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Abstract

Methods in Antibody Discovery

Jule Goike, Ph.D

The University of Texas at Austin, 2022

Supervisors: George Georgiou, Jimmy D. Gollihar

Antibodies are an essential part of adaptive immunity and can be raised against
almost any molecule. The ability to bind a wide variety of molecules with exquisite
specificity, causes antibodies to be highly desirable tools for research and in medicine.
Beginning with the discovery of antibodies in 1890 by Behring and Kitasato, the
scientific community was aware of the enormous therapeutic potential of molecules that
can be induced to bind any disease-causing factor. However, the realization of this
potential was stifled by the lack of techniques to isolate and produce antibodies of
defined specificity. Since then, versatile antibody discovery methods have been
developed, however, initial antibody isolation and characterization remain a bottleneck in
the antibody discovery process. The work presented here improves upon existing
methods of antibody discovery. Development of a novel yeast surface display strain
reduces selection times by half and expedites downstream development by use of a native
antibody format that translates effortlessly into full-length antibodies. The combination of
antibody yeast surface display and mass-spectrometry based protein sequencing of serum
antibodies successfully isolates SARS-CoV-2 binders from infected donors. Additionally,

examination of the role of antibody light chains leads to insights into repertoire diversity
7



and sparks an innovative approach to antibody heavy and light chain pairing.
Cumulatively, the synergistic use of these antibody discovery methods yields 49 SARS-
CoV-2 neutralizing antibodies against a variety of spike protein epitopes. Four antibodies
and their binding mode were structurally characterized, revealing overlap with known
antigenic supersites of the spike protein, and a unique quaternary binding mode at the

receptor binding domain.
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CHAPTER 1: Introduction

Antibodies serve indispensable roles in adaptive immunity by recognizing foreign
molecular motifs. In this sense, antibodies are frontline soldiers against invading viruses,
microbial pathogens, and their toxins!. However, antibodies also protect us against
aberrant processes in our bodies by identifying abnormal molecular signatures of
malignant growth and activating self-defense systems against cancerous cells. Antibodies
are exclusively produced by B-cells and in theory, can be raised against any molecule,
i.e., an antigen (antibody generator). Activated B-cells can be committed to
immunological memory to be recalled later upon re-encountering their antigen. Their
breadth of antigen specificity and capacity for high affinity binding makes antibodies
attractive candidates in biotechnological applications and protein therapeutics2. Though
the field of antibody discovery and engineering is advancing, isolating antibodies with
specific binding characteristics remains a challenge in developing therapeutics. The work
presented here addresses this bottleneck through engineering of a microbial antibody
display strain and development of an abridged method for the identification of light chain

partners for antigen-specific heavy chains.

1.1 ANTIBODY STRUCTURE AND FUNCTION

1.1.1 Immunoglobulin Fold
Antibodies are part of the immunoglobulin superfamily (IgSF), proteins possessing the

signature immunoglobulin homology unit®. This evolutionarily ancient protein fold* is
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often described as a flattened Greek key beta barrel because of the characteristic
sandwich of two antiparallel beta stranded sheets at its core, stabilized by an intradomain
disulfide bond (Figure 1.1)°. A full-length antibody consists of two heterodimers
connected via disulfide bridges. One heterodimer in turn consists of a heavy and a light
chain. Heavy and light chains are encoded separately and are linked to each other through
a covalent disulfide bond. The heavy and light chains consist of consecutive globular Ig
units similar to pearls on a string, each approximately 110 amino acids in length.
Antibodies have two types of immunoglobulin (1g) units: a variable domain that mediates
antigen binding and a constant domain that provides structural support and performs
immune effector functions. The characteristic Y shape of antibodies couples their antigen
recognition sites at the tips of the two Y arms to the immune effector domain that
comprises the stalk. These domains are termed Fab (fragment antigen binding) and Fc
(fragment crystallizable) referring to the arms and stalk of the Y, respectively (see Figure
1.2). Light chains only have one constant (CL) and one variable (VL) domain. Heavy
chains also possess only one variable (\VVH) domain but have three or four constant (Cni-4)
regions, depending on antibody class.

Light chains use either the Kappa (k) or Lambda () locus variable and constant genes,
with roughly 60-65% of antibodies employing « and 40-35% A. Heavy and light chains
covalently associate with each other through a disulfide bridge between the CL domain
and the first heavy chain constant region Cri to form the arms of the Y shape®. Fabs
consist of the entire light chain (one constant region C. and the variable domain V) and

two domains of the heavy chain: the Cni and the heavy chain variable domain (V). The
17



CL, CH1, and VH, VL domains respectively share a binding interface with an extensive
non-covalent interaction network’.

The antigen-binding pocket is formed at the solvent-exposed tips of the Vn and VL
domains through peptide loops that connect individual beta strands of the barrel (Figure
1.1). The architecture of constant and variable regions differs in the number of beta
strands comprising the two sheets. Constant domains total seven beta strands divided
three to four between the bilayers, while variable domains have one additional shorter
beta strand inserted on the edges of each sheet for a total of nine®. The loops connecting
the beta strands are integral to how antibodies recognize and bind antigens. In variable
domains, these loops are regions of hypervariable sequence space due to genetic diversity
and rearrangement at the Ig locus. The loops comprise the complementarity-determining
regions (CDRs), while the beta strands make up the framework regions (FR) and have
considerably less sequence variation®.

CDR variability determines the antigen specificity of a given antibody. Both heavy and
light variable domains have three CDRs and four FRs each. Together, the heavy and light
chain CDRs (CDRH, CDRL) create the antigen recognition site or paratope. Because Six
peptide loops contribute to the paratope, it forms complex three-dimensional landscapes
that result in tailored binding crevices and/or protrusions to accommodate a wide range of
shapes, sizes, charges, and hydrophobicity of potential antigens. CDRH3 often has the
most extensive interactions with the antigen and is the major determinant of antigen

specificity2©,
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1.1.2 Processes Underlying Antibody Diversity
Antibody diversity is achieved through the segmented nature of the immunoglobulin

heavy and light chain genomic loci, which requires recombination and joining of the
appropriate antibody gene fragments needed to create a productive exon. Both heavy and
light chain loci contain multiple variable genes arising from gene duplication events.
Only one variable heavy and light gene can be expressed at a time'. The A and x
immunoglobulin loci are split into variable, joining, and constant gene segments. The
recombinases RAG1 and RAG2 recognize specific recombination signal sequences
preceding variable and joining gene segments and excise the interspaced genomic DNA
to enable joining of the coding segments and produce a full-length antibody construct®?,
This is an imprecise process that results in nucleotide deletions or additions in the VV and J
joint thereby increasing diversity'3. The heavy chain locus is arranged similarly but has
additional diversity elements that insert between the variable and joining segment.
Diversity elements cause the increased diversity of the CDRH34,

This process is called V(D)J recombination and occurs during B-cell development in the
bone marrow (Figure 1.3). The heavy chain locus of pre-B-cells is the first to rearrange
and, only upon successful heavy chain creation, is rearrangement at the « locus initiated.
The A locus only undergoes rearrangement, if productive « light chain rearrangement
fails. Pre-B-cells that cannot produce a rearranged heavy and light chain undergo
apoptosis and never leave the bone marrow!®. The result is a calculated possible diversity
of 10 distinct antibody sequences through recombination alone®. After B-cell

maturation, naive (i.e., non-antigen experienced) B-cells (nBCs) enter systemic
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circulation while displaying their unique antibody on the cell surface as a membrane-
bound receptor, the B-cell receptor (BCR). nBC activation initiates upon encountering an
antigen matching their BCR paratope. nBCs can become either of two types of antibody-
secreting cells: plasmablasts (PB) or plasma cells (PC)*’.

PBs arise before PCs in primary foci located near the medullary cords in lymph nodes 3-4
days after activation. To differentiate into PCs, activated B-cells (aBC) enter lymph node
follicles and form germinal centers (GC) in which they undergo extensive rounds of
somatic hypermutation (SHM) and class switch recombination (CSR)!®. GC B-cells
acquire an antibody secretory phenotype only after BCR affinity maturation is concluded.
SHM is restricted to variable domains and mostly affects CDRs*®2°, Activation-induced
deaminase triggers nucleotide substitutions in the coding region through deamination of
deoxycytidine, creating uracil?L. In the process of repairing the U:G lesion, incompletely
understood mechanisms that Franklin and Steele argue may involve RNA-directed DNA
repair, lead to mutations of A:T base pairs?®%?. This complex process further expands
antibody diversity and demonstrates how antibodies can achieve exquisite specificity and
superb affinity towards their antigens. Antibody applications as affinity reagents and,
more importantly, as therapeutics are practically limitless because of their breadth of

antigen recognition and distinguished binding ability.

1.1.3 Fc Effector Function
The Fc region was named for the ease with which it crystallized after an antibody was

digested with the protease papain?®. Functionally, the Fc domain mediates interactions

20



with the immune system, flagging the bound antigen to be targeted by the other arms of
the immune system, such as complement activation or natural Killer cell and macrophage
activity through antibody-dependent cellular cytotoxicity (ADCC)°. Unbound,
circulating antibodies do not trigger complement activation, as C1q requires binding of at
least two Fcs simultaneously. Fc crosslinking occurs when antibodies are near each other,
such as during the opsonization of antigens?*. Depending on their use of one of five
different heavy chains (o, 9, €, y, or w), antibodies belong to one of five classes: IgA,
IgD, IgE, 1gG, or IgM. The subclasses differ in tissue distribution and the immune
effector function of the Fc.

IgMs can be membrane bound or secreted, and as such are the class initially expressed by
developing B-Cells as a cell-surface receptor (BCR). As the earliest antibodies, they
usually possess inferior affinity; however, they can multimerize into pentamers and rarely
hexamers through intermolecular disulfide bond formation between their Fcs. The
crosslinking effectively increases their avidity and the pentameric structure potently
activates complement®®. IgD is co-expressed with IgM on the surface of B-cells and also
exists in secreted form, although it constitutes less than 0.5% of circulating antibodies
and has poor serum stability. Though its function is incompletely understood, there is
evidence that IgD’s significantly longer and more flexible hinge region connecting the
Fab and Fc causes it to be exclusively responsive to polyvalent antigen interaction when
in its membrane-bound form?5:26,

After activation, antibodies can undergo CSR in GCs, and switch which heavy chain they

express in an antigen-dependent manner. IgE plays a prominent role in anti-parasitic
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immunity and stimulates the activity of mast cells and basophils, evoking common
symptoms of allergies through the hypersensitivity response?’. 1gGs are the most
abundant immunoglobulin type in circulation, accounting for 75% of serum antibodies
and are the most used therapeutic monoclonal antibody format?®. 1gGs can be further
subdivided into Gi1, G2, Gs, and Gs, ordered by their prevalence in serum. Their effector
functions differ subtly based on differences in their heavy chains. All four efficiently
neutralize antigens and can mediate ADCC by binding one of the three Fcy receptors
(FcyR 1, 11, 111); however, only three (G1, G2, Gs) can bind C1q to activate complement.
Interestingly, exposure to allergens®® and some parasitic infections® elicit an 1gGa
response that shows functional similarity to IgE. 1gG2 and, to a lesser extent, IgG: are
elicited in response to polysaccharide antigens, while 1gGs, 1gG4, and 1gG: preferentially
arise against proteins3..

IgA can exist in monomeric or dimeric form. Similar to 1gG, IgA has three subclasses
(1gAl, 1IgA2, and IgA3) that largely overlap in sequence. The monomeric form of IgA
makes up 15% of circulating serum antibodies®®. As a dimer, IgA is secreted at mucosal
surfaces and is the main antibody class providing barrier protection. The J-chain, a 15
kDa protein, can form disulfide bonds between different Fcs of either IgM or IgA

multimers, is required by IgA to dimerize, and is essential for IgA and IgM secretion™®.

1.2 THERAPEUTIC ANTIBODIES

For the average consumer, it is not immediately obvious how ubiquitous monoclonal

antibody therapeutics are, especially in oncologic disease and autoimmune conditions.
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Antibody drugs follow complicated naming conventions that result in tongue twister
names such as Trastuzumab, Pembrolizumab, Ustekinumab and Adalimumab that sound
foreign even to some patients currently receiving these life-saving interventions.
However, their much more pronounceable brand names Herceptin, Keytruda, Stelara, and
Humira are recognizable to us from prominent TV ads, their names quickly becoming as
familiar as Tylenol or Advil. But rather than treat headaches and moderate pain, these
biologics are used to treat breast cancer, melanoma, psoriasis, and rheumatoid arthritis
(RA)*. In 2020, the pharmaceutical company Johnson and Johnson reported over $14
billion sales in their consumer health category, which includes Tylenol, Zyrtec, and
Listerine. However, their most profitable sector was pharmaceutical, with over $45
billion sales, a growth of 8.4% that they contribute to their mAb therapeutics Stelara,
Drazalex, and Erleada among other drugs®®. Another statistic that illustrates the
dominance of antibody therapeutics in the pharmaceutical drug market is Humira, which
was developed by Abbvie and has been the world’s best-selling drug since 2012,
surpassing $20 billion in sales in 20203,

The first therapeutic antibody was approved by the US Food and Drug Administration
(FDA) in 1986 and targeted the T-cell protein CD3. Muromonab was administered to
kidney transplant patients to suppress xenograft rejection®. It took ten years to bring an
antibody therapeutic to market after Kohler and Milstein successfully immortalized B-
cells and created a hybridoma cell line capable of producing monoclonal antibodies
(mADb) of known specificity®®. Although many thought Paul Ehrlich’s ‘magic bullets’3®

were finally within their grasps — so strong was the conviction in their therapeutic success
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— use of muromonab was limited as it was isolated from mice and often elicited an
immune response in patients due to species incompatibility. It took over ten years for the
first ‘blockbuster’ drug to enter the market. Still prescribed and widely used today,
rituximab was approved in 1997 by the FDA3’ and targets the cell-surface protein CD20,
which is overexpressed in B-cell malignancies®’. Clinical trials demonstrated rituximab’s
effectiveness against non-Hodgkin lymphoma® and indolent lymphoma®.

In the time between muromonab and rituximab development, Morrison et al. replaced
mouse Fc and CH1 and CL domains with a human Fc region to create a chimeric
antibody*?. This technology was used for rituximab to prevent the immune reaction
observed with muromonab. Rituximab grossed $5 million in its first year4!. Since then, its
sales have inflated to a high point of $8.58 billion in 201642 before rituximab patents
expired. Subsequently, rituximab’s annual revenue decreased to $4.52 billion in 2020
because of biosimilars entering the market at lower costs*:. However, even for chimeric
antibodies, the human anti-mouse antibody (HAMA) immune response to murine
sequences in the variable domain can occur. Winter et al. addressed this issue by
humanizing the variable region through grafting of murine CDRs onto human framework
regions*. In 2020, 69.4% of approved mAbs of non-human origin had been humanized
and 25% were chimeras®?4°,

Adalimumab (Humira) was the first fully human mAb to be approved by the FDA in
2002 and was discovered through phage display rather than hybridoma screening*®. This
technological advance emancipated antibody discovery campaigns from the limitation of

mining mice repertoires, and human mAbs now account for the largest segment of
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approved therapeutics®>#°. Continued innovation over the last twenty years has expanded
the range of antibody treatment modalities and introduced novel therapeutics, such as
drug-conjugated mAbs and bispecific antibodies.

For over thirty years, the number of therapeutic antibodies has steadily increased and
according to The Antibody Society, 135 have been approved either in the US or EU* as
of February 17, 2022. By far the largest indication group is in oncology, with 45% of
antibodies targeting cancer-related antigens, followed by immune disease targets at 27%
market share. In 2020 the global antibody market reached $157.33 billion, and it is

projected to crack the $500 billion mark by 20304748,

1.3 ANTIBODY DISCOVERY TECHNIQUES
Antibodies were first discovered in 1890 by Behring and Kitasato as the substance in the

serum of diphtheria and tetanus-exposed animals that could neutralize the toxins®. Their
contemporary Paul Ehrlich realized what enormous potential antibodies held as a highly
targeted therapeutic that would spare surrounding healthy tissue early in his research3,
However, isolating and producing a specific antibody of interest from the polyclonal
repertoire of billions of B-cells circulating in the human body*® was a technological

challenge that needed to be overcome first.

1.3.1 B-Cell Hybridomas
Kohler and Milstein’s 1975 landmark paper on the creation of B-cell hybridomas strongly

impacted antibody therapeutics development. Kohler and Milstein exploited the fact that

myelomas and cancerous plasma cells secrete clonal antibodies of singular specificity and
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possess a proliferative phenotype, in contrast to short-lived B-cells. They fused
splenocytes from mice immunized against sheep red blood cells with a murine myeloma
and selected for successfully hybridized cells. These hybridomas maintained the
proliferative phenotype of the myeloma and obtained antigen specificity against sheep
red blood cells, essentially creating an immortalized antibody-secreting cell of known
specificity®>,

While revolutionary, the hybridoma technique was not without—drawbacks. In the
beginning, its utility was limited to the discovery of mouse antibodies because no suitable
myeloma cell lines from other animals were available and inter-species fusion of
myeloma and B-cells (hetero-hybridoma) led to chromosomal instability®l. Within time,
myeloma cell lines for common species, such as rats, chickens, rabbits and humans were
developed®. However, a human hybridoma that fulfills the promise of simple human
therapeutic antibody discovery has remained elusive for multiple reasons. For one, the
fusion efficiency of human B-cells is extremely poor at a rate of 1:100,000 cells fusing
successfully®?. Additionally, procuring a sufficient amount of antigen-specific B-cells is
challenging as they are observed in peripheral blood infrequently®3, and ethical concerns
preclude extraction of antigen-experienced B-cell enriched tissues, such as the spleen or
lymph nodes. Similarly, immunization of humans with antigens to elicit antibodies of
interest is limited.

Hybridoma technology relies on the naturally produced antibody repertoire of the
immunized animal which comes with advantages and drawbacks. On the one hand,

natural antibody heavy and light chain pairs are maintained during fusion, as well as the
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mAb’s specific Fc subclass, which is driven by characteristics of the antigen during
CSR>4. On the other hand, it the technology is not suitable for poorly immunogenic
antigens that do not elicit a strong immune response, which includes some prevailing
pathogens®®. Additionally, immune tolerance prohibits raising antibodies against self-
antigens, as self-reactive B-cells are terminated in the bone marrow before entering
circulation. While this protective mechanism prevents autoimmunity, many
therapeutically relevant mAbs in oncology and immune disorders target endogenous self-
antigens, such as PD1 (programmed death receptor 1). Cancer cells express PD1 on the
surface to suppress T-cell activity directed against them®¢. Anti-PD1 antibodies like
nivolumab®’ bind PD1 and prevent it from engaging T-cells, enabling them to recognize
and destroy the cancerous cell. Finally, antibody discovery using hybridoma generation is
a time and resource-extensive enterprise. From animal immunization and hybridoma
generation to screening of successfully fused cells for candidates, the typical timeframe is
weeks to months and demands the maintenance of large cell banks and care of laboratory

animals.

1.3.2 Surface Display Technologies
The crux of antibody discovery is the maintenance of genotype to phenotype linkage (i.e.,

antibody sequence to specific antigen binding). This is a bottleneck especially for
functional repertoire analysis and high-throughput efforts, which aim to interrogate
upwards of millions of antibodies in an efficient and cost-effective manner. To overcome

this obstacle, antibodies can be displayed on the surfaces of phage, yeast, or mammalian
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cells to select specific antigen binders. An advantage of this technique is that all members
of an antibody library mined from immune repertoires can be interrogated for antigen-
specific binding at the same time.

Greg P. Smith pioneered phage display technology in 1985 when he published the
successful expression of peptides on the surface of bacteriophage M13’s coat proteins®®,
Following his discovery, three independent groups demonstrated antibody fragment
display by phages. They used a fragment consisting of covalently linked variable regions
of an antibody called single-chain variable fragment (scFv)°®%%. The reduced format
enabled more efficient surface display as it lessened the protein folding burden of the
non-endogenous antibody structure for bacteria.

