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The expansive global diversity of HIV-1 Env presents significant hurdles in developing a
broadly protective vaccine. This diversity is a result of HIV Env’s exceptional evolutionary
capacity, which allows it to evade the extraordinary diversity of the humoral immune system
during infection. However, the evolutionary arms race between Env and humoral immunity
occasionally drives the development of broadly neutralizing antibodies (bnAbs) capable of
neutralizing diverse strains. Mapping the epitope specificity of bnAbs has revealed conserved
regions of Env, which are promising targets for structure-based vaccine design. Additionally,
bnAbs’ broad activity and potential to direct the killing of infected cells make them promising
antiviral immunotherapeutic drugs for HIV prevention, therapy, and cure strategies. Translating
bnAbs into vaccines and therapies will require both a detailed understanding of how bnAbs

interact with Env as well as assessing their potential for viral escape.
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While structural studies provide atomic-level views of HIV-antibody interactions, they
fail to reveal the functional interactions necessary for neutralization and the viral mutations that
disrupt these interactions. Neutralization and binding assays using mutants can provide such
information for specific mutations, but even the largest studies employing one-at-a-time
mutagenesis can only assay a small fraction of all possible Env mutations.

To overcome these shortcomings, we have developed mutational antigenic profiling, a
deep mutational scanning approach that completely maps the functional interface between HIV
and an antibody in a single massively parallel experiment. This involves generating libraries of
HIV that carry all possible amino-acid mutations to Env (12,730 amino-acid mutations),
incubating these viral libraries with or without an antibody, infecting T cells, and using deep
sequencing to quantify the enrichment of each mutation in the antibody selected versus non-
selected libraries. Profiling escape from bnAb PGT151 identified all previously known and
revealed numerous additional escape mutations. Benchmarking these data against traditional
neutralization assays further validated that we accurately quantified the effect of all amino-acid
mutations to Env. Additionally, evaluating the effect of each amino acid at each site elucidated
the biochemical mechanisms of escape throughout the epitope, highlighting the previously
unappreciated role for charge-charge repulsions.

To gain a broad view of HIV antibody escape, we mapped escape from a panel of nine
bnAbs targeting the five best-characterized Env epitopes. Importantly, many of these bnAbs are
being clinically developed as immunotherapeutics. While prior studies had defined each of these
bnAbs’ structural epitope, our unbiased mapping defined their functional epitopes, or the sites at
which mutations mediated escape in the context of replication competent viruses, for the first
time. For most bnAbs, mutations at only a small fraction of structurally defined contact sites
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mediated escape, and escape often occurred at sites that are near but do not directly contact the
antibody. Further, these data helped to interpret viral mutations observed in immunotherapy
clinical trials—in vivo escape occurred in the functional epitope, some of which was previously
missed since it was far from the structural epitope. Additionally, this data allowed for an
unbiased quantification of the ease of viral escape for each bnAb, which we found is distinct
from antibody breadth.

We also mapped escape from a pool of two bnAbs; we found that there were no
mutations that robustly escaped both antibodies, agreeing with the results of two recently
completed clinical trials that administered this combination. Further, we profiled escape from
two antibodies across multiple viral strains, providing the first unbiased quantifications of strain-
specific differences in antibody escape.

Next, we leveraged mutational antigenic profiling to directly refine structure-based
vaccine design. We contrasted escape from bnAb VRC34.01 with escape from two murine
antibodies that were elicited with immunogens based on the VRC34.01 epitope. This revealed
distinct differences in the recognition of natural and vaccine-elicited antibodies, and provide a
template to guide the iterative rounds of vaccine design.

We then adapted this approach to better delineate the genotypic determinants of
resistance to the only clinically approved HIV fusion inhibitor, enfuvirtide. Again, we identified
both previously characterized and novel resistance mutations. Many resistance mutations were
allosteric to the drug’s binding site, which shed light on diverse mechanisms of resistance.
Further, this complete map of resistance may be of use in the clinical monitoring of resistance

during therapy and the genotypic prediction of enfuvirtide sensitivity prior to treatment.



Few protein-protein interfaces have been as heavily studied as those between bnAbs and
Env, as these interactions provide the motivation for many HIV treatment and prevention efforts.
Mutational antigenic profiling yields an unprecedented view of these interfaces, redefining out
understanding of an antibody’s functional epitope. The complete maps of viral escape detailed in
this thesis provide a mutation-level antigenic atlas for understanding viral immune escape and

guiding the development of antibody immunotherapies and vaccines.
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Chapter I

Introduction

The HIV-1/AIDS pandemic

HIV-1/AIDS continues to be one of the greatest global health burdens thirty-five years
after its discovery, with an estimated 36.9 million people infected and 940,000 deaths annually
[1]. Despite significant advances in treatment and prevention, including promising advances in
using antiretrovirals as pre-exposure prophylaxis and treatment as prevention [2], there are
approximately 1.8 million new infections annually [1], concentrated in some of the world’s most
disadvantaged and marginalized communities.

These sobering statistics highlight the dire need for a preventative vaccine. While few
topics have received as much research as an HIV-1 vaccine, the virus has been remarkably
recalcitrant to these efforts. The virus’s extensive antigenic diversity, highlighted by the nine
distinct viral subtypes that can share as little as 64% identity in the immunodominant viral Env
protein [3], presents one of the starkest difficulties in designing a broadly protective antibody-

based vaccine.

HIV-1 Envelope

Env is the only viral protein present on the surface of virions and is the target for
neutralizing antibody responses. This trimeric receptor glycoprotein, made up of three surface
(gp120) and transmembrane (gp41) heterodimers, is responsible for entry into host cells. Env

first binds to the cellular receptor CD4, which results in conformationally rearrangement and



“opening” of the trimer, creating the CCRS5 or CXCR co-receptor binding site [4]. Subsequent
co-receptor binding triggers conformational rearrangements in gp41, resulting the insertion of the
fusion peptide into the target cell membrane and the formation of the putative “pre-hairpin
intermediate” structure [5]. Finally, collapse of gp41°’s two heptad repeat regions forms the post-
fusion six helical bundle, providing the energy necessary to fuse the target cell and virion
membranes, facilitating viral entry [6].

Env’s expansive genetic and antigenic diversity is the result of HIV’s exceptional ability
to evade immunity through rapid sequence evolution, facilitated by its large population size,
quick generation time, and error-prone replication. Further, Env has evolved many additional
immune evasion strategies. Env is covered by a host-derived “glycan shield” that encompasses
half of its mass and cloaks a majority of the protein surface [7], and virions evades antibody
cross-linking avidity effects by limiting trimer density on the virus surface [8]. Additionally, Env
is conformationally dynamic and only exposes certain epitopes transiently [9] or post receptor
binding [10], and the virus displays decoy epitopes that elicit non-neutralizing antibodies via

presentation of nonfunctional Env conformations and “stumps” [11].

HIV-1 antibodies

After infection, antibodies to immunodominant variable loops develop within the first
few weeks [12]. However, early binding antibody responses fail to neutralize the virus and exert
little selective pressure on Env [13]. After a few months, neutralizing antibodies develop, but are
often specific to the autologous virus, with limited heterologous breadth, meaning they fail to
neutralize other diverse viral strains [12]. While these antibodies do exert selective pressure on

Env, the viral population is able to evolve resistance [14—16], staying one step ahead of the



developing antibody response in vivo. While some of my previous work illustrated how antibody
responses found during infection likely do not play a role in protecting against superinfection
(reinfection with a distinct viral strain) [17], characterizing exceptional antibody responses may
still provide a roadmap to HIV prevention.

Over the last decade, a burgeoning number of broadly neutralizing antibodies (bnAbs)
have been isolated from HIV-infected humans. The isolation and characterization of these
bnAbs, found in 10-50% of individuals depending on the definition of “broad”, has identified
functionally and sequence conserved Env epitopes that are promising vaccine targets [18]. These
sites include the CD4 binding site (CD4bs), membrane proximal external region (MPER), N332
glycan supersite, V1/V2 trimer apex, and gp120-gp41 interface/fusion peptide [18].

BnAbs, which usually arise after multiple years of infection and iterative rounds of viral
escape and subsequent affinity maturation [19], often have unique genetic features. In addition to
their extensive somatic hypermutation (up to ~30% form germline due to affinity maturation),
bnAbs often have long HCDR3 loops and particular antibody variable gene usage [18]. The
unique sequence features of bnAbs allow them to penetrate the glycan shield and target
conserved Env epitopes. For example, the long, rigid HCDR3 loop of PGT145 allows it to reach
through the glycans at the trimer apex and bind an epitope at the trimer interface [20]. Further,
the breadth of CD4bs bnAbs correlates with their angle of approach [21], which likely reflects
their ability to access the CD4bs while accommodating steric hindrance from neighboring
glycans [7]. This unique targeting of the CD4bs is driven by either the usage of a particular VH
gene or HCDR3 rearrangement [21], highlighting how bnAbs can find general approaches to

thwart Env’s immune evasion tactics and access conserved epitopes.



BnAb-based vaccines and immunotherapies

A detailed characterization of bnAb epitopes has been the basis for structure- or epitope-
based vaccine design. Eliciting responses to such sites has thus far had limited success [22],
likely due to the highly specific ontogeny, binding, and circumvention of Env’s defenses that
each bnAb employs. However, structure-based vaccine design is starting to show its true
potential for developing a broadly protective HIV vaccine [23-26]. Admittedly, any vaccination
approach that tries to mimic the prolonged antigenic exposure that results in the development of
bnAbs has many hurdles to overcome, but there have recently been promising advances in bnAb
priming and sequential immunization strategies that aim to provoke the intricate affinity
maturation processes of bnAbs [24,26-28]. In order to elicit such highly specific responses with
vaccination, a more detailed understanding of bnAb epitopes and the determinants of bnAb
elicitation is needed. This includes (but is certainly not limited to) high-resolution definitions of
exactly what residues encompass an epitope, paraptope-epitope binding chemistries, mechanisms
of neutralization, and identification of allosteric sites that may influence epitope exposure via
altering steric hindrance or conformational dynamics.

In addition to revitalizing antibody-based vaccine efforts, the identification of bnAbs has
also allowed for the development of novel antibody-based therapies. bnAbs’ broad activity and
potential to direct the killing of infected cells through Fc-mediated interactions make them ideal
antiviral drugs for HIV prevention, therapy, and cure strategies.

Proof-of-concept studies in animal models have shown that passively transferred bnAbs
can prevent infection [29—-35], and suppress viremia during infection [36—40]. Further,
administration of bnAbs to macaques has been shown to halt SHIV infection in infants [41] and

delay or eliminate viral rebound after ARV discontinuation [42]. bnAb immunotherapies are also



rapidly progressing in humans, where they have resulted in the transient reduction of viral load
or delay of viral rebound after treatment interruption [43—47]. Currently, there are clinical trials
planned or underway to evaluate bnAbs as part of “shock and kill” strategies, to reduce reservoir
size and/or allow “drug holidays” via administration at treatment interruption, to therapeutically
suppress viremia, to prophylactically prevent infection (largely as a proof-of-concept), and to
prevent infection in infants [48]. This rapidly advancing field of human clinical trials is detailed

in Figure 1.1.
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Figure 1.1. The clinical trial landscape of HIV bnAb interventions. Numbers indicate the
number of trial participants receiving bnAbs, letters annotate the NIH Clinical Trial Registry

Number for each trial. Adapted from [48].

However, bnAbs have an exceptionally difficult target to wrangle. HIV Env’s exceptional
evolutionary capacity allows the virus to stay one step ahead of bnAbs during infection, and

resistance often arises when bnAbs are therapeutically administered to infected animals



[38,39,49] or humans [43—47,50]. Defining the viral mutations that mediate viral escape is
therefore essential to optimizing and evaluating bnAb-based immunotherapies and vaccines. This
is not always an easy task, as many mutations arise during infection and it is oftentimes not
immediately clear which ones play a role in immune evasion. This then must be validated by
testing individual mutations one-at-a-time in neutralization or binding experiments.

While massive efforts have been directed at mapping the epitope of bnAbs using
structural and functional approaches, these data fail to completely define the functional epitope,
defined as the sites where viral mutations can mediate escape from antibody neutralization.
While bnAb escape mutants have been identified through a variety of experimental and
observational means, we have yet to define all possible pathways of escape from even a single
bnAb. Additionally, identification of all the amino-acids that mediate escape at a given residue,
rather than just single mutants that have arisen during in vivo or in vitro antibody selection,
would give clues as to the biochemical properties that mediate escape. This comprehensive view
of escape is not easily achievable with current antibody mapping approaches, which are hindered
by the complexities of Env-antibody interactions.

High-resolution structural studies, such as cryo-EM and crystallography, are often
considered the gold standard for epitope mapping, but are labor-intensive and technically
challenging to perform in the context of conformationally relevant Env. Further, even atomic-
level structural characterization of Env-antibody interactions does not define the functional
interactions that drive neutralization. Fine-resolution functional mapping currently relies on
interrogation of single selected mutant pseudoviruses in neutralization assays, which is also
labor-intensive, inherently biased, and does not reveal if escape mutants are actually viable.

Finally, escape mutants have been identified through observational studies of bnAb escape in



infected individuals, animal models, or in vitro passaging, but these approaches only identify a
small subset of all possible escape mutants due to limitations in codon sequence space,

stochasticity, and selective sweeps.

Deep mutational scanning of HIV-1

To address shortcomings in existing approaches to study antibody epitopes and viral
immune escape, we have developed deep mutational scanning approaches to interrogate the
functional and antigenic effect of all possible amino acid mutations to Env in the context of
replication competent viruses. Prior work in the Bloom lab developed this system to study the
inherent mutational tolerance of HIV Env during viral replication in cell culture, which revealed
that the epitope of bnAbs are inherently less tolerant to mutations, rigorously validating a
pervasive idea in the field [51]. We further quantified the mutational tolerance in two additional
transmitted/founder, subtype A Envs, and characterized how a the mutational tolerance of a
small subset of sites has substantially shifted between these two Env homologs [52].

During my dissertation work, I have extended these deep mutational scanning approaches
to quantify the effect of all functionally tolerated mutations to Env on antibody neutralization, in
a process we term mutational antigenic profiling. In the following chapters, I will describe a
proof-of-concept study detailing the validation and advantages of mutational antigenic profiling
(Chapter II) [53], use it to evaluate a panel of bnAbs being developed as immunotherapeutics
(Chapter III) [54], refine structure-based vaccine design (Chapter IV) [55], and completely

profile resistance to an clinically-used antiretroviral drug (Chapter V) [56].



Chapter 11
Comprehensive Mapping of HIV-1 Escape from a Broadly Neutralizing Antibody

The text in this chapter has been modified slightly from: Cell Host & Microbe 2017 Jun 14;
21 (6), 777-787. e4. doi: 10.1016/j.chom.2017.05.003

Summary

Precisely defining how viral mutations affect HIV’s sensitivity to antibodies is vital to the
development and evaluation of vaccines and antibody immunotherapeutics. But despite great
effort, a full map of escape mutants has not yet been delineated for even a single anti-HIV
antibody. Here we describe a massively parallel experimental approach to quantify how all single
amino-acid mutations to Envelope (Env) affect HIV’s sensitivity to a neutralizing antibody. We
applied this approach to PGT151 and identified novel sites of escape in addition to those
previously defined by structural and functional studies, such as glycans at sites 611 and 637,
residue 647, and sites in the fusion peptide. Evaluating the effect of each amino acid at each site
lends insight into the biochemical basis of escape throughout the epitope. Thus, comprehensive
mapping of HIV antibody escape gives a quantitative, mutation-level view of the ways that Env

can evade neutralization.



Introduction

HIV’s rapid evolution enables it to outpace even the exceptional adaptive capacity of the
humoral immune system. Although the immune system is usually outmatched in this
evolutionary arms race, leading to viral persistence, infected individuals occasionally develop
antibodies capable of neutralizing diverse viral strains. While these broadly neutralizing
antibodies (bnAbs) do not control infection in the individual in whom they arise, their
identification has motivated efforts in rational vaccine design and antibody immunotherapeutics.
For example, epitope mapping of bnAbs has revealed conserved sites of vulnerability on HIV’s
envelope glycoprotein (Env), and a leading vaccine strategy is to design immunogens that elicit
an antibody response targeting these conserved sites [18]. bnAbs are also being tested in both
prophylactic and therapeutic settings. Numerous studies in animal models have shown proof-of-
concept that passively infused bnAbs can protect against infection [29—35] and therapeutically
suppress viremia during infection [36—40]. Similar bnAb-based immunotherapies are being
tested in humans, with some early studies showing a transient reduction in viral load or delay of
viral rebound after treatment interruption in some individuals [43—47].

Despite the impressive breadth and potency of bnAbs in vitro, HIV can eventually evade
them in vivo. Viral isolates from individuals who develop bnAbs are typically resistant to
neutralization, and resistance arises when bnAbs are administered to infected animal models
[38,39,49] or humans [43—47,50]. It is therefore important to prospectively identify all env
mutations that affect the sensitivity to a bnAb. However, this can be challenging, in part because
bnAbs often target complex conformational and glycosylated epitopes. To date, a complete set of

HIV escape mutations has yet to be elucidated for any antibody.
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The limited observational studies of viral escape from bnAbs to-date likely reveal only a
fraction of the full repertoire of escape mutations. Structural studies provide atomic-level views
of the antibody-antigen footprint, but fail to reveal which interactions are necessary for
neutralization and which mutations disrupt these interactions. Indeed, it has long been
appreciated that binding energetics are often concentrated at select sites in the protein-protein
interface [57,58], and mutations at Env residues that participate in crystal-structure-defined
interactions do not always affect bnAb binding and neutralizing [59,60]. Because structures do
not functionally define escape mutations, researchers often generate and interrogate single
amino-acid mutants in binding or neutralization assays. This approach is so labor intensive that it
has only been applied to a fraction of the sites in Env, and typically to only one or a few
mutations — often to alanine — at these sites.

We have applied a new deep mutational scanning-based approach to comprehensively
map all mutations to Env that enable HIV to escape from a broadly neutralizing antibody. This
approach, mutational antigenic profiling, involves creating libraries of all single amino-acid
mutants of Env in the context of replication-competent HIV [51], selecting for mutations that
promote antibody escape, and using deep sequencing to quantify the enrichment of each
mutation. It is conceptually similar to a strategy recently used by Doud et al. [61] to completely
map the escape of influenza A from anti-hemagglutinin antibodies. Our work comprehensively
profiles HIV escape from bnAb neutralization in the context of actual virus, distinguishing it
from previous deep mutational scanning experiments that have used yeast or cell-surface display
to identify Env variants that bind germline-encoded bnAb progenitors [23,62]. The map of

escape mutations that we generate provides a complete view of the functional interface between
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Env and a bnAb, and suggests biochemical mechanisms of escape that are not readily apparent

from the incomplete data provided by traditional mapping approaches.

