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The rise of pandemic viruses such as HIV-1 and SARS-CoV-2 in modern times has
highlighted the need for effective vaccines to combat these public health threats. In the case of
HIV-1, development of an effective vaccine has been hampered by the virus’ ability to rapidly
evolve and evade detection by the immune system. While SARS-CoV-2 is not nearly as diverse
a virus as HIV-1 and effective vaccines against SARS-CoV-2 virus do exist, early reports
indicate that viral variants that escape vaccine-elicited immunity are emerging and may reduce
the protective effect of vaccines. For both viruses there is a clear need to develop vaccines that
elicit immunity that remains effective in the face of mutations.

Antibodies are a crucial component of immune response against HIV-1 and SARS-CoV-
2. The protective effect of antibodies that develop after infection or immunization relies on their
ability to either neutralize virus or direct the immune system to kill infected cells. Antibodies
typically bind to the viral entry protein present on the surface of a virion or an infected cell, and

mapping these binding sites is a key step needed to predict whether mutations on viral entry



proteins could lead to loss of antibody function. A myriad of methods can be used to map
antibody epitopes, and each have various pros and cons. Structural methods such as X-ray
crystallography or cryogenic electron microscopy (cryo-EM) are the gold standard for mapping
antibody binding sites but are low-throughput and often slow. Other methods such as alanine
scanning or peptide arrays do not give a complete picture of the effect of all amino acid
mutations within antibody binding sites.

To accelerate mapping of antibody epitopes and potential escape mutations we
developed Phage-DMS, a method of rapidly mapping the fine epitopes of monoclonal or
polyclonal antibodies that combines phage display technology with deep mutational scanning
(DMS). Phage-DMS involves the generation of a library of phage displaying peptides that
correspond to either the wild-type sequence of a protein of interest or a sequence containing a
single amino acid mutation. These libraries are incubated with antibody and then phage
enriched by the antibody are sequenced, allowing us to determine epitope regions and sites
sensitive to mutation.

In this thesis, | first describe the development and validation of Phage-DMS using four
HIV-1 monoclonal antibodies that have been previously well characterized in the literature
(Chapter 2). We compared the sites of escape as determined by Phage-DMS for these HIV-1
antibodies and found that our method recapitulated, and in some cases refined, the known
epitopes of these antibodies that had been mapped using other methods. Additionally, we found
that the effect of individual mutations as determined by Phage-DMS was a relatively quantitative
measurement of the loss of binding as determined by a low throughput assay (peptide ELISA).

We then applied Phage-DMS to the study of antibodies in the plasma of people who had
recovered from SARS-CoV-2 infection (Chapter 3). We found that convalescent antibodies
commonly bound linear epitopes in the fusion peptide and heptad-repeat 2 regions of the Spike
protein. Interestingly, examination of mutations that lead to escape from antibody binding
revealed that there was person-to-person variation between the sites that were important for
antibody binding. Additionally, we found that mutations within these conserved epitopes were
not under selection in nature, suggesting either a lack of selective immune pressure or inability
to evolve due to functional constraints at these sites.

Finally, we compared antibody epitopes and escape mutations in the plasma and sera of
SARS-CoV-2 infected and mRNA vaccinated individuals (Chapter 4). We found that antibodies
from vaccinated or severely infected individuals bound to linear epitopes in both the S1 and S2

subunits of Spike, whereas antibodies from mildly infected individuals bound to linear epitopes



in the S2 subunit alone. Antibody binding changed over time after vaccination within individuals,
but was not affected by participant age, mRNA vaccine type, or vaccine dose. We also
examined the effect of mutations within identified epitope regions and found that in many cases,
vaccination induced a highly uniform escape profile across individuals. This finding has
implications for the selection of escape variants on a global level.

In summary, the following chapters detail the creation and validation of Phage-DMS as a
method of mapping antibody epitopes and escape mutations and describe its application with
samples derived from SARS-CoV-2 infected and vaccinated individuals. The speed at which the
COVID-19 pandemic has unfolded has underscored the need for methods that can provide
answers equally as rapidly. With the capacity to screen hundreds of antibody samples in parallel
and map epitopes down to the amino acid level in a short span of time, Phage-DMS is a
significant step forward towards this goal. The studies in this thesis leverage this approach to
define epitopes and pathways of escape for two of the greatest pandemic viruses in modern

times.
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Chapter 1

INTRODUCTION

In the last 50 years, two viruses have caused devastating global pandemics: HIV-1 and
SARS-CoV-2. Since its discovery in the 1980’s, HIV-1 has been responsible for more than 30
million deaths worldwide [1]. Despite being the most-studied virus in history, an effective
vaccine against HIV-1 remains elusive. In contrast, several vaccines were successfully
developed and deployed against SARS-CoV-2 just one year after the first reported cases. Since
the emergence of SARS-CoV-2, more than four million people have died in less than a two year
period, and while the existence of effective vaccines has slowed the pace of this pandemic, the
war is not yet over [2]. Emerging variants threaten to escape vaccine elicited immunity, and the
search for a broadly protective coronavirus vaccine continues. In both cases, a deeper
understanding of what a robust, protective immune response looks like is needed to gain control
over these ongoing pandemics.

Below I introduce the biology of these two viruses, what is known about the antibody

response to them, as well as current and novel methods used to study virus-specific antibodies.

1.1 HIV-1 and SARS-CoV-2 viral entry proteins

Viral entry proteins are proteins found on the surface of viruses that are responsible for
mediating attachment to host receptors and/or entry into host cells. For enveloped viruses, such
as HIV-1 and SARS-CoV-2, the viral entry protein is often the only virus-derived protein “visible”
to the immune system on an intact virion and is thus a critical target of the humoral immune
response. HIV-1 Envelope (Env) and SARS-CoV-2 Spike are both class I-type fusion
glycoproteins responsible for attachment and entry for each respective virus. Class | fusion
entry proteins generally consist of a trimeric assembly of heterodimers, with one subunit that
mediates receptor attachment and one membrane-anchored subunit that mediates fusion [3].
Prior to fusion the membrane-anchored subunit must be proteolytically cleaved to expose the
fusion peptide. The fusion peptide is made up of a hydrophobic stretch of amino acids that can
insert into the host cell membrane after the viral entry protein attaches to the host receptor [4].
This then triggers an extension of the membrane-anchored subunit into a conformation known

as the pre-hairpin intermediate state. This elongated structure subsequently collapses into a
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lower energy hairpin conformation, bringing the host and viral membrane into proximity and
driving fusion of the two membranes. At this final stage the membrane-anchored subunit forms
a stable six-helical bundle.

Each viral entry protein faces unique evolutionary pressures to maintain these critical
functions while also evading recognition by the immune system. Below | detail important
structural information and functional capabilities of HIV-1 Env and SARS-CoV-2 Spike specific

to each viral entry protein.

1.1.1  HIV-1 Envelope (Env)

The HIV-1 Env molecule is first synthesized as a precursor polypeptide, gp160, which is
then proteolytically cleaved into two glycoproteins: gp120 and gp41 [5]. Gp120 is the surface
exposed subunit responsible for receptor binding, and gp41 is the transmembrane subunit
responsible for fusion. Gp120 and gp41 are decorated with N-linked glycans that are important
for immune evasion, protein folding, and assist with binding to cells. After translation,
glycosylation, and cleavage, mature Env is trafficked to the surface of the host cell where it is
incorporated into a new budding virion. Upon binding of infectious virus to host receptors, Env
will mediate fusion at the surface of the cell, and in addition Env is also capable of mediating
cell-cell fusion.

HIV-1 Env specifically binds to the CD4 receptor as well as the CXCR4 or CCR5 co-
receptors on the surface of human T cells and monocyte-derived cells, and the binding sites for
these receptors are formed by tertiary folding of multiple domains on gp120, including
conserved as well as more variable domains [6]. The variability of Env, and gp120 in particular,
is a result of error-prone replication combined with selective pressure to escape the immune
response [7]. HIV-1 employs several strategies to escape immune recognition, including but not
limited to accumulation of mutations, addition of glycans, and lengthening or shortening of
variable loop lengths on gp120 [8, 9].

Gp41 is a more conserved subunit containing the fusion machinery, and consists of an
ectodomain, transmembrane domain, and the cytoplasmic domain [10]. The ectodomain
contains the fusion peptide at the N-terminus along with two heptad repeat regions that drive the

conformational changes required for fusion to occur.

1.1.2 SARS-CoV-2 Spike
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The SARS-CoV-2 Spike glycoprotein is expressed and processed similarly to HIV Env,
namely that it is produced first as a polypeptide and then is cleaved into two subunits that form a
trimer of heterodimers: S1, which interacts with the host cell receptor, and S2, which contains
the fusion machinery [11]. Two cleavage sites are present on Spike, the S1/S2 site and S2’ site.
Unlike other closely related coronaviruses, SARS-CoV-2 contains a furin cleavage motif at the
S1/S2 boundary that allows the trimer to be “preactivated” while in the producer cell [12].
Subsequent cleavage at the S2’ site is necessary for activation of the fusion peptide. Entry is
thought to occur either at the surface of the cell, mediated by the serine protease TMPRSS2, or
within endosomes, mediated by the lysosomal protease cathepsin. The main host receptor
responsible for mediating entry is ACE2, although some studies have identified alternative host
proteins that could bind to Spike and facilitate viral entry [13-16]. Therefore expression of these
alternative viral entry proteins in cell lines versus primary cells could be an important
consideration for assays with SARS-CoV-2 antibodies [17].

The S1 subunit of Spike contains 3 principal domains: the N-terminal domain (NTD),
receptor binding domain (RBD), and C-terminal domain (CTD) [11]. The RBD contains the sites
that directly interact with ACE2, whereas the functions of the NTD and CTD are not well
understood. Most mutations to the Spike protein occur within the S1 protein, implying pressure
by the immune system to escape recognition [18]. This variation may also reflect more
functional tolerance for mutations in portions of the S1 protein as compared to S2.

Like HIV-1 gp41, the S2 subunit of Spike is a relatively more conserved protein that
contains a fusion peptide along with two heptad repeat regions within the ectodomain. In order
to stabilize the Spike protein for expression as a soluble protein, two proline mutations can be
introduced to the S2 subunit in a region near the heptad repeat regions [19]. This first
generation of stabilized Spike variants is known as S-2P, and these mutations are present in the
Moderna mRNA Spike vaccine [20]. Another group has found that addition of four more proline
mutations within the S2 subunit resulted in an even more stable and Spike molecule, which they
named HexaPro [21]. These stabilized forms of Spike have accelerated vaccine design and

have been useful for determining high resolution structures by electron microscopy.

1.2  Antibodies and immunity against HIV-1 and SARS-CoV-2

Antibodies, also known as immunoglobulin (lg), are immune molecules made by B cells

and consist of a pair of heavy chains and a pair of light chains. B cells that bind to antigen are
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stimulated to replicate and iteratively improve binding in a process known as affinity maturation,
resulting in antibodies that bind with high affinity to their target. After infection or immunization,
antibodies against viral pathogens can typically be detected within two weeks. Antibodies can
mediate various functions, depending on whether they bind to protein on the surface of the
virion or to protein left on the surface of the cell after entry or before budding off as a new virion.
Eliciting antibodies is a main goal of vaccination and antibodies are also a major driver of
antigenic drift in viral entry proteins. Below | give an overview of antibody functions and their

role in protection against HIV-1 and SARS-CoV-2.

1.2.1 Antibody functions

Antibodies are “Y” shaped molecules. The tip of the “Y” is referred to as the Fab
(fragment, antigen binding) region and contains variable sites that determine antigen specificity
[22]. This is the portion of the antibody that binds to regions of HIV Env or SARS-CoV-2 Spike.
The base of the “Y” is referred to as the Fc (fragment, crystallizable) region and interacts with
immune cells and proteins by binding to an Fc receptor on the surface of cells. Antibodies can
mediate a variety of biological functions through both the Fab and Fc regions, with a single
molecule capable of mediating multiple functions. Antibody functions can be classified as either

neutralizing or non-neutralizing:

Neutralizing functions

Neutralizing antibodies are antibodies that can block entry of a virion into a cell, preventing
infection. The primary mechanism of neutralization is binding to the viral entry protein and
physically blocking attachment to host cell receptors. Alternatively, some HIV-1 antibodies are
known to be capable of inducing premature shedding of the gp120 protein from Env, thereby
removing the key entry molecule from the virus surface [23]. Neutralization can also be
achieved by binding to the fusion machinery and blocking the formation of the six helical bundle,

as is done by some HIV-1 gp41-specific antibodies [24, 25].

Non-neutralizing functions

Non-neutralizing antibody functions rely on interactions between the antibody Fc region and
immune effector cells or molecules [22]. The major mechanisms of action are through antibody

dependent cellular cytotoxicity (ADCC), antibody dependent cellular phagocytosis (ADCP), and
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antibody dependent complement deposition (ADCD). ADCC and ADCP can occur when
antibody binds to antigen present on the surface of infected cells, whether left behind after entry
or assembled at the plasma membrane before virus budding. For ADCC, interaction between
the Fc region of the antibody and Fc receptors on immune cells such as neutrophils, monocytes,
or macrophages activates release of cytotoxic granules and direct killing of infected cells. For
ADCP, phagocytic cells are activated by binding to antibody Fc, triggering engulfment and
destruction of the infected cell. ADCD is activated when C1q, a component of the complement
system, binds to Ig-antigen complexes and triggers the complement cascade. ADCD can result
in various outcomes including opsonization of the virion, deposition of membrane-attacking
proteins, and/or recruitment of immune cells. The potency of non-neutralizing antibody functions
is influenced by Ig isotype as well as modifications, such as glycosylation or fucosylation, of the
Fc region [26]. Altogether, these non-neutralizing effector functions can help remove infected

cells and in turn reduce viral levels during infection.

1.2.2 Antibody-mediated immunity to HIV-1

The first antibodies against HIV-1 Env to appear after infection are directed against gp41
and can be detected in plasma after about two weeks [27]. These early antibodies are non-
neutralizing and do not appear to affect viral load. Non-neutralizing and weakly neutralizing
antibodies directed against gp120 generally appear around a month after infection, but are
quickly escaped by the evolving virus [28]. These early antibody responses also tend to be very
specific to the infecting strain and do not recognize more diverse HIV-1 variants. In a subset of
cases, individuals infected with HIV-1 can develop broadly neutralizing antibodies (bnAbs)
capable of neutralizing diverse strains of HIV-1 [29]. BnAbs have been a major focus of HIV-1
vaccine efforts as it is thought that bnAbs are necessary to prevent establishment of HIV-1
infection.

There is some evidence that bnAbs could protect against infection, although data to
support this in humans is limited. In macaque models, infusion with highly potent bnAbs has
been shown to prevent acquisition of simian adapted HIV-1 (SHIV) [30-34]. However, results
from the recent Antibody Mediated Protection (AMP) trial, where high-risk individuals were given
infusions of a single bnAb targeting the CD4 binding site on Env, demonstrated that passive
immunization only protected against acquisition of sensitive isolates of HIV-1 and did not

provide protection more effectively than the placebo [35]. Correlates of protection have been
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difficult to establish in humans as most HIV-1 vaccines have failed to show any efficacy, but
evidence from one partially effective vaccine trial showed that only weakly neutralizing
antibodies were elicited after immunization and were not likely responsible for the observed
protection from infection [36].

In contrast, non-neutralizing antibody function has been shown to correlate with
protection in many different contexts. In the same partially effective HIV-1 vaccine trial, infection
risk was inversely correlated with high ADCC activity in the serum of vaccinees. Passive
immunization studies have also implicated Fc mediated functions in protection from infection
and death. Macaques infused with an antibody that mediates both neutralization and ADCC
were protected from infection, but protection was reduced when ADCC functionality was
specifically knocked out [37]. Infected mothers will passively transfer antibodies to their infants
during pregnancy and breastfeeding, and HIV-specific ADCC activity has been shown to
correlate with improved survival of infected infants [38, 39].

Overall, it is still unclear what kind of antibody response will be necessary in order to
prevent acquisition of HIV-1, though any successful vaccine will likely need to elicit
polyfunctional antibodies. To prevent escape, antibodies will also likely need to target multiple
sites on HIV Env, ideally including responses to more functionally constrained regions. A better
understanding of the activity and targets of protective antibodies is needed to achieve the goal

of an effective HIV-1 vaccine.

1.2.3 Antibody-mediated immunity to SARS-CoV-2

Although the SARS-CoV-2 pandemic is much more recent in its origin than HIV-1, a
wealth of information is already known about the antibody response against this virus. After
infection, people develop antibodies against the Spike protein in a manner proportional to the
severity of disease, with severely infected individuals producing high titers of binding and
neutralizing antibodies [40, 41]. As expected, serum antibody titers wane over time after
infection, but memory and plasma B cells have been found at 7 to 8 months after infection [42].

Antibodies, both neutralizing and non-neutralizing, have been found to be correlated with
protection in several studies with animal models and humans. Transfer of convalescent serum
into macaques significantly protected them from infection, and this correlated with neutralizing
titer as well as non-neutralizing functions [43]. In hamster and mouse models, ablation of Fc

mediated antibody activity reduced the protective capacity of human derived monoclonal
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antibodies [44, 45]. Infection-derived immunity has been suggested to be protective, as a study
of an outbreak on a fishing vessel demonstrated that those with preexisting neutralizing
antibodies were completely protected from infection (non-neutralizing functions were not
examined) [46]. Similarly, several studies of healthcare workers have found that prior infection
reduced the likelihood of reinfection with SARS-CoV-2 [47, 48].

Vaccination with Spike mRNA induces high titers of binding antibodies, and in
vaccinated individuals binding and neutralizing antibodies both correlated with protection [49,
50]. Interestingly, one study found that the emergence of non-neutralizing antibodies after
vaccination was correlated with protection from infection during an early timepoint when
vaccinated individuals did not have neutralizing antibodies [51]. Vaccine trials have also shown
that even in the case of breakthrough infections, vaccinees were protected against severe
disease.

Although antibody mediated immunity derived from infection or vaccination appears to
be protective against current strains, this may not remain the case as variants of SARS-CoV-2
spread. Historical evidence from related endemic coronaviruses indicates that the Spike protein
can evolve to escape antibodies elicited by prior infection, potentially explaining why endemic
coronaviruses can reinfect the same host [52, 53]. The spread of the Delta variant of SARS-
CoV-2 and the rise in breakthrough infections indicates that the excellent immunity induced by

vaccination may not be robust in the face of a mutating virus.

1.3  Antibody epitopes

Given the important role antibodies play in guarding against infection with viral
pathogens, there is a clear need to understand the interactions occurring at the interface
between antibody and antigen. In modern vaccinology, antibodies with desired characteristics
can act as a “blueprint” for an effective vaccine, a concept known as structure-based or reverse
vaccine design [54]. In this system, information about antibody-antigen binding is used to design
an antigen intended to elicit the prototypical antibody in a new host. Additionally, mapping the
precise sites bound by pathogen-specific antibodies can aid in prospective surveillance of
escape mutations.

The amino acids bound by an antibody are collectively known as the epitope and
typically span 5-10 residues. Epitopes can be linear, whereby all epitope residues exist within a

single continuous span on the protein, or discontinuous, whereby distal epitope residues are
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brought together by the complex folding of protein chains. Below | discuss traditional methods of
mapping antibody epitopes as well as a novel method called Phage-DMS which we have

developed to identify key antibody binding sites as well as escape mutations.

1.3.1 Methods used to map antibody epitopes

There are many approaches used to map antibody epitopes, each with different pros
and cons. The gold standard of epitope mapping is to image a structure of the antibody-antigen
complex using X-ray crystallography or, more recently, cryogenic electron microscopy (cryo-EM)
[55]. These methods allow you to see the orientation of the two molecules and predict the points
of contact. While structure-based approaches can give atomic-level information, they are low-
throughput and technically challenging. Furthermore, proximity between antibody and antigen
side chains does not necessarily predict the “functional epitope”, meaning the amino acids that
would disrupt antibody function when mutated (this is further discussed in Chapter 2).
Information on the functional epitope is needed to define mutations that may allow a virus to
escape immune pressure.

Another common method of epitope mapping is peptide scanning, which employs a
peptide microarray consisting of synthesized peptides immobilized onto a surface. As with other
peptide-based methods, the major drawback is that this method can only identify linear
epitopes. Additionally, it is not a particularly scalable approach and cannot achieve single-amino
acid level detail of epitope specificity.

Mutagenesis of proteins or peptides is often used to identify single amino acids that
contribute to antibody binding, and two traditional applications of this are site-directed
mutagenesis and alanine scanning. Site-directed mutagenesis involves systematic replacement
of single amino acids on a protein. Typically, however, this method is often driven by prior
structural knowledge or studies reporting sites of viral escape. Alanine scanning is a version of
site-directed mutagenesis whereby amino acids are replaced specifically with alanine, a small,
chemically inert molecule that is less likely to disrupt overall protein structure. With this method,
this process is repeated across the protein in order to identify residues important to some
antibody function, such as neutralizing or binding. While these mutagenesis-based methods can
yield detailed epitope maps, they are time and labor intensive and often can only be performed

across a small region of the protein of interest.
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1.3.2 Mapping antibody epitopes with deep mutational scanning

Deep mutational scanning (DMS) is a powerful method of mutagenesis that involves
creating a library of all possible amino acid variants, subjecting the library to a selection, and
then deeply sequencing the selected variants [56]. Our lab and others have harnessed DMS
using several different systems to facilitate mapping of antibody epitopes.