Phage display produces antibodies from recombinant libraries which are then enriched
for binders of a specific antigen through several rounds of in vitro biopanning. Original
phage display library sizes can be up to 101, allowing for much higher throughput than
hybridoma screening. The source of the libraries can be B-cell repertoires of immunized
animals or humans, similar to hybridomas or can be antigen-agnostic by employing naive
repertoires or entirely synthetic libraries®2263, Using naive or synthetic libraries
overcomes the limitations of naturally occurring immunity in response to immunization,
and self-reactive clones are not pruned from the repertoire of synthetic libraries.
Adalimumab (Humira), the world’s best-selling drug nine years running with sales of
$20.1 billion in 2020%, was isolated from a human phage display library mined for

binders of tumor necrosis factor-alpha (TNF-a), an endogenous human protein®. TNF-a

is a proinflammatory cytokine that can exist in membrane-bound form® and is a
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therapeutic target in many auto-inflammatory diseases, such as rheumatoid arthritis,
psoriasis, and Crohn’s disease®¢%. Adalimumab can neutralize TNF-a in both its soluble
and membrane-bound form®-,

Immune libraries can be obtained from the reverse transcription of peripheral blood
mononuclear cells (PBMCs) mRNA, where the immunization state of the donor
determines whether the library is antigen polarized. If naive libraries are desired, the RT
can be performed with IgM-specific primers to avoid amplification of antigen-
experienced 1gG or other class-switched subclasses. Both scFv and Fab antibody libraries
are commercially available and have demonstrated that their repertoires are sufficiently
diverse to yield high-affinity binders to a wide range of targets®®°.

To date, nine antibodies from phage display discovery campaigns have received FDA
approval®. Since the conception of phage display, other display modalities have been
developed, including ribosomal display, yeast display, and mammalian display’t"3.
These all have application-specific advantages and drawbacks for antibody discovery and

high-throughput repertoire interrogation, which | will be review in-depth in Chapter 2.

1.3.3 Transgenic Animals
At the time of their development in the second half of the 1990s, transgenic mice

filled the crucial gap in hybridoma technology between the need for human-derived
antibodies and the lack of a suitable human myeloma cell line for B-cell fusion’*. The
two transgenic mice models HuMabMouse™ and XenoMouse™® were engineered to

exclusively express human antibody sequences. Human IgH, IgL, and IgK sequences
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were introduced into mouse embryos on yeast artificial chromosomes and the resulting
mice were crossbred with immunoglobulin-deficient strains’’. These strains developed B-
cells normally and upon immunization, mice would produce antigen-specific, fully
human antibodies’78-8%, In 2006, the first XenoMouse-derived therapeutic antibody was
approved for the treatment of colorectal cancer®:. Panitumumab binds epidermal growth
factor receptors and was the first mAb to target solid tumors®2. Another prominent
therapeutic, Stelara or ustekinumab, was discovered through the HuMabMouse and
targets the p40 subunit of the cytokines interleukin 12 and 23. The immunosuppressive
result has demonstrated effectiveness in the treatment of psoriasis, ulcerative colitis, and
Crohn’s disease® %,

One drawback of the XenoMouse and HuMabMouse is the limited ability of the
human constant regions of the immune effector domains to be recognized and interact
with the mouse immune system to undergo SHM and CSR. To overcome this, second-
generation transgenic mice and rats that maintain their endogenous constant heavy chains
while possessing all human variable immunoglobulin genes were created®8’. Recently,
these second-generation mice strains demonstrated their powerful antibody discovery
potential when the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
swept across the globe®. Baum et al. expeditiously launched an antibody discovery
campaign using Regeneron’s VelocImmune transgenic mouse model and identified virus-
neutralizing candidate mAbs®. REGN10987 and REGN10933 were selected for
advancement to clinical testing® as a cocktail and received FDA emergency use

authorization on the 21t November of 202192,
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Figure 1.1. The Greek key barrel fold of immunoglobulins. The immunoglobulin fold
consists of a conserved motif of two beta-strand sheets forming a flattened barrel
structure around an inter-strand disulfide bond. The variable domain has two additional
beta-strands compared to the constant domain that are of functional significance. The
extra loop connecting C’ and C”” forms the CDR2 and is part of the paratope. This figure
was produced using BioRender and is printed with permission. Created with
BioRender.com
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Figure 1.2. Structure of immunoglobulins. The full-length antibody is Y-shaped, the
stalk region (Fc for fragment crystallizable) consists entirely of the heavy chain and only
varies in constant domain composition between immunoglobulin subtypes. The
‘branches’, antigen-binding fragments (Fabs), contain the antigen-specific variable
domains at their solvent-exposed tips. Fabs consist of the entire light chain (one constant
region Cr and the variable domain VL) and the two domains of the heavy chain it shares
binding interfaces with heavy chain constant domain 1 (Cn1) and the heavy chain variable
domain (VH). Criand Cv are the domains connected via a disulfide bridge®.
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Figure 1.3. V(D)J recombination is the process underlying antibody diversity. V(D)J recombination occurs in both the heavy and
light chain loci. Joining of the different gene segments that comprise the full-length variable region follows a sequential process. In
heavy chains, the D and J segments are rearranged first, followed by combination with a V-gene before the constant domain is added.
At the light chain locus the diversity element is absence and the first rearrangement step is the combination of a variable and joining
gene segment. This figure was produced using BioRender and is printed with permission. Created with BioRender.com
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CHAPTER 2: Engineering of S. cerevisiae for Fab display
2.1 INTRODUCTION

2.1.1 Antibody display technologies
This chapter describes the development of a high-throughput antibody discovery

platform as part of a rapid response initiative for the defense against emerging microbial
threats. Traditional methods, such as hybridoma screening and single B-cell sorting, are
relatively low throughput and time intensive®. Antibody display methods (most notably
phage display) can mine larger libraries than single-cell-based approaches and have a
proven track record of therapeutic antibody discovery (e.g., Humira)’®%3, However, every
display technology comes with drawbacks and advantages.

The main restriction for display technologies is the choice of antibody display
format. Antibody folding is a multi-step process requiring specific chaperones and the
specialized redox environment of the endoplasmic reticulum (ER) for correct formation
of disulfide bonds®. Intra-disulfide bonds stabilize each Ig-domain’s beta barrel core, and
inter-disulfide bonds provide the Fab heavy and light chains with their only covalent
linker!®. Bacteria that carry the protein folding burden in phage display lack sophisticated
eukaryotic protein quality control mechanisms and have cytosolic environments that
impede efficient disulfide bond generation because they lack organelles, including an ER.

While yeast maintains a protein folding environment more closely related to
mammalian cells®, antibodies, non-native proteins containing a structural fold found only

in higher animals*, burden its translational system. To mitigate this folding stress Fab
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fragments, the smallest stable and native antibody format, are often altered into single
chain variable fragments (scFvs). ScFvs are comprised of heavy and light variable
domains held together by an artificial linker sequence (Figure 2.1). Wittrup and Boder
pioneered yeast display using scFvs’2. Since then, yeast display has been used for
antibody affinity maturation, characterization and isolation of binders from immune and
synthetic libraries®-%, However, traditional yeast display platforms are restricted to non-
native antibody constructs for efficient display, which diminishes their convenience,
versatility, and efficiency.

ScFvs often differ substantially in native binding efficiencies and biophysical
properties when reformatted into Fab fragments or full-length antibodies®®1°, When
comparing the neutralizing ability of four scFvs against the Cn2 component in scorpion
venom, Hernandez et al. found that three became neutralizing when expressed as Fab
fragments in contrast to the scFv. Additionally, the Fab fragments retained binding ability
at higher concentrations of guanidinium chloride compared to their scFv counterparts,
suggesting increased stability'®. Thus, the use of scFvs distorts analyses of immune
repertoires and complicates downstream antibody developability.

Current yeast display formats have limited ability to display Fab fragments and
must contend with high numbers of non-expressing cells when Fabs are used, leading to
an underrepresentation of repertoire diversity. However, even under these inadequate

assay conditions, Fabs enable more accurate characterization of binding efficiency
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compared to scFvs and other artificially linked constructs'®, in addition to being a more
relevant format for therapeutic antibody design'®2.

Though mammalian cells are better suited to produce and display antibodies,
mammalian surface display requires time-consuming and laborious transfection protocols
and is limited to library sizes of ~10°. Library transfection is often only transiently
achieved because of the low efficiency of stable integration and associated complications,
leading to loss of library members over timel%104 These factors make mammalian
display of antibodies unsuitable for high-throughput, routine screening of repertoires and
iterative interrogation of heterogeneous antigen-binding profiles.

Considering the limitations of each technique, we selected yeast as the host
organism of a rapid antibody display platform. This platform needed to leverage high-
throughput repertoire sequencing and efficient genotype-to-phenotype linkage for the
facile screening, interrogation, and characterization of antibody repertoires en masse. We
required a more sophisticated and robust yeast display strain capable of reliable,
reproducible expression of correctly folded Fabs for accelerated antibody discovery and
comprehensive repertoire interrogation. To this end, we hypothesized that a humanized
yeast strain closely mimicking the native folding environment of antibodies in antibody-
secreting plasma cells could improve antibody folding through interactions with cognate
chaperone proteins.

A 1998 study used protein disulfide isomerase (PDI) and binding immunoglobulin

protein (BiP) chaperone co-expression to increase scFv secretory capacity in S. cerevisiae
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up to 8-fold'®. In the context of our current understanding of antibody folding, the
observed increase is likely attributable to a global relief of folding stress through the
upregulation of chaperones, rather than the specific contribution of chaperones to scFv
folding. Since these first experiments over 20 years ago, antibody folding has been
extensively studied and is now understood in much greater detail”®*. Cumulatively, this
work demonstrates that antibody folding is intricately linked to specific chaperone
interactions at distinct times during the hierarchical folding cascade (Figure 2.2).
Because Cn1 subunit folding (not present in scFvs) functions as a crucial quality control
mechanism in antibody heterodimer assembly'%, we focused its productive folding at the

center of our design efforts.

2.1.2 Introduction: Antibody Folding
When B-cells differentiate into antibody-secreting PCs, a transcriptional network

is activated to ensure simultaneous expression of chaperones necessary for antibody
folding. Figure 2 outlines the folding pathway of Fabs and their interacting chaperones.
The main obstacle in protein folding is the intrinsically unfolded nature of the constant
domain 1 (Chz) of the heavy chain'®. BiP is required to bind the Ch1 subunit in the
absence of its native binding partner, the constant region of the light chain (CL)%’. While
bound to BiP, Ch1 is oxidized and forms the intrachain disulfide bond characteristic of
the immunoglobulin fold. PDIs are instrumental in catalyzing these reactions and directly
interact with antibodies in crosslinking studies'®® and act cooperatively with BiP in the

oxidation of the intradomain disulfide bonds°°,
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Further folding requires binding of Cni to the fully folded CL domain of the light
chain. Association of the Cni folding intermediate with Cp is fast, however, its
subsequent collapse into its native fold and interchain disulfide formation between CL
and Cn1 critically depend on a prior trans-to-cis bond conversion that changes the
orientation of a conserved proline residue!®®. This rate-limiting step is catalyzed by
peptidyl-prolyl isomerases (PPIs)!°. Notably, chaperones do not act in isolation but as
part of a finely tuned assembly line to create a correctly folded antibody. Additionally,
cofactors are instrumental in maintaining chaperone function. Specific chaperones
selected based on the outlined rationale are summarized in Table 2.1.

To compensate for the increased translational burden in human PCs, the unfolded
protein response (UPR) regulators IRE1a and XBP1 trigger expansion of the ER!L. For
our purpose of producing high levels of correctly folded, heterologous protein in S.
cerevisiae, activation of the UPR can be a double-edged sword. On the one hand,
alternative splicing of the S. cerevisiae transcription factor HAC1p by ER-stress sensing
protein Irelp triggers increased transcription of chaperones under control of the UPR
element!*2113, This alleviates the burden of unfolded proteins in the ER — a useful
mechanism to cope with the additional translational demands imposed by heterologous
protein expression. However, on the other hand, its sustained activation leads to cell cycle
arrest and ultimately apoptosist®4.

An S. cerevisiae knockout strain lacking the negative lipid synthesis regulator

OPI1 has been shown to cause ER expansion and increase yield of heterologous 1gG up
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to four-fold!>16, Based on this evidence, the careful calibration of chaperone
transcription by HAC1p and ER expansion through deletion of OPI1 may improve

folding of Fabs in S. cerevisiae.

2.2 RESULTS

2.2.1 Genomically integrated Fabs display homogenously

To enable facile and rapid cloning of antibody libraries, we designed our antibody
display vectors to be compatible with the modular synthetic biology workflow outlined in
the Yeast Tool Kit (YTK)!’. Heavy and light chain V-genes are amplified from cDNA,
and AaRlI restriction sites are added for Golden Gate!!8-based assembly into a custom
dropout (DO) vector (Figure 2.3 A). The DO vector encodes red fluorescent protein
(RFP) and green fluorescent protein (GFP) as placeholders for the variable heavy and
variable light chain, respectively. Upon AaRi digestion, RFP and GFP genes are excised,
and the variable inserts ligated into the vector. Screening for the absence of red or green
signals enables simple color-based selection of successful transformants.

To preserve the native antibody binding interface as much as possible, we chose
structurally unaltered Fabs as our display format. Therefore, the variable inserts form a
scarless transcript with either the CH1 or CK/CL domain after ligation into the DO
vectors. Transcription is driven from a bidirectional, gal-inducible promoter. The
bidirectional promoter allows expression of the Fab’s heavy and light chain from one
construct, and its galactose-inducible nature enables temporal control of Fab expression.

To ensure homogeneous expression, the antibody display vectors integrate into the yeast
39



genome through homologous recombination. Genomic integration also avoids plasmid
loss during cell division over time and uptake of multiple plasmids simultaneously. We
selected the LEUZ2 locus for integration of the antibody display cassette, which also
includes AGA2 to anchor the Fabs to the yeast cell wall (Figure 2.3 B)"2.

The light chain contains an N-terminal FLAG sequence that is used to monitor
Fab expression through fluorescent labeling with fluorophore-conjugated affinity
reagents. The membrane anchor AGAZ2 is translated in a continuous transcript with the
heavy chain. Therefore, binding and expression signals will not co-localize if the CH1
and CL domains fail to form interchain disulfide bonds. When integrated, 99.14% of the
test expressor P4b3 cell population expressed Fab above the background level of
autofluorescence, displaying a homogenous shift in the population with very few non-

expressing cells (Figure 2.3 C).

2.2.2 PDI and BiP, but not BiP alone, improve Fab expression
Fabs are a preferable display format for antibody discovery because Fabs

maintain the native VH:VL configuration and are smaller than full-length 1gGs, which
reduces the protein folding burden for the display organism. To improve Fab folding and
expression in the yeast display strain EBY100, we engineered yeast ER to optimize
heterologous protein expression. We identified the chaperones in Table 2.1 as
functionally significant in the antibody folding pathway. We constructed proof-of-
concept chaperone strains and tested the expression of three antibodies: Ma6, Ma580, and

Ma663. The three antibodies intrinsically differ in expression levels in the order of Ma6 >
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Ma663 > Ma580 (Figure 2.4 A). This makes the three mAbs suitable tools for evaluating
changes in expression levels over a varied range of intrinsic expression ability.

Initial strains were constructed in wild type (WT) EBY100 strains containing
either BiP, PDI, a non-coding spacer, or PDI and BiP (P&B) simultaneously. Both PDI
and P&B improved Ma6 and Ma663 Fab expression over spacer levels (Figure 2.4 B, C).
BiP alone, however, had no positive effect on expression and slightly reduced expression
levels of Ma663 compared to spacer. The lack of effect was not unexpected, as BiP’s
known role as a holdase in the antibody folding process might cause Fabs to remain
sequestered in the ER%,

Maé, the best expressor, showed no significant difference in expression in the PDI
versus P&B strains; however, both strains improved expression of Ma6 levels compared
to the spacer strain. The medium expressor Ma663 showed a discrete improvement in Fab
expression in the double chaperone strain P&B versus PDI. No clear trend for expression
improvement was detected for the weakest expressor, Ma580. Ma580 intrinsic expression
levels are only weakly above background fluorescence and are not significantly
influenced by the presence of chaperones (Figure 2.4 D).

Ma580 and Ma663 were isolated by Wardemann et al. from donors after natural
infection with the malaria parasite plasmodium falciparum®. Ma6 was discovered from
a clinical study participant receiving the R21 malaria vaccine (Ippolito, personal
communication). R21 is based on the circumsporozoite coat protein (CSP) of the

parasite’s sporozoite life cycle stage, which is characterized by repeating motifs of the
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amino acid (a.a.) sequence NANP'%, Ma580 and Ma663 were discovered through single
cell sorting of B-cells binding the CSP and subsequent crystallography studies mapped
both mAbs’ epitope to NANP repeats, albeit in different structural conformations.
However, when we tested binding of surface-displayed Ma580 and Ma663 Fabs
to a biotinylated peptide containing six repeats of NANP (NANPs), we detected no
binding (Figure 2.5 A, C). We also tested Ma580 and Ma663 binding to a nineteen a.a
peptide comprised of the sequence stretch connecting the CSP N-terminal domain to the
central NANP repeat domain. This junctional peptide (JP) contains a singular NANP
motif and did show binding to Ma663. Binding -concentration curves estimated a Kp of
6.5 uM for Ma663 : JP. Wardemann et al. report a Kp of 14.8 nM for Ma663 (IgG) :
NANPs'9, The inability of surface-displayed Ma580 to bind neither NANPg nor JP is
somewhat unsurprising considering the low levels of expression and fast Kot rate reported
by Wardemann et al'®. Surface-displayed Ma6 binds NANPs but not JP (Figure 2.5 B,
D). Yeast display-based concentration curves estimated a Kp of 3.5 nM that aligns with
EC50 values of 1.2 nM from ELISA testing reported for full-length Ma6 1gGs (Ippolito,

personal communication).

2.2.3 BY4741 displays Fab fragments and reduces the induction time by one-day
Previous studies demonstrated that deletion of OPI1 increased secretion of IgG in

the W303 S. cerevisiae strain'?l. We decided to test whether deletion of OPI1 in EBY100
would positively affect levels of Fab display. Initial data comparing expression of Ma580

in OPI1 WT and Aopil were promising (Figure 2.6 A). However, while Aopil showed
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normal growth, the cells acquired a flocculation phenotype that complicated the handling
of its liquid culture and flow cytometry assays as cells were rapidly clumping together
and settling in the tube (Figure 2.6 B, C).

In addition to the undesirable flocculation phenotype under Aopil, EBY100
revealed incompatibilities with the YTK design framework. Of foremost concern was the
apparent endogenous expression of the endonuclease 1-Scel. Duber et al demonstrated
that prior introduction of the I-Scel recognition sequence in the location targeted for
genomic integration increased integration efficiency when constructs were co-
transformed with a cutter plasmid encoding I-Scel*'’. When we introduced I-Scel
recognition sites at antibody integration loci in the EBY 100 genome, transformed clones
displayed unusual growth lag phases when inoculated into YPD (data not shown). As I-
Scel is encoded by a mitochondrial intron in S. cerevisiae??, endogenous expression of I-
Scel in EBY100 and subsequent introduction of double stranded breaks at its recognition
sequence site are the likely cause of the slowed growth during DNA repair. Unwanted |-
Scel activity is absent in other S. cerevisiae strains, such as BY4741, due to genetic
differences in the mitochondrial genome. Additionally, BY4741 carries a deletion for the
flocculation protein 1 that may mitigate Aopil induced flocculation. For these reasons,
we decided to create a BY4741-based display strain.

We based our design on the AGA1-AGAZ2 anchor system described by Boder et
al”, and integrated an extra copy of AGAL under a galactose-inducible promoter at the

URA locus of BY4741 (MATa his3A1 leu2A0 met15A0 ura3A0). To mimic the parent
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strain of EBY 100, BJ5456'%3, we deleted the proteases Prbl and Pep4, as well as Bar1'%*,
To test the function of this new BY4741-based display strain (BYDis), the antibody Fab
P4c3 was integrated into the LEU2 locus of BYDis and EBY100 (WT). Expression and
binding were compared for one-day and two-day induction periods at three temperatures:
30°C, 25°C, and 20°C.

Analysis revealed that a one-day induction period caused greater P4c3 Fab
expression and binding in BYDis compared to a two-day induction period across all
temperatures tested (Figure 2.7 A-C). The best expression and binding were observed for
BYDis cultures induced and grown at 25°C for one day. Cultures induced for two days
showed overall decreased expression and binding compared to one-day induction. At two
days of induction, increased expression and binding correlated inversely with
temperature: 20°C showed the greatest amount of expression and binding and 30°C the
least (Figure 2.7 D-E).