Results

Overview of mutational antigenic profiling

To define all single amino-acid mutations to Env that increase resistance to antibody
neutralization, we implemented the mutational antigenic profiling approach in Figure 1. This
approach relies on creating libraries of full-length proviral clones encoding all possible mutations
in env, and passaging these libraries in T cells [51]. The result is a library of replication-
competent HIV encoding all functionally tolerated mutations in Env. This mutant library is then
incubated with and without antibody and used to infect target cells. After entry, the frequency of
each mutation in the infected cells is quantified by deep sequencing (Figure 2.1A). The
differential selection that the antibody exerts on a mutation is defined as the logarithm of that
mutation’s enrichment in the antibody-selected condition relative to the control, and selection for
enriched mutations is plotted in logoplots as shown in Figure 2.1B. The entire experiment was
performed in biological triplicate beginning from independent generation of the proviral plasmid

mutant libraries (Figure 2.1C).
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Figure 2.1. Schematic of mutational antigenic profiling.

A. Mutant virus libraries of HIV, which have been passaged in SupT1.CCRS5 cells and thus
should encode all single amino-acid mutants to Env compatible with viral replication, are
incubated with and without an anti-HIV antibody, and then infected into SupT1.CCRS cells.
After viral entry and reverse transcription, cDNA is isolated and env is deep sequenced. The
differential selection exerted by the antibody is quantified as the logarithm of the frequency of
each mutation relative to wildtype in the antibody-selected condition compared to the control
condition. B. A logoplot visualizing the differential selection at a single site. The height of each
letter is proportional to the differential selection for that amino acid mutation. The site
differential selection is the sum of all mutation differential selection values at that site. C. The
entire mutational antigenic profiling process was completed in biological triplicate, starting from

generation of three independent Env mutant libraries in the context of proviral plasmids.
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Generation and deep sequencing of mutant virus libraries

We applied mutational antigenic profiling to a virus relevant to HIV transmission by
generating the mutant libraries in the context of an env (BF520.W14M.C2) from a subtype A
virus isolated shortly after mother-to-child transmission in an infant who went on to rapidly
develop a bnAb response [63—65]. We introduced all possible codon-level mutations to the
gp120 and extracellular portion of gp41 (Env residues 32 to 703) in the context of a proviral
plasmid. We did not mutagenize Env’s signal peptide or cytoplasmic tail, as these are not direct
targets of neutralizing antibodies but play a role in regulating Env cell surface expression [66—
68]. Sanger sequencing of individual proviral clones revealed that the number of codon
mutations per clone followed a Poisson distribution with a mean of 1.1 mutations/clone, and the

mutations were relatively uniformly distributed along the length of Env (Figure 2.2 and Figure

2.3).
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Figure 2.2. Mutant DNA library statistics based on Sanger sequencing data from 26
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individual clones. Clones were obtained from the three replicate mutant libraries of the proviral
plasmid. A The distribution of codon mutations per clone is shown, comparing the actual number
with the expect number based on a Poisson distribution. B. The cumulative distribution of
mutations across the length of the mutagenized portion of the gene compared to the expected
uniform distribution. In this panel, codons are numbered sequentially along the Env sequence
beginning with 1 at the N-terminal methionine. C. The nucleotide composition of parent and
mutant codons for each mutation. The introduced mutations had relatively uniform nucleotide
composition. D. The average number of nucleotide changes of each codon mutation compared to
the expected if each codon is equally likely to be mutated to every other codon. Our codon
mutagenesis introduced a mix of 1-nucleotide (e.g., GCA -> GtA), 2-nucleotide (e.g., GCA ->

Gtc), and 3-nucleotide (e.g., GCA -> atc) codon mutations.
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Figure 2.3. Mutation frequencies and sequencing depth of mutational antigenic profiling

samples. A. The codon mutation frequency across the gene is, on average, >10 times higher in
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the mutant DNA libraries (mut-DNA) than the error frequency observed when sequencing
wildtype proviral plasmid (wt-DNA). In this panel, codons are numbered sequentially along the
Env sequence beginning with 1 at the N-terminal methionine. B. The frequency of mutation
types in the wildtype and mutant DNA and virus libraries. Compared to wildtype proviral
plasmid (wt-DNA), there is an increase in single nucleotide mutations in the wildtype passaged
virus libraries (wt-virus), presumably from errors during viral replication. There is also evidence
of purging of deleterious mutations (e.g. stop codons) from the mutant plasmid libraries (mut-
DNA) relative to the mutant viruses (mut-virus) grown from these plasmids, both in the presence
and absence of PGT151 antibody. C. The summary statistics for barcoded subamplicon
sequencing libraries. Total reads is the total number of paired-end sequencing reads obtained for
that sample. Total aligned barcodes is the total number of barcodes (across all six subamplicons)
that were aligned with at least two paired-end sequencing reads. Median effective depth is the

median number of barcodes aligned per env codon.

We used deep sequencing to measure the frequency of each mutation in the mutant
proviral plasmid, as well as in the mutant virus libraries with and without antibody selection.
Because any given mutation is rare, we performed deep sequencing using a barcoded-
subamplicon approach that tags individual molecules with unique molecular identifiers during
the library preparation to increase accuracy [69—71]. Deep sequencing of the mutant proviral
plasmids showed that 95% of the 12,559 possible single amino-acid mutations (661 mutagenized
residues x 19 mutant amino acids) were present in each of the triplicate BF520 plasmid mutant
libraries, with 99% present in the three libraries combined. Figure 2.3 shows that the sequencing

error rate is 1.5x10™* mutations/codon (equivalent to 5x10 mutations/nucleotide) as assessed by
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sequencing unmutated wildtype proviral plasmid. This error rate is over 10-fold lower than the

frequency of codon mutations in the plasmid mutant libraries.

We also quantified the rates of errors associated with viral replication by sequencing
wildtype viruses passaged in parallel to each mutant virus library (described below). The rate of
errors in these passaged wildtype viruses remained well below the rate of mutations in the virus
mutant libraries, allowing us to reliably assess mutation frequencies (Figure 2.3). In the analyses
below, we statistically correct for these errors associated with viral replication as described in the

Methods.

Comprehensive profiling of escape from antibody PGTI151

We chose to profile escape from the bnAb PGT151, which targets a quaternary, cleavage-
dependent epitope made up of glycans and protein residues in the gp120/gp41 interface and
fusion peptide. This bnAb has been extensively studied, using both structural [72,73] and
functional approaches [25,74-76].

To generate mutant virus libraries, we transfected the BF520 mutant proviral plasmids
into 293T cells and passaged the transfection supernatant in SupT1.CCRS5 cells at a low MOI to
establish a genotype-phenotype link and purge non-functional mutants. The resulting passaged
mutant virus libraries, which we expect to carry virtually all Env amino-acid mutations
compatible with viral replication, were used to infect cells in the presence and absence of
PGT151. We then isolated and deep sequenced viral cDNA from infected cells to determine the

frequency of each mutation, and computed the differential selection across Env.
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Among the three biological replicates, the site differential selection was well correlated

(R=0.59-0.71; Figure 2.4A, Figure 2.5), indicating that the high-throughput experiments yielded

reproducible results even when starting with fully independent mutant proviral plasmid libraries.
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Figure 2.4. Reproducibility of mutational antigenic profiling.

A. Correlation of site differential selection across biological replicates. Each point indicates the

selection at one of the 661 Env sites; plots also show the Pearson correlation. Percent escape was

calculated by using droplet-digital PCR to measure the number of viral genomes in the antibody-
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selected versus control sample. B. The site differential selection, averaged across replicates, is
plotted across the Env sequence. See Figure S3 for data from individual replicates. C. Logoplots
showing mutation differential selection in strongly selected regions. Mutations at numbered sites
have previously been shown to reduce PGT151 neutralization sensitivity in other viral strains.
From left to right: the fusion peptide, the 611 glycosylation motif (underlined in green), and the
637 glycosylation motif (underlined in red) and HR2 domain. Mutations can eliminate an N-
linked glycan if they disrupt the N-X-S/T glycosylation motif, where X can be any amino acid

except proline.
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Figure 2.5. Reproducibility of mutational antigenic profiling. A. The site differential
selection is plotted as in Figure 2.4C, but separately for each replicate. B. The escape profile of
the 637 glycan motif (underlined in red) and HR2 domain is shown individually for each

replicate. All logoplots are plotted on the same scale.

There was strong selection at sites in the known PGT151 epitope. Figure 2.4B plots the
site differential selection across Env, and Figure 2.4C displays the escape profiles in regions of
strong differential selection. These sites include residues originally mapped by mutagenesis and

pseudovirus-neutralization assays: the dominantly targeted 611 glycan, the 637 glycan, and
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residue 647 (Figure 2.4B,C) [74]. There was also strong differential selection at fusion-peptide
sites 512 and 514, which have been mapped as part of the PGT151 epitope by structural [73] and
functional [25,75,76] methods (Figure 2.4C). Therefore, our mutational antigenic profiling

identified strong selection at epitope sites that have been identified by other approaches.

Validation of mutational antigenic profiling at previously mapped sites

We next used TZM-bl neutralization assays of BF520 pseudoviruses with select
mutations that were and were not differentially selected in our mutational antigenic profiling to
further examine how well our comprehensive escape profiles predicted neutralization escape
(Figure 2.6). We first focused on sites that had been previously defined as conferring escape
from PGT151, including mutations that disrupt the gp41 glycans at sites 611 and 637. Mutational
antigenic profiling revealed strong selection for most mutations that disrupt the 611
glycosylation motif (N-X-S/T, where X can be any amino acid except proline) (Figure 2.6A).
Both the 611 and 637 glycans make extensive contacts with the PGT151 Fab [73], and
elimination of either can increase the ICsy in a number of strains [74]. Of note, there was
selection for proline at the central position of the 611 glycosylation motif, but not at the central
position in the 637 glycosylation motif (Figure 2.6A). The 638P mutation was depleted in the
mutant virus libraries passaged in the absence of PGT151 selection, and we were unable to
generate pseudoviruses bearing this mutation, suggesting that proline is not tolerated (data not

shown).
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Figure 2.6. Analysis of the effect of individual amino acid changes identified by mutational
antigenic profiling on PGT151 neutralization.

A. Logoplots showing differential selection. Sites where individual mutations were tested in
neutralization assays are numbered, and the 611 and 637 glycosylation motifs are underlined in
green and red. B. Color bars below the logoplots indicate the results of neutralization assays
performed on point mutants (primarily to alanine) of JR-CSF and LAI by Falkowska et al. 2014.
The bar at each site is colored according to the fold change in ICsg relative to wildtype that a
mutation imparted. If multiple amino acids were tested at a site, the site is colored according to
the largest effect. C. Results of TZM-bl pseudovirus neutralization assays on BF520 Env point
mutants that alter the N-linked glycosylation motifs at sites 611 and 637. D. Results of
neutralization assays at individual residues outside of glycosylation motifs. In panels C and D,

each plot shows a representative neutralization curve.
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At site 637, some of the glycan knockout mutations are under stronger differential
selection than others . Consistent with the mutational antigenic profiling, the effect of these
mutations on neutralization sensitivity in TZM-bl assays varied. According to the mutational
antigenic profiling, the most strongly selected mutation at site 637 was to K .In the neutralization
assays, this mutation increased the ICs by 3.7-fold. Disrupting targeted glycans can also alter
neutralization sensitivity by decreasing the maximum percent neutralization; the 637K variant
also decreased the maximum percent neutralization to 59% (Figure 2.6C, 2.7A). All other tested
mutations decreased the maximum percent neutralization of PGT151 to 74-81% (Figure 2.6C,
2.7A) but did not alter the ICsy. These results agree with and expand on previous observations;
mutations that disrupt the 637 glycosylation motif have been shown to decrease the maximum
percent neutralization in JR-CSF, LAI and JR-FL [74], and PGT151 often incompletely
neutralizes pseudoviruses bearing many different Env variants [77].

Prior work has also shown that mutations at site 647 reduce neutralization sensitivity in
some strains (Figure 2.6B) [74]. Mutational antigenic profiling agreed with these results,
revealing strong differential selection for many mutations at site 647. We confirmed the most
strongly selected mutation (E647G) mediated escape in a neutralization assay, with 1Cs fold-
change of 5.3 (Figure 2.6D).

Overall, these results show that mutations at previously identified sites that are also
mapped by our high-throughput approach indeed have clear effects on neutralization sensitivity

in the BF520 variant when tested individually.

The comprehensive nature of mutational antigenic profiling allowed identification of new sites of

escape
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Our mutational antigenic profiling data showed strong selection at several sites where
escape mutations have not previously been mapped. As noted above, both our work and prior
studies identified escape mutations at site 647, where many different amino-acid mutations
mediated escape (Figure 2.6A). In contrast, our mutational antigenic profiling also showed
selection for mutations to positively charged amino acids at the neighboring site 648, where
previous studies did not find effects of mutations to alanine or glycine (Figure 2.6A; [74]).
Viruses engineered with E648K and E648R showed substantially reduced sensitivity to PGT151
(ICsp fold-change of 7.7 and 3.7, respectively), but mutations to a variety of other amino acids
(D, A, and H) have no effect (less than 1.5-fold change in ICsg) (Figure 2.6D).

At a number of additional positions in the heptad repeat 2 domain (HR2), including sites
641, 644, and 645, we also observed strong differential selection for predominantly positively
charged mutations. Consistent with prior work in other strains [74], both our mutational
antigenic profiling (Figure 2.6A) and pseudovirus neutralization assays (Figure 2.6D) showed no
effect of alanine mutations at these sites. However, the positively charged escape mutations
revealed by mutational antigenic profiling indeed reduced neutralization sensitivity when

assayed in individual neutralization assays, with fold changes in ICs ranging from 3.2-5.7 fold.

Correlation between mutational antigenic profiling and traditional neutralization assays

At each validated site, the ranked order of effects of each mutation on neutralization
sensitivity was well correlated between our high-throughput experiments and individual TZM-bl
assays (Figure 2.6, 2.7). Across all validated sites, we next asked if our differential selection
measures were representative of the true neutralization phenotype. For the BF520 mutations that

we tested, the enrichment measured by mutational antigenic profiling is well correlated with the
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fold-change in ICs relative to wildtype from TZM-bl assays (R = 0.67, Figure 2.7). Remarkably,
this is within the range of correlations observed between neutralization assays performed on the
same sets of viruses by different laboratories [78]. Further, the ICso only partially summarizes the
information in a neutralization curve, as mutations also altered the maximum percent
neutralization (Figure 2.7A). Many of the mutations that exhibit the poorest correlation between
fold change in ICs and enrichment in mutational antigenic profiling strongly affect the
maximum percent neutralization (Figure 2.7A), suggesting that the differential selection
measures captured both neutralization-curve phenotypes. Of note, the mutations that result in
incomplete neutralization include those that eliminate targeted glycans as well as those that are in
the Env-PGT151 protein interface. These data agree with observations that PGT151 often
incompletely neutralizes env isolates, with PGT151 reaching less than 80% maximum percent

neutralization for 26% viral isolates tested [74,77].
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Figure 2.7. Comparison of effects of mutations in mutational antigenic profiling vs. TZM-bl
neutralization assays. A. Comparisons between fold-enrichment in mutational antigenic
profiling of each validated mutation (Figure 3), and the fold increase in ICs, value relative to
wildtype and maximum percent neutralization estimated from replicate neutralization assays. B.
For each individually tested mutations, the Pearson correlation between the fold-enrichment in
mutational antigenic profiling and the neutralization assay fold-increase in ICsg relative to

wildtype. Mutations that disrupt the 611 and 637 glycan are shown in green and red respectively.
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Comparison of our escape profiles to the original gene-wide functional mapping of PGT151

The original residue-level mapping of the PGT151 epitope was based on neutralization of
two large panels of pseudovirus mutants [74]. This work provided a large dataset against which
we can benchmark our results and contrast our high-throughput measurements with results from
traditional approaches. Figure 2.8 A shows the differential selection that PGT151 exerts on every
mutation at every site in Env with data from the original mapping of PGT151 shown in color
bars below. In a single massively parallel experiment, we have recapitulated these original
results (identifying sites 611, 637, and 647), identified sites mapped in subsequent studies (sites
512 and 514), and revealed new sites of escape in the HR2 domain. In contrast, examining
mutations one-by-one in neutralization assays is exceedingly low throughput — for instance, even
with herculean effort [74], traditional approaches have only managed to test mutations at a
fraction of the sites in Env (Figure 2.8B). The discrepancy in completeness is even more
apparent when considering the fact that testing one amino-acid mutation at a site does not reveal
the effects of other mutations at the same site. Whereas our study examined all 12,559 amino-
acid mutations, prior work has managed to examine only a small fraction of these mutations

(Figure 2.8B).
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Figure 2.8. Complete mapping of escape from PGT151.
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A. Differential selection for the entire mutagenized portion of Env. For systematic comparison,
we plotted data from the original single residue-level mapping utilizing large panels of
predominantly alanine scanning mutants of LAI and JR-CSF [74]; sites where mutations were
tested are colored according to the fold increase in ICsg relative to WT as in Figure 2.6. The WT
amino acid is also shown for each site. B. The number of sites and mutations tested for ability to
replicate and escape PGT151 neutralization in the BF520 strain using mutational antigenic
profiling compared with the number of sites and mutations tested using traditional approaches
(mutagenesis and TZM-bl neutralization assays) applied to the JR-CSF and LAI strains in the

original functional mapping of PGT151 [74].

Structural insights into biochemical basis of escape from PGTI151

We can interpret the differential selection measured by mutational antigenic profiling in
the context of known structural information about the interface between Env and PGT151.
Figure 2.9A maps the maximum mutation differential selection at each site onto the cryo-EM
model of JR-FL Env trimer bound by PGT151 Fabs [73]. The strongest differential selection
maps to the structurally defined PGT151 epitope. The positively charged third complementary
determining region of the heavy chain (CDRH3) of PGT151 extends into the negatively charged
inter-protomer cavity at the interface between gp120 and the HR2 domain of gp41 (Figure 2.9).
There is differential selection predominantly for mutations to positively charged amino acids on
the CDRH3-proximal side of the HR2 alpha helix (Figure 2.9, Figure 2.10), suggesting that

escape in this portion of the epitope is mediated by the introduction of charge-charge repulsions.
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Figure 2.9. Mutational antigenic profiling combined with structural analysis suggests
escape via the introduction of charge repulsions. A. The JR-FL EnvACT trimer cryo-EM
model [73] with its surface colored according to the maximum mutation differential selection at
each site. The 611 and 637 glycans are shown in yellow. The inset outlines the PGT151 footprint
in black, defined as residues that come within 4 angstroms of the bound PGT151 Fab, with the
611 glycosylation motif residues included for clarity. The bound PGT151 Fab is not shown, and
the fusion peptide (FP), which is sequestered into a hydrophobic pocket of bound PGT151,
protrudes from the epitope in this view. B. A side view of the PGT151 CDRH3 — Env interface.

Here, the ribbon representation of Env is colored according to the maximum mutation
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differential selection at each site, while the surface of the bound PGT151 Fab is colored
according to the Poisson-Boltzmann electrostatic surface potential (red to blue; negative to
positive). The negatively charged side chain of site E647 is shown in stick representation. See
Figure 2.10 for an alternate view of this interface. C. Logoplot showing the differential selection

of the HR2 domain shown in B for reference.

