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Abstract

HIV control remains poorly understood, with only a small subset of individuals
successfully suppressing the virus following treatment during primary HIV infection.
One of the most promising strategies for HIV cure is broadly neutralising antibodies
(bnAbs), which have shown to substantially prolong time to viral rebound in
absence of antiretroviral medications. Understanding the mechanisms underlying
this control is essential for improving clinical care. This thesis investigates the
interplay between HIV and the host to uncover key determinants of HIV control,
following antiretroviral treatment and treatment with two broadly neutralizing
antibodies (bnAbs), 10-1074 and 3BNC117.

To assess the feasibility of bnAb-based interventions, this thesis first analyzes
the prevalence of bnAb resistance-associated mutations at a population level through-
out the pandemic, as well as in viral reservoirs of key populations with primary HIV
infection. The goal is to determine whether screening for resistance prior to bnAb
administration could improve treatment efficacy. Additionally, the origins of bnAb
resistance-associated mutations are examined to identify factors associated with
an increased risk of resistance emergence. The relationship between proviral and
circulating viruses is also investigated to assess whether proviral sequencing can
serve as a reliable proxy for resistance screening. Finally, the accuracy of bnAb
sensitivity predictions is evaluated in individuals who received bnAbs as part of
the RIO trial, correlating baseline sensitivity predictions with clinical outcomes
post-treatment while accounting for other viral and host factors.

This work then shifts focus to the host immune response, exploring how tran-
scriptomic changes may provide insights into mechanisms of post-treatment viral
control, whether following antiretroviral or bnAb therapy. Bulk RNA sequencing
of CD4+ T cells from post-treatment controllers and from early progressors is
used to identify gene expression signatures that may predict time to viral rebound
after treatment interruption. In a final chapter, single-cell transcriptomic profiling
of PBMCs from RIO trial participants who experienced long-term viral control
post-bnAb treatment is conducted. This analysis aims to elucidate bnAb-induced
changes in immune cell gene expression and to investigate the potential vaccinal
effects of bnAbs at a transcriptomic level.



Overall, this work highlights key challenges associated with bnAb treatment
and contributes to the broader understanding of post-treatment HIV control. The
findings may help inform the design of more effective treatment strategies incor-
porating bnAbs.
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1. Human Immunodeficiency Virus (HIV)

1.1 An overview of the global HIV pandemic

Human Immunodeficiency Virus Type 1 (HIV) was identified as the cause of

Acquired Immuno-Deficiency Syndrome (AIDS) in 1984 (Blattner et al., 1988), and

it has since emerged as a global pandemic. While Sub-Saharan African countries

are still impacted the most by the pandemic, with 25.6 million people out of a

global total of 39 million living with HIV in this region by the end of 2022, the

response has led to widespread antiretroviral treatment and a steep decrease in

new infections. However, there has been a concerning increase of new infections in

Eastern Europe and central Asia as well as the Middle East and North Africa (49%

and 61% increase since 2010) highlighting the ongoing urgency of the pandemic.

In contrast to the improved outcomes for the Sub-Saharan African countries, over

half of people living with HIV (PWH) in the aforementioned regions (51%) did not

have access to treatment, representing the lowest treatment uptake rates worldwide.

These lags stem from inadequate prevention and treatment programs in these

countries, as well as the social stigma and marginalisation in certain high-risk

populations, such as men who have sex with men, sex workers and people who

inject drugs (UNAIDS, 2023).

1.1.1 The origin of HIV

The two main types of HIV are HIV-1 and HIV-2, two closely related viruses but

with significantly different genetic and clinical/ epidemiological patterns. Both

HIV-1 and HIV-2 descended from simian immunodeficiency viruses (SIVs), which

were discovered in several African primate species (Hahn et al., 2000; Sharp &

Hahn, 2011). Due to genetic relatedness with viruses infecting Pan troglodytes

troglodytes and Cercocebus atys atys, these primates have been identified as the

sources of zoonotic transmissions of HIV-1 and HIV-2 to man, respectively (Gao

et al., 1999; Sharp & Hahn, 2011). Most likely, the transmission to humans

occurred through contact with chimpanzee and gorilla blood, while hunting for

and consuming bush meat (Sharp & Hahn, 2011). Phylogenetic analyses using
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1. Human Immunodeficiency Virus (HIV)

molecular clocks infer that the most recent common ancestor (tMRCA) to HIV-

1 date to the 1920s while the tMRCA to HIV-2 date to the beginning of 1940s

(Kirchner, 2023; Rambaut et al., 2004).

1.1.2 HIV-1 Subtypes and geographic distribution

Multiple separate cross-species SIV transmission events have resulted in four dif-

ferent HIV-1 lineages: groups M (major), O (outlier), N (non-M, non-O) and P

(Ndjoyi-Mbiguino et al., 2020). Of these, group M is the most prevalent and

accounts for the vast majority of HIV infections around the world. Group M can

be further stratified into subtypes or clades (A-D, F-H, J, K, and L), sub-subtypes

and their circulating recombinant forms (CRFs), which differ by approximately 20%

in their genome sequences and their distributions vary by geographic region (Kijak

& McCutchan, 2005; Kirchner, 2023; Robertson et al., 2000). CRFs can further

recombine with recombinants or pure subtypes and hence increase the number of

recorded CRFs, which is currently estimated to >120 (Tee et al., 2022).

Globally, C is the dominant HIV-1 clade, followed by clade A and CRF01-AE

(Bbosa et al., 2019; Hemelaar et al., 2019; A. Williams et al., 2023). Although

different clade proportions have been reported over the years, all studies concur on

the increase in the number and prevalence of CRFs in the course of the pandemic

(Hemelaar et al., 2019; A. Williams et al., 2023). At a regional level, clade C

predominates in southern Africa and India, where it accounts for more than half

of HIV-1 infections, while A is more common in East Africa, Russia and Eastern

Europe. CRF01-AE is found in southeast Asia and CRF02-AG in West Africa.

Although clade B is responsible for fewer infections globally compared to other

clades, it is responsible for most infections in western and central Europe, North

America, parts of South America and Oceania, which make it the most widespread

clade worldwide (Hemelaar et al., 2019).

This thesis is focused on studying HIV-1 infection and the responses of HIV-1

hosts in treatment and cure approaches.
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1.2 HIV structure and genome

HIV is a lentivirus, a genus of retroviruses. An HIV virion is spherical and measures

approximately 100-130 nm in diameter and contains its genome in a conical capsid,

surrounded by a host-derived membrane studded by viral proteins. The HIV

genome is diploid, consisting of two copies of a 9.2 kb long positive sense, single-

stranded RNA. Normally the two copies are identical but hybrid genomes may occur

during infection with more than one clade. The HIV genome contains 9 genes which

encode fifteen viral proteins (Apetrei C, Hahn B, Rambaut A, Wolinsky S, Brister

JR, Keele B, 2021; Freed, 2015; Kirchhoff, 2021) (Figure 1.1);

Figure 1.1: The HIV genome and the structure of an HIV virion

• gag; group specific antigen. gag encodes the most highly conserved, and

therefore most immunogenic proteins. The processed protein products of

Gag are responsible for the physical structure of the viral capsid (p24), the

matrix (MA) that stabilises the structure of the outer membrane and the

nucleocapsid (NC) that helps with the RNA genome structure inside the
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capsid. CD8+ T-cell response to Gag has been associated with better viral

control and low viral load (Kiepiela et al., 2007).

• pol; provides the enzymes required for viral reproduction. pol codes for

reverse transcriptase (RT), RNAse H, integrase (IN) and Protease (PR). PR

cleaves the Pol and Gag precursor into functional proteins, RT with RNAse H

transcribes viral RNA to double stranded DNA (dsDNA) and IN is required

for the integration of the dsDNA into the host cell genome.

• env; envelope; the primary protein coded by env is gp160, which is then

cleaved into gp120, an N-terminal external glycoprotein and gp41, which

spans the membrane. Three of these gp120:gp41 heterodimers form the

envelope glycoproteins (7-14 per virion) that are anchored on the surface of

the lipid membrane, enclosing the virion (T. Zhou et al., 2010). Viral entrance

to host cell is facilitated by the envelope proteins binding to the cluster of

differentiation 4 (CD4) receptors. Env is covered by host-derived N-linked

glycans attached on >30 potential N-glycosylation sites (PNG), and cover the

majority of its surface (Zhu et al., 2000). This “glycan shield” is able to shift

and conceal the protein so that it is not recognised by the immune system

and support the stability of the trimer (Daniels & Saunders, 2019; Mouquet

et al., 2012; Wagh et al., 2020). One of the most well-known examples of

glycan shifting is the N332 glycan, which has been shown to shift between

positions 332 and 334, after the appearance of antibodies that target it. The

number of PNGs has been shown to change at different stages of infection with

transmission founder (TF) viruses having fewer PNGs than isolates sampled

during chronic infection (Derdeyn et al., 2004). Moreover, the conformation

of Env changes transiently, allowing the exposure of certain epitopes only

under specific circumstances, such as post-receptor binding. Env consists of

variable regions (V1V2-V5), which form loops, interspersed with conserved

regions (C1-C5) in a linear amino-acid sequence (Wyatt et al., 1998). While
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the conserved regions are well-protected by the N-glycans the highly variable

regions take up the more accessible regions on Env.

• tat (HIV trans-activator) and rev(regulator of expression of virion

proteins); essential regulatory proteins for HIV replication. Tat enhances

viral transcription efficiency by binding and regulating the phosphorylation of

cellular factors, which results in an augmented transcription of all HIV genes.

Tat is also released by infected cells in the cytoplasm, where it induces the

apoptosis of infected bystander T-cells. Rev promotes the export of spliced

or partially spliced RNA from the nucleus to cytoplasm, where it can be

translated.

• nef (negative factor), vif , vpr (lentivirus protein R), vpu (virus

protein U); accessory regulatory proteins for viral infectivity. Nef can

protect infected cells from host immune surveillance and targeting by cyto-

toxic T-cells, by downregulating the major histocompatibility complex type-1

(MHC-1 or Human Leukocyte Antigen in humans- HLA) on the cell surface,

mainly HLA-A and HLA-B (Collins et al., 1998). Nef and Vpu are used

to downregulate CD4 on the cell surface and thereby decreasing Env-CD4

interaction and limiting the exposure of Env on the cell surface (Yucha et al.,

2023). Vif is important for in vivo replication of virions in specific cell-types

through the inhibition of cytoplasmic defenses.

1.2.1 HIV life cycle

HIV persistence is established through iterative cycles of cellular infection and

viral replication. These cycles can be broadly categorised into four distinct stages;

binding and entry, uncoating, reverse transcription and proviral integration. The

initial attachment occurs via the gp120 on the virion, which interacts with the

CD4 receptor expressed on the surface of approximately 60% of circulating T-

lymphocytes in blood and thymus, macrophages, dentritic cells. While this is

the primary target of the virus, a subsequent conformational change exposes a
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domain that binds to either CCR5 (M-tropic viruses) or CXCR4 (T-tropic viruses)

chemokine co-receptors. The dual interaction with CD4 and at least one of the

two co-receptor allows for a more stable and prolonged attachment, critical for the

HIV-host membrane fusion. This process is mediated by gp41 allowing the capsid

to enter the cell into the cytoplasm, where the reverse transcription commences

immediately. Notably, the high error rate of HIV reverse transcriptase is respon-

sible for viral diversity within the individual and generates a significant number

of dysfunctional viruses, incapable of completing their replication cycle and/or

produce replication competent viruses (Kuniholm et al., 2022). The viral capsid

protects the newly synthesised cDNA from host immune sensing and degradation.

The pre-integration complex, comprised of viral cDNA and proteins, is transferred

to the nucleus. There, the integrase facilitates the integration of the viral cDNA to

the host genome establishing the provirus. The localisation of viral integration has

been shown to correlate with viral transcription levels and subsequently to control

or disease progression (Jiang et al., 2020). After transcription and provided that

the cell is activated, host cell enzymes transcribe the provirus into viral RNA,

alongside the host’s transcripts. After the cleavage of precursor core and envelope

polypeptides into functional viral components, the viral genome is packed into a

newly formed virion. The virion is directed towards the plasma membrane, where

it acquires its lipid membrane and other host-derived proteins before budding from

the cell surface to infect neighboring cells (Yeh et al., 2021).

1.2.2 The viral reservoir

As mentioned in the HIV life cycle section, HIV preferentially infects CD4+ T-

cells, the fate of which varies from persistence to cell death (Margolis et al., 2020;

Siliciano & Siliciano, 2022). Reports from as early as mid-1990s indicated that

some of these cells may persist in the blood and other anatomical compartments

indefinitely (such as the gut-associated lymphoid tissues and lymph nodes), har-

bouring transcriptionally silent viruses in their genome, and serving as the HIV

reservoir (Chun et al., 1995, 1997; Finzi et al., 1997). Infection of CD4+ T-cells
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that are already in a resting memory state or of actively replicating CD4+ T-cells

that subsequently revert to a resting state ensures latency of the reservoir (Chen

et al., 2022; Siliciano & Siliciano, 2022). Mild stimulation of certain chemokines

and cytokines, such as Chemokine (C-C motif) ligands 19 and 21 (CCL19 and

CCL21) and interleukins 4 and 7 (IL4 and IL7), has been found to promote the

infection of resting memory T-cells without inducing cell activation (Saleh et al.,

2007). Post-infection, several host factors can promote or hinder the establishment

of the reservoir; programmed cell death protein-1 (PD-1), Lymphocyte activation

gene 3 (LAG-3), T cell immunoreceptor with Ig and ITIM domains (TIGIT), CD30

and the binding of IP-10 to C-X-C motif chemokine ligand 3 (CXCR3) have all

been suggested to inhibit the transcription or expression of HIV genes, thereby

promoting latency (Chen et al., 2022; Fromentin et al., 2016; Hogan et al., 2018).

A recent study that utilised single-cell transcriptomics to profile HIV infected cells

in a small Hispanic cohort, showed that the co-expression of IKZF3, interleukin

21(IL-21), BIRC5 and marker of proliferation Ki-67 (MK167) contributed to the

proliferation of infected cells that were transcriptionally active (Y. Wei et al., 2023).

However, no marker can identify latent reservoir cells specifically. It has been

reported that the reservoir forms immediately after infection (Bekker et al., 2023;

Henrich et al., 2017; Krebs & Ananworanich, 2016) but recent research shows

that most of the replication-competent reservoir is integrated very close to the

initiation of treatment (Abrahams et al., 2019). Less than 5% of the reservoir

cells harbour intact, replication-competent proviruses which means that they can

contribute to viral rebound upon treatment cessation (Bruner et al., 2016; Ho et

al., 2013; Z. Wang et al., 2018). The remaining cells harbour proviruses with

hypermutations or large deletions that render the virus non-functional (Z. Wang

et al., 2018). That said, defective proviruses are still able to produce immunogenic

viral proteins that may contribute to inflammation (Kuniholm et al., 2022; Siliciano

& Siliciano, 2022). While it is clear that the virus will establish a latent reservoir

in all PWH (Chun et al., 1998), starting antiretroviral treatment early can result

in smaller reservoir size and a quicker clearance of infected cells before they enter
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the reservoir. This can also lead to more effective HIV-specific immunity against

the early, less diverse strains (Buzon MJ, 2014; Leyre et al., 2020; Shelton et al.,

2020). Following its formation, the latent reservoir remains dormant, producing

only minimal levels of viral proteins that go undetected by the immune system of

the host (Chen et al., 2022). Due to their long half-life of 44 months, these cells

pose the main barrier to HIV cure, despite the success of antiretroviral treatment in

controlling viral replication (Bekker et al., 2023; Cohn et al., 2020). The persistence

of the reservoir is mainly attributed to cell-to-cell interactions between infected and

uninfected cells (Chen et al., 2022) and to clonal expansion of infected cells in the

course of infection (Chomont et al., 2009) but other mechanisms, such as the high

expression of B-cell lymphoma 2 (BCL-2) protein in infected cells, may protect

the reservoir from CTL responses (Chandrasekar et al., 2022). The expansion

is facilitated by viral integration near cell-growth associated genes (Wagner et

al., 2014), antigen-stimulated proliferation (Mendoza et al., 2020) or homeostasis

(Chomont et al., 2009). Upon reactivation, cells harbouring intact proviruses may

start producing and releasing virions. Reactivation happens sporadically when

cells encounter antigens or during an inflammatory process. This can result in

viral rebound which happens in the majority of cases of complete absence or poor

adherence to antiretroviral treatment and selection of resistant clones that leads to

drug resistance. Viral rebound usually happens within a few weeks post-treatment

interruption (TI or ATI) or failure (J. Z. Li et al., 2016; Siliciano & Siliciano, 2022).

The quantification of the replication-competent reservoir is important when

designing and employing cure strategies, in terms of evaluating the treatment

efficiency and predicting virndefinedal rebound. Methods such as measuring total

HIV DNA, albeit practical and widely used, may overestimate the size of the

reservoir, as it does not distinguish between replication-competent and defective

proviruses. Measuring cells containing intact HIV proviis emerging as a promis-

ingged as a biomarker for predicting the effectiveness of novel HIV cure or remission

strategies. Recent studies have demonstrated variations in the intact proviral

reservoir following the administration of novel immunotherapeutics, such as broadly
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neutralising antibodies (Gaebler et al., 2022; Mendoza et al., 2018). Accurate

measurement of the HIV reservoir requires two essential conditions; suppressed

viral replication for at least 6-12 months after antiretroviral therapy initiation and

exclusion of defective proviruses (Siliciano & Siliciano, 2022). A range of assays

have been proposed to measure the size of the replication-competent reservoir and

they can be divided into viral outgrowth detection assays and polymerase chain

reaction (PCR)-based assays.

Traditional methods, such as the quantitative viral outgrowth assay (QVOA)

(Finzi et al., 1997) and its modified versions (Laird et al., 2013; Lorenzi et al.,

2016), measure replication-competent virus through ex vivo stimulation and cell

expansion. In this approach, latently infected CD4+ T cells are serially diluted

in vitro and stimulated in order to induce viral reactivation. The infected cells

are then co-cultured with healthy CD4+ T cells (or a cell line) and p24 ELISA or

quantitative PCR (qPCR) are used to detect viral replication in the supernatant.

Q2VOA builds upon QVOA by incorporating genetic analysis of the outgrowth

viruses and thus provides information on the viral diversity, drug sensitivity and

phylogenetic relationship between the strains (Lorenzi et al., 2016). However, these

assays often underestimate the actual reservoir because not all latent proviruses can

be activated with a single round of stimulation or replicate under the specific in

vitro conditions necessary for detection (Ho et al., 2013; Roux & Chomont, 2023).

In addition, they are costly, labor-intensive and require a large number of PBMCs

and cannot be performed on tissue biopsies.

The simplest method of quantifying the integrated HIV DNA is the HIV total

PCR, which combines the use of HIV-specific primers with primers specific for

Alu regions, which are found in all human cells. Nevertheless, this assay may

overestimate the frequency of cells harbouring intact provirus as it only amplifies

a very small fragment of the viral genome. This limitation was addressed with

the development of assays such as the intact proviral DNA assay (IPDA) (Bruner

et al., 2019) and the quadruplex quantitative PCR assay (Q4PCR) (Gaebler et

al., 2019), which were designed to distinguish intact from defective proviruses.
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These assays offer greater sensitivity and are more cost- and labor-efficient com-

pared to those measuring replication- competent virus. The IPDA employs digital

droplet PCR (ddPCR) to target two highly conserved regions in the HIV proviral

genome (packaging site- psi and env), thereby excluding hypermutated sequences

or sequences with deletions. This allows for high-throughput quantification of

the intact HIV reservoir, without requiring stimulation or expansion. However,

sequence polymorphisms may lead to assay failure and underestimation of reservoir

size (Kinloch et al., 2021). Expanding the number of target regions may enhance

accuracy (Delporte et al., 2025; Levy et al., 2021; Snippenberg et al., 2022), though

it does not address the lack of downstream full-length sequencing analysis.

For this purpose, assays that amplify long fragments or full-length virus, such

as the Q4PCR (Gaebler et al., 2019) or Full-Length Individual Proviral Sequencing

(FLIPS) (Hiener et al., 2017) were developed. The Q4PCR assay uses a limiting

dilution approach to amplify targets from individual templates and a four-probe

digital droplet qPCR system targeting conserved HIV regions (psi, gag, pol, env).

Positive samples for two or more probes are further verified by sequencing, which en-

ables downstream analyses, such as phylogeny or detection of mutations associated

with drug resistance. In a direct comparison, the IPDA estimated a 19-fold higher

intact proviral reservoir than Q4PCR, suggesting potential overestimation due to

biases favoring amplification of smaller fragments and probe misidentification in

IPDA, or differences in cell normalisation methods (Gaebler et al., 2021).

Notably, none of the PCR-based assays provide information on the inducibility

of the strains identified as intact, raising questions about their clinical relevance Sili-

ciano & Siliciano (2021). The Tat/Rev Induced Limiting Dilution Assay (TILDA)

employs reverse-transcription PCR to quantify the frequency of cells capable of

generating multispliced HIV RNA following stimulation, thereby evaluating their

transcriptional activity. While TILDA identifies cells that can produce fully elon-

gated, multiply spliced transcripts, it does not confirm their ability to generate

infectious virions (Einkauf et al., 2019).
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In all, each of these assays offers unique advantages and limitations, making the

optimal choice dependent on the specific research or clinical application. If the goal

is to precisely quantify intact proviruses while minimising overestimation, assays

like Q4PCR or the Rainbow assay provide greater specificity than IPDA by target-

ing multiple HIV regions, although they still require sequencing confirmation. For

high-throughput and cost-effective reservoir quantification, IPDA remains widely

used despite its tendency to overestimate intact proviruses. Meanwhile, TILDA

provides insight into transcriptional activity but does not confirm replication com-

petency, highlighting the need for complementary approaches. Ultimately, no single

assay fully captures the complexity and the diversity of the HIV reservoir and a

combination of PCR-based and viral outgrowth assays may be necessary to achieve

the most comprehensive assessment.

1.2.3 Viral Diversity

One of the hallmarks of HIV is its extensive diversity within and among hosts,

due to the highly error-prone HIV RT, the frequency of replication cycles per day,

and the influence of host immune responses (Rambaut et al., 2004). Previous

studies have shown that HIV evolves faster within host compared to the general

population (Lythgoe & Fraser, 2012). The amount of diversity is remarkable, with

untreated HIV generating 10 billion viral particles daily in an individual (Kijak

& McCutchan, 2005; Rambaut et al., 2004). However, in some transmissions,

such as heterosexual or mother-to-child transmissions, HIV infection stems from a

single TF, as evidenced by analyses of env sequence complexity in the bloodstream

(Derdeyn et al., 2004; Keele et al., 2008). In these cases, a bottleneck effect may

occur, where viruses with higher fitness are selected. This bottleneck phenomenon

can occur during various stages of transmission, either within the donor or the

recipients, highlighting how selection shapes early viral populations (Joseph et

al., 2015). In other transmissions, like men who have sex with men (MSM) or

in intravenous drug users, it’s not uncommon to transmit multiple viruses due
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to higher exposure risk and a comparatively less rigorous selection process (G.

van Zyl et al., 2018).

Shortly after the transmission of a single TF, the viral population within the

recipient is homogeneous but rapidly diversifies as it adapts in the new host envi-

ronment, aiming to evade immune responses or revert to wild-type. The rate of

diversification varies across viral genes, with structural genes experiencing higher

rates of mutation compared to viral enzymes(Salazar-Gonzalez et al., 2008). The

env protein, the sole viral protein present on the virion surface, is the target of anti-

HIV antibodies, which exert significant pressure on the genome. In response to this

pressure, env accumulates mutations that account for 35% of diversity observed

between clades and 20% within a single subtype (Lynch et al., 2009). Even within

the same gene, different regions have a different rate of variation. Li et al. reported

the non-synonymous substitution rate in the hypervariable regions of env at 14 x

10-13 substitutions/ year while the average rate for the whole genome was estimated

at 10 x 10-3 (W.-H. Li et al., 1988). Interestingly, viruses in one compartment can

differ significantly from viruses in another compartment within the same person

(Simmonds et al., 1991). HIV can mutate extensively while maintaining its fitness

and infectivity, meaning that an individual can harbour a diverse range of viruses

that are genetically related but not identical. These viruses will continue to mutate

in order to adapt to the ever-changing host environment and even revert to wildtype,

provided that the selection pressure is lifted and that by doing so there is a gain in

viral fitness. Most importantly, previous variants “archived” in the latent reservoir

contribute to the diversity and can source drug-resistant clones that may lead

to treatment failure.

Viral heterogeneity can be influenced by a number of factors. For instance,

in scenarios involving multiple TFs, viral populations diversify not only through

mutating but also through recombination events (Lemey et al., 2006; G. van Zyl

et al., 2018). Following initiation of treatment viral diversity tends to decrease

as the population of infected cells declines, illustrating the impact of therapeutic

interventions on viral dynamics and diversity within hosts (Kearney et al., 2014).
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Additionally, due to different selection pressures in each stage of infection, the virus

diversifies at slower or faster rates. It has been suggested that during the earlier

stages of infection and due to the less sufficient adaptive immune responses, the

viral evolution is slower and progressively becomes faster at the later stages of

chronic infection. Therefore, the earliest the treatment initiation the less diverse

the reservoir is expected to be (Shankarappa et al., 1999). Furthermore, stochastic

nucleotide mutations, even if they do not impact the actual protein (synonymous

mutations), also contribute to viral heterogeneity (Frost et al., 2018).

The development of molecular and computational biology techniques such as

sequencing, has helped measuring, analysing and understanding HIV diversity. One

approach to study the heterogeneity of intra-host viral populations is to define their

evolutionary relationships by phylogenetics. The construction of phylogenetic trees

facilitates the visualisation of genetic pairwise distances among HIV sequences and

estimates the difference between sequences (G. van Zyl et al., 2018). As shown

previously, these distances exhibit a correlation with time, thereby enabling the

inference of evolutionary dynamics within HIV populations and confirm that HIV

conforms to a molecular clock (Leitner & Albert, 1999; Zanini et al., 2015). In

order to increase the resolution and the accuracy of those trees when looking at in-

dividual hosts, single HIV sequences are amplified with single-genome amplification

(SGA)(Palmer et al., 2005). As previous studies have demonstrated, contrary to

using conventional PCR, SGA allows the detection of minority clones and reduces

the artifacts that may occur due to recombination of multiple templates (Jordan

et al., 2010; Salazar-Gonzalez et al., 2008). However this is a laborious and costly

method with limitations, such as the limited information on the full length virus and

the limited number of obtained amplicons even after several rounds of amplification.

1.3 Stages of Infection

HIV infection may occur after sexual contact with an individual with detectable

viral load, mother-to-infant transmission or percutaneous inoculation. The risk of
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a productive infection is different for each route, taking into account other factors,

such as viral load and stage of infection of the transmitting partner, genital inflam-

mation, etc. As mentioned in section 1.2.3, depending on the route of transmission

(Shaw & Hunter, 2012), the majority of infections are established by a single fit TF.

A stringent population bottleneck allows only variants with specific features, such

decreased sensitive to interferon and less glycosylated envelope proteins (Fenton-

May et al., 2013; Gnanakaran et al., 2011) to be transmitted. However, it is not

unusual for more than one viruses to be simultaneously transmitted, especially

in those cases where the virus does not need to encounter the mucosal barrier

(Macharia et al., 2020).

The progress of untreated HIV infection is defined by CD4+ T-cell counts

and clinical symptoms and it is divided into the early infection, including primary

infection (PHI), which span up to 1 and 6 months post HIV acquisition respectively,

chronic infection (>6 months) and AIDS (Naif, 2013) (Figure 1.2).

Figure 1.2: The stages of untreated HIV infection. Adapted from [@Manoto2018]
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During PHI, plasma viremia reaches high levels before it is partially controlled

by the host immune response, which leads to an improvement in symptoms and

limited immunological recovery for most individuals (Fidler & Fox, 2016). This

period can be further categorized using the Fiebig staging system, which classifies

early HIV infection into distinct stages (I–VI) based on the sequential appearance

of virological and serological markers (Fiebig et al., 2003). The correct diagnosis

of early HIV infection is important not only for managing the symptoms but also

for limiting transmissions in the community. Since standard HIV antibody tests

may not detect the virus early in infection, more sensitive tests are required. The

key diagnostic approaches include (Fidler & Fox, 2016):

• HIV RNA test; detects viral RNA in the blood within days to weeks after

exposure. Most sensitive test for the diagnosis of early infection.

• HIV p24 antigen test; detects the p24 protein before antibodies emerge within

2-4 weeks of exposure

• HIV antigen-antibody (Fourth generation) test; detects both p24 and anti-

bodies, within 2-4 weeks of exposure

• HIV antibody (Third generation) test; detects antibodies against HIV within

weeks to months after exposure, at the stage of the seroconversion. Unreliable

for the diagnosis of PHI.

• Recent Infection Testing Algorithm (RITA) is a method to distinguish recent

HIV infections from longer ones. RITA combines multiple biomarkers such

as antibody detection, viral load, CD4 count and patient history. It is used

to confirm a PHI diagnosis rather than diagnose, especially in surveillance

settings (Aghaizu et al., 2014).
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1.4 Innate and adaptive immune response against
HIV

The innate immune response is initiated by the host cells using their pathogen

recognition receptors (PRR) to recognise pathogen-associated molecular patterns

(PAMP) within the virions. PRRs include RIG-1- like receptors and Toll-like

Receptors (TLR), for instance TLR7 and TLR8. These trigger the production

of pro-inflammatory cytokines that regulate the migration of immune cells on the

site of the infection. The sharp increase of the viral load in the acute phase can

be attributed to the high number of CD4+ T-cells that are recruited, first at the

infection site and later in the draining lymph nodes and gut tissue, and become

targets for further infection. At this stage, the relationship between viral titres

in the blood and CD4+ T-cell count is inverse, due to the high rate of CD4+

T-cell infection and death. Within days of infection, PRRs activate the Nuclear

Factor κB (NFκB) transcription factors, which subsequently activate host restric-

tion factors, for example APOBEC3 and TRIM5, that restrict viral replication

by hypermutation and inducing premature virion uncoating, respectively (Ganser-

Pornillos & Pornillos, 2019). The rise of viral load, until it reaches its peak at 21-28

days post transmission, enhances the production of inflammatory cytokines, led by

Interferon Type I (IFN-I) and Interleukin (IL) 15 which are produced by dendritic

cells (DC). Notably, infected cells, compared to virions, are better recognised by

DCs and induce a stronger IFN-I response (Lepelley et al., 2011). This cytokine

storm induces the differentiation of naive CD4+ T-cells into T helper (Th), which

produce Tumor Necrotic Factor (TNF) and IFN-γ, in response to viral proteins,

and T follicular helper cells (Tfh), which are involved in priming the CD8+ T-cell

(also known as cytotoxic T-cells or CTL) response (Kazer et al., 2020; McMichael

et al., 2010; Porichis & Kaufmann, 2018).

The CTL response is key in the host defense against HIV. Viral proteins that

get fragmented inside infected cells are presented on the cell surface after binding

to major histocompatibility complex (MHC) proteins. CTLs can recognise 8-10
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amino acid long peptides bound on MHC Class I and subsequently kill the infected

cell (Rock & Goldberg, 1999), whereas CD4+ T-cells can recognise 13-17 amino

acid long peptides on MHC Class II and cause a production of cytokines and the

activation of CTLs (Rudensky et al., 1991). The maximum of CTL response is

reached after the viral load reaches its set point where it remains steady, 12-20

weeks after the peak.

The rapid decline of plasma viremia post its peak is attributed to the activity

of CD8+ T-cells, which can recognise and target cells that harbour viral peptides,

mainly Gag. This exerts selection pressure to the virus, which may affect fitness

and thereby viral replication rate (Chang & Altfeld, 2010; B. Walker & McMichael,

2012). In case the pressure is lifted, such as after transmission in a new host, some

viruses may revert back to wild type (Ranasinghe & Walker, 2018).

While T-cells are undergoing activation, Natural Killer (NK) cells are mod-

ulated by antigen presenting cells on the site of infection and their activity is

enhanced by type I interferons. Different subsets of NK cells can produce IFN-

γ, which modulates adaptive immunity or directly lyse infected cells by secreting

cytolytic granules, perforin and granzyme A (Nuvor, 2018).

Although antibodies targeting Env are detectable in the plasma within the

very first weeks of infection, these have shown to be ineffective in controlling the

virus (Bertagnolli et al., 2020). The reason why the initial antibody response to

HIV is ‘non-neutralising’ is the production of dysfunctional Env; this ‘viral debris’

displays epitopes that are not found on the functional protein and effectively draws

the host immune response away (Parren et al., 1997). In an acute HIV infection

cohort, Keele et al (Keele et al., 2008) showed that the only mutations observed

during viral evolution pre-peak viremia were on the CTL epitopes, therefore early

antibodies are not likely to exert any selection pressure on the virus at this stage.

The first neutralising antibodies (nAb), which are strain-specific, as they are limited

in neutralising autologous virus, emerge approximately 12 weeks post transmission.

Contrary to non-neutralising antibodies, nAbs block viral entry directly or by

hindering the conformational changes necessary for entering the cell. Primarily,
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nAb epitopes map to V1V2 and V3 variable env loops, which are protected by

the dense env glycan shield (X. Wei et al., 2003). The virus, however, manages

to always stay one step ahead of nAbs through selection of resistant variants, by

substituting specific amino acids and acquiring insertions or shifting glycans to

remove access to epitopes (Daniels & Saunders, 2019; Moore et al., 2009; X. Wei

et al., 2003). Moreover, nAbs may shift their neutralisation activity towards viral

debris or defective virus, which in return will move the selection pressure away

from replicating viruses (Parren et al., 1997). During natural infection, nAbs

undergo affinity maturation and as a result they evolve to recognise viral particles

more efficiently. While almost all PWH develop antibodies with some level of

cross neutralisation 2-3 years post-transmission, only a small proportion (10-25%

of PWH) are able to produce antibodies capable of neutralising a wider range of

viruses and only 1% develop highly potent broadly neutralising antibodies (bnAb),

later in the course of infection (Caskey & Kuritzkes, 2022; McCoy & McKnight,

2017; Rusert et al., 2016). However, at that stage bnAbs are not able to effectively

control the virus, most likely due to the exhaustion of the other immune response

components (Anne et al., 2009). Development of breadth has been associated with

high viremia, low CD4+ T-cell count at set point, viral diversity and duration of in-

fection (Gray et al., 2011; Landais & Moore, 2018). More than 300 bnAbs have been

identified and characterised since their discovery in the 1990s (Griffith & McCoy,

2021). Many bnAbs exhibit features including long heavy chain complementarity-

determining region 3 (CDRH3), high rate of somatic hypermutation (SHM), ability

to interact with multiple antigens and insertion/deletions. bNAbs are discussed

further in section 1.6.