When compared to EBY 100, BYDis expression and binding were similar, though
generally lower at the equivalent conditions tested, with the exception of a one-day
induction at 20°C where BYDis performed marginally better than EBY 100 (Figure 2.7
D-F). However, with one-day induction, BYDis had fewer non-expressing cells and a
more homogeneously displaying population compared to EBY100. Up to 17% of
EBY100 cells were non-expressing at 20°C. At the best display condition for BYDis
(25°C for one day), an average of 1.6% of cells were non-expressing compared to 8.5%

of EBY100 cells at the same condition (FIGURE 2.8 A-C). To confirm the display
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behavior of BYDis, a second antibody Fab, P4b3, was integrated and tested through the
same induction conditions. P4b3 reached higher levels of expression and binding
compared to P4c3 but followed the same trends of expression and binding: one-day
induction was preferable, and 25°C was the best expression temperature (Figure 2.8 D,
E).

After establishing that BYDis satisfactorily displays antibody Fab fragments, we
tested whether display could be improved by deletion of OPI1 and still avoid a
flocculation phenotype. Encouragingly, after CRISPR-Cas-mediated knockout, BYDis
Aopil cultures did not flocculate or show otherwise abnormal growth behavior. We
proceeded to integrate P4b3 and P4c3 into the BYDis Aopil strain and compared binding
and expression to BYDis WT. BYDis Aopil displayed more P4b3 Fabs and improved
binding. While the increase in Fab expression was not statistically significant, binding
showed significant improvement: from 1459 RFU to 3197 RFU (Figure 2.9 A, B). P4c3
in BYDis Aopil did not show a clear improvement. P4c3 expression levels in Aopil were
highly similar to WT and binding was slightly, but not significantly, decreased in Aopil
compared to WT (Figure 2.9 C, D).

As integration of chaperones integral to antibody folding showed improvement in
antibody expression levels in EBY 100, we pursued this strategy to enhance BYDIs Aopil
antibody display. We constructed two libraries of chaperones with three different
promotor strengths in order to determine the best chaperone combination and expression

strength for antibody display through flow cytometry-based cell sorting. One library
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expressed human chaperones while the other used their yeast homologues instead. Table
2.1 depicts the chaperones in each library. Additionally, a non-coding spacer was
included in the libraries at each chaperone position as a negative control. The libraries
were integrated into BYDis Aopil containing either Ma6 or Ma580. Selection for
increased expression and binding did give rise to an AF-647+ population (Figure 2.9 E);
however, AF-647 staining in the absence of antigen showed an undistinguishable increase
in AF-647 signal. Therefore, the AF-647+ population cannot be attributed to improved
binding (Figure 2.9 F). Single clones derived from AF-647+ cells showed discrete
modes of fluorescence within the same population. This heterogeneous cell behavior did
not seem linked to cell size or granularity, as highly AF-647 positive cells’ scatter
patterns were consistent with that of typical fluorescent cells of the population (Figure

2.10).

2.3 MATERIALS AND METHODS
Strains and media. E. coli strain DH10B was used for all routine cloning of yeast

and mammalian constructs. S. cerevisiae strain EBY100 (MATa AGAL:.GAL1-
AGAL::URA3 ura3-52 trpl leu2-delta200 his3-delta200 pep4::HIS3 prbdl.6R canl
GAL) was acquired from ATCC (cat. no. MYA-4941) and initially used for antibody
expression and selection. BY4741 (MATa his3Al leu2A0 metl5SA0 ura3A0) was
engineered to display antibodies. BY4741 was a kind gift from Dr. Elizabeth Gardner.
Human chaperones were acquired as gBlocks from IDT. Yeast orthologue chaperones

were amplified from yeast genome extractions of EBY100 with gene-specific primers.
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The four EBY100 strains created were PDI, BiP, PDI and BiP, and a non-coding spacer
sequence (YTK part 048)!Y7. All chaperones were genomically integrated as an
expression cassette in the HO locus under constitutive promoters. Routine culture was
performed using YPD (Takara, cat. no. 630409). Antibody transformants were selected
based on leucine prototrophy after genome integration (Takara cat. no. 630310). HO
locus integrations were selected based on histidine prototrophy. Antibody expression was
induced in YEP-galactose (1% yeast extract, 1% bacto-peptone, 0.5% NaCl, 2%
galactose, 0.2% glucose).

Antigens and antibodies. Biotinylated JP (biotin—
KQPADGNPDPNANPNVDPN) and NANPs (biotin-
NANPNANPNANPNANPNANPNANP) were obtained from ABclonal and labeled with
streptavidin-AF647 (Invitrogen, cat. no. S32357). Recombinantly expressed D614G
contained a StrepTag Il that was used for labeling by a rabbit anti-StrepTag Il antibody
(Biovision Cat. no. 3988-100) and a secondary label of goat anti-rabbit AF-647 (Fisher
Scientific Cat. A27040). Fabs were labeled with anti-FLAG M2-FITC (Sigma, cat. no.
F4049) or mouse anti-FLAG (Sigma Aldrich cat. no. F3165-1MG) with goat anti-mouse
AF-488 (Fisher Scientific cat. no. A28175).

Antibody assembly and bacterial transformation. Antibody VH and VL
sequences were amplified from Twist vectors with AaRI overhangs for assembly into
custom antibody display vectors. Golden Gate assemblies were prepared in 20 pL

reactions as follows: 2 pL 10X AARI buffer (Thermo Fisher Scientific, cat. no. B27), 0.4
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puL 50X oligo buffer (ThermoFisher Scientific, cat. no. ER1582), 0.2 uL. 100 mM ATP
(ThermoFisher Scientific, cat. no. R0441), 20 fmol backbone DNA, 40 fmol VH and VL
amplicons, 0.5 pL (2 U/uL) AaRI endonuclease (ThermoFisher Scientific, cat. no.
ER1582), and 0.5 pL T7 ligase (3000 U/uL) (NEB, cat. no. M0318). Thermocycling
protocol was: 37°C, 2 min, 16°C, 1 min; go to step 1, x29; 37°C, 30 min; 80°C, 15 min;
hold at 4°C. Routine cloning was performed using Mix and Go (Zymo Research T3001)
competent DH10Bs.

Transformation into yeast and protein expression. Purified plasmids were
linearized for integration into the yeast genome via homologous recombination at the
LEU2 or HO locus. For each 1 pg of plasmid, 0.5 pL NotI (10 units/uL) (NEB, cat. no.
R0189) was used with the supplied buffer 3.1 in 10 pL. Reactions were incubated at 37°C
for a minimum of 5 hours and heat-inactivated at 80°C for 15 min. EBY100, BY4741,
and BYDis were transformed according to the FrozenEZ kit instructions (ZymoResearch
T2001) and plated on selective media. After 2-3 days, single colonies were picked into
selective media to confirm transformation. Prior to induction of Fab expression, yeast
were grown up overnight. Confluent cultures were washed in YEP-galactose prior to
induction and diluted 1:10 into a final volume of YEP-galactose. EBY100 was induced
for 48 h at 20°C with shaking. BYDis expression was tested at a range of temperatures
and induction lengths.

CRISPR/Cas-9 mediated genome engineering. Gene-specific gRNAs were

selected using GeneiousPrime software tools and cloned into CEN Cas9 plasmids. For
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gene deletions, non-coding repair DNA was designed with homology to the 5 and 3’
genomic overhangs. OPI1 and the proteases Barl, Pep4, and Prbl were knocked out
essentially as described previously'?. Deletion was confirmed by genomic PCR.

Fab labeling and selection. Induced cultures were harvested, and 108 cells were
washed with PBSA buffer (1X PBS, 2 mM EDTA, 0.1% Tween-20, 1% BSA, pH 7.4).
Antigen was incubated with cells in 100 uL in PBSA at RT for 1 h, repeated PBSA wash
at 4°C, and subsequently labeled with secondary antibodies as appropriate. Cells were
washed and resuspended in 300 uL of cold PBSA for flow cytometry on a Sony SA3800.
Chaperone libraries were handled as described in section 3.3 and sorted on a Sony

SH800.

2.4 DISCUSSION
Here we describe the development of a yeast display strain that efficiently

expresses native Fab antibody format to facilitate rapid downstream antibody candidate
validation. To achieve this, we implemented a synthetic biology-inspired workflow to
allow easy assembly and surface display of immune repertoire libraries. Basing the
design of our novel display strain on the common laboratory strain BY4741 made BYDis
compatible with modern tools used in yeast biology, and may enable more researchers to
adopt yeast surface display as an experimental approach. BYDis is not limited to
antibody display, as in theory any protein can be coupled to the AGA2 anchor to achieve

surface display. Importantly, BYDis reduces antibody induction time to one-day,
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compared to the two-day induction period typically adhered to when using EBY100. This
enables faster rounds of selection and quicker identification of candidate antibodies.

We deleted OPI1 in EBY100 and BYDis and showed that Aopil might positively
influence antibody expression and binding. Further testing using more antibodies of
different intrinsic expression abilities in BYDis Aopil is warranted. Additionally, OPI1
deletion coupled with expression of chaperones should be explored, as ER enlargement
and chaperone upregulation can occur concomitantly in antibody-secreting cells and work
cooperatively. Chaperone library selection led to enrichment of a cell population that
stained positive for AF-647 in the absence of antigen, suggesting an adhesive phenotype.
To avoid aberrant phenotype selection, rationally designed chaperone strains can be
constructed and tested instead.

In summary, our discovery platform enables facile high-throughput repertoire
interrogation. Our approach is agnostic to the source of immune repertoires, and can
equally mine naive, antigen-experienced, donor-derived, or synthetic libraries. BYDis
can yield candidate antibodies in a shorter time frame than previously possible, and the

use of Fabs allows more precise characterization and faster downstream development.
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Figure 2.1 ScFv structure. Single chain variable fragments (scFvs) contain only
antigen-binding variable domains and a covalent linker. The linker can have multiple
configurations.

51



A
VH
BiP >
SH
QO
D
Vv
" Vi
+ CL
SH Dy
SH
F
VH Vi
|
@)
SH e
SH

BiP

cisPro  VH

1

Vi

transPro

SH B S \/ &

Vi

VH

>
)

C
P
4 S

&

Figure 2.2 Chaperone mediated folding of antibody Fab fragments. A The unfolded



constant domain of the heavy chain (CH1) is bound by the holdase BiP; cysteines are in
their reduced state. B A PDI chaperone oxidizes the two intradomain disulfide bond-
forming cysteines. C An NEF cofactor catalyzes the exchange of ADP to ATP in BiP’s
ATPase domain, causing structural rearrangement to release CH1. D The still largely
unfolded CH1 domain associates with its native binding partner, the constant region of
the light chain (CL). The interaction causes CH1 to begin the collapse into its folded
state. E A conserved proline residue needs to undergo bond isomerization from the trans
to the cis state, assisted by PPlases, to avoid a stable folding intermediate. The CH1
domain collapses into its native immunoglobulin fold. F After reoxidation by an
oxidoreductase (ERO1, depicted), PDI oxidizes the cysteine residues forming the
interdomain disulfide bond. G The two subunits then form a stable dimer.

53



Chaperone S. Figure
Function Homo SaDiens cerevisiae 2.2 | Ref
P homologue | Panel
| Holdase BiP KAR2 A 126
Protein
I Disulfide PDIA1 PDI1 B 108
isomerase
Nucleotide
HYOU1 127
Il e>}change (GRP170) LHS1 C
actor
Y Pelptldyl-prolyl CypB CPRS £ 128
somerases
V | Oxidoreductase ERp57 ERO1 F 129

Table 2.1 List of chaperones and their function during antibody folding.
All human chaperones listed have been directly linked to antibody folding (references

provided), and the yeast chaperones are functional orthologues with endogenous yeast
proteins as clients.
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Figure 2.3 Modularly designed antibody display platform. A Antibody display
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Figure 2.4 Influence of chaperones on antibody Fab expression in EBY100. A
Expression levels monitored by FITC of Ma6, Ma663, and Ma580 in EBY100 co-
expressing chaperones or a non-coding spacer sequence determined by flow cytometry B
Expression levels of Ma6 are significantly improved in P&B and PDI chaperone strains.
C Ma663 expression is significantly improved in the double chaperone strain compared
to PDI alone. D Ma580 expression is not significantly improved by the presence of
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chaperones compared to the spacer control. Analyzed through one-way ANOVA with
Tukey’s multiple comparison (****=p<(.0001, ns=not significant).
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Figure 2.5 Characterization of antibody binding through YSD. A-D Yeast-displayed
Fab Ma663 binds JP but not NANP6 (A) and no binding to JP or NANPG6 can be detected
for Ma580 (A, C). Ma6 Fab binds NANP6 but not JP (B, D).

58



Ma580 1.0-
1500 4
* 0.8+
0.6
g 1000 4 > Q§
= O 0.4+ — AOPI1 EBY100
€ s500- a3 — WT EBY100
o,o-wmm
0~ 0:00:00 0:50:00 1:40:00 2:30:00
Q& Q& Time [hours])
Q\\ A
O N
v &
C

Immediately after removal ~ 3min after removal from
from shaking incubator shaking incubator

Figure 2.6 Characterization of Aopil in EBY100. A Flow cytometry testing of
knockout of OPI1 in EBY100 increases expression of Ma580 in P&B chaperone strain
p<0.0001 unpaired t-test. B Aopil shows normal growth behavior compared to WT. C
However, liquid cultures settle and flocculate at an accelerated rate compared to WT.
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Figure 2.7 Characterization of novel display strain BYDis. A-C The Fab P4c3
displayed the best binding and expression when induced at 25°C for one day. Depicted is
the mean of biological triplicate repeats, *=p<0.05 ****=p<0.0001 one-way ANOVA,
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Tukey’s multiple comparison. D-F Comparison of BYDis expression and binding to
EBY100 WT under equivalent conditions.
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Figure 2.8 BYDis displays a more homogeneous cell population after one-day
induction than EBY100. A-C Comparison of the percentage of cells in quadrant 4, i.e.,
non-expressing (-FITC) and non-binding (-AF-647) between BYDis and EBY100 at the
different conditions tested. D-E Expression and binding profiles of P4b3 in BYDis.
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discrete cell staining patterns. The distinct cell groups were backgated to determine
whether enlarged cell size correlated to greater fluorescent signaling.
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CHAPTER 3: SARS-CoV-2 Infection Elicits Convergent Immune
Responses and a Neutralizing N-Terminal Domain Antibody Targets an
Antigenic Supersite

3.1 INTRODUCTION
The emergence of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-

2) in Wuhan, China in late 2019 and its rapid spread across the globe caused a pandemic
reminiscent of the 1918 influenza outbreak. The divergence of SARS-CoV-2 from
common cold coronavirus strains resulted in the absence of preexisting immunity which,
coupled with its airborne nature, enabled accelerated transmission. Though distinguished
by its speed of transmission and the severity of symptoms associated with coronavirus
disease 19 (COVID-19), SARS-CoV-2 is only the latest in a long line of emerging

zoonotic pathogens. Prior to SARS-CoV-2, the World Health Organization warned of the
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spread of bird flu (H5N1, avian influenza strain infecting humans)*°, swine flu (2009-
2010 outbreak of HIN1)%*!, Zika virus (transmission from mosquito to humans, which
can cause microcephaly in fetuses, first reported in 2015)*3?, Ebola virus (suspected to be
transmitted from fruit bats and causes often fatal hemorrhagic fever, most recent outbreak
2014-2016)*3, and the historic 1918 H1N1 influenza strain (suspected avian origin)*,
Although the zoonotic origin of SARS-CoV-2 is debated, evidence strongly indicates its
crossover to humans from bats via an intermediary animal host!*>-137, This recent history
of animal-borne diseases spreading to humans emphasizes how vulnerable we are to
novel microbial threats, and how urgently we need rapid methods of intervention.

Functional immune repertoire interrogation enables analysis of the primary
immune response to emerging pathogens to identify newly elicited antibodies. Protective
antibodies can function therapeutically once a patient is infected or be used
prophylactically to prevent infection. Antibodies against previous coronavirus strains,
such as middle eastern respiratory syndrome coronavirus (MERS-CoV) and severe acute
respiratory syndrome coronavirus (SARS-CoV) were largely unable to bind SARS-CoV-
2 and the degree of sequence divergence between strains limited cross-reactivity!3e,
Coronaviruses have a limited number of surface antigenic targets and only the spike
protein (S-protein) elicits neutralizing antibodies**°.

The S-protein is a homo-trimer that initiates viral cell entry by binding
angiotensin-converting enzyme 2 (ACE2)%4%142 which is expressed in lung endothelium

and other tissues. The S-protein contains S1 and S2 domains!*. The S2 domain is
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anchored in the viral membrane and forms a stalk of alpha-helices before connecting to
the S1 domain at its apex. The S2 apex contains a furin cleavage site for post-
translational cleavage of S-protein into S1 and S2, and the fusion peptide (FP), which is
essential for viral envelop fusion with host membranes. S1 is further functionally divided
into the receptor-binding domain (RBD), which engages ACE2 and the N-terminal
domain (NTD), which is heavily glycosylated and may contribute to host cell surface
adhesion'#4145, The S-protein is highly dynamic and its ability to switch from a pre-fusion
to a post-fusion conformational state is indispensable for SARS-CoV-2 infectivity'46. The
RBD of the trimer can assume compacted or extended RBD ‘down’ or ‘up’
conformations. In the up conformation, RBD can bind ACE2 to expose an S2 cleavage
site proximal to FP4’. After S2 cleavage, S-protein can assume its irreversible post-
fusion state.

Functional immune repertoire analysis of COVID-19 patients reveals that
neutralizing antibodies predominantly target the RBD and NTD of the S1 domain4-153,
However, selective pressure on these epitopes induces the emergence of SARS-CoV-2
escape mutants. Cell culture experiments demonstrate that the virus can quickly mutate
single epitopes to evade individual neutralizing antibodies'®. Antibody cocktails that
combine two or more antibodies targeting different epitopes limit viral escape. A
prominent example of a therapeutic mAb cocktail is REGN-COV2, which contains
REGN10933 and REGN10987 and targets two distinct RBD epitopes. REGN-COV2

gained FDA emergency use authorization to treat COVID-198%%,
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Since the spread of the original Wuhan SARS-CoV-2 strain, the virus has
displayed a high propensity to evolve fitness-increasing mutations, including D614G in
its S2 domain, which arose early in 2020 and quickly outcompeted the Wuhan strain
because of its increased infectivity'®. The glycine substitution reduces spontaneous S1
shedding in the absence of previous receptor docking!®®. While D614G did not affect
antibody binding to RBD and NTD epitopes, emerging variants alpha (B.1.1.7) and beta
(B.1.351) began to accumulate mutations in these regions. REGN-COV2 continued to
neutralize alpha and beta but with reduced potency'>-1%°, Similarly, variants circulating
in Houston during the first half of 2020 already possessed S-protein mutations that
detrimentally affected the binding of neutralizing antibodies elicited to the original
Wuhan-Hu-1 S-protein'®, The trend of increased immune evasion and higher
transmissibility continued with the global dissemination of delta in 2021 The aa
substitution P681R close to the S-protein’s furin cleavage site may increase infectivity by
making the site more accessible!®?, However, delta immune evasion is driven by nine
amino acid mutations in S-protein that are located throughout the RBD, NTD, and S2163,
This drift in the antigenic landscape of the spike demonstrates a critical need to identify
neutralizing antibodies to a broad spectrum of non-overlapping epitopes on the S-protein
to achieve potent and persistent neutralization.

To achieve this goal, we mined immune repertoires of COVID-19 patients using a
parallel strategy to discover circulating serum antibodies through immunoglobulin

sequencing (lg-Seq) and yeast surface display-based selections of combinatorially paired
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VH:VLs from BCR repertoires. Ig-Seq is a powerful technique to obtain information
about the circulating serum antibody repertoire. Once antibodies have been secreted by
their B-cells, the genotype to phenotype linkage is lost and sequence determination
requires sophisticated proteomic-based methods. Georgiou et al. first developed a
workflow that enabled the identification of antigen-specific, circulating antibodies from
donor serum?'®, Initially, all serum-secreted antibodies are bound to a Protein A column
and antigen-specific immunoglobulins are subsequently separated by affinity
chromatography. Protease digestion creates peptide fragments that can be analyzed via
mass spectrometry. The mass of each peptide is then correlated to a reference library of
VH sequences from peripheral B-cells of the same donor, re-establishing phenotype and
genotype linkage. 1g-Seq provides insight into which antibodies actively mediate
protection during an infection or respond to immunization6®1%6 Antibodies identified

from serum often have desirable therapeutic attributes, such as serum stability.