Figure 2.10. Electrostatic complementarity between PGT151 and the Env. A. The PGT151
Fab (in its trimer bound conformation) is colored according to the Poisson-Boltzmann

electrostatic surface potential (red to blue; negative to positive). B. The surface representation of
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Env, with the surface colored according to the electrostatic surface potential. The negatively

charged inter-protomer cavity that the positively charged CDRH3 arm extends into is circled in
orange. C. An internal view of the PGT151 CDRH3. Again, the ribbon representation of Env is
colored according to the maximum mutation differential selection at each site, while the surface

of the bound PGT151 Fab is colored according to the electrostatic surface potential.

The importance of charge-charge repulsions may extend to the glycosylated residue 637
(Figure 2.10). While any mutation that eliminates the 637 glycan results in incomplete
neutralization, the introduction of a positively charged lysine results in a large reduction in both
maximum percent neutralization and increase in ICsy. Similarly, mutating site 637 to lysine has a
larger effect than mutating it to alanine in multiple other strains [74].

Indeed, it may be possible to conceptually distinguish between sites where almost any
mutation mediates escape by eliminating key antibody-Env interactions, versus sites where only
a few mutations mediate escape by introducing new steric or electrostatic clashes. For instance,
site 647 appears to fall into the first category, with both our mutational antigenic profiling of
BF520 (Figure 2.9C) and prior work with JR-CSF [74] suggesting that many mutations mediate
escape. Indeed, the cryo-EM model suggests that the E at site 647 may interact with positively
charged portions of PGT151’s HCRD3 arm (Figure 2.9B, Figure 2.10C). In contrast, most of our
newly identified sites of escape mutations, selection is for mutations to positively charged amino
acids that are likely to clash with the positively charged antibody paratope (Figure 2.9B, Figure
2.10C). Such sites are especially difficult to identify by classical approaches such as alanine
scanning, since the ability to escape neutralization is strongly dependent on which amino acid is

introduced.
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While the spatial clustering and biochemical evaluation of escape mutants suggests that
they directly affect the interface between PGT151 and Env, it is possible that mutations
indirectly affect neutralization by altering Env’s conformation. To examine this possibility, we
tested some of the most strongly selected PGT151 escape mutants with other bnAbs targeting the
CD4 binding site and trimer apex. None of these mutations increased sensitivity to these other
bnAbs targeting distal epitopes (data not shown). This fact strongly supports the idea that most

PGT151 escape mutants that we have mapped directly disrupt the antibody-Env interface.

Discussion

We have developed a massively parallel approach to interrogate the neutralization
phenotype of all functionally tolerated single amino-acid mutations to Env. We have used this
approach to profile escape from PGT151, which targets a complex quaternary epitope. Our
results recapitulate the escape mutations identified by previous low-throughput studies, reveal
additional escape mutations not identified by these studies, and provide insight into the
biochemical basis of escape.

Fine-resolution bnAb epitope mapping has previously been a cumbersome endeavor.
Crystal structures of bnAb-Env complexes are often considered the gold standard, but can be
difficult to obtain. In addition, the static structures do not reveal pathways of viral escape.
Simply observing the evolution of HIV in the presence of a bnAb can identify specific escape
mutations [36,38,39,44,45,50,79,80], but the stochasticity of evolution means that each study
only identifies one of potentially many pathways of escape. Functional residue-level mapping
traditionally relies upon generating and testing Env mutants one-by-one, a resource-intensive

approach that can only be applied to a fraction of Env mutations. For instance, such studies
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mostly restrict themselves to alanine mutations at surface sites, making them biased towards
certain types of escape mutations. Therefore, despite the fact that PGT151 has been a subject of
multiple studies using diverse techniques [25,72—76], our mutational antigenic profiling has
yielded a far more comprehensive and unbiased map of viral escape than all this previous work.

This complete map offers a nuanced understanding of biochemical mechanisms of escape
via evaluation of the physicochemical properties of the particular amino-acid mutations that
enable escape at each site. For instance, our data suggest that introduction of electrostatic clashes
between the CDRH3 of PGT151 and the HR2 domain of gp41 is a previously unappreciated
mechanism of escape. The specificity of escape at these sites contrasts with the many diverse
amino-acid mutations that were enriched at residue 647. This broad escape profile suggests that
elimination of a key Env-PGT151 interaction underlies escape at site 647. The systematic
quantification of the effect of each amino-acid mutation at each site has the potential to augment
structural studies by providing insight into the energetics of antibody-epitope interactions.

The ability to comprehensively map viral escape also has important application for bnAb-
based immunotherapies and vaccines. Quantifying how epitope features contribute to
neutralization could aid in engineering broader and more potent antibodies [81]. Such
information could also inform the design of immunogens that elicit responses that thwart
common pathways of viral escape. Completely defining viral determinants of escape will also aid
in evaluating the efficacy and failure of bnAb immunotherapeutics in humans, just as
determining drug resistance mutations has aided the development of antiviral therapy and
prophylaxis [82,83]. Similar to algorithms that leverage large datasets of drug-resistance
mutations to predict antiviral resistance based on viral genotype [84], comprehensive mutation-

level escape profiles could inform similar sequence-based scoring metrics for bnAb resistance.
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As with all epitope-mapping approaches, mutational antigenic profiling has limitations.
We are evaluating the effects of single amino-acid mutations to a single viral strain. Thus, this
approach cannot reveal any potential synergistic effects of multiple mutations. Further, strain-
specific differences in bnAb sensitivity have been described for PGT151 [72,74], and could
explain why we did not observe escape at sites (533, 537, and 540) that have been shown to
affect the sensitivity of JR-CSF to PGT151 [75]. Mutational antigenic profiling of escape from
antibodies in multiple different Env isolates could determine the prevalence and mechanisms of
such strain-specific differences. Lastly, we have assayed the enrichment of escape mutants at
only a single strongly selective concentration of antibody. While our escape profiles accurately
reflect values from TZM-bl neutralization assays, examining how mutation-level selection
depends on antibody concentration is an interesting area for future work.

Few protein-protein interactions have been as heavily studied as those between bnAbs
and Env. Indeed, these interactions provide the motivation for many current HIV treatment and
prevention efforts. We have provided the first complete map of the viral determinants of
neutralization and escape at one of these bnAb-Env interfaces. The mutational antigenic profiling
approach that we have used to obtain this map is high-throughput and quantitative. We anticipate
that this approach can be extended to define all possible HIV escape mutations from other bnAbs
and possibly polyclonal serum. The resulting maps could be valuable for informing the design of

immunogens and the development and evaluation of bnAb immunotherapies.

Methods

Generation of mutant DNA libraries
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Codon mutant libraries were created in the context of BF520 env introduced into the full-
length proviral clone Q23 [85]. Q23 is a subtype A transmitted/founder virus that is the basis for
a well characterized system of generating chimeric full length proviral clones as well as
pseudoviruses encoding heterologous env genes [86].

We first introduced codon mutations into env in three independent replicates using a
slightly modified version of a previously PCR mutagenesis technique [87]. However, we made
one modification: to overcome potential biases in the frequency of introduced mutations, we
used mutagenesis primers of equal melting temperature (of ~60°C) rather than equal length. We
then cloned 4x10° — 1x10° unique variants of for each mutant env library into a high efficiency-
cloning vector (Q23.BsmBI.AEnv, File S5) that utilizes BsmBI restriction sites to clone env into
the Q23 backbone. T4 DNA ligation products were transformed into ElectroMAX DH10B
competent cells (Invitrogen; 12033-015). The next day, plated colonies were scraped, grown in
LB plus ampicillin for 4 hours, and maxiprepped. The number of unique variants per library was
determined by counting colonies on plates containing a dilution of the high efficiency

transformation.

Generation of mutant virus libraries

To generate mutant virus libraries, 36 ug total of each mutant DNA library was
transfected using Fugene-6 into 18 wells of 6-well plates, that had been plated with 4x10° 293T
cells per well the previous day. Two days post transfection, supernatants were collected, filtered
through a 0.2 uM filter, and DNAse (Roche; 4716728001) treated to eliminate leftover
transfection plasmid as previously described [51]. This transfection supernatant was then titered

on TZM-bl cells by adding serial dilutions of the supernatant to 20,000 cells in the presence of
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10 pg/mL DEAE-dextran in 600 pL total volume. After 48 hours, cells were fixed and stained
for beta-galactosidase, and infected cell foci were counted.

To establish a genotype-phenotype link and select for functional variants, we passaged
each mutant library for 4 days in SupT1.CCRS cells at a low MOI (0.01 TZM-bl infectious
units/cell). This initial passage in in SupT1.CCRS cells was performed similarly to [S1]. We
infected cells in with 3x10° (replicate 1) or 4x10° (replicates 2 and 3) infectious units of
transfection supernatant in T-225 flasks, each with 100 mL total volume of R10 (RPMI [GE
Healthcare Life Sciences; SH30255.01], supplemented with 10% FBS, 1% 200 mM L-
glutamine, and 1% of a solution of 10,000 units/mL penicillin and 10,000 pg/mL streptomycin)
in the presence of 10 ug/mL DEAE-dextran with cells starting at a concentration of 1x10°
cells/mL. On day 1, we replaced the media with fresh R10 containing 10 ug/mL DEAE-dextran,
and on day 2, we doubled the total volume, splitting each flask into two. On day 4, we pooled all
the flasks, spun down cells, and filtered the media through a 0.2 uM filter. We then concentrated
this virus ~33 fold via ultracentrifugation for 1 hour at 4°C at 23,000 RPM over a 20% sucrose
cushion using an SW 28 rotor (Beckman Coulter; 342207) and resuspended in R10. In parallel
for each replicate, we passaged 5x10° infectious units of wildtype virus under the same

conditions as a control. These passaged viruses were titered on TZM-bl cells.

PGT151 selection of mutant virus libraries

We incubated each mutant virus library with PGT151 and infected SupT1.CCRS cells
again. Each library was also passaged without PGT151 treatment to serve as a replicate-specific
control to calculate differential selection. For each condition, 10° TZM-bl infectious units of

each library was incubated +/- 1 ug/mL of PGT151 at 37°C for 1 hour, then infected into 10° (not
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PGT151 treated) or 2x10° (PGT151 treated) SupT1.CCRS5 cells in the presence of 100 ug/mL
DEAE-dextran. This concentration was chosen with the goal of inhibiting ~97.5% of the viral
infectivity. Three hours post infection, cells were spun down and resuspended in fresh R10,
containing no DEAE-dextran. At 12 hours post infection, cells were spun down, washed with
PBS, and then subjected to a mini-prep to harvest non-integrated viral cDNA. We also infected

non-neutralized wildtype virus in parallel for each library.

Deep sequencing

To determine the frequency of each mutation in the antibody-selected and non-selected
conditions, we utilized a barcoded subamplicon Illumina deep sequencing approach as
previously described [51,69]. This approach uses unique molecular identifiers to distinguish true
mutation from sequencing errors. It reduced the error rate when sequencing wildtype proviral
plasmid to 1.5x10™* mutations per codon (Figure 2.2). Figure 2.3C details the error-corrected
sequencing depth per codon for each sample (roughly 10° unique error-corrected reads per codon

for PGT151 selected samples).

Env Sequence numbering

Unless otherwise stated, Env residues are numbered according to the HXB2 reference
strain numbering system [88]. The corresponding sequence numbering based on aligned
BF520.W14M.C2 (GenBank accession number KX168094.1) and HXB2 env for the

mutagenized portion of the gene is provided as File S3.

PGTI51 production

39



PGT151 heavy (GenBank: KJ700282.1) and light (GenBank: KJ700290.1) chains were
codon optimized, cloned into Igyl and Igk expression vectors, and expressed in 293F cells using
the FreeStyle MAX system (Invitrogen). IgG was purified using Protein G resin (Pierce; 20399)

as described by Simonich et al., 2016.

ddPCR protocol

To quantify the remaining infectivity of each mutant virus library after PGT151 selection
and infection into SupT1.CCRS cells, we used droplet-digital PCR. The number of viral genomes
present in each harvested sample of viral cDNA was quantified using a pol PCR [89] adapted for
digital droplet detection [90]. The percent escape shown in Figure 2 was calculated using the

number of genomes present in each selected library relative to its non-neutralized control.

TZM-bl neutralization assays

To validate our escape profiles, we generated pseudoviruses bearing individual point
mutants of both enriched and non-enriched mutations. We then performed TZM-bl neutralization
assays as previously described [91] in the presence of 10 ug/mL DEAE-dextran. Neutralization
assays were performed in duplicate, and WT neutralization curves were run on each plate to
reduce noise. Neutralization curves were fit using 3-parameter nonlinear regression of the %
neutralization values across the dilution series, with the bottom plateau constrained to 0. To
calculate the 1Cs relative to wildtype, curves were solved for y = 50% neutralization. The fitted
top plateau, averaged across replicates, is the maximum percent neutralization. Fold change in
ICs relative to WT was calculated within a single experiment and then averaged across

replicates.
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Structural analyses

All structural analyses are based on the cryo-EM model of JR-FL EnvACT trimer bound
by two PGT151 Fabs ([73]; PDB ID: SFUU). For all figures, we focused on PGT151-Env
interface 2 [73]. Figures were generated using Pymol, and the Poisson-Boltzman electrostatic
surface potential was calculated using the APBS plugin [92] with the protein dielectric constant

of 20 for the trimer or PGT151 Fab (trimer bound conformation) in isolation.

Computation of differential selection
We calculated differential selection values as described in [61]. Briefly, the enrichment

(E} ») of each amino acid x at site r relative to wildtype is calculated as shown in equation 1,

where nj"2<¥ is the number of counts of x at site 7 in the mock treated sample. Similarly,

nselected js the number of counts of x at site 7 in the PGT151 selected sample. wt(r) is the
wildtype character at r.

selected selected
(n3% +frselected X P)/(nr,wt(r) +frselected X P)

k mock
(n?}?c +frmock X P)/(nr,wt(r)'i'fr,mock X P)

E = equation 1

To account for statistical noise associated with low counts, a pseudocount of P =20 was added to
each count. The f; seiecteq (equation 2) and f. ook (equation 3) variables scale the pseudocount
to account for different sequencing depth of the mock and selected libraries at site r.
frsetectea = Max[1, (T, nigected) (T, niec)] equation 2
frimock = max[l, Qx iy ) /(B nigected ] equation 3

To account for errors in viral replication and sequencing, counts in equation 1 were adjusted by

the rates of mutation to x at site r in mock selected wildtype virus libraries passaged in parallel
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for each replicate. We define ny")" as the number of counts of x at site r in the matched wildtype
virus control and €, , as shown in equation 4, such that €, , is the rate of errors to x at site r
when x # wt(r), and €, , is one minus the rate of errors away from wildtype at site 7 when
x = wt(r) as defined in equation 4.

€rx = (MP)/Qy iy equation 4

The observed counts in equation I are then adjusted to the error-corrected counts 7, ,, as

described in equation 5.

equation 5

n
X ) 0] . + ¢
Ay = {max [(Zy nr,y) <2y”r.y 6r,x> if x #wt(r)

nr,x/er,x if X = Wt(r)
Lastly, differential selection values s, , for x at 7 in the selected versus mock condition is
quantified as s, , = log,E, ,, and visualized on logoplots rendered by dms_tools via weblogo

[93]. Throughout this manuscript, we focused only on positively enriched mutations.

Data and Software Availability
Data and source code

Data were analyzed using dms_tools [94] version 1.1.20 as described in the iPython
notebook computational pipeline available at

https://github.com/adingens/BF520 Mutational AntigenicProfiling PGT151. The software used

to align sequence reads and compute differential selection is available at

https://github.com/jbloomlab/dms_tools [94]. The deep sequencing data are available on the

Sequence Read Archive under accession numbers SRX2548567- SRX2548579.
The script used to generate the codon tiling mutagenesis primers is available at

https://github.com/jbloomlab/CodonTilingPrimers.
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Chapter 111

An antigenic atlas of HIV-1 escape from broadly neutralizing antibodies

The text in this chapter has been modified slightly from: bioRxiv 2018 Aug 31;
doi: doi.org/10.1101/406355, accepted at Immunity

Summary

Anti-HIV broadly neutralizing antibodies (bnAbs) have revealed vaccine targets on the virus’s
Env protein and are themselves promising immunotherapeutics. The efficacy of bnAb-based
therapies and vaccines depends in part on how readily the virus can escape neutralization. While
structural studies can define contacts between bnAbs and Env, only functional studies can define
mutations that confer escape. Here we map how all single amino-acid mutations to Env affect
neutralization of HIV by nine bnAbs targeting five epitopes. For most bnAbs, mutations at only a
small fraction of structurally defined contact sites mediated escape, and most escape occurred at
sites that are near but do not directly contact the antibody. The mutations selected by two pooled
bnAbs were similar to those expected from the combination of the bnAbs’ independent action.
Overall, our mutation-level antigenic atlas provides a comprehensive dataset for understanding

viral immune escape and refining therapies and vaccines.

Introduction

Over the last decade, a burgeoning number of broadly neutralizing antibodies (bnAbs)
have been isolated from HIV-infected humans. These antibodies target conserved regions of Env

that are promising vaccine targets [95]. Additionally, their broad neutralizing activity and
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potential to direct the killing of infected cells make bnAbs promising antiviral
immunotherapeutic drugs for HIV prevention, therapy, and cure strategies [40,96].

However, bnAbs face a formidable foe. HIV Env’s exceptional evolutionary capacity
allows the virus to stay one step ahead of bnAbs during infection, and resistance often arises
when bnAbs are therapeutically administered to infected animals [38,39,49] or humans [43—
47,50]. Thus, defining mutations that mediate viral escape is essential to optimizing and
evaluating bnAb immunotherapies and vaccines.

While extensive efforts have gone into structurally characterizing bnAb epitopes via X-
ray crystallography and cryo-electron microscopy (cryo-EM), structures on their own are
insufficient to completely define the functional epitope [57,97], defined here as sites where
mutations affect antibody neutralization of replication-competent virus. Making individual
mutations to Env and performing neutralization assays can provide information on the functional
effect of specific mutations, but even the largest studies employing one-at-a-time mutagenesis
can only assay a small fraction of all possible Env mutations.

We recently described mutational antigenic profiling, a massively parallel experimental
approach to quantify how all single amino-acid mutations to Env affect antibody neutralization
[53]. This approach involves generating libraries of HIV that carry all Env amino-acid mutations
compatible with viral replication, incubating these libraries with or without an antibody,
infecting T cells, and using deep sequencing to quantify the enrichment of each mutation in the
selected versus non-selected libraries. Here, we apply this approach to a panel of nine bnAbs that
target five Env epitopes, as well as a pool of two bnAbs. The resulting maps of viral escape
provide comprehensive mutation-level views of the functional interfaces between HIV and

bnAbs.
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Results

Complete maps of viral escape from a panel of bnAbs

To gain a broad picture of viral escape, we selected nine bnAbs targeting the five best-
characterized epitopes on Env (Figure 3.1A). Specifically, the bnAb panel includes the CD4
binding site (CD4bs) bnAbs VRCO01 [98] and 3BNC117 [99], the V3/N332 glycan supersite
bnAbs PGT121 [100] and 10-1074 [101], the V2 glycan/trimer apex bnAbs PG9 [102] and
PGT145 [100], the fusion peptide and gp120/gp41 interface bnAbs PGT151 [74] and N123-
VRC34.01 (subsequently referred to as VRC34.01, Kong et al., 2016), and the membrane
proximal external region (MPER) bnAb 10E8 [103]. The binding footprints of these antibodies
have been previously characterized using structural techniques (Figure 3.1B), allowing us to
compare the structural epitopes with the functional epitopes defined by this study.

