),
whichis characterized by increased inflammation and coagulopathy and is associated with
increased morbidity and mortality (4). As will be discussed in section 1.1.3, reverse transcribed
HIV proviral DNA integrates into the host genome, where it can be transcribed to produce new
virions. However, a fraction of infected CD4+ T cells harbour integrated replication-competent
HIV DNA that remain transcriptionally silent, and these populations are understood to be
latently infected cells that survive for years and can be reactivated once treatment is withdrawn.
Thus, lifelong ART is necessary to prevent viral rebound from reservoirs and to prevent

harmful levels of plasma viral load.

1.1.1 Viral Origin and Classification
In 1981, emerging cases of a syndrome characterized by immune dysfunction,

lymphadenopathy, and opportunistic infections (pneumonia, mucosal candidiasis, and others)



were reported in the USA (5, 6). In 1982, the American Center for Disease Control published
a first case definition of this disease state — AIDS (7). In 1983, the group of Dr. Luc Montagnier
in France (8), and soon after the group of Dr. Robert Gallo in USA (9, 10), discovered the
causative agent for the AIDS disease and termed them: lymphadenopathy-associated virus
(LAV) and human T-lymphotropic virus -III (HTLV-III), respectively. In 1986, the term HIV
was officially designated (11, 12). Additionally, in 1986, another related but genetically
distinct human retrovirus was identified in AIDS patients in West Africa, which is now termed

HIV type 2 (HIV-2) (13).

HIV is an enveloped virus belonging to the family of Retroviridae, genus of zoonotic
lentiviruses (8, 9) that seeded infection in humans from cross-species transfer of simian
immunodeficiency virus (SIV) found in non-human primates (14). HIV is broadly classified
into two types, HIV-1 and HIV-2, and while both HIV-1 and HIV-2 can cause AIDS, infection
with HIV-2 results in a longer asymptomatic phase and has a lower transmission frequency
because of lower plasma viral loads in infected individuals (15). The work presented in this

thesis focuses on HIV-1, which is the most prevalent and widely distributed species.

A unique characteristic of retroviruses is the reverse transcription of their viral RNA into DNA,
which is subsequently integrated into the host genome (16, 17). HIV-1 is highly genetically
diverse due its error-prone reverse transcriptase, thus, leading to high recombination and
mutation rates. It is phylogenetically characterized into the following groups: M (main), O
(outlier), N (non-M/non-O/new) and P (pending classification) (18-21). Approximately 98%
of global HIV-1 isolates belong to Group M (22) and these can be further subdivided into 9
subtypes/clades (A, B, C, D, F, G, H, J, and K) and at least 89 circulating recombinant forms
(CRFs) (23, 24). CRFs are a result of co-infection with different subtypes that lead to
recombination events (25). HIV-1 groups M and N are closely related to SIVs that infect
chimpanzees (SIVcpz) (26) and groups P and O are closely related to SIVs that infect gorillas
(SIVgor) (27). HIV-2 is related to SIVs that infect sooty mangabeys (SIVsmm) (28) and
macaques (SIVmac) (29).



1.1.2 Viral Structure and Genome Organization

HIV-1 viral particles are spherical in shape with an average diameter ranging from 100 to 120
nm (30). Each virion is surrounded by a lipid bilayer that originates from the host cell and that
carries approximately 8-10 envelope glycoprotein (Env) trimers (31), with each monomer
composed of an external glycoprotein subunit (gpl20) non-covalently linked to a
transmembrane spanning subunit (gp41). The inner surface of the viral membrane is lined with
the matrix protein (MA) that forms hexamers and remains attached to the Env glycoproteins
and contributes to the spherical shell structure of the virion (32). Within the HIV-1 particle, a
core composed of ~1,500 monomers of capsid protein (CA), 250 CA hexamers, and 12 CA
pentamers encapsulate the dimeric single-stranded viral RNA (VRNA/ssRNA) genome (30,
33, 34). The nucleocapsid (NC) binds to the VRNA and helps its encapsulation during
assembly. An infectious virus also contains the enzymes protease (PR), integrase (IN), and
reverse transcriptase (RT) (Figure 1.1). Additional viral proteins present in virions include
viral infectivity factor (Vif) (35), viral protein R (Vpr) (36), and negative factor (Nef) (37);
while the biological properties of incorporated Nef and Vpr have been studied, the role of

incorporated Vif remains to be determined (38).
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Figure 1.1 Mature HIV-1 virion structure. Schematic view of the mature HIV-1 particle
detailing viral proteins and the virion structure. The HIV-1 Env composed of trimeric gp120—
gp41 complexes are embedded in a lipid membrane. The cytoplasmic tail of gp41 interacts
with the MA. The CA composes the conical core that contains two VRNAs surrounded by the
NC protein. PR, RT, IN, Vpr, Vif, and Nef are also present in the virus. Diagram created with
BioRender.com

The HIV-1 genome consists of two positive-sense single-strand RNA copies that are 9.2 kb
each. The vVRNA is capped at the 5’ end and polyadenylated at the 3’ end, like other eukaryotic
mRNAs and both ends of the vVRNA are flanked with non-coding repeat sequences called the
5’ and 3’ untranslated regions (UTRs). Each vRNA has nine overlapping open reading frames

(ORFs) that code for fifteen viral proteins (Figure 1.2) (39).
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Figure 1.2 HIV-1 genomic organization. The HIV-1 genome organization with the 5' end
and 3' end of the long terminal repeats (LTR) and the various open reading frames that code
for the viral proteins and polyproteins are depicted in different colours. Diagram created with
BioRender.com




After reverse transcription of the vRNA upon infection, the double-stranded DNA is integrated
into the host cell genome in a mechanism coordinated by IN. The proviral DNA is flanked at
both ends by long terminal repeat (LTR) sequences that are important for the integration (40).
The three main enzymatic and structural products of the provirus are the structural group-
specific antigen (Gag), envelope (Env), and polymerase (Pol), that are first transcribed into
large polyprotein complexes and are later cleaved into different proteins (41). Following
cleavage, the Gag precursor (Pr559%) generates the MA (p17), CA (p24), nucleocapsid (NC;
p7), and protein p6 (42). There also consist two spacer sequences, spacer peptide 1 (SP1) and
spacer peptide 2 (SP2) that play important roles in regulating virion assembly and capsid
maturation (43). The env gene encodes for the structural protein gp160, which is cleaved to
form gp120 and gp41 subunits (44). Pol is cleaved into the viral enzymes protease (PR),
reverse transcriptase (RT), and integrase (IN). The remainder of the viral proteins are
regulatory and accessory proteins. The two regulatory proteins include the transcriptional
transactivator (Tat) and regulator of virion (Rev). Whereas, the accessory proteins include

viral protein U (Vpu), Vpr, Vif, and Nef.

1.1.3 Replication cycle

The replication cycle of HIV-1 can be divided into two distinct phases: the early and late
stages. The early stage includes all the steps from viral entry to viral DNA integration. The
late stage includes transcription of the HIV-1 DNA, translation of viral mRNA, virus assembly,

and release of mature virions (Figure 1.3).
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Figure 1.3 HIV-1 Replication Cycle. Schematic representation of the main stages of viral
replication: (1) receptor interaction, (2) fusion and entry, (3) reverse transcription and
translocation to the nucleus of the PIC (preintegration complex), (4) uncoating and nuclear
import, (5) integration, (6) transcription, (7) nuclear export of multiply spliced and (8)
unspliced or singly spliced transcripts, (9) translation of viral proteins, (10) viral assembly and
budding, and (11) viral release and maturation. BST-2: bone marrow stromal cell 2; RER:
rough endoplasmic reticulum, TGN: trans-golgi network; EE: early endosomes; RE: recycling
endosomes. Diagram created with BioRender.com

1.1.3.1 Viral entry and early replication stages

HIV-1 infection begins with the entry of the virus into the host target cell. Initial studies
showing striking depletion of CD4+ T cells in HIV-1-infected individuals suggested CD4 as
the primary receptor required for viral entry (45). Thus, HIV-1 predominantly infects cells
expressing the CD4 receptor, including CD4+ T lymphocytes, macrophages & dendritic cells.
Entry can be summarized into three main phases: the interaction between Env and its receptor
CD4 (46), the interaction between Env and its coreceptors: the C-X-C chemokine receptor type

4 (CXCR4) (47) or the C-C chemokine receptor type 5 (CCRS5) (48-50), and the fusion of the



viral and cellular membranes. Viral particles that utilize the CCRS receptor are denoted as R5
isolates and those utilizing the CXCR4 receptor are referred to as X4 isolates. A separate class
of dual-tropic strains use both receptors and are referred to as R5X4 isolates (51). Some host
proteins, such as lectins and proteoglycans, have been speculated to mediated non-specific

attachment of the viral particle to the host cell,facilitating receptor binding and viral entry (52).

Protein-protein interactions between the gp120 subunit of the Env trimer and the CD4 receptor
induce conformational changes within g120 to reposition and expose the otherwise buried
variable loop 3 (V3) (53, 54). The V3 loop and bridging sheet aid the interaction of gp120 with
the CXCR4 or CCRS5 coreceptors, based on tropism (55). Upon coreceptor binding, a
hydrophobic region called the fusion peptide is exposed from the N-terminus of the gp4l
subunit and inserted into the target cell membrane (56, 57). A pre-hairpin intermediate is
formed, and two heptad repeat regions (HR1 and HR2; also referred to as N-HR and C-HR)
from each gp41 subunit come close together to form a 6-helix bundle (6HB). Thus, the 6HB
is composed of a trimeric HR1 coiled-coil core surrounded by three HR2 helices that are
packed in an antiparallel fashion (58-60) (Figure 1.4). This allows for the viral and target
membrane to be brought into proximity a subsequently, the fusion pore formation leads to the

delivery of the viral core into the target cell cytoplasm.
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Figure 1.4 HIV Entry. Entry begins with binding of gp120 to its receptor CD4, which triggers
a conformational change from ‘closed’ to partially ‘open’ (State 2) and further allows the
binding of gp120 to its coreceptor (either CCRS or CXCR4). Coreceptor binding results in
triggering of the fusion machinery and formation of the six-helix bundle (6HB) required to
drive fusion of the viral and host membranes. Diagram created with BioRender.com

After the entry process, the HIV vVRNA is converted to DNA by RT, which possesses two
enzymatic activities: (1) the DNA polymerase activity, which can either use RNA or DNA as
a template, and (i1) the RNase H activity, which exclusively degrades RNA in the context of
an RNA/DNA duplex (61). To begin this process, the tRNA™* is utilized as a primer to bind
to the primer binding site (PBS) from the 5° end of HIV-1 RNA (62). As the RT catalyzes the
synthesis of DNA, the RNase H activity of RT degrades the remaining 5’ end of the template
RNA on the RNA/DNA hybrid to free the antisense or (-) single-stranded DNA (ssDNA). The
newly synthesized (-) ssDNA then hybridizes to the R regions present at the 3° end of the
VRNA in a process called the first strand transfer (63). Since HIV carries two copies of
genomic RNA, the first strand transfer can occur either in cis or trans, which accounts for high
viral recombination (64). This transfer of DNA mediates the synthesis of the full-length (-)
strand of the vDNA, while degrading the template RNA, except for the polypurine tract (PPT),
which is resistant to RNase H activity and serves as the primer to produce the second sense or
(+) DNA strand (65). HIV-1 has two PPTs located near the 3 end of the vRNA and another
in the central region of the genome. Through a second strand transfer, DNA synthesized from
the 3’-PPT is used as a primer for the synthesis of the 5° end of the (+) strand and elongation

of this end proceeds through the central PPT, displacing the original strand and terminating at



~100 nucleotides from the cPPT (66). This process results in a linear double-stranded DNA
product with a DNA flap in the (+) strand DNA, which plays a role in the nuclear localization
of the pre-integration complex (PIC) (67). The PIC is composed of the newly synthesized
proviral DNA and some viral proteins, such as IN, MA, RT, and Vpr (68-70).

Once inside the cell, the viral core undergoes progressive disassembly before integration.
Within the HIV-1 field, the timing and location of CA disassembly or ‘uncoating’ is still under
debate (71), with several studies explaining cytoplasmic uncoating (72), uncoating at the
nuclear pore complex (NPC) (73), and nuclear uncoating (74, 75). In each model the reverse
transcription of the vVRNA into DNA is completed first (76). Over the past 2 years the field has
seen compelling evidence using high-resolution microscopy favouring the completion of
uncoating and reverse transcription in the nucleus to release the vDNA occurring close to the

integration sites (75, 77).

The last step of the early stages of the HIV-1 life cycle is the integration of the viral DNA into
the host cell genome (78). The viral enzyme IN plays a crucial role in this process along with
the host protein lens epithelium-derived growth factor (LEDGF/p75) and other viral proteins
(MA and Vpr) that aid in increasing integration efficiency (79). LEDGF prevents DNA
circularization and the formation of 2-LTR circles since this form of the genome cannot be
integrated (80). In the first step of integration (also called 3’ end processing), two nucleotides
are removed from each 3’ end of the double-stranded DNA. In the second step (also called
DNA-strand transfer), the 3" ends of the DNA are covalently joined to the target DNA. Finally,
the single-strand gaps (two-nucleotide overhangs) at the 5" ends of the vDNA are repaired by

cellular enzymes to complete integration (81).

1.1.3.2 Late replication stages

Following integration, the viral DNA is referred to as a ‘provirus’, and it serves as a template
for the transcription of all the viral structural, regulatory, and accessory proteins. Initial viral
transcription is mediated by the direct interaction between cellular transcription factors and

cis-acting regulatory elements located in the LTR. These elements include a TATA box, three
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tandem specificity protein-1 (SP1) binding sites, and two highly conserved nuclear factor
kappa B (NF-xB) binding sites (83-85). Viral proteins Tat, Rev, and Nef are produced first
from completely spliced transcripts (86, 87). The accumulation of Tat further stimulates
transcription from the LTR, in a positive feedback manner. Tat shuttles back to the nucleus
and binds to the positive transcription elongation factor, pTEFb, composed of cyclin T1 and
the cyclin dependent kinase 9 (CDK9). This complex then binds the transactivation-response
region (TAR), that is located downstream of the transcription initiation site and functions as
an RNA regulatory signal (88), to enhance host RNA polymerase Il processivity and promote
efficient elongation of viral transcripts (89-91). The nuclear export of incompletely spliced
transcripts coding for structural proteins and enzymes is prevented by cellular mechanisms and
the primary role of Rev is to circumvent this system. Rev binds and multimerizes on the cis-
acting RNA element called the Rev Responsive Element (RRE) present on both the singly
spliced and unspliced transcripts (92, 93). Rev contains a nuclear export signal (NES) that

allows its transport between the nucleus and cytoplasm (94).

HIV-1 has a compact genome with overlapping ORFs, and programmed frameshifting is
utilized during translation (95). One example of this is the gag-pol transcript, which is
subsequently translated into the Gag or Gag-Pol polyproteins at a 1:20 ratio. The 55 kilo Dalton
(kDa) Gag protein (MA, CA, NC, and p6) is key for viral assembly. The production of Env on

the rough endoplasmic reticulum (RER) is described in Section 1.1.5.

The N terminal of MA is myristoylated, thus, after synthesis, Gag associates to plasma
membrane sites rich in the phosphoinositide phosphatidylinositol-4,5-bisphosphate
(PI[4,5]P2) and cholesterol (96, 97). These regions are also known as lipid microdomains,
where viral budding has been described to occur from. Microdomains are enriched with
cholesterol, sphingolipids, and glycosylphosphatidylinositol (GPI)-anchored proteins, and the
viral membrane contains higher levels of sphingolipids and cholesterol (98-100). Lipid
microdomains are known to exist in the liquid-ordered (I,) phase of plasma membranes that
‘float’ in the surrounding loosely packed liquid-disordered (l¢) phase (101). These floating

microdomains have been termed ‘lipid rafts’ that can be biochemically isolated using sucrose
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gradients as detergent-resistant membranes (DRM) at low temperatures due to their
insolubility in nonionic detergents, like Triton X-100 (102). Studies have demonstrated
colocalization of  Gag with a microdomain associated ganglioside,
monosialotetrahexosylganglioside (GM1) (103). Furthermore, evidence indicates Gag also
restrictrs PI(4,5)P2 and cholesterol mobility in the plasma membrane to create a specific

nanodomain platform for virus assembly (104).

The CA domain promotes the multimerization of Gag. The NC domain drives the packaging
of the dimeric ssRNA, by interacting to the vVRNA packaging signal sequence Psi (y) (105).
There are a few mechanisms that have been proposed to explain how Env is incorporated into
virions: (1) passive transport; (2) co-targeting of Gag and Env to microdomains; (3) direct
interaction of MA domain of Gag with Env; (4) indirect interaction of Gag and Env with host
cell proteins (106). Several studies support the third model of incorporation, wherein a direct
interaction between the two proteins takes place at the assembly site (107-109). Furthermore,
it has been suggested that the interaction of Gag with Env is required for the association of
Env with lipid microdomains (110). However, some cytoplasmic tail truncated Env mutants
can also be incorporated into virions (111), and thus, the dependence on Gag-Env interactions

for Env incorporation remains to be clearly determined in the field.

The last stage of viral assembly process involves the budding and release of virions. The p6
domain at the C terminal of Gag serves as the docking site for the endosomal sorting complex
required for transport (ESCRT), which is composed of cellular proteins that aid in membrane
budding and scission processes (112). Released virions undergo a maturation process, and this
is mediated by the PR domain that sequentially cleaves the Gag-Pol polyprotein to release PR,
IN, RT enzymes (113). PR also cleaves Gag to release the MA, CA, and NC proteins. PR
cleavage triggers morphological changes in the virion, resulting in mature infectious viral

particles (Figure 1.1) (114).
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1.1.4 Accessory proteins

1.1.4.1 Nef

Nefis a 27 — 35 kDa protein that is N-terminally myristoylated, which allows its association
with the plasma membrane and incorporation into virions. Nef'is very important for replication
in vivo since patients infected with viruses lacking or harbouring a defective form of Nef
demonstrate slower rates of disease progression (also known as long-term-non-progressors;
LTNPs) (115). Additionally, in the absence of Nef, virions exhibit severe defects to enter the
host cell (116).

Nef carries out a myriad of functions (117, 118), one of the major ones being the
downregulation of the surface expressed of CD4 receptors during the early stages of infection
(119). Nef interacts with the dileucine motif of the cytoplasmic tail of CD4 and bridges
interaction with the adaptor protein complex 2 (AP-2) to enhance CD4 endocytosis through
clathrin-coated pits, leading to its eventual lysosomal degradation through a
phosphatidylinositol-3-kinase (PI3K) pathway (120, 121). Nef also down modulates other
cellular proteins including the major histocompatibility complex class-I (MHC-I) molecules
to protect infected cells from cytotoxic T lymphocyte recognition (122). Additionally, Nef
down modulates expression of ligands of the activating natural killer group 2D receptor
(NKG2D), including MHC-I chain-related A and B (MICA and MICB) and human
cytomegalovirus UL16 glycoprotein binding protein (ULBP) 1-5 molecules (123, 124).
NKG2D acts as a co-receptor for CD16a (Fc receptors will be further described in Section
1.3.4), and downregulation of its ligands interferes with overall Fc-mediated effector responses
against HIV-1-infected cells (125). Recent findings have also revealed that Nef prevents the
virion incorporation of cellular serine incorporator proteins 3 and 5 (SERINC3 and SERINCS),
that otherwise block viral entry (126).

1.1.4.2 Vif
Vif is a 23 kDa cytoplasmic protein that is expressed late during the viral replication cycle.
One of the main functions of Vif is to antagonize the host cellular restriction factor

apolipoprotein B mRNA-editing enzyme, catalytic polypeptide like 3G (APOBEC3G) (127,
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128). APOBEC3G is a member of the APOBEC family of editing enzymes that can mutate
polynucleotides by deaminating cytidine (C) bases to uridine (U) in the viral DNA (129). Vif
directly interacts with APOBEC3G and recruits a cullin5-based E3 ubiquitin ligase complex
to polyubiquitinate APOBEC3G, leading to its proteasomal degradation (130, 131). Thus, Vif
plays a critical role in the production of infectious virions. Other functions of Vif include

inhibition of autophagy and inhibition of the interferon response (132, 133).

1.1.4.3 Vpr

Vpr is 15 kDa protein that is packaged into virions via a direct interaction with p6 domain of
Gag and is important for the early stages of viral replication (134, 135), by aiding the nuclear
import of the PIC (136). It can also later induce Go cell cycle arrest (137), modulate apoptosis
(138, 139), aid with transactivation of the LTR (140), and regulate of NF-«xB activity (141).
By inducing infected cell cycle arrest in the G2/M Phase, Vpr prevents infected cells from
undergoing mitosis and inhibits cell proliferation, eventually leading to host cell apoptosis.
However, Vpr also inhibits apoptosis by upregulating the bcl-2 oncogene and the anti-
apoptotic effects of Vpr have been suggested to preserve a pool of infected cells that facilitate
viral persistence and subsequent spread of HIV-1 (139). Additionally, Vpr can enhance the
susceptibility of infected cells to NK-mediated killing by inducing cell surface expression of
activating NKG2D ligands (142). Studies have suggested the importance of Vpr in overcoming
restriction to viral replication in myeloid cells, such as macrophages and dendritic cells, since

these are one of the first cell types to encounter HIV-1 in mucosal tissues (143, 144).

1.1.4.4 Vpu

Vpu is a 17 kDa transmembrane protein that contains a hydrophobic N-terminal membrane
anchor and a hydrophilic C-terminus (145, 146). It is specific to HIV-1 and closely related
SIVcpz and SIVgor (147). The phosphorylation of Vpu’s cytoplasmic domain at Serine
residues in position 52 and 56 by Casein kinase 2 is required for its activities in the replication
cycle (148). These include degrading the CD4 receptor (149) as well as enhancing the release
of virions by antagonizing the host protein bone marrow stromal cell 2 (BST-2): also known

as CD317 or tetherin (150). The interaction of Vpu and CD4 also prevents the formation of
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Env-CD4 complexes to subsequently enhance Env trafficking and incorporation. By
interacting with the SCF*™® E3 ubiquitin ligase complex, Vpu mediates the
polyubiquitination of CD4 and its degradation via the ubiquitin-proteasome pathway; thus
targeting CD4 degradation by an endoplasmic reticulum associated degradation (ERAD)
pathway(151).

In the absence of Vpu, the restriction factor BST-2/ tetherin prevents virion release and
promotes the accumulation of viral particles at the surface of infected cell. BST-2 is an
interferon-induced dimeric protein that consists of an N-terminal cytoplasmic tail, a
transmembrane domain (TMD), and a C-terminal glycophosphatidylinsitol (GPI) anchor,
allowing it to interact with both the viral and cell membrane to cross-link budding virions. Vpu
counteracts BST-2 via an interaction of the TMDs of both proteins (152). Vpu has been shown
to block the trafficking of newly synthesized BST-2 but also downregulate BST-2 from the
plasma membrane (153-155). BST-2 can be expressed in two distinct long and short isoforms,
and Vpu preferentially targets the long form of the protein (156). Additionally, antagonism of
BST-2 by Vpu also prevents the induction of the NF-«B pathway and thus, limits the activation

of the innate immune response (157).

Vpu also interferes with the early innate immune responses by downmodulating several
cellular proteins, including the NK cell ligands NK-T-B antigen (NTB-A) and polio virus
receptor (PVR/CD155) from the infected cell surface; thus, affecting the recognition and
elimination of infected cells by NK and cytotoxic T cells (158, 159).

1.1.5 Envelope glycoproteins

The mature Env trimeric protein of HIV-1 is the only viral protein exposed on the surface of
viral particles and infected cells (160) and as mentioned in Section 1.1.3.1, it is essential for
viral entry. The unprocessed 160 kDa Env glycoprotein precursor (gp160) is synthesized from
a singly spliced, bicistronic vpu/env mRNA on the RER. The env gene encodes a signal peptide
sequence at its N-terminus which targets it to the ER membrane, and this peptide is removed

by cellular signal peptidases during translation (161). After production, within the ER, gp160
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is glycosylated with N-linked and O-linked oligosaccharide side chains and it oligomerizes
into trimers. More specifically, N-linked glycosylation occurs at Asparagine (Asn) residues
(consensus sequence: NXT/S, where X represents any amino acid except proline). It follows
an ordered assembly that begins in the ER with the attachment of a preassembled
oligosaccharide and is followed by the enzymatic removal of sugar residues (‘trimming’) in
the cis Golgi and addition of complex-type glycans (‘processing’) in the medial and late Golgi
apparatus (further discussed in section 1.3.5). Additionally, during its trafficking through the
trans-Golgi network (TGN), gp160 is proteolytically cleaved by cellular furin and furin-like
proteases to produce gp120 and gp41 subunits of the trimeric functional Env (44, 162) (Figure
1.5). Trafficking through the Golgi has been demonstrated to be important for the appropriate
addition of complex glycans; since Env trimers that bypass Golgi trafficking lack complex
glycans, are uncleaved, and do not sample the native ‘closed’ conformation (163). Upon furin
proteolytic cleavage, gp120 and gp41 subunits remain associated via non-covalent bonds (164,
165). Highly conserved Cys residues within the gpl20 and g4l subunits also form
intramolecular disulfide bonds to maintain the tertiary structure of Env. The highly conserved
determinants of the functional Env protein are shielded by N-linked glycans or by structural

constraints that have evolved because of immune pressure (166-168).
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Figure 1.5 Envelope glycoprotein composition. Schematic representation of the HIV-1 Env,
with the immature polyprotein labelled gp160 and the mature, cleaved protein labelled gp120
and gp41. The gp120 subunit is composed of five constant regions (C1-C5) and five variable
domains (V1-V5). The gp41 subunit is composed of an ectodomain, membrane spanning
domain (MSD) or transmembrane domain, and the C-terminal tail. Within the ectodomain are
the heptad repeat regions (HR1 and HR2), and the membrane proximal external region
(MPER). Within the C-terminal tail are the lentivirus lytic peptide sequences (LLP1, LLP2
and LLP3), and functional endocytic motifs YXXL (near the N terminus) and LL (dileucine;
at the C terminus). Figure adapted from (169) with permission from Microbiology Society;
diagram created with BioRender.com

In the field, researchers have faced several challenges to characterize the structural
arrangement of the native Env trimer, due to its metastable conformation, insolubility of the
membrane-bound proteins, and extensive glycosylation. Since 2013, a soluble gp140 form
(known as SOSIP.664) derived from the sequence of a clade A HIV-1 isolate BG505 and
stabilized by the introduction of artificial disulfide crosslinks between the gp120 and gp41
subunits (SOS) in combination with the IS59P (IP) mutation, is being used for structural studies
(170, 171). However, the introduction of SOSIP mutations have been shown to result in
abnormal Env conformation transitions, and thus, this construct samples a different

conformation compared to the native Env (172-174). Attempts to test SOSIP trimers as vaccine
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immunogens in animal models has induced neutralizing antibodies against autologous viruses
only, but not against a broad spectrum of circulating strains (175). Further work is required to
acquire structural information about the unliganded native Env conformation since this

represents the main antigenic target of antibodies.

Since there are non-covalent interactions between the gp120 and gp41 subunits, this can result
in the spontaneous dissociation of gp120 from gp41, known as gp120 shedding, from the
surface of productively infected cells (164, 165, 176). Consequently, significant levels of
soluble gp120 can be found circulating in the blood and tissues of HIV-infected individuals
(177-179). Shed gp120 can interact with CD4 receptors on the surface of uninfected bystander
cells sensitizing them to antibody-dependent cellular cytotoxicity (ADCC) (180).

1.1.5.1 gp120

The gp120 subunit of Env consists of five constant domains (C1 to C5) and five variable
domains (V1 to V5) (181). The constant domains form the core of the Env trimer, while the
variable domains form the exterior of the gp120 subunit. Gp120 is highly glycosylated with
N-linked and some O-linked glycans that shield the Env against immune recognition (182,
183). Thus, the overall structure of gp120 can be broken down into a gp41-interactive inner
domain (conserved) and a glycosylated outer domain (variable). In its CD4-bound state, a four-
stranded bridging sheet connects the inner and outer domains (184). Residues from the C1, C3
and C4 regions interact with the CD4 receptor (also known as CD4 binding site [CD4bs]) while
residues from the V3 loop tip and the bridging sheet are important for co-receptor interaction
(164, 176, 184-187). Non-neutralizing antibodies (further discussed in section 1.3.3) targeting
the gp120 inner domain are known as anti-cluster A antibodies and belong to the larger family

of CD4-induced (CD41) antibodies.

1.1.5.2 gp41
The gp41 subunit is composed of an extracellular domain, a transmembrane domain, and a
long C-terminal cytoplasmic tail (CT). The gp41 extracellular domain contains regions

important for viral entry, including the fusion peptide (188), the HR1/HR2 domains (60), and
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the membrane-proximal external region (MPER) (189). The MPER region is the main gp41
domain targeted by neutralizing antibodies (190). The transmembrane domain is composed of
conserved residues that aid in Env anchoring to the plasma membrane (191). The CT is
approximately 150 to 200 amino acids long and has been shown to be functionally important
for viral replication, the incorporation of Env in virions, and cell surface expression of Env
(192, 193). Within the CT, there are also other three segments known as the lentiviral lytic
peptides (LLPs) (194) that have been implicated in many functions, including Env stability
(195) and cell surface expression (196). Furthermore, a highly conserved motif (consensus
sequence LWYIK) located near the N-terminus of the transmembrane domain regulates
interaction of Env with cholesterol in the plasma membrane and mutations in this domain

decrease HIV-1 infectivity (197).

1.1.5.3 Glycoprotein endocytosis

After Env is synthesized and the mature cleaved trimer reaches the cell surface, it is either
incorporated onto budding virions or rapidly internalized (198, 199). This phenomenon was
first demonstrated in the HIV field to be a mechanism in place to allow for antigen processing
and presentation by MHC-II molecules (198). The CT interacts with components of the
endosomal recycling compartments and endosomal recycling has been suggested to facilitate
Env trafficking to the site of virion assembly and thus, its incorporation of Env into budding
virions. More specifically, recycling of Env through endocytic recycling pathways is
dependent upon Rab11a Family Interacting Proteins (FIPs), which are effector molecules that
mediate sorting of cargo from the endosomal recycling compartment to the plasma membrane
(200). Additionally, the retromer complex, which is involved in retrograde endosome-to-Golgi

transport, also has a role in Env incorporation (201).

The CT of the gp41l subunit contains endocytic signals that contribute to constitutive
endocytosis of endogenously synthesized Env upon its arrival to the plasma membrane. Two
functional endocytic signals were discovered in the CT: a membrane proximal tyrosine-based
sorting motif (consensus sequence: YXX®; where X represents any amino acid and @ a

hydrophobic amino acid) near the N terminus and a dileucine-based motif at the C terminus
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that interact with clathrin adaptor proteins (AP-1 and AP-2), which concentrate proteins within
clathrin-coated vesicles for endocytosis (202-206). Additional conserved tyrosine-based
motifs are present within the CT and have variable effects on Env expression and incorporation
in virions (205). Some immunological implications include evasion from antibody recognition,
whereby mutations of these conserved endocytosis motifs in the cytoplasmic tail of Env have
been shown to result in increased cell-surface expression of Env, which correlate with

increased antibody binding and increased Fc-mediated effector responses (207).

1.1.5.3.1 Modes of Endocytosis

There is a high diversity of internalization routes in mammalian cells that can be dynamin-
dependent and -independent. Dynamin is a large GTPase and upon GTP hydrolysis, mediates
the fission of vesicles from the plasma membrane (208); the isoform dynamin-2 is ubiquitously
expressed in all cell types. Dynamin proteins contain a pleckstrin homology (PH) domain, a
GTPase effector domain (GED), and a C-terminal proline/arginine-rich domain (PRD). The
PRD of dynamin interacts with a variety of proteins that contain SH3 domains (209). Thus,
dynamin can interact directly with Bin/Amphiphysin/Rvs (BAR) adapter proteins that aid in
membrane shaping, curvature, and scission (210). For the research presented in this thesis,
experiments focused broadly on determining whether the mode of antibody-mediated Env

endocytosis was dynamin-dependent or -independent (discussed in Chapter 3).

Dynamin-dependent mechanisms can be further categorized into clathrin-mediated and
caveolar endocytosis. Clathrin-mediated endocytosis is the most widely studied pathway,
where clathrin is recruited from the cytosol to form clathrin-coated pits with the aid of adaptor
proteins and at least 40 different protein components (211). Caveolar budding occurs by the
assembly of caveolins, integral membrane proteins that bind directly to membrane cholesterol,
and aid in membrane curvature. Furthermore, lipids play an important role in endocytic
mechanisms; with the depletion of cholesterol impacting formation of both clathrin-coated

vesicles and flattening caveolae (212, 213).

