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Abstract

Understanding how viruses and antibodies evolve in response to one another can help inform future
vaccines and therapies. This project investigated longitudinal samples from individuals infected with
HIV-1 and SARS-CoV-2, the causative viruses of AIDS and COVID-19 respectively.

Multiple lineages of antibodies that can neutralise a wide range of HIV-1 variants have been previously
isolated. They target conserved epitopes on the HIV-1 env glycoprotein, the only virally encoded
antigen presented on the viral surface. Understanding how bnAbs develop during natural infection
could inform future vaccination strategies. Initially, this project sought to isolate bnAbs from a HIV-1
infected individual across multiple timepoints, which required the optimization of numerous methods.
These included biotinylated antigenic bait production, PBMC staining, FACS sorting and a function
monoclonal antibody library generation pipeline. During this project, antibodies capable of cross-
binding the gp120s of two HIV-1 global panel viruses were isolated. Through site-directed mutagenesis
and other molecular cloning techniques, insights were gained into the role of the V3 and V1 loops in
viral escape in donor SJU.

With the arrival of the COVID-19 pandemic, the focus of this project was shifted to the antibody
response to SARS-CoV-2. As such, many of the aforementioned methods were updated for work with
the novel virus. Next, the polyclonal neutralising antibody responses of subjects infected with SARS-
CoV-2 was investigated longitudinally. This revealed that neutralising titres sharply declined
throughout the first 3-months following infection and that disease severity had an impact on the
magnitude of the response. To understand these responses at a monoclonal level, B-cells were sorted
from three SARS-CoV-2 infected donors and a library of 108 monoclonal antibodies was generated.
Characterization of this library revealed that Spike specific antibodies had low levels of somatic
hypermutation and that neutralisers could be separated into 7 competition groups. Further, it was
shown that particular competition groups were unable to neutralise the B.1.1.7 variant of concern as
a result of specific mutations within the receptor binding domain and NTD. To ascertain whether
vaccination with ChAdOx1-nCoV resulted in a similar antibody response to natural infection, 44 SARS-
CoV-2 specific monoclonal antibodies were isolated from a single donor. All 7 competition groups were
found to be present and an additional NTD-specific group was discovered. Despite low levels of plasma
neutralisation, the monoclonal antibodies isolated form this subject showed higher levels of SHM,
increased potency and better breadth (against a panel of 5 variants of concern) compared to natural
infection monoclonal antibodies. 1gG spike specific B-cells were still measurable in this donor 9-
months post-boost, at which time plasma neutralisation was undetectable. The conclusions of this
work have highlighted the importance monitoring antibody and B-cell decline following SARS-CoV-2
infection and vaccination. Furthermore, it has highlighted sites of vulnerability on the SARS-CoV-2
spike and how these are impacted by viral escape mutations.
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Preface

This thesis is comprised of 6 chapters. Chapter 1 is a comprehensive literary review of the scientific
topics fundamental to the thesis and outlines the objectives of the research presented. Chapters 4
and 5 are revised versions of manuscripts that have been published in scientific journals, of which the
candidate is the co-first author. The contributions of all authors on these manuscripts are listed in the
“Contribution of authors” section. These chapters have their own introduction, results and discussion
sections, whilst details on the materials and methods can be found in Chapter 2. The results presented
in this thesis are summarised and discussed in Chapter 6. The references for Chapters 1-6 are listed at
the end of the thesis.
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Chapter 1: introduction

1.1 Components of the immune system

1.1.1 Haematopoiesis

In the human body, blood cells are made and consistently replenished through a process called
haematopoiesis. The haematopoietic system is generally considered to be hierarchical in nature,
ultimately producing distinct specialised cells which perform a wide range of important functions

(Figure 1.1) *.

All blood cellular components are produced from a common precursor known as the hematopoietic
stem cell (HSC). In adults, HSCs are found in the bone marrow and are capable of self-renewal and
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Figure 1.1: Classical model of Haematopoiesis.
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Shown here is the classical model of the haematopoiesis hierarchy. LT-HSCs differentiate into ST-HSCs, and then into MPPs
with reduced self-renewal ability. MPPs differentiate into either CMPs or CLPs, in the first lineage commitment. CMPs can

give rise to MEPs or GMPs,

whilst CLPs generate lympthocytes and dendritic cells. MEPs differentiate into

megakaryocytes/platelets and erythrocytes. GMPs become granulocytes, macrophages and dendritic cells. Haemopoietic
differentiation is controlled by extrinsic cytokines (dark blue) and intrinsic transcription factors (red), the different cell
populations are distinguishable by surface markers (orange). Adapted from ’.
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multipotent differentiation 2. HSCs can be separated into two sub-populations based on their

expression of surface marker cluster of differentiation (CD) 34. Long-term HSCs (LT-HSC) are CD34*,
whilst short-term HSCs (ST-HSC) are CD34 3, LT-HSCs maintain self-renewal capability for longer (>3-4
months) compared to ST-HSCs (<1 month), but are rarer and quiescent.

LT-HSCs give rise to ST-HSCs, which further differentiate into cells that lack reconstitution ability called
multipotent progenitors (MPP) *. MMPs can differentiate into either the common myeloid progenitors
(CMP) or common lymphoid progenitors (CLP). CMPs can differentiate into granulocyte-macrophage
progenitors (GMP) or megakaryocyte-erythrocyte progenitors (MEP), whilst CLPs can give rise to B-
cells, T-cells, natural killer (NK) cells and dendritic cells. GMPs differentiate into basophils, neutrophils,
eosinophils, monocytes (which mature into macrophages or monocyte-derived dendritic cells) and
dendritic cells. Lastly, MEPs can give rise to megakaryocytes (responsible for producing platelets) or
erythrocytes.