We mapped escape from these antibodies using the BG505.T332N Env, which is from a
transmitted-founder subtype A HIV strain [63]. This Env trimer is used widely in structural and
vaccination studies (Sanders et al., 2013; Ward and Wilson, 2017). We used viral libraries that
were previously generated by making all possible amino-acid mutations to the ectodomain and
transmembrane domain of Env. There are 19 amino-acid mutations x 670 sites = 12,730 such
amino-acid mutations, and our libraries contain the subset of these mutations that is compatible
with viral growth in cell culture [51,52].

To quantify how each of these mutations affect HIV’s antibody sensitivity, we
neutralized independently generated mutant virus libraries at an ~ICos-1Cy9 9 antibody
concentration, and deep sequenced the env genes of viruses that were able to infect cells in the

presence of antibody (Figure 3.1C). For each antibody we performed at least two replicates using
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independently generated viral libraries. We performed parallel control experiments without
antibody, and compared the relative frequency of each Env mutation in the antibody-selected
library to the non-selected control. By scaling this relative frequency by the overall fraction of
the entire library that survived the antibody selection, we estimated the fraction of virions with
each mutation that survive the selection, hereafter termed the fraction surviving [106]. To
highlight escape mutations, we plotted the excess fraction surviving above the overall library

average.

bnAb breadth (%)
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Figure 3.1. Schematic of mutational antigenic profiling of a panel of bnAbs. A. The bnAb
panel. Breadth measures are from the 100 most commonly used viruses on LANL’s CATNAP
[107]. B. For each epitope, structurally defined antibody contact sites are indicated by colors on
the side and top view of the BG505 SOSIP Env trimer (PDB:5FYL). C. The mutational antigenic
profiling experimental workflow, and example data from bnAb 10E8. A mutant virus library is

incubated with or without and antibody before infecting SupT1.CCRS5 cells. Non-integrated viral
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cDNA from infected cells is deep sequenced to quantify the frequency of each env mutation in
both the antibody-selected and mock-selected conditions, and the overall fraction of the virus
library that survives antibody neutralization is quantified via qPCR. The fraction of each mutant
that survives neutralization is plotted at the site level in line plots, and at the mutation level in -
logoplots. The height of each letter is proportional the fraction of the virions with that amino acid

that survived antibody selection in excess of the overall library average.

Each antibody reproducibly selected mutations at just a small subset of Env sites (Figure
3.2A, Figure 3.3). Antibodies targeting the same epitope tended to select mutations in similar
regions of Env, and these mutations cluster in three-dimensional structure in or near the
antibody-binding footprint (Figure 3.2A). This is clearly exemplified by PG9 and PGT145,
where the selected positions largely overlapped. Note also that the effect size of mutations varied
across antibodies (compare the y-axes in Figure 3.2A) as did the apparent noise in the plots; the
implications of this are discussed in more detail in a later Results subsection.

To rigorously compare the overlap between structural contacts and sites of viral escape,
we identified sites of significant functional escape from the mutational antigenic profiling data,
and sites of physical contact between the bnAb and Env from published structures. We defined
significant sites of viral escape by fitting a gamma distribution to the measured antigenic effects
of mutations at each site, and identified sites where the antigenic effects were larger than
expected from this distribution at a false discovery rate of 0.01 (Figure 3.4). We defined sites of
structural contact as Env residues that were within 4 A of the antibody in available structural

models, only considering non-hydrogen atoms (see Methods for details).
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For most antibodies, only a small fraction of the structurally defined contact sites were

also sites of significant viral escape (Figure 3.2B). Further, we identified numerous sites of

escape outside the structurally defined epitope for most antibodies. The extent to which escape

occurred at sites that directly contact the antibody differs considerably across bnAbs, ranging

from all significant sites of escape for PG9 to only one of five sites of escape for VRCO1 (Figure

3.2C). The sites of escape that do not directly contact the antibody are usually near the

structurally defined epitope, in the 5-10 A range. However, a few sites of escape are more distant

from the structurally defined epitope (Figure 3.2A).
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Figure 3.2. Env-wide escape profiles in relation to amino-acid positions that contact the

bnAb. A. The line plots show the excess fraction surviving antibody neutralization averaged
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across all mutations at each site. Structurally defined contact sites are indicated by a blue line.
The structures show the BG505 Env SOSIP trimer (PDB:5SFYL) with sites of significant escape
colored yellow, contact sites colored blue, and overlap between these sets of sites colored green.
For 10E8, the MPER peptide structure (which is absent from the SOSIP trimer) is also shown
(PDB:4G6F). B. Bars give the number of structurally defined contact sites for each antibody,
with green indicating the contact sites that are also sites of significant escape. C. Bars give the
number of sites of significant escape for each antibody, with green indicating the sites of escape

that are also contact sites. Note that the green bars encompass the same sets of sites in panels B

and C.
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Figure 3.3. The fraction surviving measurements and correlation between mutational
antigenic profiling biological replicates. A. For each biological replicate, the antibody
concentration used during the selection, which mutant virus library was used, and the fraction of
that library that survived antibody selection is shown. For clarity, the percent neutralized (1-
library fraction surviving) x 100 is also shown. B. The correlation between the average excess

fraction surviving at each site for each biological replicate, for each antibody.
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Figure 3.4. Identification of significant sites of viral escape. A. For each antibody, the

distribution of the average fraction surviving at each site is plotted in blue. A gamma distribution
fit to the site fraction surviving values using robust regression is overlaid in yellow. A dotted line
shows sites that fall beyond this distribution at a fall discovery rate of 0.01, and the number of
sites that beyond this cutoff is labeled. Code that performs this analysis is at

https://jbloomlab.github.io/dms_tools2/dms_tools2.plot.html#dms_tools2.plot.findSigSel. B. A

table listing all of the significant sites of viral escape for each antibody.
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A 10-1074 PGT121 VRCO1 PGT145 Data from Lee et al. Immunity 2017
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Figure 3.5. Validation of mutational antigenic profiling results using BG505 point mutants
in TZM-bl neutralization assays. A. The tables list mutations that were selected for validation
in neutralization assays. Data for PGT145 was taken from [20]. For each mutation, the table
gives the mutation’s fraction surviving antibody, fold change in 1Csj in the TZM-bl
neutralization assay, and the mutation’s effect on viral growth. The mutation’s effect on viral
growth is calculated from our prior deep mutational scanning of Env for viral growth in cell
culture, in the absence of any immune selection [52]. The mutational effect is the ratio of the
preference for that mutant amino acid relative to the wildtype amino acid at that site. If the log
mutational effect is >0, then that mutation grows better than wildtype in cell culture; if it is <0,
that mutant grows worse than wildtype. B. For each antibody, we plot the correlation between
the mutation fraction surviving and the fold change in ICs relative to wildtype from TZM-bl
assays. Points are colored according the log, mutational effect of the mutation on viral growth.
Where there are discrepancies between mutational antigenic profiling and TZM-bl assays, the

mutational antigenic profiling estimate is usually less than would be predicted by the TZM-bl
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assay. These mutants (for example, N279K for VRCO1 and H330R for 10-1074) often have a
log, mutational effects on viral growth <<0 (darker blue), indicating they are deleterious for viral
growth in cell culture. Of note, mutating site 279 has also been shown to have a fitness cost in
other assays [80]. Thus, the mutational antigenic profiling datasets may underestimate the
antigenic effect of high fitness cost mutations, though these measures may possibly better reflect
the ability of a mutant to both replicate and escape antibody neutralization in vivo than TZM-bl
point mutant neutralization sensitivities alone. It is important to note that determining an exact
cut-off between biologically relevant signal and noise is difficult in both traditional TZM-bl

neutralization assays and mutational antigenic profiling.

While our maps of escape include most mutations previously identified using individual
BG505 point mutant pseudoviruses in TZM-bl neutralization assays [20,25], we also uncovered
many previously uncharacterized sites of escape. We generated and tested BG505 point mutant
pseudoviruses in TZM-bl neutralization assays for three antibodies, testing 16 to 19 point
mutants for each antibody. The measurements from the mutational antigenic profiling were well
correlated with the fold change in ICsy from TZM-bl neutralization assays for all antibodies
tested (PGT121: R=0.76, n=16; 10-1074: R=0.81, n=16; VRCO1: R=0.69, n=19) (Figure 3.5). In

the next few subsections, we focus on each Env epitope individually.

Escape from V3 glycan supersite bnAbs

The two anti-V3 antibodies PGT121 and 10-1074 are clonal variants that arose in the

same infected individual [101]. However, there were intriguing differences between the two
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antibodies in the specific mutations that mediated escape in our experiments, as well as the
overall effect sizes of escape mutations (Figure 3.6A,B, note the different y-axis scales in the two
panels). For instance, mutations to site 325 had a larger effect on 10-1074 than PGT121, whereas
mutations at site 327 had similar effects. We validated the differential effects of mutations to site
325 by testing three different mutants at this site in TZM-bl neutralization assays: the maximal
effect for 10-1074 was a 27-fold increase in ICsy, while the maximal effect for PGT121 was just
a 1.7-fold increase (D325E; Figure 3.5). Our mutational antigenic profiling also indicated that
mutations that eliminated the N332 glycan had a larger effect for 10-1074 than PGT121 (Figure
3.6A,B), consistent with a prior study that examined binding to gp120 [101]. In contrast, at most
other sites in the epitope (such as 323, 327, and 330), the overall effects of mutations were

similar between the two antibodies (Figure 3.6A,B).
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Figure 3.6. Escape From V3 glycan supersite and V2 apex bnAbs. A, B. Escape profiles for

V3 glycan supersite bnAbs PGT121 and 10-1074. Letter heights indicate the excess fraction
surviving for each mutation. Blue circles indicate structurally defined contact sites, and yellow
underlines indicate a N-linked glycosylation motif. C. V3 glycan supersite antibodies are shown

in blue, and Env is colored according to the maximum excess fraction surviving at each site.
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Note that for PGT121, the closely related clonal variant PGT122 structure is used in lieu of a
PGTI121 structure (PDBs: SFYL and 5T3Z respectively). D, E. Escape profiles of V2
glycan/apex antibodies PG9 and PGT145, presented in the same manner as A, B. F. V2
glycan/apex antibodies are shown in blue, and Env is colored according to the maximum excess

fraction surviving at each site (PDBs: 5VJ6 and S5V8L respectively).

There are also differences in which mutations at a given site escape each antibody. For
example, while the overall effect of all mutations at site 330 is similar between 10-1074 and
PGT121, H330R escapes 10-1074 but not PGT121 (Figure 3.6A,B, validated by TZM-bl
neutralization assays in Figure 3.5). Even among small-effect mutations, TZM-bl neutralization
assays validated the results of mutational antigenic profiling. For example, mutations at site 325
had disparate effects: D325E had a large effect on 10-1074 but a negligible effect PGT121,
D325S had a small effect for 10-1074 but no effect for PGT121, and D325N had no effect on
either antibody (Figure 3.6A,B and validated in Figure 3.5).

Many aspects of our maps of escape are consistent with prior knowledge about the
epitopes of these two antibodies [101,108—110]. For example, eliminating the targeted N332
glycan via mutations to N332 and S334 resulted in escape from both antibodies, as did antibody-
specific mutations in the ***GDIR**” motif (Figure 3.6), a conserved region of this epitope that is
involved with CCRS5 co-receptor binding [108].

However, we also identified escape at sites not previously implicated as being part of the
functional epitope. For instance, viral escape from both antibodies occurred via mutations at site
415 in V4, and to a modest but reproducible extent, site 441 (Figure 3.6A, B). We validated that

mutations at each of these sites resulted in escape from both antibodies in TZM-bl neutralization
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assays (Figure 3.5). Neither of these sites directly interact with either antibody; site 415 it is
close to other structural contacts as well as the N332 glycan, and site 441 in the $22 strand

neighbors the N301 glycan.

Escape from V2 apex bnAbs

For the V2 apex antibodies PG9 and PGT145, escape occurred via eliminating the N160
glycan at the heart of the epitope (Figure 3.6D,E). Additionally, escape occurred at structurally
defined contact sites at the trimer apex for PG9, and at the trimer apex and interface for PGT145.
For both antibodies, prior studies suggest that binding is driven by electrostatic interactions with
positively charged Env residues [20,111,112]. Mutations to these sites resulted in viral escape
(including residues R166, K169, and K171 for PG9, and K121, R161, K169 for PGT145), with
charge swaps often resulting in the greatest extent of escape (Figure 3.6D,E). Structural studies
indicate that the long HCDR3 arm of PGT145 reaches into the trimer interface; existence of this
epitope has been hypothesized to result from a balancing act of a “push” from inter-protomer
charge repulsions at the trimer interface and a “pull” of hydrophobic interactions between
variable loops across protomers at the trimer apex [20].

While escape from PGT145 occurred via eliminating the epitope’s positive charges,
escape also occurred via introducing charges at sites where the wildtype residue is not charged.
These included sites 123, 124, and 127 in or very near the epitope, as well as more distant sites
encircling the epitope, including sites 200, 202, 203 in the 3-4 loop, and 312, 313, and 315 at
the tip of the V3 loop (Figure 3.6F). These mutations presumably also affected the charge
repulsions at the trimer interface and/or overall trimer conformation, disrupting the electrostatic

balancing act that is crucial for PGT145 binding.
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Escape from CD4bs bnAbs

Escape from CD4bs bnAbs VRCO1 and 3BNC117 occurred in both the canonically
defined CD4bs epitope and other sites distal to the CD4 binding site (Figure 3.7). In the CD4
binding site, mutations to site 279 in loop D and site 369 in the CD4 binding loop escaped both
antibodies (Figure 3.7A). With the exception of sites 279 and 280, the specific amino-acid

mutations in loop D that mediated escape differed between VRCO1 and 3BNC117.

X 0.10 Y
o R
O = L K
m0.05 S [N] =3
P h
> 000l 7,85 = =2 M . '§<D. 2 =2 w S = = R—— = = LV -
s e erR®e EEBE ©OeLBo8-ig ¥ ¥ & ©rwss § N8I ergac-N® TEgS EeEEaac T
T 2222 §§S LNEANRSEBEE 8 8 5 Eohbas & 88888g8egEEhs §9Ye gegeecd &
o zZ 0O zF®w X > »n [ -4 - Z Z <X Z o 4 (6] < L > <+ <Z 0 onooco-du>FF = 0 FCOoOOooCunk- (6]
[N ] [ ] L N ) [ ] L N ] [ ] oo o000 00 [ ]
—
B Loop D CD4 binding loop B20/21 Base V5
M o020
“:‘015 Q S
O v 2 L
0.10
Z oos e L = b4 = = [ E [ ]
M ol = = ZEE = = B = T e Z, == .. B = . ¥
(o0 Matuars 0 oK ® 9 N B o K ® o 3 ) © MR EE RN ~® 29 B O~ % 2O o =
T 2929828 SF8 KE&NE 8 8 8§ $88ggggg5h55 §99¢g gugrveecd &
o zZ 0Oz ®w X > 0 wz = F 2z o o = <Z 0 onooco-du>FF = 0 axc ~ FOCOoOOooun k- (6]
[ ] [ ] [ ] e [ ] L N ) [ ] [ ] [ ] o000 0O
CD4 binding loop B20/21 Base V5

Figure 3.7. Escape from CD4bs bnAbs. A,B. Escape proﬁlesv for CD4bs bnAbs VRCO1 and
3BNC117. Letter heights indicate the excess fraction surviving for each mutation. Blue circles
indicate structurally defined contact sites, and yellow underlines indicate a N-linked
glycosylation motif. Portions of the canonical CD4bs epitope are underlined in black and
labeled. C. Antibodies are shown in blue, and Env is colored according to the average fraction

surviving at each site (PDBs: SFYK and 5V8M respectively).

57



The largest-effect mutations for both antibodies introduced a serine or threonine in place
of the asparagine at site 197. The N197 glycan is part of a glycan fence that shields the CD4bs
[113]. N197S/T both eliminate this N197 glycan and introduce a new potential N-linked
glycosylation motif (PNG) at N195. Since escape was only mediated by S/T at site 197, these
data suggest that eliminating N197 alone does not result in viral escape, but shifting the N197
glycan to N195 does. We validated these observations using point mutants in TZM-bl
neutralization assays: simply eliminating the N197 PNG via N197E resulted in ~50 fold more
potent neutralization by VRCO1, while N197S resulted in viral escape, increasing the ICs by 27-
fold relative to wildtype (Figure 3.5).

Escape from both antibodies also occurred via D113N, which introduces a PNG at site
113. Site 113 is in the trimer interface distant from the CD4bs (Figure 3.7C), suggesting this
mutation may affect exposure of the CD4bs epitope by altering trimer conformation or dynamics.
We validated that D113N resulted in escape from VRCO1 using a TZM-bl neutralization assay
(Figure 3.5). While it is unknown if the PNG created by D113N is indeed glycosylated, these
data show that altering potential glycosylation sites both near and distal to the epitope can affect
CD4bs bnAb neutralization.

Escape from 3BNC117 also occurred at numerous sites near where the antibody’s
HCDR3 arm makes inter-protomer contacts, including sites in V3 (sites 304, 308, 312, 316-320),
and at the base of the B3-B4 loop (sites 207, 209) (Figure 3.7B). This quaternary nature of the
3BNC117 epitope was first postulated based on early trimer structures [114], and higher
resolution cryo-EM of BG505 trimer in complex with 3BNC117 [20] confirmed that 3BNC117

directly interacts with residues 207, 308, and 316 from the neighboring protomer (Figure
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3.7B,C). It has been previously reported that mutations to site 207 result in decrease 3BNC117
binding [115]. We also observed viral escape from 3BNC117 at site 1326, a site distal to
3BNC117 near the base of the V3 loop that takes part in variable loop hydrophobic interactions
that may regulate trimer dynamics [20].

Strikingly, while VRCO1 does not make similar inter-protomer structural contacts as
3BNC117 [7], we still observed escape at sites 207, 209, 304 and 326 (Figure 3.7A, C). We
validated that [326Y results in escape from VRCO1 (Figure 3.5), but has little effect on the V3-

specific bnAbs 10-1074 and PGT121, despite these antibodies directly contacting this site.