The YSD arm of our discovery platform displayed combinatorial VH:VVL Fab
fragments and selected high-affinity binders through multiple rounds of selection.
Combined, YSD and Ig-Seq yield a synergistic strategy to discover antibodies from the
secreted and circulating repertoire. Especially during primary immune responses, probing
both repertoires is advantageous, as optimal sample harvesting time points can only be
estimated. Through this strategy, we identified 32 neutralizing antibodies that target a
breadth of epitopes, including the RBD, NTD, and elusive S2 subunit. We gained

valuable insight into the SARS-CoV-2 antibody response and detected increased usage of
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family three heavy V-genes in S-protein-specific antibodies across multiple donors. We
report the structural characterization of an NTD supersite-directed antibody and the

discovery of an ultrapotent 18 pm IC50 neutralizer.

3.2 RESULTS

3.21 YSD and lg-Seq ldentify SARS-CoV-2-Specific Antibodies from
Human Donors

Our two-pronged approach of 1g-Seq and YSD enabled us to mine the BCR and
circulating serum antibody repertoire. Blood samples from symptomatic COVID-19
donors during the first wave of SARS-CoV-2 infections in Austin (TX) were separated
into PBMCs and serum. We isolated unpaired heavy and light chain antibody sequences
from the PBMCs, and VH and VL sequences were amplified separately by multiplex
PCR after reverse transcription of total mMRNA. After the addition of restriction enzyme
sites 5’ and 3’ of the variable gene sequences, light and heavy chains were ligated into
our YSD vectors and subsequently integrated into S.cerevisiae strain EBY100 containing
the chaperones BiP and PDI. IgG and IgM amplicon libraries were submitted for MiSeq
sequencing.

We tracked the collapse of repertoire diversity and enrichment of SARS-CoV-2
specific antibodies over three rounds of selection with the two proline-stabilized (S2P)
ectodomain (ECD) of the Wuhan-Hu-1 S-protein using a diverse gating strategy to

account for different expression levels within the Fab library (Figure 3.1A). Initially, 62
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different IGHV genes were detected in IgG and IgM libraries. Through the selection,
non-antigen-specific antibodies were depleted, and different donors showed similar but
distinct V-gene enrichment (Figure 3.1 B,C). Both Donor 1 (D1) and Donor 2 (D2)
antigen-specific antibodies were dominated by IGHV3-30 and the very closely related V-
genes, IGHV3-30-3 and IGHV3-30-5. This finding is consistent with others noting the
increased occurrence of IGHV3-30 antibodies in SARS-CoV-2-specific repertoires
compared to healthy donors*®” and specifically in RBD-directed neutralizers!6®,

In both D1 and D2, the frequency of IGHV3-30, IGHV3-30-3, and IGHV3-30-5
is higher in IgM antibodies compared to the IgG repertoire. This might indicate that
IGHV3-30, -3, and -5 antibodies are newly elicited by SARS-CoV-2 infection, rather
than recalled from previous encounters with related coronaviruses, as they have not yet
undergone class switching at blood draw. Over the three rounds of selection, IGHV3-30,
-3, and -5 accounted for over 40% of mAbs in some samples (Figure 3.1D) and the
overall IGHV diversity decreased (Figure 3.1E). In addition to sequencing each gate,
yeast were plated on selective media after sorting to isolate single clones and assess them
through phenotyping against the ECD and RBD in a high-throughput flow cytometry
assay (Figure 3.2A). Candidates for mammalian expression of full-length IgG were
selected based on expression-normalized binding (Figure 3.2B). IGHV3-30, -3, and -5
were enriched in candidate mAbs from each donor; however, D1’s most frequent
sequence was IGHV4-34, and D2 additionally showed enrichment for IGHV3-21 (Figure

3.3A, B).
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At the same time, SARS-CoV-2 S-protein-specific antibodies were isolated from
serum through affinity chromatography and subjected to tandem mass spectrometry. We
identified 15 distinct CDRH3 peptides for Donor 1 and 21 for Donor 2 in pull-downs
against the S-protein ectodomain (ECD) and RBD (Figure 3.4). These clonotypes were
mapped back to the donors’ personalized VH reference libraries, and full-length VH
sequences were constructed. Similar to the V-gene distribution found in the antigen-
specific YSD-isolated antibodies, 1g-Seqg-derived VHs predominately use 1IGHV3-30,
IGHV3-30-3, and IGHV3-30-5 and other IGHV3 family members. Additionally, IGHV1
family members 1-18, 1-24, and 1-69 were observed frequently (Figure 3.5A). As light
chain partner information is lost during the lg-Seq workflow, lg-Seq-derived VH
sequences were combinatorially paired with donor VL sequences through ligation into
YSD vectors and subjected to selection of VH:VL pairs. VH sequences preferentially

paired with IGKV1(D)-39, IGKV4-1, IGLV1-40, and IGLV1-51 (Figure 3.5B).

3.2.2 1g-Seq and YSD ldentify Potent Neutralizers Against All SARS-CoV-2 S-
Protein Subdomains

We screened candidate mAbs via ELISA against the S2P spike ectodomain
(ECD), RBD, NTD, and S2. Binders were selected for live virus neutralization testing by
USAMRIID based on their antigen-binding profile. YSD and 1g-Seq-discovered heavy

chains showed significant overlap in V-gene usage as expected; however, each technique

73



identified additional non-overlapping V-gene clonotypes (Figure 3.6A), underscoring the
usefulness of interrogating the secreted and cellular repertoire for antibody discovery.

Seventeen 1g-Seq-YSD pairs comprising ten clonotypes neutralized authentic
SARS-CoV-2. YSD-YSD VH:VL pairing discovered 15 neutralizing VH:VL pairs from
10 clonotypes (Figure 3.6B, Table 3.1). Of these 32 neutralizing mAbs, the heavy chain
V-genes IGHV1-24, and IGHV3-30 comprised the majority of pairs. Additional
neutralizing clonotypes identified were IGHV1-69, IGHV3-11, IGHV3-20, IGHV3-23,
IGHV3-30-3, IGHV3-66, and IGHV4-31. IGHV1-69, IGHV3-11, IGHV3-20, IGHV3-
23, and IGHV3-66 each paired exclusively with one light chain, while IGHV1-24,
IGHV3-30, IGHV3-30-3, and IGHV4-31 formed multiple pairs, with light chain V-gene
usage varying between clonotypes of the same VH-gene (Figures 3.7A, B).

Three distinct IGHV1-24 clonotypes — two derived from 1g-Seq and one from
YSD - vyielded ten VH:VL pairs, all of which mapped to the NTD. IGHV1-24 VH A7
emerged as a potent neutralizer in combination with four different VVLs. Three of the
partnered light chains were highly similar variations of IGLV1-51 (VH:VL pairs A7V3,
A7V131, A7V132) and the resulting mAbs ranged in IC50 from 0.305 nM to 1.39 nM.
The most potent A7 pair used the less frequently observed 1IGLV2-8 with an IC50 of
0.018 nM. Notably, A7 exclusively paired with lambda light chains. A different
ultrapotent IGHV1-24 VH, 12C, also formed a highly neutralizing pair with IGLV1-51
(12C114, 1C50=0.35 nM) but was able to pair with more diverse VL genes, including two

pairs with the Kappa V-gene IGKV1-39 (12C130 and 12C113). Interestingly, 12C also
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formed two pairs with 1IGLV1-40, 12C115, and 12C112, which varied significantly in
IC50 from 1.929 nM to over 300 nM, despite largely identical sequences. This finding is
inconsistent with the tightly spaced IC50 distribution of the IGLV1-51-utilizing A7
neutralizing pairs. The YSD-derived IGHV1-24 VH Q7 also paired with a lambda V-
gene, IGLV3-19, and displayed an IC50 of 0.98 nM, making it the sixth sub-nanomolar
IGHV1-24-based neutralizer.

Of the ten IGHV3-30 based neutralizers, four clonotypes were identified via YSD
and five through Ig-Seq. The nine IGHV3-30 CDRH3 sequences possessed remarkable
diversity and ranged in length from 6 aa (9C) to an uncommonly long 27 aa (8C). While
all IGHV1-24 VH-based neutralizers targeted the NTD, nine IGHV3-30 VHs bound
different subdomains of S-protein, including the RBD, NTD, and S2. Despite the
diversity in CDRH3 and epitope specificity, the ten IGHV3-30 neutralizers showed a
preference for a narrow range of light chain VV-genes, specifically IGLV1-40 and IGKV1-
39, which they paired with eight times. IGHV3-30 pairs displayed weaker neutralization

potency compared to IGHV1-24 mAbs, varying from 20 nM to >300 nM 1C50s.

3.2.3 A7V3 Binds NTD and Protects SARS-CoV-2 Challenged Mice
We identified A7V3 as a promising candidate early in the screening process and

observed A7’s V-gene IGHV1-24 in combination with an IGLV1-51-utilizing light chain
several times during selection. Three additional neutralizers also possess this VH:VL
pairing. Despite the strong preference for IGLV1-51, A7V3 is likely a non-cognate

VH:VL pair, as its 1g-Seq-derived VH A7 could be traced to Donor 1 and its IGLV1-51

75



light chain to Donor 2. To determine how A7V3 mediates binding to the S-protein and
investigate the potential significance of an IGLV1-51 pairing, our collaborators solved a
cryo-EM structure of A7V3 Fabs bound to the SARS-CoV-2 S-protein.

The 3.0 A-resolution map confirmed ELISA-based epitope mapping and showed
one A7V3 Fab fragment bound to each NTD of the spike trimer (Figure 3.8A). Structure
refinement efforts focused on one Fab with clear density and produced a defined binding
interface with the NTD (Figure 3.8B). Examination of the binding interaction revealed
an analogous role of A7V3’s heavy chain in N3 and N5 loop binding, as described for the
first structurally characterized NTD-directed mAb 4A8%2 4A8 also possessed an
IGHV1-24 heavy chain but had a longer CDRH3 and paired with IGKV2-24. A7V3’s
CDRH1, CDRH3, and CDRL2 formed a clamp-like conformation that pinned the highly
flexible NTD loop 5 (residues 246-260) into a fixed position (Figure 3.8C). Tyr49 and
Pro55 in CDRL2 cooperated with CDRH3 Trp100d to encase Pro251 at the tip of the N5
loop through hydrophobic interactions. Hydrogen bonds contributed to binding through
CDRH3’s Asp101 interaction with Tyr248’s hydroxyl group. Glu31 in the CDRH2 likely
forms a salt bridge with Arg246, consistent with interactions reported for 4A8%°2. Pro97
and Phe98 of the CDRH3 were inserted into a ridge formed between the N5 and N3 loop
(Figure 3.8D). Contacts with the N3 loop (residues 141-156) were less extensive and
mediated by the CDRH1 and CDRH2, both in A7V3 and 4A8. Overlay of the CDRHs of
A7V3 and 4A8 demonstrate how similar binding interactions were in the common

sequence space (CDRH1 and CDRH2) before diverting because of the distinct CDRH3
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architectures (Figure 3.8E). For both A7V3 and 4AS8, the light chain made limited
contacts with the NTD and likely contributed more significantly through structural
stability for the VH.

Collaborators at Professor Reizis’s laboratory at the New York University School
of Medicine performed protection assays in mice. Mice were challenged with SARS-
CoV-2 in the absence or presence of A7V3 and their vitals and disease progression were
assessed. On day four after infection, mice receiving A7V3 had lower lung virus titers
(Figure 3.9A) and showed reduced levels of weight loss compared to controls (Figure
3.9B). Most importantly, mice receiving A7V3 maintained a 100% probability of survival
over four days, whereas unprotected mice dropped to 50% (Figure 3.9C), indicating that

A7V3, an NTD-directed antibody, protects mice from disease.

3.3 MATERIALS AND METHODS
Strains and media. E. coli strain DH10B was used for all routine cloning of yeast

and mammalian constructs. Yeast strain EBY100 (MATa AGAL1::GAL1-AGA1::URA3
ura3-52 trpl leu2-delta200 his3-delta200 pep4::HIS3 prbd1.6R canl GAL) was acquired
from ATCC (cat. no. MYA-4941) and used for antibody expression and selection. To
improve antibody expression, the human chaperones BiP (binding immunoglobulin
protein) and PDI (protein disulfide isomerase) were genomically integrated as an
expression cassette in the HO locus. Yeast were grown in rich medium (YPD; Takara,
cat. no. 630409) or in selective medium for leucine prototrophs after library

transformation (Takara cat. no. 630310). YEP-galactose was used for expression of
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displayed antibody libraries (1% yeast extract, 1% bacto-peptone, 0.5% NaCl, 2%
galactose, 0.2% glucose).

Antigens and antibodies. Stabilized spike ECD antigen S-2P was biotinylated
using the EZ-link kit (Thermo Scientific, cat. no. 21435) and labeled with streptavidin-
AF647 (Invitrogen, cat. no. S32357). RBD was labeled with a mouse anti-human Fc-
AF647 (Southern Biotech, cat. no. 9042-31). Fab library light chains were labeled with
anti-FLAG M2-FITC (Sigma, cat. no. F4049).

Donors. Blood was collected from three PCR-confirmed, symptomatic patients.
Donors 1 and 2 samples were collected at day 12 post symptom onset. None of the
donors were hospitalized or experienced severe disease. PBMCs and plasma were both
collected by density gradient centrifugation using Histopaque-1077 (Sigma-Aldrich).

Preparation of serum antibodies for 1g-Seq proteomic analysis. Serum
samples were prepared for 1g-Seq analysis as previously described!®®. Briefly, total 1gG
was isolated from plasma using Pierce Protein G Plus Agarose (Pierce Thermo Fisher
Scientific) and cleaved into F(ab’)2 fragments with IdeS protease. Antigen-specific
F(ab’)2 was enriched by affinity chromatography against recombinant SARS-CoV-2 S-
2P or RBD protein cross-linked to NHS-activated agarose resin (Thermo Fisher
Scientific). Eluted F(ab’)2 fractions were concentrated by vacuum centrifugation and
prepared for mass spectrometry-based proteomic analysis as previously described*,

LC-MS/MS analysis of antigen-enriched antibodies. Liquid chromatography-

tandem mass spectrometry analysis was carried out on a Dionex Ultimate 3000
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RSLCnano system coupled to an Orbitrap Fusion Lumos Mass Spectrometer (Thermo
Scientific). Samples were loaded onto an Acclaim PepMap 100 trap column (75 um x 2
cm; Thermo Scientific) and separated on an Acclaim PepMap RSLC C18 column (75 pm
x 25 cm; Thermo Scientific) with a 3%-40% acetonitrile gradient over 60 min at a flow-
rate of 300 nL/min. Peptides were eluted directly into the Lumos mass spectrometer using
a nano-electrospray source. Mass spectra were acquired in data-dependent mode with a 3
s-cycle time. Full (MS1) scans were collected by FTMS at 120,000 resolution (375-1600
m/z, AGC target = 5E5). Parent ions with a positive charge state of 2-6 and minimum
intensity of 3.4E4 were isolated by quadrupole (1 m/z isolation window) and fragmented
by HCD (stepped collision energy = 30+/-3%). Fragmentation (MS2) scans collected by
ITMS (rapid scan rate, AGC target = 1E4). Selected ions and related isotopes were
dynamically excluded for 20 s (mass tolerance = +/-10ppm).

Antibody variable chain sequencing. Peripheral blood mononuclear cells from
processed donor samples were provided in Trizol as a kind gift from Dr. Gregory C.
Ippolito!®3. 1gG and IgM VH and VL cDNA libraries were separately amplified from
PBMC RNA of three donors and sequenced to create donor-specific reference databases,
from which the complete amino acid sequences of serum IgG proteins could subsequently
be determined based on their mass spectral identifications

Ig-Seq MS data analysis. Mass spectra were analyzed using Proteome
Discoverer 2.2 software (Thermo Scientific). Precursor masses were first recalibrated

with the Spectrum File RC node using a consensus human reference proteome database
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(UniProt) with common contaminants (MaxQuant) and precursor mass tolerance of 20
ppm. Recalibrated mass spectra were searched against a custom database for each donor
consisting of donor-derived VH sequences, VL sequences, and the human and
contaminant sequences using the Sequest HT node. Mass tolerances of 5 ppm (precursor)
and 0.6 Da (fragment) were used. Static carbamidomethylation of cysteine (+57.021 Da)
and dynamic oxidation of methionine (+15.995 Da) were considered. False discovery
rates for peptide-spectrum matches (PSMs) were estimated by decoy-based error
modeling through the Percolator node. Label-free quantitation (LFQ) abundances were
calculated from precursor areas using the Minora Feature Detector and Precursor lons
Quantifier nodes.

Resulting PSMs were filtered as previously described®®. Briefly, peptide
sequences differing only by isoleucine/leucine substitution were considered equivalent
and combined into a single PSM. PSMs were re-ranked by posterior error probability, g-
value, and Xscore. Only top-ranked, high-confidence PSMs (FDR <1%) were retained for
each scan. If two or more PSMs had identical top-ranked scores, they were considered
ambiguous and removed. PSMs for the same peptide sequence were summed and the
average mass deviation (AMD) was calculated for each peptide. Peptides with AMD
greater than 2 ppm were filtered out. Peptides mapping to VH sequences from a single
clono-group were considered clono-specific. Clono-specific peptides overlapping the

CDR3 sequence by four amino acids or more were considered CDR3-informative.
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For each clono-group, PSMs and LFQ abundances of clono-specific CDR3-
informative peptides were summed. Ratios of elution:flow-through PSMs and LFQ
abundances were calculated; only clono-groups with both ratios >5 were considered
elution-specific.

Library assembly and bacterial transformation. Donor B-cell VH and VL
amplicons were amplified via PCR to include adapters for cloning into yeast expression
vectors. Assembly into the yeast kappa and lambda expression vectors was done via
Golden Gate assembly. Library assemblies were prepared in 20 uL reactions as follows: 2
puL 10X AARI buffer (Thermo Fisher Scientific, cat. no. B27), 0.4 uL 50X oligo buffer
(ThermoFisher Scientific, cat. no. ER1582), 0.2 pL 100 mM ATP (ThermoFisher
Scientific, cat. no. R0441), 20 fmol backbone DNA, 40 fmol VH and VL amplicons, 0.5
pL (2 U/uL) AARI endonuclease (ThermoFisher Scientific, cat. no. ER1582), and 0.5 pL
T7 ligase (3000 U/uL) (NEB, cat. no. M0318). Each assembly was scaled up to 16 total
reactions in 8-well strips. Thermocycling consisted of the following protocol: 37°C, 15
min; 37°C, 2 min, 16°C, 1 min; go to step 2, x74; 37°C, 60 min; 80°C, 15 min; hold at
4°C. Assemblies were consolidated and column purified using Promega Binding Solution
(Promega, cat. no. A9303) to bind DNA to a Zymo-spin Il column (Zymo Research, cat.
no. C1008). The column was washed twice with DNA Wash buffer (Zymo Research, cat.
no. D4003) and eluted in 30 pL nuclease-free water. For library transformations, DH10B
E. coli cells were diluted 1:100 from confluent culture into 50 mL Superior broth

(AthenaES, cat. no. 0105). When cells reached an OD600 of 0.4-0.6, they were washed
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3X with cold 10% glycerol and resuspended to a final volume of 600 pL. The purified
library was added to cells and electroporated at 1.8 kV in an E. coli Pulser electroporator
(Bio-Rad) using Genepulser 0.2 cm-cuvettes (Bio-Rad, cat. no. 1652086) at 200 uL per
transformation.