20



1.1.5.4 Glycoprotein conformation

The conformational flexibility of the Env trimer can be broadly categorized into three different
states through which it transitions upon CD4 interaction: State 1 (pre-triggered or ‘closed’),
State 2 (asymmetric intermediate), and State 3 (CD4-bound or ‘open’) (as illustrated in Figure
1.4) (214, 215). In its native and unliganded form, the trimer adopts its high-energy metastable
‘closed’ conformation, in which the variable loops protect the highly conserved inner regions
from the immune system (216). Env trimers from primary HIV-1 isolates typically exist in
State 1 (217). The interaction of CD4 with Env ‘Phe 43 cavity’, a hydrophobic pocket that
allows for the insertion of the residue phenylalanine 43 of CD4, lowers the activation barrier
between State 1 and downstream conformations (State 2, followed by State 3) (218). Following
CD4 interaction, the V1 and V2 regions rearrange to expose the V3 loop that interacts with the
coreceptor (215). Furthermore, three topological layers located in the inner domain of gp120
also affect the interaction of Env trimers with CD4 and control the transition between its

unliganded and CD4-bound conformations (176).

Certain residues within the Phe43 cavity, particularly the amino acid at position 375, can
influence the overall conformation of Env. Env trimers from group M strains usually have a
serine at position 375, which allows Env to sample its ‘closed’ conformation. Whereas the
substitution of serine with bulky residues, such as histidine or tryptophan, leads to Env trimers
spontaneously sampling a more ‘open’ conformation, and thus, are better recognized by CD4i
antibodies (219). This type of polymorphism has been observed in Env trimers from

CRFO1_AE strains, the major circulating strain in Southeast Asia (220, 221).

The CT of the gp4l subunit also influences the overall Env conformation, whereby
substitutions or deletion of this domain increases exposure of epitopes that are normally hidden
in the ‘closed’ conformation (222, 223). Some studies have described the effect of cholesterol,
that is highly concentrated in lipid microdomains, on the conformation of Env trimers (224).
By depleting cholesterol using either beta-cyclodextrins or mutating the LWYIK motif, a

decrease in the conformational stability of Env is observed (225). In addition to cholesterol,
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the removal of sphingolipids also significantly reduces viral production and infectivity (226,

227).

CD4 mimetic compounds (CD4mc) are small molecules that can bind within the Phe43 cavity
of the gp120 subunit and have multifunctional properties, including neutralizing virions and
can also enhance the neutralizing activity of otherwise non-neutralizing antibodies (nNAbs)
(228-231). They can strongly induce conformational changes within the Env trimer to expose
otherwise hidden highly conserved epitopes and promote elimination of infected cells by Fc-
mediated effector functions (232). Additionally, these compounds also bind shed gp120 and
thus, prevent the killing of HIV-1 uninfected bystander CD4+ T cells (180). Recent single
molecule Forster resonance energy transfer (smFRET) microscopy studies have demonstrated
an asymmetrical Env conformational State, State 2A, that can be induced with a combination
of CD4mc, anti-cluster A antibodies, and anti-coreceptor binding site (CoRBS) antibodies

(233).
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1.2 HIV-1 pathogenesis

The transmission of HIV-1 results from direct contact with an infected individual’s bodily
fluids, including blood, vaginal fluids, pre-seminal fluids, semen, rectal fluids, and breast milk.
The primary sources of transmission globally include unprotected sexual intercourse and the
virus is transmitted through the genital tract or the rectal mucosa. Other forms of transmission
include mother-to-child transmission during pregnancy and breastfeeding, blood transfusions,
and the sharing of needles/syringes (234). Although the inoculum during transmission by any
of these forms contains a mixture of genetically diverse HIV quasispecies, the initiation of
infection usually begins from a single virus called the transmitted founder virus (T/F) (235,
236). These viruses have generally found to exhibit CCRS tropism, have increased infectivity
and replication capacities, harbour higher Env content, infect primarly CD4+ T cells, and are
resistant to type I Interferons (IFN) (237, 238). Once infection is established, the clinical course
of HIV infection can be described in three main stages: acute/early phase, chronic phase, and

progression to AIDS (Figure 1.6).

1.2.1 Stages of infection

The acute/early phase (also known as primary infection) lasts a few weeks following exposure
to the virus. The virus begins actively multiplying and plasma RNA levels reach a peak of
several million copies per ml and in conjunction, there is a loss of CD4+ T cells in the blood
and lymphoid tissues due to viral induced cell death (239, 240). More specifically, there is a
significant depletion in peripheral and gut-associated lymphoid tissue (GALT) CD4+ T
cells(241). Primary infection triggers the release of pro-inflammatory cytokines and during
this phase, the latent reservoir is also established (242). The reservoir is maintained within
memory CD4+ T cells, and are not considered to be productively infected; thus, are not

targeted by ART (243).
This is followed by an asymptomatic chronic phase (also known as latency) in infected

individuals. Without any treatment, this stage of disease progression could be short (3-5 years)

or long (10-20 years) since this phase is characterized by relatively stable plasma viremia.
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Meanwhile, there is also a continuous and gradual depletion of both infected and uninfected

CD4+ T cells (244, 245).
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Figure 1.6 Stages of HIV-1 infection. Overall infection can be clinically described as acute,
chronic, and AIDS. Changes in CD4 + T cell numbers and in viremia level over the course of
infection are shown schematically. During the acute phase, viremia peaks and CD4 + cell
counts decline. Infected individuals without ART progress to AIDS, with an accelerated CD4+
T cell loss and increase in viremia. Figure adapted from (246) with authorization by the Nature
Publishing Group.

Although selective CD4+ T cell depletion is a hallmark of HIV infection and progression to
AIDS, several infected cells with integrated proviral DNA survive. Different mechanisms can
contribute to the depletion of CD4+ T cells, including direct cytopathic effects of the virus via
syncytia formation, cell-cell fusion, and single cell swelling. Productively infected cells can
undergo apoptosis via activation of caspase-3 or be killed by NK cells and HIV-specific CD8+
T cells (247-249). However, CD4+ T cell depletion is not only limited to infected cells. Viral
proteins Tat, Vpr, Vpu, Nef, and soluble gp120 are released into circulation and can induce
apoptosis in uninfected cells through surface-receptor binding (soluble gp120) or via cellular
uptake (250, 251). Moreover, uninfected bystander CD4+ cells that have shed soluble gp120
bound to CD4 could potentially be destroyed by CD4i antibodies that can bind and mediate

effector functions (180).
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The development of opportunistic infections because of an immune system breakdown (i.e., T
cell depletion) eventually leads to the death of infected individuals. Thus, clinically, an HIV-
infected individual can be defined as having AIDS when the CD4+ T cell count is lower than
200 cells/ul or if AIDS-defining conditions occur (252). Some of these conditions include

candidiasis, Kaposi’s sarcoma, cytomegalovirus retinitis, pneumonia, among others.

A subset of HIV-infected individuals called long-term non-progresses (LTNPs) maintain
stable CD4+ T-cells and low plasma viremia without ART. There are also a minority of
infected individuals, called viremic/elite controllers, that suppress viremia to undetectable
levels, preserve their CD4+ T cell counts, and can go decades without ART and without
progressing to AIDS (253). One of the major contributors to differences in disease progression
are HIV-specific CD8+ T cell responses, where certain HLA haplotypes are associated with
better viral control (254).

1.2.2 Antiretroviral therapies

In 1987, the first antiretroviral drug, zidovudine (azidothymidine or AZT), a nucleoside reverse
transcriptase inhibitor (NRTI), that correlated with decreased mortality and frequency of
opportunistic infections, was approved for treatment (255). However, using one drug alone
could not be maintained due to the development of resistant strains (256). A better
understanding of HIV biology aided the discovery of at least 28 other antiretroviral drugs
belonging to different classes that target various stages of the replication cycle, including
CCRS5 inhibitors, fusion inhibitors, non-nucleoside reverse transcriptase inhibitors (NNRTIs),
integrase strand transfer inhibitors (INSTIs), and protease inhibitors (257). Dual, and then
later, triple, drug combination therapies from at least two different drug classes were
established and this is now the approved standard care for HIV infection. Despite the
tremendous success of ART, HIV persists in latently infected CD4+ T cells in infected
individuals and lifelong therapy is required to avoid viral rebound (258, 259). However,
lifelong therapy necessitates strict drug adherence and patients can endure undesired drug side

effects.
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1.2.3 HIV-1 vaccine strategies

A successful preventative vaccine remains elusive and to date, six vaccine candidates have
completed efficacy trials; out of which only the RV 144 trial demonstrated a modest efficacy
of 31.2% in a three-year follow-up (260). The first two trials (VAX003 and VAX004), aimed
to induce antibodies against a monomeric gpl120 antigen. However, they failed to induce
antibodies capable of neutralizing a wide range of HIV-1 variants (i.e., broadly neutralizing
antibodies [bNADbs]) and protect against HIV-1 acquisition (261). Subsequently, the STEP and
Phambili trials tested recombinant adenovirus vectors (rAd5) encoding viral Gag, Pol, and Nef
proteins to assess whether protection could be achieved by inducing cellular immunity. These
trials demonstrated no overall protection and vaccinees in the STEP trial with pre-existing

immunity to Ad5 had increased rates of HIV-1 infection (262, 263).

In 2009, the RV144 ‘Thai trail’ of a prime with a recombinant canarypox vector (ALVAC
vCP205) expressing env, gag, and pol genes and boost with recombinant gp120 provided the
first clinical evidence of efficacy for any HIV-1 vaccine. This trial demonstrated 60.5%
efficacy in the first year that waned to 31.2% three years postvaccination. The immune
correlates of protection analyzed were mainly V1/V2-specific immunoglobulin (Ig)G
responses, non-neutralizing IgG antibodies that mediated increased ADCC activity in the

participants with decreased IgA responses, and stimulation of CD8+ T cells (260, 264).

More recently, the HIV Vaccine Trials Network 505 (HVTN 505) trial aimed to elicit both
humoral and cellular responses by priming with DNA plasmids encoding for Gag, Pol, Nef,
and Env proteins, followed by a boost with rAd5 encoding a Gag-Pol fusion and Env protein;
however, this trial demonstrated no efficacy (265). The HVTN 702 ‘Uhambo trial’, based on
the RV144 trial with ALVAC expressing a subtype C Env and followed by a boost with
subtype C gp120, was recently stopped in 2020 after an interim analysis found no prevention
of infection (266). Another similar clinical trial, the HVTN 705 ‘Imbokodo trial’, also reported
no significant reduction in acquisition risk in August 2021. Currently, there are two ongoing

HIV vaccine efficacy trials, Mosaico and PrEPVacc, that are evaluating the induction of Abs
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and cellular responses, along with combining PreP in the latter strategy. Additionally, novel
‘germline targeting’ approaches aim to directly stimulate naive B cells that encode for
precursors to certain bNAbs (IAVI G001 and G002).

The challenges in developing a successful vaccine are mainly due to the variability of the virus,
particularly Env, as well as in conclusively identifying the immune correlates of protection. If
a vaccine can stimulate the production of cross-reactive bNAbs that can neutralize diverse

strains of HIV-1 from multiple subtypes, it could likely confer protection against infection.

1.2.4 HIV-1 cure strategies

In broad terms, either a complete eradication of the latent reservoir (sterilizing cure) or a long-
term control of viral replication in the absence of ART (functional cure) are required to achieve
an HIV cure (267). As of 2021, only two individuals have been cured from HIV-1: the ‘Berlin
patient’ and the ‘London patient’ (268, 269). They both developed acute myeloid leukaemia
and were treated with allogeneic haematopoietic stem-cell transplantation using donors with a
homozygous CCRS5 (CCR5A32/A32) mutation whichresults in CD4+ T cellresistance to
infection by R-tropic strains. ART was interrupted months after the transplantation and both
individuals were in remission with undetectable plasma viral load. However, this treatment is
not a viable option for all infected individuals without leukemia, given the high-risk
complications during stem-cell transplantation. Moreover, some transplant patients suffer an

eventual viral rebound with minority X-tropic strains (270).

Recent alternate cure strategies are trying to harness two different ideologies: the ‘shock/kick
and kill” and ‘block and lock’ strategies. The ‘shock and kill” strategy aims to reactivate the
provirus from its latent state using latency-reversing agents (LRAs), while ART prevents
further rounds of replication. Examples of LRAs include histone deacetylase inhibitors and
protein kinase C agonists (271, 272). The cellular reservoir is then cleared by immune system.
The ‘block and lock’ strategy aims to transcriptionally silence HIV-1 by locking the promoter
in deep latency using latency-promoting agents (LPAs). Examples of LPAs include Tat
inhibitors and kinase inhibitors (273, 274). By boosting viral latency and making it irreversible,

it could be possible to stop ART without viral rebound and establish a prolonged drug-free
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remission. The early initiation of ART has also been linked to the reduced size of the viral
reservoir and longer durations of undectable viral loads upon ART interruption (also known
as post-treatment controllers [PTCs]). This was observed with patients of the Viro-
Immunologic Sustained Control after Treatment Interruption (VISCONTI) cohort (275) and

the ‘Mississippi baby’; however, viral rebound still eventually reoccurred in the latter (276).

As will be further discussed in Section 1.3.2, the passive administration of neutralizing
antibodies is also being tested in both animal studies and human clinical trials. Recent studies
have demonstrated the potential of CD4mc in both therapeutic contexts and protection from
transmission. Using macaques immunized with recombinant gp120, CD4mc was protective
from multiple challenges with a heterologous simian-human immunodeficiency virus (SHIV)
(277). SHIVs are chimeric viruses using SIV as a backbone and introducing Env from a
particular HIV isolate, thus, are representative of a more relevant virus to use for non-human
primates (NHP) studies (278). Additionally, using a humanized mice model, treatment with
CD4mc in combination with CD4i-Abs significantly decreased HIV-1 replication, the viral

reservoir, and viral rebound after ART interruption (279).
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1.3 Humoral immune responses against HIV-1 infection

As mentioned earlier, the unliganded native Env represents the main antigenic target of
neutralizing antibodies. Following infection, Env-specific antibodies are detectable during the
acute phase, i.e., during the first two to three weeks post infection. This initial antibody
response is IgM antibodies directed against gp41 of the T/F strain (280). In the following
weeks, class-switched IgA and IgG responses can be detected, which are also directed against
viral proteins Gag or the V3 of gpl120. However, these antibodies do not harbour potent
neutralization capacities and do not impact the plasma viral load or exert much selective
immune pressure on the Env. Neutralizing antibodies only against autologous viral strains are
detectable two to three months post-infection, which mainly target the variable regions (V1V2
and the V3 loop) of Env (281), and these lead to the selection of escape mutants (282). In a
subset of chronically infected individuals, cross-reactive neutralizing antibodies that target
epitopes conserved across multiple strains can be produced upon persistent viral stimulation,

and these are known as bNAbs (283).

1.3.1 IgG structure

Ig antibodies carry out a multitude of preventative and therapeutic antiviral activities and are
symmetrically composed of two light (k, A) and heavy chains (u, a, v, 0, €) that determines the
overall class of the antibody. . The heavy and light chains of IgG are linked together via
disulfide bonds and can be divided into two main functional units: antigen binding fragment
(Fab) and crystallizable fragment (Fc) (Figure 1.7). The Fab fragment consists of the highly
variable, genetically mutated regions of the heavy and light chains; each of the variable
domains is composed of complementarity-determining regions (CDRs), which interact with an
antigen and define the epitope specificity of the antibody. The Fc fragment, consists of half of
the heavy chain and is composed of a set sequence and structure determining the isotype and
effector functionality of the antibody, and in the case of IgG molecules: the subclass (IgG1,
1gG2, IgG3, or IgG4). Thus, the functions of IgG can be classified into Fab- and Fc-mediated,
wherein they can either neutralize viral particles via their Fab domains and interact with innate
immune receptors, such as crystallizable fragment-gamma receptors (FcyRs), via their Fc

domains (284).
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Figure 1.7 Structure of IgG. 150 kDa IgG molecule composed of two identical 50 kDa heavy
(H) chains, and two identical 25 kDa light (L) chains, which are linked by disulfide bridges.
CDR: complementarity-determining regions. Diagram created with BioRender.com.

1.3.2 Neutralizing response

NAbs against HIV target relatively conserved epitopes on the glycosylated Env trimer and
harbour neutralization capacities against heterologous viral strains and therefore, can block
viral entry by either preventing receptor/coreceptor binding or by preventing Env
conformational changes (285, 286). BNAbs can neutralize majority of strains from diverse
clades representing global circulating HIV-1. Notably, bNAbs can broadly be classified based
on six distinct epitopes they target on the Env trimer: CD4bs, V2 apex, V3 glycan region, silent
face, MPER, and the interface between gp120 and gp41(Figure 1.8) (287). As Env is heavily
glycosylated, bNAbs target primarily glycan-dependent epitopes (288). Measurements of
bNAb potency and breadth are traditionally determined in vitro by the concentration of
antibody that inhibits either 50% (ICso) or 80% (ICsgo) of a fixed virus inoculum in a dose-

response single-cycle infection assay.
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Figure 1.8 Epitopes recognized by bNAbs. Cartoon representation of the ‘closed’” Env trimer
composed of three gp120 (red) and three gp41 subunits (orange). Antibodies targeting six
distinct epitope regions on the trimer are presented. Diagram created with BioRender.com.

The production of bNAbs with very high breadth and potency can be found in less than 10%
of infected individuals with persistent infection (289). Initially, naive B cells recognize
epitopes on the T/F or early autologous viral strains for the induction of the initial antibody
response. Upon the selection of antibody-escape mutations, the humoral response adapts to the
emergent diverse strains. A repeated evolution and co-evolution process between the viral
strains and B cell specificities aids in the development of increased breadth of antibodies. With
a high level of antigen exposure during persistent infection, bNADb lineages with unusually
high levels of somatic hypermutation (SHM) including insertions, deletions, and long heavy

chain CDRs, due to multiple rounds of affinity maturation, are formed (290).

When produced as monoclonals, the passive administration of bNAbs can protect against
infection, as seen in animal model studieswith NHPs and humanized mice, as well as when
used in a therapeutic context (291-294). Antibodies against the CD4bs, such as VRCOI,
3BNCI117, and VRCO07, as well as antibodies targeting the V3 glycan region, such as 10-1074
and PGT121, have been tested in humans (295-299). Studies infusing bNAbs to infected
participants showed rapid decreases in the plasma viral loads (296, 297). However, full viral
suppression was only observed in a minority of study participants infected with bNAb-

sensitive viruses, and the plasma viral load rebounded after a few weeks due to the
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development of escape mutations. Conseqeuently, administration of a single bNAb only allows
for a transient reduction of the plasma viral load before viral escape and increased viremia. As
the understanding that viral escape can be avoided by combining multiple ART regimens
targeting different steps of the viral replication cycle, a combination of multiple bNAbs
targeting nonoverlapping epitopes on the Env trimer has also been utilized to prolong viral
suppression (300). Thus, to overcome the generation of escape mutants, administering a
combination of two bNAbs (3BNC117 and 10-1074) to viremic individuals infected with
viruses sensitive to both bNAbs was attempted; this study demonstrated a reduction of viral

load that was longer when compared to single bNAb-treatment (301).

Of note, two recent Antibody Mediated Prevention trials (HVTN704/HVTNO85 and
HVTN703/HPTNO81), were conducted to determine whether VRCO1 can prevent HIV-1
acquisition (302). Despite their lack of efficacy, analysis showed that protective capacity of
passive immunization was limited only against highly sensitive viruses as well as serum
neutralization titers. Currently ongoing clinical trials are evaluating combinatory bNADb
transfusions to protect from HIV acquisition in vulnerable populations and are also evaluating
the antiviral functions of bNAbs in viremic individuals (ClinicalTrials.gov Identifier:
NCT04340596, NCT04319367, NCT03721510, NCTO04811040, NCT03837756, and
NCT04357821 to name a few).

1.3.3 Non-neutralizing response

During natural infection, majority of the elicited antibodies target Env sampling its State 2/3
conformations, and therefore exhibit little or no neutralizing activity against primary strains of
HIV-1 harbouring ‘closed’ Env trimers(303, 304). Thus, these nNAbs are elicited upon the
exposure of immunodominant epitopes via multiple mechanisms, including improper Env

processing and shed soluble gp120.

As discussed, the antibody’s Fab domain is a major determinant of its neutralizing capacity,
whereas the Fc domain of the antibody directly modulates Fc-mediated effector functions,

including ADCC. These have been shown to be key for potent neutralizing antibodies targeting
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the Env trimer, as well as functional nNAbs (305, 306). The importance of the Fc-mediated
effector functions in vivo was first shown by Hessell ef al., where the passive administration
of the antibody b12 (targeting the CD4bs) protected macaques against SHIV challenges, when
compared with Fc-compromised b12 LALA (L234A/L235A) that resulted in a partial loss of
protection (307). Many studies in the field have associated ADCC with the prevention of HIV
acquisition and slow disease progression in human studies as well as with NHP and humanized
mice (307-309). The levels of passively acquired ADCC-inducing antibodies have been
associated with decreased acquisition and mortality in infected infants born from HIV-positive
mothers, thus supporting the importance of ADCC-mediating antibodies in controlling HIV
infection (310, 311). Furthermore, studies highlighting a role of ADCC-competent Abs in
protection from HIV in vaccination (260), passive transfer (307), and natural viral control
(312), support the development of a two-pronged vaccinal approach to induce Abs harbouring

neutralization as well as strong effector functionalities.

As mentioned, the epitopes of most nNAbs are usually hidden in the ‘closed’ trimeric Env.
Thus , the interaction of Env with CD4 exposes these CD41i epitopes (Figure 1.9) and some
readily elicited antibodies recognize the CoRBS, V3 loop, or the gp41 subunit. More
specifically, one family named the anti-cluster A antibodies, have been described to be potent
ADCC mediators against HIV-1-infected cells when Env samples its CD4i conformation
(313). Anti-cluster A Abs target the interface of layer 1 and 2 located the gp120 inner domain
(composed of seven-stranded B-sandwich, layers 1 and 2, and N and C termini) (176, 314).
CD4i epitopes can be exposed on the surface of cells infected with viruses defective for Nef
and Vpu proteins and upon the binding of shed gp120 to CD4 on uninfected cells (306, 315).
Furthermore, CD4mc which bind within the Phe-43 cavity of Env, leads to thermodynamic
changes within the trimer similar, but not identical, to those induced by CD4 (233). Table 1.1
lists all the anti-Env antibodies used in this thesis along with their Env conformational

preference.
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Figure 1.9 Env conformations recognized by bNAbs and nNAbs. The ‘closed’ State 1
trimer is preferentially bound by bNAbs and Env sampling the ‘open’ CD4-bound
conformation is preferentially bound by nNAbs. N-U-: Nef and Vpu defective virus. Figure
adapted from (306) with authorization from Elsevier.

Table 1.1 Characteristics of Abs used in this thesis

Epitope Antibody Conformation preference
V2 apex PG9 Closed

2G12 Independent
V3-glycan PGT121 Closed

PGT126 Closed
gp120-gp41 interface PGTI151 Intermediate

A32 CD4-bound/Open
Cluster A N5i5 CD4-bound/Open

17b CD4-bound/Open
CORBS N12i2 CD4-bound/Open
V3 loop 19b CD4-bound/Open

1.3.4 Fe-mediated antibody functions and Fc receptors

The diverse Fc-mediated mechanisms to eliminate targets exposing vulnerable antigens
include antibody-dependent cellular cytotoxicity (ADCC), antibody-dependent complement-
mediated lysis (ADCML), and antibody-dependent cellular phagocytosis (ADCP) (Figure
1.10).
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Figure 1.10 Fc-mediated effector functions. Schematic representation of processes antibody-
dependent complement-mediated lysis (ADCML), antibody-dependent cellular cytotoxicity
(ADCC), and antibody-dependent cellular phagocytosis (ADCP) mediated by Fc domain of
IgG. Diagram created with BioRender.com.

These mechanisms are mediated via the Fc receptors (FcRs), which are a family of cell surface
receptors that also specifically bind to the Fc portion of antibodies. There are two classes of
FcRs that are functionally diverse: the activation and the inhibitory receptors, which transmit
their signals via immunoreceptor tyrosine-based activation (ITAM) or inhibitory (ITIM)
motifs, respectively. Human leukocytes express three main types of FcRs: FcyR (binds to 1gG),
FceR (binds to IgE) and FcaR (binds to IgA). There are five IgG Fc receptors, which are the
activatory FcyRI (CD64), FcyRIla (CD32a), FcyRIlc (CD32c), FeyRlIlla (CD16a), FcyRIIIb
(CD16Db), and the inhibitory FcyRIIb (CD32b) (Figure 1.11); each of which have different
cellular expression patterns and functions in the immune response (316, 317). Except for
FcyRI, FcyRs are of low affinity for IgG and do not engage monomeric IgG at physiological
conditions. These receptors require multimeric immune complexes for engagement and to
trigger receptor cross-linking and subsequent cellular responses (318). The functional assays
used in this thesis focus on effector cell activation via FcyRIlla (CD16a), with it being
expressed on NK cells, monocytes, and macrophages. Furthermore, FcyRIIla binds IgG

subclasses relatively differently, with higher affinities for [gG3 and IgG1 than IgG2 or IgG4
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(319). The neonatal Fc receptor (FcRn), expressed on endothelial cells and circulating
monocytes, 1s involved in IgG transport and recycling and prevents the intracellular

degradation of antibodies (320).
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Figure 1.11 Human Fc gamma receptors (FcyRs) and their leukocyte expression patterns.
Schematic representation of activatory FcyRI (CD64), FcyRIla (CD32a), FeyRIIc (CD32c),
FcyRIlla (CD16a), FcyRIlIb (CD16b), and inhibitory FcyRIIb (CD32b). +, constitutive
expression; —, no expression; (+) inducible expression, (+) *, expression depends on FCGR2C
allelic status. Diagram created with BioRender.com.

ADCC is mediated by effector cells, such as natural killer (NK) cells, neutrophils,
macrophages, andmonocytes to eliminate virally infected cells (317). In humans, this response
is initiated by the Fc regions of IgG1 or IgG3 subtypes that bind the activating FcyRIlla
(CD16a) receptor on effector cells (321). In addition to recognition via stress markers that are
expressed on the surface on infected cells, NK cells can be activated via the Fc region of IgG
that interacts with the FcyRIIIa. This is followed by clustering and cross-linking of FcyRs by
immune complexes and intracellular signalling pathways are initiated via tyrosine
phosphorylation of ITAM motifs. This in turn leads to the activation of kinases of the SYK
and SRC family, as well as activation of the protein kinase C (PKC) pathway, resulting in a
rapid increase in intracellular Ca®" levels. Effector cellular activation is associated with
activation of specific transcription factors that drive the expression and release of pro-

inflammatory cytokines and chemokines, including interferon gamma (IFN-y), tumor necrosis
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factor (TNF), and B-chemokines that inhibit viral spread (322-324). Activation is also
associated with the release of cytotoxic secretory granules (CD107a+) that traffic to the
immunological synapse. More specifically, NK cells release perforin and granzyme proteins
into the synaptic cleft (325, 326). Perforin is a pore-forming protein and granzyme B causes

DNA fragmentation and apoptosis of the target cell (327).

ADCEP is carried out by monocytes, macrophages, neutrophils, eosinophils and dendritic cells.
These phagocytes can be engaged by either complement receptors or FcyRs, including FcyRIla
(CD32a) and FcyRI (CD64) (328, 329). In addition to clearing antibody-opsonized targets,
phagocytosis and signalling via FcyRs also lead to the secretion of antiviral cytokines (330).
ADCML is mediated by a multivalent interaction of the IgG Fc with the complement protein
Clq to drive direct cytotoxicity, as well as other immunoregulatory functions involving

enhancement of phagocytosis and stimulation of antigen-presenting cells (331, 332).

1.3.4.1 Modulation of Fc-mediated antibody functions

Numerous factors govern the magnitude of antibody-mediated effector functions against
infected cells, which depend on the ability of immune complex formation and the efficiency
with which effector cells are activated. The degree of antibody binding to antigens correlates
with ADCC susceptibility, with lack of or excess binding disrupting effector functions (333,
334). Furthermore, antigen binding per se does not always trigger ADCC responses (335, 336),
because a threshold of sufficienct FcyR interactions needs to be met (i.e. clustering of FcyRs)
to activate effector cells (337). Since the affinity of antibodies for the majority of FcyRs,
including FcyRIla and FcyRlIlla, is low and in the micromolar range, only multivalent
antibody-antigen immune complexes can exert enough avidity to cluster them (317, 321, 328,
338). Similarly, the stoichiometry and the orientation of the antibodies bound to the antigen,
which dictate the accessibility of Fc domains to FcyRs, appear to play an important role (339,
340).

Amino acid mutations within the Fc portion of Abs can impact their ability to engage with

FcyRs. Some of these modifications include the LALA (L234A/L235A) and GRLR
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(G236R/L328R) mutations to decrease FcyR binding or the GASDALIE
(G236A/S239D/A330L/1332E) and AAA (S298A/E333A/K334A) mutations to increase FcyR
binding (341-343). Other mutations in the Fc domain include the YTE (M252Y/S254T/T256E)
and LS (M428L/N434S) substitutions to enhance interactions with FcRn and consequently,
increase the serum half-life of antibodies and extend their therapeutic effect (344, 345);. In the
context of passive transfer, these modifications could limit the number of administrations.
Moreover, FcyRs are polymorphic, where certain alleles exhibit higher affinity for Fc than
others. Single-nucleotide polymorphisms (SNPs) have been described to occur in FcyRIIla at
protein position 158 (change from valine to phenylalanine). Since these SNPs affect FcR
expression and IgG binding, and thus, affect the overall functionality of effector cells, they
influence the humoral response against HIV-1 (346, 347). Overall, the level, specificity,
isotype, and subclass of antibodies are characteristics that dictate the balance between Fc-

mediated protection and disease progression.

1.3.5 IgG Fc glycosylation

Besides amino acid substitutions, the Fc glycosylation profile of IgG proteins can also be
modified to enhance or reduce functionality. Glycosylation is an enzymatic co- and post-
translational modification that adds sugar molecules onto proteins needed for their folding,
stability, and functionality. More specifically, N-linked glycosylation involves the attachment
of a carbohydrate molecule to the amide nitrogen of asparagine (N) (348). Every IgG Fc is
glycosylated with an N-linked glycan at a single point in each heavy chain at asparagine 297
in the Cu2 domain that is essential for its thermodynamic stability and regulates the efficiency
of Fc-FcyR interactions (Figure 1.12) (349). The lack of an N-linked glycan at Asn297 results
in a lack of Fc-effector function. During recombinant IgG production, the glycan composition
can be altered by knocking in/out glycosidases in the medium of production (for example,

plant cells), or via in vitro enzymatic digestions (350).
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Figure 1.12 Structure of IgG and the IgG N-linked glycan. IgG proteins have a single N-
linked glycosylation site at Asn297 of each heavy chain. The base glycan structure is pictured,
with each of the four variably added glycan moieties presented with dotted lines. The largest
possible IgG Fc N-linked glycan structure includes the fucose, bisecting GIcNAc (b-GIcNAc),
galactose, and sialic acid moieties. Diagram created with BioRender.com.

Antibody N-linked glycans are sugar subunits including N-Acetylglucosamine (GIcNAc),
mannose (Man), galactose (Gal), N-Acetylneuraminic acid (Neu5Ac), and fucose (Fuc). The
process of N-glycosylation in eukaryotes takes place in the secretory pathway in the ER and
is modified in the Golgi apparatus as enzymes called glycosyltransferases catalyze the addition
and modification of these sugar subunits. The linkages between the sugars can occur in two
major types, o and P, depending on stereochemistry. The glycan precursors are initially
synthesized and linked to a dolichol molecule. As the antibody is synthesized in the ER, the
glycan precursor, GlcsManyGIcNAc, is attached to Asn297 by oligosaccharyltransferases. As
the antibody traffics through the Golgi, the glycan is trimmed by glycosidases to have a core
glycan composed of two GIcNAc molecules, and two additional Man antennae, each with a
single GIcNAc attached (351, 352). This core glycan can be sequentially modified by the
family of four glycosyltransferases: the fucosyltransferase enzymes that facilitate the addition
of a core Fuc subunit (fucosylation), the galactosyltransferase enzymes that add one or two
Gal molecules (galactosylation), the N-acetylglucosaminyltransferase enzymes that add a

bisecting GIcNAc (b-GlcNAc; bisection), and the sialyltransferases enzymes that add one
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sialic acid to each galactose subunit present (sialylation). Each glycan may or may not be
modified by any of these specific glycosyltransferases, and thus, the presence or absence of
these sugar subunits allows for the generation of 36 possible types of glycoforms. In humans,
there exist up to 144 possible IgG glycan and subtype combinations, due to the presence of a
terminal galactose, fucose, GIcNAc, or sialic acid. These glycans have been shown to influence

the binding to FcyRs on effector cells and, consequently, alter antibody functionality (353).