In summary, both the innate and adaptive immune response are unable to con-

trol HIV progression, as they are not fast or potent enough at the early stage of infec-

tion.
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1.5 Research for cure

Despite the availability of effective antiretroviral treatment (which are presented

in this section), that effectively suppresses HIV replication and allows PWH to

lead long and healthy lives, a cure for HIV remains an unmet goal. ART does not

eliminate the virus; instead, it requires lifelong adherence, and any interruption can

lead to viral rebound due to the persistence of the reservoir. Additionally, access

to ART remains a challenge in some regions and drug resistance can compromise

treatment efficacy. Lastly, lifelong ART has an increased risk of ART-associated

side effects and contributes to social stigma, as it is a visible marker of HIV status

(Buell et al., 2016).

Research into HIV cure strategies, ranging from latency reversal and immune-

based therapies to bnAb treatment and gene editing, has impacted medicine beyond

the management of HIV itself. Understanding how the immune system interacts

with persistent viral infections has provided insights on other HIV-associated co-

morbidities, such as cancers and cardiovascular diseases and other viral infections,

such as Ebola, Zika and influenza (Schwetz & Fauci, 2019). Moreover, insights from

HIV cure research, including targeting viral reservoirs, boosting immune responses,

and overcoming immune exhaustion, could shape treatments for other persistent

or latent infections, such as hepatitis B (HBV), which forms viral reservoirs and a

cure still remains to be found (Nassal, 2015). Thus, while ART has transformed

HIV into a manageable condition, continued research into curative and alternative

treatment strategies remains crucial not only for achieving an HIV cure but also

for advancing the broader field of infectious disease therapeutics.

1.5.1 Current antiretroviral treatments

The current approach for treating HIV involves antiretroviral treatment (ART),

which aims to achieve viral suppression (<50 copies/mL of blood) and hence reduce

the mortality and morbidity associated with HIV, as well as to reduce transmission.

ART utilises various medications that target different stages of the viral life cycle.
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These are classified by their mechanism of action; nucleoside reverse transcriptase

inhibitors (NRTI),non-nucleoside reverse transcriptase inhibitors (NNRTI), pro-

tease inhibitors (PI), integrase strand transfer inhibitors (INSTI), entry inhibitors,

including CCR5 agonists and fusion inhibitors, and pharmacokinetic enhancers.

In order to maximise effectiveness and reduce the risk of developing resistance,

treatment usually involves a combination of at least three drugs from two or more

classes. Most ART regiments, if taken as prescribed, are able to successfully

suppress viremia long-term and prevent the emergence of de novo drug resistant

mutations (DRM). However, pre-existing DRMs which can be transmitted from

donors, may compromise treatment success (Derache et al., 2019). The effect of

DRMs on HIV is also diverse; depending on the mutation, some may decrease

the viral fitness and/or infectivity of the virus compared to wild-type, where no

selection pressure is present (Brenner et al., 2002) and some may only have a

minor impact (Kühnert et al., 2018). It is not uncommon for viruses with DRMs

to revert to wild-type alleles, as mentioned in section 1.2.3. In their review Frost

et al. (Frost et al., 2018) argue for a stochastic process of evolution, based on data

showing variation at timing and development of DRMs among different PWH.

To prevent treatment failure in individuals and the spread of DRMs in the

community, clinicians often use HIV drug resistance testing to predict the response

to ART regiments (Clutter et al., 2016). Genotypic testing through next-generation

sequencing (NGS) is the test of choice, as an accurate, fast and cost-effective

method (Günthard et al., 2019; Metzner, 2022). Genotypic assays can determine

the presence of mutations associated with drug resistance in pro and RT genes and

the viral tropism in the V3 region of env. The interpretation of these outcomes is

based on pre-existing knowledge and more recently in machine learning algorithms

which have been trained to assess the impact of certain mutations, based on

experimental data (Blassel et al., 2021; Günthard et al., 2019). Phenotypic assays

on the other hand are more expensive, time consuming and less accurate under

certain circumstances, such as in individuals with low viral load and may select

for more fit viruses that replicate better compared to less fit viruses with DRMs
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(Nijhuis et al., 2001). It is common for drug resistance to be assessed using cell-

free virus in plasma, where this is possible. Replicating HIV is short-lived and

may derive from anatomical compartments and as such, it can provide a snapshot

of drug resistance status that dominates at that time. Nevertheless, the archived

variants in the reservoir, although very likely defective, could also harbour DRMs

and may re-emerge and source viral rebound (G. U. van Zyl et al., 2022).

The timing of treatment initiation has been shown to be of paramount impor-

tance. Specifically, there is evidence that commencing treatment during PHI may

limit viral diversity and the size of the reservoir, preserve the functionality of T-

and B-cells and facilitate the restoration of immune responses (Buzon MJ, 2014;

V. Jain et al., 2013; Sáez-Cirión et al., 2013).

1.5.2 Types of HIV control

Since the early days of the pandemic, there have been reports of PWH who showed

delayed or no evidence of progression and have managed to maintain virological

and immunological control for extended periods of time (Cao et al., 1995; Deeks

& Walker, 2007). This long term control of HIV without continuous treatment

is referred to as “functional cure”, after an intervention has been implemented.

Unlike a sterilising cure where all replication-competent virus is eradicated, as in

the case of the Berlin patient, replication-competent proviruses continue to persist

in the body but do not cause any symptoms or disease progression (Xu et al.,

2017). These individuals were until recently described as long-term non-progressors

(LTNP) and only after the development of viral load testing, this group was divided

into subgroups, based on their clinical features. LTNPs comprise a 5-15% of all

PWH, they maintain a high count of CD4+ T-cells (>500 cells/mmˆ3) and can be

clinically stable for years, despite their low to moderate amounts of viremia.

Elite controllers (EC) are an even rarer subset of PWH (0.2 0.5%), who

spontaneously control their viral load to undetectable levels (<50 copies/mL) and

similar to LTNPs maintain a high count of CD4+ T-cells (Okulicz & Lambotte,

2011; B. D. Walker & Yu, 2013). Notably, the EC phenotype is usually associated
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with certain HLA alleles like B*57 and B*27 and with strong immune responses

(Goulder & Watkins, 2008). These may include enhanced CD8+ T cell responses

that target and eliminate HIV-infected cells, as well as broader and more potent

neutralising antibody responses. Furthermore, clones of intact proviruses in the

reservoir were reported in higher frequency in EC compared to non-controllers

and notably, these were integrated in satellite DNA and genes in the zinc finger

family (Jiang et al., 2020).

The third subgroup of HIV controllers consists of individuals capable of main-

taining viral suppression following TI (Hocqueloux et al., 2010; Sáez-Cirión et al.,

2013). Two comprehensive studies, the Viro-Immunological Sustained CONtrol

after Treatment Interruption (VISCONTI) and the Control of HIV after Antiretro-

viral Medication Pause (CHAMP) study, have provided detailed descriptions of

these cohorts. Both studies have reported that the PTC phenotype was more

frequent among individuals who initiated ART during PHI (Namazi et al., 2018;

Sáez-Cirión et al., 2013). The prevalence of PTC ranges between 0-15%, depending

on the studied cohort size, the exact definition of PTC, and the length of ART

prior to TI (Martin & Frater, 2018). Studies have indicated that the reservoir

in PTCs is smaller compared than non-controllers, especially in specific T-cell

populations, although the proportion of intact viruses does not significantly differ

(Sáez-Cirión et al., 2013; Sharaf et al., 2018). A recent study comparing 22

PTCs vs non-controllers, found that PTCs exhibit less CD4+ and CD8+ T-cell

activation and exhaustion, as well as a stronger Gag-specific CD4+ T-cell and

NK cell response (Etemad et al., 2023). In corroboration with this, PTCs and

non-controllers were found to show no difference in HIV transcription initiation

on a transcriptomic level, but non-controllers did have a higher level of complete

transcripts compared to PTCs (Wedrychowski et al., 2023). In comparison to EC,

PTCs tend to exhibit lower CD4+ counts prior to ART initiation, higher viral loads,

lower levels of T-cell activation and lack the protective HLA alleles (Sáez-Cirión

et al., 2013).Transcriptional pathways associated with inflammation, interferon re-

sponse and TNF were consistently enriched in normal controllers compared to PTC.
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The activation of these pathways can stimulate HIV replication and potentially

harm other uninfected cells. On the contrary, interferon and p53 pathways were

upregulated only temporarily, very soon after ATI (Wedrychowski et al., 2023).

1.5.3 The clinical significance of Analytical Treatment In-
terruption

The main barrier to achieving a cure, as noted in section 1.2.2, is the latent viral

reservoir and the rapid rebound of the virus once the latent cells are reactivated,

in absence of ART. Time to viral rebound is typically the primary endpoint in

most studies seeking to evaluate new approaches to HIV treatment. Currently,

there are no biomarkers or assays capable of accurately predicting viral rebound

time. Therefore, the most reliable method for evaluating the effectiveness of a new

therapeutic intervention in controlling HIV is ATI. Studies have demonstrated that

short-term ATI is generally safe for PWH and does not significantly impact the size

or diversity of the latent reservoir (Salantes et al., 2018). Between 2000 and 2017,

150 interventional clinical trials have incorporated ATI (Lau et al., 2019). However

it is important to acknowledge that ATI carry certain risks. Concerns about poten-

tial health risks for individuals undergoing long-term ATI have led to the inclusion

of frequent viral load monitoring, prompt treatment resumption, and transmission

prevention criteria in trial designs (El-Sadr et al., 2006; Julg et al., 2019).

It is worth noting that repeated ATIs in individuals treated during PHI with

high CD4+ counts, have been proposed to boost the immune response against HIV

and inducing viral control, a concept known as the “auto-vaccination hypothesis”

(Rosenberg et al., 2000). According to this hypothesis, brief viral bursts during

ATI could strengthen the HIV-specific immune response and ultimately lead to

viral control or a lower viral set point. Although ATI-induced auto-vaccination

has not been confirmed by more recent studies (Fagard et al., 2003; Oxenius et al.,

2002), Jain et al. showed that multiple ATIs, when structured alongside another

therapeutic intervention, may contribute to generating an immune response that

will contribute to viral control (A. Jain et al., 2024).
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1.5.4 Non-ART approaches for cure

The limited known cases of HIV control off treatment have fueled hopes for a

potential cure or long-term control but they come with risks and scalability issues

as a treatment for the general population (Gupta et al., 2020; Hütter et al., 2009;

Jensen et al., 2023). However, ART alone is not sufficient for achieving a cure, as as

it does not eliminate or reduce the size of the reservoir. Therefore there is a pressing

need to explore new cure strategies. Research efforts have been directed towards

non-ART approaches to achieve post-treatment HIV remission. These efforts can

be broadly categorised into two main strategies:

Targeting the reservoir

• Shock (or Kick) and Kill: using compounds called latency-reversal agents

(LRAs) to induce the reactivation of HIV transcription in the reservoir in

individuals on ART. This process exposes the infected cells to the host

surveillance system and response, while ART prevents new infections (Deeks,

2012; Lee et al., 2022). The most extensively studied LRAs are histone

deacetylase inhibitors (HDACi) and TLRs. However, the clinical application

of this strategy has not yet yielded compelling results, particularly in terms of

reducing the reservoir size (Darcis et al., 2017; Deeks et al., 2021; Martinsen

et al., 2020).

• Block and Lock: aiming to prevent reactivation of the dormant reservoir

through latency promoting agents (LPAs) that inhibit viral transcription.

This is achieved by targeting viral proteins, such as Tat and In, cell signalling

pathways or epigenetic proteins. LPAs can be small molecules like nucleic

acids such as short hairpin (sh) or small interfering (si) RNA, or recombinant

proteins. The main challenge of this approach in vivo is to ensure that it

does not adversely affect other cellular functions (Deeks et al., 2021; Vargas

& Sluis-Cremer, 2022).
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• Rinse and Replace: another theoretical approach suggested by (Grossman et

al., 2020) involved triggering polyclonal T-cell differentiation by inducing T

cell activation with LRAs in order to replace the latent reservoir with healthy

cells. This is based on the fact that clonal HIV populations “wax and wane”

while on treatment. In this process, infected cells are eliminated due to the

continuous activation, differentiation and cell death.

Immune-based Therapies

• Gene and cell therapy: modifying immune cell genes to render them resistant

to HIV. The identification of CCR5 Delta 32, a mutation that prevents CCR5

from appearing on the cell surface and essentially renders the cells immune

to HIV infection (Hütter et al., 2009), has inspired interest in therapies

using genetically modified cells (Gero et al., 2024). Researchers have been

prompted to harness the gene editing systems to knock CCR5 out of T-cells

but these attempts, contrary to stem cell transplantation have not yet been

successful in eradicating intact virus (Deeks et al., 2021). Another strategy

is cell based therapies, such as chimeric antigen receptor (CAR) to create

effector T-cells that recognise to target infected cells (Deeks et al., 2021).

Clinical trials are currently testing the efficacy of the treatment in humans

(NCT04648046). Finally, there have been attempts to use CRISPR-Cas to

cut out the proviral genome from infected cells but the potential off-target

effects and delivery issues dictate that this strategy needs more optimisation

before it is safe and efficient to use in practice (Hussein et al., 2023).

• Therapeutic vaccines: aiming to stimulate the immune system against HIV.

Several approaches are being explored in therapeutic HIV vaccine devel-

opment to induce immune responses; viral vector vaccines, utilising ade-

noviruses to deliver HIV antigens into immune cells (Harris, 2022), DNA

vaccines, using plasmid DNA encoding HIV that is injected straight into host

cells and results in the production of viral proteins and dendritic cell vaccines

(Barouch, 2008), where dendritic cells can be pulsed by HIV ex vivo and are
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injected back into the host (García et al., 2013). The first vaccines to undergo

clinical evaluation used gp120 to elicit nAbs whereas recently research has

been focusing on vaccines that elicit CTL responses (Haynes et al., 2023).

While T-cell vaccines alone have not achieved a functional cure, a recent

clinical trial demonstrate improved viral control in participants who receive

an HIVCAT T-cell immunogen (HTI)-based vaccine (Bailón et al., 2022). In

the post-Coronavirus disease 19 (COVID-19) pandemic era, vaccines utilising

the messenger RNA (mRNA) technology to encode viral antigens in the host

cells, hold promise for the HIV cure field (Mu et al., 2021).

• Broadly neutralising antibodies: to neutralise a range of cell-free virus strains

and to assist the immune system in targeting HIV. bNabs are discussed in

section 1.6, in detail.

1.6 Broadly Neutralising Antibodies

One of the up-and-coming therapeutic approaches under current clinical develop-

ment is the passive administration of bnAbs, which have been isolated from long-

term non-progressors in the early 2000s. The dual functionality of antibodies is the

reason why they are considered promising treatment agents; neutralisation of free

viruses using their antigen-binding fragment (Fab) regions as well as inducing host

immune responses through their crystallisable fragment or Fc regions Caskey et al.

(2019). The mechanism of action of bnAbs is discussed in detail in section 1.6.1.

Typically, most bnAbs are IgG class and they share some common features that

account for their breadth and potency. The most well-know bnAb feature is SHM,

which happens within the germinal centers as part of the B-cell affinity maturation

process and the mutations are mainly targeted to the complementarity-determining

regions (CDRs), which are in contact with the antigen (Victora & Nussenzweig,

2012). Contrary to other antibodies, mutations in the framework regions (FWR)

benefit bnAbs as they can make them more flexible and allow for better contact

with the antigen and thus ensure better and broader neutralisation (F. Klein et
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al., 2013). Equally important is the length of CDRH3, which contains the most

sequence diversity and potential to reach usually inaccessible epitopes (Griffith

& McCoy, 2021; Haynes, 2015). However, the level of SHM and the length of

CDRH3 may differ among antibodies that are classified into groups based on the

Env epitope they target. Although antibodies cloned from specific memory B-cells

are usually polyreactive, most of the new generation bnAbs are not highly poly-

or self-reactive, which suggests that the risk for off-target binding and decreased

specificity is small (F. Klein et al., 2013).

The structural characterisation of HIV-1 Env and its complexes with bnAbs

has been instrumental in identifying key epitopes and critical binding residues.

Advances in imaging techniques, along with the development of native-like Env

trimers such as SOSIP (Sanders et al., 2013), have provided information on bnAb-

Env interactions and enabled a more precise mapping of the critical binding residues

on Env. Currently, seven different env regions are known to serve as bnAb epitopes

(residue position numbering is based on the HxB2 reference sequence)

• V3 site; Interactions between variable 3 (V3) loop and CCR5 or CXCR4,

are critical for viral entry. The most conserved regions of V3, its base and

crown, are protected from nAbs under variable 1 and 2 (V1V2) loops (Rusert

et al., 2011). Only upon binding to CD4, changes in the conformation of Env

set of the displacement of V1V2 and expose V3 to allow its interaction with

the co-receptors. As mentioned in section 1.3, humoral responses against

the V3 region are the first to emerge during early infection, even though

its neutralisation activity is practically non-existing (Friedrich et al., 2021).

bnAbs targeting the V3 site are the most common in HIV infection and

they have been shown to have good potency but limited breadth (51-68%

neutralisation breadth) (Bricault et al., 2019; Haynes et al., 2023). The

bnAbs in this group, such as 10-1074, PGT121 and PGT128, are able to

use their long CDRH3 to interact with glycans (mainly the one attached at

PNG N332), penetrate the glycan shield and contact with 324GDIR326 linear
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sequence at the V3 base (Bricault et al., 2019; Sok et al., 2016). A long

CDRH3 means that V3 bnAb precursors are very rare, as B-cells with long

CDRH3 BCRs are deleted by immune tolerance mechanisms (Haynes et al.,

2023). Different bnAbs in this category may bind on Env from different angles

and engage with a range of glycans, such as N301 (PGT128, PGT121), N127

and N156 (PGT121), and N386 and N392 (PGT135) (Barnes et al., 2018).

• CD4 binding site (CD4bs); The CD4 binding site is one of the most

functionally conserved Env regions (Kwong & Mascola, 2012), as it mediates

the viral binding to the CD4 receptors of the host cells. Despite its less

accessible location within a pocket at the interface of the outer and inner

domains, CD4bs can be contacted by antibodies depending on the approach

angle (Griffith & McCoy, 2021). Primarily, CD4bs bnAbs rely on their

CDRH2 regions to mimic the CD4 contact with Env (such as the VRC01-

and 8ANC131/CH235- class bnAbs) but others, such as b12, VRC16 and

VRC13, utilise their CDRH3 contacts (Freund et al., 2015; Haynes et al.,

2023). VRC01-class bnAbs are the most potent and broad bnAbs and their

precursors are more common than others (T. Zhou et al., 2013). Contrary to

V3 bnAbs, CD4-mimic bnAbs have been shown to neutralise 80-100% of het-

erologous viruses (Haynes et al., 2023; Kwong & Mascola, 2012). 3BNC117

and N6 are reported to be the most potent CD4bs bnAbs (Ding et al., 2021).

The residues recognised by these bnAbs lie within the inner domain, the

Loop D, the CD4 binding loop, and the β_23/loop V5/β_24 region (Lynch

et al., 2015; P. Zhou et al., 2019). Although glycans are not incorporated

into CD4bs bnAb epitopes, as the CD4bs is not extensively concealed by the

glycan shield, glycans surrounding the binding site may be recognised by the

bnAbs.

• V1/V2 loop; Humoral response against the hypervariable V1V2 loops can

block the structural conformation of the env trimer and prevent the exposure
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of the co-receptor binding site, which is critical for viral entry (Griffith & Mc-

Coy, 2021). Those bnAbs targeting V1V2 (namely PG9, PG16, PGDM1400,

CAP256.25, PCT64, and CH01) are generally the most potent and are able

to neutralise ~70% of the global strains (Sok & Burton, 2018; L. M. Walker

et al., 2009). Furthermore, V1V2 bnAb responses are the earliest to emerge,

following V3 targeting bnAbs (Landais & Moore, 2018). The key epitopes

of the known bnAbs in this class include the glycan attached to N160 and a

protein motif on gp120 (Sok & Burton, 2018). Similar to V3 bnAbs, most

of V1V2 bnAbs possess characteristically long CDRH3 (Landais & Moore,

2018).

• Membrane proximal external region (MPER); MPER is one of the

most conserved env regions and therefore bnAbs targeting the MPER, such

as 2F5 and 4E10, are very broadly neutralising but some may show low

to moderate potency (Sok & Burton, 2018). In order to neutralise HIV,

MPER bNAbs need to anchor to the viral lipid bilayer, which is the outer

layer of the viral membrane and be kept in position to bind to the exposed

MPER epitope as soon as it becomes accessible after the co-receptor binding

(Haynes et al., 2023; Pinto et al., 2019). MPER bnAbs have been described

to exhibit various levels of polyreativity, due to their conserved epitope and

the similarities it shares with host-derived phospholipids and lipoproteins

(Caillat et al., 2020).

• gp120/gp41 interface; the interface of gp120 and gp41 is the region where

these subunits interact and undergo rearrangements to facilitate viral fusion

and entry into the host cell. bNAbs targeting the interface, such as 8ANC195,

PGT151 and 35O22, aim to disrupt this interaction by destabilising the timer

or by inducing conformational changes (McCoy, 2018). The average breadth

of these bNAbs is medium, at 64% (Griffith & McCoy, 2021). The epitopes

of interface bnAbs might include glycans, such as N88, N234, N276, N611 or

N637 (Wibmer et al., 2017).
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Figure 1.3: bnAb epitopes on HIV Env. Designed on Biorender.com

• silent face (SF) of gp120; The highly glycosylated silent face of Env

is the most recently identified epitope and only two bnAbs targeting this

region have been isolated so far, VRC-PG05 and SF12 (Schoofs et al., 2019).

Although conserved glycans are incorporated in the epitopes of these bnAbs,

their neutralisation breadth has been characterised as medium (Griffith &

McCoy, 2021).

• fusion peptide (FP); the FP is located at the N-terminal region of gp41

and after the gp120 conformation reaches into the target host cell membrane

and facilitates viral fusion (Shaik et al., 2019). bnAbs targeting the FP

(ACS202 and VRC34.01) bind to the protein as well as recognise glycans

(Banach et al., 2023; Yuan et al., 2019).

Similar to drug resistance, resistance to bnAbs may be either transmitted or

acquired. Acquired or de novo resistance develops when wild-type HIV variants

are initially suppressed by bnAbs, but selective pressure during viral replication

when bnAb concentration falls below a therapeutic level allows bnAb-resistant

mutations to emerge, ultimately leading to viral rebound. In contrast, transmitted

resistance occurs when individuals who have never received bnAbs aquire pre-

existing resistant variants, potentially compromising treatment effectiveness from

the outset. In order to minimise the risk of developing resistance, two or more

bnAbs, often targeting different Env epitopes are given in combination. This thesis

is focused on therapy with a combination of 10-1074 and 3BNC117.
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1.6.1 Mechanism of action and the “vaccinal effect”

bnAbs have three functional components; two antigen binding fragment (Fab)

regions and a crystallisable fragment (Fc) region, linked together by a hinge region.

Viral neutralisation occurs when the Fab region binds to Env on the viral surface,

forming an immune complex that blocks the attachment or fusion of the virus

to the target cell (Burton & Hangartner, 2016; Karuna & Corey, 2020). For

instance, VRC01, prevents viral attachment to the target cell by binding on the

CD4 binding site, preventing the interaction between the viral glycoprotein and the

CD4 receptor on the target cell. Moreover, PGT121 and bnAbs in its family engage

in allosteric modulation of the CD4 binding site and disrupt viral attachment,

through interactions near the V3 loop (Haynes et al., 2015). In addition to free

virus neutralisation, bnAbs are able to disrupt cell-associated HIV and cell-to-cell

transmission, but unfortunately less efficiently (Karuna & Corey, 2020).

Beyond neutralisation, bnAbs facilitates viral clearance using their Fc-mediated

effector functions. Upon binding to the viral antigens, bnAbs can bind on the Fc

gamma receptors (FcγRs) expressed on the host immune cells, leading to antiviral

actions. There exist several FcγRs, including one inhibitory receptor FcγRIIb

and five activating, FcγRI (which is a high affinity receptor), FcγRIia, FcγRRIIc,

FcγRIIIa and FcγRIIIb. The binding avidity of Fc-FcγR is enhanced when more

than one Fab regions are bound to Env on a virion or an infected cell (Karuna &

Corey, 2020). Notably, the expression of different FcγRs varies with the stage of dis-

ease; FcγRI is higher in PHI whereas FcγRIIa and FcγRIII are reduced at the stage

of chronic infection, reflecting the HIV impact on the immune response (Duchemin

et al., 2020). One prominent Fc-effector mechanism is antibody-dependent cellular

cytotoxicity (ADCC). It occurs upon Fc-FcγRIIIa binding between the bnAb and

an immune cell, most commonly an NK cell, and leads to release of perforin and

granzyme B and the subsequent elimination of the target (Phelps & Balazs, 2021;

Su et al., 2019). Additionally, immune complex binding to FcγRIa and FcγRIIa

on macrophages can trigger antibody-dependent cellular phagocytosis (ADCP),
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resulting in the internalisation and destruction of the viral antigen (Phelps & Balazs,

2021). Furthermore, the Fc region of bnAbs can interact with complement proteins

in the blood, initiating complement dependent cytotoxicity (CDC). This leads to

the destruction of viral antigens through the formation of pores on the membrane

by the membrane attack complex (MAC) (Phelps & Balazs, 2021).

In addition to these effector functions, it has been suggested that immune

complexes may have immunomodulatory effects and induce strong immune re-

sponses, which is known as “vaccinal effect” (Pelegrin et al., 2022; Tipoe et al.,

2022), which was initially demonstrated in a murine leukemia virus infection model

(Pelegrin et al., 2022). One of the key components is DCs, that following the

Fc-FcγR enhance CTL response (Caskey et al., 2019). Neutrophils alone and in

cooperation with monocytes also play an important role in inducing a post-antibody

treatment immune response, by enhancing Th1-type cytokine and chemokine se-

cretion (Naranjo-Gomez & Pelegrin, 2019; Pelegrin et al., 2022). Finally, NK cells

serve two roles; firstly, they eliminate infected cells and control viral replication

and as a result they prevent immune exhaustion as well as the establishment

of immunosuppressive pathways. Furthermore, NK cells produce IFN-γ, which

enhances B-cell helper properties of neutrophils and by extension enhances B-cell

responses (Naranjo-Gomez et al., 2021). The impact of Fc-mediated antiviral

response has been demonstrated in previous studies on protection of macaques

against Simian HIV (SHIV), where they were given a b12 variant with reduced

Fcs and had an increased likelihood of infection (Hessell et al., 2007). One of the

most impressive cases of sustained virus-specific CTL response attributed to bnAb

treatment of SHIV was reported in a study on macaques; one animal maintained

very low viral loads and normal CD4+ T-cell counts for more than two years

(Nishimura et al., 2017). Interestingly, viral suppression in the controller animals

was maintained after bnAb concentration fell below therapeutic levels and it was

mediated by CD8+ T-cells, as the virus rebounded after they received anti-CD8

antibodies. Evidence of boosted immune response after bnAb treatment has been

been shown in humans as well. An increase in the neutralisation of heterologous
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viruses was shown by Schoof et al. when they tested the plasma of PWH who

had received treatment with 3BNC117 with controls (Schoofs et al., 2016). More

recently, Niessl et al. documented an increase of gag T-cell responses in PWH

who received a combination of 3BNC117 and 10-1074 during ATI (Niessl et al.,

2020). Enhanced HIV-specific (Gag and Pol)T-cell immunity was also observed

in viremic individuals who received 3BNC117 at ART initiation, in the eCLEAR

study (Rosás-Umbert et al., 2022). Understanding the mechanisms underlying the

vaccinal effect and obtaining compulsive evidence of its occurrence are important

is of major interest in HIV cure, as it holds the key for improving bnAb treatment

and achieving long-term HIV control.

1.6.2 Therapeutic potential of bnAbs

The isolation of bnAbs from individuals who developed them during natural in-

fection has had a significant impact on the HIV cure field. This breakthrough

has enabled the acquisition and utilisation of bnAbs in HIV treatment (F. Klein

et al., 2013). Several bNAbs targeting different Env regions, as single agents or

in combination with other bnAbs or other therapeutic interventions, have entered

human clinical trials since 1992, yielding varying results in terms of their effective-

ness in controlling HIV infection (Caskey et al., 2019). Among these, 10-1074 and

3BNC117 have emerged as the most extensively studied anti-HIV bnAbs currently

in clinical development (Frattari et al., 2023). Passive administration of 10-1074

(Caskey et al., 2017) and 3BNC117 (Caskey et al., 2015) as monotherapy to viremic

PWH was able to reduce viral load; however it was not sufficient to control the

virus long term. When given to aviremic individuals, different dosages of 3BNC117

delayed viral rebound by 6.7 (2 doses) and 9.9 weeks (4 doses), on average (Scheid et

al., 2016). The combination of 10-1074 and 3BNC117 in suppressed PWH demon-

strated viral suppression for much longer than monotherapy - a median of 21 weeks

(Mendoza et al., 2018), which was confirmed by other studies later (Gaebler et al.,

2022; Sneller et al., 2022). Of note, when administered to viremic participants, the

combination of 3BNC117 and 10-1074 was not as effective; although a reduction in
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viremia was observed, full viral suppression was only seen in one participant with

a low baseline viral load (Bar-On et al., 2018). This suggests that for bnAbs to

be fully effective, viral suppression may first need to be achieved with ART. Only

participants with chronic infection were recruited in the clinical trials mentioned

above, and it is therefore it is suggested that treatment in primary infection may

be more effective due to smaller HIV reservoirs and lower viral diversity.

In addition to neutralisation potency, the long-term efficacy of bnAbs in vi-

ral suppression depends on their sustained stability in circulation. The longer

bnAb concentration is above therapeutic levels, the greater the resulting period

of viraemic control. Figure 1.4 presents summary data from currently published

clinical trials and shows that increasing numbers of doses of 3BNC117 alone or

combined with 10-1074, result in longer periods of control in participants who

interrupted ART immediately after receiving bnAbs. A Cox regression analysis

using combined data from studies that report both baseline sensitivity and time to

viral rebound, showed a 46% decrease in viral rebound per increase in number of

bnAb doses (hazard ratio, HR: 0.54, 95% confidence interval, CI: 0.42-0.70, p-value

= 0.00004) (Zacharopoulou et al., 2022).

An alternative approach to maintain the concentration of bnAbs in circulation

for longer is by extending their half-life through modifications on the Fc region.

Two mutations, M428L and N434S, have been identified to produce a long acting

version of bnAbs, known as ‘LS’ (Zalevsky et al., 2010). Clinical trials to assess

the efficacy of the LS variants of 10-1074 and 3BNC117 are currently underway

(Lee et al., 2021) with the expectation that the LS modification will permit longer

dosing intervals (~3-6 months) for effective treatment (Caskey & Kuritzkes, 2022).

1.6.3 The effect of bnAbs on the reservoir

bnAbs can bind to the Env on both virions and on infected cells (Naranjo-Gomez &

Pelegrin, 2019). According to Michaud et al., immune complexes with infected cells,

rather than with virions, trigger a CTL response via the Fc-FcγR binding to DC

(Michaud et al., 2010). This is likely due to the presence of Gag epitopes on infected
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Figure 1.4: Average time to viral rebound after treatment with 10-1074 and 3BNC117
combination or 3BNC117 alone, in participants post ART interruption. The participants
in these studies received different number of bNAb doses of 30 mg/kg. Time to viral
rebound in weeks is shown on y-axis and number of bNAb doses is shown on x-axis.
a. Individual study participants’ time to viral rebound data points are shown and each
study cohort is represented by a different shape. A fitted line per group (combination of
10-1074 and 3BNC117, and 3BNC117 monotherapy shows the association of number of
doses with time to viral rebound. b. Each data point represents a study and their size
reflects the number of participants in each arm.
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cells, which are recognized by CTLs, while Gag incorporation into virions might

be variable or incomplete. Considering that the expression of Env on cell surface is

high during active replication and much lower on latent reservoir cells, it is expected

that bnAbs would form immune complexes with productively infected cells more

frequently than with latently infected cells (Schriek et al., 2024; Van Lint et al.,

2013). This could potentially explain the high CD8+ T-cell responses observed in

PWH with detectable virus, as shown in the eCLEAR study (Rosás-Umbert et al.,

2022). The use of an LRA with 3BNC117 aiming to reactivate the latent cells and

to subsequently clear the reservoir did not show any reservoir size reduction (Gruell

et al., 2022). On the contrary, Gaebler et al. demonstrated a modest decline of

the intact proviral reservoir after 10-1074 and 3BNC117 combination treatment,

measured by the Q4PCR assay (Gaebler et al., 2022). This difference in findings

could be attributed not only to host factors, such as immune exhaustion, or to the

choice of bnAb but also to the assessment of the reservoir size. In all, more studies

are needed in order to determine the effect of bnAbs on the reservoir size.

1.6.4 bnAb escape signals and screening for sensitivity

As mentioned in section 1.6, bnAb monotherapy is less likely maintain viral sup-

pression long term due to development of bnAb resistance. Caskey et al observed

that resistant clones were selected in all individuals who received 10-1074 (Caskey

et al., 2017) and the majority of those who received 3BNC117 (Caskey et al.,

2015) at rebound. Furthermore, a 2018 study showed that when 3BNC117 was

administered in PWH who underwent ATI, pre-existing 3BNC117 resistance was a

strong predictor of shorter time to rebound (Cohen et al., 2018). Pre-existing bnAb

resistance detection is crucial in strategies employing combined bnAbs; Mendoza

et al showed the difference in the length of viral suppression post treatment with

10-1074 and 3BNC117 between individuals with sensitive (median of 21 weeks) and

resistant (median 5 weeks) proviruses at baseline (Mendoza et al., 2018).

Structural data, such as cryo-electron microscopy (cryo-EM) data of bnAb-Env

complexes, can provide detailed information about the interaction between bnAbs
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and Env and reveal the exact binding sites (section 1.6). However, the definition

of these binding sites does not always explain the functional significance of these

interactions. In some cases, the mutation of those identified Env residues may

not show any impact on neutralisation when tested in vitro (Schommers et al.,

2020), suggesting that these epitopes may not be as important in a biological

framework. Mutations at sites away from the direct bnAb epitope may also

induce changes in the conformation of Env thereby affecting bnAb accessibility

(Parthasarathy et al., 2024).