Library transformation into yeast and protein expression. Purified libraries
were linearized for integration into the yeast genome via homologous recombination at
the Leu2 locus. For each 1 pg library plasmid, 0.5 pL. Notl (10 units/uL) (NEB, cat. no.
R0189) was used with the supplied buffer 3.1 in 10 pL. Reactions were incubated at 37°C
overnight and heat inactivated at 80°C for 20 min. Digests were pooled and column
purified as described in previous sections and eluted in 25 uL nuclease-free water. Our
strain was electroporated as described elsewhere'™. We found that 10 pg of linearized
DNA was sufficient for library sizes of 106, and that library sizes could reach >107 with
20 pg DNA. Transformed yeast were recovered in SD-Leu medium (see “strains and
media” section). Libraries were passaged once at 1:100 before protein expression to
reduce contamination from untransformed cells. To express Fab libraries, yeast were
washed in YEP-galactose (see “strains and media”) and diluted 1:10 into 10 mL final
volume. Cells were induced for 48 h at 20°C with shaking.

Fab library labeling and selection. Expressed yeast libraries were harvested at
100 pL (representing approximately 107 cells) and washed with PBSA buffer (1X PBS, 2
mM EDTA, 0.1% Tween-20, 1% BSA, pH 7.4). Antigen was incubated with cells in 1

mL in PBSA at 200 nM at RT for 1 h, washed with PBSA at 4°C, and labeled with
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secondary antibodies (mouse anti-human FITC, 1:100; streptavidin-AF647, 1:100; mouse
anti-human Fc-AF647, 1:50). Cells were washed 2X and resuspended in 2 mL in cold
PBSA for sorting. Cell sorting was performed using a Sony SH800 fluorescent cell sorter.
For first round libraries, 107 events were sorted into 2 mL SD-Leu medium supplemented
with penicillin/streptomycin (Gibco, cat. no. 15140122). Cells were recovered by shaking
incubation for 1-2 days for further rounds of selection or plated directly for phenotyping
clones.

Next-generation sequencing. Genome extraction was performed on yeast
cultures of libraries and sorted rounds underwent genome extraction using a commercial
kit (Promega, cat. no. A1120) with zymolyase (Zymo Research, cat. no. E1004). 100 ng
genomic template was used to amplify the heavy and light chains separately or as one
amplicon for short or long-read sequencing, respectively. For amplification of heavy
chain genes only, primers JG.VHVLK.F and JG.VH.R were used. For amplification of
light chain genes only, primers JG.VL.F and JG.VHVK.R or JG.VHVL.R were used for
kappa and lambda vectors, respectively. For amplification of paired genes, the primers
JG.VHVLK.F and JG.VHVK.R or JG.VHVL.R were used. Amplicons were column
purified and deep sequenced with an iSeq. In parallel, we obtained ~1.8 kb sequences
spanning the entire VH and VL using MinlON nanopore sequencing (Oxford Nanopore
Technologies Ltd., MinlON R10.3).

Colony PCR and Sanger sequencing. Sorted yeast populations were plated on

SD -Leu and 8-32 colonies per plate were picked into 2 mL-microplates either by hand or
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using a QP1X 420 (Molecular Devices) automatic colony picker. Cultures were grown at
1000 rpm at 3-mm orbit at 30°C overnight. Cells (20 pL) were transferred to a fresh
microplate and washed with 1 mL TE buffer (10 mM Tris, 1 mM EDTA). Cells were
incubated with 20 uL zymolyase solution (5 mg/mL zymolyase, 100T in TE) at 37°C for
1 h. Cells (5 uL) were then used in colony PCR to amplify the paired heavy and light
chains. Amplicons were column purified with the Wizard SV 96 PCR Clean-Up System
(Promega, cat. no. A9342), and vyields were quantified with a Nanodrop
spectrophotometer or the Quant-it Broad-Range dsDNA kit (Invitrogen, cat. no. Q33130).
Approximately 10 ng (2.5-5 uL) of purified PCR products were then subjected to Sanger
sequencing.

Long-read sequencing. Sequencing libraries were prepared from 18 amplicon
samples using the Native Barcoding Kit (Oxford Nanopore Technologies; cat. no. EXP-
NBD103) paired with the Ligation Sequencing Kit (Oxford Nanopore Technologies; cat.
no. SQK-LSK109) according to the manufacturer’s directions. Between four and eight
sequencing libraries per flow cell were pooled for sequencing on three MinlON flow
cells (Oxford Nanopore Technologies; R9.4.1) for 72 h on an Oxford Nanopore
Technologies MinlON Mk1B device (Oxford Nanopore Technologies). Raw data was
basecalled using the high accuracy model in Guppy (v.3.5.2).

Short-read sequencing (phenotyping plates). Sequencing libraries were
prepared from 308 amplicon samples using the Nextera DNA Flex Library Preparation

kit (Illumina; cat. no. 20018705) according to the manufacturer’s directions. Sequencing
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libraries were pooled and sequenced (2x151 bp) on an iSeq 100 (lllumina; California,
USA) using iSeq 100 i1 Reagents v.1 (lllumina; cat. no. 20021533).

Cryo-EM sample preparation and data collection. Purified SARS-CoV-2 S
with three RBDs covalently trapped in the down conformations (HexaPro-RBD-down
variant, S383C/D985C)(16-18) at 0.2 mg/mL, complexed with a 2-fold molar excess of
Fab A7V3, was deposited on plasma-cleaned UltrAuFoil 1.2/1.3 grids before being
blotted for 3 s with -4 force in a Vitrobot Mark IV and plunge-frozen into liquid ethane.
For the HexaPro-RBD-down-A7V3 sample, 3,636 micrographs were collected from a
single grid. FEI Titan Krios equipped with a K3 direct electron detector (Gatan) was used
for imaging. Data were collected at a magnification of 22,500x, corresponding to a
calibrated pixel size of 1.07 A/pix.

Cryo-EM data processing. Gain reference- and motion-corrected micrographs
processed Warp'* were imported into cryoSPARC v2.15.0'72, which was used to
perform CTF correction, micrograph curation, particle picking, and particle curation via
iterative rounds of 2D classification. The final global reconstructions were then obtained
via ab initio reconstruction, iterative rounds of heterogeneous refinement, and
subsequently non-uniform homogeneous refinement of final classes with C1 symmetry.
For the HexaPro-RBD-down-A7V3 sample, C3 symmetry was attempted in the initial
refinement process. Given the low occupancy of the Fabs on a trimeric spike, C1
symmetry was used for the final runs of heterogeneous and homogeneous refinement. To

better resolve the Fab-spike interfaces, both datasets were subjected to particle
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subtraction and focused refinement. Finally, both global and focused maps were
sharpened using DeepEMhancer’3. For A7V3-NTD model building, we used an NTD
from the 4A8 complexed spike structure (PDB ID: 7C2L'"#) and a homologous Fab
structure (PDB ID: 6IEK) as an initial model to build into map density using UCSF
ChimeraX'’>, Both models were further built and iteratively refined using a combination
of Coot'’®, Phenix'’’, and ISOLDE*",

Antibody protection assay in MA10 mouse model. The MA10 mouse model
was constructed previously as a mouse ACE2 adapted pathogenic SARS-CoV-2 strain for
BALB/c micel’®8  Twelve-month-old female BALB/c mice (n=5) received 200
ug/mouse A7V3 or PBS control through intraperitoneal injection. Twelve hours post-
injection, mice received lethal doses (10° or 10* PFU) of MA10 intranasally. Their body
weight was monitored daily until euthanasia on day 4 post-infection by isoflurane
overdose. The right caudal lung lobe was excised and preserved in PBS at -80°C. Viral
lung titers were determined through plagque assays performed on Vero E6 cells. The UNC

Chapel Hill IACUC protocol for mouse research is 20-114.

3.4 DISCUSSION
We used an integrative approach to discover 32 neutralizing antibodies with

specificity for each S-protein subdomain. We report a repertoire polarization towards
heavy chains of the IGHV3 family, specifically IGHV3-30, in two SARS-CoV-2-infected
donors and the discovery of IGHV1-24 heavy chains with potent NTD-directed

neutralizing activity. These findings are consistent with other SARS-CoV-2 antibody
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discovery campaigns that noted increases in IGHV3 usage and described IGHV1-24
NTD binders (e.g., 4A8), indicating that SARS-CoV-2 evokes comparable immune
responses even in ethnically diverse patients. We describe the binding mode of A7V3 to
the N3 and N5 peptide loops of the NTD, which protects mice from developing COVID-
19 upon SARS-CoV-2 challenge. Reports of neutralization and protection through NTD-
directed antibodies were somewhat surprising early in the pandemic, as our functional
understanding of the NTD is incomplete and its role in infection is unknown.
Notwithstanding, the N3 and N5 loops have been identified as antigenic supersites that
consistently evoke convergent immune responses across different patients'®81, In
contrast to the rest of the NTD, its loops are not heavily glycosylated, which may explain
the focus of antibody recognition at this site. NTD-directed antibodies provide
neutralization and infection protection consistent with RBD-targeting antibodies. Up to
20% of donor serum antibodies show activity towards the NTD?®®!, Unfortunately, early
emerging variants, including alpha, beta, and gamma, acquired mutations in the N-loops,
causing loop architecture restructuring, thereby circumventing protection through
previously elicited NTD-directed antibodies*®?,

When omicron emerged in November of 2021, it had accumulated an
unprecedented amount of S-protein mutations: 15 in the RBD alone and 37 overal 183184,
Concerningly, the effectiveness of vaccines designed based on the Wuhan-Hu-1 spike
decreased starkly against omicron'®, Despite the great sequence divergence of S-protein,

select broadly neutralizing antibodies (bnAbs) continue to neutralize omicron by
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targeting ultra-conserved epitopes within the receptor-binding motif (RBM) of RBD*86-
190, The continued evolution of SARS-CoV-2 into more infectious strains that evade
immune detection illustrates the molecular arms race between pathogens and the human
immune system, and why functional immune repertoire interrogation is essential for our
protection. A knowledge of conserved epitopes in the RBM can inform immunization
strategies and the design of cross-protective vaccines. Additionally, antibody repertoire
mining of omicron-infected individuals will yield new therapeutic mAbs that offer
treatment options in the absence of effective vaccines. A breadth of epitope targeting is
crucial for the development of therapeutic mAb cocktails that remain effective when
challenged with an evolving pathogen.

The combination of YSD and Ig-Seg-driven heavy chain discovery identified a
greater diversity and number of clonotypes than each method on its own. Different
selection methods (e.g, column immobilized antigen vs biotinylated antigen in solution
during flow cytometry) may impact which VHs are isolated. Epitope masking through
biotin attachment at surface-exposed lysine residues is a known drawback of chemical
biotinylation but can be circumvented through the genetic addition of alternative affinity
tags. Both 1g-Seq and YSD discovered NTD and RBD-specific neutralizers; however,
only YSD identified S2-directed neutralizers. S2 epitope exposure may be greater during
YSD selection, as the assay takes place in solution, thereby increasing the chance of
spontaneous S1 shedding compared to ECD immobilization during column

chromatography. The ability to select multiple light chain partners for many VHs is an
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attractive feature of coupling YSD and lg-Seq, as it increases the pool of manufacturable
candidates. Additionally, the modularity of our synthetic biology-inspired discovery
method is easily adapted to affinity maturation and directed evolution of antibodies. The
ability to store immune repertoire libraries in yeast permits fast and efficient re-
assessment of repertoires. This expedience is highly advantageous for initiatives that aim
to develop pan-coronavirus neutralizing antibodies and vaccines, as revived yeast
libraries can easily be selected against multiple antigens'®-1%3, In summary, our pipeline
is capable of discovering therapeutic candidate mAbs in accelerated time frames from
primary immune response repertoires and provides the ability to store, combine, and

reassess repertoires, as well as study the adaptive immune response.
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Figure 3.1 YSD selection enriches antigen-specific VH:VLs. A Gating strategy over
three rounds of antibody selection for Donors 1 and 2. Frequency of specific heavy chain
V-gene occurrence in Donor 1’s (B) and Donor 2’s (C) repertoire throughout the
selection and progressive enrichment of SARS-CoV-2 spike protein-specific heavy V-
genes. White indicates no corresponding V-genes were detected. D Reduction of heavy
V-gene diversity throughout the selection, E Tracking of IGHV3-30, -3, and -5 frequency
throughout the selection (analysis shown for Donor 2)
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Figure 3.1 (continued). YSD selection enriches antigen-specific VH:VLs.
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Figure 3.2 Selection of candidate mAbs from YSD. A Spectral analyzer-obtained, representative images of different antibody
expression and binding profiles at 200 nM antigen concentration during single-clone phenotyping against the ECD (top row) and RBD
(bottom row) of the spike protein. The y-axis shows expression (FITC) while the x-axis shows binding (AF-647). Expression-
normalized binding was calculated and plotted as color intensity for every single clone assessed for binding. Clones were picked in
duplicate and placed into 96-well plates and then incubated with either the ECD (B) or RBD (C). A range of Fab-binding intensities
and epitope specificities was selected for candidate advancement.
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Figure 3.7 VH and VL usage and pairing for 1g-Seq and YSD-derived neutralizing
VH:VLs. A Ig-Seg-derived neutralizing IGHV light chain pairing distribution. B YSD-derived
neutralizing IGHV light chain pairing distribution.
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mih ¥H label IC50 [nM] VH gene H-CDR3 YL gene L-CDR3 Epitope HC source
ATV AT 0.01806 IGHY1-24 ATGSPFDRTONWFDP IGLV21-8 SSYAGSNNLA NTD IgSeq
ATVI131 AT 0.3045 IGHV1-24 ATGSPFDRTONWFDP IGLYV1-51 GTWDNSLSAGY NTD IgSeq
12C114 12C 0.3516 IGHY1-24 ATGPAYRRGSWFDP IGLY1-51 GTWDSSLSGYY NTD IgSeq
ATV3 AT 0.95 IGHV1-24 ATGSPFDRTONWFDP IGLV1-51 GTWDSSLSAVY NTD IgSeq
Q76 Q7 0.98 IGHV1-24 ATRFAYVYGDYLIDY IGLYV3-19 NSRDSSGDLVY NTD YSD
ATVI132 AT 1391 IGHY1-24 ATGSPFDRTONWFDP IGLYV1-51 GTWDSSLSAGY NTD IgSeq
12C115 12C 1.929 IGHY1-24 ATGPAVRRGSWFDP IGLY 1-40 OSYDSSLSGWY NTD IgSeq
8G91 8G 2.586 IGHY 1-69 AREQPPGRMYVPATYWHFDL IGKV1-3% QOSYSTPYT RBD IgSeq
BHYT 8H 4.955 IGHV3-30-3 ARGNWGSYYYGMDYV IGLV3-1 QSSDDSNQLY ECD YSD
BA3 BA 6.421 IGHY 3-66 ARGGYVDTYYYYGMDY IGLY 746 LLEQSGAWY NTD IgSeq
N6-316 NG 9.42 IGHV3-30-3 ARPYSGEYWGYFDY IGLYV 1-47 AAWDDSLSGPY 52 YSD
BF90 8F 11.56 IGHV3-11 ARDGITNSGYYTHFGMDY IGKV4-1 QOYNSYSRYT NTD IgSeq
8C100 8C 2045 IGHY3-30 AKDRRYYDFWSGYVGSPYYYYYYGMDY IGLY3-1 OSYGNNQGY ECD YSD
N3-63A N3 320 IGHV4-31 ARGTIYFDRSGYRRVYDPFHI IGLVE-61 TLYMGGGLLY RED YSD
P4D%6 P4 33.54 IGHV3-30 AKAPGOWLRFHYYGMDY IGLY 1-40 NSRDINSNHVL NTD YSD
12C130 12C 65.13 IGHY1-24 ATGPAVRRGSWFDP IGKV1-39 QOQSYSTPRT NTD IgSeq
N3-63B N3 81.5 IGHY4-31 ARGTIYFDRSGYRRYDPFHI IGLV1-40 QSYDGSLNDDVI RED YSD
BJ127 8 113 IGHY3-30 AKATQLFWLGQFTRDGFDI IGLY 1-40 QSYDSSLEGWY RED IgSeq
BK42 8K 124.2 IGHY3-30 ARDYGRGGY IGKV1-39 QOQSYSTRPLT NTD IgSeq
8D 107 8D 126.9 IGHY3-30 AKTSGYNLPDY IGKV1-3% QQSYSTPRT ECD IgSeq
8L63 8L 1125 IGHV3-30-3 ARAYGGGYLTPFDY IGLYV 140 NSRDSSGDLVY ECD YSD
P4D3 P4 242 IGHV3-30 AKAPGOWLRFHYYGMDY IGLYV 1-40 QSYGNNQGY NTD YSD
P4A3 P4A m IGHY3-30 ARDDTGRVGSGWYCPLY IGKV1-39 QQSYSTPLS 52 YSD
81122 81 =300 IGHY3-30 AKDRAIFYLNPRYYLDY IGKV1-5 QOYNSYPLT ECD IgSeq
SC-118 8C =300 IGHY3-30 ASPTVT IGKV1-3% QOSYSSSWT ECD IgSeq
12C112 12C =300 IGHV1-24 ATGPAVRRGSWFDP IGLYV 140 QSFDSSLSGPYY NTD IgSeq
12C113 12C =300 IGHV1-24 ATGPAVRRGSWFDP IGKV1-3% QOQSYSTRPLT NTD IgSeq
Q318 03 =300 IGHY3-30 AKQAGAYCSGGSCYSSSEADY IGLY 1-40 QSYGNNQGY RBD YSD
N5SCo N5 =300 IGHV3-23 APGRSLY IGLY 1-40 QSYDSGLSGSI 52 YSD
N3-B19 N3 =300 IGHY4-31 ARGTIYFDRSGYRRYDPFHI IGKV1-39 QOQSYSTRPLT RED YSD
MN3-63C N3 =300 IGHV4-31 ARGTIYFDRSGYRRYDFPFHI IGLY3-1 QAWDSSTYY RED YSD
Né-10B NG =300 IGHY3-30-3 ARPYSGSYWGYFDY IGLY3-1 QAWDSSTF 52 YSD

Table 3.1 Neutralizing mAbs discovered through 1g-Seq and YSD. The table lists heavy and light VV-gene usage of each VH:VL
pair, ordered from strongest to weakest IC50 [nM]. Each clonotype has a unique VH label and the last column indicates the discovery
arm through which it was isolated.
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Figure 3.8. A7V3 binds the NTD supersite. A Head-on and top-down view of a 3.0 A
map of A7V3 Fab bound to the spike trimer. Protomers are colored steel blue, royal blue,
and sky blue. A7V3s VH is colored firebrick and the VH is coral. B A7V3 binds the
NTD through interactions with the N3 and N5 loops. C The CDRH3 and CDRL2 encase
the protruding N5 loop through hydrophobic interactions. Heavy chain residues Glu31
and Asp101 form polar interactions with Arg246 and Tyr248. D The N3 and N5 loops
form a crevice into which CDRH3 Pro97 and Phe98 insert. Phe51 interacts with Lys147
through a pi-cation bond. E Overlay of A7V3 bound to the NTD and 4A8 bound NTD
(PDB ID: 7C2L) illustrates the conserved Phe51 interaction and the reduced interactions
of A7V3’s with N3 due to its shorter CDRH3.
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Figure 3.9. Prophylactic
administration of A7V3 protects
SARS-CoV-2 (MA10) challenged
BALB/c mice. A Lung titers of
mouse-adapted SARS-CoV-2 on
day four post challenge with a
lethal virus dose (10° PFU) in
BALB/c mice (n=5) receiving
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CHAPTER 4: Public Light Chains Expedite Neutralizing Antibody
Discovery

4.1 INTRODUCTION
As outlined in section 1.1.2, antibody repertoire diversity initially stems from the

combinatorial diversity of V(D)J germline rearrangements, and the pairing of different
VH and VL constructs. Following B-cell activation, additional diversity is introduced
through SHM. However, antibody repertoire sequencing reveals that only a handful of
light chain V-genes encode the majority of VL partners in diverse VH:VL pairings®®.
This bias is not the result of antigen-elicited polarization alone, as evidenced by a
comparison of newborn and adult repertoires. Weber et al. observed restricted use and
preferential expression of the same Kappa family V-genes in neonates and adults;

however, the adult repertoires exhibited antigen-driven sequence diversification due to
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SMH while the newborn repertoire remained largely germline!®®, indicating that light
chain repertoire restriction occurs prior to antigen exposure. Additional evidence of a
restricted light chain V-gene repertoire is found in CD5+ B-cells, a CD23+ IgD+ IgM+
B-cell subpopulation that produces “natural” (polyreactive, low-affinity IgM)
antibodies.®® The light chain repertoires of CD5+ B-cells are predominantly of germline
configuration and demonstrate selective usage of Kappa V-genes, consistent with
previously identified preferred V-genes'®. Interestingly, Foster et al. found that light
chain V-gene bias is also present in non-productively rearranged constructs, indicating an
underlying molecular mechanism of VJ rearrangement as a possible cause®®’.