1. GlegMangGlcNAC, 2. Transfer onto 3. Trimming
precursor Asn-X-Ser/Thr
—-> —->
3. Fucosylation 4. Galactosylation 5.Bisection 6. Sialylation
Asn Asn Asn Asn
Key:
@ Glucose @ Mannose M GIcNAc P Fucose Galactose 4 Sialic Acid

Figure 1.13 Sequential Processing of the Fc¢ Glycan. The glycan precursor,
GlcsManyGlcNAcy, is transferred onto the antibody in the ER (purple box). Upon entry into
the Golgi, glycosidases and glycosyltransferases trim and extend the glycan into a classical
antibody biantennary structure. The glycan is first trimmed into the GlcsMan;s precursor within
the cis and medial Golgi (orange box). Then it is sequentially extended by four
glycosyltransferases: (1) fucosyltransferases adds a fucose within the medial Golgi, and inside
the trans Golgi (yellow box) (i1) galactosyltransferases adds one or two galactose molecules,
(111) N-acetylglucosaminyltransferases adds the b-GIcNAc, and (iv) sialyltransferases adds one
or two sialic acids. Figure adapted from (353) with authorization from Elsevier.

1.3.5.1 IgG Fc glycosylation and Fc-mediated functionality
The Fc glycan structures affects binding to FcyRIIla and FcyRIIIb through a glycan-glycan

interaction, due to a unique glycan found in these human FcRs at position 162 that interacts
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directly with the Fc-glycan within the IgG-Fc cavity (354). One of the most studied IgG glycan
modification is that of the core Fuc. The absence of the core Fuc increases the affinity of
FcyRIlla more than 50-fold (355) and thus, the ADCC activity that can be modulated
significantly (356). The presence of Fuc interferes with the glycan-glycan interaction between
FcyRIIla and the Fc region and thus, causes a steric hindrance and significantly reduces ADCC
(357, 358). Thus, fucosyltransferase knockout cell lines are used to produce therapeutic
monoclonal antibodies with optimized ADCC activity (359). Moreover, the process of
bisection can also sterically hinder the addition of a Fuc moiety and thus, enhance ADCC
activities (357, 360). Galactosylation has also been shown to enhance FcyRIIla binding and
modestly enhance ADCC in vitro (361-363). Lastly, preliminary evidence points towards
sialylated IgGs having reduced binding to FcyRIIla and enhanced anti-inflammatory activity
(364-366).

In the context of HIV-1, studies have reported significant differences in the IgG glycosylation
profiles depending on the disease status of HIV-1-infected individuals. Generally, infected
individuals have more afucosylated, agalactosylated, and asialylated antibodies (367, 368).
With respect to disease status, studies show that elite controllers harbour more afucosylated
and fewer sialylated glycoforms compared to progressors (369). Additionally, afucosylated
and galactosylated antibodies were shown to negatively correlate with levels of cell-associated

HIV DNA and RNA in ART treated individuals (368).

1.3.5.2 Modulation of IgG Fc glycosylation

The production of monoclonal antibodies using plant-based systems is a promising
recombinant protein production platform due to their low upstream production costs, high-
yield, speed, and safety (370). Plant species utilized for protein production include the tobacco
plant Nicotiana benthamiana. Current research to enhance the therapeutic activity of IgG and
antibody-mediated effector functions against viral infections is focused on engineering the Fc-
glycosylation status. Thus, using N. benthamiana to customize the N-glycans of IgG proteins
harbours many advantageous traits, including its fast growth rate and its ability to express

heterologous gene sequences (371).

42



Over the years, many parameters have been optimized to improve the efficiency with which
N. benthamiana can transiently express recombinant proteins, involving a vacuum infiltration
of its tissue with agrobacteria that harbour a DNA transgene for the protein of interest. Typical
plant N-glycans consist of xylose and core fucose residues that are added by
xylosyltransferases and fucosyltransferases, respectively. These plant-specific sugar residues
have been reported to cause allergic responses in human (372). Consequently, current plant-
based production systems have been optimized to bypass the addition of these undesired
glycans by utilizing N. benthamiana plants that are knock out for xylosyltransferases and
fucosyltransferases (373). Furthermore, mammalian glycoenzymes can be glycoengineered
into N. benthamiana plant lines to produce proteins harbouring the appropriate N-glycosylation
profile. This includes a transient expression of the mammalian fucosyltransferases,
glactosyltransferases, and N-acetylglucosaminyltransferases (374). More importantly, N.
benthamiana can generate proteins with homogenous N-glycosylation, promoting a profile

consistency of IgG production.

Antibody glycoengineering has been exploited to improve the efficacy of bNAb-FcyR
interactions against HIV-1-infected cells. This was accomplished using a 2G12 glycoform
lacking the core fucose and plant-specific xylose to enhance antibody-dependent cell-mediated
virus inhibition against HIV-1, along with significantly enhanced FcyRIlla binding (375).
Similar modifications were carried out for the bNAbs VRCO1 and PG9, where the fucose- and
xylose-free glycoforms had significantly higher affinities to form stable complexes with FcyRs

and induce significantly higher ADCC against infected cells, respectively (376, 377).

1.3.6 Viral mechanisms to evade antibody recognition

As explained, since the HIV-1 Env trimer is the only viral antigen exposed on the surface of
viral particles and infected cells, it represents the sole target of humoral immune responses and
facilitates the generation of neutralizing and non-neutralizing antibodies. This imposes
selective pressure on the HIV-1 Env, leading to the evolution of several features that diminish

recognition by antibodies and elimination of infected cells. These include Env trimers
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harbouring a high degree of glycosylation with N-linked carbohydrates and its constitutive

internalization.

In the context of infection, the importance of Fc-mediated effector responses, particularly
ADCC, has been extensively characterized in recent years (305). Nonetheless, HIV-1 has also
evolved several mechanisms of immune evasion, and specifically the functional activities of
certain accessory proteins and the structural features of Env that have been shown to reduce
the susceptibility of infected cells to ADCC. As briefly mentioned, Vpu down modulates the
restriction factor BST-2 that otherwise inhibits virion release at the surface of infected cells.
Thus, abrogating the interaction of Vpu with BST-2 and when using viruses defective for Vpu,
there is an increased accumulation of virions on the infected cell surface, increased sensitivity
to opsonization, and elimination by Fc-mediated effector mechanisms (315, 378, 379).
Moreover, downmodulating the CD4 receptor by Nef and Vpu also protects infected cells by
preventing the interaction of Env and CD4, and consequently, preventing the exposure of CD41
epitopes that are normally hidden in the ‘closed’ Env trimer (315). Furthermore, Nef also
downregulates the expression of NKG2D ligands, interfering with NK cell activation (124,
380).

It is now well established that the interaction of gp120 with CD4 is critical for the exposure of
highly conserved epitopes (315, 378). Importantly, CD41 ADCC-mediating antibodies are
naturally present in the sera of HIV-infected individuals, and HIV-1 has evolved to protect
infected cells from antibody binding (306, 381). Thus, binding of shed gp120 to CD4 receptors
on uninfected CD4+ T cells redirects ADCC responses away from the productively infected
cells to bystander cells. This phenomenon results in the elimination of uninfected bystander
cells. The in vivo effects of shed gp120 binding to the surface of bystander lymphocytes have
been suggested to serve as effective targets that contribute to decreased CD4+ T cell counts in
HIV-1-infected individuals (180, 382). This mechanism could also be in place to redirect
effector cell responses away from productively infected cells, perhaps to promote viral

replication, and could be another immune evasion strategy.
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1.4 Thesis Rationale and Objectives

Several different cellular and viral factors contribute to the efficacy of Fc-mediated effector
responses against HIV-1-infected cells. The shedding of gp120 can redirect humoral immune
responses from infected to uninfected cells, the conformation of Env modulates antibody
binding, antibody-binding stochiometry, the affinity of antibodies for FcyRs, FcR
polymorphisms, and the modulation of stress ligands by accessory proteins are just a few
examples of an expanding number of parameters governing Fc-effector functions. With the
available knowledge in the field of the classes of bNAbs and nNAbs and their varying
specificities, the question of how their activities could be harnessed to efficiently eliminate
infected cells remains to be fully answered. Firstly, a comprehensive understanding of
underlying factors that modulate the Fc-effector functionalities of Env-specific Abs is required
to improve their use as immunotherapeutic agents for HIV cure approaches. Thus, the
overarching aim of the research presented in this thesis was to investigate three mechanisms
by which ADCC responses to clear HIV-1-infected cells are altered. With a focus towards

boosting the Fc-effector functionality of IgG, my research had three broad objectives:

1. To determine the synergistic abilities of two families of antibodies targeting distinct
epitopes on the Env trimer to kill infected cells by ADCC.
CD4i antibodies, and more specifically, anti-cluster A antibodies target an epitope commonly
detected by antibodies present in sera from HIV-1-infected individuals (378). Previous work
from our group has shown that CD4-mimetics and the bivalent interaction of another class of
CD4i antibodies, CoRBS Abs, are required to sensitize HIV-1-infected cells to ADCC-
mediated by anti-cluster A antibodies (180). However, detailed knowledge about the
requirement of both these CD4i antibodies to activate effector cells was unclear. In Chapter 2,
we study the engagement of CD16a by these two CD4i antibodies targeting nonoverlapping

epitopes via recombinant dimeric FcyRIIIa proteins and a functional in vitro ADCC assay.
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2. To understand the impact of Env internalization from the surface of infected cells on
antibody-Env immune complex recognition by effector cells.
Since HIV-1 Env undergoes constitutive endocytosis, this phenotype has been correlated with
decreased Fc-effector responses against infected cells. However, Env endocytosis mediated by
antibodies, as seen with other viruses, including the respiratory syncytial virus (RSV) (383),
was not fully studied in the context of HIV-1. Thus, we evaluate the stability of certain Env-
antibody immune complexes on the surface of infected cells, the fate of endocytosed
complexes, and the effect on ADCC in vitro in Chapter 3. These observations are then
expanded in Chapter 4 to understand the underlying mechanisms that are associated with

antibody-mediated Env internalization.

3. To improve ADCC against infected cells by modulating the glycosylation profile of bNAbs.
Finally, in Chapter 5, we exploit the transient formation of immune complexes on the infected
cell surface, by enhancing the capacity of the Fc domain of a bNAb to engage with FcyRIlIIa.
The role of IgG N-glycosylation in mediating effective functional responses is clear, so
understanding the effects of modulating Fc glycosylation to clinically relevant antibodies, such

as PGT121 (299), is a crucial step toward harnessing this system to control disease progression.
The results generated from these four studies could be applied towards improving antibody

functionality against HIV-1-infected cells and eventually, the potential development of a

functional HIV-1 cure as discussed in Chapter 6.
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CHAPTER I
Two families of Env antibodies efficiently engage Fc-gamma receptors and eliminate

HIV-1-infected cells

Sai Priya Anand, Jérémie Prévost, Sophie Baril, Jonathan Richard, Halima Medjahed, Jean-
Philippe Chapleau, William D. Tolbert, Sharon Kirk, Amos B. Smith III, Bruce D. Wines,
Stephen J. Kent, P. Mark Hogarth, Matthew S. Parsons, Marzena Pazgier, and Andrés Finzi

2.1 Preface to Chapter 2

As discussed in Chapter 1, the ‘open’ CD4-bound Env conformation is recognized by
commonly elicited non-neutralizing and ADCC-mediating antibodies present in the sera from
HIV-1-infected individuals (232, 378). These nNAbs commonly target the highly conserved
Cluster A epitope within the gp120 subunit (313, 335, 384). Furthermore, Richard et al.
demonstrated that another class of anti-CoRBS Abs within HIV+ sera aid in anti-cluster A Ab
binding to enhance the overall ADCC activities in the presence of CD4mc (336). With this
information, whether the Fc-effector activities of Abs present in HIV+ sera was dependent
only on anti-cluster A Abs or on both classes of Abs, was unclear. Thus, in this chapter we
determine the requirement of both classes of antibodies to engage with FcyRIIla and mediate
ADCC. This information is crucial to determine which class of Ab would be necessary to

efficiently activate effector cells for potential immunization strategies.
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2.2 Abstract

HIV-1 conceals epitopes of its envelope glycoproteins (Env) recognized by antibody (Ab)-
dependent cellular cytotoxicity (ADCC)-mediating antibodies. These Abs, including anti-
coreceptor binding site (CoRBS) and anti-cluster A antibodies, preferentially recognize Env
in its ‘open’ conformation. The binding of anti-CoRBS Abs has been shown to induce
conformational changes that further open Env, allowing interaction of anti-cluster A
antibodies. We explored the possibility that CORBS Abs synergize with anti-cluster A Abs to
engage Fc-gamma receptors to mediate ADCC. We found that binding of anti-CoRBS and
anti-cluster A Abs to the same gp120 is required for interaction with soluble dimeric FcyRIIla
in enzyme-linked immunosorbent assays (ELISAs). We also found that Fc regions of both Abs
are required to optimally engage FcyRIlla and mediate robust ADCC. Taken together, our
results indicate that these two families of Abs act together in a sequential and synergistic

fashion to promote FcyRIIla engagement and ADCC.

2.3 Introduction

Increasing evidence suggests that antibody (Ab)-dependent cellular cytotoxicity (ADCC) is an
important host response that decreases human immunodeficiency virus type 1 (HIV-1)
infection and replication (1-7). Analysis of the RV144 vaccine trial data suggested that
increased ADCC activity was associated with decreased HIV-1 acquisition (8), and antibodies
(Abs) with potent ADCC activity were isolated from RV 144 vaccinees (9). The Fc portions of
IgGs on opsonized targets trigger effector responses, including ADCC, by the ligation and
cross-linking of specific Fc-gamma receptors (FcyR) expressed on effector cells (10). FcyRIIla
(CD16a) is the principal activating Fc receptor on natural killer (NK) cells, which are major
mediators of ADCC.

There are many factors that can contribute to the ability of Abs to engage effector cells to clear
infected cells, such as (i) the strength of IgG interactions with FcyRs; (ii) the density of IgG
opsonization; and (iii) the orientation of the Fc portion (11, 12). Additionally, the interaction
of FcyRs with Abs bound to distinct epitopes may have additive or synergistic effects on host

immune responses. Previous reports have shown improved neutralization efficacy with two or
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more monoclonal Abs (mAbs) targeting the Ebola virus (13), Hepatitis C virus (14) and HIV-
1 (15). Using influenza A virus as a model, it has been shown that the combination of MAbs
targeting different epitopes enhanced the induction of ADCC in an additive manner (16). These

findings exemplify the complex interactions present in a polyclonal Ab response in vivo.

In the context of HIV-1, it has been shown that antibodies targeting the CD4-bound
conformation of viral envelope glycoproteins (Env) mediate strong ADCC activity (17,-20).
It should be noted that these Abs require infected cells to present Env in an ‘open’
conformation for ADCC to be achievable (18, 19, 21, 22). Several families of Abs can bind
epitopes exposed in this conformation of Env, including anti-cluster A, anti-coreceptor binding
site (anti-CoRBS), anti-V3, and anti-gp41 Abs (17). To avoid exposure of these CD4-induced
epitopes, however, HIV-1 efficiently internalizes Env and prevents the accumulation of the
CD4 receptor on the surface of infected cells through Nef and Vpu accessory proteins (20).
Moreover, Vpu decreases Env levels at the cell surface by antagonizing the BST-2 host
restriction factor which otherwise tethers budding viral particles (23, 24) (the impact of these

accessory proteins on ADCC responses was recently reviewed in references 25-27).

In agreement with the susceptibility of the CD4-bound conformation of Env to ADCC, it has
been shown that small-molecule CD4-mimetics (CD4mc) ‘force’ Env to adopt a similar
conformation that enhances susceptibility of infected cells to ADCC triggered by antibodies
within sera, breast milk, and cervicovaginal fluids from HIV-1-infected subjects (21, 28-30).
The mechanism via which CD4mc facilitate anti-HIV-1 ADCC includes a synergistic
interaction of Env with both CD4mc and anti-CoRBS Abs present in HIV-1-positive (HIV-
1+) sera. The sequential binding of CD4mc and anti-CoRBS Abs opens the Env trimer and
facilitates recognition by the anti-cluster A family of Abs. The members of the latter family of
Abs recognize epitopes located in the gp120 inner domain which are occluded in the ‘closed’
native trimer (12, 20, 31-34) and are known to be responsible for the majority of the ADCC
activity present in HIV-1+ sera (17, 19, 20, 31, 35). Accordingly, the addition of anti-cluster
A Fab fragments has been shown to block most ADCC activity present in HIV-1+ sera (35).
Interestingly, addition of Fab fragments from the 17b antibody, which belongs to the anti-

49



CoRBS family of anti-Env antibodies (36), also significantly blocked ADCC activity of HIV-
1+ sera and in some cases to the same extent as anti-cluster A Fab fragments (35). Taken
together, these studies suggested that there is a high degree of cooperation between anti-cluster
A and anti-CoRBS Abs in the induction of effector functions. To mediate ADCC, Abs must
bridge their Fab-bound cognate antigen with effector cells capable of recognizing Ab Fc via
FcyR. While it was demonstrated that anti-CoRBS Abs facilitate the binding of anti-cluster A
Abs to Env (29), it is still not known whether these two families of Abs also coordinate for
FcyR engagement. Here we took advantage of the availability of a recently characterized
dimeric recombinant soluble FcyRIIla protein (11, 37-40) to evaluate whether these two

families of anti-Env Abs coordinate for FcyR engagement and ADCC responses.

2.4 Material and Methods

Ethics Statement.

Written informed consent was obtained from all study participants [the Montreal Primary HIV
Infection Cohort (71, 72) and the Canadian Cohort of HIV Infected Slow Progressors (73)
(74)], and research adhered to the ethical guidelines of CRCHUM and was reviewed and
approved by the CRCHUM institutional review board (ethics committee, approval number
CE16.164-CA). Research adhered to the standards indicated by the Declaration of Helsinki.
All participants were adult and provided informed written consent prior to enrolment in
accordance with Institutional Review Board approval. All sera were heat-inactivated for 30min

at 56°C and stored at 4°C until ready to use in subsequent experiments.

Isolation of Primary cells

CD4 T lymphocytes were purified from resting PBMCs by negative selection and activated as
previously described (20, 21). Briefly, PBMC were obtained by leukapheresis. CD4+ T
lymphocytes were purified using immunomagnetic beads as per the manufacturer’s
instructions (StemCell Technologies). CD4+ T lymphocytes were activated with
phytohemagglutinin-L (10 png/ mL) for 48 hours and then maintained in RPMI 1640 complete
medium supplemented with rIL-2 (100 U/mL).
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Viral production and Infections

Vesicular stomatitis viruses G (VSVG)-pseudotyped viruses were produced and titrated as
described (19). Viruses were used to infect activated primary CD4 T cells from healthy HIV-
1 negative donors by spin infection at 800 x g for 1 hour in 96-well plates at 25°C.

CD4-mimetics

The small CD4-mimetic compound BNM-III-170 was synthesized as described (42). The
compounds were dissolved in dimethyl sulfoxide (DMSO) at a stock concentration of 10mM
and diluted to 25uM in blocking buffer for the indirect ELISA assays and 50uM in PBS for
cell-surface staining or in RPMI-1640 complete medium for ADCC assays.

Antibodies and Sera

The anti-cluster A mAbs A32 and N5i5 were conjugated with Alexa-Fluor 647 probe (Thermo
Fisher Scientific) as per the manufacturer’s protocol and used for cell-surface staining of HIV-
I-infected primary CD4+ T cells. Additionally, the following anti-Env mAbs were also used
for cell-surface staining: N12i2 LALA, N5i5 LALA, the Fab fragments, Fab"2 fragments or
full CoRBS mAbs 17b and N12-i2. Goat anti-human Alexa Fluor-647 secondary Ab (Thermo
Fisher Scientific) was used to determine overall antibody and sera binding and AquaVivid
(Thermo Fisher Scientific) as a viability dye. AlexaFluor 647-conjugated Streptavidin was
used to determine biotin-tagged dimeric recombinant soluble FcyRIIla (V158) binding. Sera
from HIV-infected and healthy donors were collected, heat-inactivated and conserved as

previously described (19).

Protein production of recombinant proteins

FreeStyle 293F cells (Invitrogen) were grown in FreeStyle 293F medium (Invitrogen) to a
density of 1 x 10° cells/ml at 37°C with 8% CO» with regular agitation (150 rpm). Cells were
transfected with a codon-optimized plasmid expressing His6-tagged wild-type or mutant HIV-
1 YU2 gpl20 using the ExpiFectamine 293 transfection reagent, as directed by the
manufacturer (Invitrogen). One week later, the cells were pelleted and discarded. The

supernatants were filtered (0.22um filter) (Thermo Fisher Scientific) and the gpl20
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glycoproteins were purified by nickel affinity columns, as directed by the manufacturer
(Invitrogen). Monomeric gpl20 was subsequently purified by fast protein liquid
chromatography (FPLC), as reported previously (44). The gp120 preparations were dialyzed
against phosphate-buffered saline (PBS) and stored in aliquots at -80°C. To assess purity,
recombinant proteins were loaded on SDS-PAGE polyacrylamide gels in the absence of beta-
mercaptoethanol and stained with Coomassie blue.

The biotin-tagged dimeric recombinant soluble FcyRIIla (V158) protein was produced and
characterized as described (38) with additional purification using a Superdex 200 10/300 GL

column (GE Life Sciences).

ELISA-based rsFcyRIlla dimer-binding assay

Non-saturating concentrations of recombinant gpl120 glycoproteins in its full-length form
(0.4pg/ml) or lacking its V1, V2, V3 and VS5 variable regions (0.25ug/ml) were prepared in
PBS as well as bovine serum albumin (BSA) (2ug/ml) as negative control were adsorbed to
plates (MaxiSorp; Nunc) overnight at 4°C. Coated wells were subsequently blocked with
blocking buffer (tris-buffered saline (TBS) containing 0.1% Tween-20 and 1% (w/v) BSA for
1 hour at room temperature. Anti-HIV-1 Env monoclonal antibodies (1pug/ml) or HIV+ sera
(1:1000 dilution) were diluted in blocking buffer and incubated with the gp120-coated wells
for 1 hour at room temperature. When indicated, 25uM of BNM-III-170, or equivalent amounts
of DMSO, was diluted with the antibodies. Plates were washed four times with washing buffer
(TBS containing 0.1% Tween-20). This was followed by an incubation with 0.1pg/ml purified
dimeric rsFcyRIlla-biotin in blocking buffer for 1 hour at room temperature. Horseradish
peroxidase-conjugated (HRP) antibody specific for the Fc region of human IgG (Pierce) or
High Sensitivity Streptavidin-HRP (Thermo Fisher) (1/1000 in blocking buffer) was added for
1 hour at room temperature, followed by four washes. HRP enzyme activity was determined
after the addition of a 1:1 mix of Western Lightning oxidizing and luminol reagents (Perkin
Elmer Life Sciences). Light emission was measured with the LB 941 TriStar luminometer

(Berthold Technologies).
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Flow Cytometry Analysis

Cell-surface staining was performed as previously described (19, 21, 46). Cells infected with
HIV-1 primary isolates were identified by intracellular staining of HIV-1 p24 using the
Cytofix/Cytoperm Fixation/Permeabilization Kit (BD Biosciences) and the PE-conjugated
anti-p24 mAbD, clone KC57 (Beckman Coulter). The percentage of infected cells (p24+ cells)
was determined by gating the living cell population based on viability dye staining with
AquaVivid (Thermo Fisher Scientific). Samples were analyzed on an LSRII cytometer (BD

Biosciences), and data analysis was performed using FlowJo vX.0.7 (Tree Star).

FACS-based ADCC assay

Measurement of ADCC using the FACS-based assay was performed at 48h post-infection as
previously described (20, 46, 69, 75). Briefly, infected primary CD4+ T cells were stained with
AquaVivid viability dye and cell proliferation dye (eFluor670; eBioscience) and used as target
cells. Autologous PBMC effectors cells, stained with another cellular marker (cell proliferation
dye eFluor450; eBioscience), were added at an effector: target ratio of 10:1 in 96-well V-
bottom plates (Corning). Indicated concentrations of ADCC-mediating mAbs (0.3125, 0.625,
1.25, 2.5 or Sug/ml) with 50uM of BNM-III-170, or equivalent amounts of DMSO, when
specified were added to appropriate wells and cells were incubated for 15 min at room
temperature. The plates were subsequently centrifuged for 1 min at 300 x g, and incubated at
37°C, 5% COs: for 5 hours before being fixed in a 2% PBS-formaldehyde solution. Samples
were acquired on an LSRII cytometer (BD Biosciences) and data analysis was performed using
FlowJo vX.0.7 (Tree Star). The percentage of ADCC was calculated with the following
formula: (% of p24+ cells in Targets plus Effectors) — (% of p24+ cells in Targets plus
Effectors plus Abs) / (% of p24+ cells in Targets) by gating on infected live target cells.

In silico modelling

Models of the engagement of dimeric rsFcyRIIla receptor by anti-CoRBS and anti-cluster A
Abs IgGs bound to the target monomeric gp120 immobilized on a plate surface were built
based on available crystal structures. First the crystal structures of complexes of N5-15 Fab-

gp120937H057 coree-d1d2CD4 (PDB code 4H8W, (12)) and 17b Fab-gp120wuxsc2 core-d1d2CD4
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(PDB code 1RZJ, (65)) were superimposed based on gp120 with the IgG for each antibody
built by overlaying the murine antibody subclass IgG1 (PDB code 1IGY (76)) onto Fabs from
the two complexes. The model was assembled assuming monovalent binding of IgG1, and the
dimeric rsFcyRIlla receptor was built using the crystallographic dimer of FcyRIla-HR (PDB
code: 3RYS, high-responder polymorphism FcyRIla (68)) as a template. The interaction
between N5-15 and 17b Fcs and dimeric rsFcyRIIla was modeled based on the complex of

FcyRIIIa bound to the Fc of IgG1 (PDB code 1E4K (77)).

Statistical Analyses

Statistics were analyzed using GraphPad Prism version 6.01 (GraphPad, San Diego, CA,
USA). Every data set was tested for statistical normality, and this information was used to
apply the appropriate (parametric or nonparametric) statistical test. P values of <0.05 were
considered significant; significance values are indicated as * p<0.05, ** p<0.01, *** p<0.001,

#8515 < 0.0001.
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2.5 Results

Anti-CoRBS and anti-Cluster A Abs synergize to engage a soluble recombinant dimeric form

of FcyRllla

We recently developed an ELISA to model the cross-linking of FcyRs by Abs, a process
essential to initiate ADCC responses. Using this assay, we showed that recombinant FcyR
dimer engagement of Abs induced by the RV 144 vaccine regimen correlated with a functional
measure of ADCC (41). As such, we implemented this ELISA to assess anti-cluster A and
anti-CoRBS Ab engagement with recombinant soluble dimeric FcyRIlla (rsFcyRIlla).
Initially, ELISA plates were coated with recombinant gp120 and the ability of gp120-bound
anti-cluster A (A32) and/or anti-CoRBS (17b) Abs to engage soluble rsFcyRIlla was
determined. Despite detectable binding of both A32 and 17b to the gpl120-coated plates
(Figure 2.1C), we noted poor binding of rsFcyRIlla to either Ab alone or both Abs in
combination (Figure 2.1A). Since we recently reported that anti-CoRBS Abs facilitate anti-
cluster A Ab binding upon addition of CD4mc BNM-III-170 (29), we evaluated if this small
molecule CD4mc could facilitate rsFcyRIIla engagement. Plates were coated with
recombinant gp120 and then antibody and rsFcyRIlla binding was measured by ELISA in the
presence of BNM-III-170. Consistent with the CD4-induced (CD41) nature of anti-cluster A
and anti-CoRBS Abs and capacity of BNM-III-170 to stabilize gpl120 in a CD4-bound
conformation (42), both Abs bound gp120 slightly better in the presence of BNM-III-170
(Figure 2.1C). Interestingly, only the combination of A32 and 17b resulted in efficient
engagement between Abs and rsFcyRIlla (Figure 2.1A). To confirm that the CD4-bound
conformation of gp120 facilitates rsFcyRIIla engagement by anti-cluster A and anti-CoRBS
Abs, this Env conformation was stabilized by deleting the V1, V2, V3 and V5 variable regions
(AV1V2V3V5) (43, 44). Using this stabilized recombinant gp120, we observed that neither
anti-cluster A (A32, N5-i5) nor anti-CoRBS (17b, N12-i2) Abs could independently engage
the rsFcyRIIla. We noted, however, that utilizing any combination of Abs exhibiting these two
specificities resulted in a dramatic increase in rsFcyRIIla engagement (Figure 2.1B) - despite

similar overall binding of the Abs to the CD4-bound-stabilized gpl120 (Figure 2.1D).
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Cumulatively, these data indicate that anti-cluster A and anti-CoRBS Abs synergize to engage

with FeyRlIlIa.
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Figure 2.1. Anti-CoRBS and Anti-Cluster A Abs synergize to engage dimeric FcyRIIIa.
(A,C) Indirect ELISA using recombinant full length YU2 gp120 protein (0.4pug/mL) or using
(B,D) recombinant YU2 AV1V2V3VS5 gp120 protein (0.25ug/mL). (A-D) gp120-coated wells
were incubated with a total concentration of 1pg/mL of primary antibodies (A,C) +/- BNM-
III-170 (25 uM). Antibody binding to gp120 was detected using (A-B) a biotin-tagged dimeric
rsFcyRIIla (0.1pg/mL) followed by the addition of HRP-conjugated Streptavidin or using (C-
D) HRP-conjugated anti-human secondary antibody. Graphs represent Relative Light Units
(R.L.U.) obtained from at least 5 independent experiments done in quadruplicate with the error
bars indicating Mean +/- SEM. Statistical significance was tested using an unpaired t-test or a
Mann-Whitney U test based on statistical normality (* p<0.05, ** p<0.01, *** p<0.001, ****
p<0.0001; ns, non significant).
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Anti-CoRBS and anti-Cluster A Abs must recognize the same gp 120 subunit in order to engage
with dimeric FcyRIlla

In theory, due to their non-overlapping epitopes, anti-cluster A and anti-CoRBS Abs could
bind the same gp120-coated monomer or two different adjacent gp120-coated monomers to
facilitate rsFcyRIIla engagement. To distinguish between these two possibilities, we coated
equivalent amounts of CD4-bound stabilized (AVIV2V3V5) gpl20 mutants that were
competent to engage with anti-cluster A but presented decreased binding to anti-CoRBS
(R419D) Abs or that were competent to bind anti-CoRBS but had decreased binding to anti-
cluster A (W69A) Abs (Figure 2.2B). Strikingly, A32 and 17b were only able to engage
rsFcyRIIla when bound to the CD4-bound stabilized gp120 wt (having intact epitopes for anti-
cluster and CoRBS Abs) (Figure 2.2A). Indeed, despite similar overall binding of A32 and
17b to wells coated with an equimolar ratio of R419D and W69A CD4-bound stabilized
recombinant gp120s, poor rsFcyRIIla engagement was observed. These data suggest that both
A32 and 17b must bind the same gp120 to efficiently engage with FcyRIlIIa.
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Figure 2.2. Anti-CoRBS and anti-Cluster A Abs must engage with the same gp120
subunit in order to recruit dimeric FcyRIIIa.