Mutational antigenic profiling is a system where DMS libraries of viral entry proteins
expressed by replication competent virus are passaged in the presence of neutralizing antibody
and escape variants are detected. In this system, mutations that lead to loss of proper protein
folding are purged from the library before passaging, thus resulting in identification exclusively
of escape mutations that are tolerated by the virus. While mutational antigenic profiling has
been employed to map HIV-1 and influenza specific neutralizing antibodies, it lacks the ability to
map the functional epitope of non-neutralizing antibodies [57-60]. Other limitations of this
method include the large amount of antibody required to perform mutational antigenic profiling,
as well as the requirement to grow the library in biosafety level 2+ facilities.

Another application of DMS to epitope mapping has been performed using libraries of
SARS-CoV-2 RBD variants expressed on the surface of yeast [61, 62]. Yeast with antibody
bound to the displayed protein are sorted by flow cytometry and deeply sequenced. Like
mutational antigenic profiling, only mutations to RBD that are tolerated and lead to protein
expression on the surface of the yeast are profiled using this method. In this case, all binding
antibodies can be mapped, although the yeast display system is low throughput due to the rate-
limiting flow cytometry step. To date this method has only been used for portions of the Spike
protein, namely the RBD, but not to study the full Spike protein.

To facilitate epitope mapping of all binding antibodies in a comprehensive and high
throughput manner, we developed a method utilizing a DMS library of peptides displayed on the
surface of phage called Phage-DMS. Peptides are first computationally designed to correspond
either to the wild-type sequence or to sequences that contain a single amino acid mutation.
These peptides are then synthesized on a DNA microarray and cloned into a phage display
system. To perform a Phage-DMS experiment antibody is incubated with the library,
immunoprecipitated, and then antibody-bound phage are deeply sequenced. Because phage
can grow to high copy number, each binding reaction can take place in a single well of a 96

deep well plate, allowing potentially hundreds of antibody or serum samples to be screened in
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parallel. The main drawback of this method is that due to the length of peptides displayed in
Phage-DMS, only antibodies that include linear epitopes can be mapped.

We originally developed and validated this method in the context of HIV-1, as described
in Chapter 2. We were then able to apply this method to characterize Spike-specific antibodies
in samples from SARS-CoV-2 infected and vaccinated individuals (Chapters 3 and 4). By
providing a high-throughput and comprehensive way of mapping antibody epitopes, we hope to
accelerate antibody characterization and vaccine design. The rapid spread of SARS-CoV-2 has
emphasized the importance of developing methods that can keep up with the pace of viral
pandemics, and the studies described in this thesis provide an important step towards that goal.
In this thesis | illustrate the application of this method for defining antibody escape pathways to

these globally important viruses.

23



Chapter 2

PHAGE-DMS: A COMPREHENSIVE METHOD FOR FINE MAPPING OF
ANTIBODY EPITOPES

Sections of text in this chapter have been modified slightly from the following manuscript:

Garrett, M.E., ltell, H.L., Crawford, K.H.D., Basom, R., Bloom, J.D., Overbaugh, J. Phage-DMS:
A Comprehensive Method for Fine Mapping of Antibody Epitopes. iScience 23,
doi:10.1016/j.isci.2020.101622 (2020).

2.1 Abstract

Understanding the antibody response is critical to developing vaccine and antibody-
based therapies and has inspired the recent development of new methods to isolate antibodies.
Methods to define the antibody-antigen interactions that determine specificity or allow escape
have not kept pace. We developed Phage-DMS, a method that combines two powerful
approaches — immunoprecipitation of phage peptide libraries and deep mutational scanning
(DMS) — to enable high-throughput fine mapping of antibody epitopes. As an example, we
designed sequences encoding all possible amino acid variants of HIV Envelope to create phage
libraries. Using Phage-DMS, we identified sites of escape predicted using other approaches for
four well characterized HIV monoclonal antibodies with known linear epitopes. In some cases,
the results of Phage-DMS refined the epitope beyond what was determined in previous studies.
This method has the potential to rapidly and comprehensively screen many antibodies in a

single experiment to define sites essential for binding interactions.

22 Introduction

Antibodies are useful research tools, potential therapeutic molecules, and the end goal
of many vaccines. Understanding the precise amino acids necessary for binding of antibody to
its protein target can provide insights into pathways of escape and improve antigen design for
vaccines. Defining these interactions can also enhance our knowledge of antibody function.
Modern improvements in the isolation and cloning of monoclonal antibodies (mAbs) have
resulted in a dramatic rise in the number of novel antibodies that can be produced, but current

methods to map the epitopes of these antibodies cannot presently keep pace. Thus, there is a
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need for a rapid screening tool to finely map the epitopes of many antibodies in a high-
throughput manner.

Structural studies of antibody-antigen complexes are the gold standard for defining key
amino acids that directly interact with an antibody, but typically are laborious and require large
amounts of antibody. Recently, a method to display libraries of peptides on phage and probe for
antibody binding via immunoprecipitation and deep sequencing has been described [63]. This
method has been used to map the epitopes of novel HIV-specific mAbs [64-67], characterize the
human virome [68], and discover autoantigens [69]. Phage libraries offer several advantages
over peptide arrays and other mapping methods, namely that phage libraries are easy to
generate and store, are relatively low cost, and can be used to rapidly screen for peptide-
antibody binding with very small amounts of antibody or plasma. However, while these
overlapping peptide libraries are useful for identifying an epitope region, they are limited in their
ability to pinpoint individual residues critical for antibody binding.

Several methods exist to more precisely map the specific residues that define an
antibody epitope, including the amino acids that disrupt binding and lead to immune escape.
Alanine scanning gives single amino acid resolution of antibody epitopes, but it does not provide
a complete picture of the potential effect of all possible amino acid mutations at a site. A more
comprehensive way to understand the consequences of mutations within the epitope site is to
use deep mutational scanning (DMS), which is a technique where each residue of a protein or
peptide can be mutated to every possible variant [56]. The resulting library of variants is then
used in a functional screen that simultaneously detects the impact of each mutation through
deep sequencing. We have previously developed methods employing viral DMS libraries to map
the epitopes of HIV-specific antibodies using neutralization as a functional screen [58]. While
this approach detects viral escape from neutralization, it is not designed for use with antibodies
that bind the viral antigen but mediate their effects through non-neutralizing functions.
Therefore, creating a method of mapping antibody epitopes that measures binding agnostic of
antibody function is needed.

We have built upon previous studies employing phage display in combination with DMS
[70-73] and here we describe Phage-DMS, a new method that allows high-throughput and high-
resolution mapping of antibody epitopes that are proximal in primary sequence with only a
single round of immunoprecipitation. Using Phage-DMS, we identified the epitope of four well

characterized HIV mAbs, confirming sites of escape predicted using other approaches as well
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as finding novel epitope sites. Thus, Phage-DMS represents a new tool for the comprehensive

mapping of antibody-antigen interactions.

2.3 Results

Generation and characterization of gp41/V3 HIV Envelope Phage-DMS libraries

A schematic summarizing Phage-DMS is depicted in Figure 2.1. In brief, we
computationally designed sequences that varied at the central position so that this residue
contained every possible amino acid corresponding to either the wild type residue or a mutant
residue. These sequences were cloned into a phage display vector and then this phage display
DMS library was incubated with the antibodies of interest. The resulting phage-antibody
complexes were immunoprecipitated and the enriched phage were then subjected to deep
sequencing to identify sequences specifically enriched or depleted in the presence of the

antibody as compared to the initial phage display library.

wr —— ' . . ﬂ/‘%ﬁ ,)k gﬁ g{
R

Mutant (x19) -

—
-
™~
. PP
—.— .

o Design overlapping DMS sequences o Generate phage display library
e = —
";‘ —_—
" .
Y -5
M .
c
M « ——
M . -
: BRE
" ' 1’
o m
SIS 4
Computationally analyze effects of o Sequence eniched phage o ImmunopreclpltatT phage-antibody
single mutations on antibody binding complexes

Figure 2.1. Schematic of Phage-DMS library design and experimental approach. (A) To
build a Phage-DMS library, sequences are computationally designed to tile across an entire
open reading frame of interest, with the central position varying to contain either the wild type
residue (shown in black) or a mutant residue (shown in red). (B) Sequences are synthesized by
releasable DNA microarray and then cloned into a T7 phage display vector. (C) The resulting
phage display library is incubated with antibody, and (D) phage-antibody complexes are
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immunoprecipitated with magnetic beads. (E) Sequences from enriched phage are PCR
amplified and pooled samples are deeply sequenced. (F) Finally, computational analysis is
performed to determine the relative effect of single mutations on the binding of antibody to
antigen.

A Phage-DMS library encoding peptides from two immunodominant regions of HIV Env
— the V3 region of gp120 and the gp41 ectodomain — was generated in the background of
envelope sequences from two common HIV-1 circulating clades [74]: clade A (two variants:
BG505, BF520) and clade C (ZA1197) (Supplemental Table 2.1). A total of 12,160 sequences
were included. Duplicate libraries were made starting from the synthesized oligonucleotide
array. Fifty-two percent of sequences from gp41/V3 library 1 and 37% of sequences from
gp41/V3 library 2 matched the computationally generated sequences, based on sequencing
individual plaques (Supplemental Figure 2.1A). The other plaque sequences contained either
indels, point mutations, frameshifts, or multiple errors.

The representation of all expected unique sequences was determined by deep
sequencing, performed at a depth of 82- and 45-fold coverage for gp41/V3 library 1 and 2,
respectively. A high degree of all unique sequences (91.6% and 87.9%, respectively) were
counted at least once in each library (Supplemental Figure 2.1B and C). There were some
regions across gp41 and V3 that were not represented in the libraries, notably sequences
corresponding to the fusion peptide domain of gp41. There were also differences in the
representation of unique sequences by HIV strain, and we observed that peptides
corresponding to BF520 Env were missing more than peptides from other strains. About half
(51% and 50%, respectively) of all sequences detected were counted between 10 and 100
times within gp41/V3 library 1 and 2, indicating a modest degree of uniformity (Supplemental
Figure 2.1D).

Mapping the epitope of gp41- and V3-targeting antibodies with Phage-DMS

To test the ability of our gp41/V3 Phage-DMS replicate libraries to define an antibody
epitope, we performed experiments with Env-specific mAbs that have been previously
characterized in detail and are known to bind to linear epitopes: gp41-specific mAbs 240D [75]
and F240 [76]; V3-specific mAbs 447-52D [77] and 257D [78].

Gp41-specific mAbs
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Deep sequencing of the phage bound by each of the gp41-specific antibodies showed
enrichment of wild type sequences corresponding to the expected epitope region of gp41, the
immunodominant C-C loop (Figure 2.2A and B). For both mAbs, peptides in the background of
all three Env strains showed enrichment within the same region and to a similar degree. There
was a high degree of correlation between technical replicates and good correlation between
biological replicates, demonstrating the reproducibility of the Phage-DMS approach
(Supplemental Figure 2.2).

To visualize the contribution of each amino acid to the epitope of the antibody, at each
site we calculated the differential selection of each mutant-containing peptide as compared to

the wild type-containing peptide, scaled by the strength of enrichment of the wild type peptide

centered at that site, a metric hereafter termed “scaled differential selection”. Plotting the scaled

differential selection for 240D and F240 in the context of the clade A Env protein (BG505)
showed strong negative selection at positions C598 and C604 that form the disulfide C-C loop

(Figure 2.2C and D). Mutations to either cysteine residue resulted in very low scaled differential

selection values, with no amino acids showing higher preferred binding as compared to wild

type, as expected for these C-C loop specific antibodies.
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Figure 2.2. Enrichment and scaled differential selection results from Phage-DMS for
gp41-specific mAbs with gp41/V3 libraries. (A-B) Line plot showing fold enrichment of wild
type peptides in the background of each HIV Env strain for (A) mAb 240D and (B) mAb F240.
The color corresponding to each wild type sequence is shown in the upper right. The x axis
shows the amino acid position within HIV Env based on HXB2 reference sequence (C-D)
Heatmap showing the relative effect, as compared to wild type BG505 Env, of each mutation on
the binding to (C) mAb 240D and (D) mAb F240, within a selected region of gp41 shown with
HXB2 numbering. Wild type residues are marked by a black dot. Amino acids are grouped
based on their properties as indicated to the left. All data shown is the average of two biological
replicates. See Quantification and Statistical Analysis for fold enrichment and scaled differential
selection calculations.

For the 240D antibody, there was also selection against mutations to IWG (aa 595-597;
Figure 2.2C), which was previously identified as the core epitope of 240D [75]. However,
mutations to 602 were also negatively selected as compared to wild type, indicating that this site
is also important for the epitope. There was enrichment above wild type for most mutations to
position L592, as well as single amino acids that are preferred above wild type. For example,
the variant N at position 599 and P at position 601 were preferred above wild type, illustrating
the potential of this method to identify a sequence that presents a more optimal epitope
sequence than the wild type viral sequence.

For the F240 antibody, nearly all mutations in C-C loop residues 597 through 604, with
the exception of 601, resulted in depletion in Phage-DMS, suggesting they are part of the
epitope (Figure 2.2D), consistent with structurally-defined interactions for F240 [79].
Additionally, some mutations in regions flanking the predicted epitope were positively enriched
in Phage-DMS, for example sites 592 and 596.

V3-specific mAbs

Phage-DMS with the V3-specific mAbs 447-52D and 257D enriched for wild type
peptides corresponding to the expected epitope region of the V3 loop [77, 80] (Figure 2.3A and
B), with good correlation between replicates (Supplemental Fig 2.3). For 447-52D, there was
binding only to wild type peptides from one of the clade A Env strains (BG505) and the clade C
Env strain (ZA1197), but not the other clade A Env strain (BF520) (Figure 2.3A). This antibody
has been reported to bind best to V3 sequences encoding the GPGR motif, but all the Env

sequences in this library contain the less preferred GPGQ motif[81]. Sequences outside of this
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core region differ between the strains that bind (IRIGPGQ) and the strain that does not bind
(VHLGPGQ), suggesting these differences may influence binding to 447-52D in the context of
the GPGQ motif. There was a similar result with 257D where only BG505 and ZA1197 V3
peptides within the expected epitope region were enriched, again indicating that naturally
occurring sequence differences at the tip of the V3 loop may affect binding (Figure 2.3B).

The amino acid positions that showed the strongest negative selection with 447-52D in
the context of BG505 were in the GPGQ core epitope (Figure 2.3C). The exception to this is at
position 315, where R was the most strongly preferred amino acid. Additionally, variation at sites
304-309 outside of this motif was negatively selected, suggesting these amino acids contribute
to the epitope in this context. In particular, mutations to 304 demonstrated consistent negative

selection, which has not been reported.
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Figure 2.3. Enrichment and scaled differential selection results from Phage-DMS for V3-
specific mAbs with gp41/V3 libraries. (A-B) Line plot showing fold enrichment of wild type
peptides in the background of each HIV Env strain for (A) mAb 447-52D and (B) mAb 257D.
The color corresponding to each wild type sequence is shown in the upper right. The x axis
shows the amino acid position within HIV Env based on HXB2 reference sequence (C-D)
Heatmap showing the relative effect, as compared to wild type BG505 Env, of each mutation on
the binding to (C) mAb 447-52D and (D) mAb 257D, within the entire V3 region shown with
HXB2 numbering. Wild type residues are marked by a black dot. Amino acids are grouped
based on their properties as indicated to the left. All data shown is the average of two biological
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replicates. See Quantification and Statistical Analysis for fold enrichment and scaled differential
selection calculations.

Most mutations to residues spanning 304 to 316 showed strong negative selection with
257D in the context of BG505 (Figure 2.3D). There were also a number of mutations in this
region that demonstrated binding above the wild type residue, including the R at position 315,
consistent with the reported preference of 257D for the GPGR motif [82]. H at position 308 was
also strongly enriched above the wild type sequence, which agrees with previous studies [80,
82]. Interestingly, there were several other amino acids at position 308 (e. g. F, Y, W) that were

more enriched than the wild type R.

Generation of gp120 HIV Envelope Phage-DMS libraries and validation of V3 epitopes

To test whether we would find similar results with a different Phage-DMS library, a
second replicate set of Phage-DMS libraries was constructed, this time containing all peptides
spanning the gp120 domain of Env. Given that 9-13% of sequences were missing in the first
library, we implemented two changes that were designed to minimize bias against sequences
with higher GC content. First, we optimized the GC content of the sequences to be as uniform
as possible, with an average GC content of 47%. Second, we implemented subcycling of the
annealing and elongation steps between higher and lower temperatures during PCR because
this was previously shown to significantly improve amplification of short template pools [83].
28,840 sequences were generated in the background of a clade A (BG505), clade B (B41), and
clade C (DU422) Env and cloned into duplicate phage libraries. Sequencing of individual
plaques revealed that 47% of all sequences from gp120 library 1 and 41% of all sequences from
gp120 library 2 were correct (Supplemental Figure 2.4A).

We determined the representation of sequences within each library by deep sequencing
at a depth of 71- and 65-fold coverage, respectively. Aimost all (96.4% and 96.5%, respectively)
unique sequences were present in gp120 library 1 and 2 (Supplemental Figure 2.4B and C).
66.7% of sequences were counted between 10 and 100 times for gp120 Library 1 and 68.1% for
gp120 library 2, demonstrating improved uniformity as compared to the gp41/V3 libraries, where
approximately half were represented at this frequency (Supplemental Figure 2.4D). Our
experiments also indicated that subcycling alone improved amplification (Supplemental Figure
2.4E).
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Because the gp120 Phage-DMS libraries we generated contained V3 sequences, we
used the same two V3-specific mAbs as above, which enabled the comparison of results
between the gp120 libraries and the gp41/V3 libraries. Technical and biological replicates
performed with the V3 mAbs and the gp120 Phage-DMS libraries had good correlation
(Supplemental Figure 2.5). When measuring enrichment of wild type sequences for 447-52D,
we observed only strong enrichment of wild type peptides from the clade B Env strain, which
contains the preferred GPGR motif (aa 312-315) (Figure 2.4A). 447-52D did not enrich for V3
peptides from the two Env strains that encode GPGQ. For 257D, enrichment of wild type
peptides showed binding of this antibody was highest for peptides from the clade B strain, but
there was also weak binding to peptides from the clade A strain (Figure 2.4B). There was no

binding of 257D to peptides from the clade C strain.
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Figure 2.4. Enrichment and scaled differential selection results from Phage-DMS for V3-
specific mAbs with gp120 libraries. (A-B) Line plot showing fold enrichment of wild type
peptides in the background of each HIV Env strain for (A) mAb 447-52D and (B) mAb 257D.
The color corresponding to each wild type sequence is shown in the upper right. The x axis
shows the amino acid position within HIV Env based on HXB2 reference sequence (C-D)
Heatmap showing the relative effect, as compared to wild type B41 Env, of each mutation on
the binding to (C) mAb 447-52D and (D) mAb 257D, within a selected region of V3 shown with
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HXB2 numbering. Wild type residues are marked by a black dot. Amino acids are grouped
based on their properties as indicated to the left. All data shown is the average of two biological
replicates. See Quantification and Statistical Analysis for fold enrichment and scaled differential
selection calculations.

Mutations to the residues 312-315 at the GPGR tip resulted in strong negative selection
in Phage-DMS experiments with 447-52D (Figure 2.4C). We additionally saw moderate negative
selection at residues upstream of the GPGR, and in particular all mutations to site R304 and
H308 resulted in negative selection. For 257D, strongest negative selection was observed for
mutations at sites 305, 307, and 312 as compared to wild type (Figure 2.4D), which largely
aligned with a previous study indicating that K-I--GP are the key residues for 257D binding (aa
305-313) [82]. The exception to this was P313, where we did not observe strong negative
selection in the peptide context of this library, although we did with the gp120 library. We
additionally saw possibly weak contribution of sites on the N-terminal side of the V3 loop (sites
317 and 318) to the epitope.

The observed epitope for both V3 antibodies with the gp120 Phage-DMS libraries was,
in general, consistent with previous results with the gp41/V3 libraries. For 447-52D, negative
selection at sites 312-315 agreed with previous findings from the gp41/V3 libraries, though the
relative strength of negative selection differed between the libraries. For 257D, fewer sites within
the epitope region were sensitive to mutation in the context of clade B Env in the gp120 library
when compared to results with the gp41/V3 library in the background of clade A Env (BG505).
For example, we did not observe that mutations to P313 reduced binding, as we did with the

gp41/V3 library, indicating its contribution to the epitope may depend on the context.