Escape from fusion peptide and gp120/gp41 interface bnAbs

Maps of escape from PGT151 and VRC34.01 highlight the complex nature of the
conformational fusion peptide and gp120/gp41 interface epitope (Figure 3.85A,B). Here, we
reanalyzed VRC34.01 mutational antigenic profiling data from a prior study [55] quantifying the
effects of mutations using the fraction surviving metric rather than the differential selection
metric used in the earlier study, and compared these data to the BG505 Env escape from PGT151
reported here. While both antibodies contact the 6 N-terminal residues of the fusion peptide
(512-517), escape from PGT151 is focused on just the 3 N-terminal residues of this peptide (512-
514), while escape from VRC34.01 is mediated by numerous mutations to sites 512-516 and
518. The structural footprints of both antibodies center on the fusion peptide, but they contact
distinct glycans and protein regions of gp120 and gp41. Again, their functional epitopes include
distinct subsets of these of protein residues and glycans (Figure 3.8 A,B). For both antibodies,

there are also numerous sites of significant escape at non-contact sites near the epitope (Figure
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3.8A,B). For PGT151, we also identified sites of escape at more distant residues in V3; the

mechanisms of escape at these sites are unclear.
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Figure 3.8. Escape from fusion peptide and MPER bnAbs. A, B. Escape profiles for fusion
peptide and gp120/gp41 interface bnAbs VRC34.01 and PGT151. Letter heights indicate the
excess fraction surviving for each mutation. C. Fusion peptide antibodies are shown in blue, and
Env is colored according to the maximum excess fraction surviving at each site (PDBs: 5I8H and
SFUU respectively). D. Escape profile for MPER bnAb 10E8, presented in the same manner as
A, B. E. 10E8 is shown in blue, and the MPER peptide is colored according to the maximum

excess fraction surviving at each site (PDB 4G6F).
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Escape from an MPER bnAB

Escape from the MPER-directed antibody 10E8 occurred predominantly in the
structurally defined contact sites, with sites of escape localizing to one side of the MPER peptide
a-helix apical to 10ES8 (Figure 3.8D,E) [103]. This agrees precisely with prior studies [103,116].
However, we identified two additional modest but significant sites of escape outside of the
MPER peptide, at sites 609 and 643 in the C-C loop and HR2 domain of gp41 respectively
(Figure 3.2). Mutations at these sites may alter fusion kinetics and/or the presentation of the

MPER epitope.

Comparing our mutational maps with in vivo escape during bnAb immunotherapies in humans
Several of the bnAbs that we characterized have been used in human immunotherapy
studies. Some of the escape mutations identified in our work overlap with mutations that arose in
the humans during these studies (Table 3.1). For example, when 10-1074 was administered to
HIV-infected individuals, viral escape mutations emerged at site 325 and the PNG that
encompasses sites 332 and 334 [46]. These are the same three sites where the strongest selection

is observed in our 10-1074 mutational antigenic profiling (Table 3.1).

Table 3.1 Overlap between mutational antigenic profiling sites of escape and sites of
viral evolution that occurred in vivo during bnAb immunotherapy

Table 3.1. Overlap between mutational antigenic profiling sites of escape and sites of viral
evolution that occurred in vivo during bnAb immunotherapy
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Overlap between reported sites of viral

ClinicalTrials.gov evolution during bnAb immunotherapy* and
Identifier (NCT significant sites of viral escape from our
Antibody Study Number) Study description mutational antigenic profiling
Casket et al Single infusion of 10-1074 to
10-1074 NCT02511990 325,332, 334*
2017 HIV infected individuals

Caskey et al
Single infusion of 3BNC117
3BNC117 2015, Schoofs NCT02018510 209, 279, 308, 318, 471°
to HIV infected individuals

etal 2016
Multiple (2-4) infusions of
Scheid et al 3BNC117 after the ]
3BNC117 NCT02446847 274¢
2016 discontinuation of
antiretroviral therapy
One or two infusions of
Lynch et al VRCO1 in antiretroviral
VRCO1 NCT01950325 none”
2015a treated and untreated HIV-
infected patients, respectively
Multiple (3-8) infusions of
NCT02463227 and ~ VRCO1 after the 279%; reanalysis of these data revealed
VRCO01 Bar et al 2016
NCT02471326 discontinuation of potential selection at 326**

antiretroviral therapy

* The sites in this table were determined in in each study individually, using disparate methods, explained below.

A: Discussed in main figures and text.

B: Used LASSIE (Longitudinal Antigenic Sequences and Sites from Intrahost Evolution) to identify sites selected within the 24-week
time frame, using a selection cutoff changing > 80% amino acid frequency compared to baseline. Indels are omitted from this group.
C: The mutations identified here are solely ones discussed in text based on sequence alignments.

D: Used a neutralization-based epitope prediction (NEP) algorithm to predict mutational differences that could be associated with
VRCO1 selection. The top 5 highest scoring sites for the four patients examined are reported here.

E: Two separate criteria were used by the two clinical trials reported in Bar et al 2016. In one, the VRCO1 antibody footprint sequence
was analyzed using LASSIE, and we then identified sites within the examined regions that differed >50% amino acid frequency
compared to baseline. In the other study, HIV env sequences were analyzed using a neutralization-based epitope prediction (NEP)
algorithm. Changes in amino-acid residues that occurred within or next to the VRCO1 epitope were reported.

**Examination of env genotype from this study in the context of our VRCO1 escape profile revealed a potential additional site of viral
escape no discussed in Bar et a/. 2016. In Patient V10, T326 was fixed shortly after VRCO1 treatment, but T326 was present in only 2/49

sequences at later timepoints when antibody levels may have waned (1326, present in the remaining sequences, is 96.8% conserved in the
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LANL filtered web alignment) (Bar et al., 2016). No pretreatment sequences were available.

There is also considerable overlap between sites of escape we map in vitro and those that
occurred in vivo during treatment of infected individuals with the CD4bs antibodies 3BNC117 or
VRCOI. For 3BNC117, the sites that overlap between our maps and human trials [43,117]
include sites 182, 209, 279, 308, 318, and 471 (Table 3.1). Site 279 is one of the strongest sites
of escape from 3BNC117 and VRCO1 in our experiments. A mutation to site 279 was part of the
viral escape pathway within the patient from whom VRCO1 was isolated [80], and arose during
VRCO1 immunotherapy post treatment interruption [44]. Mutations to site 279 also played a role
in escaping a CD4bs targeted response in another patient [118] and during 3BNC117
immunotherapy of infected individuals [43,117].

Intriguingly, our data may also be useful for identifying previously unappreciated escape
mutations during immunotherapy. For example, after patient V10 underwent therapy with
VRCO1 [44] a rare amino acid variant at site 326 was fixed in the viral population (Table 3.1),
but the potential significance of this mutation was not noted in the original publication since it is
far from the structural epitope. Our mutational antigenic profiling shows that mutations at site
326 increase resistance to VRCO1, demonstrating how comprehensive maps of mutational escape

can aid in interpreting clinical data.

Escape from pooled antibodies
Many immunotherapy studies are beginning to treat patients with combinations of bnAbs.

For instance, a recently completed set of clinical trials involved treating patients with equal
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concentrations of 3BNC117 and 10-1074 [119,120]. We therefore investigated how escape from
a mix of these two antibodies compares to escape from each antibody individually.

We pooled the antibodies at equal concentrations, and then selected our viral libraries
with the antibody pool (Figure 3.9, 3.10). Escape from the pooled antibodies appeared to be a
combination of the escape profiles from each antibody in isolation (Figure 3.9A, B). For
example, we observed escape at sites 325, 332, and 334, likely associated with escape from 10-

1074, as well as escape at sites 304, 308, and 471, which presumably affect 3BNC117 resistance.
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Figure 3.9. Escape from a 3BNC117 and 10-1074 pooled bnAbs. A. The excess fraction
surviving neutralization averaged across all mutations at each site. Data from Figure 3 (10-1074)
and Figure 4 (3BNC117) are re-plotted for relevant sites. For the pooled 3BNC117 and 10-1074
data, the mean value across six replicates is plotted. The simulated data is the product of each
antibody’s mean excess mutation fraction surviving values. B. A logoplot zooming in on epitope
regions for each dataset. In A and B, the simulated data is distinguished from the experimental

data with a light grey overlay.
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Figure 3.10. The correlation between mutational antigenic profiling biological replicates for
the pooled 3BNC117 and 10-1074 antibodies. A. The correlation between the excess fraction
surviving averaged across mutations at each site for each biological replicate of the pooled
antibody selections. B. For each biological replicate, the antibody concentration used during the
selection, which mutant virus library was used, and the fraction of that library that survived

antibody selection is shown. For clarity, the percent neutralized (1- library fraction surviving) x

100 is also shown.

Importantly, escape from the pooled antibodies does not occur at sites where the escape

mutation from one antibody sensitizes the virus to the other. For instance, the strongest escape
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mutations for 3BNC117 alone are N197S and N197T, which shift the N197 glycan to N195
(3.9A). However, eliminating the N197 glycan increases the virus’s susceptibility to
neutralization by antibodies targeting the same epitope as 10-1074 [121,122]. Mutations at site
N197 are not selected by the pool of antibodies in our mutational antigenic profiling, presumably
because any benefit with respect to escaping 3BNC117 is canceled out by increased
susceptibility to 10-1074. This example demonstrates the potential for suppressing viral escape
mutations by selecting antibodies with synergistic effects at specific sites.

To model the synergistic effects of antibodies on suppressing viral escape, we calculated
the expected escape profile from a pool of 10-1074 and 3BNC117 by simply taking the product
of each mutation’s excess fraction surviving value for each antibody (Figure 3.9). The rationale
behind this calculation is that the expected fraction of virions with a mutation that should survive
both antibodies is simply the product of the fraction that would survive each antibody
individually. The escape profile predicted by this simple model closely matches the actual
selection from the pooled antibodies (Figure 3.9).

Overall, these data suggest that no single amino-acid mutations robustly escape both
3BNC117 and 10-1074. Rather, the low level escape from the pooled antibodies appears to
represent mutations that escape one antibody but have little effect on the other. Furthermore, the
similarity of the experimentally measured escape profile for the pooled antibodies and the profile
predicted from the product of the individual antibody profiles suggest that our maps of escape
from single antibodies could be useful for computationally predicting the potential for escape

from antibody pools.

Quantifying the ability of the BG505 Env to escape each bnAb with single mutations
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Anti-HIV bnAbs are often evaluated in terms of their breadth and potency against panels
of naturally occurring viral strains. Our data offer the opportunity to calculate an alternative
measure relevant to the potential efficacy of bnAb immunotherapies: the ability of single amino-
acid mutations to increase the antibody resistance of a particular viral strain.

We used our mutational antigenic profiling to assess the ease of single-mutation escape
of the BG505 Env from each antibody. First, we simply qualitatively examined the 100 largest
effect-size mutations for each antibody (Figure 3.11A). For some antibodies (such as
VRC34.01), there are many individual mutations that efficiently escape neutralization—but for
other antibodies (such as VRCO01), only a few mutations affect escape, and do so with only
moderate size effects (Figure 3.11A). Interestingly, for all of the antibodies, at least some of the
largest effect-size mutations are accessible by single nucleotide mutations, indicating that the
genetic code only has moderate affects on the accessibility of escape mutations (Figure 3.11A).

To quantify the ease with which the BG505 Env can escape each antibody by single
mutations, we summed the excess mutation fraction surviving values at each significant site of
viral escape. This single-mutation ease of escape metric is moderately correlated with antibody’s
breadth (Figure 3.11B). But especially for the broadest antibodies, there are differences between
neutralization breadth on natural strains and ease of single-amino acid escape by BG505 (Figure
3.11B). For example, 10E8 has 98% breadth and VRCO1 has 91% breadth, but BG505 has more
capacity to escape 10E8 by single amino-acid mutations. Differences in the extent of natural
sequence variation at epitopes potentially contributes to the differences between breadth and the
ease of escape: many of the escape mutations we identify are rarely observed in nature [123].
These results highlight that, similar to influenza antibodies [106], HIV bnAb breadth on natural

strains and the potential for single-mutation escape by any given viral variant are distinct
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measures, both of which may be useful for assessing the potential for viral antibody escape in

clinical settings.
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Figure 3.11. Quantifying the ability to escape each bnAb. A. The excess fraction surviving for
the 100 largest effect mutations for each antibody. Closed circles indicate mutations that are one
nucleotide mutation away from BG505 wildtype, while open circles indicate mutations that are 2
or 3 nucleotide mutations away from BG505 wildtype sequence. B. Each antibody’s breadth (as
quantified in Figure 2) is plotted against the sum of the excess mutation fraction surviving values
at all significant sites of viral escape.

Mapping differences in escape across diverse Envs

All of the foregoing results are for Env from a single viral strain, BG505. While it is well
known that the effect of mutations on antibody neutralization can differ from strain to strain,
there are no unbiased quantifications of how much the antigenic effects of mutations typically
shift across strains. To address this question, we also mapped escape from VRCO1 and PGT151
using LAI Env, a subtype B strain (Figure 3.12-3.14). In addition, we compared out maps of
escape from PGT151 in BG505 and LAI to our previously published map of escape from this

antibody by the subtype A BF520 Env [53].
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Figure 3.12. The correlation between mutational antigenic profiling biological replicates for
PGT151 and VRCO1 using LAI and BF520 mutant Env libraries.. A. The correlation of the
excess fraction surviving averaged across mutations at each site between biological replicates for
PGTI151 escape using LAI mutant Env libraries. B. Same as A, but for BF520 mutant Env
libraries. C. The same as A, but for escape from VRCOI using LAI mutant virus libraries. D. For
each biological replicate, the antibody concentration used during the selection, which mutant
virus library was used, and the fraction of that library that survived antibody selection is shown.

For clarity, the percent neutralized (1- library fraction surviving) x 100 is also shown.
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Figure 3.13. Differences in PGT151 escape across Envs. A. The line plots shows each site’s

average excess fraction surviving PGT151 for BG505, BF520, and LAI Env. Beneath, logoplots
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show the mutation level escape profile for sites highlighted in grey in the line plots. B. View of
the PGT151 epitope colored according to escape in each Env. PGT151 Fab is colored blue, and
Env is colored according to the maximum mutation fraction surviving at each site for each strain
(PDB:5FUU). C. The correlation between BG505, BF520, and LAI excess fraction surviving
PGT151 for each site. Sites are colored blue if the wildtype amino acid is identical between
strains, orange if they differ. D. The mutational effect, excess mutation fraction surviving, and
fold change in PGT151 ICs from TZM-bl assays using point mutant pseudoviruses of validated
point mutants. As in Figure S4, the mutational effect is measured via deep mutational scanning
of each Env under selection for viral replication in cell culture in the absence of any immune
selection (Haddox et al 2016, Haddox et al 2018). The mutational effect is the ratio of the
preference of that mutant relative to the wildtype amino acid preference at that site. If the
mutational effect is >1, then that mutation replicates better than wildtype in cell culture; if it is
<1, that mutant replicates worse than wildtype. Where there are discrepancies between
mutational antigenic profiling and TZM-bl assays, that mutation has an effect <<1, indicating it
is deleterious for viral replication in cell culture. For example, TZM-bl neutralization data
validate that V/I84K has different antigenic effects on PGT151 across strains. In contrast,
between-strain PGT151 differences in the excess fraction surviving at sites 521 and 603 may be
shaped by differences in mutational tolerance. In mutational antigenic profiling, [603R mediated
escape in LAI but not in BG505 or BF520; similarly, G521L had differing effects across strains.
However, these pseudovirus point mutants escaped PGT151 in all three strains, albeit to differing
extents. Because we assayed only replication-competent mutant viruses, these mutations were
likely purged from our BG505 and BF520 libraries during functional selection in cell-culture

before antibody selection, while they remained in our LAI libraries.
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Figure 3.14. Differences in VRCO01 escape across Envs. A. The line plots shows each site’s
average excess fraction surviving VRCOI1 for BG505 and LAI Env. B. Logoplots show the
mutation level escape profile for sites highlighted in grey in A. C. Same as in S8C, but for
VRCOI escape in BG505 and LAI D. Same as in S8D, but for validated VRCO1 escape mutants.
The differences in VRCO1 escape across Envs may be explained by differences in conformation
or dynamics. BG505 is generally well-behaved as a SOSIP trimer, adopting a prefusion “closed”
state [124], and LAl is a lab adapted strain which likely adopts a more “open” conformation
similar to the related strain NL4-3 [9]. We speculate the mutations outside of the CD4bs, such as
introducing a PNG at the trimer interface (D113N) or altering hydrophobic interactions in

variable loops at the trimer apex (I326Y) could disrupt BG505’s trimer structure or dynamics
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and result in escape from VRCO1, but the same mutations to LAI may not disrupt a “closed”

state if it is less frequently or not adopted by LAL.

Escape from PGT151 across all three strains is quite similar. The dominant escape
mutations are in the N611 and N637 PNGs, as well as sites in the fusion peptide and HR-2
domain (Figure 3.13). However, there are a number of sites where single mutations mediated
escape in LAI but not in BG505 or BF520 (sites 82, 84, 224, 229, 242, 245, 521, 602, 603).
Many of the escape mutations unique to LAI are clustered near the epitope, suggesting that LAI
may adopt a different local conformation (Figure 3.13B). We validated three of these strain-
specific escape mutations using TZM-bl neutralization assays and found that the strain
differences in both antigenic effects and mutational tolerance appear to play a role in shaping
these differences (Figure 3.13D).

There were relatively more strain-specific differences in escape from VRCO1 than from
PGT151 (Figure 3.14). Mutations to site 279 escaped VRCOI in both Envs, but with larger
effects in LAI (Figure 3.14B). N197S/T escaped VRCO1 in BG505, but not in LAI. There is a
clear mechanistic basis for this difference: N197S/T shifts the N197 PNG to N195 in BG505,
while N197S/T only disrupts the N197 PNG in LAL In contrast, D113N introduces a glycan in
both strains, but only escaped VRCO1 in BG505 (Figure 3.14B, validated in TZM-bl assays in
Figure 3.14D). Further, [326Y and L369K escaped VRCO1 in BG505 but not LAI (also validated
in TZM-bl assays in Figure 3.14D), while mutations to site 474 generally have a larger effect in
LAI than in BG505 (Figure 3.14B). A possible explanation for the differences in escape is that

these Envs may adopt different conformations with different dynamics [9].
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Discussion

We have mapped how all single amino-acid mutations to the BG505 Env affect
neutralization of replication-competent HIV by nine prototypical bnAbs. These maps of viral
escape define the functional epitopes of these antibodies, which we show are distinct from the
structurally defined epitopes. For all antibodies, viral escape occurred at only a fraction of
structurally defined contact sites, and many escape mutations occurred at sites outside the direct
structurally defined epitope. This escape at non-contact sites often clustered close to the
structural contacts, suggesting that altering a network of interacting sites near the structural
epitope can disrupt antibody binding or neutralization. In a few cases, escape also occurred at
sites more distant from the epitope, likely due to alterations in the conformation or dynamics of
Env.

Others have previously noted that not all structurally defined contact sites affect antibody
binding [59,60,97], and mutations outside of the structural epitope can affect antibody sensitivity
[125-130]. However, our complete maps of escape mutations make it possible to systematically
quantify the overlap between the functional and structural epitopes of bnAbs. Our work also
highlights how incompletely prior structural and virological assays have defined the functionally
relevant interactions between HIV and antibodies. Even though our study focused on some of the
best-characterized anti-HIV bnAbs, we uncovered numerous sites in Env (often outside of the
structural epitope) where mutations were not previously known to affect bnAb sensitivity.