Indirect ELISA using recombinant YU2 AV1V2V3V5 gpl120 protein (WT), its mutated
counterpart (W69A or R419D) or an equimolar mixture of both mutated gp120 (W69A and
R419D). gp120-coated wells were incubated with a total concentration of 1pug/mL of primary
antibodies. Antibody binding to gpl120 was detected using (A) a biotin-tagged dimeric
rsFcyRIIIa (0.1pg/mL) followed by the addition of HRP-conjugated Streptavidin or using (B)
HRP-conjugated anti-human secondary antibody. Graphs represent Relative Light Units
(R.L.U.) obtained from 5 independent experiments done in quadruplicate with the error bars
indicating mean +/- SEM. Statistical significance was tested using an unpaired t-test or a
Mann-Whitney U test based on statistical normality (* p<0.05, **** p<0.0001; ns, non
significant).
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Anti-CoRBS and Anti-Cluster A Abs present in HIV-1+ sera are required for efficient
engagement of FcyRIlla

Since the two families of Abs tested in this study are easily elicited following HIV-1 infection
(19, 29, 31, 45), we evaluated their contribution to the capacity of sera from 15 chronically
HIV-1-infected individuals to bind to the rsFcyRIlla by ELISA using the gp120 stabilized in
the CD4-bound conformation (AV1V2V3V5). Compared to sera from 5 healthy HIV-1-
uninfected donors, rsFcyRIlla was efficiently engaged by Abs present in most HIV-1+ sera
tested (Figure 2.3A). Interestingly, the addition of A32 or 17b Fab fragments to the HIV-1+
sera significantly blocked the binding of rsFcyRIlla (Figure 2.3A). Addition of A32 and 17b
fragments in combination significantly diminished rsFcyRIIla engagement, to the level of sera
from healthy uninfected (HIV-) individuals (Figure 2.3A). Similarly, gp120 mutants with
impaired ability to engage anti-cluster A (W69A) and/or anti-CoRBS (R419D) Abs failed to
facilitate rsFcyRIIla engagement with bound Abs (Figure 2.3B). As such, suggesting that
anti-cluster A and anti-CoRBS Abs represent the majority of Abs able to recruit FcyRIlIla in

HIV-1+ sera towards Env in the CD4-bound conformation.
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Figure 2.3. Dimeric FcyRIIla engagement by HIV+ sera is driven by anti-CoRBS and
anti-cluster A Abs.

(A) Indirect ELISA using recombinant YU2 AV1V2V3V5 gp120 protein (0.25ug/mL). gp120-
coated wells were incubated with sera from 15 chronically HIV-1-infected individuals +/- A32
Fab and/or 17b Fab fragments (lpg/mL). (B) Indirect ELISA using recombinant YU2
AV1V2V3VS5 gpl20 protein (WT) or its mutated counterparts (W69A, R419D or the double
mutant W69A/R419D). Sera binding to gp120 was detected using biotin-tagged dimeric
rsFcyRIlIa (0.1 pg/mL) followed by the addition of HRP-conjugated Streptavidin. Sera from
5 healthy individuals were used as a negative control. Graphs represent Relative Light Units
(R.L.U.) obtained from 3 independent experiments done in quadruplicate with the error bars
indicating mean +/- SEM. Statistical significance was tested using a paired t-test or a Wilcoxon
matched-pair signed-rank test (based on statistical normality) to compare HIV+ sera datasets
together and a Mann-Whitney U test to compare HIV+ sera with HIV- sera (**** p<0.0001;
ns, non significant).
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Anti-CoRBS and Anti-Cluster A Abs are required for efficient binding of FcyRIlla to infected

cells

The above work and prior studies used plate bound Env proteins to measure engagement of
FcyRIIla. We therefore developed a more physiological system to measure this interaction,
using HIV-1-infected cells. Primary CD4+ T cells were infected with a primary
transmitted/founder (T/F) virus CH58 (CHS58 T/F) either wild-type (WT) or defective for Nef
and Vpu expression (N-U-). The N-U- virus was used to present Env in the CD4-bound
conformation at the surface of infected cells (19, 20). Infected cells were identified by
intracellular p24 staining. As previously shown (29), cells infected with the wild-type virus
and therefore exposing Env in its untriggered ‘closed’ conformation were poorly recognized
by A32 or 17b in the absence of the CD4mc BNM-III-170. BNM-III-170 enhanced recognition
of the infected cells by 17b but not A32 (Figure 2.4C). In agreement with the ability of 17b
to facilitate A32 binding to Env in the presence of CD4mc (29) (Figure 2.5), recognition of
infected cells in the presence of BNM-III-170 was significantly higher for the combination of
17b and A32 than for 17b alone. Cobinding of 17b and A32 to CD4mc-bound Env translated
into an efficient and significant engagement of rsFcyRIlIa (Figure 2.4A, B). As expected, cells
infected with the N-U- virus presented Env in its CD4-bound conformation. As such, N-U-
virus-infected cells were efficiently recognized by 17b, A32 and the combination of both Abs
(Figure 2.4G, H). Interestingly, however, only the combination of A32 and 17b was able to
engage dimeric rsFcyRIlla (Figure 2.4E, F). Thus anti-cluster A and anti-CoRBS Abs are
required to efficiently bind rsFcyRIlIa to infected cells.

61



A CHS8 TIF B CHS8 T/F
FeyRilla FciRilla

600 -2 A32

(o}
-0 17b 2
-0~ A32+17b e
400
=~ A32 13
' E
= o I
200 E 3 3 E o aszettp |©
04 T : . :
025 05 1 2 4
[Ab] pgimL
C CHS8 T/F D CHEB TIF
a-human a-human
12000 - a3 o
0O 17b =
o A2+17p |
8000
- A32 o
[ £
= <+ 17 =
4000 o azoet7e |©
0
025 05 1 2 4
[AB] pg/mL
E CHS8 T/F Nef-Vpu- F CHS8 TIF Nef-Vpu
FcyRllla FeyRilla
800
- A32
600
O 17
[ =0 A32+17b
£ 400
200 B ————p
o4
025 05 1 2 4
[AB] pg/mL
G CHS8 TIF Nef-Vpu- H

a-human o-human
20000

= A%
15000
-+ 17h
M% o A
£ 10000
5000 ﬁ/ﬂ/ﬂ/gki

0+
025 05 1 2 4

[AR] pafmL

Figure 2.4. Anti-CoRBS and anti-Cluster A Abs are required for efficient engagement of
FceyRlIllIa to infected cells.

Cell-surface staining of primary CD4+ T cells infected with CH58 T/F virus either (A-D) WT
or (E-H) defective for Nef and Vpu expression (N-U-) with various concentrations of A32 and
17b alone or in combination (1:1 ratio). (A-D) Staining with CH58 T/F WT virus was done +/-
BNM-III-170 (50uM). Antibody binding was detected using (A-B, E-F) a biotin-tagged
dimeric rsFcyRIlla (0.2pg/mL) followed by the addition of AlexaFluor 647-conjugated
streptavidin or using (C-D, G-H) AlexaFluor 647-conjugated anti-human secondary antibody.
(A,C,E,G) Graphs represent mean fluorescence intensities (MFI) in the infected (p24+)
population obtained from 5 independent experiments with the error bars indicating mean +/-
SEM. (B,D,F,H) Areas under the curve (AUC) were calculated based on MFI datasets using
GraphPad Prism software. Statistical significance was tested using an unpaired t-test or a
Mann-Whitney U test based on statistical normality (* p<0.05, ** p<0.01, *** p<0.001; ns,
non significant).
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Figure 2.5. CD4mc in combination with Fab’2 but not Fab’1 fragments of anti-CoRBS
Abs are sufficient to expose cluster A epitopes.

Cell-surface staining of primary CD4+ T cells infected with CH58 T/F WT virus with (A)
AlexaFluor 647-conjugated N5i5 or (B) AlexaFluor 647-conjugated A32 with 1.25 pg/mL of
CoRBS antibodies +/- BNM-III-170 (50uM). Graphs represent the mean fluorescence
intensities (MFI) in the infected (p24+) population obtained from 5 independent experiments
with the error bars indicating mean +/- SEM. Statistical significance was tested using an
unpaired t-test (* p<0.05, **** p<0.0001; ns, non significant).
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Anti-CoRBS and Anti-Cluster A Abs are required for efficient ADCC-mediated killing of HIV-
1 infected cells

To evaluate whether engagement of rsFcyRIIla translates into ADCC, primary CD4+ T cells
from at least five healthy uninfected (HIV-) donors were infected with CH58 T/F WT and N-
U- viruses and evaluated for their susceptibility to ADCC mediated by effector cells present
in autologous PBMCs. ADCC was assessed using an assay measuring the elimination of
infected (p24+ cells) (19-21, 30, 46). In agreement with the lack of rsFcyRIIIa binding to wild-
type infected cells treated with A32, 17b or A32/17b in the absence of the BNM-III-170
CD4mc (Figure 2.4A), only low ADCC activity was observed for A32, 17b or A32/17b in the
absence of BNM-III-170 (Figure 2.6A, B). Significant ADCC activity was only observed
upon addition of the small molecule CD4mc BNM-III-170 with the combination of A32 and
17b Abs as predicted by rsFcyRIIIa binding. As previously reported, cells exposing Env in its
CD4-bound conformation due to Nef and Vpu deletions were susceptible to ADCC mediated
by A32 (19, 20) but not 17b (17). However, the combination of A32 and 17b further enhanced
ADCC (Figure 2.6C, D). Altogether this data suggest that anti-cluster A and anti-CoRBS Abs
cooperate for ADCC activity against infected cells by better engaging FcyRIlIa.

64



CHE8 T/F CH58 T/F
75" *kkk
15+ -7~ A32 o) KKK
T T - o 2 een_
104 - ~ -0~ A32+17b |° 50 L
8]
3 A32 o 2
O 5 £ ns
<§ 17b 2 254 ns
X A32+17b |© -
04- .
O-ijj—|—|—|—
T T T T ?[;bq/ (\0 ,\Q ??S]/ <\\0 >('<\~0
X
0.25 0.5 1 2 4 vi,;), vrb%
[Ab] (pg/mL)
DMSO CD4mc
" CH58 T/F Nef-Vpu- CH58 T/F Nef-Vpu-
150~ .
-7~ A32 ke
T
204 = 17b i
3 -0 A32+17b o 100
Q S 1
< <C
107 e N 50-
1
O T T T Ll O 1 1 L]
025 05 1 2 4 A32 17b  A32 +17b
[Ab] (ng/mL)

Figure 2.6. ADCC against HIV-1-infected cells expressing Env in its CD4-bound
conformation is enhanced by the combination of anti-CoRBS and anti-cluster A Abs.
Primary CD4+ T cells from at least 5 different healthy donors were infected with CH58 T/F
virus either (A-B) WT or (C-D) defective for Nef and Vpu expression (N-U-) and used as
target cells and autologous PBMC as effector cells in a FACS-based ADCC assay (29). (A-B)
ADCC with CH58 T/F WT was done +/- BNM-III-170 (50uM). Shown in (A,C) are the
percentages of ADCC-mediated killing obtained with various concentrations of A32 and 17b
alone or in combination (1:1 ratio). (B,D) Areas under the curve (AUC) were calculated based
on ADCC datasets using GraphPad Prism software. Data is representative of 5 independent
experiments with the error bars indicating mean +/- SEM. Statistical significance was tested
using an unpaired t-test or a Mann-Whitney U test based on statistical normality (* p<0.05,
*a% p<0.001, **** p<0.0001; ns, non significant).
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Fc regions of anti-cluster A and anti-CoRBS Abs are required to engage FcyRIlla and mediate
ADCC

To evaluate how the combination of anti-cluster A and anti-CoRBS Abs facilitate engagement
of rsFcyRlIlla, we introduced double leucine to alanine substitutions at positions 234 and 235
(LALA) of the Fc region of anti-CoRBS (N12i2) and anti-cluster A (N515) Abs. The LALA
mutation significantly decreases Ab engagement with FcyRlIIla (47-49). First, we evaluated
the ability of the unmutated Abs and their LALA counterparts to engage rsFcyRIIla by ELISA.
As shown in Figure 2.7A, only the combination of Fc-competent anti-cluster A and anti-
CoRBS Abs engaged rsFcyRIIla, despite similar levels of Ab binding to coated gp120 in
conditions containing single Abs or combinations of LALA mutant Abs (Figure 2.7B). These
results were corroborated by experiments assessing rsFcyRIIIa engagement with Abs bound to
cells infected with wild-type and N-U- viruses. In cells infected with the wild-type virus, anti-
cluster A and anti-CoRBS Abs were able to efficiently engage the rsFcyRIIla upon small
molecule CD4mc BNM-III-170 addition, but only if Fc-competent Abs were used (Figure
2.7C). Similarly, only combinations of Fc-competent anti-cluster A and anti-CoRBS Abs were
able to engage rsFcyRIlIla to Nef-Vpu- infected cells (Figure 2.7D). Importantly, rsFcyRIIla
engagement translated into ADCC activity (Figure 2.7E, F). Likewise, even though Fab’2
fragments of anti-CoRBS Abs sufficiently expose anti-cluster A epitopes in the presence of
CD4mc (29) (Figure 2.5), only the combination of anti-cluster A Abs with full IgG anti-
CoRBS Abs, not Fab2 fragments, optimally recruited rsFcyRIIla and mediated potent ADCC
in the presence of CD4mc (Figures 2.8 and 2.9). Thus, the data suggest that a threshold of
FcyRIlla engagement is required to mediate ADCC. Moreover, our results indicate that both

Fc regions of these two families of Abs are required to engage FcyRIlIla to mediate ADCC.
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Figure 2.7. Introduction of LALA mutations in the Fc portion of both CoRBS and Anti-
cluster A antibodies decreases engagement of dimeric FcyRIIla and ADCC against HIV-
1-infected cells

(A, B) Indirect ELISA using recombinant YU2 AV1V2V3V5 gp120 protein (0.25ug/mL) with
a total concentration of 1ug/mL of primary antibodies. Antibody binding to gp120 was
detected using (A) a biotin-tagged dimeric rsFcyRIIIa (0.1pg/mL) followed by the addition of
HRP-conjugated Streptavidin or using (B) HRP-conjugated anti-human secondary antibody.
(A-B) Graphs represent Relative Light Units (R.L.U.) obtained from at least 5 independent
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Figure 2.7. Introduction of LALA mutations in the Fc portion of both CoRBS and Anti-
cluster A antibodies decreases engagement of dimeric FcyRIIIa and ADCC against HIV-
1-infected cells (continued):

experiments done in quadruplicate with the error bars indicating Mean +/- SEM. (C, D) Cell-
surface staining of primary CD4+ T cells infected with CH58 T/F virus either (C) WT or (D)
defective for Nef and Vpu expression (N-U-) with a total concentration of 2.5 pg/mL of
primary antibodies. (C) Staining with CH58 T/F WT virus was done in the presence of BNM-
II-170 (50uM). (C-D) Antibody binding was detected using a biotin-tagged dimeric
rsFeyRIIla (0.2pg/mL) followed by the addition of AlexaFluor 647-conjugated streptavidin.
Graphs represent mean fluorescence intensities (MFI) in the infected (p24+) population
obtained from 5 independent experiments with the error bars indicating Mean +/- SEM. (E-F)
Primary CD4+ T cells from at least 5 different healthy donors infected with CH58 T/F virus
either (E) WT or (F) defective for Nef and Vpu expression (N-U-) were used as target cells
and autologous PBMC as effector cells in a FACS-based ADCC assay (29). (E) ADCC with
CHS58 T/F WT was done in the presence of BNM-III-170 (50uM). Shown in (E-F) are the
percentages of ADCC-mediated killing obtained with a total concentration of 2.5ug/mL of
antibodies. Data is representative of 5 independent experiments with the error bars indicating
mean +/- SEM. Statistical significance was tested using an unpaired t-test or a Mann-Whitney
U test based on statistical normality (* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001; ns,
non significant).
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Figure 2.8. The Fc portion from both anti-CoRBS and anti-Cluster A Abs are required
to engage dimeric FcyRlIIla.

Cell-surface staining of primary CD4+ T cells infected with CH58 T/F WT virus with a total
concentration of 2.5ug/mL of primary antibodies +/- BNM-III-170 (50uM). Antibody binding
was detected either by (A, B) biotin-tagged dimeric rsFcyRIIla (0.2 pg/mL) followed by the
addition of Alexa Fluor 647-conjugated streptavidin or by (C, D) Alexa Fluor 647-conjugated
anti-human secondary antibody. Graphs represent the mean fluorescence intensities (MFI) in
the infected (p24+) population obtained from 5 independent experiments with the error bars
indicating mean +/- SEM. Statistical significance was tested using an unpaired t-test or a
Mann-Whitney U test based on statistical normality (* p<0.05, ** p<0.01, *** p<0.001; ns,
non significant).
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Figure 2.9. The Fc from both anti-CoRBS and anti-cluster A Abs are required to mediate

potent ADCC against HIV-1-infected cells.

Primary CD4+ T cells from at least five different healthy donors were infected with CH58 T/F
WT virus and used as target cells. Autologous PBMC were used as effector cells in a FACS-
based ADCC assay. Shown in (A-D) are the percentages of ADCC-mediated killing obtained
with a total concentration of 2.5 pg/mL of antibodies in the absence (black bars) or presence
resentative of 5 independent experiments with
the error bars indicating mean +/- SEM. Statistical significance was tested using an unpaired

(grey bars) of BNM-III-170 (50uM). Data is rep

t-test (*** p<0.001, **** p <0.0001).
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2.6 Discussion

HIV-1 has evolved several evasion mechanisms to evade the humoral response elicited against
its envelope glycoproteins, including conformational masking of vulnerable epitopes, high
sequence variability in the wvariable loops and extensive glycosylation (50-52). The
conformational dynamics of Env also constitute a major barrier for Env inactivation by Abs.
The functional Env trimer mainly exists in an untriggered ‘closed’ conformation (State 1) that
cannot be seen by non-neutralizing Abs (nnAbs). However, Env has intrinsic access to the
‘open’ CD4-bound conformation (State 3) through one necessary conformational intermediate
(State 2) in which only one protomer is competent for CD4 binding (53, 54). Primary Tier 2
viruses are more ‘closed’, with elevated State 1 occupancy, explaining why they are resistant
to binding and neutralization by nnAbs (54). CD4 and CD4mc interaction modifies the
conformational landscape towards State 3 by lowering the energy barrier to ‘open’ states 2/3,
rendering Env vulnerable to nnAb attack (18, 54-56). The majority of the antibodies elicited
during natural infection are strain-specific neutralizing or nnAbs (57) and thought to play a
minimal role in controlling viral replication. Recent studies, however, showed that these
antibodies can exert a constant selection pressure and alter the course of HIV-1-infection in
vivo (58, 59). Non-neutralizing Abs with Fc-effector function are present in HIV-1+ sera and
have been shown to mediate potent ADCC activity against cells presenting Env in its ‘open’
CD4-bound conformation (17-21, 26, 30, 60-62). Among the different nnAbs tested for their
ADCC activity, the anti-cluster A family of Abs were identified as being the most potent
against target cells expressing Env in this ‘open’ conformation (17, 31, 33, 35). Of note, these
Abs can be readily elicited in non-human primates with monomeric gp120 immunogens (22).
Additional nnAbs such as anti-CoRBS Abs, which are unable to mediate potent ADCC activity
on their own (17), were shown to facilitate engagement of anti-cluster A Abs and potentiate
their ADCC activity (29). Here we provide evidence that anti-cluster A and anti-CoRBS Abs
collaborate in engaging the dimeric form of the FcyRIIla receptor when bound to the cognate
epitopes within the same monomeric gp120. We utilized a novel probe, a covalent FcyRIIla
dimer as a surrogate of FcyRIIIa present on effector cells (11, 38, 40, 41, 63) and showed that
sequential binding of antibodies specific for these two CD41i epitope targets is required for

effective receptor engagement and potent ADCC. Recent structural studies defined the Env
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epitopes recognized by anti-cluster A and anti-CoRBS Abs at the atomic level and mapped the
cluster A epitope region to the C1-C2 regions of the gp120 inner domain in its CD4-bound
conformation (12, 32, 33, 64) and CoRBS to the bridging sheet and the base of the V3 loop of
the CD4-triggered gp120 (65-67). These two epitopes are not overlapping. In order to validate
our findings of collaboration in effective engagement of the dimeric Fc-gamma receptor by
antibodies specific for these two epitopes targets we prepared a model of the putative immune-
complex that needs to be formed on the gp120 antigen in order to engage a covalent FcyRIIla
dimer (Figure 2.10). We used the crystallographic dimer of FcyRIla-HR (PDB code: 3RYS),
a high-responder polymorphism FcyRlIla (68) as a template to generate the putative FcyRIIla
dimer. As predicted, the anti-cluster A N5-i5 and anti-CoRBS 17b antibodies bind to non-
overlapping sites on the same gp120 protomer such that their Fc domains are brought in close
proximity (Figure 2.10). Simple adjustment of Fc positions, which could be mediated by the
IgG1 hinge region, orients the Fcs to permit interactions with the FcyRIlla dimer (Figure
2.10). Taken together the in silico modelling clearly confirms the possibility of complex
formation in which the anti-cluster A and anti-CoRBS Abs are bound to the same gp120
antigen and their Fc domains engaged in an interaction with the dimeric Fc gamma receptor.

However, whether the same configuration is maintained on trimeric Env remains to be shown.

Although our results reveal that anti-cluster A and anti-CoRBS Abs collaborate to trigger anti-
HIV-1 ADCC, it is important to note that a collaboration between these Abs is only required
for ADCC in the context of CD4mc. Indeed, target cells infected with N-U- viruses bind A32
and are susceptible to ADCC through A32 alone. Similarly, gp120-coated CD4+ T cells are
susceptible to ADCC triggered by A32 alone (46, 69). The exact mechanisms behind the
differential requirement for anti-CoRBS Abs for ADCC against target cells infected with wild
type virus in the presence of CD4mc and target cells coated with gp120 or infected with N-U-
viruses remain undetermined. One possible contributor to this phenomenon is the sparse
density and/or proximity of Env on cells infected with wild type virus, increasing the need for
multiple Abs per Env spike (70). Another possible contributor is that the conformational
changes in Env induced by cell surface CD4 (present on target cells coated with gp120 or

infected with N-U- viruses) is sufficient to allow binding to cell surface co-receptors and
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negate the need for anti-CoRBS Abs to reveal the A32 epitope (12, 20). The conformational
changes in Env induced by CD4mc, however, are not sufficient to allow co-receptor binding

to Env, thus necessitating anti-CoRBS Ab binding to reveal the A32 epitope (29).

Taken together, our data identifies a complex interplay between two families of easy-to-elicit
antibodies, present in most HIV-1-infected individuals, with good potential to eliminate HIV-
I-infected cells, provided that the Env in the target cell is in a more open conformation.
Interestingly, small molecule CD4-mimetics have been shown to ‘open up’ the Env trimer (21,
22, 30), therefore, this data suggests that strategies aimed at stabilizing ‘open’ Env
conformations with CD4mc might expedite the design of new strategies aimed at fighting HIV-

1 infection.
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Figure 2.10. Model of the dimeric rsFcyRIIla engagement by anti-CoRBS and anti-
cluster A Abs bound to their cognate epitopes within the same gp120 subunit.

The model was built using representative anti-CoRBS and anti-cluster A Abs for which crystal
structures of Fab-antigen complexes are available and the dimeric rsFcyRIlla receptor as
described in the materials and methods section. Monomeric gp120 (shown in grey and black
for inner and outer domain, respectively) immobilized on a plate surface is triggered by the
small CD4 mimetic compound BNM-III-170 to expose the co-receptor binding site (top panel).
gp120 in the BNM-III-170-bound conformation is recognized first by anti-CoRBS Ab (17b or
N12i2) followed by anti-cluster A Ab (A32 or N5i5) binding (middle panel). The proximity of
the CoRBS and cluster A regions within the gp120 antigen permits easy engagement of Ab Fc
domains into the complex with the dimeric rsFcyRIIla receptor (bottom panel). Only minimal
adjustment of positions (possibly mediated by the IgG hinge region) of anti-CoRBS and anti-
cluster A bound to the same gpl120 molecule is required for engagement of the dimeric
rsFeyRIIla receptor. In vivo, an array of identical complexes that involve two Abs bound to
the same gpl120 antigen and the dimeric rsFcyRIIla receptor is presumably required to
effectively stimulate an effector cell.
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CHAPTER III
Antibody-induced internalization of HIV-1 Env proteins limits the surface expression

of the closed conformation of Env

Sai Priya Anand, Jonathan Grover, William D. Tolbert, Jérémie Prévost, Jonathan Richard,
Shilei Ding, Sophie Baril, Halima Medjahed, David T. Evans, Marzena Pazgier, Walther
Mothes, and Andrés Finzi

3.1 Preface to Chapter 3

As described in Chapter 1, HIV-1 has evolved to acquire several strategies to limit the exposure
of its Env on the surface of infected cells. Interestingly, it has been reported that the interaction
of some antibodies with viral glycoproteins expressed on the surface of Respiratory Syncytial
virus (RSV) (383) and Feline Coronavirus (385) infected cells accelerates glycoprotein
internalization and decreases its exposure to the immune system. These studies suggested that
the stability of antigen-antibody complexes on the surface of infected cells could contribute to
modulating humoral responses against infected cells. The applicability of this phenotype in the
context of HIV-1-infected cells was unclear in the field and in this chapter we attempt to
uncover a phenotype of antibody-induced HIV-1 Env internalization. The results of this study
have important implications in understanding underlying causes that could hinder ADCC

responses to clear HIV-1-infected cells.
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3.2 Abstract

To minimize immune responses against infected cells, HIV-1 limits the surface expression of
its envelope glycoprotein (Env). Here we demonstrate that this mechanism is specific for the
Env conformation and affects the efficiency of ADCC. Using flow cytometry and confocal
microscopy we show that broadly neutralizing antibodies (bNAbs) targeting the ‘closed’
conformation of Env induce its internalization from the surface. In contrast, non-neutralizing
antibodies (nNAbs) are displayed on the cell surface for prolonged period of times. The bNADb-
induced Env internalization can be decreased by blocking dynamin function, which translates
into higher susceptibility of infected cells to antibody-dependent cellular cytotoxicity (ADCC).
Our results suggest that antibody-mediated Env internalization is a mechanism used by HIV-
1 to evade immune responses against the ‘closed’ conformation of Env expressed on HIV-1-

infected cells.
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3.3 Introduction

Human immunodeficiency virus type 1 (HIV-1) envelope glycoproteins (Env) are exposed on
the surface of viral particles and infected cells. Antibodies (Abs) targeting Env can therefore
either neutralize viral particles, or mediate different immune responses including antibody-
dependent cellular cytotoxicity (ADCC) against infected cells. ADCC has been associated with
decreased HIV-1 transmission and disease progression (1-5). Antibodies with ADCC activity,
in the presence of low plasma IgA Env-specific Abs, inversely correlated with HIV-1

acquisition in the partially successful Thai RV 144 vaccine trial (6).

HIV-1 has evolved several mechanisms to avoid the elimination of infected cells via ADCC.
Env in its ‘open’ CD4-bound conformation is particularly vulnerable to ADCC activity (7-9).
HIV-1 keeps Env in its ‘closed’ (State 1) conformation on the surface of infected cells by
preventing the accumulation of the CD4 receptor via Nef and Vpu-mediated downregulation
(9-11). The virus also evades ADCC by antagonizing BST-2 (9, 12-14) through its Vpu
accessory protein. In addition to these evasion mechanisms, the virus minimizes Env
accumulation at the cell surface by internalizing Env (15). HIV-1 Env has a long C-terminal
cytoplasmic domain, which is involved in the regulation of Env trafficking and contains
several endocytic signals, including membrane-proximal tyrosine-based sorting motifs and
dileucine motifs (16-18). Mutations of these motifs have been shown to result in increased
cell-surface expression of Env, which correlates with increased ADCC responses (15, 19, 20).
Internalizing envelope glycoproteins from the cell surface to avoid humoral immune responses
does not appear to be restricted to HIV-1; Equine Herpesvirus-1 (21) and Pseudorabies virus
(22) also downregulate their envelope glycoproteins to avoid antibody-dependent
complement-mediated lysis. Thus, internalization of viral envelope glycoproteins from the
surface of infected host cells appears to be a mechanism employed by many viruses to

minimize recognition by the immune system (23-26).
The ability of antigen-Ab complexes to remain on the surface of infected cells might be another

factor modulating humoral responses against different viruses. It has been reported previously

that the interaction of some Abs with Env glycoproteins expressed on the surface of
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Respiratory Syncytial virus (RSV) (27) and Feline Coronavirus (28) infected cells accelerates
their internalization and decreases their exposure to the immune system. Here we evaluated
the fate of HIV-1 Env expression at the surface of cells upon antibody binding and made the
surprising observation that the binding of broadly neutralizing antibodies (bNAbs) but not non-
neutralizing antibodies (nNAbs) induced Env-Ab complex internalization and reduced ADCC
responses mediated by bNAbs. These data indicate that HIV-1 specifically evades immune

responses against the closed conformation of Env.
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3.4 Material and Methods

Plasmids and cell lines

293T human embryonic kidney cells (American Type Culture Collection) were maintained at
37°C under 5% CO; in Dulbecco’s modified Eagle’s medium (Invitrogen) containing 5% fetal
bovine serum (Sigma) and 100ug/ml of penicillin-streptomycin (Mediatech). The E168K
mutation was introduced into the previously described pcDNA3.1 expressing codon-optimized
HIV-1 JRFL envelope glycoproteins (34) using the QuickChange II XL site-directed
mutagenesis protocol (Stratagene). Other plasmids used to transfect 293T cells include
pcDNA3.1 human CD4 expressor and pIRES-GFP vector (9, 43). The pCAGGS codon-
optimized JR-FL gp160 plasmid was a kind gift from Joseph Sodroski (63). The pECFP Lamin
B Receptor plasmid was a kind gift from Melissa Rolls and Tom Rapoport (64).

Isolation of Primary cells, Viral production, and Infections

CD4+ T lymphocytes were purified from resting PBMCs by negative selection and activated
as previously described (8, 9). Briefly, PBMC were obtained by leukapheresis from at least
five different healthy HIV-uninfected individuals. CD4+ T lymphocytes were purified by
negative selection using immunomagnetic beads as per the manufacturer’s instructions
(StemCell Technologies). CD4+ T lymphocytes were activated with phytohemagglutinin-L
(10 pg/ mL) for 48 hours and then maintained in RPMI 1640 complete medium supplemented
with rIL-2 (100 U/mL).

To ensure similar levels of infection between viruses, vesicular stomatitis viruses G (VSVG)-
pseudotyped viruses were produced and titrated as described (8). Viruses were used to infect
activated primary CD4 T cells from healthy HIV-1 negative donors by spin infection at 800 x
g for 1 hour in 96-well plates at 25°C.

Antibodies

Anti-HIV-1 gp120 mAbs recognizing CD4-induced epitopes (A32, 17b; obtained from NIH
AIDS Reagent Program), the outer domain (2G12; obtained from NIH AIDS Reagent
Program) and the gp120-gp41 interface (PGT151; obtained from International AIDS Vaccine
Initiative [TAVI]) were conjugated with Alexa-Fluor 488 or 594 (Thermo Fisher Scientific) as
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per the manufacturer’s protocol and used for confocal microscopy analyses of cell-surface
staining of 293 T-transfected cells. Additionally, the following anti-Env mAbs were also used
for cell-surface staining: PGT126 (IAVI), PG9 (Polymun), N5-15, N12-i2. Fab fragments were
generated by papain digest of the corresponding antibody. Briefly purified IgGs were
incubated at 37°C overnight with immobilized papain (G Biosciences) and then filtered to
remove the papain. Fabs were separated from undigested IgG and Fc by passage over a HiTrap
protein A column (GE Healthcare) equilibrated with phosphate buffered saline (PBS) pH 7.2.
Flow through fractions were concentrated and further purified by gel filtration chromatography
on a Superdex 200 gel filtration column (GE Healthcare) equilibrated in 25 mM Tris-HCI pH
8.5 and 150 mM sodium chloride. Fab fractions with elution times roughly correlating to 50
kDa were combined and concentrated prior to use. Goat anti-human Alexa Fluor-647
secondary Ab (Thermo Fisher Scientific) was used to determine overall antibody binding and
AquaVivid (Thermo Fisher Scientific) as a viability dye. Mouse monoclonal EEA1 (14/EEA1)
and LAMP1 (H4A3) antibodies were obtained from BD Transduction Laboratories. Alexa-

Fluor 568 goat anti-mouse was obtained from ThermoFisher Scientific.