Light chain repertoires may be more restricted than suggested by theoretical
calculations. Observations of a restricted light chain repertoire challenge our existing
understanding of the importance of antibody diversity in recognizing a maximal number
of pathogens. Though maximal diversity is desirable for the heavy chain repertoire,
emerging evidence supports a role for light chain repertoire restriction as an important
tool to control antibody autoreactivity®®, Indeed, an analysis of donor repertoires in
myasthenia gravis patients showed that the frequency of light chain V-gene usage varied
relative to healthy controls; Vander Heiden et al. reported an increase in IGLV2-14
pairing, and a reduction in the commonly overrepresented V-gene families IGKV1,
IGKV4, IGKV2, and IGLV1!, Experiments in mouse models of diabetes type | and
systemic lupus erythematosus revealed that their antibodies undergo fewer cycles of light
chain receptor editing, a main mechanism underlying B-Cell development and self-

tolerant antibody repertoire formation2%,
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The natural restriction of the light chain repertoire can be harnessed in antibody
discovery campaigns. In 2018, Harris et al. created a transgenic rat (OmniFlic rat) with a
normal human IGH locus and a light chain locus that only expressed IGKV3-15 with
JK1. Their goal was to build a discovery platform for bispecific antibodies with two VH
chains of differing antigen specificity but identical light chains. They demonstrated that
the OmniFlic rat successfully produced antigen-specific antibodies upon immunization
with different proteins?oL.

Initial studies of light chain repertoire diversity often relied on single-cell
sequencing methods and therefore low n-numbers were assessed. With recent advances in
system-wide repertoire sequencing?®?, light chain V-gene distribution and frequency data
can be mined more meaningfully. In this chapter, | evaluate light chain V-gene
distribution in a large VH:VL data set, construct public light chains (PLCs), and use

PLCs for antibody pair discovery against SARS-CoV-2.

4.2 RESULTS

4.2.1 Human Light Chain Variable Gene Usage Is Highly Polarized

In 2015, DeKosky et al. published a VH:VL dataset of memory B-cells collected
from three healthy donors?®. Using a high-throughput flow-focusing device, they
emulsified single B-cells and performed overlap extension RT-PCR to link the native VH
and VL transcripts?®. | performed a secondary analysis on the 100450 available light
chain junctions from this dataset to reveal the frequency at which light chain variable

genes successfully pair with a heavy chain. As the donors were not experiencing an
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antigenic challenge at the point of blood draw, | did not expect this repertoire to show
polarization of VH and VL genes towards a specific antigen. When evaluating the Kappa
and Lambda variable gene distribution within the dataset, 1 found that 54835 VH:VL
pairs (54.59%) used a Kappa V-gene and 45615 (45.41%) used Lambda (Figure 4.1 A).
The human Kappa locus is located on chromosome 2 and is split into a proximal and
distal VV-gene cluster with a roughly 800 kb-gap separating the clusters (Figure 4.1 B)?%,
The V-gene cluster closest to the J and C genes is the proximal cluster. The distal cluster
is located further upstream towards the 5’ end of the chromosome. The proximal and
distal V-genes are duplicates of each other and the distal cluster is oriented as the mirror
image of the proximal, apart from the four most 3* V-genes, which are not duplicated and
are therefore only present in the proximal locus. Though the proximal and distal
sequences of the same V-gene are highly homologous, most can be differentiated through
their single nucleotide polymorphisms. Of the 54835 VH:VL Kappa pairs, only 2.84%
used a distal Kappa V-gene (Figure 4.1 C). Of 44 functional Kappa V-genes and open
reading frames (ORFs), 6 genes and 2 alleles were identical in sequence and could
therefore not be reliably annotated as either distal or proximal (see Table 4.1). However,
when identical proximal and distal genes were excluded from analysis, the proportion of
distal V-genes increased to 3.7%. The repertoire showed a strong bias towards the use of
the proximal Kappa V-genes (72.9%), which appeared independent of protein sequence,
considering the protein display between proximal and distal V-genes was largely
identical. The remaining 23.24% of Kappa V-genes used in VH:VL pairs was derived

from the four non-duplicated V-genes of the proximal cluster (Figure 1C). These four V-
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genes occurred eight times more frequently than all distal VV-genes combined. Figure 4.2
shows how many times each V-gene was detected in the dataset as a function of its
genomic location, illustrating the predominance of proximal V-genes.

Examination of the frequency at which each Kappa V-gene occurs in a VH:VL
pair revealed preferential use of eight IGKVs. 18.5% of Kappa VH:VL pairs used
IGKV3-20 across the three donors, followed by IGKV1-39 (12.6%), and IGKV1-5
(11.5%) (Figure 4.3 A). This distribution was comparable to those reported in previous

studies examining significantly smaller datasets acquired through single-cell
sequencing'®’2%, Interestingly, similar distributions were observed when ethnically

diverse donor samples comparing the IGKV repertoire of Australian and Papua New
Guinean donors were analyzed?®. Additionally, IGKV4-1, IGKV3-15, IGKV3-11,
IGKV2-28, and IGKV1-33 were frequent partners in the Kappa VL junctions. IGKV3-
20, 3-15, and 3-11 were the most frequent proximal IGKV genes with non-identical distal
copies. Comparison showed that distal copies were observed one to two orders of
magnitude less often. For example, IGKV3-20 was identified 10061 times but IGKV3D-
20 only 274 times (Figure 4.3 B). This raises interesting questions about the role of
distance in VV(D)J rearrangement.

Three Lambda V-genes, IGLV1-44, IGLV1-51, and IGLV3-1 were frequently
observed in the Lambda V-gene distribution. As the listed VL-genes can pair
promiscuously with VH genes, | next constructed germline sequences of IGKV1-5,
IGKV2-28, IGKV3-11, IGKV3-15, IGKV3-20, IGLV1-44, IGLV1-5]1, and IGLV3-1.

The most common J-gene usage of a V-gene was derived from the publicly available
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iRepertoire data of two donors’ light chain repertoires?°’~21%, The resulting nine PLCs are
listed in Table 4.2. The Kappa PLC V-genes constituted 61% of the 54835 Kappa light
chain junctions and the three Lambda PLCs were present in 22% of the Lambda junctions
(Figures 4.3 A, C). Together, the nine Kappa and Lambda PLC V-genes accounted for

43.03% of the 100450 sequences (Figure 4.3 D).

4.2.2 PLCs Form Functional Pairs with Anti-SARS-CoV-2 Heavy Chains
The prevalence of the PLC V-genes in VH:VL pairs led us to hypothesize that

PLCs could be used to identify productive light chain partners for antigen-specific heavy
chains. We tested this hypothesis using SARS-CoV-2 specific VHs largely identified
from 1g-Seq. Donor serum antibodies were purified through Protein A column
chromatography and affinity purified using the SARS-CoV-2 Wuhan-Hu-1 spike protein.
The recovered antibodies were then digested with trypsin for mass spectrometry analysis.
During digestion, VH:VL pairs become uncoupled and light chain information is lost.

To test whether SARS-CoV-2-specific VHs could generate functional antibodies
with PLCs, we paired each VH with each of the PLCs and produced the full-length IgG.
The nine IgGs of each VH were screened for spike protein binding through ELISAS. In
total, we paired 22 VHs with 9 PLCs to test 198 IgGs and determined their EC50s
(Figure 4.4 A). To test for polyreactive binding, the VH:PLC pairs were screened against
the spike ectodomain and its” RBD and NTD subunits, the RBD, and NTD. A given VH
should only show reactivity towards two of the three at most, given that the NTD and

RBD subunits have no overlapping epitopes.
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Encouragingly, almost every VH was capable of forming a functional binder with
one or multiple PLCs. Fifteen of the VH:PLC pairs had EC50s under 10 nM, with VH N6
and PLC 2 (N6-2) and VH N3 and PLC1 (N3-1) reaching sub-nanomolar values of 560
and 190 pM, respectively. Twenty VH:PLC pairs had EC50s between 10 and 100 nM
(Figure 4.4 A). No VH generated a productive pair with every PLC. The greatest
promiscuity was observed with B3, which successfully paired with five PLCs, producing
high-affinity mAbs in the narrow range of 1.08 to 4.66 nM. Other VVHs showed a broad
spread of affinities when paired with different PLCs. Most notably, N3 showed the
tightest binding at 0.19 nM with all VH:PLC pairs as N3-1, 1.65 and 1.23 nM with PLC3
and 7, 99.63 and 76.34 nM with PLC5 and PLC9, and very weak affinity with PLC2. In
contrast, N6 displayed an exclusive preference for PLC2. Only three VHs (9C, 2C, and
8B) did not formed-ne-robust PLC pairs, although residual binding was detected with
some PLC combinations (Figure 4.4 A). Whether this is due to a lower binding affinity
of the VHs towards the spike protein or unsuitability between the VH and the PLCs is
uncertain. However, 9C with PLC 5 (9C-5) exhibited low levels of binding activity
against the ectodomain at the highest concentrations measured, but 9C-5 did not show
any binding against the RBD subunit, indicating that ECD binding is likely not caused by
polyreactivity (Figure 4.4 B).

The most potent binders identified through ELISA screening were submitted for
neutralization testing of the live SARS-CoV-2 virus. Seventeen VH:PLC pairs
neutralized SARS-CoV-2. Ten of these targeted the RBD, five the NTD, and two the S2

subunit (Figure 4.5 A, Table 4.3). The 1C50 values ranged from 0.25 nM for N3-1 to
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values exceeding 300 nM for the RBD binders 4A7 and 1D5. PLC 1, 5, 7, and 8 each
occurred three times in VH:PLC pair neutralization and only PLC6 failed to produce a
neutralizing mAb (Figure 4.5 B). N3 neutralized SARS-CoV-2 in combination with
PLCs 1, 3,and 7.

N3 light chain partners were also selected through YSD. Other than most PLC
paired VHs, N3 was originally derived from YSD selections. However, the initial round
of selection failed to produce an optimal light chain partner for N3, perhaps because N3
contains an endogenous AaRlI cut site that reduces the probability of its correct assembly
into antibody expression vectors. After identifying N3 as a highly potent binder through
PLC screening, a codon-optimized version was paired with donor light chain repertoires
and the YSD selection was repeated. Interestingly, the YSD selection did not yield an
improved light chain partner for N3. In fact, PLC1 and 3 were the most potently
neutralizing N3 pairings with PLC7 in fourth place (Figure 4.6). YSD did identify four
additional neutralizing light chain partners for N3; however, only one was superior to N3
with PLC7. Only the third most potent mAb used a rare light chain V-gene with IGLV8-
61; the remaining three non-PLC neutralizers used frequently observed V-genes,
including 1IGKV1-39 and IGLV1-40. N3-63C used IGLV3-1, the same IGLV as PLC9,
with minor mutations to the germline sequence, suggesting that weak VH:PLC pairings

could be promising starting points for affinity maturation efforts.
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4.2.3 N3-1 Binds a Unique Quaternary RBD Epitope and PLC1 Participates in
Binding

To understand how VH:PLC pairs recognize their epitopes and neutralize SARS-
CoV-2, we performed CryoEM on N3-1, B3.1, and N6-2 in complex with the stabilized
Wuhan-Hu-1 spike protein. Based on the previous ELISA epitope mapping, N3-1 was
expected to bind the RBD and B3.1 and N6-2 the S2 subunit.

The negative EM stain of N3-1 in complex with the spike trimer suggested that
two Fab fragments of a single IgG molecule bind the three RBD subunits simultaneously
(Figure 4.7). This binding mode is further substantiated by surface plasmon resonance
assays comparing the affinity of N3-1 Fabs and full-length IgG (Figures 4.8 A, B): the
apparent affinity of N3-1 IgG is almost 1000-fold enhanced over the Fab and their
dissociation constants differ remarkably, with IgG showing minimal dissociation over
time relative to Fab.

The 2.8 A global resolution cryo-EM structure of N3-1 Fabs bound to the spike
trimer revealed one Fab engaging one RBD subunit in its up conformation and a second
Fab binding the remaining two RBD subunits: one in the up and the other in the down
conformation at the same time (Figure 4.9 A). Focused refinement of the dually engaged
Fab enhanced the interpretability of the density in this region and allowed us to
distinguish two entirely separate epitopes on the RBD-up and RBD-down (Figure 4.9 C).
The RBD-up binding site covers 862 A? surface area through contacts made by the Fab
CDRH1, CDRH3, and CDRL2. PLCL1 is also engaged in binding at the RBD-down
interface, where CDRH2, CDRH3, and CDRL3 make contacts over a 696 A2 surface

area. The CDRH3 engages both RBD-up and down through hydrophobic and polar
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interactions of its 18 aa-long CDRH3 loop. On RBD up, CDRH3 residues Tyr98, Phe99,
and Argl100a pack against a hydrophobic pocket that is highly conserved from SARS-
CoV to SARS-CoV-2 and is formed by Tyr369, Phe377, Lys378, and Pro384.

This pocket is also targeted by SARS-CoV and SARS-CoV-2 cross-reactive
antibodies CR3022 and COVA-1 and is largely inaccessible in the RBD-down
conformation?!t, CDRH3 residue Tyr98 interacts with Lys378 on the upper ridge of the
pocket through cation- =t interactions and likely forms a salt bridge with Asp100H within
the CDRH3. CDRH3 residues Phe99 and Argl00a Further increase the strength of the
Fab — RBD-up binding site through hydrogen bonds with Cys379 and Tyr369. PLC1’s
CDRL2 contributes through polar interaction of its Tyr49 and Glu55 residues with a
sidechain guanidinium of Arg408, forming a secondary binding site on the RBD-up
interface together with CDRH1.

The RBD-down binding site includes eleven residues that are also necessary for
ACE2 binding out of nineteen total contacts made (Figure 4.9 D). Here, a hydrophobic
pocket is formed by N3-1 through CDRL3’s Trp96, CDRH2’s Tyr52, Tyr58, and
CDRH3’s Argl00e, and Vall00g. Phe486 inserts into this pocket and forms cation-
7 interactions with Arg100e. Arg100e also shares a hydrogen bond with Tyr489 through
its guanidinium side chain. PLCL1 is further involved in binding through polar interactions
of Ser03 CDRL3 with Asn487 and GIn493, which also involve Thr57 of CDRH2. N3-1
effectively blocks ACE2 binding through steric hinderance at the RBD-up site and
pinning the second RBD in the down position, occluding the ACE2 binding site (Figure

4.9 E).
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In summary, N3-1 forms extensive interactions with neighboring RBDs in a
quaternary epitope, establishing a novel binding modality in which both the CDRL2 and

CDRL3 of PLC1 actively contribute to binding.

4.2.4 N3-1 Binds Robustly to Spike Proteins from Emerging Variants of Concern
As N3 was isolated from donor repertoires challenged with the original Wuhan-

Hu-1 strain, we needed to ascertain whether N3-1 could neutralize emerging variants of
concern (VOC) with spike protein mutations Genomic surveillance of SARS-CoV-2
variants by Houston Methodist identified twelve emerging mutations in early 20211,
Loss of N3-1 binding activity was not observed for any of the twelve mutations by
ELISA. More concerning variants diminished the potency of the therapeutic antibodies
REGN10987 and REGN10987. To assess the accumulated mutations in isolation, we
used mammalian surface display of the single amino acid mutation-containing proteins.
In contrast to the Regeneron antibodies, N3-1 was not negatively affected by—aH the
twelve mutations and showed marginally improved binding to L455A, G476D, E406W,
Q493F, K444A, K444Q, V445A, G446A, G446V, and the Australian VOC S477N under
spike display assay conditions. Mutation F486K caused a minor 6% reduction in binding
and Y453A measurements did not differ from WT control (Figure 4.10 B). SPR
measurements of N3-1 binding to spike variants B.1.1.7 and B.1.351 established an
apparent affinity of 296 pM for B.1.1.7 (Alpha) and 300 pm for B.1.351 (Beta), which

are slight reductions in affinity compared to 67.9 pM for Wuhan-Hu-1 (Figure 4.11 A).
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In two independent live virus neutralization tests, N3-1 neutralized all common VOCs:

alpha, beta, gamma, and delta (Figures 4.11 C, D).

4.2.5 N6-2 and B3.1 Bind Related Epitopes of the S2 Subunit
N6-2 and B3.1 are two neutralizing S2 binders that share a largely identical heavy

chain sequence but possess different CDR3s (see Table 4.3). To elucidate their binding
mode, we solved cryo-EM structures of N6-2 and B3.1 Fabs bound to the S2 devoid of its
stalk domain (AstalkS2). Both target epitopes at the S2 apex, which may only become
exposed and available for antibody binding once S1 shedding has occurred (Figure 4.12
A). Interestingly, the CDRH2 loops of N6-2 and B3.1 share the sequence ISYDGSNK
and tuck into the same binding pocket at the stalk apex but partly form different contacts
(Figures 4.12 B, C). The interaction is mediated through hydrogen bonds of CDRH2
Tyr52(A) with Thr761 and the peptide backbone of Gly757. In N6-2, Tyr52A’s ring is
positioned optimally for m interactions with the downward angled Leu753, forming the
hydrophobic ceiling of the binding pocket. In B3.1, Tyr52 is angled more sharply but still
maintains the hydrogen bond with Thr761. B3.1’s Ser5 forms a hydrogen bond with
Asn764, while in N6-1 Ser55 is twisted to face away from the S2 and Asn56 instead
interacts with Asn764. Additionally, N6-2 Asp53 contacts Thr739. The structural
positioning of N6-2°s CDRH2 in the S2 pocket results in a higher number of its residues
being involved in S2 binding compared to B3.1.

B3.1 and N6-2 CDRH3s bind different but overlapping epitopes of the S2

domain. B3.1 Arg96 forms a salt bridge with Glu748 and hydrogen bonds between
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Tyr100B and Asp745 and Gly97 and Ser750. In contrast, N6-2 engages Glu748 through a
hydrogen bond with Tyr96. CDRH3 Ser97 and Trp100A form hydrogen bonds with the
backbone of Ser746, and Tyr100 contacts Asp737 (Figures 14.3 A, B).

In B3.1, the only light chain residue involved in S2 binding is Tyr91 through a
hydrogen bond with GIn853. Examination of the structure reveals an important role for
PLC1 in stabilizing and positioning CDRH3 to facilitate interactions with its epitope.
Light chain residues Asn92, Trp96, Tyr36, and Glu55 form contacts with CDRH3
residues Tyr100A, Tyr100, Met100D, and Arg96, creating a supportive arch for CDRH3.
The CDRH3 of N6-2 is similarly held in place by a network of contacts with PLC2. Light
chain residues Asp34, Tyr36, Ser46, and Tyr96 interact with CDRH3 residues Tyr100C,
Phel00D, Gly104, and Tyr100 (Figures 4.13 C, D).

The most recently emerged VOC, omicron, has accumulated ten amino acid
mutations throughout its S2 domain. Assessment of each substitution through mammalian
display identified N856K as the most detrimental mutation for both N6-2 and B3.1
binding (Figure 4.14 A). Interestingly, neither antibody forms direct contacts with this
residue. Asp856 is located in a loop immediately adjacent to the fusion peptide proximal
region (FPPR). The FPPR is a highly flexible region that was first described by Cai et al.
and is theorized to enhance stabilization of the RBD-down state?!?. GIn 853 is located in
the FPPR site and forms a hydrogen bond with Tyr91 of B3.1’s light chain (Figure 4.14
B). How NB856K prevents antibody binding is unclear: Asn856 has no contacts or
interactions with the antibodies or S2 residues involved in antibody binding. However,

the distance between GIn853 and the terminal side-chain amide groups of Asn856 is only
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6.709 A (Figure 4.14 B). The lysine side chain contains two additional CH2 — CH2
bonds that possess an average length of 1.54 A. An additional 3.08 A of side-chain length
may be sufficient to reduce the distance between Lys856 and GIn853 for hydrogen bond
formation between the carbonyl group of GIn853 and the ammonium of Lys856. This
would cause GIn853 to be unavailable for binding by the B3.1 light chain residue Tyr91,
and result in the restructuring of the FPPR adjoining flexible loop harboring Asn856
Larger structural rearrangement could affect the neighboring CDRH3 and CDRH2
epitopes, resulting in further loss of binding interactions.