Validation of Phage-DMS results using mutant peptides in a competition ELISA

To confirm that mutations identified by Phage-DMS disrupt binding to the V3- and gp41-
specific antibodies, we performed competition enzyme-linked immunosorbent assays (ELISAs)
with wild type and mutant V3 or gp41 peptides (see Supplemental Table 2.2). In this assay,
peptides that bind to the antibody block activity against a coated antigen (gp120 or gp41);
peptides with mutations in key epitope residues will no longer bind the antibody resulting in an
increased IC50 value as compared to a wild type peptide, and peptides that have improved
binding to antibody will result in a decreased IC50 value as compared to a wild type peptide.

The wild type gp41 peptide competed for binding of both antibodies to gp41 protein
(Supplemental Figure 2.6A and B). The Phage-DMS results indicated strong preference for the
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cysteines that form the loop structure for both antibodies, and indeed a gp41 peptide with a
mutation in one of these cysteines (C598D) no longer competes for binding to the antibodies at
any concentration tested (Figure 2.5A). Site L602 was also identified as part of the epitope
based on a strong depletion of peptides containing mutations to that site. For both 240D and
F240, a peptide with a mutation at this site exhibited a 103- and 22- fold increase in IC50,
respectively. The IC50 value of peptide S599K was similar to the wild type peptide for 240D but
was not detectable for F240, suggesting that the mutant peptide had has lost is ability to bind
F240, consistent with the differences observed for these two antibodies by Phage-DMS. A
negative control gp41-binding antibody (5F3) did not show reduced activity in the presence of
any gp41 peptides (Supplemental Fig 2.6C).

We confirmed that the wild type V3 peptide competed for binding with both antibodies to
gp120 protein (Supplemental Figure 2.6D and E). With both 447-52D and 257D, the R315W
peptide containing a mutation within the important GPGR motif resulted in a 72- and 5-fold
increase in IC50, respectively (Figure 2.5B). Interestingly, the peptide containing a mutation at
site 304, which was identified by Phage-DMS as being part of the epitope for mAb 447-52D but
not found by any previous studies, demonstrated a 21-fold increase in IC50 as compared to the
wild type peptide. Sites 317 and 318 were identified by Phage-DMS as possibly weakly
contributing to the epitope, and peptides containing mutations in those sites had a small but
statistically significant difference in IC50 from the WT. Peptides with mutations in sites that were
not identified by Phage-DMS as being part of the epitope, such as K305T with 447-52D and
R304E with 257D, did not yield IC50 values that were significantly different from the wild type
peptide in competition ELISAs. VRC0O1 was used as a negative control gp120-binding antibody
and did not show reduced binding in the presence of any V3 peptides (Supplemental Figure
2.6F).

In order to examine whether the sites predicted to disrupt binding by Phage-DMS
correlate with the binding results with corresponding peptides by ELISA, we compared IC50
values obtained for each WT and mutant peptide and differential selection values as measured
by Phage-DMS. Differential selection measured for 240D and F240 in the context of the
gp41/V3 library and for 447-52D and 257D in the context of the gp120 library each correlated
well with the IC50 values measured by competition peptide ELISA (Figure 2.5C and D), with R2
values of 0.74 and 0.85 respectively (p=0.013 and p=4.2e-06).
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Figure 2.5. Comparison of effects of mutations on peptide binding in competition ELISAs
and Phage-DMS. (A-B) Bar plot showing the IC50 values of wild type and mutant peptides in a
competition ELISA for (A) gp41-specific mAbs with wells coated with MN gp41 protein or (B) V3-
specific mAbs with wells coated with SF162 gp120 protein. Antibodies were pre-incubated with
each peptide before addition to the wells. Peptides for which no inhibition of antibody binding
could be detected at any concentration tested are indicated with an infinity symbol. Results for
three replicate experiments are shown, with the mean +/- SEM. Statistical significance was
determined by an unpaired t test. (C-D) Correlation between results of IC50 values from
competition peptide ELISAs and scaled differential selection values from Phage-DMS for (C)
gp41-specific mAbs and (D) V3-specific mAbs. Pearson’s correlation shown at the top.

24 Discussion

The process of mapping the epitope of antibodies tends to be labor-intensive with
current methods, and often does not provide a detailed understanding of the epitope. To
address this, we have combined phage display technology and deep mutational scanning to
create an approach called Phage-DMS that is capable of providing a comprehensive view of an
antibody epitope in a high-throughput manner. As proof-of-concept, we created Phage-DMS
libraries that display wild type and mutant peptides derived from HIV Env strains, and we used
these libraries to define the individual amino acids critical for binding to HIV-specific antibodies.
The effects of specific mutations identified in this way were validated using the more traditional

approach of peptide binding by ELISA. The binding measurements were highly correlated with
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Phage-DMS scaled differential selection, showing that Phage-DMS measurements capture
mutational effects in a relatively quantitative way.

In addition to accurately identifying epitope residues that have been characterized by
low-throughput mutagenesis and gold standard structural methods, Phage-DMS also refined
and expanded upon the findings from previous studies. For example, mutations to R304
consistently resulted in decreased binding to 447-52D as compared to the wild type sequence,
yet this site had not been described to comprise the epitope in previous studies using
overlapping hexapeptides [77] or X-ray crystallography [81, 84]. While neither crystal structure
showed electron density at site R304, the prediction from Phage-DMS was validated by
competition peptide ELISA, suggesting that Phage-DMS captures information other than
physical proximity between antigen and antibody. Conversely, there were instances where
previous studies had defined sites on Env with close proximity and hydrogen bonding to the
antibody by X-ray crystallography, such as residues 595 to 609 for F240 [79], but we did not
observe strong negative selection taking place at sites 595, 596, or 605 - 609. Other studies
have demonstrated that side chain proximity does not necessarily predict the contribution of a
site to the formation of a protein-protein complex [57, 85-91], and this case with F240 further
illustrates how analysis by Phage-DMS can yield information on the critical binding interactions
of an antibody distinct from the identity of interfacing sites obtained by structural studies.

Identification of an antibody’s epitope by Phage-DMS was reproducible, as
demonstrated by the consistent results obtained by testing the same antibodies with two
independently generated libraries. However, we did observe differences in the results with
libraries built with different viral strains, highlighting the sensitivity of this assay to viral context.
This is not surprising given that the strains included in the library differed by as much as 28% in
their envelope sequences and thus the amino acid introduced by DMS will be influenced by
these other sequences within the epitope. An example of this is 447-52D, where one library had
a viral strain with a more optimal core epitope (B41 in the gp120 library), but the other library
(gp41/V3) did not. In this case, other sites sensitive to mutation were revealed in the gp41/V3
library, presumably because none of the wild type sequences contained the optimal core motif.
257D is another potential example of the importance of strain context and/or assay in
determining fine antibody epitopes. We observed that P313 contributed to binding with 257D in
the gp41/V3 library, but not with the gp120 library. P313 had previously been identified as a key
part of the epitope of 257D in a study using biopanning with random phage-displayed peptides

[82], but was not recognized as contributing to binding in a different study that used overlapping
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hexapeptides from the clade B strain, MN [80]. The variable importance of site P313 could be
related to HIV strain and/or to differences between methods or assay sensitivity.

Phage-DMS has several advantages over other mapping approaches. The high titer and
renewable nature of phage libraries make them ideal for large-scale and high-throughput
experiments. While other groups have combined yeast display and deep mutational scanning to
create a powerful tool for defining protein interactions [92, 93], these methods do have some
limitations compared to Phage-DMS for these purposes. One major difference in throughput is
because yeast display requires sorting by flow cytometry, which is time consuming and
expensive, limiting the number of antibodies that can be tested, as previously noted [93]. By
contrast, Phage-DMS experiments can be conducted in a 96 well plate format with an
independent test of an antibody in each well. In addition, there is often a requirement for long-
read sequencing for yeast display approaches, which increases costs and complexity of
analysis compared to Phage-DMS, which relies on short sequence reads. Yeast also have
lower transformation efficiency and typically yield 107 to 10° transformants per g of DNA [94].
This creates a lower threshold for the number of variants that can be tested in a library as
compared to phage, which can yield ~ 10" transformants, more than 100-fold higher than yeast.
Therefore, with Phage-DMS, antibodies can be easily tested against multiple background
sequences in parallel, which is especially important when studying antibodies against a
pathogen as diverse as HIV. Other mutation-based approaches often involve creating and
testing mutants in the background of a single Env strain. Phage-DMS can identify the binding
sites for neutralizing antibodies, like 447-52D and 257D, and non-neutralizing antibodies, like
240D and F240, whereas many other methods usually rely on a functional read out, such as the
ability to escape neutralization. Moreover, unlike methods that involve growth of the virus in
culture, phage will display peptides encoding mutations irrespective of their effect on replication
fitness, resulting in a more complete picture of the potential effect of all variants on binding.
Given its versatility, Phage-DMS is not limited to mapping antibody epitopes and could
theoretically be used to map binding sites between any two proteins of interest, similar to other
studies that have utilized DMS to dissect protein-protein interactions using phage [70-73].

There are some limitations of Phage-DMS. For one, post-translational modifications
such as glycosylation are not present on the peptides displayed by the phage. Additionally, due
to the length of peptides displayed in these libraries, Phage-DMS in its current form is limited to
mapping epitopes that dependent on proximal amino acids and thus is not suited for complex

conformational epitopes. To confirm these limitations, we tested known glycan-dependent
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(BF520.1, QA013.2) and discontinuous epitope (PGT145, 50-69) HIV Env-specific mAbs in
Phage-DMS experiments, and as expected did not observe enrichment of any peptide
sequences (data not shown). However, our data and findings by others who have generated
phage display libraries suggest that peptides can fold and present native-like conformations to
some extent [69]. For example, Phage-DMS showed a strong preference for cysteines that form
a predicted loop structure within the epitope region of the gp41-specific antibodies.

Phage-DMS can be applied not just towards identifying epitope sites and potential
pathways of antibody escape, but also to improving the binding of antibody to antigen. We
observed cases where mutations, such as F317T with antibody 447-52D, improved binding
above wild type levels by both Phage-DMS and competition peptide ELISA, demonstrating that
Phage-DMS results could optimize antigen targeting and aid in rational vaccine design. Overall,
we have demonstrated that Phage-DMS can map sites essential for antibody binding and could

potentially accelerate the characterization of mAbs and development of vaccines.

Limitations of the study

Because the Phage-DMS libraries described here display short linear peptides of 31
amino acids in length, generally this method is not optimal for identifying the full epitope of
antibodies that rely on conformational presentation of the antigen. The peptides displayed in a
Phage-DMS library will not undergo post-translational modification and therefore antibodies that

rely on binding to glycans and other similar moieties cannot be defined using this method.

24 Methods

Antibody production

The following antibodies were obtained from the AIDS Reagent Program, Division of
AIDS, NIAID: 5F3, F240, 240D, VRCO01, 257D, 447-52D.

Generation of Phage-DMS libraries
HIV-1 strains included in the gp41/V3 DMS phage library and gp120 DMS phage library

are noted in Supplemental Table 2.1. We did not include the signal peptide of gp120 and the
transmembrane and cytoplasmic domains of gp41 in these libraries. Oligonucleotides coding for
peptides 31 amino acids in length and containing a single variable residue were computationally

designed to overlap by 30 amino acids and tile across the entire length of these protein
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sequences. Sequence coding for a linker ([G4S]s for gp120 and gp41 sequences, and 15
flanking wild type residues for the V3 sequences) was added to the beginning and end of the
protein sequence of interest in order to ensure that every residue of the protein was located at
the central position of a peptide [95]. All sequences were codon optimized for expression in E.

coli by either using IDT online Codon Optimization Tool (http://www.idtdna.com/CodonOpt) for

the gp41/V3 libraries or the Codon Optimization OnLine tool (COOL, http://cool.syncti.org/) for

the gp120 libraries. Linker and protein coding sequences for the gp120 DMS phage library were
additionally GC optimized using the COOL tool, with a target GC concentration of 50%. The
central codon of each oligo was replaced with codons representing every possible amino acid,
generating a total of 20 oligos centered at each site along the protein. Each oligo additionally
had 5’ and 3’ adaptor sequences added to facilitate amplification and cloning (5’:
AGGAATTCTACGCTGAGT, 3: TGATAGCAAGCTTGCC). After de-duplicating
oligonucleotides that were identical across the different HIV strains, 12,160 unique sequences
for the gp41/V3 library and 28,840 unique sequences for the gp120 library were synthesized as
an oligonucleotide pool by Twist Bioscience. Code used to generate oligonucleotide sequences
can be found at github.com/meghangarrett/Phage-DMS.

Oligonucleotide pools were resuspended in Tris-EDTA (TE) buffer, pH 8.0, to a concentration of
10 ng/uL. PCR amplification of the pools with the KAPA HiFi PCR Kit (Roche) was done with 2.5
uL of a 2 ng/uL solution of the pool in a 50uL reaction, with primers annealing to the adaptor
sequences (Fwd: AATGATACGGCAGGAATTCCGCTGAGT, Rvs:
CGATCAGCAGAGGCAAGCTTGCTATCA). Amplification of the gp41/V3 oligos was performed

using the following thermocycler conditions:

. 95°C for 3 min
.98°Cfor20 s
.60°Cfor15s
.72°Cfor15s

. Go to step 2 (x3)
.95°Cfor30s
.98°Cfor20 s
.72°Cfor30 s

. Go to step 7 (x20)
10. 72°C for 5 min
11. Hold at 4°C

O©CoOoONOOOD~WN =
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Amplification of the gp120 library was performed including subcycling steps (adapted from [83] ,

using the following thermocycler conditions:

. 95°C for 3 min
.98°Cfor20 s
.60°Cfor15s
.72°Cfor15s

. Go to step 2 (x3)
.95°Cfor30s
.98°Cfor20 s
.67°Cfor15s
.72°Cfor15s

10. Go to step 8 (x4)
11. Go to step 7 (x20)
12. 72°C for 5 min
13. Hold at 4°C

O©CoOoONOOOP~WN =

PCR products were cleaned using Agencourt AMPure XP beads (Beckman Coulter) and then
digested with EcoRI-HF and Hindlll-HF (NEB) at 37°C for 1 hour. Cloning into bacteriophage
was performed using the T7Select System (EMD Millipore). In brief, four separate digests of the
PCR products were performed and then pooled, purified using gel electrophoresis, and ligated
at a 3:1 vector to insert ratio into the T7Select 10-3b bacteriophage vector arms overnight at
16°C. 5 uL of the ligation reaction was added 25 uL of T7Select Packaging Extract and
incubated at room temperature for 2 hours, then stopped using 270 uL sterile LB. The phage
titer from the packaging reaction was determined using a plague assay, then amplified on the
host E coli (BLT5403) and titered again. At every step each library member was represented by
>200 plaque forming units (pfu) to avoid bottlenecking, and the final libraries had >200,000
pfu/mL per unique library member. Sanger sequencing of at least 40 plaques from each library
was performed to assess the diversity and fidelity of the phage libraries. This process was
performed in duplicate, starting from the PCR amplification step, and the final libraries were

stored at -80°C with 0.1 volumes sterile 80% glycerol and penicillin/streptomycin added.

Antibody immunoprecipitation with Phage-DMS library

Immunoprecipitation with antibody bound to peptide displayed on phage was performed
in @ manner previously described [63, 64]. In brief, the phage library was first thawed and diluted
to a concentration representing 200,000 pfu/mL per unique library member (for example, the

gp120 DMS phage library has 28,840 members, therefore we use a concentration of 5.8 x 10°
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pfu/mL). After blocking a deep 96 well plate with 3% BSA in TBST, 1 mL of the diluted phage
library with 10 ng of the antibody of interest was added to the well. Plates were sealed and
incubated on a rocker at 4°C for 20 hours. 20 uL of each Protein A and Protein G Dynabeads
(ThermoFisher) were added to each well and incubated on a rocker at 4°C for 4 hours. Magnetic
separation was performed and antibody-bead complexes were washed 3x with 400 uL wash
buffer (150 mM NaCl, 50 mM Tris-HCI, 0.1% [vol/vol] NP-40, pH 7.5). Beads were resuspended
in 40 uL of water, transferred to a 96 well PCR plate and then bound phage lysed at 65°C for 10
minutes. Antibody selections were done in technical duplicate, and duplicate mock selected
samples were included in order to determine the background levels of peptide binding to the
beads. Additionally, we lysed 10-20 million phage from the diluted input library to determine the

distribution of phage in the starting library.

Deep sequencing

To determine the frequency of each peptide in the antibody selected, mock selected,
and input conditions, we deep sequenced the lysed phage from each sample. We performed
two rounds of PCR to amplify and add dual barcodes to each sequence. Each PCR reaction
was performed using Q5 Hot Start High Fidelity 2X Master Mix (NEB). For the first round of
PCR, 20uL of lysed phage was used as the template in a 50 uL reaction along with primers that
anneal to sequences on either side of the cloning region within the T7 Select 10-3b vector (Fwd:
TCGTCGGCAGCGTCTCCAGTCAGGTGTGATGCTC, Rvs:
GTGGGCTCGGAGATGTGTATAAGAGACAGCAAGACCCGTTTAGAGGCCC). We used the

following thermocycler conditions for the first round of PCR:

.98°Cfor30s
.98°Cfor5s
.68°Cfor10s
.72°Cfor30 s

. Go to step 2 (x30)
. 72°C for 2 min

. Hold at 4°C

No b~ wpNn =

2 uL of the PCR product was then used as the template in a 50 uL reaction for the second round
of PCR, with indexed P5 and P7 primers that anneal to sequence added by the round 1 primers
(Fwd:
AATGATACGGCGACCACCGAGATCTACACNNNNNNNNTCGTCGGCAGCGTCTCCAGTC,
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Rvs:
CAAGCAGAAGACGGCATACGAGATNNNNNNNNGTCTCGTGGGCTCGGAGATGTGTATAAG
AGACAG, where “NNNNNNNN” denotes a unique 7-nt indexing sequence). We used the

following thermocycler conditions for the second round of PCR:

1.98°Cfor30 s
2.98°Cfor5s
3.72°C for40 s

4. Go to step 2 (x8)
5. 72°C for 2 min

6. Hold at 4°C

PCR products were then cleaned using Agencourt AMPure XP beads and eluted in 50 uL water.
DNA concentrations were quantified via Quant-iT PicoGreen dsDNA Assay Kit (ThermoFisher).
Equal amounts of DNA from the antibody selected samples were pooled, along with equal
amounts of mock selected and input library at 10X the amount of the antibody selected samples
(for example, 20 ng of each antibody selected sample was pooled along with 200 ng of each
mock selected sample and input library sample). Finally, the pooled sample was gel purified,
quantified using the KAPA Library Quantification Kit (Roche), and then sequenced on an
lllumina MiSeq with 1x125 bp single end reads using a primer that anneals to the 5’ adaptor
sequence just prior to the oligo sequence (GCTCGGGGATCCGAATTCTACGCTGAGT).

Competition peptide ELISA

Custom peptides were synthesized by ThermoFisher. V3 peptides were resuspended in
water at 1 mg/mL, and gp41 peptides were resuspended in 50% DMF due to increased
hydrophobicity and to prevent degradation of the cysteine disulfide bond. To perform a
competition peptide ELISA, plates were first coated overnight with 500 ng/mL of either SF162
gp120 (Cambridge Biologics, # 01-01-1063) or MN gp41 (AIDS Reagent Program, # 12027) in
PBS. After washing 4X with wash buffer (1X PBS, 0.05% Tween-20), wells were blocked with
blocking buffer (1% BSA in PBS + 1mM EDTA) for 1 hour at 37°C. Antibodies diluted to 500
ng/mL in blocking buffer were preincubated for 30 minutes with peptide at various
concentrations, with controls incubated with equivalent volume of appropriate peptide
resuspension buffer to establish baseline activity. Blocking solution was washed from plates and

then antibody-peptide samples were added to each well and the plate was incubated for 1 hour
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at 37°C. Plates were washed and then goat anti-human HRP (Sigma) diluted 1:2500 in blocking
buffer was added to each well and incubated for 1 hour at 37°C. After washing again, 1-Step
Ultra TMB-ELISA Substrate Solution (ThermoFisher) was added and incubated at room
temperature for either 15 minutes (V3 peptides) or 5 minutes (gp41 peptides) before adding an
equivalent volume of 1N H>SO4. OD4so value for each well was then measured on a plate
reader. All assays were performed in 384 well plates (ThermoFisher) and washed by robot.
IC50 values are calculated by taking the ODuso values across a dose response curve of the
peptide and computing in Prism (GraphPad version 8.4.0) the concentration of peptide which

inhibits half of the maximum activity (e.g. activity with no peptide present).

Quantification and Statistical Analyses
Code used to perform the following analyses and generate plots with Phage-DMS data can be

found at https://github.com/meghangarrett/Phage-DMS.

Demultiplexing and alignment

Demulitplexing and fastq file generation were performed using lllumina MiSeq Reporter
software. Reads were aligned to their respective reference libraries using bowtie v1.1.1 [96],
with the options “--trim3 32 -n 0 -1 93 --tryhard --nomaqround --norc --best --sam —quiet”. We
aimed to get 10X coverage of antibody selected samples and 100X coverage of mock selected
samples and input library, keeping in mind that only about half of the phage in the library
contained sequences that perfectly matched the computationally designed sequences. All reads

were deposited to NCBI and are accessible in the Sequence Read Archive: PRINA630833.