Flow Cytometry Analysis of Cell Surface Staining

Cell-surface staining was performed as previously described (8, 9). Cells infected with HIV-1
primary isolates were identified by intracellular staining of HIV-1 Gag using the
Cytofix/Cytoperm Fixation/Permeabilization Kit (BD Biosciences) and the PE-conjugated
anti-Gag mAb, clone KC57 (Beckman Coulter). The percentage of infected cells (Gag+ or
GFP+ cells) was determined by gating the living cell population based on viability dye staining
with AquaVivid (Thermo Fisher Scientific). For the cell surface staining of transfected 293T
cells, 3x105 293T cells were transfected by the calcium phosphate method with the Env-
expressing plasmids along with a pIRES-GFP vector, at a ratio of 2 pg of pcDNA3.1 or JRFL
Env to 0.5 pg of green fluorescence protein (GFP). Sixteen hours post-transfection, cells were
washed with fresh medium and cell surface staining was carried out twenty-found hours later.
Samples were analyzed on an LSRII cytometer (BD Biosciences), and data analysis was

performed using FlowJo vX.0.7 (Tree Star).
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Antibody-induced internalization assay

48 h post-infection or post-transfection, HIV-1-infected primary CD4+ T cells or Env-
transfected 293T cells, respectively, were incubated with Spg/mL anti-Env antibodies for 30
mins at 4°C. Excess antibodies were washed three times with cold serum-free media. This was
followed by incubation at 37°C to start the internalization process. After different time points,
cells were fixed with 2% paraformaldehyde. For flow cytometry analyses, to visualize
remaining antigen-antibody complexes on the cell surface, cells were stained with a goat anti-
human conjugated with Alexa Fluor-647 secondary Ab (Thermo Fisher Scientific). As a
control, cells were fixed after 4°C incubation (Time point 0 min). Dead cells were excluded
by staining the cells with live/dead fixable AquaVivid stain (Thermo Fisher Scientific). The
reduction in surface expression for a given time point was normalized by calculating with the
following equation: [(Mean Fluorescence Intensity at X min)/( Mean Fluorescence Intensity 0

min)|x100.

For confocal microscopy analyses, 293T cells were plated in 10mm MatTek dishes with #0
coverslip bottoms. 293T cells were transfected with 1ug pCAGGS JR-FL Env (codon-
optimized) plasmid and 100ng Lamin B Receptor-CFP plasmid (to locate the nuclear
envelope) with or without 1pug human CD4 plasmid using Fugene 6 reagent according to the
manufacturer’s instructions. At 48 hours post transfection, cells were incubated with
prelabeled antibodies diluted 1:250 in fresh media for the indicated amount of time, washed
once with PBS + 0.5% BSA, and fixed with PBS + 4% paraformaldehyde (PFA) for 10
minutes. Cells were then placed in PBS + 0.01% sodium azide prior to imaging. For the 0-
minute control, cells were fixed prior to antibody staining for 1 hour in PBS + 0.5% BSA. For
endosomal staining, cells were first incubated with prelabeled 2G12 antibody for 180 minutes,
followed by fixation, permeabilization (5 minutes with 0.1% TritonX-100), and staining for

endogenous EEA1 or LAMPI.
Internalization inhibition assay
To inhibit antibody-induced internalization, a dynamin inhibitor was used before and during

the internalization assay. Myristoylated dynamin inhibitory peptide (DIP, Tocris Bioscience)
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was diluted in water prior to dilution in serum-free cell culture medium. After 1 hour of pre-
treatment of infected or transfected cells with 50uM and 40uM DIP, respectively, at 37°C,
fresh inhibitor was added to the cells together with antibodies to allow for their attachment and
then during incubations at 37°C to induce their internalization. As a control, 20pg/mL of
biotinylated transferrin was used to confirm the effectiveness of DIP and this was visualized

with streptavidin-AlexaFluor-647 (data not shown).

Antibody-dependent cellular cytotoxicity assay

Measurement of ADCC using the FACS-based assay was performed at 48h post-infection as
previously described (9, 47). Briefly, infected primary CD4+ T cells were stained with
AquaVivid viability dye and cell proliferation dye (eFluor670; eBioscience) and used as target
cells. Next, the target cells were treated with and without 5S0uM of DIP for 1 hour at 37°C.
Autologous PBMC effectors cells, stained with another cellular marker (cell proliferation dye
eFluor450; eBioscience), were added at an effector: target ratio of 10:1 in 96-well V-bottom
plates (Corning). DIP was washed out before incubating the infected cells with effector cells
to guarantee that the drug affected only the target cells and not the effector cells. Spug/ml of
mAbs were added to appropriate wells and cells were incubated for 15 min at room
temperature. Subsequently the plates were centrifuged for 1 min at 300 x g, and incubated at
37°C, 5% COs; for 5 hours before being fixed in a 2% PBS-formaldehyde solution. Samples
were acquired on an LSRII cytometer (BD Biosciences) and data analysis was performed using
FlowJo vX.0.7 (Tree Star). The percentage of cytotoxicity was calculated with the following
formula: (% of GFP+ cells in Targets plus Effectors) — (% of GFP+ cells in Targets plus
Effectors plus mAbs)/(% of GFP+ cells in Targets) by gating on infected live target cells.

Confocal microscopy

Confocal imaging was performed using a Nikon Eclipse TE2000-E microscope equipped with
444, 488, and 561nm lasers, a Yokogawa CSU 10 spinning disc confocal laser scanning unit,
and an Andor Zyla sCMOS camera. Images were analyzed manually using ImagelJ (65).
Briefly, regions of interest were drawn around entire cells and cytoplasmic regions. Total

fluorescence for regions of interest were calculated as area x (mean — minimum). Surface
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fluorescence was calculated as total minus cytoplasmic. Values are represented as ratios of
surface / total and cytoplasmic / total, normalized to the Omin time point. Average intensity
and area were measured and used to calculate total fluorescence and cytoplasmic fluorescence.
Minimum intensity was subtracted from mean intensity to correct for cytoplasmic background
fluorescence. Colocalization between Env and endosomal markers was quantified with the

Pearson Correlation function using the JACoP plugin (66) for ImageJ.

Statistical Analyses

Statistics were analyzed using GraphPad Prism version 6.01 (GraphPad, San Diego, CA,
USA). Every data set was tested for statistical normality, and this information was used to
apply the appropriate (parametric or nonparametric) statistical test. P values of <0.05 were
considered significant; significance values are indicated as * p<0.05, ** p<0.01, *** p<0.001,

k% 1 < 0.0001.
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3.5 Results
bNAbs induce Env internalization from the cell surface

To determine if Env-Abs complexes can remain stable over time at the surface of infected
cells, we selected nine anti-Env Abs that recognize different conformations and epitopes of
Env. These Abs target different sites on Env, such as the gp120-gp41 interface (PGT151) (29),
glycans on the gp120 outer domain (2G12) (30), the V1/V2 apex (PG9) (31) and V3 glycans
(PGT121, PGT126) (32) as well as CD4-induced (CD41) targeting epitopes, including the co-
receptor binding site (CoRBS; 17b, N12-i2) and the cluster A region in the gp120 inner domain
(A32, N5-i5) (33). This panel of antibodies was selected because it can distinguish ‘closed’
versus ‘open’ trimers. Indeed, PGT151, PG9, PGT121 and PGT126 preferentially recognize
the ‘closed’ trimer (34-37) whereas CD4i Abs 17b, N12-12, A32 and N5-i5 binds epitopes only
exposed in the ‘open’ trimer. 2G12 is an antibody that can recognize both forms of trimers (9,

37) but has a preference for the ‘closed’ form (36).

Primary CD4+ T cells were infected with a previously reported wild-type (wt) HIV-1 NL4.3
strain encoding a gfp reporter gene and an R5-tropic (ADA) envelope (9). Infected cells were
identified based on GFP expression (GFP+). Cells were first incubated with monoclonal Abs
at 4°C for thirty minutes, washed to remove excess antibody, and then incubated at 37°C for
internalization to occur. After incubation at 37°C for different time intervals, Env-Ab
complexes remaining at the cell surface were visualized with a fluorescent secondary anti-
human antibody by flow cytometry. Under these experimental settings we observed that the
binding of bNAbs (PG126, PGT151, PG9 and 2G12) significantly declined over time
indicating Env internalization (Figure 3.1). In contrast, binding of the nNAbs (17b, N12-12,
A32 and N5-i5) was fairly steady. The reduction of cell-surface levels of Env was ~60% after
six hours of incubation with PGT126, PG9, PGT151 and 2G12 at 37°C. Conversely, binding
to surface Env was only reduced by ~20% upon incubation for the same time period at 37°C

with N12-i2, N5-i5, A32 and 17b (Figure 3.1 B and C).
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Figure 3.1. Broadly-neutralizing antibodies but not non-neutralizing antibodies induce
Env internalization. A panel of bNAbs (PGT121, PGT126, PG9, 2G12) and nNAbs (A32,
N5-15, 17b, N12-12) were used to stain the surface of primary CD4+ T cells infected with the
NL4.3 GFP ADA- virus. (A) Histograms depicting representative staining of infected cells
(GFP+) with A32, 17b, PGT126 and 2G12 mAbs over time or with mock infected cells (grey).
(B, C) Quantification of remaining antibody-Env complexes on the cell-surface over different
time points is expressed as percentage of MFI relative to the 0-minute time control. Error bars
indicate mean +/- SEM. Statistical significance was tested using an unpaired t-test or a Mann-
Whitney U test based on statistical normality (****p<0.0001).
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To evaluate if this phenotype was restricted to the infectious molecular clone used, we infected
primary CD4+ T cells with the transmitted/founder (T/F) virus CH58 (CH58 T/F) and
performed the same experiments described above with the exception that infected cells were
identified by intracellular Gag staining. Similar to what we obtained with NL4.3 ADA infected
cells (Figure 3.1), bNAbs reduced by ~80% cell surface levels of CH58T/F Env after six hours
of incubation at 37°C, whereas incubation with nNAbs only reduced Env by ~20% during the

same time period (Figure 3.2).
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Figure 3.2. Binding of bNAbs but not nNAbs decreases Env expression from the surface
of T/F virus-infected cells.

A panel of bNAbs (PGT121, PGT126, PG9, 2G12) and nNAbs (A32, N5-i5, 17b, N12-i2)
were used to stain the surface of primary CD4+ T cells infected with CH58 T/F virus. (A)
Histograms depicting representative staining of infected cells (Gag+) with A32, 17b, PGT126
and 2G12 mAbs over time or with mock infected cells. (B, C) Quantification of remaining
antibody-Env complexes on the cell-surface over different time points is expressed as
percentage of MFI relative to the 0-minute time control. Error bars indicate mean +/- SEM.
Statistical significance was tested using an unpaired t-test or a Mann-Whitney U test based on
statistical normality (****p<(0.0001).
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It is now well established that the conformation of Env at the cell surface influences antibody
binding and ADCC responses (38-40). Non-neutralizing antibodies and bNAbs target different
Env conformations, with most bNAbs preferentially recognizing Env in its ‘closed’
conformation (State 1) (36) whereas the nNAbs herein target epitopes that are only exposed
upon Env interaction with CD4 (9, 37, 41, 42). To verify if the differences in cell-surface
reduction of Env between bNAbs and nNAbs was due to their differential recognition of
infected cells, we infected primary CD4+ T cells with NL4.3 ADA defective for Nef and Vpu
accessory proteins (Nef-Vpu-) that fails to downregulate CD4. This virus was used to present
Env in its CD4-bound ‘open’ conformation at the surface of infected cells and enhance
recognition of infected cells by the nNADbs used in this study (8, 9) (Figure 3.3). As expected,
deletion of Vpu enhances the overall levels of Env at the cell surface as measured by 2G12,
known to bind to both ‘open’ and ‘closed’ conformations of Env (7, 9, 43) (Figure 3.3A). This
phenomenon has been well established and is due to the accumulation of BST-2-trapped viral
particles at the cell surface which results in Env accumulation (9, 12, 14). In agreement with
their CD4-induced nature, the recognition of infected cells by the nNAbs tested (A32, 17b,
N12-i2, N5-i5) was dramatically enhanced by deletion of Nef and Vpu. Deletion of these
accessory genes impair the ability of HIV-1 to downregulate CD4 from the cell surface, thus
resulting in increased Env-CD4 interactions and the subsequent exposure of CD4i epitopes
(Figure 3.3B) (9). Despite their improved capacity to recognize Env at the surface of Nef-
Vpu- infected cells, nNAbs only reduced Env from the cell surface by ~20% after six hours,
while bNAbs reduced Env levels by ~60% within the same time period (Figure 3.4).
Altogether these results indicate that the conformation specificity of antibody-mediated
internalization of Env is not affected by changes in surface expression and that Nef and Vpu
accessory proteins are not involved in the bNAb-mediated reduction of Env from the cell

surface.
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Figure 3.3. Nef and Vpu protect infected cells from recognition by CD4i antibodies.
Primary CD4+ T cells infected with NL4.3 GFP ADA-based viruses either wt or defective for
Nef and Vpu expression (Nef-Vpu-) were stained with (A) bNAbs (2G12, PGT126, PGT151,
PG9) or (B) anti-cluster A (A32, N5-i15) and CoRBS (N12-i2, 17b) antibodies. Error bars
indicate mean +/- SEM. Statistical significance was tested using an unpaired t-test or a Mann-
Whitney U test based on statistical normality (**p<0.01, ***p<0.001, ****p<0.0001).
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Cell-surface staining of primary CD4+ T cells infected with NL4.3 GFP ADA-based virus
defective for Nef and Vpu expression using a panel of bNAbs (PGT126, PGT151, PG9, 2G12)
and nNAbs (A32, N5-i5, 17b, N12-i2). (A) Histograms depicting representative staining of
infected cells (GFP+) with A32, 17b, PGT126 and 2G12 mAbs over time or with mock
infected cells (grey). (B, C) Quantification of remaining antibody-Env complexes on the cell-
surface over different time points is expressed as percentage of MFI relative to the 0-minute
time control. Error bars indicate mean +/- SEM. Statistical significance was tested using an
unpaired t-test or a Mann-Whitney U test based on statistical normality (****p<0.0001).
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Antibody-induced internalization of cell surface-expressed HIV-1 Env

To confirm that Env-bNAb complexes were internalized upon incubation at 37°C, we
performed confocal microscopy studies in parallel to flow cytometry. Since primary CD4+ T
cells are small and poorly adherent, we used HEK 293T cells for these studies. 293T cells were
transfected with a primary Tier 2 Env (JRFL) and incubated them forty-eight hours post
transfection with Alexa-Fluor conjugated bNAbs (2G12, PG9 and PGT151) or nNAbs (17b,
A32) for various time-points at 37°C before fixing, and analysis by flow cytometry and
confocal imaging. Since A32 and 17b don’t recognize the unliganded EnvJRFL, Env was co-
transfected together with the CD4 receptor to trigger the exposure of the CD4i epitopes
recognized by these nNADbs (9, 43). Flow cytometry confirmed that the bNAbs 2G12, PG9 and
PGT151 were much faster internalized as compared to the nNAbs 17b and A32, thus pheno-
copying the results from T cells (Figure 3.5A). Parallel confocal imaging demonstrated that,
upon the addition of bNAbs PGT151 and 2G12, Env moved from the plasma membrane into
intracellular compartments after sixty minutes of incubation at 37°C. In contrast, the binding
of A32 and 17b didn’t change the cell surface localization of Env (Figure 3.5B-C). These
results were consistent with those obtained using infected primary CD4+ T cells (Figures 3.1,
3.2 and 3.4). Interestingly, the quantification of internalization measured by microscopy
correlated well with the quantification of cell surface Env measured by flow cytometry (Figure
3.5D), suggesting that both assays measure Env internalization. Further supporting this
possibility, we observed that bNAb-induced Env reduction from the cell surface was blocked
if cells were incubated at 4°C for the entirety of the internalization assay, a temperature known

to block molecular trafficking events (Figure 3.6).
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Figure 3.5. Antibody-induced internalization of Env from the surface of transfected cells.
293T cells were transfected with plasmids encoding HIV-1;rrL Env alone or together with
human CD4 receptor to expose CD4i epitopes. Env expressed in the absence of CD4 were
visualized with 2G12 and PGT151. Env co-expressed with CD4 was visualized with 17b and
A32. (A) Flow-cytometric analysis of Env internalization from the surface of 293T-transfected
cells. The level of the remaining surface-expressed Env after internalization is expressed as
percentage of MFI relative to the 0-minute time control. (B) Confocal microscopy analysis of
antibody-induced internalization. Remaining antibody-Env complexes over different time
points is expressed as percentage of surface fluorescence relative to the 0-minute control. (C)
For confocal microscopy 293T cells were also transfected with the Lamin B Receptor-CFP
plasmid (a nuclear envelope marker used to identify transfected cells). Images show the
localization of antibody-Env complexes at different time points (Omin, 60mins, 120mins and
180mins). Images represent a single confocal z-section through the middle of the cell; 20 cells
were imaged per condition and representative images are shown, scale bar, 10um. (D)
Correlation of the quantification of Env internalization by confocal microscopy with
internalization by flow cytometry using a Pearson correlation test. Error bars indicate mean +/-
SEM. Statistical significance was tested using an unpaired t-test or a Mann-Whitney U test
based on statistical normality (***p<0.001, ****p<(0.0001).
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Figure 3.6. bNADb-triggered Env internalization is temperature-dependent manner.

Cell-surface staining of primary CD4+ T cells infected with NL4.3 GFP ADA-based viruses
either wt (A) or defective for Nef and Vpu (Nef-Vpu-) expression (B) with A32, 17b, PGT151,
PG9 and 2G12 mAbs. (Left) Quantification of remaining antibody-Env complexes on the cell-
surface over different time points (90mins, 180mins and 270 mins) at 4°C (dotted lines) or
37°C (solid lines) is expressed as percentage of MFI relative to the 0-minute time control.
(Right) Areas under the curve (AUC) were calculated based on MFI data sets using GraphPad
Prism software. Error bars indicate mean +/- SEM. Statistical significance was tested using an
unpaired t-test or a Mann-Whitney U test based on statistical normality (*p<0.05, **p<0.01,

*#50<(.001, ***%p<0.0001).
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It has been previously suggested that Ab-mediated crosslinking facilitates internalization of
RSV fusion proteins. In this study, RSV Env endocytosis was significantly reduced when Fab
fragments were used instead of their full mAbs counterpart (27). To verify whether this was
the case for HIV-1 Env, we performed side-by-side comparisons on the ability of full-length
Abs versus their Fab fragments to reduce Env levels at the cell surface upon incubation at
37°C, as measured by flow cytometry. A32 and 17b Fab fragments behaved similar to the full-
length Abs. However, PG9, PGT151 and 2G12 Fab fragments were significantly less efficient
than their IgG counterparts at inducing internalization of Env (Figure 3.7). These data suggest
that the crosslinking of Env trimers at the cell surface stimulates bNAb-mediated

internalization.
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Figure 3.7. Fab fragments reduce the induction of Env internalization.

Cell-surface staining of primary CD4+ T cells infected with NL4.3 GFP ADA (A) or defective
for Nef and Vpu (Nef-Vpu-) expression (B) was performed with A32, 17b, PGT151, PG9 and
2G12 mAbs (solid lines) or their Fab fragments (dotted lines). (Leff) Quantification of
remaining antibody-Env complexes on the cell-surface over different time points (90mins,
180mins and 270mins) is expressed as percentage of MFI relative to the 0-minute time control.
(Right) Areas under the curve (AUC) were calculated based on MFI data sets using GraphPad
Prism software. Error bars indicate mean +/- SEM. Statistical significance was tested using an
unpaired t-test or a Mann-Whitney U test based on statistical normality (*p<0.05, **p<0.01).
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A dynamin inhibitor attenuates bNAb-induced Env internalization and increases the

susceptibility of infected cells to ADCC

To further confirm that internalization was involved in the observed bNAb-induced reduction
of Env from the cell surface, we decided to block the function of dynamin, a GTPase implicated
in endocytic membrane fission events (44). Primary CD4+ T cells were infected with NL4.3
ADA GFP or CH58 T/F and dynamin was inhibited with the dynamin inhibitory peptide (DIP).
This peptide blocks the binding of dynamin to amphiphysin and has been shown to reduce
endocytic events (27, 45, 46). Addition of DIP significantly reduced bNAb-induced Env
internalization in infected cells as measured by flow cytometry (Figure 3.8A and B) and
confocal microscopy using Envirr-transfected 293T cells (Figure 3.8C and D). No statistical
differences in the internalization rates of Env bound by nNAbs, with or without added DIP
were observed. Thus, this reiterates the observation that the binding of these Abs does not

promote Env internalization.
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Figure 3.8. bNAb-mediated Env internalization is Dynamin dependent.

Cell-surface staining of primary CD4+ T cells infected with either NL4.3 GFP ADA-based
virus (A) or CH58 T/F virus (B) with A32, 17b, PGT151, PGT126, PG9 and 2G12 mAbs in
the presence or absence of 50uM of DIP. (Lef#) Quantification of remaining antibody-Env
complexes on the cell-surface over different time points (90mins and 180mins) is expressed as
percentage of MFI relative to the O-minute time control. (Right) Areas under the curve (AUC)
were calculated based on MFI data sets using GraphPad Prism software. Cell-surface staining
of 293T cells transfected with HIV-1;rr Env along with the Lamin B Receptor-CFP plasmid
to locate the nuclear envelope with Alexa-Fluor 594 conjugated 2G12 mAb in the presence or
absence of 40uM DIP. (C) Images show the localization of antibody-Env complexes at
different time points (Omin, 60mins, 120mins and 180mins). Images represent a single
confocal z-section through the middle of the cell; 20 cells were imaged per condition and
representative images are shown, scale bar, 10um. (D) Quantification of remaining antibody-
Env complexes over different time points is expressed as percentage of surface fluorescence
relative to the O-minute control. Error bars indicate mean +/- SEM. Statistical significance was
tested using an unpaired t-test or a Mann-Whitney U test based on statistical normality
(*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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Since DIP treatment resulted in an accumulation of bNAb/Env complexes at the surface of
HIV-1-infected cells, we evaluated whether it had any impact on the ability of bNADbs to
mediate ADCC. Primary CD4+ T cells were infected with the NL4.3 ADA GFP wt virus and
their susceptibility to ADCC was measured using a previously described FACS-based assay
(9, 47). Interestingly, we observed a significant increase in ADCC responses mediated by
PGT126, PGT151, PG9 and 2G12 upon DIP treatment (Figure 3.9) but not of direct killing
(i.e., in the absence of Abs; not shown). Thus, this suggests that under normal conditions

bNAb-mediated Env internalization reduces their capacity to trigger ADCC.
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Figure 3.9. A dynamin inhibitor enhances the ADCC activity of bNAbs.

Primary CD4 T cells isolated from at least 3 different healthy donors were infected with NL4.3
GFP ADA virus and used as target cells. Autologous PBMC were used as effector cells in a
FACS-based ADCC assay (9, 47). Shown are the percentages of ADCC-mediated killing
obtained with A32, 17b, PGT126, PGT151, PG9 and 2G12 mAbs in the presence or absence
of 50uM of DIP or the vehicle control. Error bars indicate mean +/- SEM. Statistical
significance was tested using an unpaired t-test or a Mann-Whitney U test based on statistical
normality (*p<0.05, **p<0.01).
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3.6 Discussion

Here we report that antibody-bound Env proteins are internalized from the surface of HIV-1-
infected cells in a conformation-specific manner. bNAbs that preferentially recognize ‘closed’
Env conformations trigger rapid Env internalization. When this process was decreased using a
Dynamin inhibitor, the susceptibility of infected cells to ADCC mediated by bNAbs was
enhanced. Thus, suggesting that bNAb-triggered Env internalization impairs their ability to
mediate robust ADCC responses. In contrast, nNAb specific for ‘open’ Env conformation
remain exposed on the surface of infected cells for prolonged periods of time. As such,
differential internalization of Env-antibody complexes is likely an immune evasion mechanism
that HIV-1 evolved to limit the surface exposure of Env in ‘closed’ conformations while
distracting the immune system with the display of Env proteins in ‘open’ conformations that

ultimately result in non-neutralizing immune responses.

Specifically, the native Env trimer mainly exists in an untriggered ‘closed’ conformation (State
1). The interaction with the CD4 receptor lowers the energy barrier to reach the ‘open’ states
2/3 (34, 36). Natural HIV-1 infection elicits mainly nNAbs, which poorly recognize the
‘closed” Env and are only able to recognize highly conserved epitopes exposed upon the
‘opening’ of Env (8, 48). Despite poor neutralizing activity, these nNAbs have been shown to
exert a constant selection pressure and alter the course of HIV-1-infection in vivo (49-51) and
can mediate potent ADCC activity against cells presenting Env in its ‘open’ CD4-bound
conformation (7, 9, 38, 52). It is interesting to note that the nNAbs used in this study can form
a stable complex with Env on the cell-surface for a prolonged amount of time. Conversely, the
bNAbs tested induced faster Env internalization rates. Since these bNAbs recognize the
‘closed’ conformation of Env, these results suggest that Env sampling its State 1 conformation
might be located in discrete membrane micro-domains that could be prone to antibody-
mediated internalization. Additional studies are required to explore this interesting possibility.
Of note, bNAb-Env complexes don’t appear to follow the degradative pathway since the
intracellular compartments where they accumulate over time are negative for the lysosomal
marker Lampl (Figure 3.10). Rather, Env accumulated in endosomes positive for early

endosome marker EEA1 (Figure 3.10). It is intriguing to speculate that this endocytic pathway
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could be related to the observed role for recycling endosomes in the incorporation of Env into

budding virions (53-55).
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Figure 3.10. bNAb-Env complexes accumulate in an early endosome compartment.

293T cells were transfected with a codon-optimized JR-FL Env plasmid. 48 hours post-
transfection, cells were incubated with AlexaFluor488-2G12 for 180 minutes. Cells were then
fixed, permeabilized and stained for endogenous EEA1 or LAMPI1 proteins, followed by
Alexa568 secondary antibodies (A). Representative images are shown. Colocalization was
quantified for 20 cells per condition using the Pearson Correlation (B). Values shown represent

mean £ SEM. Scale bar = 10 um. Statistical significance was tested using an unpaired t-test
(****p<0.001)

Previous reports have shown that humoral immune responses, such as antibody-dependent
complement-mediated lysis, are decreased by internalization of surface-expressed viral
glycoproteins upon the binding of antibodies (22, 23). Here we show that this also applies to
ADCC. The surprising differences observed between bNAbs and nNAbs studied here suggest
that different Env populations sampling different conformations co-exist at the surface of
infected cells. Envs sampling the ‘closed’ conformation could potentially facilitate the
elicitation of bNAbs. Therefore, it is tempting to speculate that the virus minimizes the
exposure of Env sampling the ‘closed’ conformation while tolerating the exposure of limited
amounts of Env in the ‘open’ conformation. The ‘open’ Env could act as a decoy since it is

well established that this conformation fails to elicit bNAbs. The nNAbs that are elicited
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instead fail to neutralize viral particles or mediate ADCC against wild-type infected cells (9-

11, 43, 56, 57).

It is becoming increasingly clear that several factors contribute to ADCC responses against
HIV-1-infected cells: Env conformation (58), CD4 (8, 9, 11) and BST-2 downregulation (12-
14), gp120 shedding (37, 59), the stability of Env-Ab complexes at the cell surface (60) which
are driven by the affinity of Abs for Env (61), Env internalization (15), cell surface expression
of stress ligands (56, 62) and now antibody-induced Env internalization. Additional work will
be required to tease apart the differential contribution of each of these factors in ADCC.
Further dissecting the mechanisms underlying antibody-induced Env internalization might
help in the development of new generations of bNAbs that are able to efficiently eliminate

HIV-1-infected cells.
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CHAPTER IV
HIV-1 Envelope Glycoprotein Cell Surface Localization is Associated with Antibody-

Induced Internalization

Sai Priya Anand, Jérémie Prévost, Jade Descoteaux-Dinelle, Jonathan Richard, Dung N.
Nguyen, Halima Medjahed, Hung-Ching Chen, Amos B. Smith III, Marzena Pazgier, and

Andrés Finzi

4.1 Preface to Chapter 4

The findings reported in Chapter 3 highlight that antibody-bound Env proteins are internalized
from the surface of HIV-1-infected cells in a conformation-specific manner, with the binding
of bNADbs that preferentially recognize the ‘closed’ Env triggering rapid Env internalization.
This process could be circumvented using a dynamin inhibitor, suggesting that bNAb-triggered
Env internalization impairs their ability to mediate ADCC. Thus, in this chapter we attempt to
gain a better understanding of this mechanism by which bNAbs induce Env internalization and
nNAb-bound Env persists on the cell surface for longer periods of time. The results of this
study have important implications in understanding underlying causes that could hinder ADCC
responses to clear HIV-1-infected cells. Consequently, a better understanding of Ab-induced
Env internalization might help in the development of Abs with improved Fc-effector

capacities.
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4.2 Abstract

To minimize immune responses against infected cells, HIV-1 has evolved different
mechanisms to limit the surface expression of its envelope glycoproteins (Env). Recent
observations suggest that the binding of certain broadly neutralizing antibodies (bNAbs)
targeting the ‘closed’ conformation of Env induces its internalization. On the other hand, non-
neutralizing antibodies (nNAbs) that preferentially target Env in its ‘open’ conformation,
remain bound to Env on the cell-surface for longer periods of time. In this study, we attempt
to better understand the underlying mechanisms behind the differential rates of antibody-
mediated Env internalization. We demonstrate that ‘forcing’ open Env using CD4 mimetics
allows for nNAD binding and results in similar rates of Env internalization as those observed
upon the bNAb binding. Moreover, we can identify distinct populations of Env that are
differentially targeted by Abs that mediate faster rates of internalization, suggesting that the
mechanism of antibody-induced Env internalization partially depends on the localization of

Env on the cell surface.
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4.3 Introduction

Envelope glycoproteins (Env) of the human immunodeficiency virus (HIV-1) have long C-
terminal cytoplasmic tails containing specific trafficking signals (1, 2). These allow for the
endocytosis of Env from the surface of infected cells, which has been suggested to be a
mechanism in place to minimize recognition by the host immune system. Mutations of these
motifs have been shown to result in increased cell surface expression of Env and to correlate
with increased Fc-mediated effector responses, such as antibody-dependent cellular
cytotoxicity (ADCC), against infected cells (3). Additionally, we have recently reported that
the binding of broadly neutralizing antibodies (bNADbs) to Env accelerates its internalization
from the surface of infected cells (4). On the contrary, the binding of non-neutralizing
antibodies (nNAbs) induced Env internalization at a significantly slower rate, allowing Env to
remain on the cell surface for a prolonged period (4). This phenomenon has also been observed
with other retroviral glycoproteins, including the murine leukemia virus (MLV), where the
binding of certain antibodies initiates signalling cascades within the cell, leading to cellular
activation and enhancement of envelope glycoprotein internalization (5). Furthermore, we also
observed that upon dynamin inhibition, antibody-mediated Env internalization is significantly
reduced and the susceptibility of infected cells to ADCC responses mediated by bNAbs
increased (4). Similarly, recent studies have also demonstrated enhancement of ADCC
responses against human tumors upon temporary endocytosis inhibition (6). Thus, antibody-
induced antigen internalization from the cell-surface decreases the overall recognition and

elimination of target cells by immune cells.

In this study, we attempt to better understand the mechanisms by which bNAbs induce Env
internalization and nNAb-bound Env persists on the cell surface for longer periods of time.
Recent studies have highlighted the presence of different Env populations at the cell surface
due to differential processing during its trafficking (7-9). To investigate whether the
differences in antibody-mediated Env internalization is due to distinct populations of Env on
the cell-surface being targeted, we utilize ligands such as small CD4-mimetics (CD4mc) and
soluble CD4 (sCD4) to ‘force’ open the otherwise ‘closed’ Env populations and evaluate the

rates of nNADbs internalization. Our observations indicate that in addition to the conformation
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of Env and epitope availability, Env internalization also depends on its localization on the cell

surface.

4.4 Material and Methods

Ethics Statement

Written informed consent was obtained from all study participants [the Montreal Primary HIV
Infection Cohort] (10, 11). Research adhered to the ethical guidelines of CRCHUM and was
reviewed and approved by the CRCHUM institutional review board (ethics committee,
approval number CE16.164-CA). Research adhered to the standards indicated by the
Declaration of Helsinki. All participants were adult and provided informed written consent

prior to enrolment in accordance with Institutional Review Board approval.

Cell lines and primary cells

293T human embryonic kidney cells (obtained from ATCC) were cultured at 37°C under 5%
CO2 in Dulbecco’s modified Eagle’s medium (Wisent) containing 5% fetal bovine serum
(VWR) and 100 pg/ml of penicillin-streptomycin (Wisent). Primary CD4+ T lymphocytes
were purified from resting PBMCs by negative selection and activated as previously described
(12, 13). Briefly, PBMC were obtained by leukapheresis. CD4+ T lymphocytes were purified
using immunomagnetic beads as per the manufacturer’s instructions (StemCell Technologies).
CD4+ T lymphocytes were activated with phytohemagglutinin-L (PHA-L; 10 pg/ mL) for 48
hours and then maintained in RPMI 1640 (Gibco) complete medium supplemented with rIL-2
(100 U/mL).