Currently, the gold standard for assessing bnAb resistance in viral strains is

neutralisation assays, such as the TZM-bl and the Phenosense assays (Patel &

Dubé, 2023; Scheid et al., 2016). These phenotypic resistance assays involve

infecting HeLa-derived TZM-bl cells—engineered to express CD4, HIV co-receptors,

and tat-driven luciferase reporter genes—with a pseudotyped virus carrying the Env

of interest. Neutralisation activity is then measured by comparing infection rates

in the presence and absence of bnAbs. For this assay to be clinically relevant, it is

crucial to isolate and characterise intact proviruses that accurately represent the

entire viral reservoir. However, this process is resource-intensive, time-consuming,

and may be challenging to interpret in a clinical setting (Hsu et al., 2021; Pahus et

al., 2024). Additionally, factors such as differences between in vivo and in vitro viral

reactivation, viral recombination within the host, and reservoir compartmentalisa-

tion may compromise assay accuracy (Mendoza et al., 2018). Epitope mapping

studies have identified mutations that confer bnAb resistance, facilitating genotypic

approaches that provide a binary prediction of bnAb sensitivity—similar to geno-

typic assays used for antiretroviral drug resistance (Bricault et al., 2019; Dingens et

al., 2019; Lynch et al., 2015; Mouquet et al., 2012). However, as demonstrated by

Gaebler et al., genotypic predictions performed poorly compared to neutralisation

assays in identifying resistant clones in pre-bnAb samples from people with HIV

(PWH) who later rebounded with 10-1074-resistant viruses (Gaebler et al., 2022).

Notably, post hoc neutralisation assays from individuals with PHI enrolled in a 10-

1074 and 3BNC117 trial revealed a correlation between baseline bnAb sensitivity
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and improved treatment response. Advances in next-generation sequencing and

bioinformatics over recent years have led to the development of various in silico

bnAb sensitivity prediction methods, which may enhance the accuracy of genotypic

resistance assays (Salazar-Gonzalez et al., 2008; Travers et al., 2010).

Several computational tools have been developed to predict HIV-1 sensitivity

to bnAbs using viral genetic sequences. These tools use various machine learning

techniques ranging from rule-based methods to advanced deep learning models, to

improve bnAb sensitivity prediction. Some of the earliest approaches, such as those

developed by West et al. (West Jr et al., 2013) and Hepler et al. (Hepler et al., 2014)

employed decision trees and flexible machine learning algorithms to identify critical

residues associated with neutralisation, which could then be used for screening of

bnAb resistance in a manner similar to HIV drug resistance genotyping. As machine

learning techniques evolved, bnAb sensitivity prediction transitioned from simple

feature selection methods to more sophisticated algorithms capable of predicting

neutralisation values or probabilities. Notable approaches include random forests

(Bricault et al., 2019), Support Vector Machines (SVM) (Hake & Pfeifer, 2017),

Gradient Boosting Machine (GBM) (Rawi et al., 2019) and ensemble methods

(Williamson et al., 2021). To train, these models use paired neutralisation and

env sequences.

A key resource for training bnAb sensitivity prediction models is CATNAP

(Compile, Analyze and Tally NAb Panels), a large collection of Env sequences

with paired neutralisation data, including IC50 and IC80 values (half-maximal and

80% inhibitory concentrations, respectively) (Yoon et al., 2015). Nevertheless, data

for bnAb-resistance sequences for some broad bnAbs, such as 3BNC117 is limited.

This may explain the low prediction performance of models when compared to

the in vivo response to bnAb treatment (Hake & Pfeifer, 2017; Rawi et al., 2019;

Yu et al., 2019). In addition, most tools are primarily built upon genomic data

of bnAb epitopes and only a few approaches incorporate additional features that

influence bnAb binding, such as PNGs (Yu et al., 2019) or even regions outside the

predefined epitope sites (Rawi et al., 2019). Interestingly, Meijers et al. employed
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a bnAb resistance evolution model that factors in the fitness cost of resistance-

associated mutations (Meijers et al., 2021). The model was trained on a small

dataset but it suggested that viral escape from bnAbs can be predicted based on

intra-host parameters (such as antibody levels and degree of viremia) rather than

solely on resistance-conferring mutations.

There is no universal gold standard for bnAb sensitivity prediction, and the

choice of tool depends on the specific application. bnAb-ReP by Rawi et al.

(Rawi et al., 2019) has been applied in studies examining the prevalence of bnAb

resistance (Moraka et al., 2023). While bnAb-ReP provides a more biologically

realistic, probabilistic output that reflects the spectrum-like nature of neutralisation

sensitivity, setting a threshold is challenging when it comes to clinical practice,

where a clear decision point is required. Meanwhile, adaptations of the West et

al. algorithm (West Jr et al., 2013)] have been used in high-profile clinical trials to

screen for 10-1074 sensitivity (Caskey et al., 2017; Gaebler et al., 2022; Lee et al.,

2021; Mendoza et al., 2018) due to its interpretability and the biological relevance

of its, otherwise oversimplistic, predictions.

Prediction accuracy notwithstanding, obtaining an adequate number of single

HIV sequences that represent the full diversity of circulating viruses or latent

proviral sequences is yet another challenge. SGA and sequencing, as discussed

in section 1.2.3, is not sufficiently high-throughput; incorporating elements such

as capturing single, intact viruses prior to amplification (Gaebler et al., 2021;

Levy et al., 2021) in the assay would increase both time and cost efficiency of the

process. The combination of improved techniques to achieve high numbers of single

genomes, greater sequencing read-length technologies, improved bioinformatic and

machine learning approaches, and larger, robust training datasets with integrated

functional and clinical data are all key to developing a reproducible and accurate

resistance-prediction methodology.
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1.7 Summary and Research Questions

While ART effectively controls HIV replication, the latent HIV reservoir persists,

posing a barrier to cure. bnAbs, such as 10-1074 and 3BNC117, represent promising

novel interventions with the potential to target not only circulating virus but

also eliminate infected cells and induce the host immune response to provide long

term viral control. Some people who receive ART or bnAbs are able to maintain

viral control for months or even years, possibly due to protecting strong immune

responses and in the case of bnAb treatment, the “vaccinal effect”. Identifying

biomarkers that correlate with time to rebound or controller phenotypes may

elucidate these mechanisms. Viral resistance to bnAbs is an emerging concern as

it limits their efficacy but pre-screening for resistance is a topic of ongoing debate.

Currently resistance is identified by costly and laborious in vitro neutralisation

assays but but there is a need for more efficient methods in routine clinical practice.

Genotyping assays paired with in silico prediction models have recently become

available and used in clinical trials to screen for bnAb sensitivity.

My thesis explores the interplay between host and virus by investigating two

key aspects of HIV persistence and control. It is therefore divided into two parts;

a virology component and an immunology component. To achieve this, I am using

molecular biology assays and sequencing technologies to study HIV env, to examine

how it evolves during different stages of infection and how these changes may

influence the response to bnAbs. Additionally, I employ transcriptomic analyses to

identify genetic signatures associated with post-ART control, to assess the impact

of bnAbs on the host immune response, including the vaccinal effect, and if, possible,

to compare the findings in order to determine the similarities and differences of the

control mechanisms in those cases.

The objectives of this thesis are to;

1. Estimate the prevalence of bnAb resistance in key populations of PWH living

in the UK.
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2. Assess the impact of bnAb resistance mutations in viral control in pre- and

post-treatment samples of PWH who received 10-1074 and 3BNC117 treat-

ment.

3. Employ bulk RNA sequencing to study the gene expression of CD4+ T-cells

in PTC versus normal progressors, aiming to identify biomarkers of control

through bulk RNA-seq.

4. Use single cell RNA sequencing to explore the differences in gene expression of

PWH who received bnAbs and maintained viral control for different lengths

of time, with the goal of identifying biomarkers associated with the vaccinal

effect.
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2.1 Ethics Statement

All research was performed following relevant guidelines and regulations, and all

participants in RIO, SPARTAC, BONDY and HEATHER gave written informed

consent to participate. Recruitment to the HEATHER cohort was approved by the

West Midlands-South Birmingham Research Ethics Committee (reference 14/WM/1104).

Recruitment to BONDY was approved by the London-Stanmore REC (reference

18/LO/1474). SPARTAC was approved by ethics committees in all countries that

recruitment was opened. Recruitment to the RIO trial was approved by the London

-Westminster Ethics Committee (reference: 19/LO/1669).

2.2 Cohorts

2.2.1 SPARTAC

SPARTAC (Short-Course Antiretroviral Therapy in Primary HIV infection) was

an multicentered, open-label randomised, controlled aiming to determine whether

short-term ART during PHI can delay loss of CD4+ T-cells up to 350 cells/mm3

or long term ART would be necessary (The SPARTAC Trial Investigators, 2013).

In total 366 participants were enrolled from 8 countries across Europe, Australia,

Africa and South America. A 60% of participants were male and 58% had B clade

HIV. Only female participants were recruited in SPARTAC in Uganda and South

Africa, as recruitment was linked to a vaginal microbicide study. Participants

were randomised to either 48 weeks (123 participants) or 12 week of ART (120

participants) and then undergo ATI, or no treatment at all (123 participants),

which was at the time the standard of care. Study visits were scheduled at 0, 4,

12, 16, 24, 36, 48, 52 and 60 weeks and then every 12 weeks until the end of the

follow-up period, which was completed in 2010, and blood was collected at every

study visit. CD4+ and CD8+ T cell counts and viral load (VL) were measured at

every study visit. Peripheral blood mononuclear cells (PBMCs) and plasma were

isolated and cryopreserved. Time to viral rebound was estimated as time from
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ATI to the first two consecutive VL measurements above 400 copies/mL. For those

who did not rebound during the follow-up, the date of their last VL report was

noted. The clinical data provided for this thesis were collected and analysed by

the Medical Research Council clinical Trials Unit (MRC CTU).

Samples from the SPARTAC trial used in this thesis were selected based on

their clinical features, such as time to rebound post ATI and/or the availability

of longitudinal samples.

2.2.2 HEATHER

HEATHER (HIV Reservoir Targeting with Early Antiretroviral Therapy) was a

prospective observational cohort study investigating the impact of early ART ini-

tiation on the HIV reservoir of PWH (Martin et al., 2018). The study recruited

442 participants during PHI, either prior to ART initiation (HEATHER A arm)

or after they has started ART but fulfilled the set criteria for PHI retrospectively

(HEATHER B arm). Most participants were male (424 participants, 96%) and

had mainly B clade HIV (41%). The recruitment was conducted in London, at

Chelsea and Westminster Hospital, Guy’s and St Thomas’ and at Imperial NHS

Trusts. Study visits where scheduled at 0, 1 (HEATHER A only), 3 (HEATHER

A only) and 6 months after enrollment and then every 6 month until the end of the

follow-up period. Blood samples were collected at every study visit and PBMCs

and plasma were isolated and cryopreserved at every study visit. CD4+ and CD8+

T cell counts and VL were measured at every visit.

Samples from HEATHER used in this study were from those participants who

expressed interest in enrolling to RIO and were pre-screened for bnAb sensitivity.

2.2.3 BONDY

The BONDY study (Bone Density in Youth Living with Perinatally-Acquired HIV)

is a longitudinal, observational study which aimed to evaluate bone health in 130

young (>15 years old) PWH, who attended the Imperial College Healthcare NHS

Trust “900 clinic”. The BONDY participants were of a median age of 21 years
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and were perinatally infected, were mainly female (57%) and of black ethnicity

(82%) (Henderson M.S.C., Fidler S., Cheung M., 2023). Clade information was

not available for all participants. Participants in this study were adolescents and

young adults aged 15 years or older under lifelong follow up with more than 75%

on suppressive ART. Two study visits were scheduled, one at baseline (for all

participants) and one 12 months after (only for those participants > 25 years old),

at which blood and urine samples were collected. BONDY participants represent

a group of PWH who may benefit from a less intensive form of HIV treatment,

such as bnAbs. Given their potential suitability and the availability of relevant

samples collected during the BONDY study, a subset of these participants was

included in a bnAb sensitivity sub-study.

Table 2.1: Summary table of SPARTAC, HEATHER and BONDY demographics

Feature SPARTAC HEATHER BONDY

Intervention RCT; ATI post 48 or 12 weeks
of ART, or standard of care

Observational Observational

Stage of HIV at enrollment PHI PHI Perinatally acquired HIV

Participants enrolled 366 442 130

Sex Male 219 424 56

Female 147 16 74

Age 32 (19-63) 34 (14-66) 21 (18-24)

Clade B 208 181 NA

C 120 7 NA

Other/NA 36 254 NA

Ethnicity White NA 358 2

Black NA 21 107

Other NA 63 21

Country of enrolment Europe/ Australia/US 212 442 85

Africa 137 0 0

Other 17 0 0

2.2.4 RIO

RIO is an ongoing randomised, placebo-controlled, double-blinded prospective phase

II study of the efficacy of two bnAbs, 10-1074-LS and 3BNC117-LS (Lee et al.,

2021). The recruitment target of this study is 72 participants with PHI, to be

randomised in two arms via a two-stage design. In stage A, arm A (36 participants)

is given a dose of the long acting version (-LS) of each bnAb (10 mg/kg for 10-

1074 and 30 mg/kg for 3BNC117), while arm B (36 participants) receives placebo.

Following this, participants in both arms are asked to stop ART. In case of viral
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rebound, participant and researchers are unblinded and restart ART. If in arm

A, participants complete the study and if in arm B, participants are invited to

proceed to stage 2, where they will receive open-label bnAbs followed by a second

ATI after 24 weeks. A subset of participants received a second dose of bnAbs

20 weeks after the first, provided that they have had not experienced rebound.

Participants in Arm B received the second dose while on ART and remained on

ART for another 24 weeks. The first endpoint for RIO is time to viral rebound

within the first 20 weeks of TI. The participant demographics of this trial are

presented in detail in Chapter 7.

Figure 2.1: The RIO trial study design. (A) Original study design. (B) Phase 2 design

The primary endpoint for RIO was the time of viral rebound was defined as the

first timepoint that viral load was measured above 1000 copies/mL and led to viral

rebound. Eligible participants should have no documented resistance to bnAbs.

For this reason, candidate samples (DNA from peripheral blood) are screened for

bnAb resistance prior to recruitment using the method described in section 2.3.
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2.2.5 Publicly available datasets

The “curated alignments” section in the los Alamos database (www.hiv.lanl.gov)

host a large number of aligned HIV sequences, grouped by project. An align-

ment of the year 2020 Env sequences, which were deposited in GeneBank, was

downloaded from the Web Alignments, where only one sequence per participant

is included and problematic sequences are removed. The alignment was processed

so that out of 6516 sequences, only 2425 sequences classified as clade B, with

a documented year of publication and defined amino acids in the 10-1074 and

3BNC117 residues were retained.

An alignment of HIV DNA sequences from 11 male participants with clade B

enrolled in the Multicenter AIDS Cohort Study (MACS) study (Shankarappa et

al., 1999), as well as the clinical metadata, was also downloaded from the “special

interest alignments” section of the Los Alamos database. This was a prospective

study collecting samples from men with HIV living in the United States of America

between 1985 and 2019 (Kaslow et al., 1987). The sequences span regions C2-V5

in env and were amplified with limiting dilution PCR for single-genome resolution

(Shankarappa et al., 1999).

2.3 bnAb sensitivity screening

2.3.1 PBMC isolation, and DNA and viral RNA extraction

PBMC and plasma for RIO and SPARTAC were isolated at Imperial College

London and the samples (PBMCs, plasma and DNA) were shipped to Oxford for

storage and downstream assays. Blood samples taken from HEATHER participants

were shipped and processed in Oxford. Briefly, blood samples in acid-citrate-

dextrose (ACD)-anticoagulated collection tubes were transfered in pre-centrifuged

Leukocep tubes containing Lymphoprep (Stemcell Technologies) and centrifuged.

Plasma was collected and placed in a -80 C freezer for long term storage. The

PBMC layer was transfered into flasks with R0 and centrifuged. PBMCs were

transfered to new tubes and washed twice with R10. PBMCs were counted using
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a Muse Cell Analyser (Merck Millipore) and they were resuspended at 1 x107

cells/mL in freezing mix and aliquoted in CryoTube vials (ThermoFisher). The

vials were kept in a Mr Frosty (Nalgene) at -80 overnight and transfered to liquid

nitrogen tanks the day after for long term storage.

Genomic DNA was extracted from screening samples either after isolation of

PBMCs or directly from blood, if taken in PAXgene tubes (Qiagen). DNA from

PBMCs was extracted using the QIAmp Blood Mini kit (Qiagen) as per manufac-

turer’s instructions, including the RNAse-H step. DNA was eluted in RNAse/DNAse

free water and stored short term at 4. DNA from whole blood in PAXgene tubes

was extracted using the PAXgene Blood DNA Kit (Qiagen).

Viral RNA was extracting using the Qiagen Viral RNA Extraction kit from

cryopreserved plasma, as per manufacturer’s instructions. A double elution in 2 x

40 ul AVE buffer was performed and RNA was aliquoted into volumes suitable for

single use in order to avoid freeze/thaw cycles and stored long term at -80 C.

2.3.2 Single Genome Amplification

SGA is a limited dilution nested PCR used to amplify the DNA of a single cell.

HIV env was amplified with single genome amplification in 96-well plates. To

achieve a Poisson distribution, where a maximum of 30% wells yields a product,

the appropriate dilution factor was calculated for each sample. Nested PCR with

Platinum Taq (Invitrogen) was used to amplify env, with 2 sets of env primers:

envB5out 5’-TAGAGCCCTGGAAGCATCCAGGAAG-3’
envB3out 5’-TTGCTACTTGTGATTGCTCCATGT-3’

in the first round and

envB5in 5’-CACCTTAGGCATCTCCTATGGCAGGAAGAAG-3’
envB3in 5’-GTCTCGAGATACTGCTCCCACCC-3’

in the second round. The first round PCR was run at:
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Temperature (degrees Celsius) Time (minutes)

94 02:00
94 00:15
58.5 00:30
68 03:00

repeat steps 2-4 for a total of 35 cycles
68 15:00
4 for ever

For the second round, 1 ul of the first-round product was used as a template

and the mix was run at

Temperature (degrees Celsius) Time (minutes)

94 02:00
94 00:15
61 00:30
68 03:00

repeat steps 2-4 for a total of 45 cycles
68 15:00
4 for ever

If no product was amplified, an alternative set of outer primers (half-genome

amplification protocol)

R3B6R 5’- TGAAGCACTCAAGGCAAGCTTTATTGAGGC-3’
B3F3 5’-TGGAAAGGTGAAGGGGCAGTAGTAATAC-3’

was used in the first round and envB5in and envB3in were used in the second

round. The first round thermocycler protocol is the following:

Temperature (degrees Celsius) Time (minutes)

94 02:00
94 00:15
55 00:30
68 05:00

repeat steps 2-4 for a total of 44 cycles
68 15:00
4 for ever

and the second round protocol is the same as for envB5in and envB3in.
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If there was no amplification, an alternative set of inner primers could be used

with R3B6R and B3F3:

envB5in 5’-CACCTTAGGCATCTCCTATGGCAGGAAGAAG-3’
B3807 5’-GTCTCGAGACGCTGGTCCTACTC-3’

The thermocycler protocols are the same as for R3B6R and B3F3 (first round)

and for the envB5in and envB3in (second round). The end products were run on

1% 96-well E-gels (Invitrogen) in a 1:5 dilution with ultra pure water.

2.3.3 cDNA synthesis

env cDNA synthesis from viral RNA was performed using plasma samples, taken

during viremia. cDNA was amplified from viral RNA using the SuperScript V

First Strand Synthesis System (ThermoFisher), as per manufacturers instruction.

In order to achieve maximum efficacy I used the same antisense env primer used

to amplify env DNA of the same participant sample at screening, if successful. If

not, I used the Oligo d(T) primer provided with the kit. I have also increased

incubation time to 50 minutes to optimise reverse transcription.

2.3.4 Next Generation Sequencing

env amplicons were multiplexed and sequenced in pooled libraries using a custom

library preparation protocol. In short, for each library 96 PCR products are diluted

1:5 in a 96-well plate. TDE1 fragmentation enzyme (Illumina) is added in each

well to fragment the amplicons and to create sticky ends. A unique combination of

barcodes (Illumina) and KAPA HiFi HS Ready Mix polymerase (Roche) is added

in each well and the plate is thermocycled using the following protocol:

Temperature (degrees Celsius) Time (minutes)

72 03:00
98 02:45
98 00:15
62 00:30
72 01:30
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Temperature (degrees Celsius) Time (minutes)

repeat steps 2-4 for a total of 8 cycles
4 for ever

After barcoding samples from 8 wells are combined in 12 tubes.

For the clean-up step AmpureXP beads (Beckman Coulter) were added in each

tube and after a 5 minute incubation they were put on a magnet until clear. After

two washes with 80% ethanol the beads are left to dry for 2 minutes at room

temperature. EB elution buffer is then added and the tubes are put back on the

magnet until the eluate is clear. The supernatant from all tubes is then transferred

to a new tube. The pooled library is sequenced in MiSeq NanoCatridge V3 (150x

PE) (Illumina) and sequenced in a MiSeq (Illumina). The output is delivered

in demultiplexed fastq files.

2.3.5 Sensitivity prediction with in silico models

The fastq files were processed using a custom computational pipeline, written in

python and R and wrapped in bash by the Nussenzweig group, at the Rockefeller

University (Gaebler et al., 2022). Both models are trained using paired neutrali-

sation and sequencing data from the CATNAP database (Yoon et al., 2015). The

pipeline starts with discarding non-HIV sequences and aligning the remaining ones

to the most appropriate HIV reference to build a consensus sequence for each

sample. This consensus is used as a reference to re-align all the reads from the

sample to. The algorithm then inspects the reads for nucelotide variance per

position and discards all reads with less than 70% nucleotide consensus in more

than one position within env. A final consensus sequence is built per sample and

translated to protein.

Sensitivity is predicted using the Rockefeller model, which is based on a model

by West et al. (West Jr et al., 2013) (Figure 2.2) and built by the Nussensweig

group (Gaebler et al., 2022) A second model, bnAb-ReP (Rawi et al., 2019), was
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used for parts of this thesis. bnAb-ReP is a machine learning algorithm trained

using a tree-based technique, gradient boosting machine.

The Rockefeller model assesses sensitivity to bnAbs by inspecting the sequence

for the presence of specific amino-acid residues:

10-1074 325D/N, 330H/Y, 332N, 333notP, 334S/T
3BNC117 279D/N, 456R, 457D, 458G,459G

Figure 2.2: The 10-1074 and 3BNC117 epitopes on HIV env. The relative positions
of the bnAbs epitopes are shown on HIV Env, along with the positions of the variable
regions. The 332 PNG, which is a 10-1074 epitope, is underlined.

bnAb-ReP also uses Env sequences to predict bnAb resistance. In brief, during

its training, the model assigns importance scores to sequence features that are

found to contribute to its bnAb -specific neutralisation predictions. The output is

a neutralisation score, where 0 = 0% neutralisation probability and 1 = 100%

neutralisation probability.

2.3.6 Phylogenetic analysis

Neighbour-joining (NJ) phylogenetic trees of protein sequences were constructed

using the R package ape to check for inter-sample contamination (Paradis &

Schliep, 2019). Maximum likelihood nucleotide trees were built for each individual,

using Fastree on NGphylogeny.fr. The trees were rooted on an outgroup sequence

(HXB2), which was then pruned while maintaining the tree structure and the
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position of the root. Ancestral state reconstruction was performed to estimate

bnAb sensitivity of the internal nodes and root. Ancestral state reconstruction was

done using R packages ape and trees were visualised using ggplot2 (Wickam, 2016).

2.4 Gene expression analysis from bulk

2.4.1 mRNA extraction and sequencing

CD4+ T-cells were isolated using negative selection (Stem Cell Technologies CD4

enrichment kit) according to the manufacturer’s recommendations. Total RNA

was extracted using the Qiagen RNA Kit with Qiashredder columns. Material

was quantified using RiboGreen (Invitrogen) on the FLUOstar OPTIMA plate

reader (BMG Labtech) and the size and integrity analysed on the 2200 TapeS-

tation (Agilent, RNA ScreenTape). Input material was normalised to 100 ng

prior to library preparation. Polyadenylated transcript enrichment and strand

specific library preparation was completed using NEBNext Ultra II mRNA kit

(NEB) following manufacturer’s instructions. Libraries were amplified on a Tetrad

(Bio-Rad) using in-house unique dual indexing primers. Individual libraries were

normalised using Qubit, and the size profile analysed on the 2200 TapeStation.

Sequencing was performed using an Illumina Novaseq6000 platform at 150 paired

end mode (Illumina).

2.4.2 Gene expression analysis

Alignment was performed with performed with STAR, using Hg19 as the reference

and downstream analysis was performed in R.

DESeq2 (Love et al., 2014) was used to compute differential gene expression

(DGE) between phenotypes using a featurecounts table. The dataset was filtered

for low count reads (>10 reads in 60% of samples). Only genes with a DGE of

adjusted p-value of <0.05, after adjusting for multiple testing using Benjamini-

Hochberg, and log2 fold change >1 were considered statistically significant. Gene

Set Enrichment Analysis (GSEA) (Mootha et al., 2003; Subramanian et al., 2005)
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was used to detect differences in biologically relevant pathways in the dataset.

The datasets were pre-ranked by the DESeq2 Wald statistic value. Gene set

permutation was set at 1000. Gene sets in the peer-reviewed Reactome pathway

database (Jassal et al., 2020) were used as reference. Results satisfying a False

Discovery Rate (FDR) cut-off of <25% were considered statistically significant.

Weighted gene Co-expression Network Analysis (WGCNA) is an R package used

for gene expression profiling (Langfelder & Horvath, 2008; B. Zhang & Horvath,

2005) and was applied to the identification of genes associated with time to rebound.

After pre-processing for low variance, filtering and outlier removal, an appropriate

soft-threshold power was selected to promote and penalise the strong and weak

gene connections, respectively. Following this, a signed network was created using

the one-step approach, according to the package vignette. Genes were organised in

modules, based on a common expression pattern and a colour-label was attributed

to each to assist identification. The expression of the genes in each module was

summarised in an eigenvalue, which was then correlated with the trait of interest to

identify the most biologically relevant modules. The modules that were selected for

downstream analysis were the ones that has a significant correlation with the trait.

The most connected genes (hub genes), which are of functional significance, were

defines by their Module Membership (MM>0.8) and their Gene-Trait Significance

(GS>0.2) measured with Pearson correlation. The module genes were also uploaded

on STRING, an online tool for pathway enrichment, gene ontology annotation and

protein-protein interaction visualisation (Szklarczyk et al., 2019) in order to cross-

validate the hub genes. Only genes that satisfied the connectivity as well as GS

and MM score criteria were considered true hub genes.

Survival analysis was performed using an R package(Terry, 2020).
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2.5 Gene expression analysis with Single Cell Se-
quencing

2.5.1 RNA encapsulation in droplets and cDNA amplifi-
cation

For this experiment, the Chromium Single Cell 5’ Next GEM v2 protocol and

reagent kits from 10x Genomics were used, following the manufacturer’s guidelines.

Samples from 8 RIO participants were processed in two batches on different days.

All samples from the UT timepoint were processed first, followed by samples from

the UJ timepoint, using the same protocol. Briefly, PBMCs were thawed, washed

to remove debris, and counted for viability using an automated cell counter. The

cell recovery target was 10000 cells per sample. Therefore, a cell mix consisting of

the appropriate volume of 1200 cells/mL and water was loaded into each K well

of the Chromium chip. Barcoded GEM beads and partitioning oil were also added

to the corresponding wells in the same chip. Encapsulation was performed in the

Chromium X in a CL3 environment.

After encapsulation, droplets were collected, and barcoded cDNA was tran-

scribed. The cDNA was then cleaned up and amplified. Each sample was quality-

controlled for size and concentration using a Bioanalyzer. Based on the Bioanalyzer

traces, 1 ţL of cDNA from each sample was used for TCR amplification, while up to

20 ţL of cDNA was taken forward for Gene Expression (GEX) library construction.

GEX library preparation involved fragmentation of the cDNA, followed by end

repair to improve adaptor ligation efficiency. Size selection using SPRI beads was

then performed to remove fragments outside of the desired size range. Adapters

were ligated to the selected fragments, and samples were indexed to allow for

pooling into a single library. A final size selection step and Bioanalyzer QC were

conducted to ensure library quality.
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2.5.2 Sequencing and analysis

The libraries were sequenced using Illumina NovaSeq X Plus 150 PE, with a depth

of 20000 rads per cell per sample in the library. The data were demultiplexed and

aligned on the human transcriptome using CellRanger v8 on cloud.10xgenomics.com.

Individual seurat (Hao et al., 2023) objects were created using the aligned reads

from each sample and the corresponding metadata. Mitochondrial and ribosomal

genes (>10% ) were regressed out and the most informative genes are identified

based on their variance across cells. Principal component analysis (PCA) is per-

formed to reduce dimensionality of data and identify the most significant source of

variation. The appropriate number of principal components (PC) then the nearest

neighbors are found for each cell based on the PC selected. Next, clustering is

performed to group cells with similar expression profiles together. All individual

seurat objects are then integrated in a single object in order to combine data and

identify shared cell types. To do this, corresponding cells (anchors) between the

different datasets are identified based on the expression of selected features. The

integrated seurat object was normalised and scaled, variable features were identified,

and clustering was performed based on a number of PC selected to contain the

most variable genes. Cluster annotation, differential gene expression and pathway

analysis was performed downstream, using seurat functions (Hao et al., 2023).
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3.1 Context

Treatment with bnAbs, especially with 10-1074 and 3BNC117, shows great promise

as a therapeutic intervention for HIV and has been under investigation in clinical

trials (Bar-On et al., 2018; Gaebler et al., 2022; Lee et al., 2021; Mendoza et al.,
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2018; Sneller et al., 2022). These bnAb demonstrate potent neutralising activity

against a wide range of strains; when tested in a panel of 118 strains, 10-1074

was very potent, although with a reported breadth of 63%. 3BNC117, on the

contrary, displayed less potency but a much broader neutralisation activity of 89%

when tested in the same panel (Griffith & McCoy, 2021). However, the presence

of bnAb-resistant proviruses integrated into latently infected cells prior to bnAb

exposure, could compromise bnAb efficacy (Cohen et al., 2018; Gunst et al., 2022;

Mendoza et al., 2018). This raises concerns about bnAb treatment failure not

only for PWH receiving the treatment but more widely, due to the potential for

transmission of bnAb-resistant strains, as documented for ART drug resistance

(Clavel & Hance, 2004). Successful roll-out of 10-1074 and 3BNC117 as a widely-

used therapeutic intervention will be dependent on understanding the degree of

bnAb resistance that exists in the general population, especially as responses are

likely to be HIV subtype-specific.

In this chapter, the prevalence of mutations in HIV Env that have been associ-

ated with resistance to 10-1074 and 3BNC117 in PWH is reported. In the first part

of this chapter, I report the prevalence of bnAb resistance associated mutations

throughout the HIV pandemic, using publicly available env sequences. In the

second part, I present findings on 10-1074 resistance- associated variants in a cohort

of individuals with PHI, followed by data on 3BNC117 resistance in the same cohort.

This study was conducted in the context of bnAb resistance screening for RIO

(Chapter Materials and Methods, Section 2.2.4), where only 10-1074 sensitivity

prediction was included in the eligibility criteria, due to lack of confidence in the

in silico predictions for 3BNC117 sensitivity. For this reason, 10-1074 resistance

associated mutations are more extensively studied in this thesis. In the third

section, I explore bnAb resistance in the BONDY cohort of young individuals who

acquired HIV perinatally and have faced issues with adherence to ART.
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3.2 Aims

1. To investigate the trend of bnAb resistance throughout the pandemic

2. To quantify the prevalence of 10-1074 and 3BNC117 resistance mutations in

key populations living in the UK, who are clinically eligible to receive these

bnAbs as treatment.

3. To investigate the correlation of resistance-conferring variants with clinical

and viral features

3.3 Results

3.3.1 Prevalence of 10-1074 and 3BNC117 variants resis-
tance in the course of the HIV pandemic worldwide

To explore the broader prevalence of resistance to 10-1074 and 3BNC117, 2425 B

clade HIV Env protein sequences sampled between 1983 and 2019 were downloaded

from the Los Alamos sequence database and tested for mutations associated with

resistance to 10-1074 and 3BNC117 (detailed in Materials and Methods, Section

2.2.5). The resulting analysis revealed a trend of increasing 10-1074 (Figure 3.1A)

and 3BNC117 (Figure 3.1B) resistance over the course of the HIV pandemic. The

key determinants of HIV sensitivity to 10-1074 are the presence of a sequon at

aminoacid positions 332-334 of the HIV Envelope protein (a sequence of N-x-T/S,

where x can be anything but P), which allows glycan attachment on the asparagine,

and an intact motif on the protein,324G(D/N)IR327, which allows CDRH3 bind-

ing. Only 325D/N has been reported to be a 10-1074 sensitivity signature in the
324G(D/N)IR327 contact motif, as the rest do not significantly vary (Bricault et

al., 2019) (Chapter Materials and Methods, Figure 2.2). The Rockefeller bnAb

prediction model determined that 330H/Y was also of importance when predicting

sensitivity to 10-1074 (Chapter Materials and Methods, Section 2.3.5). Further

analysis in the subset of sequences with 10-1074 resistance-associated mutations,

reveals that mutations impacting the 332PNG (in positions 332 and/or 334) are
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becoming more frequent with time (Figure 3.1C), potentially driving the 10-1074

resistance pattern identified.

3.3.2 Prevalence of bnAb resistance variants in a UK pop-
ulation with PHI

HEATHER cohort demographics

Samples from 157 HEATHER participants were used to study the prevalence of

resistance to 10-1074 based on sequence analysis of HIV env (Chapter Materials and

Methods, Section 2.2.2). The definition of resistance-conferring variants was based

on the features selected by the prediction model built by the Rockefeller group

(Chapter Materials and Methods, Section 2.3.5). All participants were on ART at

the time of sampling for an average of 5 years (range: 0-18 years). The majority

of participants (64.4%) seroconverted between 2013 and 2016 (range: 2001-2020).

The median age of the participants at the time of ART initiation was 35 years

(range: 18-64 years). All but two participants in this cohort were male (98.7%),

and 91 of 92 recorded transmission events were men having sex with men (MSM).