N853K is the only mutation of ten in the S2 domain that negatively affects B3.1
binding. Seven mutations improve binding and two show no effect (Figure 4.14 A).
N764K in isolation causes the strongest improvement in binding for B3.1 and N6-2.
N764K is located in the shared CDRH2 binding pocket and interacts with B3.1 Ser55 and
N6-2 Asn56. The positively charged ammonium group of the substituted lysine likely
causes a stronger interaction with the carbonyl groups of Ser55 and Asn56. Though the
majority of mutations improve binding, the net effect of the accumulated mutations is
abrogated binding, suggesting that N853K causes a large structural rearrangement that

occludes relevant epitopes, such as the CDRH2 binding pocket.

4.3 MATERIALS AND METHODS
Public light chain screening. We analyzed a previously published dataset®®? of

vh-VL pairs and chose the top six most abundant kappa and top three most abundant

lambda V-genes (Figure 4.3 A, C). We then constructed germline versions of these V-
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genes with their most frequently observed J gene, as published on the iRepertoire
website?9’210 (Table 4.2) and obtained full-length light chains for each PLC. SARS-
CoV-2 specific 1g-Seq heavy chains were then expressed with each PLC as a full-length
IgG1. These public light chains were paired with select heavy chains from Ig-Seq and/or
YSD for ELISA screening using recombinant S2P.

Monoclonal antibody expression and purification. VH:VL candidates were
cloned into custom Golden Gate cloning-compatible pCDNAS3.4 vectors for IgGl
expression. For transfections, VL was mixed 3:1 with a corresponding VH. Plasmids
were transfected into Expi293F cells (Invitrogen) using the recommended protocol.
Monoclonal antibodies were harvested at 5-7 days post-transfection. Expi293F cells were
centrifuged at 300 x g for 5 min, supernatants were collected and centrifuged at 3000 x g
for 20 min at 4°C and diluted with 1X PBS to a final concentration. Each supernatant
aliquot was passed through a Protein G or A agarose affinity column (Thermo Scientific).
Flow-through was collected and passed through the column three times. Columns were
washed with 10 CV of PBS and antibodies were eluted with 5-mL 100 mM glycine, pH
2.5 directly in neutralization buffer containing 500-uL 1 M Tris-HCI, pH 8.0.

ELISA. Antigen ELISA plates were made using high-binding plates (Corning,
catalog no. 3366) with antigen diluted in PBS to a final concentration of 2 pg/mL.
Antigen solution (50 pL) was added to microplates and incubated overnight at 4°C with
shaking at 100 rpm, 3 mm orbit. Plates were treated with PBSM (2% milk in PBS)
blocking buffer at RT for 1 h. Plates were washed three times with 300 uL PBS-T (0.1%

Tween-20). Purified antibodies were prepared to 10 pg/mL in PBSM and serially diluted.
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Plates were incubated with antibody for 1 h at RT. Plates were washed three times with
PBS-T before incubation with goat anti-human Fab-HRP (Sigma-Aldrich, cat. No.
A0293) secondary antibody 50 pL) at 1:5000 in PBSM at RT for 45 min. HRP substrate
(50 puL) was added to wells and the reaction proceeded for 5-15 min until quenched with
50-uL 4 M H2SO4. Absorbance was analyzed at 450 nm in using a plate reader.

Live virus neutralization assays. A SARS-CoV-2 microneutralization assay was
adapted from an assay used to study Ebola virus?'3, This assay also used SARS-CoV-2
strain WAL. Antibodies were diluted in cell culture medium in triplicate. A SARS-CoV-2
monoclonal antibody was used as a positive control. An antibody that does not bind
SARS-CoV-2A was used as a negative control. Diluted antibodies were mixed with the
SARS-CoV-2 WAL strain, incubated at 37°C for 1 h, and added to Vero-E6 cells at a
target MOI of 0.4. Unbound virus was removed after a 1 h incubation at 37°C and culture
medium was added. Cells were fixed 24 h post-infection and the number of infected cells
was determined using a SARS-CoV-S specific mAb (Sino Biological, cat. no. 401430-
R001) and a fluorescently labeled secondary antibody. The percent of infected cells was
determined with an Operetta high-content imaging system (PerkinElmer) and Harmonia
software. Percent neutralization for each monoclonal antibody at each dilution was
determined relative to untreated, virus-only control wells.

Live virus neutralization (VN) for variants of concern B.1.1.7 and WA/1 were
performed in an orthogonal assay. The ability of the monoclonal antibodies to neutralize
SARS-CoV-2 was determined with a traditional VN assay using SARS-CoV-2 strain

USA-WA1/2020 (NR-52281-BEI resources), as previously described?42%,  All
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experiments with SARS-CoV-2 were performed in the Eva J Pell ABSL-3 laboratory at
Penn State and were approved by the Penn State Institutional Biosafety Committee (IBC
# 48625). For each mAD, a series of 12 two-fold serial dilutions were assessed from a
stock concentration of 1 mg/mL. Triplicate wells were used for each antibody dilution.
One-hundred tissue culture infective dose 50 (TCID50) units of SARS-CoV-2 were
added to two-fold dilutions of the diluted mAb. After 1 h incubation at 37°C, the virus
and mAb mixture was added to Vero E6 cells (ATCC CRL-1586) in a 96-well microtiter
plate and further incubated at 37°C. After 3 days, cells were stained for 1 h with crystal
violet-formaldehyde stain (0.013% crystal violet, 2.5% ethanol, and 10% formaldehyde
in 0.01 M PBS). The endpoint of the microneutralization assay was determined as the
highest mAb dilution at which all three (or two of three) wells were not protected from
virus infection. The percent neutralization for each mAb dilution was calculated based on
the number of wells protected: 3, 2, 1, 0 of 3 wells protected was expressed as 100%,
66.6%, 33.3%, or 0%.

Surface plasmon resonance. To investigate the kinetics of mAb N3-1 binding to
the spike proteins, purified His-tagged spike variants (SARS-CoV Tor2 strain S-2P
ectodomain, SARS-CoV-2 Wuhan-Hu-1 strain S-HexaPro variant, SARS-CoV-2 B.1.1.7
S-Hexapro and SARS-CoV-2 B.1.351 S-HexaPro) were immobilized on a Ni-NTA
sensor chip (GE Healthcare) using a Biacore X100 (GE Healthcare). For Fab binding
experiments, we immobilized spike proteins to a level of ~450 response units (RUs).
Serial dilutions of purified Fab N3-1 were injected at concentrations ranging from 400 to

6.25 nM over spike-immobilized flow cell and the control flow cell in a running buffer
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composed of 10 mM HEPES pH 8.0, 150 mM NaCl and 0.05% Tween 20 (HBS-T).
Between each cycle, the sensor chip was regenerated with 0.35 M EDTA and 50 mM
NaOH, followed by 0.5 mM NiClz. For IgG-binding experiments, spike immobilization
of 200 RUs was used to avoid mass transport effects. Serial dilutions of purified 1gG N3-
1 were injected at concentrations ranging from 25 to 1.56 nM over a spike-immobilized
flow cell and the control flow cell. For the SARS-CoV Tor2 S-2P binding experiments,
IgG N3-1 concentrations ranging from 100 to 6.25 nM were used. Response curves were
double-reference subtracted and fit to a 1:1 binding model or heterogeneous ligand
binding model using Biacore X100 Evaluation Software (GE Healthcare).

Negative stain EM for spike-1gG complexes. To investigate mAb N3-1 binding
to spike proteins, purified SARS-CoV-2 Wuhan-Hu-1 S-HexaPro was incubated with a
1.2-fold molar excess of IgG N3-1in 2 mM Tris pH 8.0, 200 mM NaCl, and 0.02% NaN3
on ice for 10 min. The spike-1gG complexes were at a concentration of 0.05 mg/mL in 2
mM Tris pH 8.0, 200 mM NacCl, and 0.02% NaNs prior to deposition on a CF-400-CU
grid (Electron Microscopy Sciences) that was plasma cleaned for 30 s in a Solarus 950
plasma cleaner (Gatan) with a 4:1 ratio of O2/H2 and stained using methylamine tungstate
(Nanoprobes). Grids were imaged at a magnification of 92,000X (corresponding to a
calibrated pixel size of 1.63 A/pix) in a Talos F200C TEM microscope equipped with a
Ceta 16M detector. The CTF-estimation, particle picking, and 2D classification were
performed in cisTEM?%,

Cryo-EM sample preparation and data collection. Purified SARS-CoV-2 S

(HexaPro variant) was incubated at 0.2 mg/mL with 5-fold molar excess of Fab N3-1 in 2
124



mM Tris pH 8.0, 200 mM NaCl, and 0.02% NaNs at RT for 30 min. The sample was then
deposited on plasma-cleaned UltrAuFoil 1.2/1.3 grids before being blotted for 4 s with -3
force in a Vitrobot Mark IV and plunge-frozen into liquid ethane. A 0.2 mg/mL
concentration of purified SARS-CoV-2 S with three RBDs covalently trapped in the
down conformations (HexaPro-RBD-down variant, S383C/D985C?1%-2?1) was complexed
with a 2-fold molar excess of Fab A7V3b and deposited on plasma-cleaned UltrAuFoil
1.2/1.3 grids before being blotted for 3 s with -4 force in a Vitrobot Mark IV and plunge-
frozen into liquid ethane. For the HexaPro-N3-1 sample, 3,203 micrographs were
collected from a single grid. Data were collected at a magnification of 22,500X,
corresponding to a calibrated pixel size of 1.07 A/pix.

Cryo-EM data processing. Gain reference- and motion-corrected micrographs
processed Warp'* were imported into cryoSPARC v2.15.0172, which was used to
perform CTF correction, micrograph curation, particle picking, and particle curation via
iterative rounds of 2D classification. The final global reconstructions were then obtained
via ab initio reconstruction, iterative rounds of heterogeneous refinement, and subsequent
non-uniform homogeneous refinement of final classes with C1 symmetry. Given the low
occupancy of the Fabs on a trimeric spike, C1 symmetry was used for the final runs of
heterogeneous and homogeneous refinement. To better resolve the Fab-spike interfaces,
both datasets were subjected to particle subtraction and focused refinement. Finally, both
global and focused maps were sharpened using DeepEMhancert’®. For N3-1-RBD model
building, we used one RBD-up and one RBD-down from S-HexaPro (PDB ID: 6 XKL?%?)

and two homologous Fab structures (PDB ID: 5BV7 and 51TB) as an initial model to
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build into map density via UCSF ChimeraX. Both models were further built and

iteratively refined using a combination of Coot'’®, Phenix!’?, and ISOLDE*",

4.4 DISCUSSION
Given the expansive combinatorial diversity of the human antibody repertoire,

identifying suitable VH:VL pairs has been a bottleneck for high-throughput techniques.
Here, | show that a small subset of promiscuous VLs, identified from natively paired
donor repertoires, is capable of pairing with non-cognate VHs and generating highly
potent and specific mAbs. We observed a range of functional contributions from the light
chains in VH:PLC paired antibodies. In N6-2, the light chain executes a purely structural
role that enables optimal positioning of the VH to bind the S2. The VL makes no contacts
with the antigen and is oriented away from it. Conversely, PLC1 takes an active role in
epitope recognition when paired with N3. N3-1 is the most potent RBD binder discovered
from the SARS-CoV-2 donor repertoires and binds the RBD distinctively. B3 pairs with
other PLCs and these pairs have very similar EC50s, but N3-1 is substantially more
potent than other N3 and PLC or YSD pairs. This disparity might be explained by the
requirement for PLC1 to participate extensively in antigen binding in N3-1. B3.1 only
benefits from binding contribution from PLC1 residue Tyr91, but the complex quaternary
epitope of N3-1 requires a network of binding interactions from PLC1, which may
completely or only partially be supplied by the alternative PLC and YSD light chain
partners. As the native light chain partner of N3 is unknown, its cognate partner may also

use IGKV1-5; however, it is not guaranteed that native pairs exigently are combinations
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of superior quality. VV-gene rearrangement during B-cell development’s purpose is to
produce a stable, non-self-reactive BCR; this process is entirely antigen-agnostic and
therefore does not generate an optimal binder for a specific target. Thus, VH:VL pairing
is subject to a degree of randomness, and a different VH:VVL combination may bind a
theoretical antigen with higher affinity. Though N3 likely has undergone affinity
maturation, which mutates both the heavy and light chain to create higher affinity
binders, its best partner was PLC1, a germline configuration of IGKV1-5, and YSD
screening failed to identify a better partner from SMH-experienced donor light chain
repertoires. The promiscuity of B3 suggests that multiple VLs can be “good enough” to
form stable, antigen-specific pairs. This knowledge can be helpful during therapeutic lead
development or to provide alternatives if manufacturability assessments are unfavorable
for a specific pair. Future experiments validating the set of nine PLCs against non-SARS-
CoV-2 antigens are needed to establish whether PLCs can be used as a tool for antibody
pairing independent of antigen specificity of the VH. Whether initial VH:PLC pairings
can be improved through targeted mutagenesis to expand their utility is a promising area
of future research.

In summary, PLCs enable diverse modes of antigen binding and potentially

powerful tools to expedite antibody discovery.
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Figure 4.1. Donor light chain repertoires use Kappa proximal V-genes
preferentially. A shows the distribution of Kappa and Lambda V-genes 100450 light
chain junctions of three donors. B-C, Magenta arrows indicate the distal locus and its
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coding direction. Blue arrows indicate the proximal locus, and the cyan box denotes the
non-duplicated V-genes. The map was adapted from LeFranc, 2001%%4. Though the
proximal and distal Kappa loci largely possess identical protein displays, the proximal
locus accounts for the majority of paired Kappa light chains. The four non-duplicated
proximal V-genes are observed 8 times more frequently than the 22 distal V-genes
combined.
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Proximal locus V-gene Distal locus V-gene
IGKV6-21*01 IGKV6D-21*01
IGKV1-33*01 IGKV1D-33*01
IGKV1-39*01 IGKV1D-39*01
IGKV1-12*02 IGKV1D-12*02
IGKV1-37*01 IGKV1D-37*01
IGKV2-40*01 IGKV2D-40*01
IGKV2-28*01 IGKV2D-28*01
IGKV1-13*02 IGKV1D-13*02

Table 4.1. Kappa proximal and distal VV-genes with an identical nucleotide sequence.
These V-genes are indistinguishable during annotation because of their identical
sequence. Bolded font signifies proximal and distal pairs that differ by a single
nucleotide. * denotes the allele.
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Figure 4.2. Frequency of all proximal and distal Kappa locus V-genes mapped to their genomic location. Typically, V-
gene frequencies are represented in alphanumerical order, representation of frequency as a function of genomic distance,
illustrates how prevalent the proximal V-genes are in contrast to the distal VVgenes.
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Name V-Gene J-Gene Light CDR1 Light CDR2 Light CDR3
PLC1 IGKV1-5 IGKJ1 QSISSW DAS QQYNSYSPWT
PLC2 IGKV2-28 IGKJ2 | QSLLHSNGYNY LGS MQALQTPPYT
PLC3 IGKV3-11 IGKJ4 QSVSSY DAS QQRSNWPPLT
PLC4 IGKV3-15 IGKJ1 QSVSSN GAS QQYNNWPPWT
PLC5 IGKV3-20 IGKJ1 QSVSSSY GAS QQYGSSPPWT
PLC6 IGKV4-1 IGKJ2 [QSVLYSSNNKNY WAS QQYYSTPPYT
PLC7 IGLV1-44 IGLJ3 SSNIGSNT SNN AAWDDSLNGPVV
PLCS8 IGLV1-51 IGLJ3 SSNIGNNY DNN GTWDSSLSAVV
PLC9 IGLV3-1 IGLJ3 KLGDKY QDS QAWDSSTVV

Table 4.2 V-gene and J-gene usage of constructed PLCs.

Figure 4.4 Binding determination of VH:PLC pairs against the spike protein. A The
EC50 of each mAb assayed against the ECD is represented by the color gradient. B
Binding curves of VH 9C with each PLC. Only weak ECD binding was detected and no
unspecific activity against RBD was observed.
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Figure 4.5 VH:PLC pairs neutralize SARS-CoV-2. A Live virus neutralization testing
determined 17 neutralizing VH:PLC pairs covering a range of IC50s. B All PLCs

produced a neutralizing mAb except for PLC6.
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mAb | VH label [IC50 (nM)| VH gene CDRH3 VL gene CDRL3 Epitope soﬂ?ce LC source
N3-1 N3 0.25 IGHV4-31 | ARGTIYFDRSGYRRVDPFHI | |gkvi-5 | QQYNSYSPWT RBD YSD PLC
12c8 | 12C 0.84 IGHV1-24 ATGPAVRRGSWFDP IGLV151 | GTWDSSLSAVV NTD IgSeq PLC
4C7 4C 2.15 IGHV1-24 ATAAAVRGRGTIDY IGLV1-44 |AAWDDSLNGPVV NTD 1gSeq PLC
4C8 4C 2353 | IGHV1-24 ATAAAVRGRGTIDY IGLV1-51 | GTWDSSLSAVV NTD lgSeq PLC
A7V8 | A7 4.24 IGHV1-24 ATGSPFDRTQNWFDP IGLV1-51 | GTWDSSLSAVY NTD IgSeq PLC
N3-3 N3 13.1 IGHV4-31 | ARGTIYFDRSGYRRVDPFHI | |GKv3-11 | QQRSNWPPLT RBD YSD PLC
1D4 1D 255 IGHV2-70 ARIPIATHLGSDY IGKV3-15 | QQYNNWPPWT RBD IgSeq PLC
N3-7 N3 27.7 IGHV4-31 | ARGTIYFDRSGYRRVDPFHI | |GLV1-44 |AAWDDSLNGPVV RBD YSD PLC
8B5 8B 34.8 IGHV1-2 [ARELPPGRMVVPATYWHFDL| |GKv3-20 | QQYGSSPPWT RBD lgSeq PLC
3B9 3B 51.4 IGHV3-30 ARDGGGYVSY IGLV3-1 QAWDSSTVV NTD lgSeq PLC
4A5 4A 657 | IGHV3-30-3 [ AKASQLFWLGQFTRDGFDI | GKkv3-20 | QQYGSSPPWT RBD IgSeq PLC
B3.1 B3 124 IGHV3-30 ARARGGSYYYGMDV IGKVI-5 | QQYNSYSPWT Y] YSD PLC
1D1 1D 173 IGHV2-70 ARIPIATHLGSDY IGKV1-5 QQYNSYSPWT RBD IgSeq PLC
1D9 1D 183 IGHV2-70 ARIPIATHLGSDY IGLV3-1 QAWDSSTVV RBD IgSeq PLC
N6-2 N6 222 | IGHV3-30-3 ARPYSGSYWGYFDY IGKV2-28 | MQALQTPPYT s2 YSD PLC
4A7 4A >300 | IGHV3-30-3 | AKASQLFWLGQFTRDGFDI | |GLV1-44 |AAWDDSLNGPVV RBD IgSeq PLC
1D5 1D >300 IGHV2-70 ARIPIATHLGSDY IGKV3-20 | QQYGSSPPWT RBD IgSeq PLC

Table 4.3. List of neutralizing VH:PLC antibodies. Seventeen VH:PLC pairs neutralized Wuhan-Hu-1 SARS-CoV-2 in live
virus neutralization assays. Their epitopes span the S1 and S2 domains of the spike protein. Twelve pairs contained VHs
identified through Ig-Seq compared to five from YSD origin. 1C50s span from picomolar RBD and NTD binders, N3-1 and
12C8, to high nanomolar values for the RBD binders 4A7 and 1D5

136



N3 Neutralizers

% Relative Infection
3
1

404
20
0-
0.01 0.1 1 10 100 1000
Concentraion (nM)
-®- N3-1 IGKV1-5 (PLC1) = N3-63A IGKV8-61
<% N3-3 IGKV3-11 (PLC3) N3-63B IGLV1-40 N3-63C IGLV3-1