Plasmids and proviral constructs

The vesicular stomatitis virus G (VSV-G)-encoding plasmid (pSVCMV-IN-VSV-G) was
previously described (14) . The infectious molecular clone (IMC) of the transmitted/founder
(T/F) virus CH58 was inferred and constructed as previously described (15, 16). The CH58
IMC with the L193A change in the Env glycoprotein (L193A) or defective for Nef and Vpu
expression (Nef-Vpu-) were described elsewhere (17, 18). The JRFL IMC was also previously
reported (19). Plasmids used to transfect 293T cells include the pcDNA3.1 vector expressing
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the codon-optimized HIV-1 JRFL envelope glycoproteins and the pcDNA3.1 human CD4
expressor (20, 21).

Viral production, Infections, and ex vivo amplification

To ensure similar levels of infection between viruses, vesicular stomatitis viruses G (VSVG)-
pseudotyped viruses were produced and titrated as described (13). Viruses were used to infect
activated primary CD4 T cells from healthy HIV-1 negative donors by spin infection at 800 x
g for 1 hour in 96-well plates at 25°C. To expand endogenously infected CD4+ T cells, primary
CD4+ T cells obtained from six antiretroviral therapy (ART)-treated HIV-1-infected
individuals were isolated from PBMCs by negative selection. Purified CD4+ T cells were
activated with PHA-L at 10 ug /mL for 48 hours and then cultured for at least 6 days in RPMI-
1640 complete medium supplemented with rIL-2 (100U/mL).

Antibodies and Reagents

Anti-HIV-1 gp120 mAbs recognizing CD4-induced epitopes (19b, 17b; obtained from NIH
AIDS Reagent Program), the outer domain (2G12; obtained from NIH AIDS Reagent
Program) and the gp120-gp41 interface (PGT151; obtained from IAVI) were used for cell-
surface staining of infected cells. Additionally, the following constructs were also used for
cell-surface staining: 17b-sCD4 and 19b-sCD4 constructs, which are hybrid proteins and
consist of anti-gp120 Abs linked to the C-terminus of soluble CD4 (sCD4; D1D2 domains) via
a flexible linker on each heavy chain (22). Goat anti-human IgG Alexa Fluor-647 secondary
Ab (Thermo Fisher Scientific) was used to determine overall antibody binding and AquaVivid
(Thermo Fisher Scientific) as a viability dye. The sCD4 protein was produced and purified as
previously described (23). The small molecule CD4 mimetic compound (CD4mc) BNM-III-
170 were synthesized as described previously (24, 25). The CD4mc was analyzed, dissolved
in dimethyl sulfoxide (DMSO) at a stock concentration of 10 mM, aliquoted, and stored at —80
°C until further use. For western blot analyses, a mouse anti-CD71 monoclonal antibody (clone
OKT-9; Thermo Fisher Scientific) was used as a control for detergent soluble membranes
(DSM) and was followed by incubation with a horseradish peroxidase (HRP)-conjugated
antibody specific for the Fc region of mouse IgG (Thermo Fisher Scientific). An HRP-
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conjugated cholera toxin subunit B (CTx-B) (Invitrogen) was used to detect ganglioside GM1
as a control for detergent-resistant membranes (DRM), and HRP-conjugated streptavidin
(Thermo Fisher Scientific) was used to detect cell-surface biotinylated Env. For confocal
microscopy analyses, DAPI (Sigma) was used for nucleic acid staining. 19b and 17b were
conjugated with Alexa-Fluor 647 and 594 probes (Thermo Fisher Scientific), respectively, as
per the manufacturer’s protocol and used for confocal microscopy analyses. Alternatively,
staining with 17b-sCD4 was performed in combination with the goat anti-human IgG Alexa

Fluor 594 secondary Ab (Thermo Fisher Scientific).

Antibody-induced internalization assay by flow cytometry

48 hours post-infection, HIV-1-infected primary CD4+ T cells were incubated with Sug/mL
of anti-Env antibodies or 10 pg/mL of 19b-sCD4 or 17b-sCD4 chimeric protein for 30 mins at
room temperature to allow for antibody attachment. To allow nnAbs binding, either sCD4 (10
ug/mL) or the CD4-mimetic compound BNM-III-170 (5 uM) were also added to the cells. To
remove unbound antibodies, cells were washed three times with cold phosphate-buffered
saline (PBS). This was followed by incubation at 37°C to start the internalization process.
After different time points, cells were fixed with 2% paraformaldehyde (PFA) in PBS. To
visualize remaining antigen-antibody complexes on the cell surface, cells were stained with a
goat anti-human conjugated with Alexa Fluor-647 secondary Ab (Thermo Fisher Scientific).
Some cells were fixed after the primary incubation with the anti-Env antibodies as a control
(Time point 0 min). Dead cells were excluded using the live/dead fixable AquaVivid stain
(Thermo Fisher Scientific). The reduction in surface expression for a given time point was
normalized by using the following equation: [(Mean Fluorescence Intensity at X min) / (Mean

Fluorescence Intensity at 0 min)] x 100.

HIV-1-infected cells were identified by intracellular staining of HIV-1 p24 using the
Cytofix/Cytoperm Fixation/Permeabilization Kit (BD Biosciences) and the PE-conjugated
anti-p24 mAb (clone KC57; Beckman Coulter). The percentage of infected cells (p24+) was
determined by gating the living cell population based on viability dye staining with AquaVivid
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(Thermo Fisher Scientific). Samples were analyzed on an LSRII cytometer (BD Biosciences),

and data analysis was performed using FlowJo v10.7.2 (Tree Star).

Antibody-induced internalization assay by confocal microscopy

For confocal microscopy analyses, 293T cells were plated in poly-D-lysine coated 14mm
MatTek dishes with #0 coverslip bottoms. 293T cells were transfected with 1ug JRFL Env
(codon-optimized) plasmid with or without 1pg human CD4 plasmid. At 48 hours post
transfection, cells were incubated with prelabeled anti-gp120 antibodies (5 pg/mL) (+/- 5 uM
of BNM-III-170) or a mix of 17b-sCD4 (10 pg/mL) and pre-coupled anti-human IgG (1:1000
dilution) in fresh media for 20 minutes, washed twice with PBS + 0.5% BSA, and incubated
for the indicated amount of time at 37°C to start the internalization process. After different
time points, cells were fixed with PBS + 4% PFA for 30 minutes and then placed in PBS prior
to imaging. All high-resolution images were obtained using a Zeiss AxioObserver Z1
Yokogawa CSU-X1 Spinning disk confocal microscope equipped with Piezo objectives, an
Evolve EMCCD (512x512, 16bit) monochrome camera (Photometrics), and 405-, 488-, and
561-nm lasers. Images were analyzed manually using ImageJ (26). Briefly, regions of interest
were drawn around entire cells and cytoplasmic regions. Total fluorescence for regions of
interest were calculated as the area x (mean — minimum). Surface fluorescence was calculated
as the total fluorescence minus the cytoplasmic fluorescence. Values are represented as
surface/total ratios, normalized to the 0-min time point. The average intensity and area were
measured and used to calculate the total fluorescence and the cytoplasmic fluorescence. The
minimum intensity was subtracted from the mean intensity to correct for cytoplasmic

background fluorescence.

Biochemical isolation of lipid microdomains and Western Blot analysis

48 hours post-transfection, Env-expressing 293T cells (2 x 107 to 4 x 10”) were washed twice
with ice-cold PBS and cell-surface proteins were biotinylated using EZ-Link™ Sulfo-NHS-
LC-Biotin (Thermo Fisher Scientific) as per the manufacturer’s protocol for 30 minutes at 4°C.
Cells were incubated with 10ug/mL of respective anti-Env antibodies for cell-surface staining

for 30 minutes at room temperature. Cells were then lysed on ice for 30 min in 1 ml of 1%
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Triton X-100 TNE lysis buffer (25 mM Tris [pH 7.5], 150 mM NaCl, 5 mM EDTA)
supplemented with protease inhibitor cocktail (Thermo Fisher Scientific). The cell lysates were
homogenized with a tissue grinder (Fisher) and centrifuged for 5 min at 720 x g at 4°C in a
microcentrifuge. The supernatant was mixed with 1 mL of 80% sucrose in TNE lysis buffer,
placed at the bottoms of ultracentrifuge tubes, and overlaid with 6 mL of 30% and 3 mL of 5%
sucrose in TNE lysis buffer. The lysates were ultracentrifuged at 4°C in a TH641 rotor
(Thermo Fisher Scientific) for 16 hours at 38,000 rpm. After centrifugation, the Triton X-100-
insoluble, low-density material was visible as a band migrating on the boundary between 5 and
30% sucrose. One 4mL and two 3mL fractions were collected from the top; 100ul of each
fraction was analyzed immediately by Western blotting and the rest was used for
immunoprecipitation. Precipitation antibody-bound biotinylated cell-surface JRFL envelope
glycoproteins from cell lysates were performed for 1 hour at 4°C in the presence of 50 pL of
10% protein A-Sepharose (Cytiva). Aliquots of sucrose gradient fractions were analyzed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on 10%
polyacrylamide gels. The proteins were transferred to supported nitrocellulose membranes and
probed with either HRP-conjugated streptavidin (1:2500), anti-CD71 (1:1000) followed by
HRP-conjugated anti-mouse IgG (1:10,000) or HRP-conjugated CTx-B (200ng/mL). HRP
enzyme activity was determined after the addition of a 1:1 mix of Western Lightning oxidizing

and luminol reagents (PerkinElmer Life Sciences).

Statistical Analyses

Statistics were analyzed using GraphPad Prism version 9.1.1 (GraphPad). Every data set was
tested for statistical normality, and this information was used to apply the appropriate
(parametric or nonparametric) statistical test. P values of <0.05 were considered significant;

significance values are indicated as * p<0.05, ** p<0.01, *** p<0.001, **** p <(0.0001.
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4.5 Results and Discussion
HIV-1 Env ‘opening’ accelerates its antibody-mediated internalization from the cell surface

We first determined the rate of cell-surface Env internalization upon the addition of certain
nNAbs, the coreceptor binding site antibody 17b and the V3 crown antibody 19b, from the
surface of primary CD4+ T cells infected with the transmitted/founder (T/F) virus CH58. As
our previous observations (4), the binding of nNAbs to surface Env remained steady over the
course of 3 hours at 37°C and antibody bound Env levels only reduced by ~20% (Figure
4.1A). Upon the addition of a CD4mc, BNM-III-170, Env adopts its downstream CD4-bound
conformation (27). This allows for enhanced nNAb binding that preferentially recognize
epitopes normally hidden in the ‘closed’ Env, including enhanced 17b and 19b binding (12,
28, 29). In the presence of BNM-III-170, surface levels of 17b and 19b-bound Env
significantly declined by ~80% after 3 hours, at a similar rate as the bNAb PGT151, indicating

Env internalization (Figure 4.1A).

We confirmed these observations with soluble CD4 (sCD4), a version of the CD4 receptor
lacking its transmembrane region. In this condition, sSCD4 interacts with Env in trans and we
observed faster rates of nNAb-induced Env internalization (Figure 4.1B). Furthermore, we
also used Ab-sCD4 hybrid proteins which are designed to harbour two sCD4 molecules linked
to a single antibody of interest (22). Using 17b-sCD4 and 19b-sCD4 hybrids, surface levels of
Env significantly declined by ~60% from the surface of primary CD4+ T cells infected with
the JRFL virus (Figure 4.1B). Using other methods to selectively ‘open up’ the Env
independently of CD4, we introduced the L193A substitution in Env, a mutation known to
stabilize Env downstream conformations (18, 30). In a similar fashion as with the addition of
BNM-III-170, surface levels of 17b- and 19b-bound Env declined by ~80% over 3 hours at
37°C using cells infected with the CH58 L193A virus (Figure 4.1C).

Interestingly, the deletion of Nef and Vpu, which impairs the capacity of the virus to

downregulate CD4 resulting in Env sampling its ‘open’ conformation, (13) significantly

slowed down the rate of 17b and 19b-mediated Env internalization (Figure 4.1D) (4) when
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compared to the accelerated rates seen in the presence of BNM-III-170 in Figure 4.1A. Thus,
these results suggest that ‘opening’ the Env is not sufficient to induce its internalization since
soluble CD4, but not membrane-anchored CD4 (mCD4) are able to mediate nNAb-induced
internalization. Whether this phenotype is related to the mode of interaction being in trans for
sCD4 versus in cis for mCD4 (13), remains to be determined. Hypothetically, endogenous
CD4 expression might result in Env-CD4 complex co-trafficking and the redirection of Env to
different microdomains at the cell surface that are refractory to antibody-induced

internalization.

We further confirmed our observations of antibody-mediated internalization upon the selective
opening of Env with ex vivo-expanded endogenously infected CD4+ T cells. Primary CD4+ T
cells were isolated from antiretroviral therapy (ART)-treated HIV-1-infected individuals and
activated with PHA-L/IL-2, where viral replication was followed by intracellular p24 staining.
In agreement with the results obtained with CH58 T/F and JRFL-infected primary CD4+ T
cells, the binding of 19b and 17b induces Env internalization from the surface of endogenously
infected primary CD4+ T cells in the presence of BNM-III-170 (Figure 4.1E), sCD4 or when
using Ab-sCD4 hybrid protein (Figure 4.1F). Altogether, the results from our flow cytometry
experiments are suggestive of coexisting Env populations at the cell surface that can undergo

faster or slower internalization.
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Figure 4.1. Antibody-induced internalization of HIV-1 Env from the cell-surface can be
accelerated upon the selective opening of Env.

(A-D) Cell surface staining of primary CD4+ T cells infected in vitro with (A) CH58 T/F virus,
(B) JRFL wt virus, (C) CH58 T/F wt or L193A virus, and (D) CH58 T/F virus defective for
Nef and Vpu expression was performed 48h post-infection. (E-F) Primary CD4+ T cells from
at least three different HIV-1-infected individuals were isolated and reactivated with PHA-L
for 48 h, followed by incubation with IL-2 to expand the endogenous virus. Cell surface
staining of endogenously infected primary CD4+ T cells was performed upon reactivation. (A-
F) Antibody binding was detected using Alexa Fluor 647-conjugated anti-human secondary
Abs. (Top) Quantification of remaining antibody-Env complexes on the cell surface over
different timepoints is expressed as percentage of the MFI relative to the 0 min timepoint
control. (Bottom) Areas under the curve (AUC) were calculated based on MFI data sets using
GraphPad Prism software. Error bars indicate means + the SEM. Statistical significance was
tested using an unpaired t test or a Mann-Whitney U test based on statistical normality (*,
P<0.05; **, P<0.01; *** P <0.001; **** P <0.0001).
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Visualizing nNAb mediated Env internalization from the cell surface

We confirmed our observations obtained with infected primary CD4+ T cells (Figure 4.1)
using 293T cells transfected with plasmids encoding the tier 2 JRFL Env alone or together
with a human CD4 receptor. Using flow cytometry, we observe an increase in 17b- and 19b-
binding to the Env in the presence of CD4mc. Once again, in these conditions, the overall
levels of 17b- and 19b-bound Env significantly decreases within 3 hours (Figure 4.2A).
However, upon CD4 co-transfection, which allows for greater overall nNAb binding, we
observe decreased rates of Env internalization (Figure 4.2A). To visualize the phenotype of
nNAb-induced internalization, we performed confocal microscopy experiments with
transfected 293T cells. Cells were incubated 48 hours post-transfection with Alexa Fluor-
conjugated nNAbs for up to 2 hours at 37°C before fixing and analysis by imaging. In the
presence of BNM-III-170, we can visualize a rapid internalization of 19b and 17b-bound Env
from the cell surface compared to the antibody alone (Figure 4.2B, C). A similar phenotype
was observed with Env bound by the 17b-sCD4 chimeric protein (Figure 4.2C). Similar to the
results obtained with the Nef and Vpu deleted virus (Figure 4.1D), CD4 co-expression did not
results in Env internalization, and rather the remaining surface fluorescence was significantly
higher (Figure 4.2B, C). Overall, indicating that, interaction with CD4 in cis allows for
antibody-Env complexes to remain on the surface for a longer period. These observations
confirm previous observations (4), wherein the rates of nNAb-mediated Env internalization
were significantly slower upon the co-transfection of the CD4 receptor. Thus, CD4mc or sCD4
speed up Env internalization but membrane-anchored CD4 allows the Env-antibody

complexes to remain on the cell surface for a longer period.
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Figure 4.2. Antibody-induced internalization of Env from the surface of transfected cells.
(A) Cell surface staining of 293T cells transfected with plasmid encoding JRFL Env alone or
together with an expressor of the human CD4 receptor was performed 48h post-transfection.
Ab binding was quantified at 0-, 60-, 120- and 180-minutes using flow cytometry. Histograms
depict representative staining of transfected cells and untransfected (gray) with 17b or 19b
Abs. (B, C) 293T cells were transfected with a plasmid encoding JRFL Env alone or together
with an expressor of the human CD4 receptor and were stained with (B) 19b conjugated with
Alexa Fluor 647 or (C) 17b conjugated with Alexa Fluor 594 for confocal microscopy analyses
to visualize internalization. Alternatively, staining with 17b-sCD4 was done in combination
with the goat anti-human IgG Alexa Fluor 594 secondary Ab. (B-C, Left panels) Images show
the localization of antibody-Env complexes at different time points (0 and 120 min). Images
represent a single confocal z-section through the middle of the cell; at least 25 cells were
imaged per condition, and representative images are shown. Scale bar, 10 um. (B-C, Right
panels) The remaining cell-surface antibody-Env complexes over different time points are
expressed as percentages of the surface fluorescence relative to the 0 min timepoint control.
Error bars indicate means + the SEM. Statistical significance was tested using an unpaired t
test or a Mann-Whitney U test based on statistical normality (**, P<0.01; *** P <0.001).
mCD4; membrane-anchored CD4.
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Different membrane microdomains could determine antibody-mediated Env internalization

Since we observed striking differences in nNAb-induced internalization rates depending on
the presence of membrane-anchored CD4, we sought to determine if this could be due a
difference in the localization of antibody-Env complexes at the plasma membrane. First, we
biotinylated Env trimers expressed on the surface of 293T cells, allowed 19b binding, pulled
out Env-19b complexes using immunoprecipitation, and resolved surface Env using
streptavidin via western blot. We observe that with cells expressing only the JRFL Env, 19b
precipitates out mainly the uncleaved Env (gp160). Whereas, with cells expressing both the
JRFL Env and human CD4, 19b precipitates out both the uncleaved (gp160) and cleaved Env
(gp120) (Figure 4.3A). This is likely due to the conformational flexibility of the uncleaved
Env that facilitates its recognition by nNAbs. Env epitopes recognized by these nNADbs are
occluded in the cleaved Env (31-33), therefore requiring the ‘opening’ of Env by CD4 for their
interaction to occur. Of note, and in agreement with previous publications, we observe two
bands of distinct molecular weight for the uncleaved gp160 that were previously associated to

their glycosylation content (Figure 4.3A) (7, 34).

The Env trimer has been described to be contained in lipid microdomains (commonly known
as ‘lipid rafts’) on the infected cell surface from where budding occurs (35-38). These
specialized membrane microdomains are enriched with cholesterol and sphingolipids and are
reported to play an important role in endocytic processes (39). To assess the association of
rapidly internalized antibody-Env complexes with microdomains, we biochemically isolated
lipid microdomains by membrane fractionation using a sucrose gradient (40). We identified
the detergent-resistant membranes (DRMs or ‘lipid rafts’) using the ganglioside GM1 and the
transferrin receptor (CD71) was used to identify the detergent soluble membranes (DSMs)
(Figure 4.3B). Cell-surface biotinylated Env trimers complexed with antibodies undergoing
fractionation using sucrose gradients were resolved via immunoprecipitation, followed by
western blotting. Using this technique, we observed an enrichment of bNAb-bound (PGT151)
cleaved Env (gp120) in the DRM (top) fractions (Figure 4.3C). Since bNAb-bound Env
internalizes rapidly, this initial observation indicates that the Env-antibody complexes that are

present in the DRM (top) fractions, and thus, associated with lipid microdomains, undergo
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rapid internalization. On the other hand, when we used 19b we preferentially detected
uncleaved Env (gp160) which was located in both the DSM (bottom) and DRM (top) fractions
(Figure 4.3D). Interestingly, we observed that the slower migrating gp160 band, which was
reported to have complex glycans, is enriched in the DRM (top) fractions, while the gp160
band with the lower molecular weight, reported to be composed primarily of oligomannose
glycans, appeared in the DSM (bottom) fractions (7, 34). Upon addition of BNM-III-170, the
cleaved Env (gp120) appears in the DRM (top) fractions (Figure 4.3E). The presence of
cleaved Env in the fractions that are associated with lipid microdomains upon the addition of
BNM-III-170, could explain the rapid Env internalization in the conditions that CD4mc are
present. Consistent with our observations that co-expression of CD4 slows down nNAb-
internalization, we observe an accumulation of the cleaved Env (gp120) localization to the
DSM (bottom) fractions (Figure 4.3F). An enrichment of Ab-Env complexes away from lipid
microdomains in the presence of membrane-anchored CD4 could explain the slower antibody-
mediated Env internalization seen in these conditions. Thus, cleaved or uncleaved Env-
antibody complexes that are present in DSM (bottom) fractions, and do not associate with lipid
microdomains, remain on the cell surface for a prolonged period. Our observations suggest
that the association of antibody-bound functionally cleaved Env (gpl120) with lipid
microdomains could influence its accelerated internalization. Future studies need to confirm

these observations in a more physiological system with primary CD4+ T cells.
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Figure 4.3. Differential localization of antibody-Env complexes visualized by lipid
microdomain fractionation.

293T cells were transfected with a plasmid encoding JRFL Env alone or together with an
expressor of the human CD4 receptor and 48 hours post-transfection all cell-surface
proteins were biotinylated. (A) Immunoprecipitation of cell-surface biotinylated Env from
cells transfected to express the (left) JRFL Env alone or (right) with the human CD4
receptor after incubation with 19b. Further, cell lysates were fractionated on a sucrose
density gradient as described in Materials and Methods. (B) Equal volumes of individual
fractions were resolved by SDS-PAGE, transferred to a nitrocellulose membrane, and
probed with HRP-conjugated CTx-B to detect DRM marker ganglioside GM1 or with
OKT-9 antibody to detect DSM marker CD71. (C-F) Immunoprecipitation of cell-surface
biotinylated Env from individual sucrose gradient fractions using (C) PGT151, (D) 19b,
(E) 19b with 5uM BNM-III-170 from cells expressing the JRFL Env only and (F) 19b
from cells expressing both the JRFL Env and human CD4 receptor. Values represent
densities of respective band intensities quantified using ImageJ normalized to the bottom
fractions. (B-F) Representative blots from at least three independent experiments are
shown. mCD4; membrane-anchored CD4
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Collectively, our results suggest that in addition to the different populations and
conformations of Env that co-exist on the cell surface, antibody-mediated Env
internalization could also be attributed to the localization of Env in discrete microdomains.
Further studies to confirm the differential localization of antibody-Env complexes using
high-resolution microscopic studies are warranted (41). Our results could steer the
selection of antibody therapeutics against HIV-1 that allow for the Env to remain stable

on the surface of infected cells and thus, enhance its recognition by the immune system.
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CHAPTER V
Enhanced Ability of Plant-Derived PGT121 Glycovariants to Eliminate HIV-1-Infected
Cells
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Marzena Pazgier, Doug Cossar, Michael D. McLean and Andrés Finzi

5.1 Preface to Chapter 5

As described in Chapter 1, the antiviral activities of the highly potent bNAb, PGTI121, are
currently being evaluated in clinical trials for HIV-1 prevention and therapy. Two recent
studies showed that the neutralization capacity of PGT121 is sufficient to protect infection
since the Fc-impaired versions of PGT121 provided similar levels of protection as their wild-
type counterparts (386, 387). However, these studies were performed with primarily
fucosylated PGT121 and did not comprehensively explore the capacity of PGT121 to clear the
cellular reservoir. Thus, in this chapter, we attempt to better understand the importance of the
Fc-effector functions of PGTI121 in clearing HIV-1-infected cells by modulating its
glycosylation profile using a plant-based system. These results are important in informing the
design of numerous ongoing and future human clinical trials utilizing bNAbs for HIV-1

remission.
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5.2 Abstract

The activity of broadly neutralizing antibodies (bNAbs) targeting HIV-1 depends on
pleiotropic functions including viral neutralization and the elimination of HIV-1-infected cells.
Several in vivo studies have suggested that passive administration of bNAbs represents a
valuable strategy for the prevention or treatment of HIV-1. Additionally, different strategies
are currently being tested to scale-up the production of bNADs to obtain the large quantities of
antibodies required for clinical trials. Production of antibodies in plants permits low-cost and
large-scale production of valuable therapeutics; furthermore, pertinent to this work, it also
includes an advanced glycoengineering platform. In this study, we used Nicotiana
benthamiana to produce different Fc-glycovariants of a potent bNAb, PGT121, with near-
homogeneous profiles and evaluated their antiviral activities. Structural analyses identified a
close similarity in overall structure and glycosylation patterns of Fc regions for these plant-
derived Abs and mammalian cell-derived Abs. When tested for Fc-effector activities,
afucosylated PGT121 showed significantly enhanced FcyRIlla interaction and antibody
dependent cellular cytotoxicity (ADCC) against primary HIV-1-infected cells, both in vitro
and ex vivo. However, the overall galactosylation profiles of plant PGT121 did not affect
ADCC activities against infected primary CD4+ T cells. Our results suggest that the abrogation
of the Fc N-linked glycan fucosylation of PGT121 is a worthwhile strategy to boost its Fc-

effector functionality.
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5.3 Introduction

Human immunodeficiency virus type 1 (HIV-1) envelope glycoproteins (Env) represent the
main virus-specific antigen exposed at the surface of viral particles and infected cells. As such,
Env represents a unique target for neutralization and Fc-effector functions, such as antibody-
dependent cellular cytotoxicity (ADCC). Several in vivo studies in humanized mice and non-
human primate (NHP) models of HIV-1 infection (1-7), as well as in HIV-1-infected humans,
have shown that passive administration of broadly neutralizing antibodies (bNAbs) can confer
both effective pre-exposure prophylaxis and therapeutic control of viremia (8-12). The
progress made over the last few years further spurred the interest to use bNAbs for protection
and control of HIV-1 infection in ongoing clinical trials (NCT03707977, NCT04319367, and
NCTO03837756). With the expansion in the use of bNAbs, the large amounts of antibodies
required to perform these studies, and the cost that is associated to produce them in mammalian
cells is a significant barrier (13, 14). Alternate cost-effective platforms to express and purify
these bNAbs are being explored. Strategies that are currently being tested to increase the
production of monoclonal antibody therapeutics include bacteria such as Escherichia coli (15)

and yeast such as Pichia pastoris (16).

Another platform gaining significant interest in the recent decade is the production of
monoclonal antibodies (mAbs) and other biologic drugs in plant-based systems using
Nicotiana benthamiana (17, 18). This allows the unlimited potential for large-scale, cost-
effective production of valuable therapeutic proteins (19, 20). Additionally, production cost is
not the only advantage of this technology. This method offers rapid development timelines
since plant expression systems apply transient expression technology using Agrobacterium to
introduce DNA expression vectors encoding mAbs of interest into the plant by horizontal gene
transfer. This system allows mAb production of upwards of 10% total soluble protein biomass
that usually peaks within one week, after which the plants can be harvested for product

purification (21, 22).

Furthermore, plant expression systems now also harbour the advantage of an advanced

glycoengineering platform (23). Since post-translational modifications are critical for the
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functional activities of antibodies, glycoengineering is a valuable tool to improve their Fc-
effector functions. Glycoengineered mAbs have already demonstrated their potential for other
viral infections, including Zika (24), Dengue (25), Rabies (26) and West Nile virus (27). The
glycosylation status of mAbs modulates Fc gamma receptors (FcyR) binding to improve or
decrease Ab-mediated effector functions, such as ADCC. This is dictated by glycan moieties
that can be added or removed from asparagine-297 (N297), the single N-linked glycosylation
site of [gG Fc fragment. Mutations of N297 residue have been shown to diminish FcyR binding
and specific Fc-glycan modifications have been shown to modulate Ab functionality (28-31).
Concurrent with the research being done to glycoengineer Env-specific bNAbs against HIV-1
(32-35), we have utilized a N. benthamiana-based glycoengineering platform in this study that
is valuable in the currently expanding field of HIV-1 bNAbs therapy.

Here we generated different glycoforms of the highly potent PGT121 bNAb, which recognizes
the N332 supersite at the base of Env V3 loop (36-40). PGT121 has been shown to provide
prolonged viral suppression in chronically infected rhesus macaques (1) and to mediate
effective protection against cell-free viral mucosal (41, 42) and cell-associated intravenous
(43) SHIV challenges. While bNAbs antiviral effects can be largely attributed to the ability of
antibodies to neutralize viral particles (44), Fc-mediated functions have also been associated
with optimal bNADb activity in vivo (1, 2, 45-48) but remains somewhat controversial in the
context of protection against infection (49). We evaluated the abilities of these PGT121
glycovariants to interact with FcyRIIla and mediate efficient ADCC against HIV-1 and SHIV-

infected cells in vitro and ex vivo.
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5.4 Material and Methods

Ethics Statement

Written informed consent was obtained from all study participants [the Montreal Primary HIV
Infection Cohort (77, 78)] and research adhered to the ethical guidelines of CRCHUM and was
reviewed and approved by the CRCHUM institutional review board (ethics committee,
approval number CE16.164-CA). Research adhered to the standards indicated by the
Declaration of Helsinki. All participants were adult and provided informed written consent

prior to enrolment in accordance with Institutional Review Board approval.

Cell lines and Isolation of Primary CD4+ T cells

293T human embryonic kidney cells (obtained from ATCC) were maintained at 37°C under
5% CO; in Dulbecco's modified Eagle's medium (DMEM) (Wisent) containing 5% fetal
bovine serum (VWR) and 100 pg/ml penicillin-streptomycin (Wisent). CEM.NKR-CCRS5-
sLTR-Luc cells and the CD16+ KHYG-1 effector cells were maintained at 37°C under 5%
CO2 in RPMI 1640 complete medium (Gibco) containing 10% fetal bovine serum (VWR) and
100 pg/ml penicillin-streptomycin (Wisent). Primary CD4+ T lymphocytes were purified from
resting PBMCs by negative selection and activated as previously described (56, 73). Briefly,
PBMCs were obtained by leukapheresis from 5 HIV-uninfected healthy adults. CD4+ T
lymphocytes were purified using immunomagnetic beads as per the manufacturer’s
instructions (StemCell Technologies). CD4+ T Ilymphocytes were activated with
phytohemagglutinin-L. (PHA-L; 10 pg/mL) for 48 hours and then maintained in RPMI 1640
complete medium (Gibco) supplemented with rIL-2 (100 U/mL).