The mean average pairwise distance measured in participants who had more than 3

Env sequences available was 0.009 nucleotide substitutions per site (range: 0-0.09).

No participants have been exposed to bnAb treatment at the time of sampling.

An average of 16 single, proviral Env sequences per participant (range: 1-72

sequences) was assessed for sensitivity to bnAbs. In total, 2593 Env sequences were

analysed for this study. Most participants had B clade HIV (69.4%), followed by

F (5.7%), C (4.4%), CRF02-AG (4.4%), CRF01-AE (3.1%), A1 and D/A1 (2.5%

each), with other clades representing less than 2% of the cohort (Figure 3.2).
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Figure 3.1: Longitudinal bnAb sensitivity analysis of Los Alamos Database B clade
env sequences. A-B. Time series analysis showing the proportion of sequences with
10-1074 (A) and 3BNC117 (B) resistance-associated mutations in the total number of
sequences available per year. The trend line is shown in red, and the confidence intervals
are shaded grey. Years for which less than 5 sequences where available were excluded
from the analysis. C. Frequency of individual mutation patterns associated with 10-1074
resistance among all sequences predicted as resistant, sampled throughout the pandemic.
The type of mutation is encoded as PNG, for mutations affecting the 332-glycan binding
(332-334 sites), GDIR for mutations impacting the binding site on the protein (sites 325
and 330) and Both for mutations occurring in both regions in the same sequence. Each
mutation pattern is marked with a different colour. The year of sampling is on the x-axis
and the proportion of resistant B-clade sequences per year is on the axis. The coloured
bands represent the confidence interval for each fitted line.
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Figure 3.2: ML phylogenetic tree showing all sequences from 157 participants in the
HEATHER cohort. The ring layer shows the sequence clades.

Predicted 10-1074 sensitivity in the HEATHER cohort

28.6% of the HEATHER cohort participants had at least one sequence with

mutations associated with 10-1074 resistance and 22.9% had 100% sequences pre-

dicted as 10-1074 resistant. No participants had previously been exposed to 10-

1074 or had received treatment with bnAbs. Co-existence of sensitive and resistant

sequences to 10-1074 in the same person was detected in 5.7% of participants in

the HEATHER cohort. For this group with mixed sequences, the proportion of

resistant sequences varied between 12.5 and 85.7%. Subtype was an important

determinant of resistance - most participants with clade B HIV in this cohort were

predicted to be sensitive to 10-1074 (81/109; 74.3%). The highest rate of predicted

10-1074 resistance in the cohort was detected in CRF01-AE, although this was

only five participants (5/5; 100%) (Figure 3.3).
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Figure 3.3: Distribution of predicted 10-1074 resistance in different HIV clades in the
HEATHER cohort. Barplot showing the distribution of samples with 10-1074 resistance-
conferring mutations per clade. The number in brackets is the number of samples. The
percentage of samples in each clade is on the y-axis.

Mutations that interfere with the glycan attachment on the PNG at HIV

Envelope position 334 were the most common among sequences predicted to be

resistant (35 of the 45 sequences with resistance-associated mutations, 77.7%) in

the HEATHER cohort. More than half of the potentially resistant sequences (25

of the 45 sequences with resistance-associated mutations, 55.5%) carried mutations

at both positions 332 and 334 and furthermore, 64.4% of likely resistant samples

in the cohort had a PNG site shift from position 332 to position 334 (Figure 3.4).

Notably, 89.2% of those with a PNG at 334 in this dataset also carried a 336T (334N-

x-T336), which has a 100% likelihood of glycan occupancy. However, 332N-x-T334

was very rare in the sequences with an intact 332PNG. Furthermore, mutations

at 330, which has been described as a critical 10-1074 binding site on env, most

often occur with mutations that affect the glycan binding at position 332 (50% of

4 sequences with 330 mutations in the HEATHER cohort) (Figure 3.4).
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Figure 3.4: Heatmap presenting the frequency of mutated sites in the HEATHER cohort
samples. This heatmap illustrates the frequency of mutations in the protein sequence in
individual samples at HXB2 Env positions associated with 10-1074 susceptibility. Each
row in the heatmap represents a distinct sample, and the first five columns correspond
to precise amino acid positions. The last column illustrates the presence of a PNG at
position 334. All samples harbouring >1 sequence with predicted resistance to 10-1074
B clade samples are shown in the upper panel and non-B are shown in the lower. The
colour scale shows the percentage of sequences with 10-1074-associated mutations, per
sample.

The variable loops in HIV Env evolve to evade the host immune response

by incorporating insertions and deletions which have been associated with bnAb

sensitivity. Alignment-independent methods were used on the HEATHER cohort

sequences to measure the lengths of the variable regions (V1, V2, V4 and V5) as

well as the number of PNGs within these regions (Table 3.1), using the Variable

Region Characteristics tool on the HIV Los Alamos database.
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Table 3.1: Median and range of length of variable and hypervariable Env loops and
number of PNG within the same regions.

Variable Loop Median Range

V1 + V2 71 59-93
V3 37 33-38
V4 31 20-49
V5 13 10-25
Hypervariable V1+ V2 30 19-52

Hypervariable V4 15 4-33
Hypervariable V5 7 4-19
V1 + V2 PNG 6 4-9
V3 PNG 2 0-2
V4 PNG 4 2-7

V5 PNG 2 0-3
Hypervariable V1 + V2 PNG 2 2-7
Hypervariable V4 PNG 13 0-5
Hypervariable V5 PNG 30 0-5

Figure 3.5: Forest plots showing the odds ratio of 10-1074 resistance in relation to each
of (A) the HIV Env variable loop lengths and (B) the Hypervariable loop lengths in the
HEATHER cohort. ** indicates a p-value<0.001.

A multivariable logistic regression with mixed effects, accounting for intra-

patient variability and clade, showed that only the length of variable V1 loop

(Figure 3.5A) as well as the length of the hypervariable V1 loop (Figure 3.5B)

were significantly associated with the presence of resistance-conferring mutations

(OR=1.57, p-value<0.01 and OR=2.89, p-value<0.01, respectively). No statisti-
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cally significant relationship between 10-1074 resistance-conferring mutation and

the number of PNGs within the variable regions was observed.

Predicted 3BNC117 sensitivity in the HEATHER cohort

Due to the high neutralisation breadth of 3BNC117, the currently available

resistant sequences might be insufficient to train a robust and generalisable predic-

tion model for 3BNC117 resistance prediction. Predictions for 3BNC117 sensitivity

and, by extension, features associated with resistance, are therefore considered

largely unreliable (Zacharopoulou et al., 2022). The contact residues of 3BNC117

have been located in Loop D (HXB2 positions 274-283, the CD4 binding site (364-

374) and the β_23 V5 loop (455-471) (Cohen et al., 2018; Schoofs et al., 2016).

However, for this thesis, 3BNC117 resistance prevalence was assessed using the

criteria of the Rockefeller 3BNC117 sensitivity prediction model. Resistance to

3BNC117 was observed in fewer HEATHER participants than 10-1074 resistance;

15.2% of participants had at least one sequence predicted as 3BNC117 resistant but

co-existence of sequences that were predicted as sensitive and sequences predicted

as 3BNC117 resistant were observed in 8.2% of participants. The proportion of

resistant sequences in this subgroup of participants ranged between 1.3 and 35.4%,

with a mean of 10%. Similar to 10-1074, most of our HEATHER participants with

clade B HIV were predicted to be sensitive to 3BNC117 (92/109; 84.4%) and the

largest rates of resistance were found among F1 clade participants, with 3/9 (33%)

participants having 100% resistant sequences (Figure 3.6).
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Figure 3.6: Barplot showing the distribution of samples with 3BNC117 resistance-
conferring mutations per clade. The number in brackets is the number of samples. The
percentage of samples in each clade is on the y-axis.

Notably, only 2 of all 157 participants had 100% resistant sequences to both 10-

1074 and 3BNC117 and they both had clade B HIV. Another B clade participant

had both resistant and sensitive sequences to both bnAb and one participant with

G clade had all sequences predicted as 10-1074 resistant and some of them also

had mutations associated with 3BNC117 resistance.

Sensitivity analysis of the HEATHER cohort identified site 459 as the most

affected with regards to variations predicted to confer 3BNC117 resistance, followed

by site 456 (12 and 10 participants out of 24 participants with resistant sequences,

respectively). Contrary to 10-1074, no patterns of linked mutations were observed

for 3BNC117 (Figure 3.7). No variable or hypervariable loop showed any correlation

with 3BNC117 resistance conferring mutations.
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Figure 3.7: Heatmaps presenting the frequency of 3BNC117 resistance associated
mutation sites in the HEATHER cohort samples. Each row in the heatmaps represents
a distinct sample, and the columns correspond to precise amino acid positions. Panel A
heatmap illustrates the frequency of mutations in the protein sequence in individual
samples at HXB2 Env positions associated with 3BNC117 susceptibility. B. This
heatmap shows the frequency of resistance-associated mutations for participants who
had sequences resistant to both bnAb or a mix of 10-1074-resistant and 3BNC117-
resistant sequences. Sites associated with 10-1074 sensitivity are in a yellow box and
sites associated with 3BNC117 are in red boxes. The colour scale shows the percentage
of sequences with 10-1074-associated mutations, per sample.

3.3.3 Prevalence of 10-1074 and 3BNC117 resistance vari-
ants in the BONDY cohort of PWH

BONDY cohort demographics

Samples from a total of 31 individuals who acquired HIV perinatally and

were enrolled in the BONDY cohort were included in this study. At the time

of sample collection, seven of these participants had a detectable plasma viral load.

The median viral load of those individuals was 148 copies/ml (range: 82-748000

copies/ml). The median time from seroconversion to sampling was 22 years (range

18-32 years). Proviral Env was amplified for 21 (67.7%) of all participants but due
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to mutations that rendered Env dysfunctional, assessible sequences were available

only for 16 (51.6%) (Figure 3.8A). An average of 3 sequences was obtained per

participant (range: 1-13 sequences). For participants whose sequences could not be

successfully amplified or for whom only dysfunctional env sequences were obtained,

clade information was extrapolated where possible from available clinical data or

from the dysfunctional sequences. These extrapolations were based on sequence

classification, even when large deletions or premature stop codons were present. In

terms of viral subtype distribution, the majority of participants in this cohort had

clade C HIV (9/31, 29%), followed by A1 (7/31, 22.5%) , B (3/31, 9%) and others

in a frequency > 6.5% (Figure 3.8B). Interestingly, participants whose samples

yielded only dysfunctional env sequences had with clade CRF49-cpx (1/1, 100% ),

A1 (2/5, 28.5%) and C (2/9, 22.2%) (Figure 3.8C).
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Figure 3.8: BONDY cohort clade distrbution and sequence quality.(A)ML phylogenetic
tree showing all availble sequences from 16 participants in the BONDY cohort. The ring
layer shows the sequence clades.(B) Barplot showing the BONDY participant sample
clades and the output of amplification and sequencing; samples with functional sequences,
samples with no sequences due to mutations that render Env dysfunctional and samples
that failed to amplify (C) Barplot showing the average proportion of within-sample
dysfunctional sequences per clade

The average proportion of dysfunctional sequences within-sample was 53.2%

(range: 12.5-100%) and the samples with the highest proportion of dysfunctional

sequences (>60%) were A1 clade samples. Among participants for whom more

than three env sequences were available for analysis, the mean average pairwise

distance was calculated to be 0.05 nucleotide substitutions per site, ranging from

0.01 to 0.09 substitutions per site.
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Distribution of bnAb resistance-conferring variants

Resistance to bnAb was assessed using the Rockefeller model. The analysis

of the BODY sample sequences revealed high rates of resistance to both bnAb.

Evidence of some degree of 10-1074 resistance was detected in 62.2% of partic-

ipant samples (10 of 16 participants with amplified and sequenced Envs). 10-

1074 resistance-associated mutations were found in A1 clade (85.7% of all A1

clade samples) and in clade C (66.6% of C clade samples) (Figure 3.9A). Only

1.8% of participants had at least one resistant sequence to 3BNC117 and only 1

of them had 100% 3BNC117 resistant sequences (Clade HD, Figure 3.9B). One

participant was found to harbour 100% 10-1074 resistant sequences, of which 50%

also had 3BNC117 resistance mutations and one other had all sequence predicted

as 3BNC117 resistant, of which 20% were 10-1074 resistant, as well.

Similarly to the HEATHER cohort findings, the most frequent mutations associ-

ated with 10-1074 resistance were found to impact the 332PNG site, with coinciding

mutations at 332 and 334 (72.7% of samples with at least one 10-1074 resistant

sequence with functional Env sequences). The site that was mostly affected in

3BNC117 resistant samples was 456 (2/3 samples with functional Env sequences,

which had at least one sequence predicted as 3BNC117 resistant) (Figure 3.10).
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Figure 3.9: Predicted resistance to bnAb in the BONDY cohort. Barplots showing
predicted resistance to (A) 10-1074 and (B) to 3BNC117, per clade
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Figure 3.10: Heatmap showing the presence of mutations predicted to confer resistance
to 10-1074 and 3BNC117. The residue positions at the bottom of the heatmap are
numbered after HXB2 and are related to 10-1074 sensitivity (yellow box) and 3BNC117
sensitivity (red box). Each row represents one of the samples in the cohort with at least
one resistant sequence to either 10-1074 or 3BNC117 and they are sorted based on clade,
as it is shown on the left of the heatmap. The intensity bar represents the proportion of
sequences per sample that carry resistance-conferring mutations.

3.4 Discussion

This study was the first to evaluate the prevalence of 10-1074 associated mutations

in a bnAb treatment-naive population with PHI in the UK using viral sequencing

from the HIV reservoir. In the absence of a gold standard for predicting bnAb

resistance, we used specific env residues to define 10-1074 resistance, from samples
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of DNA, whilst the virus was suppressed on ART, which were selected by an

algorithm based on West et al. (West Jr et al., 2013), which has been previously

used to assess sensitivity to 10-1074 (Gaebler et al., 2022; Mendoza et al., 2018)

and 3BNC117 (Gunst et al., 2022).

The first step was to assess the current prevalence of 10-1074 and 3BNC117

resistance-associated mutations and examine how their frequency has evolved through-

out the HIV pandemic by analysing B clade Env sequences from the Los Alamos

database. This analysis is particularly relevant as it provides insight into the

necessity of screening for these mutations prior to treatment or prevention strategies

and contributes to the optimisation of vaccine design. The analysis revealed an

increase in the prevalence of 10-1074 resistance-associated mutations and a more

moderate increase in 3BNC117 resistance-associated mutations between 1983 and

2019. This is in line with previous studies demonstrating a shift toward greater

resistance to neutralizing antibodies (Bouvin-Pley et al., 2013; Bouvin-Pley et

al., 2014; Bunnik et al., 2010; Wieczorek et al., 2023). The observed increase in

resistance to nAbs over time has been attributed to viral adaptation to the humoral

immune response at the population level (Bunnik et al., 2010). These changes

in Env may also impact bnAb contact sites, which we have defined as critical

sensitivity residues in this study, thereby contributing to the observed increased

prevalence of bnAb resistance-associated mutations. The main limitation of this

analysis is that only one sequence was obtained per individual in this study, hence

no single-genome resolution of the quasispecies per host is obtained. In addition, no

clinical data were provided for these sequences and so the stage of infection and the

treatment status was unknown. Lastly, uneven distribution of available samples

across different timepoints may have introduced bias in the time-series analysis.

Although statistical bootstrapping was employed to mitigate the effects of this

imbalance and to enhance the reliability of the analyses, it should be noted that

such corrective measures may not fully compensate for the lack of uniform sampling.

Previous studies have demonstrated that the recognition of the 332 glycan is

necessary for 10-1074 binding, so any disruption of the glycan site would confer
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resistance to this bnAb, whereas variations on the 10-1074 GDIR binding region

on the protein are better tolerated (Bricault et al., 2019). We demonstrated that

10-1074 genotypic sensitivity varies among different HIV subtypes, suggesting that

treatment with 10-1074 may be less effective in people who live with non-B clades

of HIV, for example, subtype CRF01-AE HIV. In particular, we found that 25.7%

of participants with B clade in HEATHER had at least one sequence with 10-1074

resistance-associated mutations as opposed to participants with CRF01-AE who

were predicted as 10-1074 resistant in 100%. These findings are comparable to

previous study results, showing that 88.5% of the B-clade viruses were neutralised

in vitro by 10-1074 at an average of 80% inhibitory concentrations (Caskey et

al., 2017) or, that CRF01-AE viruses are extremely resistant to 10-1074 (Bricault

et al., 2019). C clade viruses, which are most abundant in the regions where

HIV is an ongoing public health issue, were found to carry no 10-1074 resistance

associated mutation in individuals with PHI in HEATHER but only 33.4% of

BONDY participants with clade C were predicted as sensitive. This may indicate

that intermittent viremia for long periods due to poor ART adherence may lead to

emergence of resistant variants, unless the bnAb resistance-associated mutations

were transmitted.

The analysis of the HEATHER cohort sequences identified that the most fre-

quently appearing substitutions in resistant sequences impact the binding to the

332-supersite glycan. Instead, the PNG site was shifted from position 332 to

position 334 in most of these sequences. A glycan at this position could, however,

serves as a target for other neutralising antibodies and bnAbs, as well as a marker of

lower viral infectivity (Anthony et al., 2017; Cai et al., 2018). In addition, Caskey et

al. (Caskey et al., 2017) observed some reversion of 10-1074 escape mutations (such

as D/K332 and I/A334) to wild type in PWH, when 10-1074 levels started dropping

in the blood conferring less selection pressure, indicating that the escape mutations

may have a fitness cost. Changes in the combined length of variable region V1 have

been reported to play a role in evading humoral immune responses (Bricault et al.,

2019; J. et al., 2011; Sutar et al., 2021). We found that, in the HEATHER cohort,
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a longer V1 loop was strongly associated with the presence of 10-1074 resistance-

conferring mutations. According to previous studies, a longer V1V2 region protects

against neutralising antibodies by shielding the V3 epitopes (Rusert et al., 2011).

The fact that a longer V1 length is associated with 10-1074 mutations may indicate

that 10-1074 resistance is developed in the mutated sequences in the process of

escaping from V3-targeting host nAbs. Further analysis in larger sample sizes may

result in more precise estimates and in elucidating the relationship between variable

loop lengths and 10-1074 resistance-conferring variants.

Consistent with the literature, mutations associated with 3BNC117 resistance

were infrequent in the samples obtained from participants in HEATHER and

BONDY, which can be explained by the high neutralisation breadth of 3BNC117.

The most frequently observed mutation was found on position 459 in the V5 loop,

which has been mentioned in previous studies of 3BNC117 (Caskey et al., 2015;

Scheid et al., 2016). Notably, 3BNC117 may be a better treatment option for

people with non-B clade viruses, who are more likely to be resistant to 10-1074.

The lack of information on the intactness of the viruses corresponding to the

Env sequences analysed in this chapter is a limitation of our findings. It is possi-

ble that sequences carrying bnAb resistance-associated mutations have defects in

genomic regions outside of Env, rendering them incapable of producing replication-

competent viruses. If these resistant variants are not intact, they may not pose

a significant threat to the effectiveness of bnAb treatment. The analysis of Env

sequences from intact viruses produced using methods such as the Q4PCR may

be needed to confirm our findings.

The interpretation of genotypic assays and prediction algorithms has proven to

be problematic, especially for predicting bnAb sensitivity where structural inter-

actions between aminoacids are more complex than they are for drug resistance

(Mayer et al., 2001; Metzner, 2022). I have therefore been cautious here to

interpret the results as likely predicting resistance, rather than being an absolute

finding, although the algorithms for 10-1074 are better than for some other bnAbs,

such as 3BNC117 (Hake & Pfeifer, 2017; Rawi et al., 2019; Yu et al., 2019). To
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accurately predict bnAb resistance, more clinical outcome data is needed matching

sequence variation to viral suppression after bnAb therapy. Nevertheless, it is

likely that should bnAb become a mainstream therapy or prophylactic treatment,

a genotypic approach to screening combined with consideration of viral subtype

will be most pragmatic.

A key observation in this study was the difference in the prevalence of bnAb

resistance-associated mutations between the two cohorts; HEATHER, comprising

individuals with PHI, and BONDY, consisting of young adults who acquired HIV

perinatally. One potential contributing factor to this discrepancy is the observed

variation in average pairwise distance in the two studies. A higher average pairwise

distance reflects increased intrahost viral diversity, which may cause the emergence

of escape mutations under selective pressure of nAbs. In the BONDY cohort, which

exhibited a higher average pairwise distance, a greater prevalence of dysfunctional

env sequences was also observed. This may reflect a more complex and viral

reservoir, in which defective proviral genomes have accumulated over time, maybe

due to efforts to escape the immune response. Importantly, the difference in

viral diversity and bnAb resistance-associated mutation profiles between the two

cohorts may also be attributed to the distinct viral clades present in each cohort.

Participants in HEATHER had predominantly clade B virus, whereas the BONDY

cohort was composed primarily of individuals infected with non-clade B viruses,

including clades A1, C, and CRFs. In addition, the sex for the BONDY participants

in this study was unknown; however, the majority of BONDY participants were

female whereas all HEATHER participants were male. It is therefore possible that

factors associated with clade or sex had an impact on the mutation prevalence and

the functionality differences observed between the two studies.

In summary, the presence of pre-existing bnAb resistance-associated mutations

poses a challenge to the effectiveness of bnAb treatment in PWH, potentially

diminishing its long-term utility as a treatment option. This may however be

minimised with proactive screening and combination therapy approaches, especially

in people with increased viral diversity, chronic infection or specific viral clades.
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Should resistance be equally prevalent for other bnAbs with therapeutic potential,

this has implications for screening programmes for the wide population to ensure

maximum efficacy.

79



4
Evolution of bnAb sensitivity

Contents
4.1 Context . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
4.2 Aims . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
4.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

4.3.1 Cohorts . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
4.3.2 bnAb sensitivity evolution in longitudinal samples from

bnAb-naive PWH . . . . . . . . . . . . . . . . . . . . . 83
4.3.3 Pre-ART and reservoir bnAb sensitivity reporting . . . 87
4.3.4 bnAb sensitivity evolution through ancestral state

reconstruction . . . . . . . . . . . . . . . . . . . . . . 88
4.3.5 Comparison between reservoir and rebound virus bnAb

sensitivity . . . . . . . . . . . . . . . . . . . . . . . . . . 91
4.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

4.1 Context

Despite the promises of bnAb treatment for HIV, the emergence of resistance to

bnAbs remains a critical challenge to the effort of controlling HIV, as it may

compromise treatment efficacy, escalate the risk for acquisition and spread of

resistant variants, and increase the need for new treatment strategies. In a study

by Mendoza et al., individuals receiving 10-1074 and 3BNC117 on ATI with pre-

existing reservoir resistance to either or both bnAbs, experienced similar time
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to rebound as individuals who underwent ATI without bnAbs (Mendoza et al.,

2018). Similar findings have previously been reported by Caskey et al for 10-1074

monotherapy (Caskey et al., 2017), by Cohen et al. for 3BNC117 monotherapy

(Cohen et al., 2018) and by Gunst et al. in a study of 3BNC117 with Romidepsin

(Gunst et al., 2022).

Pre-existing bnAb resistance in individuals who have never received bnAbs may

arise through different mechanisms, including transmission or de novo emergence of

resistant variants during untreated infection in response to host immune response.

Understanding the origins of bnAb resistance in bnAb-naive individuals is critical

for optimising clinical decision making, improving clinical outcomes and informing

public health strategies.

Screening for pre-existing bnAb resistance in plasma or in the reservoir has been

a debate topic in the scientific community. One of the arguments against screening

PLW on ART for bnAb resistance is that reservoir sequences from blood might be

a poor proxy for rebound virus (Patel & Dubé, 2023). Indeed, the reservoir viruses

are by majority replication incompetent and thus it may be difficult to obtain a

representative sample that accurately reflects the entire resistance profile of the

rebound virus. Furthermore, it is possible that provirus screening could identify

variants that are not clinically relevant and would not influence the efficacy of bnAb

treatment. In addition, the screening assays that are currently available may not be

sensitive enough to capture low-frequency resistance mutations withing the reser-

voir compared to circulating virus, leading to incomplete or misleading resistance

profile. Screening the plasma virus is currently the gold standard for assessing ART

resistance because it reflects the actively replicating virus responsible for current

viremia. Plasma virus resistance testing is directly relevant to treatment efficacy

and helps guide adjustments to the ART regimen to suppress viral replication.

Although screening proviral reservoir sequences for ART resistance is acceptable

when individuals are aviremic, whether bnAb sensitivity in the reservoir is reflected

in the plasma or not is not yet clear.
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4.2 Aims

In this chapter, I aim to study the origin of bnAb resistance-associated mutations

and determine whether it is more likely for resistance to be transmitted or evolve

within host who never received bnAbs. In particular, I endeavor to

1. Investigate the evolution of bnAb resistance during untreated HIV infection

2. Explore the relationship of pre-ART Env RNA and DNA sequences during

PHI to proviral Env sequences sampled during ART, in terms of bnAb

resistance phenotypes

3. Compare bnAb sensitivity based on Env sequences sampled from participants

on ART (proviral Env sequences from PBMCs in the blood) and at the time

of rebound (circulating viral Env sequences from plasma), post ATI.

4.3 Results

4.3.1 Cohorts

SPARTAC

12 SPARTAC (Chapter Materials and Methods, Section 2.2.1) participants who

were randomised to receive no ART (which reflected the standard of care at the

time), and for whom longitudinal PBMC and/or plasma samples were available

were selected for this study. Samples were collected at baseline (Week 0), week 12,

and Week 24 and/or Week 52. All participants were men in the UK with clade B

HIV. No participants received bnAbs at any point.

RIO ARM B

In order to compare bnAb sensitivity of proviral Env in the reservoir and of

rebound Env sequences in plasma post-ATI, we used samples from 18 participants

who were randomised to RIO Arm B (Chapter Materials and Methods, Section

2.2.4). The samples that were studied for the purpose of this study were screening

samples, before participants were recruited in the trial and samples taken at the
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time of rebound, after participants stopped ART and received placebo. Participants

in this arm were unblinded once they experienced viral rebound meeting pre-defined

thresholds under the study protocol and they were then invited to participate

in the second stage of the trial where they received open-labelled bnAbs after

restarting ART (section 2.2.4). An average of 17.6 sequences were obtained for

each participant at screening (range: 3-42) and 14 at rebound (range: 1-44).

4.3.2 bnAb sensitivity evolution in longitudinal samples
from bnAb-naive PWH

In order to study the evolution of mutations associated with bnAb resistance, I

sequenced longitudinal samples from SPARTAC participants. DNA (and cDNA, if

available) was extracted for 12 participants. Sequences for only one timepoint were

obtained for 3 samples and therefore these were not included in the study. A total of

176 sequences were obtained from 9 participants with an average of 19 sequences per

participant (range: 10-38 sequences). bnAb resistance-conferring mutations were

detected in 4 out of 9 participants. Env was amplified from proviral sequences

for most participants and only for 1 participant Env sequences were amplified

from circulating plasma virus. Mutations associated with 10-1074 resistance were

found in samples from 3 participants and mutations associated with 3BNC117

were detected in samples from 2 participants.

Mutations disrupting the 332 PNG at position 334 were found in almost all

sequences sampled at both Week 12 (100% of all sequences) and Week 52 (88% of

all sequences) for SUC036029. On the contrary, mutations at 332 were detected in

13% of sequences at Week 12 for SUP033003 and the proportion increased to 25%

in the sample taken 12 weeks after. The proportion of mutations (site 325) in the

baseline sample from SUW036049 was 0.9% and no other resistant sequences were

detected in samples from Week 12 or Week 52 (Table 4.1).

However, mutations at the 3BNC117-resistance associated site 459 were found

in the samples from Week 12 (10% of all sequences) but not in samples from Weeks

0 or 52. Finally, only one sequence with a mutation at 459 site was detected
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Table 4.1: Evolution of 10-1074 resistance in SPARTAC. Proportion of Env sequences
with 10-1074 resistance-associated mutations at baseline, week 12 or week 24, and week
52 post diagnosis

Participant ID Baseline Week 12 Week 24 Week 52
SUC036029 NA 1.00 NA 0.88
SUP033003 0 0.14 0.25 NA
SUW036049 0.09 0.00 NA 0

in a baseline sample from SUL214001 and not in any samples from Week 12 or

52 (Table 4.2).

Table 4.2: Evolution of 3BNC117 resistance in SPARTAC. Proportion of Env sequences
with 3BNC117 resistance-associated mutations at baseline, week 12 or week 24, and week
52 post diagnosis

Participant ID Baseline Week 12 Week 24 Week 52
SUL214001 0.11 0.0 NA 0
SUW036049 0.00 0.1 NA 0

Due to the small number of participant samples and to the low number of

sequences obtained from them, I used the same resistance prediction methodology

on Env sequences from samples taken from participants recruited to the MACS,

which are publicly available on the Los Alamos HIV sequence database (detailed

in Methods, section (?)(publicdatasets)). In this analysis, I tested 8 samples for

bnAb sensitivity using using the Rockefeller prediction model. All had clade B

Env plasma sequences, collected across longitudinal visits. Evidence of evolving

resistance was found in 5 out of 8 participants (2 participants had sequences with

resistance mutations at only one timepoint and 1 had no resistant sequences in

samples from any timepoint) (Appendix, Table A.1). A total of 744 sequences of the

C2-V5 Env region from the five participants P2, P4, P7, P10 and P11 were included

in this study. An average of 11 sequences per visit (range: 2-24 sequences) was

available across a median of 7 visits per participants (range: 3-23 visits), throughout

a median of 44 months post seroconversion (range: 42-80 months).

The most frequent mutation observed in this cohort was a single mutation at

HXB2 position 334, which was detected in all 5 participants. Mutations affecting
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332 alone or with a mutation at 334 were observed in 2 participants. Mutations

affecting other sites (330 and 334, 330, 325 and 332, 456, 279 and 334, and 279,

332 and 334) were seen in single individuals. The largest variety of mutations was

detected in P10, who seems to have developed 5 different mutations, including

a combination of 279 with 334 or with 332 and 334. Only 3 participants had

mutations associated with 3BNC117 resistance.

In this cohort, the first 10-1074 resistance-associated mutations are detected at

a median of 44 months post seroconversion (range: 30-70 months) while the first

3BNC117 mutations are seen for the first time after a median of 85 months (range:

42-86 months). In order to investigate which mutations were the most prominent

within participants and whether there was their emergence had any impact on the

viral load, I plotted the proportion of sequences that carried mutations in different

sites and the viral load for samples from different timepoints (Figure 4.1). It is

shown that a S/T334G mutation was present only in a sample from a single visit

in participant P2 (Figure 4.1A), contrary to a R456S, which increased up to 100%

of all sequences until the end of follow up. On the contrary, the proportions of

sequences with shift of PNG to 334 (334N-x-336S/T) progressively increase above

zero and remain high for months in participants P10, P11 and P7 (Figure 4.1D,

E and C), although the number of visits for the latter is small. The frequency of

mutations at position 332 is correlated with the viral load trend, as an increase of

viral envelopes with mainly N332T and a minority of N332S coincides with a viral

load spike, which drops as well as the frequency of mutated viruses. Following the

short decline, viruses carrying 332 mutations increase up to 80% of all sequences,

this time N332S and N332T in equal proportions and a minority of N332A. Notably,

the frequency of resistant viruses in participant P10 (Figure 4.1B and D) dropped

to zero, indicating a reversion to wild type.
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Figure 4.1: Viral load and proportions of bnAb resistance-associated mutations. Each
plot (A-E, for participants P2, P4, P7, P10 and P11 respectively) shows the log viral
load (y axis on the left) and the proportion of sequences preddicted as resistant to bnAbs
(y axis on the right), with each mutation or mutation combination showed in different
colour. The x axis shows the time post seroconversion (in months), when plasma samples
where taken for every participant.
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4.3.3 Pre-ART and reservoir bnAb sensitivity reporting

In order to explore the origin of resistant sequences within the HIV reservoir, I

investigated the potential contribution of pre-existing bnAb resistance mutations

present in the blood plasma just prior to the initiation of ART to the development

of the viral reservoir. This analysis entailed comparing the presence and prevalence

of resistance mutations in the circulating virus and PBMCs before treatment. Six

HEATHER participants (Section 2.2.2) with paired samples before and during

ART were included in this cohort. Their average time from seroconversion to ART

initiation was 50 days (range: 33-70 days) and their pre-ART samples were taken

on a median of 2 days before ART start (range: 0- 35 days). Five out of six

participants in this subset had B clade HIV and one had D/A1 clade (Table 4.3).

Table 4.3: Evolution of bnAb resistance in HEATHER. Proportion of HEATHER
participant sequences predicted as resistant to bnAbs, on samples taken pre-ART
initiation (RNA and DNA) and during ART (DNA).

Proportion of mutated sequences

ID Pre-ART
DNA

Pre-ART
RNA

on-ART
DNA

Mutations Resistance
to

ART start
Date

pre-ART
Visit Date

Seroconversion
Date

Clade

SM025 0.00 0.10 0.04 458 (pre)
and 459
(on-ART)

3BNC117 2014-01-13 2014-01-08 2013-12-14 B

SM044 0.17 0.12 0.03 459 3BNC117 2014-05-15 2014-05-11 2014-03-21 B
ST431 NA 0.00 0.01 456 3BNC117 2015-02-09 2015-02-09 2014-12-02 B
ST377 NA 1.00 1.00 332,334 10-1074 2014-06-08 2014-05-13 2014-04-24 B
ST385 0.00 0.00 0.14 334 10-1074 2014-06-17 2014-06-17 2014-04-08 D/A1

ST413 0.25 0.00 0.27 334 10-1074 2014-10-23 2014-10-23 2014-09-20 B

All participant samples from the on-ART timepoint had at least one resistant

sample to either 10-1074 or 3BNC117. Out of six participants, two lacked pre-ART

DNA sequences. No evidence of resistance was found in the pre-ART samples from

participants ST431 and ST385, although the limited number of sequences obtained

pre-ART ST431 should be noted. Despite a lower proportion of resistance in the on-

ART sample, comparable proportions of resistant sequences were observed in the

pre-ART samples from SM044, considering the differing numbers of total sequences.

Consistent with the on-ART sample, all sequences obtained from ST377 were

resistant. In contrast, SM025 exhibited resistance sequences only in the pre-ART
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plasma component but not in the DNA sample. However, the low number of pre-

ART sequences in this case and the distinct mutation sites (458 and 459) in the pre-

ART RNA and on-ART DNA samples should be considered. Similarly, ST413 had

resistant sequences only in the pre-ART DNA sample but not in the on-ART DNA.