One application for which our maps of viral escape may be of immediate use is
evaluating bnAb immunotherapies. During immunotherapy trials, many viral mutations arise,

and it is important to know which ones alter sensitivity to the bnAb used in the trial [43—47,117].
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While our maps of course do not perfectly predict escape that occurs in vivo, which could be
influenced by many stochastic factors including the specific variant that infected the individual,
they do define functional epitopes that can be used to help assess the potential antigenic
significance of viral mutations. For instance, our map of the functional epitope of VRCO1
allowed us to re-interpret the potential significance of a previously unremarked upon mutation
outside the structural epitope that occurred during VRC0O1 immunotherapy.

We also examined how our maps of escape from individual antibodies compared to those
generated using a pool of antibodies—an important question since combinations of bnAbs are a
clear future direction in antibody immunotherapy [131,132]. We mapped escape from a pool of
two bnAbs, 3BNC117 and 10-1074, and we found that there were no mutations that robustly
escaped both antibodies. This finding agrees with the results of two recently completed clinical
trials that administered this antibody combination and did not report selection of any mutations
that conferred resistance to both antibodies [119,120]. Further, the combined selection of the
two antibodies was similar to that predicted from the product of the individual escape profiles.
Therefore, antigenic maps for individual antibodies may be useful for modeling viral escape
from combinations of antibodies.

Our data also provide a way to quantify the ease with which the BG505 Env can escape
from each antibody via single mutations. While this ease of escape metric contains many caveats
specific to our experimental system (it considers only single mutations to BG505 that support
viral replication in cell culture, omitting the effect of insertions and deletions), caveats also apply
to other methods for estimating how likely a virus is to escape an antibody. For example,
characterizing viral escape during immunotherapy in animal models often examines only a single

viral strain in a limited number of animals. We found that BG505’s ease of escape by single
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mutations is correlated with antibody breadth against natural sequences, but that there are also
differences, especially among the broadest antibodies. We suggest that both measures may be
useful for assessing the potential efficacy of bnAb-based therapies.

Of course, it is important to keep in mind that our maps only measure the effect single
amino-acid mutations to BG505. Epistatic interactions among multiple mutations can play a role
in viral fitness and immune evasion [80,133—138]. Similarly, we performed most of our
experiments in the single genetic background of the BG505 Env, but the effects of mutations on
viral growth and antigenicity sometimes differ among viral strains [52,74,139]. However, we
did compare maps of escape from a few antibodies across viral strains. Escape from PGT151 was
quite similar across strains, while escape from VRCO1 was more variable between strains.
Further studies contrasting escape from additional antibodies across additional strains are needed
to better define strain-specific effects in antibody escape.

Nonetheless, having complete antigenic maps of the BG505 Env versus a panel of
important bnAbs provides a wealth of information that can help guide the study of HIV evolution
and the development of anti-viral strategies. Future work that combines these antigenic maps
with measurements [51,52] or models [140—142] of how mutations affect HIV’s replicative

fitness could shed further light on the virus’s evolutionary dynamics under immune pressure.

Methods

Generation of mutant virus libraries
We have previously described the BG505.T332N mutant proviral DNA libraries and the
resulting functional mutant virus libraries [52]. Briefly, triplicate mutant

BG505.W6M.C2.T332N env libraries that contained randomized codon-level mutations to sites
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31-702 (HXB2 numbering is used here and throughout this manuscript) were independently
generated and cloned into Q23.BsmBI.AEnv proviral plasmid [52]. These proviral plasmid
libraries, as well as wildtype proviral plasmid, were transfected into 293T cells (obtained from
ATCC). We then passaged the transfection supernatant at an MOI of 0.01 TZM-bl infectious
units/cell in SupT1.CCRS cells. The resulting genotype-phenotype linked mutant virus libraries

were concentrated via ultracentrifugation.

Mutational antigenic profiling

The Env mutational antigenic profiling approach has been previously described [53,55].
Briefly, 0.5 - 1x10° TZM-bl infectious units of independent mutant virus libraries were
neutralized with each antibody at an ~ICys - ICq9 9 concentration for one hour. Libraries were
then infected into 1x10° SupT1.CCRS5 cells in R10 (RPMI, supplemented with 10% FBS, 1%
200 mM L-glutamine, and 1% of a solution of 10,000 units/mL penicillin and 10,000 pg/mL
streptomycin) containing 100ug/mL DEAE-dextran. In parallel to each antibody selection, each
mutant virus library was also infected into 1x10° SupT1.CCRS cells without antibody selection
to serve as the experiment-specific non-selected control. Four 10-fold serial dilutions of each
mutant virus library were also infected into 1x10° cells as an infectivity standard curve. Cells
were resuspended in 1 mL fresh R10 at three hours post infection. Cells were washed with PBS,
pelleted, and non-integrated viral DNA was isolated via a miniprep at twelve hours post
infection. The amount of viral genome in each sample was quantified via qPCR [89] or ddPCR
[53], and the fraction of each selected library that survived antibody selection relative to the non-

selected control was interpolated from the infectivity standard curve.
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Barcoded subamplicon deep sequencing
The env gene was then amplified and sequenced using a barcoded subamplicon
sequencing approach as previously described [52] and explained in more detail at

https://jbloomlab.github.io/dms_tools2/bcsubamp.html. Briefly, we first amplified the entire env

gene from the harvested non-integrated viral DNA. This full-length env amplicon was then used
as a template for amplifying 7 subamplicons that tile across env. Each of these subamplicons
contained primer-introduced random barcodes on each end (8xN). Subamplicons are then
bottlenecked such that the number of unique ssDNA molecules is less than the sequencing depth
and then subjected to a final round of PCR that added the remainder of the Illumina sequencing
adapters. All amplicons were then pooled and sequenced on Illumina HiSeq 2x250 bp runs.
Errors introduced during sequencing were corrected by taking the consensus sequence at each

site for each uniquely tagged ssDNA molecule.

Structural analyses

Antibody contact sites were defined from Env-antibody structural models. The PDB
models used were: SFYK for VRCO1 [7], 5V&M for 3BNC117 [20], 5T3Z for 10-1074 [143],
3U4E for PGY [111], 5VSL for PGT145 [20], SFUU for PGT151 [73], 5I8H for VRC34.01 [25],
4G6F and for 10E8 [103]. High resolution models of PGT121 bound to Env are not available; we
used a model of PGT122 (PDB: SFYL) [7], which is a closely related “PGT121-like” clonal
variant of PGT121 [101]. Contact residues were defined as any Env residue where a non-
hydrogen atom comes within 4 A of any non-hydrogen antibody atom. When an antibody

contacted a glycan, the N of that glycan’s PNG was counted as a contact. For asymmetric
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antibody-trimer structures, the closest distance of the three antibody-Env residue distances was
used.

We used the above referenced models (with one exception) to generate figures using
PyMol. While we used the high resolution PG9-V2 scaffold structure [111] to determine contact
sites, we mapped the fraction surviving values onto the moderate resolution model of PG9 in
complex with BG505 trimer (PDB: 5VJ6) [112] in Figure 3F to better illustrate the quaternary

aspect of this apex epitope.

TZM-bl neutralization assays

TZM-bl neutralization assays using BG505.T332N pseudoviruses bearing single
additional point mutants were performed and analyzed as previously described [53]. The assay
was performed in duplicate two or three independent times, and fold change in ICs, of each
mutant relative to BG505.T332N wildtype pseudovirus was calculated independently for each

experiment and then averaged across all replicates.

Analysis of deep sequencing data and computation of fraction surviving.

We used dms_tools2 version 2.2.9 (https://jbloomlab.github.io/dms_tools2/) to analyze

the deep sequencing data and calculate the fraction surviving [94]. The calculation of the fraction
surviving statistic has been described previously [106] and is documented in detail at

https://jbloomlab.github.io/dms_tools2/fracsurvive.html. Sequencing of wildtype proviral DNA

plasmid was used as the error control during the calculation of the fraction surviving. We took

the median values across all experimental replicates for each antibody, and plotted the excess
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fraction surviving data on logoplots rendered by dms_tools2 using weblogo [93] and ggseqlogo

[144].

Identification of significant sites of viral escape

Since the signal to noise ratio appeared to differ between antibodies, we defined
statistically significant sites of viral escape beyond background individually for each antibody.
For each antibody, we fit a gamma distribution to binned site fraction surviving values (median
values across all replicates) using robust regression (soft L1 loss as implemented in scipy). We
then identified sites that fell outside the range of values expected from this distribution at a false
discovery rate of 0.01. For the purposes of Figures 2B and 2C, multiple sites that disrupted a
PNG that the antibody contacted was considered a single site of escape. However, when the
antibody also contacted the second or third protein residues in the PNG and that site was site of

significant escape, the site treated as additional site of escape.

Data and software availability
Open-source software to analyze mutational antigenic profiling datasets is available at

https://jbloomlab.github.io/dms_tools2/. The computational analysis is provided at

https://github.com/jbloomlab/EnvsAntigenicAtlas. [llumina deep sequencing reads are available

from the NCBI SRA as study SRP157948, BioProject PRINA486029, accession numbers

SRR7693968- SRR7694021, SRR7758666, and SRR8168127-SRR8168140.
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Chapter IV
Complete functional mapping of infection- and vaccine-elicited antibodies against the

fusion peptide of HIV

The text in this chapter has been modified slightly from: PloS Pathogens 2018 Jul 5;
14 (7), e1007159. doi: 10.1371/journal.ppat.1007159

Summary

Eliciting broadly neutralizing antibodies (bnAbs) targeting envelope (Env) is a major goal of HIV
vaccine development, but cross-clade breadth from immunization has only sporadically been observed.
Recently, Xu et al (2018) elicited cross-reactive neutralizing antibody responses in a variety of animal
models using immunogens based on the epitope of bnAb VRC34.01. The VRC34.01 antibody, which
was elicited by natural human infection, targets the N terminus of the Env fusion peptide, a critical
component of the virus entry machinery. Here we precisely characterize the functional epitopes of
VRC34.01 and two vaccine-elicited murine antibodies by mapping all single amino-acid mutations to
the BG505 Env that affect viral neutralization. While escape from VRC34.01 occurred via mutations in
both fusion peptide and distal interacting sites of the Env trimer, escape from the vaccine-elicited
antibodies was mediated predominantly by mutations in the fusion peptide. This functional data, in
combination with structural data, suggest that the breadth of vaccine-elicited antibodies targeting the
fusion peptide can be enhanced by specific interactions with additional portions of Env. Thus, our
complete maps of viral escape both delineate pathways of resistance to these fusion peptide-directed
antibodies and provide a strategy to improve the breadth or potency of future vaccine-induced antibodies

against Env’s fusion peptide.
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Introduction

The isolation of broadly neutralizing antibodies (bnAbs) capable of neutralizing diverse
clades of HIV-1 has invigorated hopes of developing a broadly protective antibody-based HIV
vaccine [145,146]. Epitope mapping of bnAbs has revealed a number of conserved sites of
vulnerability on Env, and designing immunogens to elicit antibodies that target such sites is a
promising vaccine strategy [18,147]. Structural characterization of the epitope of bnAb N123-
VRC34.01 (subsequently referred to as VRC34.01) revealed that the N terminus of the fusion
peptide (FP) is one such site of vulnerability [25]. A number of additional bnAbs that also
partially target this epitope have been characterized [72,74-76,148], suggesting it may be a
promising vaccine target.

Xu et al (2018) [26] used the VRC34.01 epitope as a template to design vaccine
approaches that elicited antibodies to the fusion peptide capable of neutralizing diverse strains of
HIV-1. The broadest of these vaccine-elicited fusion peptide-directed antibodies (VFP
antibodies) derive from a class of murine antibodies, the vFP1 class, whose members share
similar B cell ontogenies and structural modes of recognition. While the murine vFP1 class
antibodies share VH gene sequence homology with the human VH gene of VRC34.01, the
binding mode and antibody contact sites of the VFP antibodies are different from that of
VRC34.01 [26]. Here we focus primarily on two of these antibodies, 2712-vFP16.02 and 2716-
vFP20.01, which have breadths of 31% and 27% respectively, on a 208-strain cross-strain panel
[26]. The vFP16.02 antibody was elicited by a BG505 Env trimer prime and three fusion
peptide-carrier protein conjugate (FP-KLH) boosts in two-week intervals, and vFP20.01 was
elicited via a similar scheme with an additional trimer boost. Antibodies were isolated via the

generation of hybridomas three weeks after the last boost. The breadth of these antibodies rivals
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infection-elicited bnAbs such as 2G12 [149], although these VFP antibodies have lower affinity
for Env than the original VRC34.01 bnAb [26]. To improve breadth and potency in further
rounds of structure-based vaccine design, we undertook studies to define precisely the epitope
specificities of the vFP antibodies, to delineate viral pathways of functional resistance, and to

understand how these differ from the original template VRC34.01 bnAb.

Results

We used mutational antigenic profiling [53] to quantify how all single amino-acid
mutations at each residue of Env affected the neutralization of replication-competent HIV by
VRC34.01 and the two vaccine-induced antibodies, vFP16.02 and vFP20.01. Specifically, for
each antibody, we neutralized libraries [52] of viruses carrying all amino-acid mutations to the
ectodomain and transmembrane domain of the BG505.T332N Env at an ~ICys antibody
concentration. For each of the possible 12,730 Env mutations (670 mutagenized sites x 19 amino
acid mutations), we calculated the enrichment of the mutation in the antibody-selected condition
relative to a non-selected mutant virus library, a quantity that we term differential selection [53].
This entire process was performed in full biological replicate, beginning with independent
generation of the proviral plasmid mutant libraries. The results from the two replicates were well
correlated. For the remainder of the paper, we present the averaged data from these two
replicates.

It was immediately apparent that viruses with mutations in the N terminus of the fusion
peptide (sites 512-516) robustly escaped all three antibodies (Figure 4.1A). However, there were
also obvious differences between VRC34.01 and the two vaccine-elicited antibodies. While viral

escape was concentrated in the fusion peptide for the vFP antibodies, there were a number of
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additional sites in Env where mutations allowed for escape from VRC34.01. Prior structural and
functional characterization of VRC34.01 have revealed that it interacts with both the N terminus
of the fusion peptide and the N-linked glycan at residue 88 [25]. The results of these prior
structural and functional studies are highly correlated with our mutational antigenic profiling
data. Mutational antigenic profiling also revealed additional sites of viral escape from
VRC34.01, including residues 84, 85, 227, 229, 241 and 243, which are all proximal to the
fusion peptide (Figure 4.1B). We also observed a modest but reproducible signal for escape from
vFP16.02 and vFP20.01 via introducing a glycosylation motif at N241, where a glycan would

cause steric hindrance to the approach of these antibodies, and via mutations at site 85 (Figure

4.2A).
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Figure 4.1. Complete escape profile of natural and vaccine elicited fusion peptide
antibodies. A. The positive site differential selection is plotted across the length of the
mutagenized portion of Env for each antibody. B. Structural representation of the FP-directed

antibody epitope on BG505 Env trimer. The Env trimer is colored from white to red according to
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the positive differential selection at each site. Cartoon diagram of Fab-trimer complexes were
adapted from crystal structure (VRC34.01) and cryoEM structure (vFP16.02 and vFP 20.01),
with one Fab-protomer shown in ribbon and the other two Fab-protomers shown as surface.
Labeled fusion peptide residues are shown in spheres. Detail of the Fab-trimer interaction was

shown in the inset.

Since we measured the effect of every amino acid at every site, we could examine viral
escape at a mutation rather than site level (Figure 4.2A). For example, V518W, V518M, and
VS518L resulted in drastic escape from VRC34.01 neutralization, while V518A had no effect
[25]. Further, while the mutational antigenic profiling results agreed with alanine and glycine
scans of the fusion peptide [26], the complete escape profiles identified additional escape
mutants at nearly all of the fusion peptide residues that contact each antibody. This mutation-
level mapping was especially informative for understanding the mechanistic basis for escape
from neutralization. For example, hydrophobic amino acids were among the most enriched
escape mutants at site 512-516 for all three antibodies. This may reflect their ability to eliminate
antibody binding while still allowing for the fusion peptide to be efficiently inserted into the host

cell plasma membrane during fusion.
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fusion peptide epitope. A. The mutation-level escape profile for regions with considerable
differential selection by at least one antibody (regions with red underlay in Fig 1A). Left to right,
these include the N88 glycosylation motif and neighboring area, surface exposed gp120 residues
that interact with VRC34.01, and most of the fusion peptide. The height of each amino acid is
proportional to the logarithm of the relative enrichment of that mutation in the antibody selected
condition relative to the non-selected control. B. Fab-FP peptide crystal structures of each
antibody. Antibody Fabs were colored as in Fig. 1B, FP residues with significant differential
selection to each antibody were colored in red. C. Total surface, antibody-contact surface
(determined from co-crystal structures shown in Fig 2B), and positive site differential selection

for each antibody

Even within the fusion peptide region, there are differences between the template,
infection-elicited bnAb and the vaccine-elicited antibodies. Escape from VRC34.01 could also

occur via mutations at sites 518 and 521, whereas these mutations had little impact on the
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vaccine-elicited antibodies. These residue level differences in escape within the FP agree with
structural interactions; within FP peptide-Fab co-crystal structures, the percent buried surface
area of each residue tracks well with the extent of escape for each antibody (Figure 4.2B, C).
Likewise, the fusion peptide dominated the epitope of antibodies vFP16.02 and vFP20.01 bound
to Env, with the cryo-EM reconstructions showing strongest electron density of the bound
antibody around the fusion peptide [26], with residues 512-519 accounting for ~63% and ~56%
of the total protein epitope surface for vFP16.02 and vFP20.01, respectively. However, these
data also highlighted how not all structural contacts contribute equally to binding. Cryo-EM
(vFP16.02 and vFP20.01) and crystal (VRC34.01) structures of each Fab bound to HIV-1 Env
showed contacts of the antibodies with residues 517, 519, and 520 of the fusion peptide of the
trimeric Env (Figure 4.1B). Mutational antigenic profiling suggested that these residues were less
critical to escape than residues 512-516.

We also found an unexpected site of viral escape at site 524 that was shared between all
three antibodies. Although Gly 524 is distal to the epitope and does not directly contact any of
the antibodies, it is part of a structural motif conserved in all three antibodies, involving a tight
turn that allows Phe 522 to anchor the flexible fusion peptide via van der Waals interactions to
a6 helix of gp41, and B5 and B7 strands of gp120 [25,26]. Interestingly, mutations at site 524
mediated escape from each antibody to differing extents (Figure 4.2A). Thus, these distal
mutations likely altered the presentation or conformational dynamics of the N terminus of the
fusion peptide, an observation relevant to immunogen design.