Plant derived protein production and purification

Methods for production of antibodies in plants have been published (18, 21, 79, 80).
Expression vectors for plant-produced trastuzumab and PGT121 were assembled in a common
plasmid backbone and included a double-enhancer version of the Cauliflower Mosaic Virus
(CaMV) 35S promoter (EE35S) (81) driving expression of each of the respective heavy chain
(HC) and light chain (LC) genes plus the same promoter driving expression of Tomato Bushy

Stunt Virus P19 protein (22). A P19-only expression vector, assembled in similar fashion, was
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also used in some plant treatments. Post-translational modification vectors were also
assembled similarly: oligosaccharidyltransferase STT3D (82), driven by the Arabidopsis Act2
promoter (83); alpha-mannosidase GMII from N. benthamiana (Niben101Scf06280g02001.1;
solgenomics.net), driven by the EE35S or Act2 promoters; N-acetylglucosaminyltransferase
GnTII from N. benthamiana (Niben101Scf16329g00007.1; solgenomics.net), driven by the
EE35S or Act2 promoters; human beta-1,4-galactosyltransferase (GalT; (84)), driven by the
basal 35S promoter; human alpha-1,6-fucosyltransferase (FucT, NCBI Reference Sequence:
NP 835368.1), driven by the Act2 promoter. All plant-produced antibody and
glycomodification enzyme coding sequences were designed to incorporate preferred N.
benthamiana codons according to published methods (85, 86). Antibodies were purified using
Protein A (HiTrap MabSelect) and polished with Capto Q (HiTrap Capto Q) columns
according to manufacturer protocols (Cytiva Life Sceinces, Chicago, IL). Purified antibodies
were dialyzed against PBS. To assess purity, SDS-PAGE and immunoblotting was performed
according to published methods (80). Galactosylated and fucosylated antibodies were
confirmed via immunoblotting with biotinylated Ricinus communis Agglutinin I for galactose
or biotinylated Aleuria aurantia Lectin for fucose (both lectins were from Vector Labs),
followed by horseradish peroxidase conjugated streptavidin (HRP; BioLegend) and
chemiluminescent signal development with SuperSignal West Pico Chemiluminescent
Substrate (ThermoFisher) (data not shown). Glycan analyses were as described (21). Briefly,
glycans were prepared using the GlykoPrep® Rapid N-Glycan Preparation kit (PROzyme,
Hawyard, CA) and separated by hydrophilic-interaction liquid chromatography (HILIC) using
a TSKgel Amide-80 column (Tosoh Bioscience, Grove City, OH), then identified by relative
retention time and quantified using auto-integration of glycan peaks. Crystallizable fragments
(Fcs) of N. benthamiana expressed afucosylated and fucosylated PGT121 IgG were generated
by papain digest. Digested Fab and Fc were separated by protein A affinity purification on a
HiTrap protein A affinity column (GE Healthcare, Piscataway, NJ) equilibrated in phosphate
buffered saline (PBS). Fc fragment was eluted with 0.1 M glycine pH 3.0 and the pH of the
eluted fractions raised by addition of 1 M Tris-HCI pH 8.5. Fc was separated from undigested
IgG by gel filtration chromatography on a Superdex 200 16/60 column (GE Healthcare,
Piscataway, NJ) equilibrated in 10 mM Tris-HCl pH 7.2 and 0.1 M ammonium acetate. Elution
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fractions corresponding to the predicted Fc molecular weight were combined and concentrated

to approximately 10 mg/ml for crystallization experiments.

Mammalian cell derived protein production and purification

PGT121 and PGT121 LALA antibodies produced in 293F cells were acquired from Scripps
Research Institute Antibody Core Facility (La Jolla, CA). FreeStyle 293F cells (Thermo Fisher
Scientific) were grown in FreeStyle 293F medium (Thermo Fisher Scientific) to a density of
1 x 10° cells/mL at 37°C with 8 % CO, with regular agitation (150 rpm). Cells were transfected
with a plasmid expressing the dimeric recombinant soluble FcyRIIla V'** (rsFeyRIIla) (61)
using ExpiFectamine 293 transfection reagent, as directed by the manufacturer (Thermo Fisher
Scientific). One week later, cells were pelleted, and supernatants were filtered using a 0.22-
pum-pore-size filter (Thermo Fisher Scientific). The rsFcyRIlla proteins were purified by nickel
affinity columns, as directed by the manufacturer (Thermo Fisher Scientific). Furthermore, the
purified rsFcyRIlla proteins were biotinylated using the EZ-Link™ Sulfo-NHS-LC-

Biotinylation Kit as per manufacturer’s instructions (Themo Fisher Scientific).

X-ray crystallography, structure solution, and refinement

Crystals of both Fc isoforms were grown by the hanging drop vapor diffusion method from
15% PEG 4000 and 0.1 M HEPES pH 7.0. Data were collected on crystals that had been flash
frozen in liquid nitrogen. To prevent ice formation upon freezing, crystals were briefly soaked
in crystallization buffer with 20% MPD added as a cryoprotectant. Data were collected on the
National Synchrotron Light Source II (NSLS II) Highly Automated Macromolecular
Crystallography (AMX) beam line (17-ID-1). Data were integrated and scaled with mosflm
and scala from the CCP4 suite of programs. Structures were solved by molecular replacement
with Phaser from the CCP4 suite based on the coordinates of 3AVE (a human fucosylated Fc).
Refinement was carried out with Refmac and/or Phenix and model building was done with
COQT. Data collection and refinement statistics are shown in Table 5.2. Ramachandran
statistics were calculated with Molprobity and illustrations were prepared with Pymol
Molecular graphics (http://pymol.org). Fucosylated and afucosylated Fc structures were
deposited in the Protein Data Bank with PDB IDs 6VSL and 6VSZ respectively. The b-factor,
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also called a temperature factor or atomic displacement parameter, indicates the precision of
the atom positions in the crystallographic structures on macromolecules. A higher b-factor
corresponds to the increased movement (disorder) of the given atom. Atom positions can be

uncertain because of disorder in the crystal from which the structure was determined.

Viral production, infections, and ex vivo amplification

For in vitro infection, vesicular stomatitis virus G (VSV-G)-pseudotyped HIV-1rcse (NIH
AIDS Reagent Program), SHIVaps-ro (kindly provided by Malcom Martin) and SHIVggsos
infectious molecular clones (IMC) were produced in 293T cells and titrated as previously
described (56). The SHIVgagsos IMC harbours the T332N and S375Y mutations in its Env (87).
Viruses were then used to infect CEM.NKr CCR5+ cells or primary CD4 T cells from healthy
donors by spin infection at 800 x g for 1 h in 96-well plates at 25°C. To expand endogenously
infected CD4+ T cells, primary CD4+ T cells obtained from four antiretroviral therapy (ART)-
treated HIV-1-infected individuals were isolated from PBMCs by negative selection. Purified
CD4+ T cells were activated with PHA-L at 10 pg /ml for 48 hours and then cultured for at
least 6 days in RPMI-1640 complete medium supplemented with rIL-2 (100U/ml) to reach
above 10% infection for ADCC assay. ADCC susceptibility was not assessed for one of the

donors since it only reached 4% infection.

Flow Cytometry Analysis of Cell Surface Staining

Cell-surface staining of infected cells was performed as previously described (55, 63, 88).
Binding to cell surface HIV-1 Env by anti-Env mAbs (5 pg/ml) was performed at 48 h post-
infection. Goat anti-human Alexa-Fluor 647 secondary Abs (Thermo Fisher Scientific) was
used to determine overall antibody binding and AquaVivid (Thermo Fisher Scientific) as a
viability dye. Alexa-Fluor 647-conjugated streptavidin (Thermo Fisher Scientific) was used to
determine biotin-tagged dimeric recombinant soluble FcyRIlla (V158) binding. Cells were
then permeabilized using the Cytofix/Cytoperm Fixation/Permeabilization Kit (BD
Biosciences). HIV-1-infected cells were identified by intracellular staining of p24 using PE-
conjugated anti-p24 mAb (clone KC57; Beckman Coulter) and SHIV-infected cells were
identified by intracellular staining using Alexa Fluor 488-conjugated anti-p27 Abs (clone
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2F12). The percentage of infected cells (p24+ or p27+ cells) was determined by gating the
living cell population based on viability dye staining with AquaVivid (Thermo Fisher
Scientific). Samples were analyzed on a Fortessa cytometer (BD Biosciences), and data

analysis was performed using FlowJo v10.7.1 (Tree Star).

FACS-based ADCC assay

Measurement of ADCC using the FACS-based assay was performed at 48h post-infection as
previously described (55, 63, 89) or after reaching 10% of p24+ cells during ex vivo expansion.
Briefly, infected cells were stained with AquaVivid viability dye and cell proliferation dye
(eFluor670; eBioscience) and used as target cells. Autologous PBMCs were used as effectors
cells and were stained with another cellular dye (cell proliferation dye eFluor450;
eBioscience). Effector and target cells were mixed at a ratio of 10:1 in 96-well V-bottom plates
(Corning) and 5ug/ml of mAbs were added to appropriate wells. The plates were subsequently
centrifuged for 1 min at 300 x g, and incubated at 37°C, 5% CO- for 5 hours before being fixed
in a 2% PBS-formaldehyde solution. Samples were acquired on a Fortessa cytometer (BD
Biosciences) and data analysis was performed using FlowJo v10.7.1 (Tree Star). The
percentage of ADCC was calculated with the following formula: (% of p24+ or p27+ cells in
Targets plus Effectors) — (% of p24+ or p27+ cells in Targets plus Effectors plus Abs) / (% of
p24+ or p27+ cells in Targets) by gating on live target cells.

Luciferase-based ADCC assay

Measurement of ADCC responses using the luciferase reporter assay was performed as
previously described with a NK cell line stably expressing human CD16a serving as effector
cells (44, 57-59). The lymphocytic cell line CEM.NKR-CCRS5-sLTR-Luc, which expresses the
firefly luciferase (Luc) under the control of a Tat-inducible promoter, was infected with VSV
G-pseudotyped SHIVaps.ro and used as target cells. To avoid VSV G-pseudotyping
replication-competent virus, a 2-bp deletion was introduced into the vif gene of SHIV aps-ro,
resulting in a premature stop codon followed by a frameshift. At 2 days post-infection, effector
cells were incubated with target cells for 8h, in triplicate, at a ratio of 10:1 in the presence of

different concentrations of Abs ranging from 100pg/mL to 0.006 pg/mL using a 4-fold dilution
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factor. The dose-dependent loss of Luc activity was measured as an indication of Ab-mediated
killing of productively infected cells. Infected target cells incubated with effector cells in the
absence of Ab were used to measure maximal Luc activity, and uninfected target cells cultured
with effector cells were used to determine background Luc activity. ADCC activity as a
percentage of relative light units (RLU) was calculated as follows: (mean RLU at a given
antibody concentration — mean background RLU) / (mean maximal RLU — mean background
RLU) x 100. Area under the curve (AUC) values for ADCC were calculated from percent
relative light units (RLU), as previously described (44, 57-59).

Virus neutralization

Lentiviral particles were produced in HEK 293T using the standard calcium phosphate
transfection technique. Two days post-transfection, cell supernatants were harvested. TZM-bl
target cells were seeded at a density of 1 x 104 cells/well in 96-well luminometer-compatible
tissue culture plates (Perkin Elmer) 24 hours before infection. Viral preparations were
incubated for 1 hour at 37°C with serial dilutions of anti-Env antibodies in a final volume of
200 puL before being added to the target cells. After a 48-hour incubation at 37°C, the medium
was removed from each well, and cells were lysed by the addition of 30 pL of passive lysis
buffer (Promega) followed by one freeze-thaw cycle. An LB941 TriStar luminometer
(Berthold Technologies) was used to measure the luciferase activity of each well after the
addition of 100 pL of luciferin buffer (15mM MgSOQO4, 15mM KPO4 [pH 7.8], ImM ATP, and
ImM dithiothreitol) and 50 pL of ImM d-luciferin potassium salt (Prolume)

Statistical Analyses

Statistics were analyzed using GraphPad Prism version 9.0.0 (GraphPad, San Diego, CA,
USA). Every data set was tested for statistical normality using the Shapiro-Wilk test, and this
information was used to apply the appropriate (parametric or nonparametric) statistical test. P
values of <0.05 were considered significant; significance values are indicated as * p<0.05, **

p<0.01, *** p<0.001, **** p < 0.0001.
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5.5 Results
Generation of near-homogeneous plant-derived PGT121 glycovariants

Most therapeutic protein drugs, such as mAbs, exist as mixtures of glycoproteins that are
identical in amino acid sequence composition yet variable in glycosylation profile due to a
series of post-translational modifications. In this study, a versatile platform was used to
produce Env-specific bNAb PGT121 with controlled post-translational glycomodification.
This platform involved transient expression of antibody genes in a proprietary Nicotiana
benthamiana plant line engineered for knock down of plant-specific al,3-fucosylation and
B1,2-xylosylation (KDFX) (18) thus producing mAbs with predominantly biantennary N-
acetylglucosamine (GnGn) glycans (GO glycoform). When mAbs were transiently co-
expressed with human a-1,6 fucosyltransferase in KDFX plants, glycans bearing core fucose
resulted; with human a-1,4 galactosyltransferase, glycans with galactose linkages being either
mono- or di-antennary resulted (50, 51). In this study, we produced diverse PGT121
glycovariants that were purified from different plant treatments, resulting in mainly GO
(agalactosylated and afucosylated), GOF (agalactosylated and fucosylated), G2 (two galactose
residues and afucosylated) or G2F (two galactose residues and fucosylated) glycans (Figure
5.1), respectively, with minor amounts of branched oligomannose residues. All plant
treatments produced antibodies with highly homogeneous glycosylation profiles characterized
by a single dominant glycan. MAb PGT121 produced in mammalian 293F cells was also used
in this study; its glycosylation status has been previously reported as GOF (agalactosylated and
fucosylated) with minor amounts of other N-linked glycans (42).
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Figure 5.1. N-linked glycans of N. benthamiana-produced PGT121 glycovariants
Percentage of predominant N-glycosylations on PGT121 GO, PGT121 GOF, PGT121 G2, and
PGT121 G2F are presented in the table. Schematic diagrams are across the top, where Asn is
asparagine 297; GnGn is diantennary N-Acetylglucosamine; F is fucose; A is galactose.
Glycan species abundances are given as percentages and minor glycoforms are not indicated.
Glycan nomenclature is further described by ProGlycAn (http://www.proglycan.com/protein-
glycosylation-analysis/nomenclature).

Fc glycosylation does not affect the ability of PGTI21 to recognize infected cells nor its

neutralization capacity

Taking our panel of glycoengineered PGT121 mAbs, we first evaluated their overall binding
capacity to Env on the surface of infected cells when compared to the 293F-produced PGT121.
First, we used a lymphocytic cell line (CEM.NKr) infected with three different infectious
molecular clones (IMC) expressing Env in its ‘closed’ conformation (HIV-1jcsr (52),
SHIVaps-eo (53) and SHIVggsos N332 S375Y (44)). As controls, we included a version of
293F-produced PGTI121 with Fc mutations known to decrease FcyRIlla interactions
(L234A/L235A [LALA]) as well as a non-specific mAb, Trastuzumab, a HER2-specific mAb
used in specific cancer immunotherapies (54) in our panel. Two days post-infection, cells were
stained with the respective mAbs and all plant-produced PGT121 glycovariants recognized
cells infected with the three IMCs to the same extent as 293F-produced PGT121 (Figure 5.2A-
C). Furthermore, in agreement with an equivalent Env recognition by all PGT121
glycovariants, no significant differences in their ability to neutralize HIV-1rcsr, SHIV aps-Eo

and SHIVgasos lentiviral particles were observed (Figure 5.2D-F). These results confirm that
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Figure 5.2. Fc glycosylation does not affect the ability of PGT121 to recognize infected
cells or its neutralization capacity

Cell surface staining of CEM.NKr CCRS5+ cells infected with (A) HIV-1rcsr, (B) SHIV aps-
o, and (C) SHIVsasos was performed 48h post-infection. Antibody binding was detected using
Alexa Fluor 647-conjugated anti-human secondary Abs. (A-C) Graphs represent the median
fluorescence intensities (MFI) in the infected (p24+ or p27+) population determined from at
least 5 independent experiments, with the error bars indicating means + SEM. Statistical
significance was tested using an unpaired t test or a Mann-Whitney U test based on statistical
normality (**** P <(.0001; ns, nonsignificant). (D-F) Lentiviral particles produced from (D)
HIV-1licsr, (E) SHIVapsro, and (F) SHIVscsos IMCs. Viruses were incubated with serial
dilutions of trastuzumab and PGT121 mAbs at 37°C for 1 h prior to infection of TZM-bl target
cells. Infectivity at each Ab concentration tested is shown as the percentage of infection
without Ab for each virus. Quadruplicate samples were analyzed in each experiment. (D-F)
Data shown are the means of results obtained in at least 3 independent experiments. Error bars

indicate means = SEM. Black histogram/curves represent 293F cell-derived mAbs and green
histogram/curves represent plant-derived mAbs.
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The Fc glycosylation profile of PGT121 regulates its capacity to mediate ADCC

Next, we evaluated the efficacy of our panel of glycoengineered mAbs to eliminate infected
cells. The susceptibility of CEM.NKR cells (infected HIV-1;rcsk, SHIV aps-eo and SHIVEgsos)
to ADCC was measured with a previously described FACS-based ADCC assay that measures
the elimination of productively infected cells by measuring the presence of intracellular HIV-
1 or SHIV capsid antigens (p24+ and p27+, respectively) (44, 55, 56) (Figure 5.3A-C). As
expected, no ADCC activity was observed with the negative control, trastuzumab.
Furthermore, the capacity of PGT121 to mediate ADCC was significantly impaired by the
introduction of the LALA mutations in its Fc domains. Despite equivalent recognition of Env
(Figure 5.2), we observed significant differences in the abilities of the different PGT121
glycovariants to mediate ADCC. As expected, the plant-produced agalactosylated and
fucosylated PGT121 (PGT121 GOF), gave similar results as that of the 293F-produced
PGT121, where the N-linked glycans are also predominantly GOF. Although significant
increases in ADCC activities were observed with the two afucosylated PGT121 mAbs (GO and
G2) compared to their fucosylated counterparts (GOF and G2F), the galactosylated mAb
(PGT121 G2) harboured the most potent activity against CEM.NKR cells infected with HIV-
Liresr (Figure 5.3A). In contrast, no effect of galactosylation was seen against both SHIV-

infected cells.

We confirmed the enhanced ADCC activity of galactosylated PGT121 using a different
luciferase based ADCC assay that also relies on the specific elimination of infected cells (57).
In this assay, infected CEM.NKR-CCRS5-sLTR-Luc cells expressing a Tat-driven luciferase
reporter gene serve as target cells, while a CD16+ NK cell line is used as effector cells (57-
59). As luciferase is only expressed upon productive infection, elimination of infected cells
can be calculated by the loss of luciferase activity. As expected, similar results were obtained
with this assay, where the afucosylated mAb (PGT121 G2) had enhanced ADCC activity when
compared to the fucosylated mAb (PGT121 G2F) (Figure 5.3D, E).
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Figure 5.3. Fc glycosylation profile of PGT121 regulates its ADCC capacity against
infected cells

CEM.NKR-CCR5-sLTR-Luc cells infected with (A) HIV-1jrcsr, (B) SHIVsGsos, and (C)
SHIV aps-ro were used as target cells. PBMCs from uninfected donors were used as effector
cells in a FACS-based ADCC assay. (A-C) The graphs shown represent the percentages of
ADCC obtained in the presence of the respective antibodies. (D-E) For the luciferase assay,
CEM.NKr-CCR5-sLTR-Luc cells infected with SHIV aps-eo, or SIVmac239 as a negative control.
ADCC responses were measured as the dose-dependent loss of luciferase activity in relative
light units (RLU) after incubation of infected CEM.NKR-CCRS5-sLTR-Luc cells with CD16+
KHYG-1 effector cells in presence of antibody. Values are the means + standard deviations
(error bars) for triplicate wells, and the dotted line indicates half-maximal lysis of infected
cells. (E) Area under the curve (AUC) values were calculated using from curves of increasing
mADb concentrations shown in (D). Error bars indicate means + SEM. Statistical significance
was tested using a paired t test or Wilcoxon matched pairs signed rank test based on statistical
normality (* P <0.05; ** P <0.01; *** P <0.001). Black histogram bars represent 293F cell-
derived mAbs and green histogram bars represent plant-derived mAbs.
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The Fc glycosylation profile of PGTI21 modulates FcyRIlla interaction and ADCC against
infected primary CD4+ T cells

To assess the activities of N. benthamiana-derived PGT121 mAbs in a more physiological
setting, we aimed to validate our results obtained using infected CEM.NKr cell line with
infected primary CD4+ T cells (Figure 5.4). We purified primary CD4+ T lymphocytes from
resting PBMCs by negative selection and activated them with PHA-L/IL-2, followed by
infection with HIV-1jrcsr, SHIVaps-ro or SHIVBGsos. Once again, all our plant-produced
PGTI121 glycovariants recognized cells infected with the three viruses to the same extent as

the 293F-produced PGT121 (Figure 5.4A-C).

The N-linked glycosylation profile of IgG Fc portion has been described to strongly dictate
their ability to interact with FcyRs (28, 60). To further evaluate the impact of PGT121
glycoforms on its interaction with FcyRIlla, we incubated antibody-opsonized infected
primary CD4+ T cells with a soluble recombinant dimeric FcyRIIla protein that models the
cross-linking of FcyRs by Abs, a process essential to activate effector cells (61-63). Despite
equivalent recognition of Env, the fucosylated PGT121 mAbs had decreased dimeric FcyRIIla
engagement when compared to the afucosylated glycoforms (Table 5.1 and Figure 5.4D-F).
Moreover, both the agalactosylated and galactosylated mAbs (PGTI21 GO and G2,
respectively) had equivalent binding of FcyRIlIa in cells infected with all three viruses tested

(Figure 5.4D-F).

To evaluate whether the engagement of FcyRIIla translates to ADCC, primary CD4+ T cells
from different healthy uninfected donors were infected with HIV-1rcsr and investigated for
their ADCC susceptibility in presence of autologous effector cells. Similar ADCC responses
were observed with significant enhancements in presence of the two afucosylated mAbs
(PGT121 GO and G2) (Table 5.1 and Figure 5.4G). Akin to the engagement of FcyRIlIa, the
presence or absence of galactose did not impact ADCC responses. Moreover, the overall
capacity of our panel of PGT121 glycoforms to recognize Env did not correlate with the
differences in ADCC responses observed (r = 0.6676, p =0.1474) (Figure 5.4H), while their
ability to interact with the dimeric FcyRIlla correlated significantly with ADCC activity
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exhibited against HIV-1rcsr infected primary CD4+ T cells (r = 0.9615, p =0.0022) (Figure
5.41). Thus, the enhanced ADCC functionality observed with the afucosylated PGT121 mAbs

appears to depend on their improved capacity to interact with FcyRIIIa.
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Figure 5.4. Fc glycosylation profile of PGT121 modulates FeyRIIla interaction and
ADCC against infected primary CD4+ T cells

Cell surface staining of primary CD4+ T cells infected with (A, D) HIV-lcsk, (B, E)
SHIV aps-eo, and (C, F) SHIVsgsos was performed 48h post-infection. Antibody binding was
detected either by (A-C) using Alexa Fluor 647-conjugated anti-human secondary Abs or by
(D-F) using biotin-tagged dimeric rsFcyRIlla (0.2 pg/ml) followed by the addition of Alexa
Fluor 647-conjugated streptavidin. (A-F) Graphs represent the mean fluorescence intensities
(MFI) in the infected (p24+ or p27+) population determined from at least 5 independent
experiments, with the error bars indicating means +£ SEM. (G) Primary CD4+ T cells infected
with HIV-1;rcsr were used as target cells. Autologous PBMCs were used as effector cells in a
FACS-based ADCC assay. The graph shown represent the percentages of ADCC obtained in
the presence of the respective antibodies. Statistical significance was tested using a paired t
test or Wilcoxon matched pairs signed rank test based on statistical normality (*, P <0.05; **,
P <0.01; *** P <0.001; ns, nonsignificant). Black histogram bars represent 293F cell-derived
mAbs and green histogram bars represent plant-derived mAbs. (H, I) Correlations between the
levels of ADCC and levels of (H) antibody binding or (I) FcyRlIIla binding as measured on
primary CD4+ T cells infected with HIV-1jrcsr. Statistical significance was tested using a
Pearson correlation test. Black points represent 293F cell-derived mAbs and green points
represent plant-derived mAbs.
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Table 5.1. Functionalities of PGT121 glycovariants targeting infected primary CD4+ T
cells "

HIV-1ircsr Trastuzumab? PGT121* PGTI121 LALA* PGTI121 GOFf PGT121 GOt PGT121 G2Ff PGTI121 G2}

Antibody binding 0.05 1.00 1.06 1.10 1.20 1.10
FcyRlIlla binding 0.64 1.00 0.70 1.18 1.82 1.05
%ADCC 0.10 1.00 0.72 1.39 1.85 1.12

1.12

1.63

1.72

* Ab binding, FcyRIIla binding and ADCC were measured as described in the Materials and
Methods. Respective values obtained for each assay are normalized to the value obtained by
PGT121

* 293F-derived MAbs; 1, plant-derived MAbs.
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Susceptibility of ex-vivo-expanded primary CD4+ T cells from HIV-I1-infected individuals to
PGTI121-mediated ADCC

Since our results indicate that Fc fucosylation of PGT121 plays an important role in
modulating FcyRIIla interaction and ADCC response efficacy, we further evaluated whether
our panel of plant-derived PGT121 glycovariants were able to eliminate ex vivo-expanded
endogenously infected CD4+ T cells. We isolated primary CD4+ T cells from four
antiretroviral therapy (ART)-treated HIV-1-infected individuals and activated them with PHA-
L/IL-2, where viral replication was followed by intracellular p24 staining. In agreement with
the results obtained with HIV-1rcsr infected primary CD4+ T cells, endogenously infected
primary CD4+ T cells were also more susceptible to ADCC mediated by atfucosylated PGT121
mAbs. Similarly, these mAbs were also able to engage with the dimeric FcyRIIla more
efficiently than the fucosylated PGT121, despite their comparable binding to Env present on
the surface of infected cells (Figure 5.5A-C).
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Figure 5.5. Susceptibility of ex vivo-expanded endogenously infected primary CD4+ T
cells from HIV-1-infected individuals to PGT121-mediated ADCC

Primary CD4+ T cells from four different HIV-1-infected individuals were isolated and
reactivated with PHA-L for 48 h, followed by incubation with IL-2 to expand the endogenous
virus. Cell surface staining of infected primary CD4+ T cells was performed upon reactivation.
Antibody binding was detected either by using (A) Alexa Fluor 647-conjugated anti-human
secondary Abs or (B) biotin-tagged dimeric rsFcyRIlla (0.2 pg/ml) followed by the addition
of Alexa Fluor 647-conjugated streptavidin. (A-B) Graphs represent the mean fluorescence
intensities (MFI) in the infected (p24+ or p27+) population determined from at four different
donors, with the error bars indicating means + SEM. (C) Ex vivo-expanded infected primary
CD4+ T cells from three HIV-1-infected individuals were used as target cells. Autologous
PBMCs were used as effector cells in a FACS-based ADCC assay. The graphs shown represent
the percentages of ADCC obtained in the presence of the respective antibodies. ADCC
susceptibility was only measured when the percentage of infection (p24+ cells) was higher
than 10%. Statistical significance was tested using a paired t test or Wilcoxon matched pairs
signed rank test based on statistical normality (*, P <0.05; ** P <0.01; *** P <0.001; ns,
nonsignificant). Black histogram bars represent 293F cell-derived mAbs and green histogram
bars represent plant-derived mAbs.
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The Fc regions of N. benthamiana-derived and mammalian cell-derived PGTI21 are

structurally similar with differences in N297 sugar composition

Functional characterizations of our panel of glycoengineered PGT121 mAbs demonstrated
significant differences in Fc-mediated effector activities when compared to mammalian cell
derived PGT121. To understand if there are any differences in the overall structure and
glycosylation pattern within the Fc region of our engineered mAbs we determined the 2.6 A
and 2.1 A crystal structures of N. benthamiana-expressed galactosylated afucosylated (G2)
and fucosylated (G2F) PGT121 Fcs, respectively (Table 5.2 and Figure 5.6). Both Fcs
crystallized in the same P212121 space group with similar dimensions (Table 5.2) indicative
of their close structural similarity. Indeed, a structural alignment confirms that the G2 and G2F
Fcs are almost identical with a main chain atom root square deviation (RMSD) of 0.59 A for
the monomers A and B that assemble to form the Fc dimer (Figure 5.6A and B). In both
structures, glycosyl groups attached to N297 were clearly visible permitting identification of
the differences in sugar composition. As shown in Figure 5.6C, the N297 sugar of both
variants consists of a core formed by two N-acetyl-D-glucosamines (with the first attached
directly to N297) and one B-D-mannose with two branching arms, an o(1-3) arm [a3 arm]
linked to the O3 of the mannose and an a(1-6) arm [a6 arm] linked to the O6. Both arms consist
of an a-D-mannose followed by a N-acetyl-D-glucosamine. In addition, a terminal B-D-
galactose is visible on the a6 arm (Figure 5.6C, colored in cyan); a corresponding terminal
galactose on the a3 arm, if present, is not visible due to disorder. The only major difference
between the G2 and G2F forms is the lack of fucosyl group in afucosylated G2. The fucosyl
group branches directly off the first N-acetyl-D-glucosamine in the core attached to N297 in
the G2F variant (Figure 5.6C, colored in green). Of note, although the density for the Fc glycan
attached to monomers A and B is visible in both the G2 and G2F structures, in both cases better
quality density is observed for chain A. Chain B makes fewer crystal contacts resulting in more

movement and higher b-factors for the chain B CH2 domain and its attached glycan.

The CH2-CH3 homodimer is stabilized by interactions between the two CH3 domains in the
dimer, which are largely identical in both Fc variants (Figure 5.6A and B). The glycans of

opposing CH2 domains are in proximity but make no defined contacts to one another. The core
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B-D-mannose and the a6 arm of the glycan are stabilized by phenylalanines 241 and 243 of
the CH2 domain while the a3 arm is only stabilized by the opposing glycan in the dimer
(Figure 5.6D). The a6 arm is also stabilized by a hydrogen bond to lysine 246. This added
stability facilitates the resolution of a terminal B-D-galactose which is in turn stabilized by
hydrogen bonds to the carbonyl oxygen of glutamate 258 and the side chain of threonine 260.
Details of the a3 arm past the N-acetyl-D-glucosamine are not seen due to movement in the

crystal.