4.3.4 bnAb sensitivity evolution through ancestral state
reconstruction

In the absence of longitudinal data and relevant dating, ancestral state reconstruc-

tion can be used to infer the sensitivity phenotype of the founding virus. Here,

ancestral state reconstruction was performed from the nine HEATHER participants

(Chapter 3.3.2), who had sequences with and without 10-1074 resistance-associated

mutations using bootstrapped maximum likelihood nucleotide trees. The ancestral

state is displayed as a pie chart at the root of each tree and the likelihood of sensi-

tivity and resistance is illustrated by different colours. The analysis revealed that

in five of the samples (Figure 4.2A-E), the inferred root was very likely sensitive,

indicating that the ancestral strain in these patients was most likely susceptible to

10-1074. The most common mutations observed in these samples were introducing

an asparagine at position 334 (N334), with a PNG emerging at 334 rather than at

332. In the remaining four trees (Figure 4.2F-I), a large amount of uncertainty was

associated with the status of the most recent common ancestor of the sequences,

although these ancestral strains were slightly more likely to be resistant to 10-

1074. As viral evolution is not likely to happen during suppressive ART, this

suggests that the ancestral strain in these participants may have already possessed

genetic mutations associated with 10-1074 resistance, consistent with transmission

of bnAb resistant strains, or that evolution of these mutations occurred shortly

after transmission before ART was started.

The same process was followed for samples from participants who harboured

sequences with and without 3BNC117 resistance-associated mutations. Three

participants with more than one sequence predicted as 3BNC117-resistant had tree

roots predicted as sensitive to 3BNC117 (Figure 4.3A-D). All three participants
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Figure 4.2: ML phylogenetic trees tracing the evolution of nucleotide sequences in nine
participants (AI) from the HEATHER cohort, amplified with SGA, with ancestral roots
annotated with predicted sensitivity. Red points indicate 10-1074 resistant and blue
points indicate sensitive sequences. The status of the most recent ancestor is represented
as a pie chart at the root of the tree; (AE) show trees with roots predicted to be sensitive
(or most likely sensitive) to 10-1074 and (FI) show trees with roots predicted to be most
likely resistant to 10-1074. Data are for proviral nucleotide sequences and maximum
likelihood bootstrap support values exceeding 60% are marked with a *. The scale
indicating the number of mutations per site based on the length of branches can be
found at the bottom of each tree plot.

89



4. Evolution of bnAb sensitivity

had different mutations associated with 3BNC117 resistance. For one participant,

the sensitivity of the inferred root could not be predicted (Figure 4.3D). That

participant had sequences predicted as resistant to 10-1074, and the prediction for

the root was likely resistant to 10-1074 (Figure 4.2H).

Figure 4.3: ML phylogenetic trees tracing the evolution of nucleotide sequences in four
participants (AD) from the HEATHER cohort, amplified with SGA, with ancestral roots
annotated with predicted sensitivity. Red points indicate 3BNC117 resistant and blue
points indicate sensitive sequences. The status of the most recent ancestor is represented
as a pie chart at the root of the tree; (AC) show trees with roots predicted to be sensitive
(or most likely sensitive) to 3BNC117 and (D) shows a tree with roots predicted to
be equally likely sensitive and resistant to 3BNC117. Data are for proviral nucleotide
sequences and maximum likelihood bootstrap support values exceeding 60% are marked
with a *. The scale indicating the number of mutations per site based on the length of
branches can be found at the bottom of each tree plot.
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4.3.5 Comparison between reservoir and rebound virus bnAb
sensitivity

The combination of Q4PCR assay with sequencing has been proposed as a reliable

assay for sequence-based bnAb sensitivity prediction. This is based on the fact that

the reservoir is predominantly composed of non-intact proviral sequences incapable

of viral replication, which could confound analyses based solely on Env SGA.

While Q4PCR offers a more accurate assessment, its resource-intensive nature

poses challenges for implementation in the diagnostic pipeline. The Arm B of the

RIO trial provided valuable insights into viral rebound selection. By withholding

ART after a placebo dose, participants in this arm were allowed to experience

viral rebound, revealing the naturally emerging viral variants from the reservoir.

This approach enabled the identification of viruses that would likely source the

rebound, offering a more direct assessment of bnAb sensitivity. In this section, I

compare baseline proviral sequences obtained through Env SGA and Q4PCR and

compared it to the rebound in order to determine whether SGA alone is sufficient

for reliable bnAb sensitivity prediction.

Env sequences from proviruses were amplified from samples taken from RIO

Arm B participants before TI, while being virally suppressed by long term ART, and

from plasma at the time of the first post-TI rebound, in absence of any intervention.

A total number of 18 participants had paired baseline sequences (obtained through

the Q4PCR assay and/or SGA), as well as Stage 1 rebound sequences (Table 4.4).
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Table 4.4: Demographics of the RIO Arm B participants with paired baseline and first
rebound Env sequences. The number of baseline sequences obtained through SGA and
through the Q4PCR assay is presented

Participant No Seq
Baseline

Baseline
Intact
(QPCR)

Baseline
SGA

No Seq
Rebound

Time from
Diagnosis
to ART
(months)

Time from
ART to TI
(years)

001-002 10 7 3 14 1 7.8
001-003 42 3 39 6 1 5.1
001-009 12 12 0 2 1 5.4
001-013 14 0 14 32 10 days 5.9
001-017 3 0 3 1 1 4.8

001-019 3 0 3 4 1 4.4
001-020 24 0 24 18 1 8.5
002-001 13 0 13 26 1 20.0
002-004 42 28 14 7 1 19.6
003-001 22 9 13 12 18 days 4.5

003-004 6 0 6 12 2 3.6
003-005 20 9 11 30 1 9.4
005-004 12 1 11 3 1 3.0
005-006 14 0 14 19 1 day 4.6
006-010 30 0 16 7 2 10.1

007-007 15 0 15 44 1 5.9
008-010 21 0 21 13 5 8.3
008-014 17 0 17 2 1 4.5

Linear mixed-effect models were used on R to investigate the effect of the

compartment on sensitivity prediction for each bnAb in each prediction model,

controlling for intra-patient variability. I compared the impact of the compartment

on sensitivity prediction using two data sets; one contained only baseline Env

sequences obtained through SGA and paired rebound sequences (SGA data set,

17 participants) and the second contained only baseline Env sequences obtained

through Q4PCR and paired rebound sequences (intact dataset, 8 participants).

The models for both data sets showed no difference in sensitivity predictions

between the reservoir and the rebound virus, albeit with a effect size for both

bnAbs in the SGA dataset (10-1074= 0.88, 3BNC117: -0.77, p-value>0.1 for both)

compared to intact dataset (10-1074: 0.5, 3BNC117: 102, p-value>0.1 for both).
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Figure 4.4: Sensitivity prediction in baseline provirus and rebound plasma virus.Tables
showing 10-1074 and 3BNC117 predicted sensitivity in provirus (baseline) and in plasma
(at first rebound), using the Rockefeller model. Fully sensitive indicates that none of the
sequences sampled at this timepoint contained mutations associated with bnAb resistance.
Likewise, fully resistant signifies that all sequences at this timepoint harbored mutations
known to confer bNAb resistance.
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Figure 4.5: ML phylogenetic trees tracing the evolution of nucleotide sequences in
four Arm B participants (A-D) from the RIO cohort, amplified with SGA. For each
participant sequences sampled from baseline (annotated as Screening and UJ, in dark red
and red respectively) and from the Stage 1 post-TI rebound were used. Shape indicated
bnAb sesnsitivity beased on the Rockefeller model predictions. Sequences labelled as UJ
were aqcuired hrough Q4PCR assay and they were from intact virus. Arrows mark the
sequences that cluster closest to the plasma Env sequences from post-TI.

Figure 4.4 shows the sensitivity predictions by the Rockefeller algorithm (Ma-

terials and Methods, Section 2.3) before and after Stage 1 rebound for all 18 Arm

B participants. Baseline sequences here consist of both normal SGA and Q4PCR
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intact baseline sequences. In two participants, resistance mutations were detected

at baseline but not at rebound; both of them were SGA samples. In participant

003-001, mutations associated with 10-1074 resistance was detected in a proportion

of sequences at baseline and at rebound; notably, the same mutations were found

in intact and SGA baseline sequences.

Pairwise distances between SGA and Q4PCR baseline Env sequences and the

rebound viral sequences in 4 Arm B participants were also calculated and visualised

in phylogenetic trees. The SGA sequences clustered closer to the rebound sequences

in two participant samples, participants 001-002 and 001-003) (Figure 4.5). In

participant 003-005, an intact sequence obtained through Q4PCR was the one that

clustered the closest to the rebound and in 003-001 sequences obtained through

both assays were a similar distance away from the rebound virus. In addition,

the resistance-associated mutations which were found at baseline SGA proviral

sequences were also detected in Q4PCR intact proviral Env sequences 4.5.

4.4 Discussion

In this chapter, I studied the origins of pre-existing resistance to 10-1074 and

3BNC117 by analysing data from SPARTAC, HEATHER and RIO participant

samples processed and sequenced in Oxford and from MACS, which are available

in an online database. The aim was to identify the source of bnAb resistance in

bnAb-naive PWH and whether it is more likely to be transmitted or to emerge

during within-individual evolution.

The analysis of the Env sequences sampled longitudinally from participants in

the MACS study showed that resistance to bnAbs emerges more than 30 months

after seroconversion and this may explain the absence of resistance evolution in our

SPARTAC participants, which were sampled the latest 52 weeks post seroconver-

sion. This is in line with the timing of host immune responses, such as nAbs, which

can exert selection pressure at epitopes related or similar to the bnAb epitopes in

our study (Section 1.4). In most participants in this cohort, viruses with mutations
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in more than one position arose in later stages of infection and were usually preceded

by single mutations. A PNG shift to position 334 was observed 2 of 5 participant

and it was one of the mutations that proliferated throughout time, before reverting

back to WT. Of note, while 69% of all participants with 100% resistance to

10-1074 in HEATHER had mutations at both 332 and 334, those participants

harboring both sensitive and resistant sequences usually had a single mutation (8

in 9 participants, 88.8%), commonly at 334. This suggests that mutations at 334,

especially those which allow the PNG shift, may offer an equilibrium of fitness cost

and escape potential as long as the virus is under immune pressure.

The number of sequences and samples obtained from SPARTAC was not ade-

quate for a statistically significant analysis and only description of the findings was

achieved. It is noted that one in three SPARTAC participants, SUC036029, had

93% of all sequences amplified from their week 12 and week 52 samples carrying a

mutation associated with 10-1074, and specifically S/T334N, which conferred a shift

of the PNG from position 332 to 334. One sensitive sequence in a total of 10 found

in the week 52 sample could indicate the beginning of reversion to wildtype of a 10-

1074 resistant virus which was transmitted to the participant. Indeed, reversion of

334 mutations to wild-type has been reported by Caskey et al., in individuals who

received 10-1074, when bnAb concentration fell below therapeutic levels (Caskey

et al., 2017). Moreover, a bulk Env sequence from baseline, amplified by a former

student in the group, showed that the S/T334N mutation existed at that timepoint,

hence reinforcing the hypothesis of resistance transmission. However, sequences

from SUE036028, a participant who belonged in the same transmission chain as

SUC036029 (the two participants acquired HIV on the same date from the same

donor (English et al., 2011)) had no evidence of the S/T334N mutation in their

baseline sample. Although the size of this cohort is very small, the presence of at

least one baseline pre-existing mutations in two of 12 participants (SUC036029

and SUW036049) is slightly below the prevalence of 10-1074 resistance in the

HEATHER cohort, which was presented in Chapter 3, but this may be due to

the low number of sequences obtained from the SPARTAC participants. The
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prevalence of 3BNC117-associated resistance in this cohort is in line with the

prevalence of 3BNC117 resistance in the HEATHER cohort. Last, two of these

participants were included in a study of development of plasma neutralisation

breadth during untreated HIV infection (Granger et al., 2021). SUV214008, who

carried no mutations associated with 10-1074 resistance at baseline or week 52,

developed heterologous neutralisation targeting the 332 site, but this happened

only after 180 weeks post enrollment. On the contrary, SUP033003, who had minor

N332I mutations at week 12 and 24 samples, was found to have CD4-bs targeting

Abs before he developed heterologous neutralisation. Notably, those sequences

also had Asp at position 279.

The characterization of ancestral state resistance in HEATHER participants

with mixed resistance showed that it is possible for founder viruses to be resis-

tant or sensitive, which highlights the heterogeneity of bnAb resistance in the

population. Our findings from an ART-treated PHI cohort differs from those in

chronic infection, such as MACS, where there is more viral exposure to immune

selection pressure. The co-existence of resistant and sensitive viruses within a

host may reflect viral escape from early immune response with cross-reactivity to

escape from bnAbs (Anthony et al., 2017). It is also possible that mutations that

confer 10-1074 resistance come at a fitness cost and a resistant virus may revert

to the sensitive wild type when bnAb serum levels drop and the selection pressure

reduces (Caskey et al., 2017).

Understanding the origins and dynamics of viral sequences with bnAb-resistance

conferring mutations is critical for informing effective therapeutic decisions. Cur-

rently only replicating viruses in plasma are used routinely for drug resistance

screening and monitoring purposes (Panel on Antiretroviral Guidelines for Adults,

2022). Furthermore, it is advised that in cases where PWH have no detectable or

low viral load, drug resistance test results performed on proviruses are interpreted

with caution (Chu et al., 2022). A counterargument to the reliance on proviral

DNA for resistance testing suggests that it may not accurately reflect the real-

time resistance landscape of the virus. Indeed, the proviral reservoir might harbor
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a diverse range of viral variants, some of which may not be actively replicating

and thus clinically irrelevant. By comparing bnAb sensitivity predictions of paired

proviral and plasma sequences from the same RIO Arm B participants at baseline

and time of rebound respectively, I sought to establish the reliability of proviral-

based bnAb resistance testing as a surrogate for plasma-based assessment. More

specifically, mixed effect models for bnAb sensitivity predictions showed no dif-

ference in sensitivity in plasma and in provirus, regardless of whether the Env

sequence came from an intact or a potentially non-intact provirus. In addition, in

three out of four participants for whom Env sequences were amplified from SGA

and from intact proviruses at baseline, the SGA sequences clustered closer to the

rebound than the Env sequences from intact. This could be attributed to the

higher number of SGA sequences obtained but provides evidence that in this PHI

cohort there is high likelihood that the SGA sequences represent the replication-

competent reservoir. The exact same mutations were observed in critical epitopes in

paired sequences from 001-009 and 003-001, while 1 resistance sequence in each of

001-017 (S/T334N) and 001-020 (G458S) found at baseline was not represented

in the respective rebound population. This discrepancy may be attributed to

the likelihood that the resistant variant belonged to the 95% defective proviral

population or to the low number of rebound sequences obtained, especially in the

case of 001-017, where a single rebound sequence was amplified. On the contrary,

one sequence amplified from the rebound timepoint of 002-001 was predicted as

resistant with a D/N325E. This was one of 26 sequences that might have been

missed at baseline, as only 13 sequences were screened. The impact of these

mismatches should be assessed when the rebound sequences from the post-bnAb

rebound timepoint, if any, are studied. These results will clarify whether bnAb

pressure in these participants should facilitate the proliferation of the resistant

viruses over the sensitive. The results of this analysis demonstrate a very high

degree of concordance in bnAb resistance profiles between proviral and plasma

HIV sequences, suggesting that testing provirus is as reliable as testing circulating

viral sequences. Nevertheless, these findings are limited to a cohort of PHI with less
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viral diversity in the reservoir and a lower likelihood of missing resistant variants,

when compared to chronic infection.

Overall, these findings suggest that pre-existing bnAb resistance-associated

mutations in individuals with PHI are more likely to be transmitted than to arise

through within-host evolution. Mutations on epitopes critical for bnAb binding, as

defined by existing resistance prediction models, are likely to emerge but primarily

at later stages of infection. In light of these findings, it is possible that individuals

with chronic HIV infection may have a higher prevalence of pre-existing bnAb

resistance-associated mutations and this should be considered when developing

therapeutic strategies that include the administration of bnAbs to these individuals.

Additionally, the study found that proviral DNA sequencing, regardless of whether

it originates from intact or non-intact viruses, can be a reliable surrogate for plasma-

based bnAb resistance testing, especially in early-stage infection. Further research

in different cohorts of PWH with varying stages of infection and clinical/virological

characteristics is necessary to validate these findings and inform more effective

HIV treatment strategies.
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5.1 Context

Recent trials in humans have revealed that the combination (Bar-On et al., 2018;

Gaebler et al., 2022; Mendoza et al., 2018) or individual administration (Caskey et

al., 2015, 2017; Scheid et al., 2016) of 10-1074 and 3BNC117, have led to prolonged

viral suppression and delayed viral rebound. These findings suggest the potential

of these bnAbs as a standalone treatment or with other interventions to maintain

long-term viral control. However, in all trials a proportion of participants will

experience viral rebound earlier than expected, which has been attributed to viral
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resistance to bnAbs.

Several studies have demonstrated a rising trend of bnAb resistance throughout

the pandemic (Bouvin-Pley et al., 2013; Bouvin-Pley et al., 2014; Bunnik et al.,

2010; Stefic, Bouvin-Pley, Braibant, et al., 2019; Stefic, Bouvin-Pley, Essat, et

al., 2019) and Chapter 3, section 3.3.1. It is therefore crucial to establish a

reliable bnAb sensitivity screening method before implementing bnAbs as standard

treatments in clinical practice. Env sequencing and bnAb sensitivity prediction

algorithms have been used to restrict bnAb administration to those PWH who were

more likely to benefit from the treatment (Mendoza et al., 2018) or retrospectively,

to analyse the correlation between sensitivity and viral rebound (Cohen et al., 2018;

Gaebler et al., 2022; Gruell et al., 2022; Gunst et al., 2022).

The RIO trial is the largest study testing the efficacy of the long acting ver-

sions (LS) of 10-1074 and 3BNC117, which utilised a novel trial design concept,

where participants were randomised into a treatment or a placebo group, who

also received treatment at a later stage. Screening for bnAb resistance using a

sequence-based predictions was included in the eligibility criteria of RIO. Given

the limited accuracy of 3BNC117 resistance predictions, it was decided that these

data would be excluded from the eligibility criteria for the RIO trial. Hence, to be

eligible to enroll in RIO, no evidence of full 10-1074 resistance should be present

in baseline Env sequences from clinically eligible candidates, using the Rockefeller

sensitivity prediction criteria. Nevertheless, there is lack of conclusive evidence

regarding the value of sequence-based prediction models and more specifically of

the Rockefeller model.

In this chapter, I aimed to evaluate the performance of the Rockefeller predic-

tions based on clinically-relevant outcomes. I then ran correlations between baseline

predictions and these metrics to identify participants that fell under a different

sensitivity class and in particular to the Resistant class. Subsequent analyses

focused on characterising these resistant individuals to elucidate potential viral or

clinical features contributing to the discrepancy between predicted classification
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and classification based on outcomes. I leveraged these insights to refine the

baseline prediction criteria.

5.2 Aims

1. Present the preliminary clinical outcomes of RIO and evaluate the efficiency

of bnAbs based on molecular analysis

2. Assess the performance of the Rockefeller sensitivity prediction model

3. Examine the impact of baseline sensitivity predictions in clinical outcomes

4. Explore the use of other viral features or clinical information that may refine

the sensitivity predictions.

5.3 Results

The findings reported in this section are not the official trial outcomes. These are

based on my own analyses obtained from viral load data, and my own interpretation

of when viral rebound happened (as a committee will make the final decision at

the end of the study). For some participants trial Arm has been inferred using

pharmacokinetic data. Although it is expected that the results will be similar to

the final report, there may be some differences.

5.3.1 Demographics of the RIO cohort

The RIO trial design is described in detail in Chapter 2, section 2.2.4. At the time

of writing this chapter, 66 participants were recruited in RIO and 2 participants

were still blinded as to which trial arm they had been randomised to. The Rock-

efeller model employed a sequence-based approach to predict viral sensitivity by

identifying specific amino acid residues as predictive markers. These features were

used to classify each Env sequence in samples obtained from each participant as

either sensitive or resistant (Chapter 2, Section 2.3.5).

All participants included here were male and mainly white or white British

(86%). The median age of participants at the time of enrollment was 39 years old.
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Although there is a difference in the median age of participants in arms A and

B, this difference is not statistically significant (Wilcoxon test p-value=0.07). All

participants had started ART during PHI and they had been on treatment for a

median of 5 years prior to enrollment. No participant had detectable viral load

at the time of enrollment (VL<20 copies/ml) and the median CD4+ T cell count

at baseline was 791 cells/mm3. The majority had B clade HIV (72%), followed

by C (6.3%), F1 (6.3%) and other in a frequency of ~3% or less (Table 5.1).

An average of 19.3 single proviral env sequences was obtained at screening per

participant (range: 1-88) through SGA (Chapter Materials and Methods, 2.3.2).

The median pairwise distance of baseline sequences from the RIO participants was

very small; median PWD = 0.0019, range: 0.00011- 0.026. This is likely due to

the fact that all participants were treated during PHI and the diversity of the

reservoir was low, as expected.

Table 5.1: Summary table of RIO participant characteristics

Characteristic Overall
N = 66

A
N = 32

B
N = 31

Blinded
N = 3

Clade
B 46 (72%) 22 (73%) 22 (71%) 2 (67%)
C 4 (6.3%) 1 (3.3%) 3 (9.7%) 0 (0%)
F1 4 (6.3%) 2 (6.7%) 2 (6.5%) 0 (0%)
A1 2 (3.1%) 1 (3.3%) 1 (3.2%) 0 (0%)

CRF02-AG 2 (3.1%) 1 (3.3%) 1 (3.2%) 0 (0%)
D/A1 2 (3.1%) 1 (3.3%) 1 (3.2%) 0 (0%)
CRF06-CPX 1 (1.6%) 0 (0%) 1 (3.2%) 0 (0%)
CRF31-BC 1 (1.6%) 0 (0%) 0 (0%) 1 (33%)
CRF73-B G 1 (1.6%) 1 (3.3%) 0 (0%) 0 (0%)

G 1 (1.6%) 1 (3.3%) 0 (0%) 0 (0%)
Unknown 2 2 0 0

Race
White or White British 57 (86%) 28 (88%) 26 (84%) 3 (100%)
Asian - Any Other Asian Background 3 (4.5%) 3 (9.4%) 0 (0%) 0 (0%)

Black or Black British - African 3 (4.5%) 1 (3.1%) 2 (6.5%) 0 (0%)
Other 3 (4.5%) 0 (0%) 3 (9.7%) 0 (0%)

Sex
M 66 (100%) 32 (100%) 31 (100%) 3 (100%)

Age (Baseline) 39 (32, 46) 36 (31, 42) 44 (32, 52) 41 (36, 52)

Time on ART (Baseline) 5.00 (4.00, 7.00) 5.00 (3.00, 6.00) 5.00 (4.00, 7.00) 9.00 (4.00, 9.00)
CD4 count (Baseline) 722 (602, 930) 676 (602, 921) 791 (629, 1,014) 811 (454, 820)
Time of viral control since last bnAb dose (Weeks) 26 (12, 40) 19 (12, 41) 29 (12, 50) 7 (0, 14)
Sensitivity (Baseline)

Sensitive 47 (71%) 22 (69%) 23 (74%) 2 (67%)

Minor 10-1074 6 (9.1%) 1 (3.1%) 4 (13%) 1 (33%)
Minor 3BNC117 5 (7.6%) 3 (9.4%) 2 (6.5%) 0 (0%)
3BNC117 3 (4.5%) 2 (6.3%) 1 (3.2%) 0 (0%)
NA 3 (4.5%) 3 (9.4%) 0 (0%) 0 (0%)
10-1074 2 (3.0%) 1 (3.1%) 1 (3.2%) 0 (0%)

1 n (%); Median (Q1, Q3)
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The concentration of bnAb was quantified at multiple timepoints throughout

the duration of the study and pharmacokinetic (PK) data were modeled for a

subset of the RIO participants. In Arm A, bnAb concentrations reached 50 ug/ml

at weeks 21 and 23 and 10 ug/ml at weeks 50 and 49 for 10-1074 and 3BNC117,

respectively. Likewise, bnAb concentrations in Arm B dropped to 50 ug/ml on

week 25 for both bnAbs and to 10 ug/ml at weeks 52 and 48 for 10-1074 and

3BNC117, respectively (Figure 5.1A).

Figure 5.1: bnAb concentration keypoints. Panel A show the Weeks when bnAb
concentration reached 50 ug/ml (left panel) and 10 ug/ml (right panel). Each dot
represents a participant in Arm A or B and each colour indicates whether participant
rebounded or not. Panel B shows bnAb concentrations at rebound for participants in
Arm A and B, and bnAb concentration at 2nd TI, for Arm B participants. The black
dot in all panels marks the median.

The median bnAb concentration at the time of rebound for Arm A participants

who were classified as sensitive at baseline was 36 ug/ml and 30 ug/ml for 10-1074

and 3BNC117, respectively. Sensitive Arm B participants rebounded at a median
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10-1074 concentration of 28.93 ug/ml and a median concentration of 3BNC117

of 30.97 ug/ml. As expected, Arm A participants who were predicted as bnAb

resistant at baseline rebounded when the estimated concentration of bnAbs was

high; 10-1074 concentration was 146 ug/ml and 3BNC117 concentration was 294

ug/ml. The median concentration of bnAbs at rebound was 35.8ug/ml for both

bnAbs in Arm A and 35.5 and 35.7 ug/ml for 10-1074 and 3BNC17 respectively

in Arm B (Figure 5.1B).

Sensitivity and resistance-associated mutations analysis

To characterise the sensitivity of viruses in the reservoir, single genome am-

plification of env was performed from all potential participants at screening, and

sequences were used for bnAb sensitivity predictions. Although the presence of

full 10-1074 predicted resistance was an exclusion criterion for RIO, 2 participants

with initially non-amplifiable Env sequences who were enrolled (3% of the cohort)

were found in a post-hoc analysis to have 10-1074 resistance-associated mutations

in 100% of their baseline sequences. Six participants (9.1%) had a minority of

sequences with 10-1074 resistance-associated mutations and 3 (4.5%) were not

amplified at the time of enrollment. Due to the low confidence in 3BNC117

sensitivity prediction accuracy, these data were not taken into consideration at

participant recruitment (Table 5.1). Nevertheless, it is noted that in this cohort a

total of 3 participants were predicted as fully resistant to 3BNC117 and 4 had only

a minor proportion of sequences predicted as 3BNC117 resistant at baseline.

A total of 12 participants with clade B had at least one resistant sequence to

either bnAb; specifically 11% had low-frequency 10-1074 resistance, 8.7% had minor

3BNC117 resistance and 6.5% had 100% of their sequences predicted as resistant

to 3BNC117. Two out of 4 samples from participants with F1 clade were predicted

as 100% resistant to 10-1074 and both participants with D/A1 clade HIV enrolled

in the trial had minor resistance to either 10-1074 or 3BNC117 (Figure 5.2).
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Figure 5.2: Sensitivity per clade in the RIO cohort. The number of individuals per clade
is shown in the x axis. The proportion of sequences classified as sensitive or with different
proportion of bnAb resistance-associated mutations (indicated by colour) is shown in the
y axis.

Pre-existing mutations associated with 10-1074 resistance were detected in

various sites with the 10-1074 epitope region. The two participants who were

predicted as fully resistant to 10-1074 harbored either N332K (participant 001-

008) or N332T and S/T334N, which resulted in a shift of the PNG from position

332 to 334 (participant 001-009). Mutations at 334 were the most commonly found

resistance-associated mutation in participants with 10-1074 minor resistance. The

change of the 334 residue to asparagine found in one participant with clade D/A1

HIV who had minor 10-1074 resistance lead to shift of 332 PNG to position 334.

Other mutations contributing to minor 10-1074 resistance included G/D/T325K

and H/Y330Q, identified in two clade B participants (Table 5.2).

The clinical outcomes of RIO

The length of viral control during TI is the most important clinical outcome in

trials testing the efficacy of HIV cure strategies. Stage 1 of the RIO Arm B, where

participants were taken off ART and rebounded in the absence of any intervention,
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Table 5.2: Analysis of mutations at known bnAb epitopes per clade

Clade WT Mutation Resistance

S/T334 R (2), G (1) Minor resistance

G/D325 K (1) Minor resistance

H/Y330 Q (1) Minor resistance

D/N279 1 (Q) Full resistance

G458 D (1) Minor resistance

G459 E (2), D (1), R (1), S (1) Minor resistance

B clade

G459 V (1), D (1) Full resistance

S/T334 N (1) Minor resistance
D/A1 G459 S (1) Minor resistance

N332 K (1) Full resistance
F1 N332 + S/T334 T + N (1) Full resistance

served as a control group of individuals who normally progress following TI. To

visually represent the impact of bnAb treatment on time to rebound, a survival

curve was generated and the Kaplan-Meier method was employed to estimate

survival probabilities in different treatment arms, with time to rebound serving as

the endpoint. As shown in Figure 5.3, the control group experienced a viral rebound

a median of 4 weeks (range: 1-8 weeks) post-TI. Participants in Arm A who received

bnAbs maintained viral control for longer (median time of viral control = 26 weeks).

Notably, participants in Arm B, who received bnAbs plus a median of 23 weeks of

ART, rebounded a median of 6 weeks post-TI , which was similar to the control

group. A 45.5% of Arm A participants were still undetectable at 20 weeks post TI

in contrast to 21% of participants randomised in Arm B and underwent a 2nd TI.
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Figure 5.3: Time to Viral Rebound in RIO Arm A, Arm B, and Control Group.Kaplan-
Meier survival curves for time to viral rebound in participants from Arm A, Arm B, and
a control group. The x-axis represents the time in weeks since last bnAb dose for Arm
A and since TI for Arm B and Control group participants, and the y-axis represents the
proportion of participants who have remained free of viral rebound.

The Arm B of the RIO trial was designed to test the efficacy of bnAbs at

sustaining control after a period of 6 months co-administration with ART, which

was built in to allow the bnAbs to be washed out. This design aimed to quantify

the time to rebound post-second TI at a time where bnAb concentration was

anticipated to be undetectable. Any control should therefore be due to the vaccinal

effect and not bnAb suppression. This was combined with the idea that the

moderate presence of antigen would induce a vaccinal effect that enhances the

host immune response and controls viremia for a longer period. However, due

to the logistics of the trial, only 17 participants (of a total of 26 participants
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who entered Stage 2) received bnAbs when their VL was >50 copies/ml (65.3%).

The median viral load at bnAb dosing in Stage 2 was 126 copies/ml, ranging

from 20 (undetectable)- 32800 copies/ml. In addition, due to receiving ART for

~6 months post bnAb dosing, viral evolution was expected to be seized and no

selection pressure from bnAbs was expected to be exerted on the virus.

Figure 5.4: Time of viral control at Stage 1 and Stage 2 TI. Y axis shows time of
viral control post-TI for Arm B participants who underwent TI at Stage 1 and Stage 2
(x axis). Lines connect paired dots, which represent each participant. Participants who
experienced viral rebound post-2nd TI are coloured in red and participants who have not
rebounded after 2nd TI are coloured in red.

Interestingly, for 3 of the 20 Arm B participants who experienced rebound after

their second treatment interruption (15%) the interval between the Stage 2 TI and

viral rebound was exactly the same as the interval between Stage1 TI and viral

rebound, where they received no other intervention. Additionally, 6 participants

who achieved Stage 2 treatment interruption (30%) maintained viral control for

1-2 weeks longer post-interruption during Stage 2 compared to Stage 1. Lastly, 11

participants (55%) maintained viral control post-bnAb administration for at least

twice as long as during Stage 1, with three individuals achieving viral control for

a median of 27 weeks (Figure 5.4).
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To investigate the factors influencing the time of viral control at stage 2, I

used an accelerated failure time (AFT) model. Several variables were considered,

including viral load at bnAb dosing, the concentration of the two bnAbs at the

time of 2nd TI, sensitivity at baseline, the number of responses to Gag measured

by Interferon Gamma ELISPOT assays at the 2nd TI and the time to rebound

at the 1st stage TI. Lasso regression retained the viral load at the time of dosing,

sensitivity at baseline and the time of rebound at the 1st stage TI to be used in

the AFT model. The analysis was performed in 17 participants for whom data

of all covariates were available (Table A.2).

The AFT model suggested that time of viral control at Stage 2 is influenced by

sensitivity and the viral load at dosing. Higher viral load at the time of dosing and

presence of bnAb resistance-associated mutations at baseline are associated with

shorter time to the event, which in this case is rebound (value =-0.41 and -1.48,

pvalue= 0.02 and 0.003, for viral load at dosing and sensitivity respectively).

Impact of sensitivity predictions on time of viral control

Next, I looked into how the stratification of participants into “Resistant” or

“Sensitive” based on the Rockefeller predictions would relate to time to rebound

(Figure 5.5). Only participants with 100% resistance-associated mutations to either

bnAb or non-amplified sequences at baseline were classified as resistant, for the

purpose of this analysis and all else were classified as sensitive. The sensitive group

had a median time of post-bnAb viral control of 34 weeks post-last bnAb dose

in Arm A whereas participants with full baseline resistance to bnAbs rebounded

similarly to the control group (median time of viral suppression 5 weeks post-

last dose). Participants classified as sensitive in Arm B rebounded a median of 6

weeks post-TI whereas those predicted as fully resistant rebounded a median of

3 weeks post-TI. One of 22 sensitive participants was still undetectable 80 weeks

after last-bnAb dose in Arm A and 3 participants in Arm B maintained control

for at least 25 weeks post-TI.
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Figure 5.5: Time to Viral Rebound and bnAb sensitivity per RIO arm. Kaplan-Meier
curves for participants in RIO Arm A (A) and Arm B (B). The plots compare the
duration of viral suppression in different groups of participants based on bNab sensitivity
predictions.

Participants predicted as resistant who rebounded rapidly in Arm A had re-

sistance associated mutations in 332+334 (participant 001-008) and 3BNC117

resistance-associated mutations in 279. Mutations at 459 either in 100% or in

a minor proportion of of baseline sequences did not seem to impact viral control,

as all participant harboring mutations at 459 maintained control for a median of

18.5 weeks (range: 14-30 weeks), when taking into consideration the longest time

of viral control achieved with 1 or 2 doses of bnAbs. Similarly, participants with

mutations at 334 in a minority of baseline sequences maintained control for a

median of 32 weeks.