Mutational antigenic profiling also identified mutations distal to the epitope that were
depleted, rather than enriched, during antibody selection relative to the non-selected libraries

(Figure 4.3). These include mutations that eliminated the N611 glycosylation motif, indicating
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viruses that lack the N611 glycan are more sensitive to neutralization by these antibodies. To a
lesser extent, we observed the same phenotype at the N88 glycosylation motif for the vFP
antibodies but not for VRC34.01 (Figure 4.3A,B). These results are consistent with the fact that
binding of VRC34.01 is dependent on the N88 glycan [25], and disrupting the N88 and N611
glycosylation motifs individually in BG505 pseudoviruses results in more potent neutralization
by vFP16.02 and vFP20.01 [26]. Numerous mutations throughout Env were depleted during
VRC34.01 selection, while far fewer mutations were depleted during vFP16.02 and vFP20.01
selection (Figure 4.3A). For all three antibodies, sites 621 and 624 were amongst those under the
strongest negative differential selection (Figure 4.3A,B). These surface-exposed gp41 sites,
which neighbor the FP epitope but do not directly interact with any of the antibodies, could
allosterically affect the conformation and/or presentation of the fusion peptide or neighboring
glycans. Indeed, site 621 is part of a surface salt bridge network that could be important for
maintaining local structure [26]. While the mechanism of this phenomenon is yet to be fully
elucidated, introducing these mutations into Env trimers may be a way to increase the exposure

of the fusion peptide in trimer immunogens.
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Figure 4.3. Mutations that better expose the fusion peptide are selected against during

antibody treatment. A. The positive (black) and negative (orange) site differential selection is
plotted across the length of the mutagenized portion of Env for each antibody. B. The negative
differential selection for regions of interest (regions highlighted in blue in 1A). Left to right,
these include the N88 glycosylation motif, the N611 glycosylation, and surface exposed gp41
sites that consistently have mutations depleted upon antibody selection. The height of each
amino acid is proportional to the logarithm of the relative depletion of that mutation in the

antibody selected condition relative to the non-selected control.

Our mutational antigenic profiling may also help to contextualize prior structural
analyses [25,26]. vFP antibodies have a restricted angle of approach and substantial interactions
with glycans at residues N88, N295, N448, and N611 [26], but these data show that eliminating

these glycans did not result in viral escape. Thus, these antibodies likely approach the fusion
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peptide at an angle that accommodates or avoids steric clashes with glycans. We hypothesize that
the vFP antibodies’ lack of direct reliance on glycans is a result of the vaccination regimen,
where responses were induced with FP-KLH immunogens that lacked appropriately positioned
glycans.

Further, vFP16.02 and vFP20.01’s focused recognition of the fusion peptide’s N-
terminus is also reflected by their Env-bound cryo-EM reconstructions [26,55]. Reduced electron
density for the antibody outside of this region around the fusion peptide indicated greater

conformational variability as a result of being less constrained by interactions with Env.

Discussion

Overall, these in-depth delineations of the functional epitopes revealed similarities and
differences between how VRC34.01 and the vaccine-elicited antibodies recognize Env. Escape
from both vFP16.02 and vFP20.01 was mediated predominantly via mutations in the fusion
peptide, whereas VRC34.01 neutralization was also affected by mutations at numerous
additional sites.

The focused functional interface of the vaccine-elicited antibodies takes on added
significance in the context of a unique structural observation: Env-bound vFP16.02 and
vFP20.01 have reduced electron density outside of the paratope contacting the fusion peptide’s
N-terminus, indicating greater conformational heterogeneity. To further investigate this
phenomenon, we determined two more VFP1-class antibody cryo-EM structures. These
antibodies also displayed internal disorder, and the extent of relative light chain order correlated
with breadth [55]. Increased light chain disorder may indicate weaker interactions with Env

gp120. Since our mutational antigenic profiling clearly shows that VRC34.01 but not vFP16.02
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or vFP20.01 has functional interactions outside the FP, we hypothesize that additional
interactions with other regions of Env may increase the breadth of vFP antibodies. Consistent
with this idea, the breadth of vFP antibodies is correlated with their affinity to Env trimer [26].
Our functional mapping does show modest but reproducible selection for escape mutations from
vFP16.02 and vFP20.01 at site 85 in gp120 (Figure 4.2A), which stacks against their CDR L3
loops. Thus, it does seem possible for the light chain of vaccine-elicited antibodies to derive
advantageous interactions from this region of gp120.

Therefore, mapping a/l mutations that affect neutralization by infection and vaccine-
elicited antibodies may help identify potentially desirable interactions to target with trimer boosts
or rationale immunogen design. However, such additional interactions outside of the fusion
peptide could increase affinity at the cost of reduced breadth if the additional contacts occur at
Env sites that are variable in nature. Fortunately, most of the VRC34.01 escape mutations that
that are outside of the fusion peptide are at sites largely conserved in nature, suggesting that this
tradeoff can be minimized. One strategy to elicit FP antibodies with additional Env interactions
is to include additional Env trimer boosts. This could include A611 and/or A88 glycan trimers,
which appear to increase the exposure of this epitope to vFP16.02 and vFP20.01, followed by
wildtype trimers in hopes of guiding antibody lineages towards interacting with or avoiding
clashes with these glycans. Alternatively, Env trimer immunogens that incorporate other
mutations that appear to better expose this epitope (Figure 4.3) could be developed.

An alternative or parallel approach to increasing the breadth of fusion-peptide vaccine
responses is to tailor the focused recognition of the fusion peptide to accommodate greater
sequence diversity within this region [26]. This goal might be accomplished by immunizing with

peptide immunogen pools that incorporate naturally found diversity within these sites [26]. Our
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data suggest that a peptide immunogen cocktail designed to elicit antibodies similar to vFP16.02
and vFP20.01 would need only to cover diversity at sites 512-516. Further, rather than designing
cocktails that cover all naturally occurring diversity at sites 512-516, our data allows for the
design of peptide cocktails that cover only those naturally occurring amino acid polymorphisms
that mediate escape from vE'P antibodies.

Within the fusion peptide, hydrophobic amino acids are among the most enriched escape
mutations for all three antibodies (Figure 4.2A). This makes sense, since viral fusion requires
insertion of Env’s hydrophobic fusion peptide into the target cell membrane. However, the
numerous escape mutations mapped in our experiments contrast with the high sequence
conservation of the fusion peptide’s N terminus in nature. The much higher conservation of the
fusion peptide in nature may be because there is relatively little natural pressure for mutations at
these sites or might indicate the presence of additional constraints in nature that are not present in
our cell-culture experiments. Prior work has shown that the BG505 Env used in this study
tolerates many mutations at conserved fusion peptide sites under selection for viral replication in
cell culture [52]. However, this mutational tolerance varies among strains, since Env from strain
BF520 (another subtype A transmitted/founder Env) is much less tolerant of mutations at fusion
peptide sides such as 512 and 516 [52].

Translating the promising potential of the these VFP antibodies into consistent, broadly
protective responses will require iterative rounds of vaccine design and detailed evaluation of
elicited responses. This study is an early step in this process and is limited to examining the
neutralization sensitivities and structures of a small number of antibodies. Here, we do not

evaluate numerous other antibody-mediated immune functions. Further, it is yet to be determined
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if additional Env interactions outside of the FP, similar to VRC34.01, will indeed result in
greater breadth, or if increased affinity alone may drive breadth.

In conclusion, our mutational antigenic profiling of vFP antibodies and the template
VRC34.01 bnAb, combined with analyses of additional vFP antibody structures, have provided
insights that can help refine vaccination regimens. We precisely mapped previously
unappreciated interactions between Env and the template bnAb VRC34.01, and our functional
and structural analyses suggest that these interactions may play a role in VRC34.01’s relatively
greater breadth and could possibly help improve the breadth or potency of anti-FP antibodies.
Therefore, these complete maps of viral escape provide a detailed atlas to guide subsequent

rounds of structure-based vaccine design.

Methods

Antibody production

Mammalian codon-optimized genes encoding either antibody heavy chain or light chain
were synthesized at Gene Universal Inc (Newark, DE). Antibody genes were cloned into
mammalian expression vector pVRC8400. Antibodies were produced as described in Xu et al

(2018) [26].

Generation of mutant virus libraries

The generation and characterization of the BG505 mutant proviral DNA libraries, and the
resulting functional mutant virus libraries have been described in detail previously [51,52].
Briefly, proviral DNA libraries that contained randomized codon-level mutations at sites 31-702

(HXB2 numbering) of BG505.W6M.C2.T332N env were independently generated. These, and
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accompanying wildtype controls, were independently transfected into 293T cells (ATCC). The
transfection supernatant was passaged at a low MOI (0.01 TZM-bl infectious units/cell) in
SupT1.CCRS cells (James Hoxie), and the resulting genotype-phenotype linked mutant virus
library was concentrated via ultracentrifugation. Env residues are numbered according to HXB2

reference numbering throughout.

Mutational antigenic profiling

We have previously described Env mutational antigenic profiling using BF520 Env
libraries [53]; a similar approach was taken here. Briefly, 5x10° infectious units of two
independent mutant virus libraries were neutralized with VRC34.01, vFP16.02, or vFP20.01 at
an ~ICys concentration (33 ug/mL, 500 ug/mL, or 500ug/mL of antibody, respectively) for one
hour. Neutralized libraries were then infected into 1x10° SupT1.CCRS cells in R10 (RPMI [GE
Healthcare Life Sciences; SH30255.01], supplemented with 10% FBS, 1% 200 mM L-
glutamine, and 1% of a solution of 10,000 units/mL penicillin and 10,000 pg/mL streptomycin),
in the presence of 100ug/mL DEAE-dextran. Three hours post infection, cells were spun down
and resuspended in 1 mL fresh R10 without DEAE-dextran. At 12 hours post infection, cells
were washed with PBS and non-integrated viral cDNA was isolated via miniprep. In parallel to
each antibody selection, each mutant virus library was also subjected to a mock selection, and
four 10-fold serial dilutions of each mutant virus library were also used to infect 1x10° cells to
serve as an infectivity standard curve. Selected and mock-selected viral cDNA was then
sequenced with a barcoded subamplicon sequencing approach as previously described [52]. This
approach involves introducing unique molecular identifiers during the [llumina library prep in

order to further reduce the sequencing error rate.
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The relative amount of viral genome that successfully entered cells was measured using
pol qPCR[89]. A qPCR standard curve was generated based on each mutant virus library’s
infectivity standard curve, from which the % neutralization for each antibody selected sample

was calculated.

Analysis of deep sequencing data

We used dms_tools2 version 2.2.4 (https://jbloomlab.github.io/dms_tools2/) to analyze

the deep sequencing data and calculate the differential selection [94]. The differential selection
statistic has been described in detail [53,61] and is further documented at

https://jbloomlab.github.io/dms_tools2/diffsel.html. Sequencing of wildtype proviral DNA

plasmid was used as the error control during the calculation of differential selection. Differential
selection was visualized on logoplots rendered by dms_tools2 using weblogo [93] and ggseqlogo

[144].

Data availability and source code
Open-source software that recapitulates the mutational antigenic profiling analysis,

starting with the deep sequencing data through the calculation of selection metrics, is available at

https://jbloomlab.github.io/dms_tools2/. The entire computational analysis, starting with
downloading the deep sequencing reads through generating figures, is available at

https://github.com/jbloomlab/MAP_Vaccine FP_Abs. Illumina deep sequencing reads were

deposited into the NCBI SRA as SRR6429862-SRR6429875.
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Chapter V

Massively parallel profiling of HIV-1 resistance to the fusion inhibitor enfuvirtide

The text in this chapter has been modified slightly from: bioRxiv 2018 Nov 19;
http://dx.doi.org/10.1101/472746

Summary

Resistance to enfuvirtide, the only clinically approved HIV-1 entry inhibitor, has
primarily been mapped to the binding site in the N-terminal heptad repeat (NHR) of the Env
transmembrane domain and a limited number of allosteric sites. To better delineate the genotypic
determinants of resistance, we used deep mutational scanning to quantify how all mutations to
HIV-1 Env affect enfuvirtide sensitivity. We identified numerous additional resistance mutations
in the NHR and other regions of Env, including the co-receptor binding site. This complete map
of resistance sheds light on the diverse mechanisms of enfuvirtide resistance and can inform

clinical monitoring of patients.

Introduction

Antiretroviral drug therapy has reduced the global burden of HIV/AIDS. However, HIV-
1’s exceptional evolutionary capacity enables the virus to evolve resistance, eroding the
therapeutic efficacy of drug regimens. Identifying drug resistance mutations is therefore
imperative to the clinical management of HIV-1/AIDS, particularly as uptake of antiviral

treatment is increasing globally.
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Enfuvirtide (also known as T-20 and Fuzeon), the only clinically approved fusion
inhibitor, is a 36 amino-acid peptide derived from the C-terminal Heptad repeat (CHR) domain
of gp41 that inhibits viral entry into cells. After Env binds CD4, enfuvirtide binds to the coiled-
coil NHR structure of the pre-hairpin intermediate and inhibits fusion by preventing the CHR
from binding to the NHR to form the 6-helical bundle [6]. Due to enfuvirtide’s high cost and
need for twice-daily subcutaneous injections, it is used as part of a “salvage therapy” for highly
treatment-experienced patients with multidrug resistance. Such patients need to be carefully
monitored for resistance before and during therapy [150], which requires knowing the viral
genotypic determinants of enfuvirtide resistance.

Prior studies that analyzed enfuvirtide resistance in cell culture [151] and in vivo during
therapy [152,153] identified resistance mutations at sites 547-556, implicating this region of the
NHR as enfuvirtide’s binding site. However, mutations in gp120 outside of this region have also
been shown to affect enfuvirtide sensitivity, possibly by altering co-receptor tropism, co-receptor
affinity, or fusion kinetics [154,155].

Here we more completely map resistance mutations by using deep mutational scanning to
quantify how enfuvirtide resistance is affected by all mutations to HIV-1 Env compatible with

viral replication.

Methods

Generation of Env mutant virus libraries

We used Env mutant virus libraries from a subtype A transmitted variant BG505 to map
enfuvirtide resistance. The generation of these libraries has been previously described [51,52].
Briefly, we independently generated triplicate proviral DNA libraries encoding codon-level

mutations to sites 31-702 (HXB2 numbering) of BG505.W6M.C2.T332N env. These libraries
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contain (670 mutagenized sites) % (19 amino acid mutations) = 12,730 possible amino acid
mutations. We then produced full-length viruses from these mutant DNA libraries and passaged
them in SupT1.CCRS cells to select for functional viruses, resulting in mutant virus libraries that

encode all functionally tolerated mutations to Env [52].

Resistance profiling

To identify resistance mutations, we incubated the mutant virus libraries with or without
enfuvirtide, infected cells, and then identified the mutant viruses that were enriched upon drug
selection using deep sequencing. This approach is similar to the mutational antigenic profiling
process we have previously used to map antibody escape [53,54]. Briefly, 5x10° to 1x10°
infectious units of three independent mutant virus libraries were incubated in the presence of
8ug/mL of enfuvirtide, then infected into 1x10° SupT1.CCRS5 cells in R10 (RPMI with 10%
FBS, 1% 200 mM L-glutamine, and 100 units/mL of penicillin and streptomycin), containing
100ug/mL DEAE-dextran. Three hours post infection, cells were pelleted and resuspended in 1
mL R10 without DEAE-dextran, and at 12 hours post infection, non-integrated viral cDNA was
isolated using a miniprep. As mock-selected controls, each mutant virus library was infected into
cells without enfuvirtide selection, as were four 10-fold serial dilutions of each mutant virus
library. Selected and mock-selected viral cDNA was then sequenced with a barcoded
subamplicon sequencing approach as previously described [52], which introduces unique
molecular identifiers used to correct sequencing errors. The amount of virus library that entered

cells was quantified via qPCR [54].

Analysis of deep sequencing data
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We used dms_tools2 version 2.3.0 (https://jbloomlab.github.io/dms_tools2/) to analyze

the deep sequencing data [94]. The differential selection statistic has been previously described

[61] and is documented at https://jbloomlab.github.io/dms_tools2/diffsel.html. Sequencing of

wildtype proviral DNA plasmid was used as the error control during the calculation of the

differential selection.

Data availability and source code
The entire computational analysis is available at

https://github.com/jbloomlab/EnfuvirtideResistance. [llumina deep sequencing reads were

deposited into the NCBI SRA as SRR8097918- SRR8097920.

TZM-bl inhibition assays
Individual mutations were introduced into BG505.T332N Env, and pseuodviruses were
generated with these Envs and tested in TZM-bl neutralization assays using previously described

methods.

Results

To quantify the effect of all mutations to Env on enfuvirtide sensitivity, we selected
triplicate BG505 mutant virus libraries with 8 ug/mL enfuvirtide. This highly selective drug
concentration, which resulted in just 0.15% to 0.78% of the mutant virus libraries surviving
selection, was used to mimic the environment in which resistance could arise during therapy. We

deep sequenced the env genes of viruses that entered cells and calculated the enrichment of each
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mutation in the drug-selected condition relative to a non-selected mutant virus library, to
calculate a quantity that we term the differential selection [61].

Selection of resistance mutations was highly reproducible across biological triplicates.
Most resistance mutations were found in the NHR domain (Figure 5.1) and included many well-
characterized mutations on the IAS-USA drug resistance mutations list [156]. For example,
S553T, a known resistance mutation, was the largest effect size mutation at site 553 in our
experiments. Similarly, V549E and V549A were the largest effect size mutations at site 549 in
our experiments, and both have been previously shown to cause resistance. However, V549M
was not enriched in our experiments despite being associated with resistance in other strains.
Similarly, the known 1548V resistance mutation was not enriched in our experiments, but
numerous other mutations at site 548 were strongly enriched. These discrepancies may be due to

strain specific differences in enfuvirtide sensitivity, discussed in more detail in the Discussion.
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Figure 5.1. Complete map of enfuvirtide resistance.

A. The positive site differential selection is plotted across the mutagenized portion of Env. B.
The mutation-level resistance profile for regions of interest (highlighted in grey in A). The height
of each amino acid is proportional to its differential selection. All mutations from the 2017 IAS-

USA enfuvirtide resistance mutations list [14] are labeled below their site.

We also identified resistance mutations in the NHR region that had not been previously
characterized. For example, while Q551H is a known resistance mutation, our data revealed that
many additional amino acids at this site also increased enfuvirtide resistance, with 12 other

mutations at this site having a larger effect than Q551H (Figure 5.1). Further, mutations to
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additional sites in NHR not included in the IAS—USA drug resistance mutations list, such as sites
552, 556, 557, and 560, also increased resistance to enfuvirtide (Figure 5.1).

Many of these resistance mutations cluster in the binding site of enfuvirtide in the NHR (Figure
5.2A). Site 551, where many different mutations confer resistance, directly interacts with
enfuvirtide. Surprisingly, the side chains at the sites of the largest-effect mutations (548 and 552)
face other NHR a-helices or the NHR trimer center (Figure 5.2A), and resistance at these sites
occurred primarily due to mutations to positively charged or bulky amino acids (Figure 5.1B).
The next two largest effect sites in this region, 554 and 556, appear to interact with enfuvirtide

(Figure 5.2A).

17b (co-receptor
binding site antibody)

sCD4

Figure 5.2. Locations of resistance mutations in different Env conformations.
A. A model of enfuvirtide (green) binding to the NHR coiled-coil trimer (colored according to

the positive site differential selection at each site). The top 5% of all resistance sites are shown
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with sticks. While there is not a structure of enfuvirtide bound to Env, we used the post fusion, 6-
helical bundle structure, composed of NHR and CHR peptides, to model enfuvirtide binding.
This model assumes that enfuvirtide binding to NHR is similar to the CHR peptide binding to
NHR in this structure. Portions of the CHR present in the structure that do not overlap with
enfuvirtide are omitted, and the entirety of enfuvirtide is not present in the structure. PDB: 1AIK
B. The closed, pre-fusion conformation of BG505 Env colored according to the maximum
mutation differential at each site. PDB: SYFK C. The side- and top-view of post-CD4-bound,
open structure of BG505 Env, also bound by the co-receptor binding site antibody 17b, colored
according to the maximum mutation differential at each site. The top 5% of resistance sites are

shown with spheres. PDB: SVN3.