Calculating enrichment of peptides

The enrichment (E, ) of a peptide containing amino acid x centered at site r is calculated as

follows. First, read counts n from technical replicates are added together. The proportion p of
each peptide within a sample (Equation 1) or within the input library (Equation 2) is calculated
by comparing the read count of each peptide with amino acid x at site r to the sum of all read

counts in the sample.

pﬁ’exlected — (nTS”‘exlected + fselected X P)/(Zy ng]eylected + fselected X P)

(1)
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p?”;IJUt anut +fmput x P)/(Zy anut _|_fmput x P)

(@)

To account for statistical noise, a pseudocount of P = 1 is added to each count. To scale the
pseudocount according to the varying sequencing depth of the antibody selected sample and

library input, we calculated fs¢t¢cted (Equation 3) and f™P¥ (Equation 4) variables as follows.

fselected — max[l (Zy nselected)/(zy anut)]

3)

fmput _ max[l (Zy lnpuf)/(zy nselected)]
(4)

To calculate the enrichment E, .., the proportion pgéécted of each peptide within the antibody

input

selected sample is compared against the proportion p,. " of each peptide within the input

library (Equation 5)

E selected/pmput

pr X
(5)

Calculating differential selection and scaled differential selection

Differential selection is a metric used to calculate the relative enrichment of a peptide containing
a mutation (E, ,) as compared to the enrichment of a peptide containing the wild type amino

acid at a site (E; ,¢(y) (Equation 6).

dr,x = log, (Er,x/Er,wt(r))
(6)

By definition, the differential selection of the wild type amino acid at a site (d,., () is always 0.
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In order to emphasize the differential selection taking place at sites within the epitope, we
calculated a metric we termed “scaled differential selection”. To get the scaled differential
selection S, , of a mutation x at a site of interest r, we take the differential selection as
calculated above and multiply it by the enrichment of the peptide containing the wild type amino

acid centered at the position of interest (Equation 7).

Sr,x = dr,x X Er,wt(r)

(7)

Graphical illustrations

Graphical abstract and Figure 2.1 were made with BioRender.com.
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Chapter 3

HIGH RESOLUTON PROFILING OF PATHWAYS OF ESCAPE FOR
SARS-COV-2 SPIKE-BINDING ANTIBODIES

Sections of text in this chapter have been modified slightly from the following manuscript:

Garrett, M.E., Galloway, J., Chu, H.Y., ltell, H.L., Stoddard, C.I., Wolf, C.R., Logue, J.K.,
McDonald, D., Weight, H., Matsen IV, F.A., Overbaugh, J. High-resolution profiling of pathways
of escape for SARS-CoV-2 spike-binding antibodies. Cell 184, 2927-2938.e2911,
doi:10.1016/j.cell.2021.04.045 (2021).

3.1 Abstract

Defining long-term protective immunity to SARS-CoV-2 is one of the most pressing
questions of our time and will require a detailed understanding of potential ways this virus can
evolve to escape immune protection. Immune protection will most likely be mediated by
antibodies that bind to the viral entry protein, Spike (S). Here we used Phage-DMS, an
approach that comprehensively interrogates the effect of all possible mutations on binding to a
protein of interest, to define the profile of antibody escape to the SARS-CoV-2 S protein using
COVID-19 convalescent plasma. Antibody binding was common in two regions: the fusion
peptide and linker region upstream of the heptad repeat region 2. However, escape mutations
were variable within these immunodominant regions. There was also individual variation in less
commonly targeted epitopes. This study provides a granular view of potential antibody escape

pathways and suggests there will be individual variation in antibody-mediated virus evolution.

3.1 Introduction

The global outbreak of a novel coronavirus, SARS-CoV-2, has claimed over one million

lives within just one year after the first detected case (https:/coronavirus.jhu.edu/map.html),

with countless others experiencing long-term health problems after recovering from infection.
Vaccines to prevent SARS-CoV-2 spread and treatments to reduce disease severity are
currently under rapid development, with many strategies relying on antibody-mediated immunity.

The main viral target of interest for vaccines and antibody therapies against SARS-CoV-2 is the
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coronavirus spike (S) protein, which decorates the surface of the virion and mediates
attachment and entry into host cells [97]. The S protein is comprised of a trimeric assembly of
two subunits: S1 and S2, which are proteolytically cleaved at the S1/S2 boundary. The S1
subunit contains an N-terminal domain (NTD) and a receptor binding domain (RBD) within the
C-terminal domain (CTD). The S2 subunit contains the fusion peptide (FP) along with two
heptad repeat regions (HR1 and HR2), separated by a linker region, responsible for driving viral
and host membrane fusion [98, 99]. Binding of the S1 protein via the RBD to the human ACE2
receptor is followed by proteolytic cleavage at the S2’ site, which exposes the FP and activates
a series of conformational changes resulting in membrane fusion [12, 100, 101].

Neutralizing antibodies targeting the SARS-CoV-2 RBD have been the main focus of
vaccine strategies and antibody therapies, as they block virus entry in cell culture [102-105] and
prevent infection or disease in some animal models [106-108]. However, the study of other
coronaviruses has illustrated that antibodies elicited by infection can target epitope regions
outside of the RBD. For example, a number of neutralizing antibodies directed to regions other
than the RBD have been isolated from individuals infected with the closely related viruses
SARS-CoV and MERS-CoV [109]. Recent SARS-CoV-2 studies of serum antibodies from
COVID-19 patients have led to the identification of neutralization activity directed at linear
epitopes found just downstream of the RBD, overlapping the FP, and just upstream of HR2 in
the linker region [110, 111]. Thus, there may be multiple regions within the SARS-CoV-2 S
protein that may shape the viral immune response.

While antibodies to the RBD are a logical initial focus for studies of protective antibodies
against SARS-CoV-2, it is not yet known whether they are a correlate of protection for SARS-
CoV-2 in humans. A limited understanding of protective immunity is to be expected at the early
stage in this new disease, and a broad view is therefore prudent. In this regard, it is important to
note that studies from other viruses such as HIV and Ebola have shown that non-neutralizing
antibodies are an immune correlate of protection in humans [36, 38, 112, 113]. For SARS-CoV-
2, antibodies against the S protein likely perform functions other than neutralization given that
there is not a direct correlation between the levels of binding to S protein and neutralization
titers [114]. Given the incomplete picture we have regarding immunity against SARS-CoV-2, it is
important to study the antibody response irrespective of function and/or epitope in order to fill
these knowledge gaps.

Given the rapid spread and amplification of SARS-CoV-2 in the population and the high

mutation rate of RNA viruses, variants that can evade the immune response are likely to arise.
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There is strong evidence that immune selection drove the emergence of escape mutants in the
S protein of SARS-CoV [115] and MERS-CoV [116], raising the possibility that the same could
occur with SARS-CoV-2. Immune selection may be further enhanced by a vaccine if it is not
fully protective, making understanding the potential escape pathways of the virus critically
important.

There are several recent studies that have examined the effect of select mutations on
serum antibody binding to SARS-CoV-2. One study that assessed 82 S protein variants present
in circulating SARS-CoV-2 detected a few mutations that resulted in decreased neutralization
sensitivity [117]. However, only a small fraction of the potential mutations that could arise on the
S protein were tested. Another study harnessed the power of deep mutational scanning (DMS)
to capture a complete picture of the functional consequences of single mutations within the RBD
on protein expression, ACE2 binding, and monoclonal antibody binding [118]. However, no
study has yet examined the effect of the polyclonal antibody response on immune escape
across the S protein, which is the target in current prophylactic and therapeutic strategies to
combat COVID-19.

Previously we developed a comprehensive method of mapping escape mutations for
HIV monoclonal antibodies, referred to as Phage-DMS [119]. In Phage-DMS, a library of all
possible mutations to a protein is generated in peptide fragments, which are expressed by
phage. Complexes of antibodies that bind the phage library are immunoprecipitated and
sequenced to determine the antibody binding region(s) and the mutations within that epitope
region that disrupt binding. Phage-DMS has several advantages: it is high-throughput, allowing
comparison amongst a large number of samples in parallel, it can determine pathways of
escape for both neutralizing and non-neutralizing antibodies that bind to linear epitopes, and
results using this method also correlate well with mutational effects measured in other assays
[119]. Here, we used Phage-DMS to understand the spectrum of single mutations on the S
protein that could reduce antibody binding and thus mediate escape from plasma antibodies
found in COVID-19 patients. Using a Phage-DMS library displaying both wildtype and mutant
peptides tiling across the S protein, we identified a spectrum of single mutants that were
capable of reducing antibody binding and found person-to-person variability in the effect of
mutations within immunodominant epitopes. In the arms race between the humoral immune
response and SARS-CoV-2, these results allow us to predict pathways of escape and forecast

the appearance of escape mutants.
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3.3 Results

Generation of the Spike Phage-DMS library

In order to explore all amino acids that define the epitope of antibodies directed towards
the spike (S) protein of SARS-CoV-2, we generated a Phage-DMS library designed to tile
across the ectodomain of the S protein from the Wuhan Hu-1 strain (Figure 3.1). We also
included DMS peptides generated in the context of the D614G mutation, as clinical and in vitro
evidence suggests that this variant may have increased infectivity as compared to the original
Wuhan Hu-1 strain [120]. We computationally designed sequences coding for peptides 31
amino acids long with the variable amino acid in the central position. To achieve single amino
acid resolution of epitope boundaries, peptides were designed to overlap by 30 amino acids.
24,820 unique peptides were designed in total; the peptide library included wildtype peptides
that could be used to define the antibody epitope and peptides with all possible mutations to
determine those within the defined epitope that disrupt or enhance antibody binding. Two
biological replicate libraries of these peptide sequences were cloned as we have done
previously [119]. Deep sequencing of the final duplicate libraries (Library 1 and Library 2)
indicated that each contained a high percentage of all unique sequences (96.0% and 95.9%,

respectively) (Supplemental Figure 3.1).
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Figure 3.1. Schematic of the design of the Spike Phage-DMS library. (A) Structure of the S
protein and location of important protein domains. Structure was made in BioRender.com (PDB:
6VXX). (B) Sequences were computationally designed to code for peptides 31 amino acids long
and to tile stepwise across the Wuhan-Hu-1 SARS-CoV-2 S protein ectodomain by 1 amino
acid. There are 20 peptides representing all 20 possible amino acids at the central position,
containing either the wild type residue (shown in black) or a mutant residue (shown in red).
Within the 31 aa region surrounding the D614G mutation, peptides were also generated with
G614 in addition to the 20 amino acid variants at the central position. (C) The designed
sequences were cloned into a T7 phage display vector and amplified to create the final S
protein Phage-DMS library. This library was then used in downstream immunoprecipitation and
deep sequencing experiments with human plasma. See Supplemental Figure 3.1 for distribution
of sequences in the final library.
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Enrichment of immunodominant linear epitopes by antibodies from COVID patients

We used the Spike Phage-DMS library to determine the pattern of antibody binding in
plasma from a cohort of 18 COVID-19 patients from the HAARVI study in the Seattle area
collected between March and May 2020 (Supplemental Table 3.1). Most patients had mild
symptoms not requiring hospitalization, with the exception of one patient (6) who had moderate
symptoms and required supplemental oxygen. Convalescent plasma was collected twice, at
approximately day 30 and day 60 post symptom onset (p.s.o.; Supplemental Table 3.1).

To define the epitope region targeted by antibodies, we examined the enrichment of
wildtype peptides from the library. We first calculated Pearson’s correlation coefficient for the
peptide enrichment values from each biological replicate experiment. In general, samples with
poor correlation between replicate experiments were those that lacked reproducibly strong
antibody binding. The correlation ranged from 0.96 to 0.27, with three patients having no sample
from either timepoint above a correlation of 0.5 (Supplemental Figure 3.2A). The latter three
cases (7, 16, and 17) were excluded from further analyses. Paired samples taken from the
same individual at 30 and 60 days p.s.0. had peptide enrichment values that were well
correlated, with a median correlation of 0.87, and were significantly better correlated than
randomly paired samples (p = 1.2e-09, Wilcoxon rank sum test), which had a median correlation
of 0.29 (Supplemental Figure 3.2B). The correlation between paired samples also tended to be
stronger when the correlation between biological replicates, and therefore antibody binding, was
stronger (Supplemental Figure 3.2C).

Wildtype peptides from two immunodominant regions, which include the FP and
upstream sequences spanning aa 809-834 as well as the linker region and N-terminal portion of
the adjacent HR2 domain spanning aa 1140-1168, were the most enriched peptides (Figure
3.2). Peptide enrichment data is also available in interactive form using the dms-view online tool

[121] at https://github.com/meghangarrett/Spike-Phage-DMS/tree/master/analysis-and-

plotting/dms-view. Interestingly, while most patients showed enrichment primarily within the

linker region upstream of HR2, patient 5 showed strong enrichment of peptides from an epitope
within the HR2 domain itself. The enriched peptides included aa 1167-1191 and this epitope
was unique compared to the other 14 patients. We also observed cases where patient plasma
enriched peptides from a less common epitope, albeit weakly, at both 30 and 60 days p.s.o..

Plasma from patient 12 enriched peptides within a region of the NTD (aa 255-280), patient 15
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enriched peptides within both the RBD (aa 485-500) and the region just downstream of the RBD
(aa 540-573), and patient 3 enriched peptides in the region just upstream of the S1/S2 cleavage
site (aa 620-644) (Figure 3.2). Because most patients did not have antibodies that bound linear
peptides within the RBD, despite it being a known target of antibodies, we confirmed by ELISA
that the patients studied here indeed have plasma antibodies that target RBD (Supplemental
Figure 3.3A). This indicates that antibodies targeting RBD bind to mainly conformational and/or

glycosylated epitopes, which are missed by Phage-DMS.
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Figure 3.2. Linear epitopes bound by COVID-19 patient plasma. Lines represent the
enrichment of wildtype peptides from the Spike Phage-DMS library from individual plasma
samples. Samples from convalescent COVID-19 patient plasma taken at approximately day 30
p.s.o. (top panel) or day 60 p.s.o. (bottom panel) are shown. Lines are colored by patient, with
the key to the patient IDs on the right (see Supplemental Figure 3.2 for patient inclusion criteria).
Grey boxes highlight immunogenic regions where enrichment was detected in at least one
individual across timepoints. Peptides that were included in the design, but absent from the
phage library (see Supplemental Figure 3.1), are shown as breaks in the line plots. A schematic
of S protein domains is shown above, with locations defined based on numbering used in:
https://cov.lanl.gov/components/sequence/COV/annt/annt.comp. See also Supplemental Table
3.1 and Supplemental Figures 3.3 and 3.4.

To assess the potential neutralizing capability of these non-RBD targeting antibodies, we
depleted the 30 day patient plasma samples of RBD binding antibodies and then performed a
neutralization assay with pseudotyped lentivirus expressing the S protein [122]. We performed

an ELISA on the mock-depleted and RBD-depleted samples and found very low (12.5% of
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mock) to undetectable (0% of mock) residual RBD binding activity (Supplemental Figure 3.3A).
We also performed an ELISA against the S protein and found that RBD antibody depletion did
not affect binding to the S protein (Supplemental Figure 3.3B), which is consistent with other
studies that have found that the majority of S protein-binding antibodies target non-RBD
epitopes [61, 123]. We then compared the neutralization capacity of mock-depleted and RBD-
depleted patient plasma and found that a wide range (0% to 59%) of the neutralization activity
present in patient plasma is directed at non-RBD epitopes (Supplemental Figure 3.3D). While
we did not find that enrichment of peptides within the FP or HR2 region correlated with residual
neutralization after depletion (Supplemental Figure 3.3E), we did find that binding to the S2
subunit did correlate with NT50 after depletion of RBD antibodies (Supplemental Figures 3.3C
and 3.3F). We additionally confirmed that residual antibody binding to RBD after depletion was
not associated with the neutralization activity remaining after RBD depletion (Supplemental
Figure 3.3G). This suggests that antibodies targeting the S2 subunit are at least partially

responsible for the residual neutralization activity in these cases.

Patient-to-patient variability in mutations that lead to loss of antibody binding

To determine the effect of mutations on antibody binding to S protein epitopes, we
compared the relative enrichment of wildtype peptides and mutant peptides within the epitopes
defined above. To quantify the effect of each amino acid on binding, we calculated the
differential selection of mutant peptides versus wildtype peptides and scaled this value by the
strength of binding to the wildtype peptide, as we have previously done for Phage-DMS
experiments; this measure is highly correlated with the relative binding of individual mutant
peptides by ELISA [119]. Plotting the scaled differential selection values for all mutants at each
site in a heatmap allows for the visualization of sites where mutations led to a detectable loss (in
red) or gain (in blue) of binding. The scaled differential selection data for all patients is also

available to view in logo plot form at https://github.com/meghangarrett/Spike-Phage-

DMS/tree/master/analysis-and-plotting/dms-view.

We generated heatmaps for four representative samples from COVID-19 patients with
strong enrichment. We did this for the two immunodominant regions, FP and linker region/HR2,
and included paired day 30 and 60 p.s.0. samples (Figure 3.3 and 3.4). We also examined the

escape profiles within less common epitopes (Supplemental Figure 3.4). While the effect of
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mutations seemed to be consistent between paired patient samples, between individuals there

was more heterogeneity in the specific escape profiles for each region, as follows:

FP region

Within the FP region, sites that led to reduced binding clustered primarily within the 5’
region of the FP itself, which spans from sites S816 to F833 (Figure 3.3A). Some sites were
similarly sensitive between patients. For example, mutations at site 819 and 820 disrupted
antibody binding to some extent in all of the patients shown and were the dominant escape
positions for patient 8. In contrast, mutations in the adjacent site 818 appeared to contribute to
the epitope of some patient antibodies (1, 3, 12) but not others (8). One interesting site that
variably contributed to antibody binding is R815, which is upstream of the FP cleavage site and
thus would not be predicted to be present on the post-cleavage form of S2. Antibodies from
patient 3 and 12 both showed reduced binding to peptides with mutations at this site, indeed,
this was the dominant escape mutation for patient 3. Substitutions at this same amino acid
position had a more modest impact on binding and only a few amino acids led to disruption for
patient 8. In the case of patient 1, several mutations at site 815 had a positive differential
selection value, suggesting they enhance binding.

Not all mutations at each site were equally disruptive to epitope binding, suggesting
specific mutations rather than removal of the wildtype amino acid per se may be more important
for escape. For example, addition of negatively charged amino acids at site S816 led to loss of
binding for patient 8, whereas addition of small amino acids such as alanine or glycine at the
same site had little to no effect. We noted some cases where a mutation had a positive
differential selection value and thus presumably bound more strongly than the wildtype SARS-
CoV-2 sequence at that position. We aligned the FP sequences for SARS-CoV-2 and human
endemic coronaviruses and found that some mutations selected above wildtype were residues
present in FP sequences from other CoVs (Supplemental Figure 3.5). For patient 12, a few
mutants at site 818 including 1818L had positive differential selection values, and two
coronaviruses (HKU1 and NL63) have a leucine at position 818. In another instance, the N824S
mutation had a positive scaled differential selection value for all four samples taken 60 days

p.s.0., and we saw that NL63 and 229E both have a serine at position 824.
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Figure 3.3. Effect of mutations on binding by COVID-19 patient plasma within the FP
region. Heatmaps depicting the effect of all mutations, as measured by scaled differential
selection, at each site within the FP epitope for representative COVID-19 patients (numbered at
top). Mutations enriched above the wildtype residue are colored blue and mutations depleted as
compared to the wildtype residue are colored red. The intensity of the colors reflects the amount
of differential selection as indicated to the right. The wildtype residue is indicated with a black
dot. Line plots showing the enrichment of wildtype peptides for each patient are shown above,
with a solid line for the day 30 p.s.o. patient samples and a dashed line for the day 60 p.s.o.
patient samples. See Supplemental Figure 3.5 for alignment of coronavirus FP sequences.
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Linker/HR2 region

Within the region surrounding HR2, we observed that most patients targeted an epitope
spanning aa 1123-1162 within the linker region just upstream of the HR2 domain, with
contribution of residues within the N terminus of the HR2 domain in some cases, while one
patient targeted an epitope within the HR2 domain itself (Figure 3.4). In addition to this
individual variation in the epitope boundaries, the mutations at different sites exhibited marked
variability between patients, as seen for the FP epitope. An example of this variability can be
seen among patient antibodies targeting distinct epitopes within the linker region. In this epitope,
patient 13 exhibited sensitivity to mutations spanning 1162 to 1167, while this was not seen in

the other patients. There were also some cases where there were similarities in escape profiles
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for patient antibodies targeting the same region. For example, there was evidence that amino
acid changes at sites 1151 and 1152 disrupted antibody binding in several patients. However,
while mutations at site 1151 disrupted antibody binding for patients 9 and 18, they did not for the
antibodies in patient 13.