Arm B participants with mutations at 332 (full resistance) or at 332 (minor

resistance) at baseline, rebounded within 3 weeks after their 2nd TI. On the

contrary, participant 007-012 with full baseline resistance predicted at baseline

due to 459 mutations maintained control for more than 13 weeks. Participant

003-001 harbored mutations at 330 in a small proportion of baseline sequences

and experienced viral blips which were spontaneously controlled soon after. At

rebound, the same mutations as in baseline were detected in 100% of the sequences.
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However, participant 003-001 maintained viral control for longer than 97 weeks

post the 2nd TI.

The effect of bnAb treatment on the rebound Env sequences

At the time of writing, a total of 21 RIO participants had experienced a post-

bnAb rebound and their rebound virus was sequenced and assessed for bnAb

sensitivity (Table 5.3).

Table 5.3: Post-bnAb rebound sensitivity prediction. Participants from Arms A
and B who have rebounded post-bnAb treatment, mutations identifies and clinical
characteristics.

ID Sensitivity
(Baseline)

Escape
residue
(Baseline)

Sensitivity
(post-
bnAbs)

Escape
residue
(post-
bnAbs)

Arm Number of
bnAb doses

001-008 10-1074 332T and
334N

10-1074 332T and
334N

A 1

001-009 10-1074 332K 10-1074 332K B 2
003-002 3BNC117 279Q 3BNC117 279Q A 1
001-017 Minor

10-1074
334N 10-1074 334N B 2

003-001 Minor
10-1074

330Q 10-1074 330Q B 1

001-020 Minor
3BNC117

458S Sensitive NA B 2

001-010 Sensitive NA 10-1074 334N A 1
001-018 Sensitive NA 10-1074 334R A 2
006-003 Sensitive NA 10-1074 332D/S A 1
007-001 Sensitive NA 10-1074 332K or

334S
A 1

001-002 Sensitive NA 10-1074 334G B 1
001-003 Sensitive NA 10-1074 334N B 1
001-021 Sensitive NA Minor

3BNC117
458R A 1

001-004 Sensitive NA Sensitive NA A 1
001-005 Sensitive NA Sensitive NA A 1

003-009 Sensitive NA Sensitive NA A 1
002-001 Sensitive NA Sensitive NA B 1
003-004 Sensitive NA Sensitive NA B 2
006-010 Sensitive NA Sensitive NA B 1
007-003 Sensitive NA Sensitive NA B 2

007-007 Sensitive NA Sensitive NA B 2

Of those, 15 participants were predicted as fully sensitive at baseline which

means that they harbored no bnAb-associated mutations in their proviral Env

sequences, 3 had minor resistance to either bnAb and 3 had all sequences carrying
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bnAb resistance-associated mutations. Nearly half of participants (47%) who were

predicted as fully sensitive at baseline, were predicted to be bnAb resistant post-

bnAb treatment. Interestingly, out of 7 participants with “new” resistance at

rebound, 6 had 10-1074 resistance-associated mutations and only one had minor

resistance to 3BNC117.

All participants who were predicted as resistant to 10-1074 (fully or with minor

resistance) rebounded with the same mutations, post-bnAb treatment (Table 5.3).

003-002, who was the only participant predicted as 3BNC117 resistant at baseline

to rebound, had rebound viruses harboring the same mutations as at baseline,

D/N279Q. All mutations identified in the rebound sequences from participants

who were predicted as fully sensitive or with minor resistance at baseline were

on the 332 PNG, and therefore reduce the likelihood of a glycan binding on the

site to zero. Specifically, 67% participants with 10-1074 resistance at rebound had

mutations at site 334, 25% in 332 and one participant (007-001) had mutations

at either 332 or 334 (Figure 5.6).
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Figure 5.6: bnAb resistance-associated mutations prevalence.A. Frequency of mutated
residues before and after bnAb treatment, per Arm. Color indicates the site(s) affected.
B.Amino acid variants at 10-1074 and 3BNC117 epitopes before and after treatment with
bnAbs. Colour charts showing the variation between baseline and rebound samples inRIO
participants who were predicted as sensitive at baseline and rebounded with resistance to
10-10-74 or to 3BNC117 (in a grey box). The frequency of each amino acid is represented
by the height of the height of the bar.

5.3.2 Assessing the performance of the sensitivity predic-
tion model

To assess the Rockefeller prediction performance the definition of an outcome metric

that accurately reflected the endpoint of interest was required. One outcome

metric was defined based on time to rebound within the critical 8-week post-

treatment period, as defined by the placebo group maximum rebound time frame

(as presented in Figure 5.3). Specifically, participants who rebounded earlier than 8

weeks post-last dose are more likely to have pre-existing resistance which would lead

to immediate treatment failure. For the purpose of this analysis these participants

were classified as ResistantTTR. In contrast, participants who maintained control

for longer than 8 weeks post-last bnAb dose, were classified as SensitiveTTR, on the
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basis that they were not likely to have strong pre-existing resistance.

A second outcome metric was based on the relationship of bnAb concentration

levels and time to rebound. A threshold of 50 ug/ml was defined based on the

outcomes of bnAb neutralisation assays, were the inhibitory concentration for 80%

of the viruses in the culture (IC80) > 50 ug/ml suggests high resistance to bnAbs.

Therefore, if participants rebounded before bnAb concentration levels fell below 50

ug/ml they would be more likely to have highly resistant viruses. These participants

are classified as ResistantPK, for the purpose of this thesis. An association between

sequence-based sensitivity predictions and this metric would also suggest an ability

to predict clinical response to bnAbs.

In order to reduce the complexity of analysis, only data from the 33 Arm A par-

ticipants, who received bnAbs without any other intervention, were used. Despite

bnAb concentrations being below 50 ţg/mL at the time of rebound, it was challeng-

ing to definitively attribute rebound to low bnAb concentrations. This is because

the rebounds occurred within the ART wash-out period, making it difficult to

distinguish between the effects of waning ART and bnAb insufficiency (Table 5.1).

Predicting pre-existing resistance likelihood using an outcome based on
TTR

First, I explored the Rockefeller sensitivity predictions performance against

the outcome based on time to rebound. A statistically significant association

between sequence-based predictions and the sensitivity classification based on time

to rebound was observed using Chi-squared test with Yates’ continuity correction

(p-value <0.01).
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Table 5.4: Assessment of sensitivity predictions in participants who were recruited in RIO. Participants are classified as sensitive or
resistant at baseline based on the Rockefeller bnAb sensitivity prediction model and the trial eligibility criteria. Sensitvity classification
post-bnAb treatment as sensitive or resistance is based on time to rebound.

Sensitive Resistant

Characteristic Overall
N = 29

Minor 10-1074
N = 1

Minor 3BNC117
N = 3

NA
N = 3

Sensitive
N = 22

Overall
N = 3

10-1074
N = 1

3BNC117
N = 2

Sensitity Classification (TTR)
Sensitive 27 (93%) 1 (100%) 3 (100%) 3 (100%) 20 (91%) 1 (33%) 0 (0%) 1 (50%)
Resistant 2 (6.9%) 0 (0%) 0 (0%) 0 (0%) 2 (9.1%) 2 (67%) 1 (100%) 1 (50%)

1 n (%)
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Classification using the Rockefeller model was approximately 91% accurate in

classifying individuals as sensitive or resistant, based on this TTR-based metric

(p-value=0.03). In addition, out of the 30 individuals who were predicted as

sensitive using the sequencing based classifier approximately 93% were found to

be sensitive based on their time to rebound (Table 5.4). This suggest that the

Rockefeller model predictions perform very well at selecting participants who are

more likely to maintain control for longer 8 weeks and therefore are less likely

to have pre-existing resistance.

Predicting the likelihood of response to bnAbs using an outcome based
on PK levels

Pharmacokinetic data for bnAbs, available for 22 of 33 participants in Arm A,

provided a novel approach to classifying individuals with regards to sensitivity to

bnAbs. Under the assumption that a bnAb concentration of 50 ug/ml signifies

a threshold for viral rebound, participants’ sensitivity was characterised based on

whether viral rebound occurred before or after this concentration was reached.

As presented in Table 5.5, 65% of participants predicted as sensitive at baseline

were less likely to be resistant, as they rebounded after bnAbs concentrations fell

below 50 ug/ml. Conversely, 5 participants who did not have any baseline bnAb

resistance associated mutation at baseline were characterised as ResistantPK. No-

tably, both participants who were predicted as resistant at baseline were classified

as ResistantPK.
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Table 5.5: Assessment of sensitivity predictions in participants who were recruited in RIO. Participants are classified as sensitive or
resistant at baseline based on the Rockefeller bnAb sensitivity prediction model and the trial eligibility criteria. Sensitvity classification
post-bnAb treatment as sensitive or resistance is based on PK data.

Sensitive Resistant

Characteristic Overall
N = 29

Minor 10-1074
N = 1

Minor 3BNC117
N = 3

NA
N = 3

Sensitive
N = 22

Overall
N = 3

10-1074
N = 1

3BNC117
N = 2

Sensitivity classification based on PK (50 ug/ml)
Sensitive 13 (65%) 1 (100%) 0 (0%) 1 (50%) 11 (69%)
Resistant 7 (35%) 0 (0%) 1 (100%) 1 (50%) 5 (31%) 2 (100%) 1 (100%) 1 (100%)
Unknown 9 0 2 1 6 1 0 1

1 n (%)
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5.3.3 Viral features associated with bnAb resistance

bnAb sensitivity predictions by the Rockefeller model, bnAb-ReP and
bnAb neutralisation assays

First, I sought to investigate if alternative methods of predicting bnAb sensi-

tivity at baseline, such as bnAb-ReP or bnAb neutralisation assays, would classify

participants in a different category. bnAb-ReP, a frequently used model for predict-

ing antibody sensitivity based on sequence data, provides neutralization probability

estimates for individual bnAbs. Analysis of a total of 1671 RIO Env sequences from

Arm A and Arm B with paired Rockefeller and bnAb-ReP predictions, revealed

a strong linear correlation between predictions from the two models for 10-1074

sensitivity (R2 =0.73, p<0.01). However, this correlation was not observed for

3BNC117 predictions (R2=0.04, p-value<0.01).

To investigate the impact of bnAb resistance-associated mutations on IC80, I

analyzed 62 RIO sequences for which neutralisation assays were performed. These

assays measured the bnAb titers required to neutralise pseudoviruses carrying Env

sequences amplified from participants with SGA. Sequences with an inhibitory

concentration 80% (IC80) titer greater than or equal to 25 were classified as bnAb

resistant, while those with an IC80 titer less than 25 were classified as sensitive.

A moderate positive correlation (r = 0.40, p-value < 0.05) was observed between

the Rockefeller predictions for 10-1074 and the 10-1074 IC80 titers, suggesting

a moderate degree of agreement between the two. I attempted to calculate the

correlation between the Rockefeller prediction and IC80 for 3BNC117 in the same

dataset but, due to the lack of variation in the Rockefeller prediction, this could not

be computed. This suggests that there is insufficient data to establish a meaningful

relationship between these two variables for 3BNC117. The analysis revealed that

that sequences harboring the H/Y330Q mutation, which was associated with 10-

1074 resistance by the Rockefeller model (participant 003-001), had a low IC80

value. Variability was observed within the same participant (001-003), with one

sequence displaying a significantly lower IC80 (0.018) compared to others (median
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IC80 > 50). High IC80 values for 10-1074 were also reported for a proportion of se-

quences from participant 001-021 who was predicted as fully sensitive. Of note, high

IC80 values were reported for 001-002 and 001-009 sequences which were lacking

Rockefeller model-predicted 3BNC117 resistance associated mutations (Table 5.6).

Table 5.6: Frequency of mutated residues in the known bnAb epitopes per clade.

ID IC80 10-1074 IC80 3BNC117 Mutations

0.08 0.53 no mutations

0.00 0.55 no mutations

0.06 0.99 no mutations

0.00 43.28 no mutations

0.00 50.00 no mutations

0.01 50.00 no mutations

0.07 50.00 no mutations

50.00 50.00 S/T334G

50.00 50.00 S/T334G

001-002

50.00 50.00 S/T334G

50.00 0.09 S/T334N

50.00 0.09 S/T334N

50.00 0.14 S/T334N

0.02 0.17 no mutations001-003

15.71 4.54 S/T334N

29.68 0.77 N332K

50.00 25.19 N332K

50.00 50.00 S/T332K

50.00 50.00 S/T332K001-009

50.00 50.00 S/T332K

13.41 0.33 no mutations

50.00 0.33 no mutations

50.00 0.45 no mutations

50.00 0.45 no mutations

50.00 0.57 no mutations

2.76 0.60 no mutations

0.19 0.97 no mutations

50.00 1.08 no mutations

50.00 1.16 no mutations

50.00 1.19 no mutations
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50.00 1.26 no mutations

50.00 1.45 no mutations

50.00 1.54 no mutations

001-021

50.00 1.62 no mutations

27.67 0.18 no mutations

31.02 0.34 no mutations

39.39 0.36 no mutations

29.26 0.76 no mutations

50.00 0.81 no mutations
002-004

9.20 1.00 no mutations

0.31 0.01 H/Y330Q

0.78 0.01 H/Y330Q

0.24 0.02 no mutations

1.82 0.03 no mutations

0.36 0.18 no mutations
003-001

0.94 0.25 no mutations

50.00 0.45 N332D

50.00 0.51 N332D

50.00 0.63 N332S

50.00 0.64 N332S

0.08 0.69 no mutations

50.00 0.78 N332D

50.00 0.79 N332D

50.00 0.93 N332S

50.00 0.94 N332S

50.00 0.96 N332S

50.00 1.03 N332S

006-003

50.00 1.34 N332D

Participants predicted as sensitive at baseline but resistant based on
clinical outcomes or neutralisation assays; what can we learn from these
participants?

To make bnAb sensitivity screening more efficient as well as to gain more

understanding on bnAb sensitivity features, sequences from participants initially

predicted as sensitive but found Resistant using the TTR or the PK outcomes, were
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examined to identify common viral features that could potentially confer resistance.

Eight Arm A participants who satisfied these criteria were included in this analysis

and their clinical features are shown in Table A.3.

Participant 004-003 received a second dose of bnAbs six weeks after he ex-

perienced a transient viral rebound (blip) to 5840 copies/ml, which subsequently

resolved without further intervention. At the time of second dose, the viral load was

reported at 101 copies/ml. However, insufficient sequencing data at baseline and at

each of the rebound timepoints did not allow any further genomic analysis. Partici-

pants 006-003 and 007-001 had 100% of their rebound sequences harboring 10-1074

resistance-associated mutations, suggesting either pre-existing resistance missed

at baseline or de novo development during bnAb concentration decline. Of note,

these participants rebounded close to the timepoint when bnAb concentrations were

falling below the 50 ug/ml threshold and it was not clear if they should be classified

as resistant or sensitive. Hence, these samples were not included in this analysis.

Identification of additional sites of escape

To enhance the predictive accuracy of the Rockefeller model, I sought to identify

novel epitopes associated with bnAb resistance. To do this, I compared sequences

from participants initially predicted as sensitive but classified as resistant based

on clinical outcomes (Table A.3) and those who demonstrated high IC80 values in

bnAb neutralisation assays despite lacking known resistance-associated mutations

(Table 5.6). For this analysis, I looked at sequences from 10 participants. However,

certain limitations did not allow the use of all participant sequences in this dataset;

bnAb-resistance mutations were detected in the rebound viruses of participants 006-

003 and 007-001, suggesting that resistant sequences were not sampled at baseline

but became dominant during viral rebound. Furthermore, rebound sequences for

participants 001-032, 004-003, 007-014, and 007-016 were unavailable and therefore

these participants were excluded from this analysis.

Analysis of the MSA for participant 003-009 revealed no clear evidence of amino

acid substitutions in the protein sequences that could be confidently attributed to
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selection pressure from broadly neutralising antibodies (bnAbs). Additionally,the

phylogenetic tree showed minimal divergence between baseline and rebound se-

quences, suggesting limited evolutionary changes associated with viral rebound

(Figure 5.7). These findings might indicate that resistance to bnAbs was present at

baseline, potentially residing in epitopes that have not yet been fully characterised.

Figure 5.7: MSA plot and ML tree for participant 003-009. MSA plot showing the
differences in AA between sequences sampled as baseline, marked with a green B and
from rebound marked with a red R. The consensus sequence of all 003-009 sequences was
used, as no substancial clustering of sequences per timepoint was observed, as shown in
the ML nucleotide phylogenetic tree on the right. Sequences from different timepoints
(Screening= baseline and UT = rebound) are marked with different color tip point. A
tree scale is shown at the bottom of the tree.
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An inspection of the multi-alignment (MSA) plot containing sequences from

participant 001-021 identified a unique combination of mutations, 325N and 330Y,

exclusively present in the rebound samples. This specific combination was not

observed in any other participant sequences in the RIO or the HEATHER cohorts.

The neutralisation assay data for participant 001-021 revealed high 10-1074 IC80

values (>50 ug/ml) for all rebound as well as one of the baseline sequences tested.

However, the one baseline sequence with IC80>50 did not have the 325N + 330Y

combination. A series of insertions within HXB2 133-134, caused alteration to

the protein sequence and the distribution of PNGs in the region. In particular,

all rebound sequences but only a minority of baseline sequences (10/28 baseline

sequences) had an extra PNG within this region (Figure 5.8A). Interestingly, all

sequences with this extra PNG in the inserted region and at HXB2 135 had an

IC80>50 for 10-1074. However, the presence of intact PNGs in the same regions

in samples from other participants did not show IC80>50 ug/ml.
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Figure 5.8: MSA plots and paired IC80 values for RIO participants. MSA plots and
paired 10-1074 nautralisation assay concentrations are shown for participants 001-021,
001-003, 002-004 and 003-001 (A-D). The sequence with the lowest IC80 value was used
as a master for comparison in the MSA plots. Blue arrows mark the 003-001 sequences
that harbor the 330Q mutations.The alignment positions in each plot are numbered using
a participant-specific reference.

Despite harboring the same S/T334N mutation, sequences from participant

001-003 exhibited varying IC80 values for 10-1074 neutralisation. While two se-

quences displayed low IC80 values (0.018 and 15.71), others had IC80 values >50.

Comparative analysis of the five Env protein sequences revealed no unique residues

associated with the resistant phenotype (IC80 > 50) (Figure 5.8B). Conversely,

several distinct residues were identified when comparing sequences with higher IC80

values (IC80 > 25) to those with IC80 < 10 (Figure 5.8C). Notably, participant 003-

001 possessed sequences with the same Y/H330Q mutation but displayed varying

IC80 values, including two sequences with IC80 < 1 (Figure 5.8D). No residues

exclusively associated with 10-1074 resistance were identified in the above. As for

3BNC117 neutralisation assays, two participants had sequences with high IC80

(>40) but no 3BNC117 resistance-associated mutations were observed. Sequences
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from participant 001-002 that were found to be resistant to 3BNC117 in neutrali-

sation assays shared an E at position 466, instead of a Q, which was prevalent in

the sensitive sequences. However, 466E was the most common residue in sequences

from different participant across different timepoints in the RIO cohort. Similarly,

the one residue that distinguished sequences with a low IC80 from those with a high

IC80 for 3BNC117 was 348E instead of 348K, which was present in the resistant

sequences but also in most of other sequences across the RIO cohort.

Variable loop length as predictive markers of bnAb sensitivity

Env hypervariable loops (HV), known for their proximity to bnAb epitopes

and potential impact on antibody binding were examined to assess their role in

sensitivity. Recent studies have reported a statistically significant association of

longer HV1 with a higher IC50 for 10-1074 and an association of longer HV5

with a higher IC50 to 3BNC117 (Bai et al., 2024). The relationship between IC80

values and HV lengths was examined in a subset of RIO participants with available

IC80 data from neutralisation assays. Separate mixed-effects models were fitted

for IC80 values of 3BNC117 and 10-1074, with HV1, HV2, HV4, and HV5 lengths

as predictors. Results indicated that longer HV1 and shorter HV4 were associated

with an increased 10-1074 IC80 (estimates for H1=-2.45 and for HV4 = -2.53 ; p

< 0.01 for both), while longer HV2 and shorter HV4 were more likely to be found

in viruses with higher 3BNC117 IC80 (estimates for HV2 and HV4 = 3.13, -3.02

respectively; p < 0.01 for both). A generalised linear mixed-effects model was

employed to assess the association between HV lengths and a categorical outcome

of resistance or sensitivity to bnAbs, defined as IC80 values greater or less than

50, respectively. In this case, only the length of HV4 demonstrated statistically

significant but negligible association with resistance for both bnAbs. Here, I

compared the length of variable and hypervariable loops, as well as the number

of PNGs, in sequences from participants predicted as sensitive at baseline but

subsequently developing resistance. All six participants included in this analysis
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from both treatment arms experienced rebound with 100% prevalence of 10-1074

resistance-associated mutations.

Out of 6 participants examined here, the average length of variable loop 4 (V4)

and HV4 were shorter at rebound compared to the average lengths at baseline for

2 participants, 001-003 and 001-010. A decrease was also observed in the average

number of PNGs at the same regions in rebound viruses versus at baseline, in the

same participants. Although V5 and HV5 lengths remained the same at rebound as

at baseline, participants 001-003 and 001-010 was short of one PNG on average one

PNG at V5 at rebound, and 001-010 lost a PNG at HV5 as well. Participant 007-

001 also showed a decrease in HV4 length at rebound but not in V4. In addition,

the rebound virus gained 1 V4 PNG at rebound but lost 2 at HV4, on average.

The same pattern was observed for V5 and HV5 PNGs for 007-001; a gain was

observed in V5 PNGs and a loss of two PNGs was seen at HV5. An increase in

V1 and HV1 (and subsequently in V1V2 and HV1V2) was observed in 001-018

which caused the loss of a PNG site in these regions, on average. A decrease in

the same regions was observed in 001-018, without affecting the average number

of PNGs in these regions (Table A.4).

How similar are latent reservoir and rebound viruses?

A study by Bar et al. suggested that VRC01 can restrict viral rebound by

limiting the reactivation of multiple latent viruses and therefore the rebound virus

was more clonal (Bar et al., 2016). Maximum likelihood phylogenetic trees of

baseline and rebound sequences from participants in Arm A who rebounded in

high concentration of bnAbs (>50 mg/ml) to investigate if 10-1074 and 3BNC117

targeted and suppressed specific viral lineages within the reservoir. In four partic-

ipants, rebound sequences clustered within the baseline proviral sequences, which

suggests pre-existing resistance (Figure ??A). Indeed, participants 003-002 and

001-008 were predicted as fully resistance to 0-1074 and 3BNC117 respectively at

baseline. On the contrary, no mutations associated with bnAb resistance were
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found in baseline sequences from either 003-009 or 006-003, although 006-003

rebounded with fully 10-1074-resistant viruses.
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Figure 5.9: ML phylogenetic nucleotide trees of RIO participants. Panel A shows
participants with intermingling rebound and reservoir sequences and panel A shows
participants whose rebound and reservoir sequences cluster separately. Tips color and
shape indicate the timepoint and sensitivity (based on the Rockefeller model). The scale
bar indicates genetic distance.

Interestingly, rebound viruses from 001-021 and 007-001 were found to form

distinct clusters (Figure ??B). In particular, participant 001-021 baseline sequences

were more diverse whereas the rebound cluster consisted of nearly identical se-

quences. On the contrary, the baseline reservoir of participant 007-001 was less

diverse but the rebound was polyclonal, which may suggest bnAb-induced se-

lection pressure.

5.4 Discussion

In this chapter I studied the impact of treatment with 10-1074-LS and 3BNC117-

LS on the virus of individuals with PHI and sensitive reservoir. Participants

were randomised into two arms: Arm A received bnAbs, while Arm B received
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placebo. All participants, who were initially on ART, had a planned interruption

to assess viral rebound after their dose. In Arm B, participants who experienced

viral rebound were subsequently offered bnAb therapy. This design allowed us to

observe the impact of bnAbs in the absence or not of ART and to identify viruses

that emerged from the reservoir and contributed to rebound. Although the findings

presented in this chapter are not based on the official RIO trial outcomes I expect

no significant differences between these findings and the ones to be presented at

the end of the trial.

In line with the findings of clinical trials previously conducted (Caskey et al.,

2017; Gaebler et al., 2022; Mendoza et al., 2020; Scheid et al., 2016), 10-1074

and 3BNC117 significantly prolonged the median time of viral control in Arm A

participants compared to the control group. Narrowing down to participants who

were classified as sensitive to bnAbs at baseline, the median time of viral control was

26 weeks post-TI compared to 4 weeks post-TI for the control group. An increase

in time of viral control, albeit smaller, was observed also in Arm B participants

who maintained viral control for a median of 6 weeks post their 2nd TI, compared

to the 4 weeks of the control group. Of note, after receiving bnAbs, nearly half

of Arm B participants (47.3% of the Arm B participants who had a second TI)

maintained viral suppression for at least twice as long as they did during the first

TI, at Stage 1. Longer time of viral control at Stage 2 compared to Stage 1 TI was

positively correlated with higher levels of bnAb at the time of Stage 2 TI (Rho=

0.56 for 10-1074 and Rho= 0.62 for 3BNC117, p-value 0.02 and 0.009 respectively).

Participants in the RIO trial were selected based on bnAb sensitivity predictions

generated by the Rockefeller model. While the model was initially intended as a

proxy for predicting viral rebound, its accuracy in assessing actual bnAb response

was limited. The model demonstrated high accuracy in predicting delayed viral

rebound for participants in Arm A compared to the control group, but it struggled

with predicting viral control achieved before bnAbs fell to low concentrations (<50

ug/ml). Although the RIO trial was not designed to evaluate bnAb efficacy in

individuals with full pre-existing resistance, a small number of participants with
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10-1074 resistance were inadvertently enrolled to the trial. Notably, these indi-

viduals experienced viral rebound within a time frame comparable to the control

group. The assessment of sensitivity predictions was limited by the low number

of participants for which rebound sequences amplified and sequenced, the low

number of participants for which bnAb concentrations were measured and the lack

of resistant participants to use as a comparator. In addition, the design of Arm

B did not allow the inclusion of those participants in this analysis as it was not

possible to classify the bnAb sensitivity for most of them based on the outcome.

Predictions generated for 1671 RIO Env sequences by bnAb-ReP demonstrated

strong correlation with those of the Rockefeller model for 10-1074 but exhibited

less concordance for 3BNC117. A moderate correlation was observed between the

Rockefeller predictions and sensitivity defined based on IC80 titers for 10-1074

but not for 3BNC117.

The bnAb epitope residues that were found most frequently mutated were 334

(within the 10-1074 epitope) and 459 (within the 3BNC117 epitope), which is

consistent with the findings from the HEATHER cohort (3.3.2). Other mutated

residues in lower frequency were 325, 330 and 332 and 279 and 458 affect the

binding of 10-1074 and 3BNC117. Two participants who harbored 332 and 332+334

mutations at baseline rebounded rapidly, within 4 and 5 weeks after dosing. Mu-

tations in other sites, 334 and 459, did not appear to lead to earlier rebound.

While the 330Q mutation was initially observed at low frequency in the baseline

sample from Arm B participant 003-001, it became dominant in the post-bnAb

rebound sample. Despite this, the participant spontaneously controlled following

the blip and subsequently maintained prolonged viral suppression. This suggests

that while 10-1074 may exert selection pressure on residue 330, either the resulting

mutation did not confer resistance to bnAbs or it significantly impacted viral fitness

and infectivity in a way that a second rebound to lead to treatment failure was

not possible. Other factors, such as a bnAb-induces enhancement of the host

immune response and CTL activation could influence the overall outcome of the

treatment. The observation that individuals harboring identical Env mutations
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exhibited varying duration of viral control post-bnAb treatment suggests the influ-

ence of complex factors beyond the predictive capacity of these mutations. Our

focus on Env sequences alone, neglecting potential impacts from the full-length viral

genome and replication capacity, limits the depth of our analysis. In cases of minor

resistance, the possibility of archived, replication-incompetent viral variants cannot

be disregarded. Additionally, the influence of mutations in regions outside the Env,

as well as the potential role of bnAbs in enhancing immune clearance, warrant

further investigation. The restricted sampling to PBMCs and plasma might have

overlooked viral reservoirs in other compartments, such as the gut, brain, and CSF.

In addition, despite the presence of bnAb resistance-associated mutations in

some individuals, a lack of consistent correlation between these mutations and high

IC80 values was observed. In some cases, sequences without detectable mutations

exhibited high IC80 values, indicating that other factors might influence bnAb

sensitivity beyond the presence of these specific amino acid mutations, such as

post-translation modifications. No specific residues associated with bnAb resis-

tance were identified after examining MSA of participants for which discrepancies

between observed IC80 values and lack of bnAb resistance-associated mutations

were observed. This may be attributed to the low number of participants and

sequences for which neutralisation assays were performed to this time. A machine

learning approach may be more efficient in identifying such novel residues and

better inform sensitivity prediction when more neutralisation assays are performed

at the end of the trial. It is worth noting that although genetic analysis is a

powerful tool for predicting bnAb sensitivity, it does not always capture the full

picture. There are indeed additional factors, such as protein structure and folding

as well as the actual presence of glycans in PNGs, which influence bnAb resistance

and may not be apparent from analysing the Env sequence. It may therefore be

necessary to combine sequence analysis with other approaches, such as structural

analysis and 3D modeling of the protein and its interactions, to develop better

predictions for bnAb sensitivity.

133



6
Expression of type I

interferon-associated genes at
antiretroviral therapy interruption

predicts HIV virological rebound

Contents
6.1 Context . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
6.2 Aims . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136
6.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136

6.3.1 Cohort . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136
6.3.2 Clustering of participants based on clinical response . . 136
6.3.3 Differential Gene Expression and Gene Set Enrichment

Analysis show a strong association of type I interferon
pathways with sustained control of viremia . . . . . . . 138

6.3.4 Weighted Gene Co-expression Network Analysis (WGCNA)
identifies module enriched in IFN-I as associated with
days to rebound . . . . . . . . . . . . . . . . . . . . . . 139

6.3.5 Functional enrichment of WGCNA modules associated
with PTC phenotype and Days to Rebound indicates
Interferon Type I pathway involvement . . . . . . . . . 141

6.3.6 Risk score calculation based on the expression of two
genes can potentially predict time to rebound . . . . . . 142

6.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . 143

134



6. Expression of type I interferon-associated genes at antiretroviral
therapy interruption predicts HIV virological rebound

6.1 Context

Most people with HIV who are receiving ART will experience rebound viremia if

they stop treatment. However, a small proportion of ART-treated individuals can

stop therapy and maintain undetectable viremia for months and, in some cases,

years (Etemad et al., 2019; Martin et al., 2017; Sáez-Cirión et al., 2013). Other

individuals spontaneously suppress HIV viremia in the absence of therapy and

maintain undetectable viral loads for many years. These ‘elite controllers’ or ‘long-

term non-progressors’ are likely protected by strong T cell responses restricted by

protective HLA alleles (Goulder & Watkins, 2008). Identifying biomarkers which

predict outcomes following TI would provide enormous value to both understanding

mechanisms of PTC and identifying new drug candidates. Multiple clinical factors

and molecular biomarkers which correlate with time to rebound have been proposed

to elucidate these mechanisms (Conway et al., 2019; Hurst et al., 2015; Krebs &

Ananworanich, 2016; Martin et al., 2017; Sharaf et al., 2018; Stöhr et al., 2013; J.

P. Williams et al., 2014) however the host factors that affect the responsiveness of

T cells have not yet been thoroughly characterised (Hyrcza et al., 2007), especially

at a transcriptome level.

RNA sequencing (RNA-seq) offers a powerful tool for unraveling the com-

plex interplay between the host and HIV virus, particularly in understanding

the mechanisms underlying the post-treatment controller phenotype. By profiling

the transcriptome of immune cells from PWH, RNA-seq can identify deferentially

expressed genes or enriched gene pathways associated with a specific phenotype

over another, such as PTC versus normal progressors. These gene signatures may

reveal critical host factors involved in immune activation and viral control.
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6.2 Aims

1. Identify genes or gene-sets expressed by CD4+ T cells that might associate

with longer periods of post-treatment control.

6.3 Results

6.3.1 Cohort

18 SPARTAC participants who had received 48 weeks of suppressive ART com-

menced during PHI were initially analysed. The SPARTAC study is described in

more detail in Materials and Methods (2.2.1). Participant selection was based on

time to viral rebound following treatment interruption (Gossez et al., 2019) and

on availability of viable PBMCs. All women in this cohort had C clade HIV and

all men had non-C clades (75% had B or B recombinant virus and 25% had D

clade HIV (Table A.5). They were then stratified by time to rebound (>400 HIV

RNA copies/ml of plasma). Blood samples were taken at Week 0 (Baseline) at the

time of starting ART and at the time of TI, 48 weeks later. The demographics

of the participants are presented in Table A.5. Following a pre-analysis step, 14

female participants were selected for further analysis, to decrease the impact of

confounding variables, specifically the linear relationship between sex and viral

clade as well as the lack of paired samples from both timepoints.

6.3.2 Clustering of participants based on clinical response

Clustering analysis of RNA expression of SPARTAC trial participants revealed

distinct groups based on gender and viral subtype (Figure 6.1). Therefore, to

avoid potential confounding effects, we only included female participants in this

analysis. We identified 14 female participants who had received 12 months of

ART commenced during PHI followed by TI. All had viable samples of PBMCs

taken at the point of TI (Week 48) and for 11 participants samples were also

available at pre-therapy Baseline (Week 0). Viral rebound was reported if viral
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Figure 6.1: Participant clustering based on gene expression

load post-TI was measured > 400 copies/ml in two consecutive visits. ‘Days to

viral load rebound after TI’ was used to define clinical phenotypes and structure

the comparative analysis (Table A.5).

Based on observations in SPARTAC and other cohorts (Colby et al., 2018, 2020;

Etemad et al., 2019; Stöhr et al., 2013) we defined early rebounders (ER) following

TI (rebound<100 days) and post-treatment controllers (PTC) (rebound >100 days

post-TI). HLA Class I typing for these participants revealed both protective (eg

HLA B81:01, B57:03) and deleterious (eg HLA B58:02) alleles within the cohort,

but no relationship with outcome, suggesting—based on this surrogate marker—

that the CD8 T cell response was not driving the clinical phenotype. Interestingly,

the B35:01 allele was identified in 0/5 ER, but 3/10 PTCs—not a statistically

significant difference, but consistent with findings from the VISCONTI cohort

(Sáez-Cirión, 2019).