There was also modest but reproducible enrichment of mutations at other Env sites
outside of the NHR domain. One such mutation was P76Y, which interacts with NHR sites L555
and L556 near the enfuvirtide binding site in the prefusion conformation (Figure 2B). Other
resistance mutations occurred at sites 424-436 in the f20/B21 strand of C4, as well as sites 119,
121, and 207 in the V1/V2 stem. While the V1/V2 stem is distant from f20/B21 in the prefusion
Env conformation, it shifts upon CD4 binding to form the 4-stranded bridging sheet along with
the $20/B21 strand to create the co-receptor binding site (Figure 2C). Similarly, additional sites
of modest resistance mutations, including sites 60, 62, 64, 111, 254, 255, and 475 all cluster near
the co-receptor binding site in the open, CD4-bound state (Figure 5.2C).

To validate our high-throughput mapping of enfuvirtide resistance mutations, we
generated and tested individual BG505 Env pseudoviruses bearing single mutations for

enfuvirtide sensitivity. In the NHR domain, both the previously characterized V549E mutation
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and the Q552R mutation we identified increased resistance, shifting the ICsy by >150-fold

(Figure 5.3). Other mutations that were modestly enriched (P76Y, C119R, K121P, and K207L)

had little effect on ICs but instead decreased the maximal inhibition plateau at high

concentrations of drug, including the 8 ug/mL concentration used in our experiments

(Supplementary Figure 3). Notably, both these validation experiments and the high-throughput

mapping were performed with 100ug/mL DEAE-dextran. When the TZM-bl assays were

repeated with just 10ug/mL DEAE-dextran, some of the resistance phenotypes were not as

prominent (Figure 5.4).
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Figure 5.3. Validation of enfuvirtide resistance mutants using a TZM-bl inhibition assay.
TZM-bl inhibition assays were performed in the presence of 100ug/mL DEAE-dextran, similar
to the resistance profiling. A. Inhibition curves are the average of two biological replicates, each
performed in duplicate. B. The IC50, the fold change in IC50 relative to wildtype (WT), and the
maximum percent inhibition for each mutant, determined from the fit four-parameter logistic
curves. At least one WT virus was run on each plate and each mutant virus curve was compared
to the plate internal WT control. Values were computed independently for each experimental
replicate, then averaged across replicates. The standard error of the mean is also shown. H330R,
which was not enriched in the resistance profiling, was included as a control. In A and B, mutant
psuedoviruses are colored according to groups (black : WT; green : control mutant not expected
to affect enfuvirtide sensitivity; blue : mutants in the V1/V2 Stem/co-receptor binding site; red :

mutants in/near NHR binding site
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Figure 5.4. TZM-bl inhibition assay performed with 10ug/mL DEAE-dextran instead of the
100ug/mL concentration used in Figure 5.3 and resistance profiling experiments. A. and B.

As in Figure 5.3.

Discussion

We have quantified the effect of all single amino acid mutations to the extracellular and

transmembrane ectodomain of BG505 Env on resistance to the fusion inhibitor enfuvirtide. This
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map of resistance mutations includes both previously characterized and numerous novel
resistance mutations. This dataset may be of use in the clinical monitoring of resistance during
therapy and the genotypic prediction of enfuvirtide sensitivity prior to treatment.

The selected mutations also help elucidate Env’s diverse mechanisms of enfuvirtide resistance,
which likely include both disrupting enfuvirtide binding and altering fusion
kinetics/conformations in multiple ways. While some mutations to NHR may directly disrupt
interactions with enfuvirtide (e.g. site 551), other resistance mutations in this region appear to
introduce positive charges or bulky amino acids at the center of the NHR coiled-coil. These
mutations may slightly alter the coiled-coil structure to favor the intramolecular binding of the
CHR domain over binding to enfuvirtide. It is possible that this dynamic is influenced by the
subtype of the virus, as enfuvirtide is a mimetic of a subtype B CHR domain and differs from
BG505 at 7 of 36 amino acids.

Other resistance mutations likely alter fusion kinetics or accessibility of the enfuvirtide
binding site. P76Y may result in additional hydrophobic interactions between site 76 and L555
or L556 in the NHR in the prefusion conformation (Figure 5.2B). This interaction could directly
limit access of enfuvirtide to the NHR binding site or delay the formation of the enfuvirtide-
sensitive, CD4-induced conformational intermediate present post CD4-binding.

We also uncovered many small-effect size resistance mutations throughout the co-
receptor binding site. It has been previously shown that co-receptor tropism, CCRS5 affinity, and
variability in V3 can affect enfuvirtide sensitivity [154,155], but we characterized resistance
mutations at numerous additional sites in or near the co-receptor binding site, including sites in
the V1/V2 loop stem and C4. Such mutations may increase CCRS5 receptor affinity and/or fusion

kinetics, limiting the time in which a CD4-induced, enfuvirtide sensitive conformational
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intermediate is exposed. However, there is also evidence of weak interactions between
enfuvirtide and the co-receptor binding site on gp120 [157]; resistance mutations in this region
may disrupt this potential secondary enfuvirtide-Env interaction.

The complex mechanisms of enfuvirtide resistance were highlighted further when
validating these resistance mutations with traditional inhibition curves. While mutations in the
NHR domain resulted in a shift in the inhibition curve, the remaining mutants we tested resulted
in a decrease in the maximum percent inhibition rather than a shift in the inhibition curve. It
remains to be determined if such phenotypes manifest in vivo. However, if a small sub-
population of viruses were resistant to enfuvirtide at in vivo drug concentrations, this could
present an opportunity for additional resistance to enfuvirtide or other drugs in combination
therapies to arise.

While the resistance mutations uncovered here should be considered when evaluating
clinical resistance, they also come with some caveats. We examined the effect of single amino
acids in a single subtype A Env. Many patients receiving enfuvirtide have subtype B infections,
and there could be strain-specific differences in the effects of mutations on enfuvirtide resistance.
For example, we do not identify the G547D and G547S resistance mutations, which were
identified by enfuvirtide selection of lab-adapted, subtype B viruses in cell culture [151]. Our
previous studies show that these mutations are tolerated in a lab-adapted subtype B virus, but
they are not well-tolerated by the transmitted subtype A variant BG505 during viral replication in
cell culture [51,52]. These differences highlight how the balance between enfuvirtide resistance
and replicative fitness may depend on the virus strain.

In summary, this map of enfuvirtide resistance identifies numerous previously

uncharacterized and potentially clinically relevant resistance mutations, highlighting the utility of
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using viral deep mutational scanning approaches to evaluate drug resistance. This data also sheds

light on the mechanisms of enfuvirtide resistance and Env’s fusion process.
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Chapter VI

Conclusions and future directions

The ability to comprehensively assay the phenotypic effects of all mutations to HIV-1
Env is just starting to realize it’s potential. We have leveraged mutational antigenic profiling to
study topics related to antibody escape, and have started to refine vaccine design approaches,
evaluate antibody immunotherapies, and profile drug resistance. Future projects could build upon
these studies and expand into additional questions. I speculate on some of the promising future

directions in the following subsections.

Mapping the development and determinants of antibody breadth

Defining the determinants of antibody breadth, and the virological and immunological
processes that trigger the development of antibody breadth, is crucial to rationally designing
vaccines in hope of eliciting similarly broad responses.

It is well known that bnAbs target functionally conserved regions, and there is ample
intuitive and experimental evidence that targeting more conserved regions results in greater
breadth. For example, the CH235 bnAb lineage increased its precision in binding the CD4bs as
the lineage developed breadth, and among all CD4bs bnAbs, this precision of binding inside of
vs. outside of the CD4bs correlates with breadth [158]. However, there is still considerable
diversity with structurally-defined bnAb epitopes (reviewed in [159]). Thus, it is easy to make
the argument that breadth could also driven by the ability to tolerate diversity within the

structural epitope.
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There is also considerable evidence on how viral diversity drives antibody affinity
maturation and greater antibody breadth. /n vivo viral genetic diversity within a bnAb-targeted
epitope has been shown to precede or coincide the development of breadth [160,161], suggesting
this viral diversity could trigger affinity maturation that allows an antibody to tolerate diversity
within the epitope. This concept was furthered by Bhiman and colleagues [162] who showed,
among 33 clonal variants of the CAP256-VRC26 antibody lineage, the ability to neutralize
autologous pseudoviruses bearing the minority epitope variants that arose in vivo, termed
“immunotypes”, correlated strongly with the breadth of the antibody, and this phenotype
clustered on the antibody clade that went on to develop the greatest breadth. Strikingly, this same
pattern of epitope diversification also occurred in another patient who developed a similar
V2/apex bnAb response (PCT64) [163]. Together, these studies suggest there are reproducible
patterns of viral evolution that drive and/or are driven by the development of bnAb breadth,
which could possibly be mimicked with vaccination strategies.

We can leverage mutational antigenic profiling to quantify the effect of all single amino
acid variants (i.e., many more immunotypes). When applied to reconstructed or longitudinally
sampled members of an antibody lineage, we can examine how the antigenic effects of all
mutations change as an antibody develops breadth. As an antibody develops breadth, how does
the functional epitope change? For example, are there fewer amino-acid mutations at key epitope
sites that mediate escape? Or are there fewer distinct regions of escape? These questions can be
addressed by using mutational antigenic profiling to map escape from multiple monoclonal
antibodies from a single developmental lineage.

Further, sequencing the viral population from patient samples can allude to how viral

diversity drove these changes and vice versa. Does an antibody “learn” to neutralize particular

111



epitope variants only after they have arisen in vivo and been presented to the evolving B-cells, as
suggested by Bhiman et al. [164]? How many “immunotypes” play a role in this process? How
does this subsequent response drive further viral evolution?

We have started to address portions of these questions by profiling escape from two
clonal variants, the anti-N332 glycan supersite bnAbs PGT121 and 10-1074 [54]. We found
interesting differences between the two antibodies in the specific mutations that mediated escape,
as well as the overall effect sizes of escape mutations at key sites (Figure 3.6A,B). For instance,
mutations to site 325 had a larger effect on 10-1074 than PGT121, as did mutations that
disrupted the N332 PNG. The basis for differences in escape between PGT121 and 10-1074 may
be explained by their differential somatic hypermutation. There are numerous differences in the
portions of these two antibodies that contact the N332 glycan (Figure 6.1), and these differences
have previously been shown to affect glycan recognition [101]. In contrast, antibody residues
that directly contact site 325 are conserved between PGT121 and 10-1074. However, there are
numerous differences in the light chain variable loops near these contact sites that may be

responsible for the differential effects of mutations at site 325 on the two antibodies (Figure 6.1).

Heavy chain: FWR1 CDR1 FWR2 CDR2 FWR3 CDR3 FWR4
10 20 30 40 50 60 70 80 0] 100 110
GL QVQLQESGPGLVKPSETLSLTCTVSGGSISSYYWSWIRQPPGKGLEWIGYIYYSGSTNYNPSLKSRVTISVDTSKNQFSLKLSSVTAADTAVYYCARTQQGKRIYGVVSFGDYYYYYYMDVWGKGTTVTVSS

PGT121 QMQLQESGPGLVKPSETLSLTCSVSGASISDSYWSWIRRSPGKGLEWIGYVHKSGDTNYSPSLKSRVNLSLDTSKNQVSLSLVAATAADSGKYYCARTLHGRRIYGIVAFNEWFTYFYMDVWGNGTQVTVSS
10-1074 QVQLQESGPGLVKPSETLSVTCSVSGDSMNNYYWTWIRQSPGKGLEWIGYISDRESATYNPSLNSRVVISRDTSKNQLSLKLNSVTPADTAVYYCATARRGQRIYGVVSFGEFFYYYSMDVWGKGTTVTVSS

Light chain: FWR1 CDR1 FWR2  CDR2 FWR3 CDR3  FWR4 Variable tegion
Kabat
12 20 30 40 50 60 70 80 90 100
GL SYVLTQPPSVSVAPGQTARITCGGNNIGSKSVHWYQQKPGQAPVLVVYDDSDRPSGIPERFSGS-NS--GNTATLTISRVEAGDEADYYCQVWDSSSDHPWVFGGGTKLTVL
PGT121  SDI------- SVAPGETARISCGEKSLGSRAVQHYQHRAGQAPSLTTYNNQDRPSGIPERF SGSPDSPFGTTATLTITSVEAGDEADYYCHIWDSRVPTKUVFGGGTTLTyL  C0Ntacts N332 glycan

10-1074 SYVRP----LSVALGETARISCGRQALGSRAVQWYQHRPGQAPILLIYNNQDRPSGIPERFSGTPDINFGTRATLTISGVEAGDEADYYCHMWDSRSGFSWSFGGATRLTVL contacts site 325

Figure 6.1 Differences in SHM of PGT121 and 10-1074 may explain differences in viral
escape. The heavy (top) and light chain (bottom) genes of the clonal variants PGT121 and 10-

1074 are aligned, along with their inferred germline (GL). Kabat and IMGT variable regions
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annotations are shown. There are several sites in Env where the effects of mutations differ
markedly between PGT121 and 10-1074, most prominently sites 325 and the N332 PNG (Figure
3.6A,B). We used the 10-1074 / Env co-crystal structure 5STZ3 to identify sites in 10-1074 that
contact these Env sites, and have highlighted them in the alignment above PGT121 contact sites
are not labeled, as there is not a high-resolution structure of available. The germline inference,
alignment, and variable loop annotation are from Mouquet ef al. 2012 [101], which also
discusses additional structural differences between these antibodies (such as differences in the

light chain loops of the unliganded antibody structures).

However, PGT121 and 10-1074 are only two distant members of an antibody lineage,
both of which developed considerable breadth (69% and 67% breadth). In contrast, mapping
differences in escape of clonal variants as breadth develops could elucidate the basis for the
development of breadth. Fortunately, colleagues in the Overbaugh and Matsen groups have
reconstructed the developmental lineage of and infant N332 glycan targeting bnAb BF520.1 and
characterized the breadth of intermediate antibodies [165]. Next, we will profile how viral escape
changes as this antibody lineage develops breadth. Further, we will deep sequence the viral
population from longitudinal timepoints to examine how well our escape profiles predict viral
evolution in vivo. This will also help to disentangle the interplay between viral evolution and the
development of antibody breadth.

Excitingly, the Overbaugh lab has also isolated the QA013.2 bnAb from superinfected
donor that targets the same N332 glycan epitope as BF520.1 [166]. It is of interest to examine
the development of antibody breadth for a similar bnAb in another patient. Further, do similar

patterns of N332 glycan supersite epitope evolution occur in QA013 and BF520, similar to the
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parallel patterns of V2/apex epitope evolution that drove the CAP256-VRC26 (which also

occurred after superinfection) and PCT64 antibody lineages?

Modeling viral escape from antibodies and its biochemical basis

Observational studies of how well mutational antigenic profiling predicts viral evolution
in vivo leads to bolder goals: predicting viral escape from a given antibody of interest. The high-
dimensional functional and antigenic datasets we have generated could have utility in
computationally modeling viral escape, the interplay between immune escape and viral fitness,
and even interrogating the biochemical basis of evading antibody responses.

We have previously made high-throughput measurements of how well each amino-acid
mutation to Env is tolerated for viral replication in cell culture [51,52]. These estimates quantify
the each mutational effect of each mutation, a proxy for fitness. In the simplest form, we can we
can examine how the mutational tolerance influences the ability of mutations to escape each
antibody. Similarly, we can examine the epitope sequence variation in nature in parallel.

Example data illustrating this simple visual analysis for 10E8 is shown if Figure 6.2.
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Figure 6.2 The escape profile, mutational tolerance, and natural sequence variation of the
10E8 epitope. A. The excess fraction surviving 10E8. Blue spheres indicate structurally defined
contacts. B. The BG505 mutational tolerance of the 10E8 epitope. The height of each amino acid
corresponds to how well tolerated it is for viral replication in cell culture. Data from [52]. C. The
natural sequence variation within the epitope, from LANL’s Group M filtered web alignment
[123]. D. 10E8 is shown in blue, and the MPER peptide is colored according to the maximum

excess fraction surviving at each site (PDB 4G6F). As in Figure 3.8E.
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Including these measures of antigenicity, mutational tolerance, and natural sequence
variation in phylogenetic and/or biophysical models of viral evolution may enable more precise
modeling of viral escape from antibodies. Such models could be used to predict viral escape,
determine the hardest antibody to escape from, as well as to evaluate viral evolution in clinical
trials of antibody immunotherapies.

Further, combining such models or these datasets with structural bioinformatics could
interrogate the biochemical basis of viral escape. This could include quantifying the contribution
of each residue/interaction to the antibody’s binding energetics or structurally modeling the
consequence of each mutation. Together, these approaches could reveal patterns in the
physiochemical properties within and near to the structural epitope that allow Env to evade

bnAbs.

Genotypic prediction of phenotypes

Predicting antibody (or drug) sensitivity based on genotype is important for sieve
analyses of vaccines and therapies, personalized use of bnAb immunotherapies, and the targeted
use of specific antiretroviral drugs in different populations. Our high-throughput measurements
of the phenotypic effect of all possible mutations are exemplary datasets to use in predicting or
scoring genotypes for the sensitivity to an antibody or drug, as has been preciously done for drug
sensitivity [84]. Assaying phenotypes across multiple strains will be imperative to refining any

broadly applicable genotype-based phenotype prediction algorithm.
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Scaling mutational antigenic profiling to broadly impact vaccines and

therapies

While mutational antigenic profiling has proven powerful, it is still limited by
throughput, cost, and experimental constraints that only allow us to measure single amino-acid
mutations to a single viral strain. For mutational antigenic profiling to broadly impact HIV
vaccines and therapies, its throughput must be scaled. Further, these experimental approaches,
and the high-dimensional data they generate, must be made easily accessible to labs across the
field.

If throughput can be increased substantially, the number of questions possible to address
would scale accordingly. Briefly, this could include mapping escape from different pools of
bnAbs in order to experimentally select the bnAb combination that is hardest to escape from.
Further, it could be leveraged to map the multiple components of polyclonal antibody responses,
both in natural infection and in evaluating vaccine responses. Mapping escape from the
numerous (>30) members of well-characterized antibody lineages, such as CH235 and CAP256-
VRC26, could lend further insights into the determinants of antibody breadth. Further, all of
these analyses would be greatly strengthened by examining the antigenic effects of mutations

across multiple viral strains, as well as testing the effect of multiple amino-acid mutations.

Conclusion

In conclusion, HIV Env mutational antigenic profile has yielded unprecedented views of
the functional interfaces between antibodies and Env. This has allowed for the unbiased

definition the functional epitope of bnAbs for the first time, which are distinct from their
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structurally defined epitopes. While we have leveraged this approach to refine and evaluate
vaccine design, antibody immunotherapies, and drug resistance, it’s full potential will not be

realized until it is widely applied to throughout the field.
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