In patient 5, where there was a distinct epitope within the HR2 domain, we observed
unique sensitivity to mutations in sites 1176 through 1182 not found in any other patient. Like
many other plasma epitope profiles, mutations to the same site had a variable effect. For
example, at site 1180 some mutations improved binding (ex: Q1180G), some reduced binding
(ex: Q1180L), while some had little to no effect (ex: Q1180A). There was no overlap in the sites
that showed reduced binding in patient 5 and those that were negatively selected in patients 9,
13, or 18, again suggesting that the linker region and HR2 domain epitopes are distinct epitopes

that have distinct pathways of escape.
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Figure 3.4. Effect of mutations on binding by COVID-19 patient plasma within the
linker/HR2 region. Heatmaps depicting the effect of all mutations, as measured by scaled
differential selection, at each site within the linker region/HR2 epitope for representative COVID-
19 patients (numbered at top). Mutations enriched above the wildtype residue are colored blue
and mutations depleted as compared to the wildtype residue are colored red. The intensity of
the colors reflects the amount of differential selection as indicated to the right. The wildtype
residue is indicated with a black dot. Line plots showing the enrichment of wildtype peptides for
each patient are shown above, with a solid line for the day 30 p.s.o. patient samples and a
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dashed line for the day 60 p.s.o. patient samples. Peptides missing from the library are shown
as grey boxes in the heatmaps and as breaks in the line plots.

Other regions

There was relatively less differential selection at regions outside of the immunodominant
epitopes, but the profiles nonetheless provided evidence for some specific mutations that
disrupt binding in epitopes in the NTD, RBD, and CTD just downstream of the RBD
(Supplemental Figure 3.5). For example, within the NTD, positions spanning 264-269 in patient
12 disrupted binding, most notably mutations from A to select amino acids (W, V and |) at site
264. The escape profiles for patient 15 suggests that changes at positions 491-495 disrupt
binding in the RBD epitope, while mutations at sites 550-553 and 558 disrupted binding within
the CTD epitope for this patient. For patient 3, the major effect on binding within the CTD was at
positions 628-634, most notably at amino acids 628 and 633. Although negative scaled
differential selection values can be seen at various other amino acid positions, in many of these
cases the effects were weak and/or inconsistent across time points. Identifying cases of
stronger enrichment in these regions will be necessary in order to better define the full spectrum

of escape mutations at these regions.

Most common circulating SARS-CoV-2 variants, including D614G, are not predicted to

escape antibody binding

One question that arises from the escape profiles described above is whether the
mutations that disrupt antibody binding identified here correlate with the global evolution of the
SARS-CoV-2 virus to-date. Using variant frequencies present in sequences from GISAID and

reported at the htips://cov.lanl.gov website, we compared the naturally occurring diversity of

every site to the effect on antibody binding as found by Phage-DMS. For each patient and at
each site, we averaged the scaled differential selection value for all mutants and then plotted
this against the mutational entropy, which is a measure of amino acid diversity (Figure 3.5A).
Larger mutational entropy values indicate more global diversity at that site, and sites with a

mutational entropy value of above 0.02 are flagged as sites of interest by the LANL database.
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We found that the majority of sites that led to loss of antibody binding when mutated were not
present at a high frequency in nature. Sites within the immunodominant epitopes did not
generally have high mutational entropy, although for patient 13 and 15 there were a few sites
within the HR2 region that were both present at high frequency in nature (mutational entropy >
0.02) and led to loss of antibody binding when mutated. Averaging the scaled differential
selection values across all patients did not reveal any sites that commonly lead to loss of
antibody binding and are present at high frequency (Supplemental Figure 3.6).

Focusing on circulating variants that are rising in abundance in the S protein
ectodomain, we next examined the effect of mutations at these sites as determined by Phage-
DMS. We selected the 20 most common mutations found in nature and saw that these were
located across the S1 and S2 proteins and mostly were not found within the major
immunodominant regions identified here, with the exception of two mutations that appear within
the LR/HR2 region (Figure 3.5B). We examined the scaled differential selection value of each
natural variant for all 60 day patient samples. In general, the variants found in the global
population did not show reduced binding to patient plasma antibodies, with perhaps a modest
effect for a few mutations with individual patient samples. This contrasted with the strong
negative selection observed in the Phage-DMS screen for mutations within the two
immunodominant epitopes at position 819 and 1156, two positions where there are not variants
rising in abundance in nature. However, the possibility remains that sites of high mutational
entropy could exist within conformational epitopes, which are not generally displayed in phage

libraries.
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Figure 3.5. Predicted effects of commonly circulating S protein variants on antibody
escape. (A) Scatterplot comparing the effect of mutations on patient plasma antibody binding
and the frequency of all circulating S protein variants. The mutational entropy of every
circulating protein variant, as reported at the https://cov.lanl.gov website and based on GISAID
global sequencing, is plotted on the x-axis. The average of the scaled differential selection
values for all mutants at each site is plotted on the y-axis. Patient ID’s are indicated on the top.
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Each site is colored by its location, as indicated on the bottom. The dotted line denotes the
cutoff (0.02) of mutational entropy which GISAID uses to determine variants of interest. Sites
with relatively high mutational entropy and scaled differential selection values are labelled. See
Supplemental Figure 3.6 for the average effect across all patients. (B) Effect of mutant peptides
representing commonly circulating S protein variants on binding to COVID-19 patient plasma.
We selected sites with a mutational entropy of greater than 0.02, as this is the cutoff used by
LANL to determine sites of interest. On top are the 20 sites with the highest mutational entropy
values and on the bottom are two selected sites that were noted as sites of antibody escape
within immunodominant epitopes by Phage-DMS. On the right are the mutations examined,
named according to the wildtype aa, followed by the site number, followed by the mutant aa of
interest. Mutations chosen at sites of high mutational entropy represent the most common
variant found in nature. The scaled differential values found by Phage-DMS for each mutant
peptide are shown as dots and are colored by patient as indicated to the left. Data is from
samples taken day 60 p.s.o.. SS = signal sequence, S2 = N-terminal region of S2, LR = linker
region.

Evidence for patient-specific epistatic effects of D614G

We were particularly interested in the S protein mutant D614G, a variant that has
emerged as the dominant circulating strain of SARS-CoV-2. Because this library also contains
peptides made in the background of the D614G strain, we were able to test whether this
mutation could, through epistasis, interact with mutations introduced at other sites on the same
peptide and together modify the ability of antibodies to bind. For all mutant peptides that tiled
across site 614, the enrichment of each peptide made in the original Wuhan Hu-1 strain
background (D614) was compared against the enrichment of the corresponding peptide made in
the background of the G614 mutation. We found that the presence of the D614G mutation
significantly reduced the ability of antibodies from patient 10 to bind to mutant peptides in this
region, with a moderate effect size (Figure 3.6, Wilcoxon paired signed-rank test). In 8 out of the
other 14 patients there was a statistically significant difference in the binding between mutant
peptides with and without the D614G mutation, but the effect sizes were all small. Occasionally,
for example in the case of patient 4, a mutation at one position (A609W) showed stronger
enrichment in the context of G614 as compared to D614. Conversely, in the case of patient 1,
one mutation (A609D) was more enriched when accompanied by D614 as compared to G614.

In other cases, such as with patient 2, there was some selective enrichment in both contexts.
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Figure 3.6. Epistatic effects of D614G mutation on antibody binding. Enrichment values for
paired mutant peptides made in either the wildtype Wuhan Hu-1 strain (on the left, D614) or
D614G background (on the right, G614) for each patient (numbered at top). All mutant peptides
that contained site 614 were included in this analysis (spanning aa 599-629). Data is from
samples taken day 60 p.s.o.. Wilcoxon paired signed-rank test was performed (n = 380 paired
mutant peptides). The effect size for all patient samples was small (Wilcoxon r < 0.3) except for
patient 10, whose antibodies exhibited a moderate effect (Wilcoxon r = 0.46).

3.4 Discussion

In this study, we tested all possible mutations on the S protein to provide a map of
escape pathways within immunodominant linear epitopes targeted by the plasma of
convalescent COVID-19 patients. The responses within an individual were consistent over time,
but there were many unique pathways of escape that differed between individuals, even within
the same epitope region. These findings suggest that the pattern of virus evolution within the
growing pandemic is not likely to be driven by a single antibody escape mutation, which may
explain the lack of emergence of circulating strains with mutations that disrupt antibody binding
identified here. Thus, the responses to a SARS-CoV-2 S protein vaccine immunogen are not
likely to be uniform, nor will the pathways of escape.

While others have defined the linear epitopes bound by antibodies within COVID-19
patient serum [110, 111, 124-127], there have been limited studies to determine what mutations
within these regions could abrogate antibody binding. One study that tested 82 circulating

SARS-CoV-2 variants showed that the few single mutations that did result in reduced
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neutralization sensitivity were unique to each serum sample [117], and our data supports and
extends the idea that antibody binding sites and escape mutants vary greatly from person to
person. The lack of a singular escape signature within each immunodominant epitope also
implies that a diverse repertoire of antibodies targets these regions. This provides a functional
context for results of studies of SARS-CoV-2 S protein antibodies sequences from COVID-19
patients, which showed that no single clones dominate the antibody response; rather, a diverse
collection of variable heavy and light chain genes are used in different individuals [128, 129].

Our results also demonstrate the power of interrogating the role of every possible amino
acid at every site on the S protein. Mapping COVID-19 patient serum epitopes by alanine
scanning has helped identify sites of antibody binding by removing important side chains
interactions [125], but studies with other viruses have shown that escape can be mediated by
mutations at sites not directly in contact with the antibody via introduction of nearby charged or
bulky amino acids [57, 59, 130]. This concept was evident in this study, for example within the
FP epitope for patient 8, where addition of negatively charged amino acids led to escape at site
S816 but addition of an alanine did not. We were also able to examine the effects of mutations
in the context of the common circulating 614 variant, which we found did not itself drive escape
from antibody binding. However, our data suggests that mutation D614G does potentiate
escape mutations at other positions in at least one patient, highlighting the power of examining
combinations of mutations to better understand the increasing global dominance of the D614G
variant.

The FP and linker region/HR2 immunodominant epitopes profiled in this study offer
intriguing alternative targets for vaccine design or immunotherapy that could complement efforts
focused on the RBD. S2 in general, and the FP in particular, is highly conserved among
coronaviruses, indicating the strong purifying evolution acting in this region due to functional
constraints. As with other RNA viruses, this restricted mutational space likely limits the virus’
ability to escape antibody binding [131-134]. One study has found that the FP is a target of
neutralizing antibodies in SARS-CoV-2 patients [110], and these antibodies could act by
preventing protease-mediated cleavage at the S2’ site. Interestingly, we saw evidence of
antibody binding to sites upstream of the S2’ site in some patients (3 and 12), but not others (1
and 8), potentially indicating that antibodies to the FP could bind during different stages of cell
entry, before or after S2’ cleavage. HR2 and the upstream linker region are both targets of
neutralizing antibodies in SARS-CoV-2 patients [111], and a neutralizing antibody raised against

the linker region from murine SARS-CoV infection has been shown to cross-react with SARS-
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CoV-2 [135, 136]. Antibodies targeting the heptad repeat regions, which undergo large
conformational transformations in order to facilitate membrane fusion, could neutralize by
binding to the fusion intermediate state. Interestingly, our data suggest that non-RBD directed
neutralization correlates with S2 protein binding, although it did not correlate specifically with
either the FP or linker region/HR2 enrichment measured by Phage-DMS. These more
conserved targets in S2 may be important for designing optimal and durable vaccines, given
that RBD has higher mutational entropy, increasing the potential for immune escape from
vaccine-induced antibodies. The mutational flexibility of the RBD is supported by in vitro studies
with RBD-targeting neutralizing antibodies, which found that escape mutants in the RBD of
SARS-CoV-2 were rapidly selected [137].

There are several important caveats to the results we obtained with Phage-DMS
libraries. In general, phage libraries display linear peptides and therefore miss antibodies that
bind to complex conformational epitopes, or at best provide a partial view of a linear portion of
such epitopes. The strong plasma binding response to RBD by ELISA yet lack of enriched RBD
peptides demonstrates this limitation and indicates that we are unable to make predictions
about mutants in conformational epitopes on the RBD. Additionally, the peptide libraries are
amplified in bacteria and therefore lack glycans or other post-translational modifications. While
these Phage-DMS-derived escape maps define mutations that could lead to loss of antibody
binding, it is unknown whether the virus would tolerate mutations at those sites. In fact, a study
examining the effect of mutations within the SARS-CoV-2 RBD demonstrated that many led to
poor protein expression or loss of function [118]. Thus, for the antibody targeting regions
described here, which are in more conserved functional domains, the escape mutations should
be further examined in the context of their mutational tolerance.

These studies have defined common and variable escape mutations across 18 COVID-
19 patients that will be useful for viral surveillance, particularly as SARS-CoV-2 S protein-based
vaccines are introduced into the population. In addition, the Spike Phage-DMS library developed
here could be useful for examining larger cohorts, potentially including those with variable
clinical outcomes and individuals of variable ages, to define whether mutations that disrupt
antibody binding vary in a systematic way across populations and whether this is correlated with

clinical outcome or risk of reinfection.

Limitations of the Study
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This study focuses on defining the epitopes, including linear sequences, targeted by
convalescent plasma in mild and moderate cases of COVID-19. Specifically, because the Spike
Phage-DMS library displays only short linear peptides, this method is generally not optimal for
identifying the full epitope of antibodies that rely on conformational presentation of the antigen.
The peptides displayed in a Phage-DMS library do not undergo post-translational modification
and therefore antibodies that rely on binding to glycans and other similar moieties cannot be
defined using this method. The plasma samples used in this study were taken relatively soon
after infection and were mostly taken from patients with mild infection not requiring
hospitalization. Thus we may not have detected the full range of possible responses to COVID-
19.

3.5 Methods

RESOURCE AVAILABILITY

Materials Availability

Further information and request for reagents may be directed to the corresponding author Julie

Overbaugh (joverbau@fredhutch.org).
Data and Code Availability
Sequencing data has been deposited to NCBI and are accessible under BioProject #

PRJNA715823. The Nextflow pipeline, used to align all sample reads to the reference library, is

available at https://github.com/matsengrp/phip-flow. A custom python package used for all

downstream sample curation and analysis is available at https://github.com/matsengrp/phippery.

All custom code and input files used to (1) generate oligonucleotide sequences for the S protein
Phage-DMS library, (2) run the alignment pipeline, (3) analyze sequencing data for the
experiments in this paper, and (4) to generate figures have been deposited at

https://github.com/meghangarrett/Spike-Phage-DMS. Data is available to explore using the

dms-view website, hosted here: https://github.com/meghangarrett/Spike-Phage-

DMS/tree/master/analysis-and-plotting/dms-view.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human Subjects

Plasma samples were taken from non-hospitalized COVID-19 patients enrolled in the
Hospitalized or Ambulatory Adults with Respiratory Viral Infections (HAARVI) study at the
University of Washington. Prior to study initiation, the following institutional human subjects
review committee approved the protocol: University of Washington IRB (Seattle, Washington,
USA) and concurrent approvals were obtained from the Fred Hutchinson Cancer Research
Center for the current study. All plasma samples were heat-inactivated at 56 °C for 1 hour
before storage and use. Plasma samples were spun in a centrifuge for 10 min at 1,000 x g in

order to clarify the supernatant before use.

METHOD DETAILS

Design and generation of the Spike Phage-DMS library

To create a Phage-DMS library for the S protein of SARS-CoV-2 we used the sequence from
the Wuhan Hu-1 strain (Genbank: MN908947). Only the ectodomain of the S protein was
included (aa 1-1211), excluding the transmembrane and cytoplasmic domains. Additionally, in
the region of the D614G variant of the Wuhan Hu-1 strain, we designed DMS peptides spanning
positions 599 through 619 that also include the D614G mutation. Sequences were optimized for
uniform GC content (to reduce later biases during PCR amplification) and codon usage for
expression in E coli. GC and codon optimization was done using the Python package
DNACHisel (version 3.2.2), aiming for GC content of between 0.4 and 0.6 within a window of
100 nucleotides. After optimizing the sequences, the two subunits of the S protein (S1 and S2)
were then treated as separate proteins. Sequence coding for a glycine-serine linker ([G4S]s) was
added to the beginning and end of the sequence of each protein in order to ensure that the first
amino acid of the protein was located in the central position of the peptide. We then generated
sequences coding for peptides 31 amino acids long, tiling by 30 amino acids, and containing a

single variable residue at the central position of the peptide. This resulted in 20 peptide
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sequences containing all possible mutations at each position along the proteins, with only one
amino acid shift between sequential peptides. Each sequence additionally had 5’ and 3’ adaptor
sequences added to facilitate amplification and cloning (5’: AGGAATTCTACGCTGAGT, 3’
TGATAGCAAGCTTGCC). After removing duplicate sequences, 24,820 unique sequences were
synthesized by Twist Bioscience as an oligonucleotide pool. Two biological duplicate libraries
were generated by independently cloning the sequences into a T7 phage vector and then
amplifying the phage, as we have done previously [119]. Peptides are numbered by the
corresponding S protein location of the amino acid in the central position of the peptide. Code
used to optimize and generate peptide sequences for the S protein Phage-DMS library can be

found at https://github.com/meghangarrett/Spike-Phage-DMS.

Immunoprecipitation of human plasma with Phage-DMS library

Immunoprecipitation of phage-antibody complexes was performed as previously described [63,
119]. Briefly, deep 96-well plates were blocked with 3% BSA in Tris-buffered saline with 0.01%
Tween (TBST) overnight at 4°C. The phage library was diluted to a concentration representing
200,000 pfu/mL per unique peptide and 1 mL of the diluted phage was added to each well. We
assume that plasma IgG concentrations are about 10 ug/uL [138] and added 10 ug of each
sample to the appropriate wells. For every experiment, samples are run in technical duplicate on
the same plate. Plates are sealed and rocked at 4°C for 18-20 hours. To immunoprecipitate the
phage-antibody complexes we added 40uL of a 1:1 mixture of Protein A and Protein G
Dynabeads to each well and incubated the samples for 4 hours at 4°C while rocking.
Dynabeads were magnetically separated and then beads were washed 3x with 400 uL wash
buffer (150 mM NaCl, 50 mM Tris-HCI, 0.1% [vol/vol] NP-40, pH 7.5). We resuspended beads in
40 uL of water and then lysed bound phage at 95°C for 10 minutes. Additionally, we lysed 10-20
million phage from the diluted input library to determine the distribution of phage in the starting

library. Lysed samples were stored at -20°C before preparing for lllumina sequencing.

lllumina library preparation and deep sequencing

Lysed phage DNA from each sample was amplified and readied for lllumina deep sequencing
by performing two rounds of PCR, as previously described [119]. Each PCR reaction was
performed using Q5 High-Fidelity 2X Master Mix. For the first round of PCR, 10uL of lysed
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phage was used as the template in a 25 uL reaction. For the second round of PCR, 2 uL of the
round 1 PCR product was then used as the template in a 50 uL reaction, with primers that add
dual indexing sequences on either side of the insert. PCR products were then cleaned using
AMPure XP beads and eluted in 50 uL water. DNA concentrations were quantified via Quant-iT
PicoGreen dsDNA Assay Kit. Equimolar amounts of DNA from the samples, along with 10X the
amount of the input library samples, was pooled, gel purified, and the final library was quantified
using the KAPA Library Quantification Kit. Pools were sequenced on an lllumina MiSeq with

1x125 bp single end reads using a custom sequencing primer.

Depletion of RBD-binding antibodies from patient plasma

Depletion was performed as previously described [61]. In brief, magnetic beads conjugated with
RBD protein were washed in PBS with 0.05% BSA and resuspended at img/mL. Beads and
plasma were incubated together at a ratio of 1:3 plasma:beads, and plasma was allowed to bind
to beads overnight on a rotating rack at 4°C. Beads were then magnetically separated and the
plasma supernatant was used in downstream assays (accounting for the 1:4 dilution factor that
occurred during depletion). A mock depletion control for each plasma sample was also prepared
in parallel, adding PBS with 0.05% BSA at a ratio of 1:3 plasma:buffer.

ELISA with RBD, Spike, and S2 proteins

ELISAs to test for plasma IgG binding to RBD, Spike, and S2 proteins were performed as
previously described [139, 140], with some modifications. 384 well ELISA plates were coated
with 25 uL of recombinant protein at a concentration of 2 ug/mL in phosphate buffered saline
(PBS), with protein allowed to coat the wells overnight at 4°C. Plates were then washed 4x with
100 uL of wash buffer (PBS with 0.01% Tween-20 [PBST]) and blocked with 100 uL of 3%
nonfat dry milk for 2 hours at room temperature. Block was then thrown off, and 25 uL of diluted
plasma or antibody control was added to each well. Patient plasma was diluted 1:100
(accounting for prior dilution made during RBD-antibody depletion) in wash buffer with 1%
nonfat dry milk and then four 3-fold serial dilutions were made, for a total of 5 dilutions. CR3022
was used as a positive control for RBD and Spike and was diluted to 1 ug/mL followed by nine
4-fold serial dilutions, for a total of 10 dilutions. Pooled plasma from the 18 patients in this study

was used as the positive control for S2 and was diluted 1:50 followed by nine 4-fold serial
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dilutions, for a total of 10 dilutions. Pooled plasma collected pre-pandemic was used as a
negative control, and was treated the same as patient plasma. Plates were incubated for 2
hours at 37°C and then samples were washed 4x with wash buffer. Goat anti-human IgG-Fc
horseradish peroxidase (HRP)-conjugated antibody was diluted 1:3000 in wash buffer
containing 1% nonfat dry milk, and 25 uL was added to the plate. After 1 hour at room
temperature, plates were washed 4x with wash buffer and 25 uL of TMB substrate was added.
After 15 minutes at room temperature, the reaction was stopped with 25 uL of 1N sulfuric acid
and the OD450 was read on a BioTek Epoch plate reader. After subtracting background signal
from buffer-only wells, the area under the titration curve was calculated using log-transformed

dilution values in GraphPad Prism (v9).