137



6. Expression of type I interferon-associated genes at antiretroviral
therapy interruption predicts HIV virological rebound

6.3.3 Differential Gene Expression and Gene Set Enrich-
ment Analysis show a strong association of type I
interferon pathways with sustained control of viremia

Differential Gene Expression (DGE) analysis was used to identify individual genes

that were differentialy expressed in certain clinical groups. From a total of 12,891

genes, those with a reported adjusted p-value (padj) < 0.05 were considered as

significantly differentialy expressed. Two genes were found to be significantly dif-

ferentialy expressed between PTC and ER, namely POMC and IFITM3. IFITM3,

an interferon stimulated gene involved in immune response, was upregulated in

PTC whereas POMC, a gene which encodes a precursor polypeptide for a variety

of peptide hormones, was downregulated. This small number of genes identified by

DGE is not surprising in view of the sample size and participant heterogeneity.

To get a broader view of genetic predictors of rebound, we identified func-

tionally linked gene sets using Gene Set Enrichment Analysis (GSEA), which was

performed on all genes ranked by their corresponding Wald statistics from the

DESeq2 analysis output. Only pathways with a False Discovery Rate (FDR)<0.25

were considered significantly enriched. The majority of pathways enriched in PTC

vs ER, namely ‘Interferon alpha/beta’, ‘O-glycosylation’ and ‘response to elevated

platelet pathways’, are involved with immune response regulation (Figure 6.2A).

Pathways involved in cell division were also found to be enriched in ER vs PTC at

week 48, which might correlate with enhanced viral transcription. Of note, immune

regulation pathways were not enriched at Week 0 in PTC, as they were at Week

48. However, in Week 0, there was enrichment in PTC of pathways associated

with the regulation of cell-replication (Figure 6.2B), which may be disrupted by

viral accessory proteins (D. Zhou et al., 2020; Zimmerman et al., 2006), and

with evidence for an association with increased production of pro-inflammatory

cytokines (Ragu et al., 2020).
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Figure 6.2: GSEA enrichment. A. The top ten enriched pathways (FDR<0.25) for
Week 48 PTC vs ER by GSEA. Ranking is by Normalised Enrichment Score (NES), B.
Week 0 pathway enrichment in PTC vs ER according to clinical phenotype using GSEA
and the Reactome pathway database.

6.3.4 Weighted Gene Co-expression Network Analysis (WGCNA)
identifies module enriched in IFN-I as associated with
days to rebound

For interrogation of the transcriptomics data based purely on days to rebound,

Weighted Gene Co-expression Network Analysis (WGCNA) was employed to iden-

tify clusters of co-expressed genes (modules) and to inform on pathway enrichment

at the point of TI in an unsupervised manner. Time to Rebound was used as

a clinical trait of interest, as it offered the opportunity to explore the genetic

correlations without having to make an a priori decision on sample grouping.

WGCNA constructs a weighted network that represents the interaction patterns

among genes, by emphasising the strong gene–gene correlations at the expense
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of the weak ones in order to reduce noise. Here, the co-expression network was

built using the expression data of a total of 6006 genes, that were retained after

filtering for low variability and low read counts. A scale-free topology network was

calculated by raising the correlation values to a power of beta=20, for which the

scale-free topology fit index was above 0.8 (Figure 6.3A). WGCNA then clustered

all genes with similar co-expression patterns into modules, conventionally denoted

by colour names. A mean expression value (module eigenvalue), based on the

expression of all genes within every module, was then associated with “Days to

Rebound” as a continuous variable.

The ‘salmon module’, named Module 1 here, had the strongest positive correla-

tion with time to rebound (cor=0.7, p-value=0.006) (Figure 6.3B) The module con-

sists of 36 genes, the majority of which - for example, IFI44, XAF1, ISG15, USP18,

TRIM25, IFIT1, RSAD2 - are interferon stimulated genes (ISG). A significantly

high correlation between Module Membership (MM) and Gene Trait Significance

(GS) is reported for Module 1 (cor=0.51; p-value=0.0015), demonstrating that the

genes driving the expression of the module eigenvalue, are the ones that correlate

with days to rebound (Figure 6.3C).
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Figure 6.3: WGCNA module identification. A. A power of 20 was selected to achieve
scale-free topology of R2 > 0.8 and Mean Connectivity close to 0. B. Heatmap plot
of WGCNA gene modules on TI associated with ’days to rebound’. Trait correlations
and statistical significance (in parenthesis) are shown for each module. Modules are
colour-coded based on direction and intensity of correlation. The salmon module which
was identified for further analysis is marked with a box and labelled as ’Module 1’.
The heatmap was made with WGCNA (package version 1.70.3). C.Scatterplot of gene
significance (GS) for trait of interest versus module membership (MM) for Module 1.

6.3.5 Functional enrichment of WGCNA modules associ-
ated with PTC phenotype and Days to Rebound in-
dicates Interferon Type I pathway involvement

Protein–protein interaction (PPI) and high correlation with both module mem-

bership and days to rebound (MM and GS scores, respectively) were used as

criteria to identify the hub genes, in a two-step validation process. MM and GS
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Figure 6.4: Protein Interactions and Pathways Enrichment for genes protective for viral
rebound. A. Visualisation of the Protein-Protein Interaction network of key genes within
Module 1 using STRING for cross-validation of hub genes identified through GS and MM
scoring. B. Pathways enrichment bar plot identified using STRING and the Reactome
database. The proportion of hub genes to pathway genes is shown on x-axis.

scores were measured by Pearson’s correlation and PPI was visualised on STRING.

Figure 6.4A shows only the interacting module genes, after selecting for a high

interaction score (>0.9). Thirteen interacting genes, which also satisfied the GS

(>0.2) and MM criteria (>0.8), were regarded as hub genes and were taken forward

to Gene Set Enrichment Analysis. To be consistent with the GSEA, the Reactome

pathway database was used to report the enrichment. Module 1 hub genes showed

significant enrichment (p-value <0.05) in pathways associated with response to

IFN-I (Figure 6.4B).

6.3.6 Risk score calculation based on the expression of two
genes can potentially predict time to rebound

As a next step, we looked to see if any of the individual hub genes identified in the

WGCNA results were more closely linked to progression, potentially leading to a

signature that might predict longer post-TI viral suppression. Univariable analysis

showed that the expression of 7 out of 13 hub genes contained in Module 1 (ISG15,

IFI6, IFI44, RSAD2, XAF1, USP18 and TRIM25) were significantly associated
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Table 6.1: Univariable Cox regression for individual hub genes.

Gene HR (95% CI for HR) P value

ISG15 0.29 (0.11-0.81) 0.0091
IFI6 0.18 (0.037-0.86) 0.0140
IFI44L 0.55 (0.27-1.1) 0.0830
IFI44 0.23 (0.047-1.2) 0.0450
IFIT1 0.37 (0.12-1.1) 0.0540

OAS3 0.52 (0.22-1.3) 0.1500
XAF1 0.3 (0.1-0.92) 0.0270
TRIM25 0.074 (0.0068-0.8) 0.0230
CMPK2 0.23 (0.037-1.5) 0.0740
RSAD2 0.2 (0.041-0.99) 0.0320

EIF2AK2 0.54 (0.12-2.4) 0.4200
USP18 0.23 (0.062-0.84) 0.0220
HERC6 0.16 (0.019-1.3) 0.0570

with a protective Hazard Ratio (HR) for viral rebound (Table 6.1). A multivariable

Cox Regression analysis was performed including these seven genes. Least Absolute

Shrinkage and Selection Operator (LASSO) was used to eliminate genes with zero

coefficients (IFI6, IFI44 and RSAD2 ) and only four genes (ISG15 ; cor=-0.41,

TRIM25 ; cor=-0.32, XAF1 ; cor=-0.06 and USP18 ; cor=-0.14) were retained.

A Risk Score (RS) was calculated for the fourteen female participants using

the expression of these four genes, and their LASSO coefficients were classified as

either low or high relative to the mean RS (Table 6.2).

Kaplan Meier analysis showed that a lower RS with higher expression of ISG15,

USP18, XAF1 and TRIM25 was significantly associated with longer suppression

post-TI, compared to participants with a high RS (p=value<0.01) (Figure 6.5A).

Boxplots showing the risk score for each participant in the PTC and ER groups

based on expression of the Cox-LASSO derived genes (Figure 6.5B) and the ROC

curve (Figure 6.5C) shows the effectiveness of the signature (AUC=0.909) in dis-

tinguishing rebounders from non-rebounders.

6.4 Discussion

The aim of the study was to gain further understanding of how host gene expression

might affect the duration of post-TI viral control. The SPARTAC trial offered a
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Figure 6.5: Survival analysis and gene signature validation. A. Kaplan-Meier survival
analysis of gene expression-based Risk Score (RS) comprising genes ISG15, XAF1, USP18
and TRIM25, predicting the likelihood of early and late post-TI rebound. Blue and
red lines represent low and high-risk score, respectively, divided by the mean cohort
score. + represents censored samples. B. Expression of the risk score genes for each
participant plotted for different phenotypes. ER Early Rebounder PTC Post-Treatment
Controller. C. ROC curve demonstrating efficiency of applying the Risk Score to identify
participants that reported rebound versus those that did not. AUC = Area Under the
Curve; Confidence Interval in brackets.
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Table 6.2: Individual Risk Score per participant, based on the expression of gene
signature

Participant Days to Rebound Incidence Risk Score (RS)

SJV026005 1421 0 -5.56
SJC030002 542 1 -5.01
SJE030001 1376 0 -4.88
SJH027017 420 1 -4.67
SJE021010 1145 0 -4.64

SUN036016 28 1 -4.61
SJL026018 503 1 -4.51
SJS025009 29 1 -4.42
SJZ026003 28 1 -4.40
SJV101017 168 1 -4.34

SJJ027008 178 1 -4.03
SJK023006 168 1 -3.96
SJR026007 28 1 -3.83
SJA023044 29 1 -3.81

unique opportunity to study samples from participants with PHI that had been

followed-up for an average of four years post-TI (Fidler et al., 2013). To minimise

the noise caused by averaging the expression of different cell types, I studied CD4

T cells as they are key to virological control (Frater et al., 2014) and comprise the

majority of the HIV reservoir. Therefore, any variability in transcriptional activity

might impact the likelihood of proviral expression. In addition, we restricted our

analyses to women to exclude potential confounding factors from sex.

Due to the small sample size and the major variance between the phenotypes,

DGE analysis identified only two genes differentially expressed between PTC and

ER. IFITM3, which was upregulated in PTC, plays a critical role in actively

preventing infection by inhibiting viral-cell fusion (Spence et al., 2019). In turn,

POMC, a precursor of melanocortins ACTH and MSH, was downregulated in

PTC. Evidence to associate melanocortins with anti-inflammatory action has been

reported in vivo and in vitro (W. Wang et al., 2019). Downregulation of POMC

in PTC may denote inflammation suppression, which may be protective against

viral rebound at the early stage of TI.

The results of GSEA - which is less impacted by sample size - revealed that

145



6. Expression of type I interferon-associated genes at antiretroviral
therapy interruption predicts HIV virological rebound

the PTC phenotype (i.e. rebound > 100 days after TI) showed enrichment for

the Type I Interferon (IFN-I) signaling pathway as well as O-glycosylation and

platelet activation pathways. Response to IFN-I was also found to be associated

with days to rebound in the WGCNA approach, which made no prior assumptions

about definitions of post-treatment control. IFN-I pathways comprise a family of

cytokines playing a critical role in the regulation of the innate immune response

in infection (McNab et al., 2015). Studies in SIV models illustrate the benefit of

IFN-I administration at the early stage of infection in inhibiting viral replication

(Deeks et al., 2017; Sandler et al., 2014; Van der Sluis et al., 2020). Similarly,

HIV develops strategies to evade IFN-I and to inhibit the functionality of the

proteins regulated by IFN-I (Fenton-May et al., 2013), suggestive of a fundamental

role of this pathway in viraemic control. Previous studies have highlighted the

importance of IFN-I in controlling HIV infection, by showing that founder viruses

that are able to establish infection are usually IFN-resistant but may be less fit

(Adland et al., 2020; Cohn et al., 2018; Iyer et al., 2017). Recent findings from

Gondim et al. (P. et al., 2021), showed that viral resistance to IFN-I fluctuates

throughout infection and, notably, post-TI plasma viruses are the most IFN-I

resistant. This suggests that the induction of IFN-I immediately after infection

or treatment interruption can clear IFN-I sensitive viruses and only allow IFN-I

resistant viruses to replicate. Although there is no reported association between

T-cell immune escape and changes in IFN-I sensitivity, CTL escape (Roberts et al.,

2015; Zimbwa et al., 2007) has been well-described during primary infection and

the possibility of this affecting IFN-I sensitivity should be investigated. O-linked

glycosylation may also contribute to the regulation of the immune system and T-

cell development (Pereira et al., 2018), with recent evidence of a link between type I

interferons and modulation of the host glycome in HIV infection (Giron et al., 2020).

The association of the PTC phenotype with platelet activation is intriguing and

possibly consistent with reports that release of chemokines by activated platelets

can function as an extra barrier at the early stages of HIV infection (Solomon
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Tsegaye et al., 2013). However, further investigation is required to determine the

role of platelets in the defense against HIV.

WGCNA was performed to determine how gene modules associate with spe-

cific clinical traits. For an unbiased analysis, ‘time to rebound’ was used as a

trait to examine whether WGCNA findings corresponded with the GSEA analysis.

The analysis identified one dominant module that was associated with ‘Time to

Rebound’. The gene ontology and pathway analysis for this Module showed a

clear enrichment for IFN-I associated genes, supporting the previous results for the

phenotype traits. The majority of genes reported as hub genes were ISG, again

consistent with the argument that the response to type I interferons is impacting

rebound. None of the hub genes in the Module were found among the DE genes.

This is not surprising, given that WGCNA associates gene co-expression modules

with the trait of interest, rather than individual genes. Besides, DGE analysis

was based on arbitrary clustering of participant phenotypes, which may have made

singling out genes less robust and accurate. To this end, only genes identified with

WGCNA were used to build a gene signature in the subsequent steps.

A univariable Cox analysis identified seven genes, mostly ISGs, associated

with remission in the participants. Based on a multivariable Cox regression with

LASSO screening of these seven genes, a risk score based on the expression of four

(ISG15, XAF1,TRIM25 and USP18 ) was derived to predict the likelihood of viral

rebound. Higher expression of these four genes was strongly protective for post-TI

rebound. XAF1 is a pro-apoptotic tumor suppressor protein, which is induced

by IFN-I and tumor necrosis factor alpha (TNFa) (Jeong et al., 2018). ISG15 is

an interferon stimulated ubiquitin-like protein and a critical component of protein

modification and cell cycle regulation (Dzimianski et al., 2019; Perng & Lenschow,

2018). TRIM25 is an E3 ligase that positively regulates ISG15 conjugation to

pathogen proteins, in a process with reported antiviral effects called ISGylation

(Martín-Vicente et al., 2017). USP18 is a negative regulator of IFN-I signalling

that dampens its detrimental effects (Dzimianski et al., 2019; Honke et al., 2016;

X. Zhang et al., 2015). Although more work is underway to characterise the role
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of these pathways in HIV infection, this independent identification of these genes

would be consistent with a role in maintaining virological remission.

This study has several limitations, including the small sample size on which

the analysis was performed, as well as the lack of diversity in terms of sex and

the viral clade of the participants. In this subcohort, we analyzed only samples

from females due to an enrichment of African female participants in the SPARTAC

PTCs (Gossez et al., 2019). This resulted in a greater availability of PTC samples

from women compared to men. Additionally, given the significant differences in

gene expression between men and women in this study, where sex could not be

excluded as a confounding factor, we opted not to include samples from both sexes.

In addition, our analysis was limited to bulk CD4+ T cells, with no enrichment for

those cells that were HIV-specific or contained proviral DNA. In the era of single-

cell RNA sequencing, a more exploratory study of how each cell type proportion or

gene expression change contributes to the phenotype may be more informative. A

further limitation is that due to a lack of remaining samples we have been unable

to carry out any subsequent confirmatory experiments to test the significance of

the genes identified. The other factor to consider is whether our choice of clinical

phenotypes accurately discriminated between ‘post-treatment controllers’ and ‘elite

controllers’. The latter have been well characterised (Martin et al., 2017), and more

generally associated with effective HLA Class I-restricted T cell responses (Kiepiela

et al., 2007), whereas it is still unclear as to which mechanisms are driving PTC. Our

analysis of HLA types does reveal a number of protective alleles, but not enough

to explain our data. Larger studies in more diverse populations will be needed

to tease out these differences. However, that two independent analyses conferred

the same statistically significant results of pathway enrichment should be taken

into consideration. The finding of a strong type I interferon signal associating

with delayed rebound in this small study needs to be confirmed in larger clinical

trials incorporating TI. If these data are reproducible, they could help with the

identification of a valuable biomarkers of remission and pathways to drug discovery

for the HIV cure field.
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7.1 Context

bnAbs have shown remarkable efficacy in neutralising a wide range of HIV-1 strains,

offering hope for a functional cure. However, understanding the full impact of bnAb

therapy on the host immune response remains an ongoing area of investigation.

Previous studies have described the mechanism of HIV neutralisation by bnAbs
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in collaboration with other elements of the host immune response (Bournazos et

al., 2014; Caskey et al., 2019; Junker et al., 2020). Additionally, findings suggest

that passive administration of 10-1074 and 3BNC117 may enhance T-cell responses,

mainly CD8+, facilitating long-term viral clearance in primates and humans (Niessl

et al., 2020; Nishimura et al., 2017; Rosás-Umbert et al., 2022). However, at the

time of writing this thesis, no study to characterise the effect of bnAbs on the

transcriptome of host immune cells had been conducted.

Transcriptomic analysis provides a powerful tool for investigating the molecular

mechanisms underlying the effects of bnAb therapy. By studying gene expression

patterns, we can gain insights into the cellular and molecular pathways activated

or suppressed in response to bnAb treatment. Due to the exploratory nature of

this study, high-resolution analysis and a detailed investigation of the impact of

bnAbs on specific cell types were deemed essential. To comprehensively assess the

broad immune response to 10-1074 and 3BNC117 treatment at the transcriptomic

level, we employed single-cell RNA sequencing (scRNA-seq) to profile PBMCs from

selected RIO participants before and after bnAb treatment, without pre-selecting

for HIV-specific responses.

The findings of this study could provide valuable insights into the mecha-

nisms of bnAb therapy and inform the development of strategies for more effective

bnAb treatment.

7.2 Aims

I hypothesised that people who receive bnAb treatment would have distinct gene

expression profiles associated with immune activation, viral control, and potential

long-term effects on the host immune system. Furthermore, if a bnAb-induced

vaccinal effect exists, altered cell proportions and differential gene expression before

and after treatment are likely to be observed in CD8+ T cells, NK cells, and/or

antigen-presenting cells (Naranjo-Gomez & Pelegrin, 2019; Tipoe et al., 2022).
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1. Determine if there are any differences in cell composition in PBMCs before

and after bnAb treatment

2. Identify gene signatures of the effect of bnAb treatment in PBMCs.

3. Explore transcriptomic signatures of the vaccinal effect in PBMCs.

7.3 Results

7.3.1 Cohort

In total, PBMCs from 8 RIO participant sampled at UJ (baseline, on ART) and

UT (12 weeks post-bnAb administration and TI) were profiled using scRNA-seq for

this study. All but two participants were enrolled in Arm A, to reduce complexity,

and were undetectable at UT (Figure 7.1).

Figure 7.1: Single cell RNA seq study design.

The two Arm B participants were classified as PTCs, as no bnAb titers were

found in samples taken from them at any point during the trial (Table A.6).

Participants were selected based on the absence of viral rebound until the UT

timepoint (12 weeks post the first bnAb dose) and ideally for at least 40 weeks

after the first bnAb dose, which was the estimated time frame of bnAb falling

below 10 ug/ml. Participants did not have any evidence of bnAb resistance at

screening or at rebound at the time of selection and no protective HLAs were

found. Unfortunately, a clog on the 10x chip caused the encapsulation of PBMCs

from the UJ samples from participants 001-018 and 007-002 to fail. Therefore,

the UT samples from these participants were only used for annotation and not

for downstream analysis in this thesis.
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The clinical data shown in Table A.6 suggest that different mechanisms may be

responsible for viral control post-ART interruption for different groups of partici-

pants included in this study who received bnAb treatment. For instance, partici-

pant 003-003 had not experienced viral rebound 53 weeks after the concentration

of bnAbs fell below 10 ug/ml in the blood. The sustained viral suppression in this

individual could potentially be attributed to a durable immune response triggered

by a vaccinal effect, or alternatively, to post-ART control. In contrast, participant

001-012 remained undetectable for 42 weeks post bnAb-dose and experienced viral

rebound while the concentration of bnAbs was still detectable in the blood. This

raises the possibility that this participant developed resistance to bnAbs. Notably,

no sequences were amplified for this participant at neither baseline nor at the

post-bnAb rebound timepoint. The viral rebound of participant 003-006 coincided

with the decline of bnAb concentrations below the 10 ţg/mL mark, which could

suggest that bnAbs worked direct antiviral agent, with control being lost once the

therapeutic threshold was no longer maintained. Lastly, participants 008-001 (who

experienced low viral blips throughout follow-up) and 005-001 rebounded 39 and

16 weeks respectively, after bnAbs were washed out (Figure 7.2).The prolonged

maintenance of viral suppression in both individuals, despite the absence of ART

and detectable levels of bnAbs, implies a possible role for the vaccinal effect in

sustaining immune control. In the case of 008-001, it is possible that the continuous

exposure to low level viral antigen may have contributed to a continued stimulation

of the immune system, potentially modulating the vaccinal effect (Naranjo-Gomez

& Pelegrin, 2019).
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Figure 7.2: Viral Load plots for participants in the sc-RNA seq study. Blue line shows
the viral load trajectory for each participant. The vertical orange lines show the timepoint
where bnAbs were administrated. For participant 002-005, the saline dose is shown with
a dashed line. The shaded box represents periods of ART and the black line marks the
end of study timepoint.

Gene expression profiles of 77216 cells, an average of 5140 cells per participant

per timepoint, were acquired following the experimental procedures detailed in

Chapter Materials and Methods, Section 2.5. Post-annotation, downstream analy-

sis was performed using 66764 cells from 6 participants. Following data quality fil-

tering (which included regression of mitochondrial and ribosomal genes, doublet re-

moval, count normalisation, and batch-effect correction), principal-component anal-

ysis (PCA) and clustering on the informative PCA space (n=18, resolution=1.5)

were performed.

A total of 33 clusters were identified by Uniform Manifold Approximation and

Projection (UMAP) analysis and broad cell types were manually annotated based
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on established cell type markers (Figure 7.3). After collapsing due to high similarity,

the final number of clusters came to 28. Clusters 13/18 and 8 lacked canonical

markers to differentiate them from other major cell types. Both clusters lacked

the typical markers associated with major cell types. Interestingly, cluster 13/18

was characterised by the expression of SERINC5, a host restriction factor that

reduces HIV infectivity when it is incorporated in the viral envelope, and BACH2,

a known target for HIV integration and regulator of T cell differentiation (Richer

et al., 2016). Cluster 8 presented a transcriptomic profile similar to neighboring

CD8+ and NK cells, as well as dendritic cells, but lacked all the canonical markers

associated with these clusters. Several genes highly expressed in cluster 8, such

as STAT4, PRKCH, SYNE1, ZEB2 and FYN are directly associated with im-

mune responses, T-cell differentiation and T-cell receptor signalling. Cluster 7 was

characterised by CD4+ naive T cell markers, as was Cluster 2. The two clusters

differed at the expression of BACH2, TSHZ2, and PDE3B, which were moderately

upregulated in Cluster 7 and are associated with T cell naivety (Newton et al.,

2016; Richer et al., 2016). Therefore Cluster 2 was considered to be a CD4+

naive cluster with differentiation potential and was annotated as such (CD4 naive

diff). Cluster 20, which was mainly present in the UJ samples from participant

008-001 expressed CD14 and CXCL8, to differentiate it from the other CD14+

monocyte clusters. Cluster 22, a cluster expressing cytotoxic T-cell markers, was

found uniquely in the samples from participant 008-001. Lastly, a subset of cells

in cluster 5 distinctly expressed conventional DC markers and therefore it was

annotated as “CD14+monocyte/cDC1”.
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Figure 7.3: UMAPs clustering analysis of PBMC. On the left UMAP each cluster is
coloured by cluster identity.On the right, UMAP analysis with clusters annotated by
canoninal cell markers. Dotplot on the bottom shows the canonical marker expression
per cluster. Gene expression is color coded based on range and size represents the cell
proportion expressing the gene within the cluster.
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7.3.2 Differentiation is increased post-ART interruption and
bnAb treatment

As the first step in exploring the effect of bnAbs in the immune landscape in

individuals with HIV, I calculated the frequency of different cell types before and

after treatment with bnAbs. Paired samples from 5 participants who received

bnAbs were included in this analysis as well as the one PTC, who underwent

TI without having bnAbs.

Compared to baseline, an increase in the frequency of CD8+ cytotoxic, CD8+

EM, CD4+ EM, CD4+ naïve differentiating, CD4+ activated, B memory, B plasma,

CD8+ naïve, and CD16+ monocytes was marked at UT. Conversely, the frequency

of CD14+ monocytes, CD4+ CM, CD4+ activated, CD4+ naïve, CD8+ effector

cells, and macrophages decreased at UT (Figure 7.4A). In other words, we observed

an increase in the frequency of cells with a more activated phenotype at UT,

suggesting that more naïve cells at UJ may have differentiated into activated cells

post-bnAb treatment (Figure 7.4A).

The RIO trial is unusual as these participants stop ART but do not experience

viral rebound. There is a question as to whether the removal of the potential

toxicities associated with ART may impact gene expression, but this would be

contemporaneous with any impact of the bnAbs. In certain cell types, such as

in CD8+ EM, CD8+ cytotoxic, NKT cells, CD16+ monocytes, plasmablast and

pDCs, the changes observed in bnAb-treated participants were in the opposite

direction compared to those in PTCs. Notably, the changes in most CD4+ T cells

(except for CD4+ activated), all B cells, CD8+ effector cells, platelets, and Cluster

13/18 were similar in direction to those in PTCs but exhibited a greater magnitude.

This may suggest that bnAb treatment amplifies the changes in cell type frequency

that would happen post-ART interruption (Figure 7.4B).
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Figure 7.4: Impact of bnAbs on the cell clusters. Panel A shows the proportion of each
cell type at baseline, before bnAb treatment and 12 weeks after bnAb dose. Different
shades are used for the two timepoints. Panel B shows the difference in average cell count
per cell type, before and after bnAb treatment. The cell counts of the PTC per cell type
is shown for comparison. Different groups are coloured in blue (participants who received
bnAbs) and red (bnAb-naive PTC).
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7.3.3 Metabolic shift towards increased energy production
and utilisation following bnAb treatment

To gain a more granular understanding of cell type-specific effects, I conducted

differential gene expression analysis on individual clusters before and after bnAb

treatment. A total of 1173 unique genes were identified as differentially expressed

(up- or downregulated) between UT and UJ, across all cell types, with a false discov-

ery rate < 0.05 and an absolute log2 fold change (log2FC) > 1. In bnAb-untreated

participant samples, the most frequently upregulated genes across multiple clusters

were associated with cellular energy requirements, such as ATP5ME, NDUFB1,

and NDUFA3. However, genes with the largest log2FC values were DYNLL1,

C1orf162, SERTAD1, SNHG9, and STMN1. Conversely, frequently downregulated

genes included TALAM1, MYH9, TXNIP, PDE3A, FOS, AHNAK, KLF10, and

PRRC2A. Notably, PDR3A, along with IGFBP2, ARRDC4, and EGR1, were

among the top downregulated genes by log2FC. While most of these genes are

not directly associated with HIV, their roles in cellular processes such as AMP

signaling, cell adhesion, and growth may indirectly influence immune responses.

To elucidate the biological processes implicated by these differentially expressed

genes, I performed GSEA on each cluster separately. A total of 40 pathways

were enriched with an FDR < 0.25. Oxidative phosphorylation, reactive oxygen

species (ROS) and fatty acid metabolism pathways were enriched in most cell

clusters at UT compared to UJ. Notably, inflammation pathways, such as response

to interferon alpha and gamma, TNFa signaling via NFkB, TGFb signaling and

hypoxia pathways were enriched at the UJ clusters (Figure 7.5).
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Figure 7.5: Pathway enrichment in paired bnAb-naive and bnAb-treated RIO partici-
pants per cluster.The two panels show which pathawys are enriched in which cluster at
each timepoint. The dot size and colour represents the NES and adjp, respectively

7.3.4 Heterogeneity of bnAb effects in individual partici-
pants

Building upon the initial analysis of all participants, in this section I set out to

investigate what are the immunological factors that may influence specific clinical

outcomes in individuals who receive bnAb therapy. To start with, I explored the

changes in cell proportions between UJ and UT. As previously stated, the clinical

data suggest that these individuals may control HIV using bnAbs in different ways

and therefore classification into “clinical response” groups was not meaningful.

The cell proportion trend was universal across all participant in specific cell

clusters; a increase was observed in CD4+ CM, CD4+ naive diff and B plasma

cells in all participants who interrupted ART, from UJ to UT. A general decrease

was seen in platelets and CD14+ intermediate monocytes. Notably, in the CD14+

monocyte/cDC1, CD4+ naive, and EM clusters, the cell proportion changes for

008-001 were the opposite direction compared to all the rest. Additionally, the

CD8+ effector and CD14+ monocytes expressing CXCL8 clusters were particularly

prevalent at the UJ sample from 008-001 compared to other participants. These
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findings may indicate that changes in cell proportions between UJ and UT in these

cell types is associated with the presence of viral antigen.

Participant 003-003, who may be controlling through vaccinal effect, showed an

increase of CD8+ EM and pDC proportions from UJ to UT but a decrease in NK

and, uniquely, in CD8+ naive cells. The opposite trend was seen in the PTC, 002-

005, who has a decrease in CD8+ EM, in all APCs, including pDCs, and in NKT

cells. However, an increase was observed in the NK, CD4+ effector and MAIT cells.

Participants 005-001 and 003-006 show a similar clinical response to bnAbs, as both

rebound within 0-6 weeks of bnAb concentrations falling below 10 ug/ml. However,

the cell proportions changes differ in direction and magnitude in several clusters,

such as CD4+ activated, B naive, NK, MAIT, Treg cells, CD16+ monocytes and

pDCs. Participant 001-012, who maintained viral control for the shortest period

after bnAb treatment, was shown to have very moderate cell proportion changes

across different clusters, in comparison to other participants. The steepest decrease

was observed in Tregs and it was unique for 001-012 as well as in macrophages and

CD14+ monocytes, which was in line with the changes seen in 002-005 (Figure

7.6A). Single-cell T cell receptor profiling data, which was performed in parallel

with gene expression analysis, showed HIV specific-TCR clone expansion in 005-

001 and 003-003, whereas this was not confirmed for the other 4 participants

(Figure 7.6B). This TCR clone expansion is an indicator of a functional adaptive

immune response and could suggest a vaccinal effect. I hypothesised that these

two participants may be examples of long-term viral control mediated through the

vaccinal effect and to investigate potential signatures, I conducted differential gene

expression analysis on samples from these two individuals, before and after bnAb

treatment. I focused this analysis at cell types known to play a pivotal role in

the generation of the vaccinal effect.
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Figure 7.6: Individual participant analysis. A. Cell frequencies at each timepoint for
every individual participant, marked in different colours. Statistical significance of the
changes in each panel is noted as ns: non significant, *: <0.05, **<0.01. B. Proportion
of HIV-specfic TCRs in all TCRs at UJ and UT. TCRs selected here were those for which
a 90% identity match was found in the VDJ DB database.
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The analysis revealed a greater number of differentially expressed genes in

participant 005-001 compared to 003-003, suggesting distinct immune responses

to bnAbs despite the shared trend of HIV-specific TCR clone expansion. In

participant 005-001, HLA-C and CXCR4 were consistently upregulated across

multiple clusters (Figure A.1A). HLA-C is a class I MHC molecule that presents

antigens to cytotoxic T cells and has been associated with NK cell regulation

(Vollmers et al., 2021). Its upregulation could suggest increased immune activation

and a potential attempt to control the virus at UT compared to UJ. CXCR4 is one

of the two co-receptors that allow HIV to latch and enter a host cell. This was trend

was not observed on 003-003, or any other participant in this subset of the RIO

cohort. Conversely, HLA-B and CXCR4 were downregulated at UT in several

clusters in participant 003-003. DGE on CD14+ monocytes from participant

003-003 showed upregulation of CD52, a marker which has been associated with

T-cell activation suppression (Rashidi et al., 2018) (Figure A.1A). Additionally,

TNFRSF18, a T cell activation marker, was downregulated in CD8+ cytotoxic and

B memory cells from participant 003-003 at UT compared to UJ.

GSEA analysis identified distinct pathway enrichments between the two par-

ticipants (Figure A.1B). Specifically, TNFa signaling was enriched in UT clusters

for 005-001, while in 003-001, it was more prevalent in baseline clusters. Although

response to interferon pathways were enriched in both participants at UJ, more

clusters showed enrichment in 005-001 compared to 003-003. Lastly, the apopto-

sis pathway was enriched in CD14+ monocytes and macrophages sampled from

participant 005-001 at UT vs UJ while the pathway was not among the top10

pathways for participant 003-001.

7.4 Discussion

The aim of this study was to identify the effect of bnAbs on the immune landscape

of individuals who receive bnAb treatment, if any. To map the alterations in

perturbations and transcriptomic signatures at a high resolution, single-cell RNA
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seq PBMC data was used, and no prior selection was performed. The selection of

participants to be included in this study was made on the basis of time of viral

control >12 weeks post-bnAb dose and the availability of clinical data. Seven

participants were undetectable at baseline (UJ timepoint), as they were still on

ART and at UT timepoint, 12 weeks after ART interruption and bnAb dose. One

participant experienced low viral blips since ART interruption and throughout

the duration of follow-up until viral rebound and therefore a viral load of 57

copies/ml was measured at UT. Out of 8 participants initially planned to be

included, sequencing data were only available for 6. Samples from two timepoints

were used to compare the transcriptomic signatures before and after treatment but

also to be used as a control for intra-participant heterogeneity.

The annotation of the single-cell gene expression dataset cluster was based on

canonical markers but some clusters, such as Cluster 8 and Cluster 13/18 were not

annotated, due to lack of distinguishing canonical markers. Notably, the expression

of SERINC5, an anti-HIV host factor, as well as BACH2, a preferred target for HIV

integration, in cluster 8 may suggest that these are dysfunctional HIV infected

cells. This may suggest that this cluster is A proportion of cluster 8 cells expressed

CD56 and CD16 and therefore its is likely that they are a subset of NK cells.