N3-7 IGLV1-44 (PLC7) N3-819 IGKV1-39

Figure 4.6. N3 forms neutralizing pairs with seven different light chains. VH N3 can
pair with PLC and YSD derived light chains to produce potently neutralizing mAbs. The
most potent neutralization was achieved with PLC1.
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Figure 4.7. Avidity of mAb N3-1 likely achieved by a single 1gG binding to a
trimeric spike. A Representative 2D class averages of 1gG N3-1 complexed with SARS-
CoV-2 S by negative stain electron microscopy (nsEM). Although the density of Fc is not
well-resolved, two clear densities of Fabs are visible. B A schematic model generated by
Gaussian-smoothened cryoEM mapping of N3-1 bound to SARS-CoV-2 S. The Fab
density is highlighted in brick red, and the spike is shown in light blue. The unobserved

Fc is shown in orange.
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Figure 4.8. mAb N3-1 exhibits cross-reactivity and avidity to CoV spikes. A-C
Binding of 1gG N3-1 to SARS-CoV-2 S Wuhan-Hu-1 A, its variants B.1.1.7 B and
B.1.351 C were assessed by surface plasmon resonance (SPR) using an NTA sensor chip.
D Binding of IgG N3-1 to SARS-CoV-1 S was also assessed by SPR. E-G Binding of

139



Fab N3-1 to SARS-CoV-2 S Wuhan-Hu-1 E, B.1.1.7 F and B.1.351 G. Binding data are
shown as black lines. For A-D, the best fit was achieved using a 1:1 binding model and
shown as red lines. For E-G, the best fit to a heterogeneous binding model is shown as

red lines.
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Figure 4.9. RBD-directed mAb N3-1 exhibits a unique binding mode by recognizing
two distinct epitopes. A Cryo-EM structure of N3-1-bound SARS-CoV-2 spike at a
global resolution of 2.8 A. Side view and top-down views of the complex are shown in
the upper and lower panel, respectively. Each protomer is depicted in steel blue, royal
blue, and sky blue. The heavy chain of N3-1 is colored firebrick, and the light chain is
colored coral. B Focused map of N3-1 bound to RBDs in the up and down conformations
with five CDRs involved in the binding interface. C One face of CDRH3 contacts a
conserved hydrophobic pocket (transparent royal blue surface) on RBD-up. The other
face of CDRH3 contacts the ACE2-binding site on RBD-down. CDRH1 contacts the
epitopes on RBD-up, but it is omitted for clarity. D The epitope on RBD-down is
centered on Phe486, which fits into a hydrophobic surface formed by Trp96, Tyr58,
Tyr52, Arg100e, and Val100g (clockwise). E Superimposed crystal structure of RBD-
ACE2 complex (PDB ID: 6M0J) with N3-1 bound RBDs. The molecular surface of
ACE?2 is shown in transparent pale green. The light chain of N3-1 heavily clashes with
ACE2. The ACE2-binding site on RBD-down is blocked by CDRH2, CDRH3, and
CDRL3.
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Figure 4.10 N3-1 binding to emerging SARS-CoV-2 variants. A N3-1 binding to
variants of the spike protein circulating in Houston was tested through ELISA. B
Mammalian spike display was used to assess N3-1 binding to circulating Regeneron
antibody escape mutations. The SARS-CoV-2 RBD subunit and SARS-CoV-2 spike with

a deleted RBD (ARBD) were included as controls. *p<0.05; ****p<0.0001; using one-
sample t-test.
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Figure 4.11 N3-1 neutralizes circulating spike variants. A SARS-CoV-2-S binding
was assessed by surface plasmon resonance for Fab N3-1 binding to Wuhan-Hu-1 and
IgG N3-1 binding to Wuhan-Hu-1, Alpha, and Beta. B and C Independent SARS-CoV-2
live virus neutralization assays for N3-1 1gG.
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Figure 4.12 N6-2 and B3.1 bind epitopes at the S2 apex. A Cryo-EM structure
determination of N6-2 and B3.1 in complex with the AstalkS2 identifies similar binding
modes for the two antibodies at the S2 apex. B, C N6-2 and B.1’s CDR?2 is identical in
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amino acid sequence and tucks into the same groove located at the S2 apex, capped by a
hydrophobic ceiling from Leu753’s side chain. The binding interactions of the two
CDR2s differ, with N6-2 being able to engage Asp53 due to a more favorable fold that
orients the residue facing the AstalkS2. B3.1 instead anchors its interaction through Ser55
forming hydrogen bonds with Asn764. N6-2 CDRH2 is shown in dodger blue and B3.1
CDRH2 in dark blue.

145



A

ASP 745
v  TYR100B

,

GLu74s & 1)
:RG.Q

: )

~ N /

-~ - . 4 GIYor 3

TYR 36

Figure 4.13 B3.1 and N6-2 CDRH3s bind different S2 epitopes. A B3.1 CDRH3 is
shown in cornflower blue, CDRH1 in aquamarine and S2 in purple. B N6-2 CDRH3 is
shown in dark blue, CDRH1 in cyan and S2 in purple. C Four B3.1 light chain residues in
red support the CDRH3 loop through hydrogen bond interactions. Light chain Tyr91 in
yellow interacts with S2°s GIn853 (purple). D Four N6-2 light chain residues in green
interact with the CDRH3 in dark blue through backbone contacts.
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Figure 4.14 Omicron mutation N856K diminishes B3.1 and N6-2 binding. A
Mammalian spike display was used to test the individual effects of accumulated omicron
S2 mutations on B3.1 and N6-2 binding. The fold change of binding is shown as log2 as
normalized to Wuhan-Hu-1 binding of each antibody. B The S2 residue GIn853 is located
in its FPPR, colored orange, and interacts with B3.1’s light chain residue Tyr91 through a
hydrogen bond. Asp856 is shown in red and the distance between the amide groups was

6.709 A using ChimeraX.
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CHAPTER 5: Major Findings and Future Recommendations

5.1 COMBINATION OF YSD AND IG-SEQ ADVANCES ANTIBODY DISCOVERY
In this final chapter, | will examine the results of the different methods of our

antibody discovery platform and delineate how these methods are most successfully
applied in concert to isolate the maximum amount and greatest diversity of candidate
antibodies from a discovery campaign. In total, we report 49 SARS-CoV-2 neutralizers
which range in neutralization efficiency from 18 pM to >300 nM and recognize epitopes
at the RBD, NTD and S2 of the Wuhan-Hu-1 S-protein (Figure 5.1 A). We employed
YSD and Ig-Seq to source antigen-specific VHs from donor samples and identified
eleven unique clonotypes from YSD and fifteen from Ig-Seq. To find productive VLs we
pursued two approaches: a) screening for a suitable PLC partner, or b) expression of
combinatorial Fab libraries with donor VLs to select the greatest affinity candidates via
YSD. The eleven VHs discovered through YSD formed 20 neutralizing VH:VL pairs and
typically paired with YSD derived VLs as well, except for B3, which only showed
neutralization with PLCs. YSD-derived N3 and N6 formed neutralizing pairs with PLCs
and YSD VLs.

For 1g-Seqg-derived VHs, both approaches were successful and yielded 29
neutralizing VH:VL pairs of which twelve used a PLC and seventeen a YSD-derived VL.
The most frequently paired YSD VLs were IGLV1-40 and IGKV1-39, followed by
IGLV3-1 and IGLV1-51 which are also the V-genes of PLC8 and PLC9, respectively
(Figure 5.1 B). A7, the VH of the NTD-binder A7V3, showed a bias towards IGLV1-51
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in YSD selections, and also formed a neutralizing pair with PLC8 (IGLV1-51) but no
other PLCs when screened (Figure 5.1 C).

This anti-SARS-CoV-2 discovery campaign was the first time PLCs were
employed to identify functional pairs, which resulted in great success as they produced
seventeen neutralizing mAbs, including the structurally characterized N3-1, B3.1 and N6-
1. Our data demonstrates that non-cognate VH:VL pairs form neutralizing antibodies and
that an antigen-specific heavy chain can partner with multiple light chains productively.
In the case of IGHV1-24 clonotypes like A7 we observed a strong preference for lambda
light chains, specifically IGLV1-51. Only IGHV1-24 clonotype 12C also paired with the
kappa light chain IGKV1-39 (Figure 5.2). Other clonotypes like N3 (IGHV4-31) were
less discerning in their VL partner choice and formed pairs with a variety of kappa and
lambda genes. Overall, the light chain usage of our SARS-CoV-2 neutralizers was
consistent with reports from other groups, which identified all PLCs as frequent partners,
as well as IGKV1-39 and IGLV1-40, the most frequently YSD-derived VLs??2-2?", Our
results further support observations of a convergent antibody response to SARS-CoV-2
infection, characterized by increased IGHV3 gene family usage, specifically IGHV3-30,
and a class of NTD-directed neutralizers dominated by IGHV1-24 antibodies!®
153,168,181,228 'Eigure 5.2 summarizes the neutralizer VH and VL gene usage and pairing.

While the use of two different methods for heavy-chain discovery is not typical in
a single discovery campaign, the complementarity of YSD and Ig-Seq resulted in the
discovery of unigue clonotypes from each approach that would otherwise have been

missed. YSD and lg-Seq examine spatially and temporally separate repertoires, which
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increases the number and diversity of repertoire members screened. Additionally, the
limitations and drawbacks inherent to each technique are mitigated by the two-pronged
approach. For example, the CDRH3 of the S2 binder N6-2 contains a proline residue
following the arginine residue after which trypsin cleavage for CDRH3 fragmentation
typically occurs in 1g-Seq. However, the presence of the proline residue following
arginine, inhibits trypsin’s protease activity and leads to insufficient fragmentation of the
CDRH3?%, Instead, N6 heavy chain was discovered via YSD, which is not limited by
protein sequence, although the presence of AaRI recognition sites on a nucleotide level
can lead to loss of candidates. Interestingly, the additional S2 specific clonotypes N5, B3,
and P4A were discovered through YSD as well, despite their CDR3H trypsin digestion
not being hindered by prolines. Considering the dynamic nature of the S-protein, S2
epitopes may be more accessible to antibodies in solution during flow-cytometry-based

assays compared to column-immobilized S-protein during Ig-pulldowns.

5.2 NEUTRALIZING MABS TARGET RBD, NTD AND S2 EPITOPES
We have structurally characterized the S-protein binding modes of four

neutralizing mAbs: A7V3, N3-1, B3.1, and N6-2. A7V3 and N3-1 target the NTD and
RBD of the S1 subunit, respectively, while N6-2 and B3.1 bind overlapping epitopes at
the S2 apex. RBD binders are the most frequently observed class of neutralizers, and their
mode of action typically is to directly interfere with ACE2 binding48149230-232 This is
also the case for N3-1, which binds ACE2-interacting residues at the RBD and sterically

blocks ACE2 approach. N3-1 differs from other RBD binders through its ability to bind
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all three RBD domains with a single 1gG. One of N3-1’s Fabs interacts with an RBD-up
and RBD-down simultaneously while the other Fab pins the third RBD in the up position.
N3-1 can bind RBD in the up and down position at the same time by recognizing two
discrete epitopes in the different conformational states (Figure 4.9). To achieve this, N3-
1 employs five out of its six CDRs to bind a conserved hydrophobic pocket on the RBD-
up and block the ACE2 binding site on the RBD-down. Notably, the CDRL2 of PLC1 is
engaged in the hydrophobic pocket at the RBD-up while CDRL3 contacts the RBD-
down, demonstrating that PLCs can contribute to antibody binding despite being a non-
cognate partner. Since discovery of N3-1, other antibodies have been described that
occupy two epitopes at the RBD-up and RBD-down, however, they do not bind them
simultaneously but rather one at a time?33,

In contrast to N3-1’s unique binding mode, A7V3 employs a common binding
mode to target an antigenic supersite at the NTD of the original SARS-CoV-2 Wuhan
strain. While RBD-mediated neutralization interferes directly with host recognition and
therefore infection, the mechanism for NTD-directed neutralization is opaque as the
NTD’s function is unknown. Regardless of our lack of mechanistic understanding, the
NTD is a hotspot for neutralizing antibodies, and several NTD-directed antibodies,
including A7V3 (Figure 3.9), prophylactically protect mice from developing COVID-19
upon SARS-CoV-2 challenge®®®. NTD neutralizers overwhelmingly target a set of
flexible peptide loops that lack the heavy glycosylation characteristic for most of the
NTD. This antigenic supersite is vulnerable to recognition by IGHV1-24 antibodies like

AT7V3. The first reported NTD binder to target the site, 4A8, shares a strikingly similar
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binding mode of the N3 and N5 loops with A7V3%2, While 4A8 and A7V3 have distinct
CDRH3s, their CDRH1s and CDRH2 are identical. Overlay of the two structures in
complex with the S-protein (Figure 3.8E) reveals that the two CDRH2s form the same
interactions with the N3 loop, which positions the CDRH3s to contact epitopes at the N5
loop where A7V3’s and 4A8’s interactions with the loop diverge due to the different
CDRH3 sequences.

Interestingly, when we determined the structures of S2 binders N6-2 and B3.1 in
complex with AstalkS2 we observed an analogous case. N6-2 and B3.1 share the IGHV3-
30 V-gene while differing in their CDRH3 sequence. Examination of the binding modes
shows that N6-2’s and B3.1°’s CDRH2s occupy the same binding pocket at the S2 apex,
anchored by the CDRH2s’ tyrosine interacting with the hydrophobic ceiling of the
pocket. While the CDRH2s’ interactions with the S2 are not identical for each residue,
the recognition of the same binding pocket ultimately determines the positions of the
CDRH3s. Similar to the CDRH3s of A7V3 and 4A8, N6-2’s and B3.1’s CDRH3s bind
overlapping epitopes at the same site on S2 surrounding residue Glu748.

In our screen of the effect of individual omicron mutations throughout the S2 on
antibody binding, N764K in isolation improved N6-2 and B3-1 binding, most likely by
strengthening the interactions at the CDRH2 binding pocket (Figure 4.14A), further
illustrating the epitope’s importance. Overall N6-2’s and B3.1’s binding of omicron S2 is
abrogated by the non-contacting mutation N853K which may cause larger structural

rearrangement leading to the occlusion of previous binding interfaces.
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The similarities observed between the binding modes of antibodies of the same
heavy chain V-gene may suggest an unexplored role for CDRH2s in determining antigen-
specificity. It is known that specific VH-genes such as the self-reactive 1IGVH4-34
display biases in their antigen reactivity?3*. Considering the stochastic nature of CDRH3
sequences, VH-gene specific antigen preferences are more likely to be mediate by
germline residues. Germline residue mediated antigen recognition has been demonstrated
for IGHV3-30 antibodies which are disproportionally evoked by cytomegalovirus and
streptococcus pneumoniae infection®>2%, For cytomegalovirus recognition, CDRH2
germline residues contact a conserved peptide epitope and remain unaffected by several
rounds of affinity maturation®®, indicating their functional significance. Considering
these findings in the context of convergent repertoire responses to SARS-CoV-2
infection, suggests that while CDRH3 contacts are undoubtedly determinants of affinity
and specificity, germline features like the CDRH2 may contribute to and bias VH-gene
specific antigen recognition. A7V3 and 4A8 especially connote this hypothesis as two
antibodies which were discovered by independent groups and from ethnically divers
donors. Exploration of this theory through further experiments and meta-analysis of
published structures may provide better insights into antibody mediated immunity in the

future.

5.2 FUTURE METHOD DEVELOPMENT TO IMPROVE REPERTOIRE MINING

Currently, both YSD and Ig-Seq focus on IgG isotype antibodies, as they

generally possess stronger affinities towards their antigen. However, this limits the
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techniques to observation of post-class switched antibodies and misses the crucial early-
response IgM antibodies. Adaptation of Ig-Seq and YSD methods for IgM discovery may
provide rare insights into initial immune response against novel pathogens and enable a
better understanding of repertoire dynamics during an active immune challenge.
Coupling IgM and I1gG repertoire analysis over the course of an immune response may
grant the opportunity to trace antibody lineages from activation through class switching
and affinity maturation. IgM antibodies also play significant roles in neutralization of
viruses, such as Ebola?®’, HIV?3® and SARS-CoV-2%%, in which case they are of interest
as therapeutics.

YSD is a versatile technique that allows (immune) repertoires to be stored and
repeatedly interrogated against different antigens, in competition assays, negative
selections, and selection for cross-reactive binders. By creating a display strain in the
laboratory strain BY4741, we hope to make YSD more accessible as an experimental
tool. The reduction in induction time from two to one day shortens experimental time
frames and its well characterized genetic background is compatible with common yeast
biology tools such as the yeast tool kit. In future experiments we will explore whether
initial improvements of Fab display in EBY100 through chaperone co-expression can be
recapitulated and expanded upon in BYDis, and benefit from the OPI1-deletion mediated
ER-expansion. The genomic integration of expression vectors mitigates plasmid loss in
transformed yeast and significantly reduces the number of non-expressing yeast cells.
Efficient display of Fabs enables more accurate characterization of antibody library

members and expedited downstream adaptation of full-length antibody formats.
154



Yeast antibody libraries are agnostic to the repertoire source, and can be used to
mine naive, immune, and synthetic repertoires equally. One limitation of YSD can be the
transformed library size. Donor derived libraries are typically extracted from PBMCs on
an order of 10°. While yeast transformation efficiency routinely reached 107 — 108
transformants, the combinatorial diversity of 10® VHs times 10° VLs far exceeds this. To
mitigate the loss of library members we propose a two-step selection protocol that
leverages our insight into light chain repertoire diversity. To reduce combinatorial
diversity, VH-sequences can initially be paired with a limited set of light chains of
germline sequence such as the PLCs to isolate antigen-specific heavy chains. In a second
step these heavy chains can then be extracted and paired with the donor derived VL
repertoire to find optimized pairs. To maximize discovery of antigen-specific VHs from
an initial reduced light chain set, a surrogate light chain (SLC) construct can be included.
The SLC’s role during B-cell development is to stabilize the pre-B-cell receptor by
functioning as a universal heavy chain partner?°. During the initial selection step, VHs
that do not pair productively with other light chains, could be stabilized by the SLC
instead. Xu et al. successfully paired SLC constructs with heavy chains to create and
select ‘surrobodies’ via phage display?*..

The modular design of our YSD platform enables straightforward adaptation of
different expression formats such as the SLC or other Ig isotypes like IgM. It can also be
amended for the display of antibodies from different species. As arguably the most
relevant animal model in antibody discovery, we conducted a literature review of mice

light chain repertoires and identified the most frequently occurring mice VLs (Table
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5.1)%%2243, While these murine PLCs have not yet been validated, PLCs for mice and
other relevant species, e.g., non-human primate, may be valuable tools for antibody
discovery.

In summary, the work described in this dissertation presents several advances in
antibody discovery methods and illustrates how these advances enabled the rapid

discovery of neutralizing SARS-CoV-2 mADbs.
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Figure 5.1 Distribution of VH:VL neutralizers by discovery method. A Neutralizing
antibodies are grouped by their antigen specificity and their IC50s mapped binned by
discovery method. Each unique clonotype is depicted by a symbol. Symbols occurring
multiple times in the same sub-plot denote the same VH clonotype with different VLs. B
plots the VL gene usage in neutralizing pairs. Blue represents PLCs and green YSD VLs.
C Live virus neutralization testing of A7-derived neutralizing VH:VLs.
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Figure 5.2 SARS-CoV-2 neutralizing antibody VH and VL gene usage and pairing.
Sankey plot depicting the gene usage and VH:VL pairing of neutralizing mADbs.
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V Gene J Gene CDR3
IGKV_1-117 J1 FQGSHVPPWT
IGKV_1-135 J1 WQGTHFPQWT
IGKV_10-96 J1 QQGNTLPRT
IGKV_12-44 J2 QHHYGTPPYT
IGKV _12-46 J1 QHFWGTPPWT
IGKV_12-89 J1 QNVLSTPPWT
IGKV_19-93 J1 LQYDNLLPWT

IGKV_6-23 J5 QQYSSYPLLT
IGKV_6-15 J5 QQYNSYPLLT
IGKV_8-30 J2 QQYYSYPPYT
IGKV_8-27 J1 HQYLSSWT
IGLV 1 J1 ALWYSNHFWV

Table 5.1 Mice PLCs. Light chain V-genes and J-genes were identified from two studies
examining mouse repertoire diversity.
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