Generation and titration of Spike pseudotyped lentivirus

We generated and determined the titers of pseudotyped lentivirus as previously described [122].
We used the codon-optimized Spike sequence from the Wuhan-Hu-1 strain with a 21 amino
acid deletion in the cytoplasmic tail (also known as HDM_Spikedelta21). HEK293T cells were
first seeded at a density of 5 x 105 cells per well into 6-well plates with DMEM (supplemented
with 10% fetal bovine serum (FBS), 2 mM I-glutamine, and penicillin/streptomycin/fungizone).
After 16 to 24 hours, cells were transfected using FUGENE-6 with the
Luciferase_IRES_ZsGreen backbone, the Gag/Pol-, Rev-, and Tat-containing lentiviral helper
plasmids, as well as the plasmid containing Spike. 24 hours after transfection, we removed the
media and replaced with fresh DMEM complete. At 50-60 hours post transfection we collected
viral supernatants, filtered through a 0.22 um Steriflip filter, and stored at -80°C. To titer the viral
supernatant, we plated 1.25 x 10* HEK293T-ACEZ2 cells per well in 50 uL in a 96-well black-
walled plate and incubated 16 to 24 hours before adding 100 uL of viral supernatant dilutions to
each well. Viral supernatants were diluted 1:10 in DMEM complete followed by seven 2-fold
serial dilutions, and each dilution series was run in duplicate. 60 hours post-infection we
removed 100 uL of media from each well and added 30 uL of the Bright-Glo reagent, and then

read the relative luciferase units (RLU) on the LUMIstar Omega plate reader.

Neutralization assays
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We performed neutralization assays as previously described [122]. We plated 1.25 x 104
HEK293T-ACEZ2 cells per well in 50 uL in a 96-well black-walled plate and incubated for 12
hours before infecting. Virus was diluted to achieve a final concentration of ~200,000 to 500,000
RLU/well, which was determined by titering as described above. Starting at 1:20 (accounting for
final virus/plasma volume), six 3-fold serial dilutions of patient plasma, for a total of 7 dilutions,
were made and then added to virus. The virus/plasma mixture was incubated at 37°C for 1 hour
and then 100 uL was added to the cells. At 60 hours post infection we measured the RLU per
well using the Bright-Glo reagent on the LUMIstar Omega plate reader. We calculated the
fraction infectivity of the antibody-containing wells by normalizing to a media-only (no plasma)
well infected with the same diluted virus. We calculated the neutralization titer 50% (NT50)
using GraphPad Prism software by fitting a four-parameter nonlinear regression curve with the

bottom fixed at 0 and the top fixed at 1.

Multiple sequence alignment

Alignment of FP amino acid sequences from SARS-CoV-2, OC43, HKU1, NL63, and 229E was
done using Clustal Omega. GenBank sequences used are as follows: YP_009724390.1,
YP_009555241.1, YP_173238.1, YP_003767.1, and NP_073551.1.

Graphical illustrations
Graphical abstract, Figure 3.1, and the diagram of S protein domains in Figure 3.2 were made in

BioRender.com

QUANTIFICATION AND STATISTICAL ANALYSIS

Demultiplexing and alignment of lllumina reads

Demulitplexing and fastq file generation were performed by the Fred Hutch Genomics
Core using lllumina MiSeq Reporter software. Demultiplexed sample reads were aligned to the
reference library in parallel using a Nextflow data processing pipeline. The pipeline builds a
Bowtie index from the peptide metadata by converting the metadata to fasta format and feeds it
into the bowtie-build command. The low-quality end of the reads is trimmed to 93bp in order to

match the reference lengths before performing end-to-end alignment and allowing for 0
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mismatches. For each sample, we quantified the abundance of each peptide by using samtools-
idxstats to count the number of reads mapped to each specific peptide in the reference library.
The peptide counts were merged into an enrichment matrix organized by unique identifiers for
each peptide and sample. The metadata tables were tied with the enrichment matrix into an
xarray dataset using shared coordinate dimensions of the unique sample and peptide identifiers.
We used this dataset organization as the starting point for all downstream sample curation and

analysis.

Calculating enrichment and scaled differential selection of peptides

Enrichment and scaled differential selection were calculated as described previously
[119]. To calculate enrichment, each peptide’s pseudocount frequency was divided by a
respective library pseudocount. Each pseudo count was defined as the raw count plus the ratio
of the sum of each sample and library count, with a minimum value of P=1. Differential selection
of mutant amino acids was then calculated as the log-fold change between each mutant peptide
and the wildtype peptide at a locus. By definition, the differential selection of a wildtype amino
acid is always 0. The scaled differential selection of a mutant amino acid was then calculated by
multiplying the differential selection of a mutant amino acid by the enrichment of the wildtype

peptide at that position.

Data curation

All samples were screened at least once with each Spike Phage-DMS Library 1 and
Library 2, but occasionally were screened multiple times with each library. To ensure we used
the same amount of data with each sample, we examined the Pearson’s correlation value of
enrichment values for all peptides between all biological replicate experiments and chose the
data from the best two correlated experiments for inclusion in the analyses presented here. If
there was not at least one timepoint where the sample had a correlation of at least 0.5, then all
samples from that patient were excluded from enrichment and scaled differential selection
analyses. Peptides that were never sequenced in any experiment were removed from the
analyses, and all enrichment and scaled differential selection values shown are the average of

two biological replicate experiments.
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Chapter 4

SPIKE EPITOPES DIFFER BETWEEN ANTIBODIES ELICITED BY
SARS-COV-2 MRNA VACCINES VERSUS INFECTION

Sections of text in this chapter have been modified slightly from a manuscript currently in
submission:

Garrett, M.E., Galloway, J., Wolf, C.R., Logue, J.K., Franko, N., Weight, H., Chu, H.Y., Matsen
IV, F.A., Overbaugh, J. Spike epitopes differ between antibodies elicited by SARS-CoV-2
mMRNA vaccines versus infection. (2021). In submission.

4.1 Abstract

Control of the COVID-19 pandemic will rely on SARS-CoV-2 vaccine-elicited antibodies
to protect against emerging and future variants; an understanding of the differential humoral
responses from infection or vaccination is needed to achieve this goal. Here we
comprehensively profiled the epitopes and pathways of escape for Spike-specific antibodies in
individuals with diverse infection and vaccination history. Individuals with mild infection had
antibodies that bound to epitopes in the S2 subunit (fusion peptide and heptad-repeat regions),
whereas those with severe infection or vaccination had antibodies that additionally bound to
epitopes in the S1 subunit (N- and C-terminal domains). Epitope binding appeared to change
over time after vaccination, but other covariates such as mRNA vaccine dose, mRNA vaccine
type, and age did not affect antibody binding to these epitopes. Vaccination induced a uniform
escape profile across individuals in many cases. These findings shed light on potential SARS-

CoV-2 escape mutations selected for at the population level.

4.2 Introduction

The future of the COVID-19 pandemic will be determined in large part by the ability of
vaccine-elicited immunity to protect against current and future variants of the SARS-CoV-2
virus. Several vaccines have now been approved for use in multiple countries, including two that
are based on mRNA technology: BNT162b2 (Pfizer/BioNTech) and mRNA-1273 (Moderna). In
the United States, over half of adults are now vaccinated against SARS-CoV-2, the majority of

whom have received one of these mMRNA vaccines. While these vaccines have been shown to

74



effectively guard against infection, severe disease, and death related to SARS-CoV-2[141-147],
less is known about how effective they will be against emerging and future variants. Current
surges in the Delta variant coupled with reports of reduced potency of vaccine elicited
antibodies against this variant highlight this concerning ongoing dynamic[148, 149]. Evidence
from related endemic coronaviruses indicates that evolution in the Spike protein results in
escape from neutralizing antibodies elicited by prior infection[52], potentially contributing to why
endemic coronaviruses can reinfect the same host[53, 150, 151]. Without immunity that is
robust in the face of antigenic drift, continual updates of the vaccine to combat new SARS-CoV-
2 variants will likely be necessary to provide optimal protection against symptomatic infection.
Prior infection with SARS-CoV-2 also provides some immunity against subsequent re-
infection, and several studies have characterized the epitopes targeted by convalescent
sera[47, 61, 125, 152, 153]. It is currently unknown whether SARS-CoV-2 infection and
vaccination result in antibodies that bind to similar epitopes, an important point to consider given
that most people have acquired antibodies through immunization and not infection. The Spike
protein encoded by the mRNA in both SARS-CoV-2 vaccines is stabilized in the prefusion
conformation by addition of two proline substitutions[20]. This change in sequence and fixed
conformation of the Spike protein could result in altered antibody targeting when compared to
antibodies elicited during infection, where Spike undergoes several conformational changes. It
is also possible that differences in antibody specificity could be due to the amount of antigen or
type of immune response stimulated in the context of infection versus vaccination. We know that
vaccines drive higher neutralization titers and more Spike binding IgG antibodies than
infection[154-156], indicating some differences in the B cell response compared to infection. A
recent study showed that antibodies against the receptor binding domain (RBD) of Spike differ
between infected and vaccinated individuals; they are generally less sensitive to mutation and
bind more broadly across the domain in the context of vaccination as compared to infection[62].
Although the majority of the serum binding response in SARS-CoV-2 infected and
vaccinated people is directed towards regions of the protein outside of the RBD epitopes[61, 62,
123, 157], few studies have examined the prevalence and escape pathways of these antibodies,
especially in the setting of vaccination. Antibodies to linear epitopes in the S2 domain of Spike
overlapping the fusion peptide (FP), and in the linker region just upstream of heptad repeat 2 (L-
HR2) region are found in serum from COVID-19 patients, and some studies suggest these
antibodies may be neutralizing[110, 111]. These non-RBD responses may also be important

contributors to non-neutralizing antibody activities, which have been associated with protection
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and therapeutic benefit in experimental SARS-CoV-2 models and with vaccine protection[44,
45, 51, 158]. Importantly, these epitopes lie in more conserved regions of Spike than RBD
where functional constraints on variation may counter the selective pressure for viral escape.
To compare antibody immunity elicited by SARS-CoV-2 infection and vaccination, we
used a high-resolution Spike-specific deep mutational scanning phage display library to profile
the epitopes and sites of escape for serum antibodies from people who had been infected,
vaccinated, or a combination of both. This approach, called Phage-DMS, identified four non-
RBD antibody binding epitopes across all samples: the FP and L-HR2 region in the S2 subunit,
and the N-terminal and C-terminal domains (NTD and CTD, respectively) in the S1 subunit of
Spike. Antibodies to NTD and CTD were uniquely present in the setting of mRNA vaccination or
severe infection, but mostly absent in mild COVID-19 cases. In vaccinated individuals, the
magnitude of the response varied over time both to the CTD and L-HR2 epitopes. Other
covariates, such as age, dose, and vaccine type had no significant differences in the binding
profiles observed. Of particular relevance to protection against emerging variants, infection and
vaccination appear to shape the pathways of escape differently in different epitopes. In the FP
epitope, which is a dominant response after infection, the escape pathway was maintained after
subsequent vaccination; in the L-HR2 epitope, infection resulted in antibodies with diverse
pathways of escape, whereas vaccination induced a highly uniform escape profile across
individuals. Overall, these findings indicate that vaccination induced a broader antibody
response across the Spike protein but induced a singular antibody response at the L-HR2

epitope, which could favor variants that emerge with these mutations.

4.3 Results

Samples from individuals with varying SARS-CoV-2 infection and mRNA vaccination

histories profiled using high resolution Spike Phage-DMS library

We collected serum samples from two cohorts, termed the Moderna Trial Cohort and the
Hospitalized or Ambulatory Adults with Respiratory Viral Infections (HAARVI) Cohort[157, 159].
The Moderna Trial Cohort were participants in a Phase 1 trial and consisted of 49 individuals,
34 who received the 100 pg dose of mMRNA-1273 (Moderna) and 15 who received the 250 ug
dose. Serum samples were taken at days 36 and 119 post first dose (7 and 90 days post

second dose, respectively[159]. Serum samples were taken at days 36 and 119 post first dose
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(7 and 90 days post second dose, respectively)[159]. The HAARVI Cohort included 64
individuals, 44 who had confirmed SARS-CoV-2 infection and 20 who had no reported infection;
among this group, 44 were also vaccinated. Those with infection history were stratified by
severity based on hospitalization status (39 non-hospitalized/mild vs. 5 hospitalized/severe) and
serum was sampled at timepoints ranging from 8 to 309 days post symptom onset. Of these 44
individuals, 24 were also sampled after vaccination with two doses of either mRNA-1273
(Moderna, n=8) or BNT162b2 (Pfizer/BioNTech, n=15), with 23 from the non-hospitalized group
and 1 from the hospitalized group. All 20 SARS-CoV-2 naive individuals were sampled post-
vaccination, with 18 having an additional sample taken pre-vaccination (0 to 98 days). Post-
vaccination timepoints for all naive and convalescent individuals ranged from 23 to 65 days after
the first dose (5 to 42 days after the second dose, respectively). Figure 4.1 provides an

illustration of the two cohorts and their respective samples’ infection and vaccination statuses.
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FIGURE 4.1: A schematic of sample cohorts. Characteristics of individual participants
sampled as part of the Moderna Trial Cohort (left) or the HAARVI Cohort (right). Sample sizes of
unique individuals in each group are designated below each figure.
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We used a previously described Spike Phage-DMS library to profile the epitopes bound
by serum antibodies in the samples described above[157]. This library consists of peptides
displayed on the surface of T7 bacteriophage that are 31 amino acids long, tiling across the
length of Spike in one amino acid increments. Peptides in the library correspond to the wild-type
Wuhan Hu-1 Spike sequence as well as sequences that contain every possible single amino
acid mutation at the central position of the peptide. Serum samples were screened with this
library by performing immunoprecipitation (IP) followed by sequencing of the pool of phage

enriched by the serum antibodies as previously described[63, 119, 157].

Serum antibodies bind to distinct epitopes in infected and vaccinated individuals

We first examined the wild-type peptides in the Spike Phage-DMS library that were
enriched by each serum sample to determine the epitopes bound by antibodies in each sample
from these cohorts (Figure 4.2A). The major targeted epitopes across all the cohorts were in the
NTD, CTD, FP, and L-HR2 regions. Serum from non-vaccinated infected individuals who were
not hospitalized mostly bound to immunodominant epitopes in the FP and L-HR2, both of which
are epitopes previously identified in infected individuals using Phage-DMS[157]. Samples from
hospitalized/severe COVID-19 cases and vaccinated individuals also bound to the FP and L-
HR2 regions, but additionally bound to epitopes within the NTD and CTD regions. In naive
serum samples there were antibodies that occasionally bound to the FP and L-HR2 peptides.
These findings likely reflect that some individuals have preexisting cross-reactive antibodies that
bind to these conserved regions between SARS-CoV-2 and endemic coronaviruses, as
suggested by previous studies[125, 153].

A Principal Component Analysis (PCA) was used to further investigate differences
between the infected and/or vaccinated groups. This analysis indicated that binding to epitopes
in the NTD, CTD, FP, and L-HR2 regions were driving differences between samples (Figure
4.2B). To quantify differences in antibody binding between groups, for each sample we summed
together the enrichment values within each identified epitope region and performed pairwise
comparisons between non-hospitalized infected people and all other groups (Figure 4.2C). Most
strikingly, we found non-trivial group differences in the magnitude of humoral responses to these
major epitopes on the Spike protein. Specifically, antibodies from both hospitalized infected and
vaccinated individuals had significantly higher binding to the NTD, CTD, and L-HR2 regions

compared to non-hospitalized infected individuals. However, antibodies from non-hospitalized
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infected individuals displayed significantly higher binding to the FP epitope than samples from
hospitalized or vaccinated individuals. There was no significant difference in any epitope binding
in these four regions between vaccinated samples with and without prior infection (p>0.05,
Mann-Whitney-Wilcoxon [M.W.W.]).
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FIGURE 4.2: Enrichment of wild-type peptides by serum antibodies. (A) Heatmap with a
sample in each row and groups of samples colored on the left. Columns represent peptide
locations, with each square on the heatmap indicating the summed enrichment value within a
10-peptide interval. Darker purple indicates higher enrichment values, and values above 150
were capped. Transparent boxes above the heatmap annotate the Spike protein domains, while
the smaller grey boxes indicate epitope binding regions defined in this analysis (B) The loading
vectors from the PCA analysis with the four epitope sites highlighted; enrichments in each of
these regions are summed together for subsequent analysis. (C) Box plots describing the
distribution of summed wild-type enrichment values for each sample within each of the four
epitope sites, each named according to its associated protein domain. Color indicates the
sample group. The bars between boxplots give statistical significance (p-value) tests using a
Mann-Whitney-Wilcoxon test. All sample group comparisons with the non-hospitalized infected
group were performed, and only significant values are shown.
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Effect of age, dose, vaccine type, and timepoint on epitope binding

In order to determine if there were covariates that contributed to differences in antibody
binding, we examined the effect of participant age, vaccine dose and type, and timepoint post
infection or vaccination on binding to the four epitopes identified above (Figure 4.3). For
samples in the Moderna Trial Cohort, there was significantly decreased binding to the CTD
epitope and L-HR2 epitope (p=0.008, p=0.011, Wilcoxon rank-sum test with Bonferroni
correction) at the later timepoint post first dose (day 119) compared to the earlier timepoint (day
36) (Figure 4.3A). To examine the effect of dosage, we compared 100 ug and 250 ug mRNA-
1273 groups for those between the age of 18 to 55, as that was the only age group included for
the 250 ug dose (Figure 4.3B). There was no significant difference by vaccine dosage for any of
the four epitope regions (NTD, CTD, FP, or L-HR2). Participant age was also examined as a
variable; there appeared to be a difference in epitope binding in the L-HR2 region, but this did
not survive multiple testing correction (Figure 4.3C).

In infected individuals, the effect of time post symptom onset on epitope binding was
examined using non-hospitalized infected individuals in the HAARVI Cohort, who were sampled
between 26 and 309 days post symptom onset (Supplemental Figure 4.2A). Samples were
binned into three groups: 0-60, 60-180, and 180-360 days post symptom onset. At all times post
symptom onset there was no significant difference in binding to the four identified epitopes
(p>0.05, M.W.W.). Individuals in the HAARVI Cohort were given either the Moderna mRNA-
1273 or Pfizer/BioNTech BNT162b2 mRNA vaccine, and comparison of the epitope binding
response between the two vaccine types revealed no significant differences in all epitope

regions (Supplemental Figure 4.2B, p>0.05, M.W.W.).
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FIGURE 4.3: Comparison of epitope binding for NIH Moderna Trial subgroups. Boxplots of
summed wild-type enrichment within epitope binding regions for samples grouped by (A)
timepoint post vaccination, (B) vaccine dose, or (C) participant age. Samples were taken at
either at 36 (n=64) or 119 (n=64) days post vaccination. (B) and (C) are additionally separated
by timepoint post vaccination. Results of a Wilcoxon rank-sum test between the groups
appears only where p < 0.05 after Bonferroni multiple testing correction (36 group
comparisons). Figures containing all p-values for both replicate batches are available at
https://github.com/matsengrp/phage-dms-vacc-analysis.

Infection and vaccination shape pathways of escape

The Spike Phage-DMS library contains peptides with every possible single amino acid
substitution in addition to the wild-type sequence, enabling us to assay the impact of mutations
on antibody binding. The effect of site-specific substitutions in critical antibody binding regions
not only provides a high-resolution picture of the likely epitope intervals, but also identifies
mutations that confer escape within the binding region. The effect of each mutation on serum
antibody binding was quantified by calculating its scaled differential selection value, a metric

that reports log fold change of mutant binding affinity over wild-type binding affinity at any given
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site (see Methods)[119]. Site mutations that cause a loss of binding when compared to the wild-
type peptide centered at that same site are reported as having negative differential selection
values, whereas those that bind better than the wild-type peptide have positive differential
selection values. In order for differential selection to be meaningful, however, we must ensure
that we do not include weak or sporadic signals that may be due to non-specific binding.
Accordingly, we set a threshold of summed wild-type peptide binding in any one region. By
doing so, we lose samples in the analysis but can be confident in the results presented by
samples passing this curation step (Supplemental Figure 4.3). For samples that passed this
threshold, we compared the effect of prior infection and/or time post vaccination on the
pathways of escape in each epitope region as follows. Plots depicting the effect of mutations for

all samples are publicly explorable at {URL redacted until publication}.