Lastly, a cluster which expressed both platelet and T cell markers was annotated

as “Platelet/ T cell conjugates”. In the context of HIV infection, these may be

a cause of inflammation (Dai et al., 2021).

A comprehensive analysis of cell proportions and gene expression revealed no-

table changes in the composition of cells in bnAb-treated participants between

UJ and UT. A general increase in the frequency of activated and differentiated

immune cells in parallel with the decrease of naive and uncharacterised clusters

(such as Cluster 8 and Cluster 13/18) was observed at UT vs UJ. Differential

gene expression and pathway analysis using both a cluster-agnostic and cluster-

specific approach showed enrichment of genes and pathways associated with cellular

metabolism requirements and cellular stress at UT compared to UJ. This may be

due to antigen-induced stress on immune cells following ART interruption, although
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viremia is controlled by bnAbs and viral load remains clinically undetectable. On

the other end, inflammation pathways were enriched at UJ vs UT. This confirms

that immune activation and inflammation may persist in PWH despite ART (Zicari

et al., 2019) and may suggest that bnAbs induce less inflammation responses

compared to ART. Contrary to the findings presented in Chapter 5 (Section 6.3.5),

response to interferon type I was enriched at UJ compared to UT. This indicates

that the mechanism of bnAb-mediated control is different to that of PTC. However,

contrary to the SPARTAC cohort, participants analysed here were all male and

non-C subtype.

Despite the individual variability in clinical responses and cell type alterations

between the bnAb-naive and bnAb-treated groups at UJ and UT respectively,

the detection of HIV-specific TCR clones in participants 005-001 and 003-003

suggests a potential vaccinal effect. The DGE and pathway analysis however

did not reveal any shared signatures. Interestingly, participant 005-001 exhibited

a unique pattern of gene expression, with upregulation of CXCR4 and HLA-C

across multiple clusters in the UT sample. This was not observed in any other

participant.Contrary to the general trend observed in the UT versus UJ samples,

005-001 showed enrichment of inflammatory response and TNFa signaling pathways

at UT compared to UJ. This might indicate increased inflammation and immune

activation at UT, contrasting with the findings in 003-001 and the overall group

analysis. Against our expectations based on the mechanism of bnAb-induced

viral control (Naranjo-Gomez & Pelegrin, 2019; Tipoe et al., 2022), the DGE and

pathway analysis did not reveal significant evidence of enhanced immune activation

at UT compared to UJ. This could be attributed to a loss of signal due to pooling

PBMCs and a focus on non-HIV-specific immune cells as well as that 12 weeks post-

bnAb dosing might be too early for responses of high magnitude to be detectable.

The heterogeneity of participant responses and immune cell profiles limited the

statistical power of the analysis. Additionally, the lack of healthy control samples

hindered our ability to draw more definitive conclusions.
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Further investigations are warranted to delve deeper into the data. Techniques

such as weighted gene co-expression network analysis (WGCNA) and RNA trajec-

tory analysis could provide valuable insights into the underlying biological processes

and dynamic changes occurring in these samples. By incorporating these additional

analyses, we can potentially uncover more subtle and complex patterns within the

data, leading to a more comprehensive understanding of the immune responses

and vaccinal effect in HIV infection.
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The aim of this thesis was to explore the complex interplay between HIV and

the host immune response, focusing on the genomic and transcriptomic factors

associated with viral control following anti-HIV treatment in PHI. A large part

of my research was focused on bnAb treatment, in particular with 10-1074-LS

and 3BNC117-LS, which were used in the RIO trial. In this context, I presented

findings on the prevalence and evolution of bnAb resistance-associated mutations

in key populations of PLH, the impact of predicted sensitivity on bnAb treatment

efficacy, the transcriptomic signatures of post-ART control and the effect of bnAb

treatment on immune cell transcriptomes.

bnAbs offer a promising alternative to traditional ART for HIV infection. Un-

like ART, which targets viral replication, bnAbs directly neutralise virions, aug-

ment immunity and may target infected cells. Nevertheless, there are concerns

about the potential for clinical bnAb resistance to develop over time, particularly

when resistant viral variants are present before treatment. To mitigate this risk,

models predicting bnAb resistance prior to treatment with bnAbs have been devel-

oped in the past few years, utilising bnAb neutralisation data from experimental

assays and paired Env sequences. However, due to limited training datasets, espe-

cially for bnAbs with high neutralisation breadth, the accuracy of these predictions
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has not been extensively validated on a large scale. In this thesis, the Rockefeller

model was used to predict bnAb sensitivity by examining the envelope sequence for

specificndefined mutations associated with bnAb resistance. Although the outcome

of this model is binary (either resistant or sensitive), which does not fully capture

the spectrum of viral sensitivity to bnAbs, it is easily interpreted. Moreover, for

10-1074, the critical residues identified by the model to confer bnAb resistance

have been validated in the laboratory.

The analysis of clade B HIV Env sequences samples longitudinally throughout

the pandemic showed an increase in the prevalence of mutations associated with

bnAb resistance, which may be a result of the virus adapting to humoral responses

targeting similar epitopes on a population level. This trend has important impli-

cations for the efficacy of bnAbs as treatment or prevention in specific populations

and underscores the need for screening bnAb sensitivity prior to administration.

Like in HIV, similar surveillance is needed for viruses, such as hepatitis C and

B, for which bnAbs are considered as treatments or for novel vaccine designs

(Colbert et al., 2019; Hehle et al., 2020; Skinner & Bailey, 2020; Q. Wang et al.,

2020), to assess whether selective pressures from immune responses, treatment, or

passive immunotherapy drive viral escape at a population level. Insights from other

viruses reinforce the need for such monitoring; in SARS-CoV-2, variants such as

Omicron have accumulated mutations that significantly reduce nAb effectiveness,

requiring updates to monoclonal antibody treatments and vaccines (Cameroni et

al., 2022). Likewise, influenza undergoes continuous antigenic drift, leading to

decreased neutralisation by existing antibodies and necessitating yearly vaccine

reformulations (Petrova & Russell, 2018).

bnAb sensitivity analysis showed that approximately 28% of people who started

ART at PHI in the HEATHER cohort had pre-existing 10-1074 resistance-associated

mutations whereas approximately 15% of people in the same cohort had 3BNC117

resistance-associated mutations. The highest resistance-associated mutation rate

was found in individuals with CRF01-AE for 10-1074 and in those with F1 clade

for 3BNC117. Among individuals with clade B HIV, who were the majority in
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this cohort, 74.3% were predicted as fully sensitive to 10-1074 and 84.4% were

predicted as fully sensitive to 3BNC117. Notably, individuals with ART adherence

issues and non-B clade HIV in the BONDY cohort exhibited higher rates of 10-1074

resistance (62.2% of all participants in the cohort). Although there are doubts

about the efficiency of bnAb sensitivity prediction algorithms, the increasing bnAb

resistance in the population level and the prevalence of resistance in the UK key

populations living with HIV reinforce the arguments for bnAb sensitivity screening

prior to bnAb treatment, especially in those with non-B clade HIV or those who

struggle with ART adherence.

Tracking the origin of bnAb resistance-associated mutations in bnAb-naive PLH

is crucial for informing effective treatment strategies. Our findings suggest that

these mutations often arise in the later stages of infection and can persist over

time, aligning with the timeline of neutralising antibody development. This implies

that individuals with chronic HIV may have a higher prevalence of pre-existing

resistance, underscoring the importance of bnAb sensitivity screening before treat-

ment. To confirm these findings and to identify genetic signatures predicting

the emergence of bnAb resistance-associated mutations, it is essential to study

longitudinal samples from a larger, untreated cohort, including transmission pairs.

Furthermore, the findings in this thesis suggest that proviral Env sequences are

valuable for assessing bnAb sensitivity, particularly in early-stage infection.

RIO is currently the largest clinical trial testing the efficacy of 10-1074 and

3BNC117 in participants with PHI and bnAb sensitive reservoirs. Individual provi-

ral Env sequences obtained using SGA from candidates with PHI were screened for

10-1074 sensitivity, using the Rockefeller sensitivity prediction model. Only those

with screening samples classified as 10-1074 sensitive, ranging from fully sensitive to

low frequency resistance-associated mutations or non-amplifiable sequences, were

recruited in the trial. While 3BNC117 resistance was also predicted at baseline,

it was not factored into bnAb sensitivity eligibility criteria for trial recruitment,

due to low reliability. Participants were randomised in two trial arms, where they

would be offered either bnAbs (Arm A) or placebo (Arm B) as they stopped ART.
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Arm B participants who rebounded were offered to proceed to stage 2, where they

were given bnAbs with 6 months of ART, in order to investigate the potential for

post-bnAb control beyond therapeutic levels, and following dosing during viremia.

Although RIO was not designed to assess the impact of bnAb resistance on the

clinical outcome, we had the unique opportunity to assess how participants with

reservoirs predicted as sensitive did after bnAb treatment. We found that these

participants had a median time of viral suppression of 26 weeks post TI compared

to the control group who rebounded a median of 4 weeks post TI, without any

intervention. Furthermore, I reported that out of all Arm A participants who

were predicted as fully sensitive at baseline, 91% rebounded more than 8 weeks

after TI and 69% rebounded after the concentration of bnAbs fell in the blood

below 50 ug/ml, a threshold that we set to define resistance based on clinical

outcome. Conversely, one participant with baseline resistance to 10-1074 and two

to 3BNC117 rebounded in a similar time frame as individuals who underwent TI

at Arm B stage 1 and received no other intervention. Additionally, two in three

rebounded before 8 weeks post-TI and all rebounded before they reached the 50

ug/ml bnAb concentration threshold. While these results indicate the prediction

model effectively identified resistant individuals, more data (full-length HIV se-

quences and neutralisation assay data) are needed to improve model accuracy

and better predict in vivo outcomes. Furthermore, analyzing proviral sequences

in longitudinal samples from RIO participants who remain undetectable in the

absence of ART, could reveal changes, particularly in bnAb epitopes, indicative of

residual viral replication and selection pressure. This approach may help define

the therapeutic concentration threshold of bnAbs.

To determine the role of the host immune response in maintaining viral control

following treatment, I studied the gene expression patterns of host immune cells

of participants who received ART and participants who received bnAbs, as part of

two separate projects. First, I used bulk RNA sequencing to profile CD4+ cells

from a subset of female participants in SPARTAC, who received ART for 48 weeks

at PHI and subsequently underwent ATI. I compared the gene expression profiles
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of participants who rebounded early vs PTC, as defined by their clinical data.

Both supervised (GSEA on DGE) and unsupervised (WGCNA) analyses showed

that Interferon Type I pathways were enriched in the PTC samples at the time of

TI, compared to individuals who rebounded early. Additionally, a gene signature

consisting of four genes (ISG15, XAF1, TRIM25, and USP18) was identified as

predictive of viral rebound. While these findings provide valuable insights into the

mechanisms underlying post-TI viral control, further work is needed to validate

them in larger, more inclusive cohorts, to investigate the transcriptomic profile of

other immune cells, and to confirm their biological relevance in the laboratory,

using functional assays.

Sex-based differences in immune responses, both generally and in HIV infection,

are well documented and may influence the development and function of antibodies,

and consequently, the intra-host evolution of the virus (S. L. Klein & Flanagan,

2016; Scully, 2018). Although so far there exist no robust evidence that escape

mutation patterns differ by sex, the potential impact of sex hormones and immuno-

logical profiles on bnAb responses requires further investigation, particularly in

the context of bnAb immunotherapy. A key limitation in examining the prevalence

and evolution of bnAb resistance-associated mutations in this thesis was the limited

availability of samples from female participants. This reflects a broader issue in

the field, as most HIV research cohorts include predominantly male participants,

especially in high-income countries (Curno et al., 2016; Johnston et al., 2023).

Addressing this issue requires the implementation of more inclusive study designs

and improved support infrastructure, such as access to contraceptive options, flexi-

ble visit scheduling, and tailored educational materials. Moreover, mandating and

funding research that includes participants of all sexes and genders should be a

priority to ensure equal representation and more widely applicable findings.

Given the novelty of bnAb treatment, the precise mechanisms through which

the host immune response is modulated following administration are not yet clear.

To gain a deeper understanding of the cellular and molecular changes induced

within the host by bnAbs, I conducted an exploratory study using single-cell
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RNA sequencing to profile the entire repertoire of immune cells in the blood

following bnAb treatment. I used samples from selected participants in Arm

A, taken at baseline and 12 weeks after bnAb dosing. Indeed, bnAbs induce

changes in the composition of immune cells, such as an increase in activated and

differentiated immune cells and a decrease in naive cell populations. Additionally,

pathways associated with cellular stress and metabolism were enriched at the

post-bnAb treatment timepoint, indicating the metabolic demands of immune

activation. However, the study was limited by the small sample size and the

heterogeneity of responses among participants. Moving forward, we plan to include

more samples from RIO participants as well as from healthy donors in the existing

datasets in order to enhance the robustness and accuracy of our findings and better

capture the variability in immune responses post-bnAb treatment. In addition I will

perform unsupervised analysis, such as WGCNA, to correlate immune responses

with clinical outcomes without having to group them using arbitrary criteria.

In summary, this thesis contributes to a body of knowledge on bnAb resistance,

the predictive value of proviral Env sequences, and the host immune factors asso-

ciated with post-treatment viral control. By integrating genomic, transcriptomic,

and clinical data, this work highlights the importance of bnAb sensitivity screening,

the need for improved predictive models, and the role of immune activation in

maintaining viral suppression. While bnAbs hold great promise as a cure for HIV,

further research is essential to optimise strategies on their use, mitigate resistance,

and better understand the interplay between host and virus, which shapes the

long-term control of HIV.
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Table A.1: Demographics of the MACS participants. Resistance to bnAbs and mutations are presented as proportion of sequences in each
time point

HXB2 sites of bnAb resistance associated mutations

ID Months
post-
Sero-
conver-
sion

No Se-
quences

Resistance
to
10-1074

Resistance
to
3BN117

Viral
Load
(log)

334 456 332 279 330 325,
332

330,
334

279,
334

279,
332

332,
334

456,
457

5 11 0.00 0.00 4.84 0.00 0.00 0.00 0.00 0.00 0.00 0.0 0.00 0.0 0.00 0.00

20 12 0.00 0.00 4.65 0.00 0.00 0.00 0.00 0.00 0.00 0.0 0.00 0.0 0.00 0.00

30 9 0.11 0.00 3.78 0.11 0.00 0.00 0.00 0.00 0.00 0.0 0.00 0.0 0.00 0.00

51 12 0.00 0.00 5.34 0.00 0.00 0.00 0.00 0.00 0.00 0.0 0.00 0.0 0.00 0.00

61 11 0.00 0.00 4.67 0.00 0.00 0.00 0.00 0.00 0.00 0.0 0.00 0.0 0.00 0.00

73 10 0.00 0.00 4.69 0.00 0.00 0.00 0.00 0.00 0.00 0.0 0.00 0.0 0.00 0.00

85 12 0.00 0.67 5.54 0.00 0.58 0.00 0.00 0.00 0.00 0.0 0.00 0.0 0.00 0.08

103 11 0.00 1.00 4.92 0.00 1.00 0.00 0.00 0.00 0.00 0.0 0.00 0.0 0.00 0.00

2

126 11 0.00 1.00 5.21 0.00 1.00 0.00 0.00 0.00 0.00 0.0 0.00 0.0 0.00 0.00

4 20 0.00 0.00 5.06 0.00 0.00 0.00 0.00 0.00 0.00 0.0 0.00 0.0 0.00 0.00

9 16 0.00 0.00 4.76 0.00 0.00 0.00 0.00 0.00 0.00 0.0 0.00 0.0 0.00 0.00

15 13 0.00 0.00 4.77 0.00 0.00 0.00 0.00 0.00 0.00 0.0 0.00 0.0 0.00 0.00

21 21 0.00 0.00 4.57 0.00 0.00 0.00 0.00 0.00 0.00 0.0 0.00 0.0 0.00 0.00

27 15 0.00 0.00 4.21 0.00 0.00 0.00 0.00 0.00 0.00 0.0 0.00 0.0 0.00 0.00

33 16 0.12 0.00 3.57 0.00 0.00 0.12 0.00 0.00 0.00 0.0 0.00 0.0 0.00 0.00

38 15 0.40 0.00 4.86 0.00 0.00 0.40 0.00 0.00 0.00 0.0 0.00 0.0 0.00 0.00

42 24 0.08 0.00 2.00 0.04 0.00 0.04 0.00 0.00 0.00 0.0 0.00 0.0 0.00 0.00

48 17 0.47 0.00 4.96 0.06 0.00 0.35 0.00 0.06 0.00 0.0 0.00 0.0 0.00 0.00

53 13 0.85 0.00 4.79 0.00 0.00 0.85 0.00 0.00 0.00 0.0 0.00 0.0 0.00 0.00
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59 19 0.68 0.00 3.67 0.00 0.00 0.53 0.00 0.00 0.16 0.0 0.00 0.0 0.00 0.00

65 13 0.00 0.00 5.32 0.00 0.00 0.00 0.00 0.00 0.00 0.0 0.00 0.0 0.00 0.00

71 16 0.31 0.00 5.40 0.00 0.00 0.12 0.00 0.06 0.12 0.0 0.00 0.0 0.00 0.00

76 14 0.07 0.00 5.11 0.00 0.00 0.07 0.00 0.00 0.00 0.0 0.00 0.0 0.00 0.00

4

89 18 0.00 0.00 5.37 0.00 0.00 0.00 0.00 0.00 0.00 0.0 0.00 0.0 0.00 0.00

2 9 0.00 0.00 3.80 0.00 0.00 0.00 0.00 0.00 0.00 0.0 0.00 0.0 0.00 0.00

44 12 0.17 0.00 4.34 0.17 0.00 0.00 0.00 0.00 0.00 0.0 0.00 0.0 0.00 0.00
7

80 10 0.10 0.00 4.88 0.10 0.00 0.00 0.00 0.00 0.00 0.0 0.00 0.0 0.00 0.00

17 10 0.00 0.00 4.18 0.00 0.00 0.00 0.00 0.00 0.00 0.0 0.00 0.0 0.00 0.00

41 11 0.18 0.00 4.54 0.09 0.00 0.09 0.00 0.00 0.00 0.0 0.00 0.0 0.00 0.00
8

65 10 0.00 0.00 5.06 0.00 0.00 0.00 0.00 0.00 0.00 0.0 0.00 0.0 0.00 0.00

14 2 0.00 0.00 2.09 0.00 0.00 0.00 0.00 0.00 0.00 0.0 0.00 0.0 0.00 0.00

20 4 0.00 0.00 2.48 0.00 0.00 0.00 0.00 0.00 0.00 0.0 0.00 0.0 0.00 0.00

26 11 0.00 0.00 2.90 0.00 0.00 0.00 0.00 0.00 0.00 0.0 0.00 0.0 0.00 0.00

32 10 0.00 0.00 2.76 0.00 0.00 0.00 0.00 0.00 0.00 0.0 0.00 0.0 0.00 0.00

38 5 0.00 0.00 3.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0 0.00 0.0 0.00 0.00

44 7 0.00 0.00 3.50 0.00 0.00 0.00 0.00 0.00 0.00 0.0 0.00 0.0 0.00 0.00

50 9 0.00 0.00 3.60 0.00 0.00 0.00 0.00 0.00 0.00 0.0 0.00 0.0 0.00 0.00

54 5 0.00 0.00 3.70 0.00 0.00 0.00 0.00 0.00 0.00 0.0 0.00 0.0 0.00 0.00

62 12 0.00 0.00 3.80 0.00 0.00 0.00 0.00 0.00 0.00 0.0 0.00 0.0 0.00 0.00

67 10 0.50 0.00 3.90 0.40 0.00 0.00 0.00 0.00 0.00 0.1 0.00 0.0 0.00 0.00

74 17 0.65 0.00 4.00 0.59 0.00 0.06 0.00 0.00 0.00 0.0 0.00 0.0 0.00 0.00

80 15 0.73 0.00 4.10 0.73 0.00 0.00 0.00 0.00 0.00 0.0 0.00 0.0 0.00 0.00

86 5 0.80 0.20 4.04 0.60 0.00 0.00 0.00 0.00 0.00 0.0 0.00 0.2 0.00 0.00

92 14 1.00 0.07 3.80 0.64 0.00 0.29 0.00 0.00 0.00 0.0 0.07 0.0 0.00 0.00

98 10 0.60 0.00 3.60 0.60 0.00 0.00 0.00 0.00 0.00 0.0 0.00 0.0 0.00 0.00
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105 4 0.50 0.00 3.50 0.50 0.00 0.00 0.00 0.00 0.00 0.0 0.00 0.0 0.00 0.00

110 6 0.33 0.00 3.40 0.00 0.00 0.00 0.00 0.00 0.00 0.0 0.00 0.0 0.33 0.00

117 14 0.21 0.00 3.20 0.14 0.00 0.00 0.00 0.00 0.00 0.0 0.00 0.0 0.07 0.00

134 12 0.00 0.00 3.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0 0.00 0.0 0.00 0.00

140 6 0.00 0.00 2.90 0.00 0.00 0.00 0.00 0.00 0.00 0.0 0.00 0.0 0.00 0.00

147 8 0.00 0.00 2.88 0.00 0.00 0.00 0.00 0.00 0.00 0.0 0.00 0.0 0.00 0.00

154 9 0.00 0.00 2.64 0.00 0.00 0.00 0.00 0.00 0.00 0.0 0.00 0.0 0.00 0.00

10

158 7 0.00 0.00 2.75 0.00 0.00 0.00 0.00 0.00 0.00 0.0 0.00 0.0 0.00 0.00

-3 6 0.00 0.00 5.31 0.00 0.00 0.00 0.00 0.00 0.00 0.0 0.00 0.0 0.00 0.00

3 8 0.00 0.00 4.73 0.00 0.00 0.00 0.00 0.00 0.00 0.0 0.00 0.0 0.00 0.00

29 8 0.00 0.00 2.87 0.00 0.00 0.00 0.00 0.00 0.00 0.0 0.00 0.0 0.00 0.00

42 6 0.00 0.17 2.69 0.00 0.00 0.00 0.17 0.00 0.00 0.0 0.00 0.0 0.00 0.00

58 10 0.00 0.00 2.67 0.00 0.00 0.00 0.00 0.00 0.00 0.0 0.00 0.0 0.00 0.00

70 7 0.14 0.00 3.25 0.14 0.00 0.00 0.00 0.00 0.00 0.0 0.00 0.0 0.00 0.00

11

100 7 0.71 0.00 2.00 0.43 0.00 0.00 0.00 0.00 0.00 0.0 0.00 0.0 0.29 0.00
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Table A.2: RIO Arm B Demographics.

Sensitivity Time to Rebound (weeks) bnAb concentration at rebound bnAb concentration at 2nd TI
ID VL at dosing Baseline Rebound No of Doses Stage 1 Stage 2 10-1074 3BNC117 10-1074. 3BNC117. Elispot Gag response (2nd TI)
005-004 20 Sensitive NA 2 2 4 28.8 31.1 33.8 37.0 265.0
001-009 162 10-1074 10-1074 2 2 3 36.0 35.0 36.3 39.7 660.0
001-002 497 Sensitive 10-1074 1 2 5 29.0 35.4 33.7 45.7 40.0
001-019 663 Sensitive 10-1074 2 2 7 29.3 28.7 42.2 43.5 35.0
006-010 20500 Sensitive Sensitive 1 2 4 41.1 38.4 49.8 51.2 1190.0
001-017 58 Minor 10-1074 10-1074 2 3 3 36.6 37.5 42.2 43.5 200.0
003-018 86 Sensitive Not rebounded 2 3 5 NA NA 41.7 53.0 NA
005-006 126 Sensitive NA 2 3 8 26.9 20.3 64.0 67.7 380.0
001-013 2070 Sensitive on ART 2 3 NA NA NA 42.0 39.7 367.5
001-020 32800 Minor 3BNC117 NA 2 3 4 49.3 41.4 58.7 54.3 1800.0
003-001 31 Minor 10-1074 10-1074 1 4 119 NA NA 55.2 63.3 180.0
003-004 40 Sensitive 10-1074 2 4 26 16.8 11.6 56.6 65.1 52.5
002-001 168 Sensitive Sensitive 1 4 9 27.6 43.2 39.7 62.5 345.5
001-003 196 Sensitive 10-1074 1 4 28 10.8 9.9 28.0 35.4 435.0
007-007 515 Sensitive Sensitive 2 4 4 25.7 33.3 29.3 28.1 1002.5
002-004 225 Sensitive NA 2 5 5 12.9 6.9 12.5 9.0 207.5
008-004 20 Sensitive on ART 1 6 NA NA NA 36.2 38.7 NA
007-012 41 3BNC117 Not rebounded 2 6 13 34.1 30.8 36.2 38.7 NA
008-012 46 Sensitive Not rebounded 2 6 17 NA NA 79.7 91.1 NA
003-016 87 Sensitive on ART 2 6 NA NA NA 39.5 45.5 0.0
001-027 126 Minor 3BNC117 Not rebounded 2 6 8 NA NA 58.2 70.7 95.0
008-014 233 Sensitive Not rebounded 2 6 8 NA NA 20.5 22.2 120.0
007-003 30 Sensitive Sensitive 2 8 27 10.1 10.1 48.8 71.1 177.5
008-010 30 Sensitive Not rebounded 2 8 31 NA NA 29.6 31.1 NA
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Table A.3: Arm A Participants predicted as sensitive at baseline and resistant based on outcome.

Sensitivity (Rockefeller Algorithm) bnAb concentration=50 ug/ml (Week post last dose) bnAb-ReP Neutralisation prediction at baseline (range) Median IC80 at baseline (ug/ml)

ID Baseline Rebound Time to
Rebound

10-1074
(ug/ml)

3BNC117
(ug/ml)

Resistance
(TTR)

Resistance(PK)10-1074 3BNC117 10-1078
concentar-
tion

3BNC117 concentration

001-021 Sensitive Minor 3BNC117 7 21 20 Yes Yes 0.9
(0.88-0.93)

0.98
(0.53-0.98)

27.6 0.57

001-032 NA NA 12 19 19 No Yes NA NA NA NA
003-009 Sensitive Sensitive 11 20 20 No Yes 0.86 (0.86) 0.84 (0.84) NA NA
004-003 Sensitive NA 12 17 19 No Yes 0.82 (0.82) 0.46 (0.46) NA NA
006-003 Sensitive 10-1074 17 24 24 No Yes 0.96 (0.96) 0.94 (0.94) NA NA

007-001 Sensitive 10-1074 18 22 24 No Yes 0.93 (0.93) 0.97 (0.97) NA NA
007-014 Minor 3BNC117 NA 14 21 22 No Yes 0.94

(0.91-0.94)
0.83
(0.37-0.97)

NA NA

007-016 Sensitive NA 7 NA NA Yes NA 0.93
(0.92-0.94)

0.5
(0.42-0.94)

NA NA
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Table A.4: Average variable and hypervariable loop 1-5 length and number of PNGs in the same Env regions.

ID Timepoint Mutations V1 HV1 V2 HV2 V1V2 HV1V2 V3 V4 HV4 V5 HV5 V1_PNG HV1_PNG V2_PNG HV2_PNG V1V2_PNG HV1V2_PNG V3_PNG V4_PNG HV4_PNG V5_PNG HV5_PNG
001-002 Baseline Sensitive 25.0 17.0 42 7.0 65.0 24.0 37 38.7 18.7 11 5 5.0 3.0 2 1 7.0 4.0 2 5.7 2.8 1.0 1.0
NA Post-Treatment S/T334G 25.0 17.0 42 7.0 65.0 24.0 37 38.7 18.7 11 5 5.0 3.0 2 1 7.0 4.0 2 5.7 2.8 1.0 1.0
001-003 Baseline Sensitive 32.0 24.0 41 6.0 71.0 30.0 37 37.0 21.0 14 8 5.0 3.0 2 1 7.0 4.0 1 3.0 6.0 3.0 2.0
NA Post-Treatment S/T334N (+H/Y330L) 30.2 22.2 41 6.1 69.2 28.2 37 33.3 15.6 14 8 4.1 2.1 2 1 6.1 3.1 1 5.2 2.8 2.0 2.0
001-010 Baseline Sensitive 29.0 21.0 41 6.0 68.0 27.0 37 32.0 15.7 12 6 4.0 2.0 2 1 6.0 3.0 2 3.2 4.8 2.9 1.9
NA Post-Treatment S/T334N 29.0 21.0 41 6.0 68.0 27.0 37 31.7 12.4 12 6 4.0 2.0 2 1 6.0 3.0 2 5.0 2.0 2.0 1.0
007-001 Baseline Sensitive 34.0 26.0 44 9.0 76.0 35.0 37 27.0 9.9 13 7 4.0 3.0 2 1 6.0 4.0 1 2.1 2.9 2.1 2.9
NA Post-Treatment N332K or S/T334N 34.0 26.0 44 9.0 76.0 35.0 37 27.0 8.0 13 7 4.0 3.0 2 1 6.0 4.0 1 3.0 1.0 3.0 2.0
001-018 Baseline Sensitive 33.4 25.4 39 4.0 70.4 29.4 37 35.0 17.9 15 9 4.7 2.7 2 1 6.7 3.7 1 5.0 2.0 2.0 1.0
NA Post-Treatment S/T334R 35.0 27.0 39 4.0 72.0 31.0 37 35.0 18.0 15 9 5.0 3.0 2 1 7.0 4.0 1 5.0 2.0 2.0 1.0
006-003 Baseline Sensitive 30.0 22.0 41 6.0 69.0 28.0 37 29.0 8.0 13 7 3.9 2.0 2 1 5.9 3.0 2 4.0 1.0 2.0 2.0
NA Post-Treatment N332D/S 30.0 22.0 41 6.0 69.0 28.0 37 29.0 8.0 13 7 4.0 2.0 2 1 6.0 3.0 2 4.0 1.0 2.0 2.0
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Table A.5: Participant demographics. Number of participants stratified by clinical
rebound timing. Numbers of participants analysed by age, country of origin, viral clade,
Time to Rebound (Days), Rebound Phenotype, pre-ART viral load, HLA B Types and
Sample Availablity per timpoint.

Characteristic Overall
N = 18

Female
N = 14

Male
N = 4

Age 27 (23, 35) 25 (22, 31) 35 (31, 41)
Country

South Africa 12 (67%) 12 (86%) 0 (0%)
UK 4 (22%) 1 (7.1%) 3 (75%)
Italy 1 (5.6%) 0 (0%) 1 (25%)

Uganda 1 (5.6%) 1 (7.1%) 0 (0%)
Viral Clade

C 14 (78%) 14 (100%) 0 (0%)
A/ B 1 (5.6%) 0 (0%) 1 (25%)
AG/B 1 (5.6%) 0 (0%) 1 (25%)

B 1 (5.6%) 0 (0%) 1 (25%)
D 1 (5.6%) 0 (0%) 1 (25%)

Days to Rebound 173 (28, 503) 173 (29, 542) 103 (26, 240)
Rebound Phenotype

PTC 11 (61%) 9 (64%) 2 (50%)

ER 7 (39%) 5 (36%) 2 (50%)
Pre-ART Viral Load (log) 4.38 (3.11, 4.82) 4.16 (2.83, 4.78) 4.92 (3.97, 5.35)
HLA B Types

- 3 (17%) 2 (14%) 1 (25%)
B*15:10, B*58:02 2 (11%) 2 (14%) 0 (0%)

B*15:03, B*42:01 1 (5.6%) 1 (7.1%) 0 (0%)
B*35:01, B*57:03 1 (5.6%) 1 (7.1%) 0 (0%)
B*35:01, B*81:01 1 (5.6%) 1 (7.1%) 0 (0%)
B*41:01, B*42:01 1 (5.6%) 1 (7.1%) 0 (0%)
B*42:02, B*51:01 1 (5.6%) 1 (7.1%) 0 (0%)

B*44:02, B*44:02 1 (5.6%) 0 (0%) 1 (25%)
B*44:02, B*81:01 1 (5.6%) 1 (7.1%) 0 (0%)
B*44:03, B*58:02 1 (5.6%) 1 (7.1%) 0 (0%)
B*45:01, B*51:01 1 (5.6%) 0 (0%) 1 (25%)
B*7:02, B*39:10 1 (5.6%) 1 (7.1%) 0 (0%)

B*8:01, B*13:02 1 (5.6%) 1 (7.1%) 0 (0%)
B*8:01, B*15:03 1 (5.6%) 1 (7.1%) 0 (0%)
B*8:01, B*35:01 1 (5.6%) 0 (0%) 1 (25%)

Samples Available
Both 11 (61%) 11 (79%) 0 (0%)

Week 48 only 7 (39%) 3 (21%) 4 (100%)
1 Median (Q1, Q3); n (%)
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Table A.6: Participant demographics

bnAb concentration at rebound (ug/ml) Sensitivity (Rockefeller) HLA
ID VL at UT (copies/ml) Time to rebound (weeks after 10 ug/ml) 10-1074 3BNC117 Baseline Rebound Time on ART (Years) Clade HLAA1 HLAA2 HLAB1 HLAB2 HLAC1 HLAC2
001-012 0 NA 42.46 50.92 NA NA 6 CRF02-AG 03:01 30:01 08:01 13:02 06:02 07:02
001-018 0 NA 54.61 84.85 Sensitive 10-1074 6 B 02:01 03:01 14:01 39:06 07:02 08:02
002-005 0 PTC PTC PTC PTC PTC 11 B 02:01 03:01 15:16 18:01 05:01/03 14:02
003-003 0 53 Not rebounded Not rebounded Sensitive Not rebounded 7 B 02:01 32:01 15:01 44:02 03:04 05:01/03
003-006 0 0 11.11 8.38 Sensitive NA 8 B 02:01 68:01 35:02 51:08 04:01 15:02
005-001 0 6 NA NA Sensitive NA 6 B 02:01 03:01 14:02 37:01 06:02 08:02
007-002 0 PTC PTC PTC PTC PTC 7 B 24:02 26:01 27:05 35:01 02:02 04:01
008-001 57 14 5.05 2.48 Sensitive NA 8 B 02:01 02:01 07:02 44:03 07:02 16:01
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Figure A.1: Differential gene expression and pathway enrichment analysis for different
cell type clusters, in 005-001 and 003-003. Panel A shows volcano plots with differentially
expressed genes in UT vs UJ. DE genes are defined by |log2FC|>1 and padj<0.05. Panel
B shows pathways enriched at UJ and UT in different cell type clusters, based on DGE
identified in specific cell types.
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