The structures presented in Figure 5.6 allowed us to compare our plant-derived G2 and G2F
PGT121 Fc structures with previously published structures of mammalian cell-expressed Fc
domains: a fucosylated Fc lacking the terminal galactose (GOF) (PDB ID: 3AVE), an
afucosylated Fc (GO) (PDB ID: 2DTS), and a fucosylated Fc containing a terminal galactose
(G2F) (PDB ID: 5VGP). As shown in Figure 5.7A, where the structures of the Fc dimer, the
CH2-CH3 monomer and the individual CH2 and CH3 domains are overlaid, there is very close
similarity between equivalent fucosylated and afucosylated variants of plant and mammalian
derived Fcs. Figure 5.7B summarizes the RMSD values for all comparisons which show that
the CH3 domain is the most structurally similar among the comparisons with RMSDs less than
1 A. Bigger differences are seen for the both the plant and mammalian expressed afucosylated
structures. The same holds true for the comparison of the CH> domains but the magnitude of
the RMSD is higher, 1.1 to 1.5 A, reflecting the influence of the glycan bound to N297.
Looking at the Fc as a whole, a similar pattern emerges with a greater range of RMSD variation
for the afucosylated as compared to the fucosylated Fc. This greater variability is more
apparent in the dimer than the monomer, supporting the interpretation that these differences
are a consequence of glycan composition. However, given these differences, both plant and

mammalian expressed Fc domains are largely identical with respect to expression origin.
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Figure 5.6. Structural characterization of the Fc regions of N. benthamiana-produced
PGT121

(A) Crystal structures of afucosylated (right) and fucosylated (left) Fc. The overall structure
is shown in a ribbon diagram with the two heavy chains (Cy2-Cu3 domains) in lighter (chain
B) and darker (chain A) shades of orange and blue for afucosyated and fucosylated variant,
respectively. The sugars attached to asparagine 297 are shown as sticks and spheres colored
by atom type (gray for carbon, red for oxygen and blue for nitrogen). The fucose in the
fucosylated Fc is colored green and the terminal galactose visible on the a6 arm of the glycan
in both structures cyan. (B) Superposition of the afucosylated and fucosylated Cu2-Cu3 dimer
(Fc domain) colored as in (A). (C) Superposition of the Cy2 domains from the afucosylated
(left) and fucosylated (right) Fc dimer. Blow up views to the right show the superposition of
the glycan only with chain A shown as sticks and chain B as lines. Atom types are colored as
in (A). (D) Details of the glycan-glycan and glycan-protein contacts in the afucosyated (left)
and fucosylated (right) Fc dimers. The glycan and interacting residues are shown as sticks and
the protein backbone as a ribbon. Hydrogen bonds are shown with dashed lines. Atom types
are colored as in (A).
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Table 5.2. Data collection and refinement statistics for fucosylated and afucosylated
human Fc from N. benthamiana

fucosylated human Fc  afucosylated human Fc

Data collection

Wavelength, A 0.920 0.979
Space group P2:2:2, P2:2:2,
Cell parameters
a,b,c A 49.9,79.9, 138.5 49.7, 80.3, 137.0
90, 90, 90 90, 90, 90
a, B,y ° 1 1
Fcs/a.u. 50-2.1 (2.21-2.1) 50-2.6 (2.74-2.6)
Resolution, (A)
106,578 54,596
# of reflections 32,561 15,294
Total 9.7 (77.5) 8.3(90.2)
Unique 6.1 (47.9) 4.7 (49.7)
Runerge”, % 0.99 (0.50) 0.99 (0.68)
Rpim”, % 5.4 (1.0) 8.3(1.8)
CCuyf 98.7 (99.3) 88.0(90.2)
I/o 33(33.4) 3.6 (3.6)
Completeness, %
Redundancy
Refinement Statistics
Resolution, A
R % 50.0-2.1 50.0-2.6
Réree®, %0 20.8 22.1
# of atoms 25.0 27.6
Protein
Water 3,359 3,335
Ligand/glycan 189 20
Overall B value (A)? 236 200
Protein
Water
Ligand/Ion 59 81
RMSD' 48 46
Bond lengths, A 80 102
Bond angles, °
Ramachandran® 0.010 0.014
favored, % 1.1 1.6
allowed, %
outliers, % 96.6 90.3
PDB ID 2.9 5.8
0.5 3.9
6VSL 6VSZ

Values in parentheses are for highest-resolution shell

‘Rmerge = )’ | I[-<I> | /1, where 1 is the observed intensity and <I> is the average intensity

obtained from multiple observations of symmetry-related reflections after rejections
®Rpim = as defined in (Weiss 2001)
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‘CC1/2 = as defined by Karplus and Diederichs (Karplus and Diederichs 2012)

R=Y || Fo | - | Fc || Y | Fo | , where Fo and Fc are the observed and calculated structure
factors, respectively

‘Rfree = as defined by Briinger (Brunger 1997)

'RMSD = Root mean square deviation

£Calculated with MolProbity
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Figure 5.7. Comparison of the overall structures of N. benthamiana expressed and
mammalian expressed human Fc domains

(A) Structural alignment of Cy2-Cy3 dimers (Fc), Cu2-Cu3 monomers, Cu2 domains, and Cu3
domains of N. benthamiana and mammalian expressed human Fcs including: a human
fucosylated Fc lacking the terminal galactose (PDB ID 3AVE, yellow), an afucosylated Fc
(2DTS, pink), and a fucosylated Fc containing a terminal galactose (5VGP, gray). N
benthamiana expressed Fcs are colored as in Figure 6 with fucose colored green and galactose
cyan. (B) The average RMSD for main chain atom pairwise comparisons of Cu2 domains, Cu3
domains, Cy2-Cx3 monomers, and Cu2-Cy3 dimers (Fc domain) shown in tabular format color

coded with smaller RMSD values green and larger RMSD values red.
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5.6 Discussion

The results presented in this study suggest that N. benthamiana can be used as a reliable
platform to produce bNADbs targeting HIV-1. No overall differences in viral neutralization and
binding of Env but enhanced FcyRIIla engagement and ADCC against infected cells were
observed with some of the plant-derived PGT121 mAbs when compared to the 293F-produced
PGTI121. Importantly, Fc structures were found to be nearly identical whether the mAbs were
produced in plants or in mammalian cell lines. The safety of plant-produced biological
therapeutics and the value of having a rapid and adaptable system for mAb production was
demonstrated during the 2014-2016 Ebolavirus (EBOV) outbreak in West Africa (66). ZMapp,
a cocktail of mAbs targeting the EBOV envelope glycoprotein, was produced in N.
benthamiana bearing predominantly GO glycans and was used as a therapeutic treatment for
EBOV disease (67). No major safety concerns were observed, while individuals receiving the

ZMapp had reduced mortality as well as significantly shorter stays in treatment units (66).

Another advantage of using the N. benthamiana system is the ability to engineer the N-linked
glycan composition of mAbs present on the Fc region of antibodies, which critically affects
their affinity to FcyRs. Furthermore, using the KDFX transgenic N. benthamiana system, Fc
regions of IgG proteins are systematically glycosylated with the GO glycoform, without any
core fucose or terminal galactose moieties (18, 68). The role of core fucosylation has been
shown to be a strong determinant in the Fc affinity for FcyRIlIla and the removal of the fucose
from the IgG Fc increases its affinity to FcyRIIla (60, 69). Consequently, afucosylated mAbs
can mediate significantly stronger ADCC responses (28, 69). Our results of improved FcyRIIla
interaction and ADCC activities of afucosylated PGT121 against SHIV or HIV-1 infected cells
as well as endogenously HIV-l-infected cells cumulatively suggests that the mAb

glycosylation profile can dictate its Fc-mediated effector functionality.

The presence of galactose has also been shown to enhance FcyRIlIla binding (70). However,
there exists conflicting evidence on the role of galactosylation on antibody functionality. Some
studies have found only modest differences between the presence or absence of galactose on

Ab in vivo activities (71, 72). When considering the galactosylation status of PGT121 (GO or
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G2), we observed a slight enhancement of ADCC mediated by galactosylated PGT121 against
CEM.NKTr cells infected with HIV-1;rcsr. However, no significant differences were seen in a
more physiologically relevant context, i.e., against primary CD4+ T cells. We believe these
differences could be due to the lower cell-surface level of Env present on CEM.NKr cells,
which could impact ADCC responses (73). Furthermore, as the observation by recent studies
that the absence of fucose is more predominant than the presence of galactose on the ADCC
activity of therapeutic mAbs (74), our results also strongly suggest that N-linked
galactosylation is not required for the improved functionality of afucosylated PGT121. Lastly,
to translationally utilize the N. benthamiana system to produce bNAbs targeting HIV-1, it is
important to ensure high N-glycan homogeneity (51).

PGT121 was recently used in combination with a TLR7 agonist as an attempt to eliminate the
cellular reservoir in SHIV-infected macaques (75, 76). PGT121 is also currently being tested
in combination with other bNAbs for HIV-1 prophylaxis and therapy in clinical trials
(NCTO03721510). Two recent studies showed that the neutralization capacity of PGT121 is
sufficient to protect NHP from SHIV challenges (42, 43). In these studies, Fc-impaired
versions of PGT121 provided similar levels of protection as their wild-type counterparts.
However, these studies were performed with primarily fucosylated PGT121 and did not
comprehensively explore the capacity of PGT121 to clear the cellular reservoir. Passive
administration of other potent bNAbs have been shown to decrease the number of infected
cells and suppress viremia in animal models and infected individuals (2, 9, 12), with important
contributions from their Fc-mediated effector functions (45). Our results suggest that
afucosylated PGT121 could boost its Fc-mediated effector capacity and thus, its antiviral
activity when used with a focus of controlling existing infection and decreasing disease

progression.
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CHAPTER VI

General Discussion

This chapter provides an overall discussion of the research results presented in this thesis.
Section 6.1 discusses the summary of the main findings and contribution of the work to the
current knowledge in the HIV research field. In Section 6.2, some outstanding questions and
future work to address them are presented. The applicability of this research towards the
development of a potential HIV cure is discussed in Section 6.3. Finally, the concluding

remarks of this thesis are stated in section 6.4.
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6.1 Summary of main findings

The studies presented in this thesis provide new insights into different factors modulating the
efficacy of Fc-mediated effector responses (Figure 6.1). This work makes important
contributions to the field of humoral immune responses against HIV-1-infected cells and

broadly, to the field of HIV cure and eradication.

The ‘open’ CD4-bound conformation of Env is targeted by ADCC-mediating antibodies
commonly present in HIV+ sera. Our work highlights the importance that the Fc regions of
two families of nNAbs, anti-CoRBS and anti-Cluster A, have for the clearance of HIV-1-
infected CD4+ T cells. This was demonstrated by using a biotin-tagged dimeric rsFcyRIIla
probe and with a functional in vitro FACS-based ADCC assay.

Furthermore, we describe a novel observation that the binding of certain bNAbs to the HIV-1
Env, decreases Env expression from the surface of HIV-1-infected CD4+ T cells. This was
demonstrated by flow cytometry and confocal microscopy. We show that bNAb-mediated Env
internalization is dynamin dependent, and a dynamin inhibitor was shown to enhance the
ADCC activity of bNAbs using an in vitro FACS-based ADCC assay. Internalized bNAb-Env
complexes were shown to accumulate in early endosome compartments and were excluded
from intercellular lysosomal compartments. Interestingly, the binding of nNAbs also decreases
Env expression from the surface of HIV-1-infected CD4+ T cells, but only upon the selective
opening of Env, using sCD4 or CD4mc. To characterize the driving factors by which these
immune complexes are internalized, we attempted to identify if the localization of Env on the
plasma membrane could contribute to this phenotype. Consequently, we observed that bNAb-
Env and nNAb(+CD4mc)-Env complexes are detected in DRMs by membrane fractionation
using a sucrose gradient. Thus, an association of antibody-bound, functionally cleaved Env

with certain lipid microdomains could influence its accelerated internalization.
Since certain bNAb-Env complexes are rapidly endocytosed, we sought to determine other

ways, than endocytosis inhibition, to take advantage of the limited time frame that these

immune complexes were formed and remained on the cell surface — exposed to the immune
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system. We reasoned that enhancing the affinity of the Fc portion of bNAbs for respective
FcRs could perhaps supersede the transient presence of Env-bNAb complexes at the cell
surface. We therefore modified Fc N-linked glycans of PGT121, a potent bNAD, that we used
here as a model for future bNAD design prototype. As expected, the different glycovariants of
PGT121 produced in N. benthamiana did not affect their ability to recognize infected cells or
neutralize viral particles. Interestingly, augmented FcyRlIlla interaction and ADCC against
HIV-1-infected CD4" T cells were observed by using an afucosylated PGT121 both in
vitro and ex vivo and the overall galactosylation profile of PGT121 did not enhance or diminish
Fc functionality. These results could be important in a therapeutic context to accelerate
infected cell clearance and slow disease progression and future studies to evaluate the potential

of plant-produced afucosylated PGT121 in controlling HIV-1 replication in vivo are warranted.

(2B |. Combination of nNAbs
. ‘j\% NNAD 550 Eny” =2 to engage FcyRllla
¥ fC""'A

w

\ ) )
a \‘-:: /f’ bNAb

Effector cells

‘closed Env"

Infected Cell

Il. Reduction of Ab-mediated
Env endocytosis

Il. Modification of Fc
glycosylation

Figure 6.1 Overview of three different mechanisms described in this thesis to harness Fc-
mediated immune responses against HIV-1-infected cells. The use of antibodies targeting
non-overlapping epitopes that can cooperatively engage FcyRIlla, reducing antibody-mediated
Env endocytosis that limits immune complex stability, and modifying the Fc-glycosylation
profile of antibodies. Diagram created with BioRender.com

179



6.1.1 Contribution to current knowledge
The work presented throughout this thesis focuses primarily on Fc-mediated effector responses
of Env-specific antibodies, which have been shown to play a role in disease progression in

humans (308, 388, 389) and vaccinal protection in the RV 144 trail (260).

In chapter 2, we observe a synergy in the engagement of effector cells between two antibodies
targeting highly conserved and non-overlapping epitopes. This data contributed to the
development of a new cocktail (anti-CoRBS mAb/anti-cluster A mAb/CD4mc) that can
stabilize a new Env conformation (State 2A) (233) and that can reduce the size of HIV-1
reservoir in vivo (279). Combination of monoclonal antibodies (mAbs) that target two or more
non-overlapping antigenic epitopes have been used to enhance innate anti-tumour effector
immune responses (390-392). Current antiviral strategies also include incorporating
monoclonal antibodies that either target highly conserved epitopes (393) or combinations of
two or more mAbs targeting various epitopes (394), such as cocktails SYN023 and CL184
against rabies virus variants (395, 396). For the ongoing coronavirus disease (COVID-19)
pandemic caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the
Regeneron (REGN-COV2) cocktail has been authorized for emergency use authorization
(EUA). REGN-COV2 is composed of two potent neutralizing mAbs, casirivimab and
imdevimab, that target non-overlapping sites on the receptor binding domain of the SARS-
CoV-2 Spike protein and its use in hospitalized patients resulted in a reduction of viral load
and diminished the incidence and severity of lung disease in patients whose immune response
had not been initiated (397). In addition to neutralization, neutralizing antibodies against

SARS-CoV-2 also require Fc effector functions for optimal therapeutic protection (398, 399).

For HIV-1, recent therapeutic passive immunization clinical studies are utilizing combinations
of bNADbs, such as CD4bs targeting 3BNC117 and V3 targeting 10-1074, during ART
interruption to suppress viral rebound (400). This treatment strategy using bNAb infusion also
affected the size of the HIV reservoir, with a decreased replication-competent reservoir
detected in some individuals. While direct neutralization of virions is one major function of

the bNAbs, additional Fc-mediated functions play a role in targeting already infected cells and
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thus, can likely contribute to controlling viral loads (292, 309, 401-404). A recent study by
Wang et al. to tease out the relative contribution of neutralization to prevent infection versus
elimination of infected cells by Fc-mediated effector functions in vivo in HIV-1-infected
humanized mice and SHIV-infected rhesus macaques, determined that Fc-mediated effector
functions contribute to approximately 25% to 45% of the total antiviral activity (305).
Therefore, combinations of bNAbs could possibly aid in clearance of infected cells via
antibody-mediated effector functions. These studies also demonstrate that combination
antibody therapies could be a useful addition to ART to suppress viremia. The passive transfer
of antibodies is dependent on the half-life of antibodies and thus, it is important that they are
provided at sufficiently high concentrations to achieve their intended biological functions.
When working with RNA viruses, they also should harbour breadth to prevent the emergence
of antibody-resistant variants. Thus, new technologies to improve their half-life in vivo (405),
expand their distribution, enhance FcR engagement and administer as cocktails are currently

being explored.

The epitopes recognized by CD4i Abs are hidden in the ‘closed’ Env and require its opening
to have effective activities in infected cell clearance. Thus, using chimeric constructs that
already link the CoRBS or cluster A IgG molecules to sCD4 (also called Ab-CD4 hybrid
proteins), have shown to efficiently bind infected cells and eliminate them via ADCC in vitro
and ex-vivo. These chimeras also shed light on the neutralizing ability of nNAbs, provided they
can bind their cognate epitope (406). Furthermore, bi- and tri-specific antibodies, that are
molecules combining two or more antigen-binding variable fragments to recognize separate
epitopes on Env, have also been demonstrated to increase the potency and breadth of bNAbs
(407), for example the combination of PGT121 and VRCO07 (408). Bispecific proteins that are
fusions of the CD4 receptor, co-receptor, and IgG Fc regions (such as CD4-Ig and eCD4-1g)
are also valuable strategies that have demonstrated enhanced neutralization activities than
certain bNAbs alone (409, 410). Additionally, a naturally occurring dimeric form of the bNAb
2G12, containing four Fabs and two Fc regions, was shown to be more potent at mediating

ADCC than its monomeric counterpart (411). Altogether, these studies suggest that multiple
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antibodies can not only prevent viral escape but also enhance the clustering and cross-linking

of FcyRs to activate effector cells and thus, have beneficial outputs (412).

HIV-1 have evolved diverse strategies to evade the action of Env-specific antibodies, including
conformational and carbohydrate shield masking of critical epitopes and by simply reducing
the amount of Env accessible for antibody binding. In chapter 3, we describe a novel strategy
wherein antibody-bound Env glycoproteins are internalized in a conformation-specific manner
and in chapter 4, we observe that this could be dependent on the localization of Env at the cell
surface. These observations contribute to the field’s current understanding of Env trafficking
upon its production and cell-surface expression. An association of antibody-bound
functionally cleaved Env with lipid microdomains and uncleaved Env with DSMs supports a
recently published study describing trafficking of cleaved Env trimers via the conventional
secretory pathway through the TGN and uncleaved Env trimers that are transported via an
unconventional Golgi bypass pathway (163). The Env trimers that traffic via the Golgi are
transported to regions on the cell surface, from where they are potentially incorporated into
virions. Furthermore, our observations of rapid antibody-induced internalization of Env
present in microdomains and their possible accumulation in early endosomes that could be
trafficked to recycling endosomes support the field’s understanding of Env internalization,
recycling, and its targeted trafficking prior to virion incorporation (200). Additionally, the
accelerated internalization of functionally cleaved Env trimers present in lipid microdomains
upon antibody binding could possibly be an immune evasion strategy in place to reduce the
overall surface levels of Env that do not get incorporated into virions. Since lipid
microdomains have been described to be enriched in cholesterol and sphingolipids, studies
measuring antibody-induced internalization upon cholesterol depletion or Env mutants with
decreased cholesterol interactivity, would be of interest to confirm the phenotype of
localization dictating this phenotype. Additionally, since evidence in the field points towards
the interaction between the cytoplasmic tail of Env and Matrix (108), and the recruitment of
Env to lipid microdomains for virion incorporation, membrane fractionation assays using
either cells co-expressing Env and Gag or infected cells, could further clarify the role of Env

localization in the context of infection for antibody-mediated Env internalization.

182



Our results from chapter 5 demonstrated the potential of glycoengineering PGT121 to augment
its Fc-effector functionality via afucosylation without affecting its neutralization capacities.
PGTI121 is currently being tested in combination with the long-lasting bNAb VRC07-523LS
(targets the CD4bs) and PGDM 1400 (targets V1/V2 glycans) in both uninfected and infected
adults for HIV-1 prevention and therapy in an ongoing clinical trial (NCT03721510). Thus,
incorporating afucsoylated PGT121 in ongoing or future combination therapy trials could be
a useful therapeutic option. We also observed that the overall galactosylation profile of
PGTI121 does not enhance or diminish Fc functionality and was dependent mainly on the
presence or absence of fucose. These results are akin to recent studies demonstrating that
effector functionality modulated by Fc galactosylation or sialylation are only dependent on the
status of core fucosylation, with the absence of fucose leading to enhanced FcyRIlla affinities
(362, 413). However, future in vivo animal studies to understand the impact of Fc-
glycosylation against infected cells are warranted, since a NHP study using a non-fucosylated
b12 did not show enhanced protection from SHIV challenges (414). However, this study did
not explore the capacity of b12 to clear out infection and the potent neutralizing activities of
bNAbs alone could be highly effective in preventing infection. Boosting the Fc-effector
functionalities of bNAbs could be beneficial when thinking of cure strategies, since the passive
administration of bNADbs has been shown to decrease the number of infected cells and suppress

viremia in infected individuals (296, 297, 301, 400).

6.2 Outstanding questions and future work

The research herein has resulted in the identification of (i) an interplay between two families
of nNAbs that crosslink FcyRIIla and eliminate HIV-1-infected cells in the presence of
CD4mc, (i1) a new Fc effector evasion strategy in place to limit the cell surface expression of
antibody-Env complexes, and (iii) an enhancement of FcyRIIla engagement by modulating the
glycosylation profile of bNAbs targeting the closed conformation. The results presented in this
thesis warrant additional research to address some outstanding questions that could improve

strategies to eliminate HIV-1-infected cells:
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Are there other classes of anti-Env antibodies that collaborate in a polyclonal antibody
response?

In chapter 2, we defined a collaboration between two classes of antibodies targeting highly
conserved CD4i epitopes within the Env trimer; these antibodies are frequently elicited in HIV-
I-infected individuals and can mediate potent ADCC upon epitope recognition. It is important
to note that neutralizing antibodies targeting the native conformation of Env also harbour
potent Fc effector and ADCC-mediating capacities (415). Nevertheless, during HIV-1
infection, the majority of elicited antibodies target CD4i epitopes that are occluded in the
unliganded Env trimer present at the surface of infected cells or infectious viral particles (378).
Thus, to understand what antibody specificities can synergize together to form a polyclonal
antibody response, future studies need to dissect the contribution of other classes of antibodies
targeting CD4i epitopes in the gp120 subunit, such as anti-V3 (e.g. 19b (416)) and anti-V2
(e.g. CH58 (417)) antibodies, and in the gp41 subunit, such as cluster I (e.g. 246D (418)) and
cluster I (e.g. 98-6 (419)) antibodies. Likewise, determining a cocktail of neutralizing
antibodies that target multiple specificities and harbour potent Fc-mediated effector activities,
could potentially prevent viral escape and aid in long-term infection control. These results
would lead to an understanding of the overall contribution of each class of antibody required
to efficiently engage and crosslink FcyRs and subsequently, activate effector cells. This
information would be useful in designing possible treatment options related to administering
CD4mc that allows for the binding of CD41 antibodies. If a subset of patients does not naturally
elicit a desired class of antibodies, these could be passively administered to boost effector cell
responses. Likewise, these experiments could aid in the design of potential immunogens that
elicit the desired antibodies targeting the epitopes of interest not naturally elicited in some
patients (420, 421). The nNAbs from the anti-CoRBS mAb/anti-cluster A mAb/CD4mc
cocktail target highly conserved epitopes and are easy to elicit by immunization, when

compared to bNADs.
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Are there additional Fc-mediated effector mechanisms that are modulated by the three
mechanistic processes highlighted in this thesis?

Since the studies presented herein describe different mechanisms by which ADCC is
modulated, the question remains if other Fc-effector functionalities, such as ADCP, are also
modulated by antibody cooperativity, antibody-mediated Env internalization, and Fc-glycan

modifications.

We have started preliminary experiments to study the engagement of the dimeric rsFcyRIla
proteins (339) (H131 and R131 polymorphic variants) by anti-CoRBS and anti-cluster A
antibodies. FcyRIla/CD32a is expressed on the surface of monocytes, macrophages,
neutrophils, and dendritic cells. Upon using either LALA mutated N12i2 or N5i5, we observe
striking decreases in FcyRIla binding, when compared to the binding observed with unmutated
antibodies in our ELISA-based assay (Figure 6.2). Thus, only the combination of Fc-
competent anti-cluster A and anti-CoRBS Abs engaged rsFcyRlIla, akin the results seen in
chapter 2 with rsFcyRIIla. Moreover, we observe similar trends with both the FcyRIla H131
and R131 variants. Future experiments to evaluate this cooperativity in a functional ADCP
assay with infected and effector cells are needed. An assay that measures the phagocytosis of
infected primary CD4+ T cells by autologous monocytes and/or macrophages in the presence

of antibodies would be desirable.

Other Fc-mediated functionalities could possibly include the induction of a ‘vaccine effect’ in
infected individuals. The passive administration of bNADbs has been shown to increase HIV-1-
specific T cell immunity, and a suggested mechanism for this phenotype was enhanced antigen

presentation by activated dendritic cells that uptake bNAb-HIV-1 immune complexes (422).
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Figure 6.2 Introduction of LALA mutations in the Fc¢ portion of both CoRBS and anti-
cluster A antibodies decreases engagement of dimeric FcyRIla.

(A and B) Indirect ELISA using recombinant YU2 AV1V2V3V5 gp120 protein (0.25 pg/ml)
with a total concentration of 1 pg/ml of primary antibodies. Antibody binding to gp120 was
detected using either (A) biotin-tagged dimeric rsFcyRIla H131 (0.1 pg/ml) or (B) biotin-
tagged dimeric rsFcyRIla R131 (0.1 pg/ml) followed by the addition of HRP-conjugated
streptavidin. Error bars indicate means + the SEM.

186



What is the mode of antibody-mediated Env endocytosis?

Studies in chapter 3 demonstrated the involvement of the GTPase dynamin in antibody-
mediated Env internalization. Since dynamin is recruited to both clathrin-coated pits and
caveolae, the endocytic route involved remains to be determined; future studies will require
the use of either chemical or genetic approaches to answer this question. The chemical
approach involves pre-treating infected cells with amantadine, an inhibitory compound against
clathrin (423), and nystatin, a sterol-binding agent which disrupts caveolae (424), before
measuring surface levels of antibody-Env complexes. The genetic approach would utilize
RNA interference to silence caveolin-1 expression, and proteins involved in clathrin-coated
pit formation, such as the clathrin light chain B, using a methodology established by our group
to electroporate siRNA in primary CD4+ T cells (425). Knowing which endocytic pathway is
utilized by antibody-Env complexes would aid in selecting clinically approved endocytic
inhibitors for further testing, for example prochlorperazine that targets clathrin-dependent

endocytosis (426).

More importantly, a direct link between antibody binding and Env endocytosis induction
remains to be determined. Studies in chapters 3 and 4 measured decreases in surface levels of
Env upon antibody addition and did not measure constitutive Env endocytosis. It remains to
be determined if the phenotypes we report are intrinsic features of Env, or if they are uniquely
antibody induced. It would be interesting to understand whether antibodies act only as a
ligand/probe for internalization of different Env conformational states present in
microdomains or if endocytic signalling cascades are initiated upon antibody binding to allow
for internalization of immune complexes. Our results with slower internalization using
antibody Fab fragments, perhaps due to a lack of Env crosslinking in chapter 3 help support
the hypothesis of antibody-mediated internalization in this context. However, future
experiments should include turnover assays by labelling cell-surface Env with dyes or other
probes, such as biotin, to measure constitutive endocytosis versus antibody-induced
internalization. Future experiments using single-cell RNA-sequencing will also be performed
to measure any transcriptomic changes that may occur upon antibody binding and to concur

putative signalling cascades. Results generated from these transcriptional assessments could
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be beneficial in the design of targeted strategies, such as the use of signalling inhibitors or
using siRNAs to target genes involved in endocytic pathways specifically within infected cells

to enhance the overall surface levels of Env.

Would plant-produced PGT121 glycovariants have an impact in vivo?

Plant-produced monoclonal antibodies are being explored due to the easy of production,
scalability, and low cost. Several plant-produced antibodies have been tested in vivo with
animal models and in humans, with no adverse effects, such as the ZMapp cocktail produced
in N. benthamiana for EBOV disease (427). However, it remains to be determined what would
be the effect in vivo of using an afucosylated PGT121 in terms of decreasing the viral reservoir.
PGT121 monotherapy was recently used in a phase 1 clinical trial and a single dose transiently
inhibited RNA replication in viremic, infected individuals with sensitive viruses, and
significantly decreased viral loads in these individuals. However, eventual resistance and
rebound occurred when PGT121 serum levels were below the limit of detection (299). Testing
the ability of afucosylated PGT121 to maintain viral suppression in the context of ART
interruption, particularly with other glycoengineered bNAbs that can harness effector cells

more effectively, would be of interest.
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6.3 Towards an HIV-1 Cure

One appealing idea in the toolbox of the HIV cure and eradication field is the ‘shock and kill’
approach. As mentioned, this relies on the reactivation of viral gene replication in latently
infected cells, followed by an immune-mediated clearing of these cells. All the studies
presented in this thesis are presented with a broader objective of harnessing the humoral
immune and effector cell response to eliminate infected cells. In other words, the work
presented in this thesis aims to bring us one step closer towards a functional HIV-1 cure. The
findings from chapter 2 were informative in designing a recently published in vivo study using
the cocktail of CD4mc with anti-cluster A and anti-CoRBS Abs to decrease the established
HIV-1 reservoir in humanized mice (279). This treatment significantly delayed viral rebound
upon ART interruption and was shown to be dependent on Fc-effector functionalities, since
the use of Fc-competent antibodies was significantly associated with lower CD4+ T cell-
associated proviral DNA. Treatment strategies exploiting the use of nNAbs to clear latently
infected cells will require the administration of CD4mc to ‘open-up’ the Env and expose their
epitopes. In this regard, ongoing studies are evaluating this strategy in NHPs. Furthermore,
advantages of the anti-CoRBS mAb/anti-cluster A mAb/CD4mc cocktail include the targeting

of highly conserved epitopes within Env, mediation of potent ADCC, and viral neutralization.

Recent studies showed that treatment of acutely HIV-infected humanized mice with ART plus
a mixture of bNAbs and LRAs led to a reduced frequency or a delay in viral rebound after all
interventions were removed (428). Additionally, current ongoing clinical trials include the
combination of bNAbs with LRAs to reactivate latently infected cells, induce viral replication,
allow for the cell-surface expression of Env, and consequently recognition by antibodies

(NCT03041012, NCT03803605).

However, the shock and kill strategy for a possible functional cure still faces several obstacles
since strategies that require effector functionality of antibodies also depend on the availability
and functionality of the effector cells within HIV-1-infected individuals. HIV infection and
high viral loads are associated with an expansion of dysfunctional NK cell populations that

lack most NK cell effector functions, including impaired cytotoxicity and poor ADCC
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responses (429-431). Similarly, there is a dysregulation of monocyte subsets, with higher viral
loads being associated with less phagocytic monocytes (432). Although, some studies have
reported a recovery of functional NK cells among people living with ART (431). Moreover,
no LRA to date has successfully perturbed the reservoir in human clinical trials. Some LRAs
can also interfere with ‘kill” strategies since they can affect NK cell functionality (433). Thus,
alternate LRA approaches that not only reactivate viral replication, but also harbour
immunomodulatory activities to boost innate immune activities, such as TLR7 and 9 agonists
(NCTO03837756) or IL-15 that is a potent enhancer of NK cells’ cyotoxic functionality (434,
435), are currently being explored (436). Additionally, LRAs could be combined with other
cytokines, such as IFN-¢ and IL-21, that can rescue or activate the effector functions of NK
cells (437, 438). Type 1 IFN and IL-27 also enhances the level of cell surface Env available
for ADCC responses in a BST-2 dependent manner (379, 439).

Findings from chapters 3 and 4 could be informative in the design of antibody-drug conjugates,
where antibodies are engineered to be conjugated to cytotoxic ‘payloads’ that utilize
receptor/antigen internalization for intracellular delivery. The cancer immunotherapy field is
currently leading the way for this technology with clinically approved antibody-drug
conjugates for various cancers (440). BNAbs that can recognize and bind a broad range of Env
and induce faster rates of Env internalization could be useful in the design of these drug
conjugates for targeted delivery within HIV-1-infected cells. HIV-specific antibody-drug
conjugates already studied in the field to reduce the reservoir size utilized toxins from bacteria,
siRNAs, and small molecule drugs (441). However, the use of these conjugates could be
challenging in terms of eliminating HIV-1-infected cells, since they require antigen binding
and internalization and thus, latent cells first need to be reactivated to express Env at the cell
surface. Thus, using antibody-drug conjugates with LRA administration or upon ART
interruption could clear reactivated cells, potentiating a ‘kill’. Moreover, it would also be
important to accurately map the trafficking pathways and fate of internalized immune
complexes since most antibody-drug conjugates require a lysosomal cleavage to deliver the

payload. However, in chapter 3, we observed that internalized bNAb-Env complexes
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accumulated in intracellular compartments that were negative for the lysosomal marker

Lampl.

6.4 Concluding remarks

Through the work presented in this thesis we gain a new understanding of some overlooked
factors that affect Fc-effector functions of Env-specific antibodies. We demonstrate the
requirement of two or more antibody specificities to effectively engage with FcyRIlla and
activate effector cells. Furthermore, we show that antibody-induced Env internalization could
potentially impede effector cell engagement. However, this could possibly be circumvented
by modifying the Fc N-linked glycans of antibodies that induce Env internalization. Thus, we
emphasize the benefits of afucosylated antibodies to enhance the engagement of FcyRIIla and
thus, ADCC against HIV-1-infected cells. We also demonstrate the benefits of using plant-
based platforms for protein production and bNAb glycoengineering, mainly due to its low-cost

and high-yield.

To summarize, modulating antibody functionality could be beneficial for therapeutic strategies
against HIV and it is likely that a regimen involving the combination of ART, LRAs, and
immunotherapies would be required to reduce the size of the viral reservoir. Taken together,
findings from this thesis focused on understanding underlying factors that could modulate Fc-
effector functionalities and optimizing them to potentially boost the °kill’ strategies. The
application of the research presented here could be useful towards the development of a
possible functional HIV-1 cure to hopefully improve the lives of more than 37 million HIV-

infected individuals around the world.
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Figure 1.5 Envelope glycoprotein composition. From Steckbeck JD, Kuhlmann AS,
Montelaro RC. 2013. C-terminal tail of human immunodeficiency virus gp41: functionally rich
and structurally enigmatic. J Gen Virol 94:1-19.
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Figure 1.6 Stages of HIV-1 infection. From Grossman Z, Meier-Schellersheim M, Paul WE,
Picker LJ. 2006. Pathogenesis of HIV infection: what the virus spares is as important as what

it destroys. Nat Med 12:289-95.
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Figure 1.9. Env conformations recognized by bNAbs and nNAbs. From Richard J, Prevost
J, Alsahafi N, Ding S, Finzi A. 2018. Impact of HIV-1 Envelope Conformation on ADCC
Responses. Trends Microbiol 26:253-265.
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Figure 1.13. Sequential Processing of the Fc Glycan. From Jennewein, M and Alter, G.
2017. The Immunoregulatory Roles of Antibody Glycosylation. Trends Immunol. 38(5):358-
372.
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