N-Terminal Domain (NTD) and C-terminal Domain (CTD)

We examined the sites of escape within the NTD and CTD epitope regions, focusing on
vaccinated individuals from the Moderna Trial Cohort because these epitopes were notable
targets of the vaccine response and not commonly found in infected individuals. Vaccination
elicited antibodies with a strikingly uniform escape profile in the NTD epitope across samples
(Figure 4.4A), with the majority of samples being sensitive to mutation at sites 291, 294-297,
300-302, and 304, which are in the very C terminal portion of NTD as well as the region
between NTD and RBD. The CTD region appeared to consist of multiple epitopes, the dominant
being at position 545 to 580 (termed CTD-I). Antibodies that bound to this dominant CTD
epitope had a less uniform escape profile, but sites 561 and 562 were common sites of escape
in most samples (Figure 4.4B). For antibodies to both the NTD and CTD-I epitopes, the
pathways of escape tended to drift over time and were different at 119 days post vaccination as

compared to 36 days post vaccination.
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FIGURE 4.4: NTD and CTD-1 epitope escape profiles. (A and B) Logo plots depicting the
effect of mutations on epitope binding in either the NTD (A) or CTD-1 (B) epitope for paired
samples from the Moderna Trial Cohort. The height of the letters corresponds to the magnitude
of the effect of that mutation on epitope binding, i.e. its scaled differential selection value.
Letters below zero indicate mutations that cause poorer antibody binding as compared to wild-
type peptide, and letters above zero indicate mutations that bind better than the wild-type
peptide. Letter colors denote the chemical property of the amino acids. Logo plots on the left
right are paired samples from the same individual, with the participant ID noted on the left.
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Fusion Peptide (FP)

Antibodies against the FP epitope are strongly stimulated after infection but are less
strongly induced after subsequent vaccination (Figure 4.2). Thus, we investigated whether the
pathways of escape for serum antibodies also changed after vaccination within samples from
previously infected individuals in the HAARVI Cohort. The escape profiles of antibodies in
paired samples that strongly bound to the FP epitope both after infection and after subsequent
vaccination are shown as a logo plot (Figure 4.5A). The major sites of escape within the FP
epitope for these samples were sites 819, 820, 822, and 823, and these sites of escape did not
appear to change after vaccination although we noted there was more variability in the escape
profiles after vaccination.

We next examined the pathways of escape for FP binding antibodies in vaccinated
individuals from the Moderna Trial Cohort. In people with no prior infection, vaccination induced
diverse pathways of escape in the FP region (Figure 4.5B). For example, for participant M10
escape was focused on sites 814, 816, and 818, whereas for participant M38 escape was
focused on 819, 820, and 823. There appeared to be some differences in the escape profile at
119 days as compared to 36 days post vaccination, as exemplified by participants M15, M17,
and M20. However, in general many of the major sites of escape were shared at both timepoints

within each individual and as a group.
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FIGURE 4.5: FP epitope escape profiles. (A and B) Logo plots depicting the effect of
mutations on epitope binding within the FP epitope region for paired samples from the (A)
HAARVI Cohort or (B) Moderna Trial Cohort. Details are as described in Fig 4.4.

Linker-Heptad Repeat 2 (L-HR2)
In order to determine the effect of prior infection on the binding profiles of antibodies

after vaccination within the L-HR2 epitope region, we explored the pathways of escape for

paired samples from patients with prior infection in the HAARVI Cohort before and after
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vaccination as was done for the FP region. Samples from previously infected individuals with no
vaccination history had diverse pathways of escape within the L-HR2 epitope (Figure 4.6A). For
example, site 1149 was only sensitive to mutation for participant 217C, and site 1157 was only
sensitive to mutations for participants 120C and 146C. In contrast, the samples from vaccinated
individuals, regardless of infection history, tended to have a uniform pathway of escape. The
most prominent and consistent sites of escape for vaccinated individuals, both with and without
prior infection, were at sites 1148, 1152, 1155 and 1156. Of note, the pre-vaccination sample
from an individual with prior infection requiring hospitalization (participant 6C) displayed an
escape profile highly similar to those from vaccinated individuals, and this escape profile did not
change after vaccination.

To see whether the pathways of escape changed over time after vaccination, we
visualized the escape mutations within the L-HR2 epitope for the samples in the Moderna Trial
Cohort at 36 and 119 days after the first dose of vaccine (Figure 4.6B). We saw a highly uniform
pattern of escape for most samples at day 36 and 119, again with escape mainly occurring at
sites 1148, 1152, 1155 and 1156. For some patrticipants, such as M11, M34, and M35, the

escape mutations appeared to drift over time, but the major sites of escape remained the same.
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FIGURE 4.6: L-HR2 epitope escape profiles. (A and B) Logo plots depicting the effect of
mutations on epitope binding within the L-HR2 epitope region for paired samples from the (A)
HAARVI Cohort or (B) Moderna Trial Cohort. Details are as described in Fig 4.4.

4.4

Discussion
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In this study, we comprehensively profiled the antibody response to the SARS-CoV-2
Spike protein, including pathways of escape from sera in individuals with diverse infection and
vaccination histories. We identified four major targets of antibody responses outside of the core
RBD domains, in the NTD, CTD, FP, and Linker-HR2 regions. Vaccinated individuals as well as
individuals with severe infection requiring hospitalization both had antibodies to these four
epitope regions, whereas individuals with mild infection that did not require hospitalization
preferentially targeted only FP and L-HR2. In previously infected cases, the epitope binding
patterns changed over time after vaccination, with decreased binding to both the CTD and L-
HR2 epitopes. However, there was not uniform decay across all four epitopes, indicating that
waning antibody titers may not occur for all epitopes equally. Other factors such as vaccine
dose (100 ug or 250 ug), vaccine type (BNT162b2 or mRNA-1273), and participant age did not
significantly affect the specificity of the antibody response.

We explored the pathways of escape for antibodies binding to these key regions in
infected and vaccinated people. We defined for the first time the escape pathways for NTD and
CTD-I binding antibodies, epitopes that were commonly found in vaccinated individuals but not
in infected individuals. In the case of the NTD epitope, which was located at the C-terminal end
of the NTD, escape mutations were uniform and consistent amongst vaccinees, while pathways
of escape were more diverse for CTD-| antibodies. Individuals with antibodies that strongly
bound the FP epitope had focused escape profiles, with the majority of escape occurring at sites
819, 820, 822, and 823, although the sample size of this group is small (N=3). Vaccination did
not greatly alter the escape profile in previously infected individuals, nor did vaccination alone
induce a strong or uniform response at the FP epitope. In contrast, antibodies that bind in the L-
HR2 epitope region after infection have diverse pathways of escape, while after vaccination they
appear to converge on a more uniform pathway of escape that includes mutations at sites 1148,
1152, 1155 and 1156. Interestingly, these are also the sites of contact for a cross-reactive HR2-
specific antibody isolated from a mouse sequentially immunized with the MERS and SARS
Spike proteins[160]. This hints that a singular antibody clonotype could be elicited when
exposed to a stabilized Spike protein, dominating the response in the L-HR2 region.

We also observed some drift in the pathways of escape within a single person over time
after vaccination. This mirrors findings from a recent study that examined sites of escape for
RBD-specific antibodies in serum samples from the same Moderna Trial Cohort as used in this

study[62]. Together these results suggest that the B cell response after vaccination with Spike
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mRNA continues to evolve over time. Multiple studies have demonstrated that SARS-CoV-2-
specific B cells undergo continued somatic hypermutation in the months after infection, likely
due to antigen persistence[161, 162]. Spike antigen has been detected in the lymph nodes at
least 3 months after vaccination with BNT162b2, and continued maturation of germinal center B
cells could be a possible explanation for the changes in epitope binding we observed[163].
Alternatively, turnover of short-term plasma cells and memory B cells could account for loss of
antibody binding to certain epitopes.

Our study has important limitations worth noting. Because the Spike Phage-DMS library
displays 31 amino acid peptides, we are unable to detect antibodies that bind to conformational
epitopes and/or glycosylated epitopes. This is demonstrated by the lack of observable binding to
the RBD region, a domain with complex folding and known target of antibodies from infected
and vaccinated individuals. However, prior studies of RBD epitopes have already been reported
using an overlapping set of samples from the HAARVI Cohort, however, and together these
results paint a more complete picture of epitopes across the Spike protein[61, 62]. Finally, we
only have 5 individuals within the hospitalized group and this small sample size limits our ability
to make conclusions about epitope binding in those with severe infection.

Our finding that vaccinated individuals have a broader response across the Spike protein
than infected individuals may have important implications for immune durability against future
SARS-CoV-2 variants. Evidence suggests that a polyclonal antibody response that is resistant
in the face of multiple mutations is necessary for long-lasting immunity against a mutating viral
pathogen[164]. Thus, the polyclonal response to vaccination may provide greater protection
from infection than the more focused response after infection. However, the number of epitopes
targeted provides just one benchmark and the ability to escape at the population level could
also be influenced by the diversity of individuals’ antibody responses at each epitope and thus
the likelihood that a single escape mutation could be widely selected. At one S2-domain epitope
region (L-HR2) vaccination induced uniform sites of escape that may be due to a singular type
of antibody that would allow escape by the same mutations for all vaccinated people. However,
epitopes in the S2 domain tend to be in highly conserved regions with important functions that
constrain the virus’ ability to mutate, making escape from these antibodies less likely than for
RBD, where escape is already common. Indeed, mutations in the FP and L-HR2 epitopes are
not arising in the global population of SARS-CoV-2[157], providing some suggestion that these
regions may be constrained[97, 165]. Overall, further studies of the functional capacity of these

vaccine-elicited antibodies targeting epitopes outside of RBD are warranted, to provide a path
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towards a polyclonal response to epitopes across the full Spike protein. This comprehensive
view may further the goal of a more universal coronavirus vaccine that eliminates the need for
continual updates of the SARS-CoV-2 vaccine strain due to mutations in variable regions on
Spike.

4.5 Methods

Sample collection

Moderna Trial Cohort

We obtained post-vaccination serum samples via the National Institute of Allergy and Infection
Disease that were taken as part of a phase | clinical trial testing the safety and efficacy of the
Moderna mRNA-1273 vaccine (NCT04283461)[159]. All samples were de-identified and thus all
work was approved by the Fred Hutchinson Cancer Research Center Institutional Review Board
as nonhuman subjects research. Trial participants were given either 100 ug or 250 ug doses of
the mRNA-1273 vaccine, and serum was sampled from all trial participants at 36 days and 119
days post vaccination. See Table 4.1 for detailed metadata related to each participant and

serum sample.

HAARVI Cohort

We obtained plasma samples from individuals enrolled in the Hospitalized or Ambulatory Adults
with Respiratory Viral Infections (HAARVI) study conducted in Seattle[157]. Individuals were
either enrolled upon PCR confirmed diagnosis with SARS-CoV-2 infection or as control subjects
prior to receiving vaccination with either BNT162b2 (Pfizer/BioNTech) or mRNA-1273
(Moderna). See Table 4.1 for detailed metadata related to each participant and plasma sample.
For convenience, all plasma and serum samples in this study are referred to as serum. This

study was approved by the University of Washington Institutional Review Board.

Spike Phage-DMS assay

The Spike Phage-DMS library used in this study contained 24,820 designed peptides

that tile across the length of the Spike protein. Peptides are each 31 amino acids long and tile
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by 1 amino acid increments, and correspond to either the wild-type sequence or a sequence
containing a single mutation. Serum samples were profiled using the Spike Phage-DMS library
as previously described[157]. Following this method, the Spike Phage-DMS library was diluted
in Phage Extraction Buffer (20 mM Tris-HCI, pH 8.0, 100 mM NaCl, 6 mM MgSQ.) to a
concentration of 2.964 x 10° plaque forming units/mL, which corresponds to approximately
200,000-fold coverage of each peptide. 10 uL of serum or plasma was added to 1 mL of the
diluted library and incubated in a deep 96-well plate overnight at 4°C on a rotator. 40ulL of a 1:1
mixture of Protein A and Protein G Dynabeads (Invitrogen) were added to each well and then
incubated at 4°C for 4 hours on a rotator. Beads bound to the antibody-phage complex were
magnetically separated and washed 3x with 400 uL wash buffer (150 mM NaCl, 50 mM Tris-
HCI, 0.1% [vol/vol] NP-40, pH 7.5). Beads were resuspended in 40 uL of water and lysed at
95°C for 10 minutes. The diluted Spike Phage-DMS library was also lysed to capture the
starting frequencies of peptides. All samples were run twice, once each with two independently
generated Spike Phage-DMS libraries.

DNA from lysed samples were amplified and sequenced as previously described[157].
Two rounds of PCR were performed using Q5 High-Fidelity 2X Master Mix (NEB). For the first
round of PCR, 10uL of lysed phage was used as the template in a 25 uL reaction using primers
described in [157]. For the second round of PCR, 2 uL of the round 1 PCR product was then
used as the template in a 50 uL reaction, with primers that add dual indexing sequences on
either side of the insert. PCR products were then cleaned using AMPure XP beads (Beckman
Coulter) and eluted in 50 uL water. DNA concentrations were quantified via Quant-iT PicoGreen
dsDNA Assay Kit (Invitrogen). Equimolar amounts of DNA from the samples, along with 10X the
amount of the input library samples, was pooled, gel purified, and the final library was quantified
using the KAPA Library Quantification Kit (Roche). Pools were sequenced on an lllumina HiSeq

2500 machine using the rapid run setting with single end reads.

Sample curation and replicate structure

All sample IP’s and downstream analysis were run in duplicate across two separate
phage display library batches to ensure reproducibility, with the exception of the four acute
samples from hospitalized HAARVI participants which were run in singlicate. All results were

cross checked with the set of batch replicates to ensure significance fell within one order of

91



magnitude where applicable. For brevity, we present only figures resulting from the single
complete set of batch-specific replicates, however, all figures using the second set of library
batch replicates are available (see Code and Data Availability). Additionally, some samples
were run with “in-line” technical replicates within the same batch. In the case with more than one
technical replicate, we selected the sample with the highest reads mapped from each set of

batch replicates for our downstream analysis.

Short read alignment and peptide counts processing

Samples were aliquoted and sequenced targeting 10X coverage of total sample reads to
the peptide library reference. We demultiplexed samples using lllumina MiSeq Reporter
software. Post sample demultiplexing, we used a Nextflow pipeline to process the peptide
counts as well as alignment stats for all samples[166]. The tools and parameters describing the
workflow are as follows. The index creation and short-read alignment step were done using
Bowtie2. During alignment we allowed for zero mismatches in the default seed length of each
read (20, very sensitive) after trimming 32 bases from the 3’ end of each 125bp read to match
the 93 bp peptides in our reference library[167]. Samtools was subsequently used to gather
sequencing statistics as well as produce the final peptide counts using the stats and idxstats
modules. Finally, the pipeline collected all reference peptide alignment counts and merges them
into a single xarray dataset coupling sample and peptide metadata with their respective count.
Alignment stats for all replicates are seen in Supplementary Figure 4.6.

Each of the processing steps described here, as well as downstream analysis and
plotting, were run using static and freely available Docker containers for reproducibility. We
provide an automated workflow and the configuration scripts defining exact parameters. See

Code and Data Availability section for more information.

Epitope binding region identification

Principal Component Analysis (PCA) via Singular Value Decomposition (SVD) was
performed on each set of batch replicates using the scikit-learn package[168]. We first subset

our dataset to only include wildtype peptide count enrichments from either infected or
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vaccinated individuals as input. This curation resulted in the matrix, X of size n X p with n
biologically distinct replicates and p enrichment features across the spike protein. All enrichment
values were calculated as a fold change in the frequency for any one sample enrichment over
the library control enrichment at the same sites. Each feature was mean centered before
performing the PCA such that the covariance matrix of X is equivalent to X”X/(n — 1). We can
then use the eigendecomposition, X = USVT, to describe the data. The principal axes in feature
space are then represented by the columns of VV and represent the direction of maximum
variance in the data. Supplemental Figure 4.1 shows three facets of this decomposition;
Supplemental Figure 4.1A: the unit scaled sample “scores” represented by the columns to
visualize sample relationship in principal component space; Supplemental Figure 4.1B:
component loadings (scaled by the square root of the respective eigenvalues in S); and
Supplemental Figure 4.1C: the first three principal axes/directions in feature space plotted as a
function of the WT peptide feature location on the Spike protein. Together, these provide a
visualization of key features in the data used in our downstream analysis. We chose our epitope

regions as contiguous regions of nonzero value in the loadings in the first three principal axes.

Identifying high-resolution pathways of escape

In order to ensure reliable measurements of differential selection of single AA variants
compared to the ancestral sequence variant, we threw out samples whose respective sum of
wild-type enrichment was below a threshold set for each of the defined binding regions
(Supplemental Figure 4.4). Once curated, we computed the log-fold change in each of the 19
possible variant substitutions at each site. This metric was then scaled by the average of the
wild-type sequence enrichment coupled with both the preceding and following wild-type peptide
enrichments at any given site. To evaluate escape at each site, we then sum the differential
selection metric as described for each variant at a site to examine a more complete picture of

the data defining escape patterns in each sample group.

CODE AND DATA AVAILABILITY
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We provide a fully reproducible automated workflow which ingests raw sequencing data
and performs all analyses presented in the paper. The workflow defines and runs the
processing steps within publicly available and static Docker software containers, including
phippery and phip-flow described in the Methods section. The source code, Nextflow script,
software dependencies, and instructions for re-running the analysis can be found at {URL
redacted until publication}.

The generalized PhIP-Seq alignment and count generation pipeline script can be found

at https://github.com/matsengrp/phip-flow. A template and documentation for the alignment

pipeline configuration is available at https://github.com/matsengrp/phip-flow-template. Finally,

we provide a python API, phippery, to query the resulting dataset post-alignment that can be

found at https://github.com/matsengrp/phippery.

All raw sequencing data was submitted to the NCBI SRA. Pre-processed enrichment
data is available upon request. Additionally, differential selection data and more can be explored
interactively using the dms-view toolkit available at {URL redacted until publication}.

For more information, please email jgallowa @fredhutch.org.

STATISTICAL ANALYSIS

Estimates of significance presented between group continuous distributions of wild-type
enrichment were reported using a Mann-Whitney Wilcoxon test with the exception of analysis
that included only paired longitudinal samples - such as the comparison of 36-and-119 Days
post-vaccination - in this case we used a Wilcoxon signed-rank test. Bonferroni correction was
applied where applicable and adjusted P values < 0.05 were presented as significant. All
statistical analysis were done using Python 3.6 and plotted using the statannot package found

here https://github.com/webermarcolivier/statannot. The static Docker container used for all

statistical analysis is publicly hosted at https:/quay.io/repository/matsengrp/vacc-ms-analysis.
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Chapter 5

ONGOING AND FUTURE DIRECTIONS

Methods and technologies all originally developed to tackle the HIV-1 pandemic laid the
groundwork for the rapid response made at the outset of the SARS-CoV-2 pandemic in late
2019 and 2020, and the studies in this thesis exemplify this concept. By building a system that
could rapidly map fine antibody epitopes for HIV-1, we were able to quickly pivot this system to
be used with SARS-CoV-2 mere months after the virus was sequenced. And similarly, less than
a year after vaccines were deployed against SARS-CoV-2, we were able to map differences in
the antibody response between infected and vaccinated individuals in detail.

Given our lab’s access to samples from established HIV cohorts in Kenya and the
HAARVI cohort for SARS-CoV-2 infections in Seattle, there are a plethora of scientific questions
that could be answered using Phage-DMS regarding critical antibody responses and pathways
of escape. Below | describe ongoing work and potential future directions for studying virus-

specific antibody responses.

5.1  Applying Phage-DMS to HIV-1 antibodies

As described in section 1.2.2, antibodies with non-neutralizing effector functions have
been found to be correlated with protection in a partially successful HIV vaccine trial and have
been associated with positive outcomes in infants infected with HIV-1 [36, 39]. Studies from our
lab have found that ADCC-mediating IgG in the breast milk of HIV positive pregnant women in
Kenya correlated with reduced mother-to-child transmission (MTCT), and serum ADCC activity
correlated with a trend towards reduced MTCT and improved clinical outcome in infected infants
[38, 39, 138]. Therefore, we hypothesized that passively transferred antibodies from non-
transmitting mothers potentially protected their infants from infection. Early in my PhD | took
steps towards identifying mothers with high serum ADCC activity and screening cultured B cell
supernatants for binding activity, and others in the lab have taken on the task of isolating
monoclonal antibodies from these non-transmitting mothers. Phage-DMS can be used to aid in
the often arduous process of identifying the epitopes of new antibodies that have been isolated.
Protective antibodies isolated and mapped in this way can provide a blueprint for building an

effective HIV-1 vaccine antigen.
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5.2  Characterizing novel SARS-CoV-2 monoclonal antibodies

In the studies described in Chapter 3 and 4 we found that there were antibodies from
individuals with prior COVID-19 infection that tended to bind to an epitope that overlaps the
fusion peptide region as well as the stem helix just upstream of heptad repeat 2, both in the
more conserved S2 subunit. Prior studies have shown that antibodies targeting these epitopes
can be neutralizing, and thus far one group has isolated a broadly neutralizing mAb targeting
the stem helix from a SARS-CoV-2 infected individual [110, 111, 169]. The fusion peptide of
other class | fusion proteins such as HIV Env and influenza hemagglutinin is a known target of
neutralizing antibodies, and recently SARS-CoV-2 fusion peptide binding antibodies have been
identified [170]. Indeed, the fusion peptide specific antibody VRC34.01 has driven a new
rationally designed HIV vaccine antigen [171]. The relative conservation of these epitope
regions on the S2 subunit of SARS-CoV-2, as opposed to the more mutationally tolerant RBD
and NTD domains, makes them an attractive target for vaccination. Therefore, we set out to
isolate S2-specific antibodies from a recovered COVID-19 patient.

Thus far we have sorted single S2-specific B cells from blood samples taken at 34 days
post symptom onset from a single individual (20C) enrolled in the HAARVI cohort [157]. This
individual was chosen because we saw serum binding to both the fusion peptide and stem helix
epitopes by Phage-DMS. We are in the process of cloning and characterizing the corresponding
antibodies, but preliminary results indicate that these antibodies bind to epitope present on
either the S2 subunit alone, or present on the Spike trimer as well as the S2 protein. As shown
in Figure 5.1, we have identified six antibodies that have a range of binding to either the S2
monomer or Spike trimer by ELISA. Although we have yet to identify a neutralizing antibody,
more antibodies are currently being cloned and we have plans to test all antibodies for non-
neutralizing activity. All isolated antibodies will be screened with the Spike Phage-DMS library to

see if they bind to epitopes previously identified using polyclonal serum.
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Figure 5.1. Binding of monoclonal antibodies isolated from patient 20C to Spike antigens.
We measured binding by ELISA for six monoclonal antibodies isolated from patient 20C, as well
as a flu-specific negative control antibody (Fi6v3) and a positive control serum sample from a
vaccinated individual. Proteins were coated at 2 ug/mL, and antibodies were tested at six
dilutions starting at 10 ug/mL and diluted 1:4. Serum concentration started at 1:50 and then 1:4
dilutions were prepared from there. Activity in background wells was subtracted, and the area
under the curve is reported. Results are from one replicate.

We also have plans to isolate antibodies from vaccinated individuals, as we have seen
that epitopes targeted by infected and vaccinated individuals differ (Chapter 4). Specifically, we
found that vaccination alone did not strongly elicit fusion peptide binding antibodies and that
after vaccination there was a uniform antibody response to the stem helix epitope. By isolating
mAbs from vaccinated individuals as well as infected individuals, we would be able to compare
and contrast the functions of these antibodies as well as the mutations that could lead to
escape. Given that vaccines elicit neutralizing antibodies that are even more RBD-focused than
in infection [62], it will be important to understand the role of non-RBD antibodies and whether
they could influence immunity against new variant strains of SARS-CoV-2. The longer term goal

of this work would be to identify protective antibodies that are difficult to escape by viral
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evolution in order to guide the design of the next generation of cross-protective coronavirus

vaccines.

5.3  Improvements to Phage-DMS

In the future there may be ways to update and improve Phage-DMS. One likely step will
be to update the Spike Phage-DMS library as new variants arise. The introduction of new
mutations can potentially alter antibody binding to nearby epitopes in what is known as an
epistatic interaction. An example of this can be seen in Chapter 3, where we demonstrated that
in some cases serum binding to mutant peptides spanning site 614 was changed when site 614
was mutated from a D to a G (Figure 3.6). Therefore, as new strains arise with mutations in the
Spike protein, it will likely be necessary to create new phage displaying peptides that
incorporate these mutations and add them to the Spike Phage-DMS library.

Phage-DMS can provide information about the sensitivity of antibody binding to single
amino acid mutations, and in Chapter 2 we showed that the effect of mutations on monoclonal
antibody binding was relatively quantitative. However, when working with antibodies in
polyclonal serum it would be helpful to understand not just the relative binding to different
epitopes, but the absolute amount of antibodies directed to each epitope. One way to achieve
this information could be to include a set of control peptides in the phage library and to spike in
a known amount of monoclonal antibody to compare against. This would also aid in normalizing
and comparing results across Phage-DMS experiments performed on different days. Providing
a quantitative measure of antibody binding would allow us to get the maximum amount of
information from each Phage-DMS experiment and could be integrated into our ever-improving
analysis pipeline.

Overall we envision this system being applied to not only viral immunology, but beyond.
Phage-DMS has the potential to map binding sites not just between antibodies and other viral
entry proteins, but any protein-protein interaction of interest. As DNA synthesis technology
improves, longer peptide sequences can be designed, potentially allowing for more complex
epitopes to be expressed on the surface of phage. The ease of use, scalability, and relative cost

effectiveness of Phage-DMS make it an attractive tool to apply in many different circumstances.

53 Conclusion
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In this thesis | have described not only a new method of mapping antibody epitopes
(Chapter 2), but also used this method to provide insight into the epitopes and pathways of
escape for antibodies derived from SARS-CoV-2 infection or vaccination (Chapters 3 and 4).
While it may feel otherwise, relatively little time has passed since the beginning of the SARS-
CoV-2 pandemic. Thus, it is startling how much has already been uncovered about the biology
of this virus and the immune response to it, while at the same time there remain many
unanswered questions. | look forward to extending these studies to better understand immunity

to pandemic viruses while also laying groundwork to prepare for the next one.
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Supplemental Figure 2.1. Composition and distribution of sequences in the gp41/V3
Phage-DMS libraries. Related to Figure 2.2 and Figure 2.3. (A) Stacked bar plot depicting
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results of Sanger sequencing individual plaques from each library. Total number of plaques
sequenced is displayed at the top. SNP = single nucleotide polymorphism. (B) Coverage of all
unique sequences centered at sites across gp41 and V3 within gp41/V3 library 1, as determined
by deep sequencing at 82-fold coverage. The height of the line at each site corresponds to
whether each unique amino acid variant was counted at least once, with 20 total possible amino
acids. (C) Coverage of all unique sequences centered at sites across gp41 and V3 within
gp41/V3 library 2, as determined by deep sequencing at 45-fold coverage. (D) Histogram
showing the distribution of all reads sequenced from gp41/V3 library 1 and 2 as determined by
deep sequencing. Percent of computationally designed sequences not counted shown in red.
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Supplemental Figure 2.2. Reproducibility of gp41/V3 Phage-DMS experiments with gp41-
specific antibodies. Related to Figure 2.2. Correlation of raw read counts between technical
and biological replicates for mAb 240D and mAb F240. (A, C) Correlation between replicate
wells done in parallel for each experiment. (B, D) Correlation between separate experiments
performed with gp41/V3 library 1 and 2. Pearson’s correlation is shown at the top.
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Supplemental Figure 2.3. Reproducibility of gp41/V3 Phage-DMS experiments with V3-
specific antibodies. Related to Figure 2.3. Correlation of raw read counts between technical
and biological replicates for mAb 447-52D and mAb 257D. (A, C) Correlation between replicate
wells done in parallel for each experiment. (B, D) Correlation between separate experiments
performed with gp41/V3 library 1 and 2. Pearson’s correlation is shown at the top.
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Supplemental Figure 2.4. Composition and distribution of sequences in the gp120 Phage-
DMS libraries. Related to Figure 2.4. (A) Stacked bar plot depicting results of Sanger
sequencing individual plaques from each library. Total number of plagues sequenced is
displayed at the top. SNP = single nucleotide polymorphism. (B) Coverage of all unique
sequences centered at sites across gp120 within gp120 library 1, as determined by deep
sequencing at 71-fold coverage. The height of the line at each site corresponds to whether each
unique amino acid variant was counted at least once, with 20 total possible. (C) Coverage of all
unique sequences centered at sites across gp120 within gp120 library 2, as determined by deep
sequencing at 65-fold coverage. (D) Histogram showing the distribution of all reads sequenced
from gp120 library 1 and 2 as determined by deep sequencing. Percent of computationally
designed sequences not counted shown in red. (E) Histogram showing the distribution of all
reads sequenced from a gp120 library amplified without using subcycling PCR. Percent of
computationally designed sequences not counted shown in red.
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Supplemental Figure 2.5. Reproducibility of gp120 Phage-DMS experiments with V3-
specific antibodies. Related to Figure 2.4. Correlation of raw read counts between technical
and biological replicates for mAb 447-52D and mAb 257D. (A, C) Correlation between replicate
wells done in parallel for each experiment. (B, D) Correlation between separate experiments
performed with gp120 library 1 and 2. Pearson’s correlation is shown at the top.

117



A. 240D D. 447-52D

3 -
g 100 g 100 .
2 o . T . . wT
2 - wr s M R304E
K : L593K 2 B K305T
- 598D 2 o] M 1309w
s M S599K E :
2 - ooz ] W R315W
£ 2 . F3M7T
] 3 _
T I P E  IE T P I I IS T IL: 2 e
D RS D IRBS D IRPS D IRBS D % ® XN XY EXY 20 XY ) XY
UBEEC U S T T W
Peptide concentation (ug/mL) Peptide concentation (ug/mL)
B. 240 E. 257D
% {
£ 100] & 100 -wT
o
o c
K - H M R304E
E] M L593K K I K305T
g &
s 50 ) I C598D g 9 I 1309w
E B S599K 8 M R315W
S I L602E 2 W F317T
2 £ o - = . V318K
: llllllllllllllllllllllllllllll ® XY o9 S Q S0 2P © 2o © S
PN PN PO PN P N AR A N VR RN NS
Peptide concentation (ug/mL) Peptide concentation (ug/mL)
C. 5F3 F VRCO1
o .
$ ®
2 $
|3 =
z .
g 100 £ 100 o iog mw
s - wr g " I [§ = Raose
E o =
® 504 =
s 50 1309W
E I ssooK § : R315W
% I L602E =
5 2 . F317T
R I P P S PN P S i e
D 2R D R © D 2R D IR S D 2R ® 29 S 29 O S0 XN 29 O X 29 S
WEUARTTRS TRTTAR FF I T W

Peptide concentation (ug/mL) Peptide concentation (ug/mL)

Supplemental Figure 2.6. Results of competition peptide ELISAs. Related to Figure 2.5.
(A-C) Bar plots show ability of wild type and mutant peptides to block binding of (A) mAb 240D,
(B) mAb F240, or (C) mAb 5F3 to MN gp41 protein. 5F3 is a control antibody known to bind to
gp41 outside of the C-C loop region. Peptide concentrations are show below each group and
represent 4-fold serial dilutions beginning at 20 ug/mL. Gp41-specific antibodies used at a
concentration of 0.5 ug/mL, and gp41 protein was coated at 0.5 ug/mL. For reference, the gp41
sequence of MN corresponding to the region the gp41 peptides span is
LLGFWGCSGKLICTTTVP. (D-F) Bar plots show ability of wild type and mutant peptides to
block binding of (D) mAb 447-52D, (E) mAb 257D, or (F) mAb VRCO1 to MN gp41 protein.
VRCO01 is a control antibody known to bind to gp120 outside of the V3 loop region. Peptide
concentrations are show below each group and represent 4-fold serial dilutions beginning at 20
ug/mL.V3-specific antibodies used at a concentration of 1 ug/mL, and gp41 protein was coated
at 1 ug/mL. For reference, the V3 sequence of SF162 corresponding to the region the V3
peptides span is RKSITIGPGRAFY.
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SUPPLEMENTAL TABLES

Phage- Common Strain Codon GC Source GenBank # | Env AA sites
DMS name optimized? | optimized? included in
library library
(autologous
numbering)
Gp41/V3 BG505 BG505.W6M.ENV.C2 yes no Xu et al DQ208458.1 295 - 329,
509 - 681
Gp41/V3 BF520 BF520.W14M.C2 yes no Simonich KX168094.1 290 - 324,
etal 501 - 673
Gp41/V3 ZA1197 C.ZA.1197MB yes no Rousseau | AY463234.1 293 - 327,
etal 494 - 666
Gp120 BG505 BG505.W6M.ENV.C2 yes yes Xu et al DQ208458.1 30 - 508
Gp120 B41 9032-08.A1.4685 yes yes Keele etal | EU576114.1 30-515
Gp120 DU422 Du422.1 yes yes Li et al DQ411854.1 30 - 506

Supplemental Table 2.1. Description of strains use to construct Phage-DMS libraries.
Related to Figure 2.1. Listed are the strains of HIV Env that were used to generate tiling wild
type or mutant sequences for either the gp41/V3 or gp120 Phage-DMS libraries.

Peptide Strain Env Env Mutation Amino acid sequence
target positions positions (HXB2
(autologous (HXB2 numbering)
numbering) numbering)
Gp41 BG505 589 — 606 592 - 609 WT LLGIWGCSGKLICTTNVP
Gp41 BG505 589 — 606 592 - 609 L593K LKGIWGCSGKLICTTNVP
Gp41 BG505 589 — 606 592 - 609 C598D LLGIWGDSGKLICTTNVP
Gp41 BG505 589 — 606 592 - 609 S599K LLGIWGCKGKLICTTNVP
Gp41 BG505 589 — 606 592 - 609 L602E LLGIWGCSGKEICTTNVP
V3 B41 313 -325 304 - 318 WT RKSIHIGPGRAFY
V3 B41 313 -325 304 - 318 R304E EKSIHIGPGRAFY
V3 B41 313 -325 304 - 318 K305T RTSIHIGPGRAFY
V3 B41 313 -325 304 - 318 1309W RKSIHWGPGRAFY
V3 B41 313 -325 304 - 318 R315W RKSIHIGPGWAFY
V3 B41 313 -325 304 - 318 F317T RKSIHIGPGRATY
V3 B41 313 -325 304 - 318 Y318K RKSIHIGPGRAFK

Supplemental Table 2.2. Description of peptides used to perform competition ELISAs.
Related to Figure 2.5. Mutations are highlighted in red.
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Supplemental Figure 3.1. Distribution of sequenced peptides within biological replicate
Spike Phage-DMS libraries, related to Figure 3.1 and 3.2. (A and B) Histogram showing the
distribution of all sequenced peptides from a representative deep sequencing experiment for
Spike Phage-DMS Library 1 (A) and Library 2 (B). Reads were stringently aligned to the
reference library, allowing for 0 mismatches, and the proportion of unmapped reads is shown at
the top. Additionally, the proportion of all non-sequenced peptides for each library is shown at
the top.
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Supplemental Figure 3.2. Reproducibility of peptide enrichment by plasma from COVID-
19 patients, related to Figure 3.2. (A) Distribution of correlation values between peptide
enrichment values for replicate experiments with samples from COVID-19 patients (Pearson’s
correlation coefficient, R). Each color corresponds to a unique patient or volunteer, and the
shape of each dot represents the type of sample. A dotted line at y = 0.5 represents the cutoff
used to determine whether samples were kept in the analysis. (B) Boxplots showing the
distribution of correlation values between patient samples that were paired between the day 30
and 60 p.s.o. timepoints (on the left) or samples that were randomly paired and compared (on
the right). (C) Relationship between the biological replicate correlation for a sample and its
correlation with its paired timepoint. Each color corresponds to a unique patient, and the shape
of each dot represents the type of sample. Pearson’s correlation coefficient shown.
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Supplemental Figure 3.3. Plasma binding and neutralization with RBD depleted plasma,
related to Figure 3.2. (A and B) Change in plasma binding to RBD (A) and Spike (B) before
and after depletion of RBD-binding antibodies, as measured by ELISA area under the curve
(AUC). (C) Plasma binding to S2 subunit protein, as measured by ELISA AUC. Dotted lines
indicate the lower limit of detection, as determined by pooled pre-pandemic serum. Each point is
colored by patient as indicated to the right. (D) Comparison of neutralization titer 50% (NT50)
before and after depletion of RBD binding antibodies. The percent residual neutralization for
each patient is shown on the right. The dotted line indicates the lower limit of detection (NT50 of
20). Because the lowest dilution of plasma tested is 1:20, we cannot determine NT50 titers
smaller than this. (E) Correlation between the most enriched peptide within the FP and HR2
epitope regions and the residual NT50 values for each patient plasma sample. (F) Correlation
between plasma binding to S2 and residual NT50 values for each patient. All plasma tested in
these assays were from the 30d timepoint.
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Supplemental Figure 3.4. Effect of mutations on binding by COVID-19 patient plasma
within various regions, related to Figure 3.2. Heatmaps depicting the effect of all mutations,
as measured by scaled differential selection, at each site within the NTD, RBD, and CTD
regions. Mutations enriched above the wildtype residue are colored blue and mutations depleted
as compared to the wildtype residue are colored red. The wildtype residue is indicated with a
black dot. Line plots showing the enrichment of wildtype peptides for each patient are shown
above, with a solid line for patient samples taken at day 30 p.s.o. and a dashed line for patient
samples taken at day 60 p.s.o. Peptides missing from the library are shown as grey boxes in the
heatmaps and as breaks in the line plots.

816 833
229E saiedilfsklvtsglgt 18
NL63 saledllfskvvtsglgt 18
0C43 saiedllfdkvklsdvgf 18
HKU1 slledllfnkvklsdvgf 18
SARS_CoV_2 sfiedllfnkvtladagf 18
SARS CoV_1 sfiedllfnkvtladagf 18
MERS saiedllfdkvtiadpgy 18
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Supplemental Figure 3.5. Multiple sequence alignment of the FP for SARS-CoV-2 and
human endemic coronaviruses (0OC43, HKU1, NL63, and 229E), related to Figure 3.3.
Alignment was performed using Clustal Omega, and amino acids are colored according to
physiochemical properties. Red indicates small and hydrophobic molecules (excluding Y), blue
indicates acidic molecules, magenta indicates basic molecules (excluding H), and green
indicates glycine, hydroxyl, sulfhydryl, and amine molecules. GenBank accession numbers:
YP_009724390.1, YP_009555241.1, YP_173238.1, YP_003767.1, and NP_073551.1,
respectively.
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Supplemental Figure 3.6. Effect of commonly circulating S protein variants on antibody
escape for all patients, related to Figure 3.5. Scatterplot comparing the effect of mutations on
patient plasma antibody binding and the frequency of all circulating S protein variants. The
mutational entropy of every circulating protein variant, as reported at the https://cov.lanl.gov
website and based on GISAID global sequencing, is plotted on the x-axis. The average scaled
differential selection values for all mutants, averaged across all patients, at each site is plotted
on the y-axis. Each site is colored by its location, as indicated on the bottom. The dotted line
denotes the cutoff (0.02) of mutational entropy which GISAID uses to determine variants of
interest.
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SUPPLEMENTAL TABLE

Supplemental Table 3.1. Description of the COVID-19 patient samples used in this study,
related to Figure 3.2. All patients exhibited mild symptoms not requiring hospitalization except
for patient 6 (indicated by an asterisk), who had moderate symptoms requiring non-invasive
ventilation or a high flow O device.

Participant | Day(s) post Age Gender
ID symptom

onset (p.s.o.)
1 27,72 47 Female
2 31, 60 43 Female
3 29, 71 65 Male
4 31, 67 29 Male
5 31, 63 48 Female
6* 33, 76 64 Female
7 29,74 22 Male
8 31, 67 31 Female
9 26, 55 56 Male
10 34, 67 28 Female
11 34, 62 30 Male
12 26, 58 36 Female
13 28, 66 65 Male
14 26, 64 65 Female
15 48, 77 52 Female
16 35, 69 52 Male
17 30, 57 36 Male
18 43,73 29 Male
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SUPPLEMENTAL FIGURE 4.1: Principal Component Analysis on wild-type enrichment
features of all samples (A) Scatterplot depicting the unit scaled sample “scores” represented
by the columns to visualize sample relationship in principal component space. Colors represent

the group which each sample belongs to. (B) Vector plots showing

the component loadings,

scaled by the square root of the respective eigenvalues in the eigen-decomposition. Colors
represent the genomic location of each component loading score. (C) Line plots showing the
first three principal axes/directions in feature space, plotted as a function of the wild-type

peptide feature location on Spike.
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SUPPLEMENTAL FIGURE 4.2: Comparison of epitope binding for HAARVI subgroups.
Boxplots of summed wild-type enrichment within epitope binding regions for samples grouped
by (A) timepoint post symptom onset or (B) vaccine type (Pfizer/BioNTech BNT162b2 or
Moderna mRNA-1273). Results of a Mann-Whitney test between the groups are shown. P-
values were adjusted for multiple testing using Bonferroni correction. * indicates p<0.05, ns
means “not significant”.
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SUPPLEMENTAL FIGURE 4.3: Thresholding of total epitope binding within major epitope
regions. Histogram showing the summed enrichment values within each epitope region for

every sample in the Moderna Trial Cohort (left two panels) or HAARVI Cohort (right two panels).
Blue line delineates the threshold chosen for each epitope region. Samples above the line were
included in the escape profile analyses.
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