This process of sequential differentiation from LT-HSCs to mature blood cells is controlled by a
complex orchestration of intrinsic transcription factors and extrinsic cytokines >¢. Advancements in
single-cell technologies have enabled amendments to be made to this classic model of
haematopoiesis, however they will not be discussed here 7.

1.1.2 Innate vs adaptive immunity

The immune system can be broadly considered to consist of two lines of defence, innate and adaptive
immunity (Table 1.1). Innate immunity is the first line of defence against pathogens, acting
immediately or within hours of exposure via non-specific mechanisms. The innate immune response
does not generate immunological memory, and would not recognise the same antigen in the event of
a subsequent exposure. Adaptive immunity acts as the second line of defence against pathogens,
reacting to antigens in a specific manner but requiring a lapse in time from exposure to maximal
response. Adaptive immunity is able to generate immunological memory, allowing a fast and effective
response to a second antigen exposure. The mechanisms of innate and adaptive immunity are not
mutually exclusive and instead work in tandem to efficiently tackle infection .

The cellular mediators of the innate immune response are phagocytes, dendritic cells, mast cells,
basophils, eosinophils and NK cells (Table 1.2). Phagocytes include neutrophils and macrophages, both
of which engulf their targets and eliminate them via bactericidal pathways. Neutrophils are short-lived
cells, whilst macrophages are long-lived cells. Neutrophils also have granules and enzymatic pathways
which help to protect the host from pathogenic microbes. In addition to phagocytosis, macrophages
can present antigens to other members of the immune system. Similarly, dendritic cells can also
phagocytose pathogens and present them to other cells. Mast cells and basophils have many features
in common, both functioning to initiate acute inflammatory responses, for example allergic and

Table 1.1: Comparing features of innate and adaptive immunity.
Comparison of characteristics displayed by the innate and adaptive arms of the immune system. Adapted from 627,

Innate Adaptive
Features Primitive and broad Highly specific
Speed of onset Immediate ~3 day lag
Potency Lower Higher
Kinetics Fast (hours-days) Slow (days-weeks)
Amplification No (insignificant) Yes
Duration Short (days) Long (months/years)
Memory No Yes
Activity Always present Normally silent
Specificity Unspecific Highly specific
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asthmatic reactions. Additionally, mast cells are known to be early generators of cytokines as a result

of injury or infection. Mast cells are usually located within the connective tissue around blood vessels,
whilst basophils are found in the circulation. Eosinophils are granulocytes capable of phagocytosis and
are important in the defence against parasites that are generally too large to be engulfed. Further,
eosinophils are also involved in acute inflammatory responses. NK cells are important for the

Table 1.2: List of immune cell characteristics.
Shown here are the key functions, lifetimes and main targets of the immune cells. B-cells are not included, as they are the
topic of 1.2. Adapted from 8.

Cell type % in Functions Lifetime Main target
adults
Macrophage Varies Phagocytosis Month- Various
Antigen years
presentation
Degranulation
Neutrophil  40-75% Phagocytosis 6 hours- Bacteria
Degranulation few days Fungi
Eosinophil  1-6% Degranulation 8-12 days Parasites
Release of (circulate Various
enzymes, growth for 4-5 allergic
factors and hours) tissues
cytokines
Basophil <1% Degranulation Likely a Various allergic
Release of few tissues
histamines, hours-few
enzymes and days
cytokines
Mast cell Common in e Degranulation Months- Parasites
tissues e Release of years Various
histamines, allergic
enzymes and tissues
cytokines
T-cell 20-40% o T-cell (CD4+): Weeks- o T-cell (CD4+):
immune years intracellular
response bacteria
mediators e T-cell (CD8+):
e T-cell (CD8+): virus infected
cell destruction cells and
tumour cells
Monocyte 2-6% Differentiate into Hours- Various
macrophages and days
dendritic cells to elicit
immune responses
NK cell 15% e Tumour rejection  7-10 days e Virus infected
(varies) e Destruction of cells

infected cells
e Release of
perforin and
granzymes
which induce
apoptosis

e Tumour cells
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elimination of cells infected by viruses and the rejection of tumours. To destroy infected cells, NK cells
release perforins and granzymes to induce apoptosis. NK cells also produce the cytokine interferon-
gamma (IFN-y), which mobilises antigen-presenting cells and activates other arms of the immune
response & The complement system is a non-cellular biochemical pathway of innate immunity, which
can identify and opsonise particular pathogens. The complement cascade makes pathogens more
vulnerable to phagocytosis and is even capable of eliminating some pathogens or infected cells
directly. Further, it can lead to the induction of adaptive immunity via mobilisation and activation of
antigen-presenting cells 8.

The cellular mediators of the adaptive immune response are T-cells. Each T-cell expresses a unique
antigen-specific membrane bound receptor, known as a T-cell receptor (TCR). T-cells are activated by
interaction with an antigen-presenting cell which has digested and displayed the appropriate antigen
bound to a major histocompatibility complex (MHC). This stimulates the T-cell to differentiate into
either a cytotoxic T-cell (CD8") or a helper T-cell (CD4*). Cytotoxic T-cells are activated by MHC class |
molecules, and are mainly involved in the elimination of infected cells and tumours. Helper T-cells are
activated by MHC class Il molecules, and release cytokines which influence the activity of other
immune cells. Several types of helper T-cell can be generated and they are characterised by the
cytokines they release and the downstream cells that they activate. Upon activation both types of T-
cell rapidly proliferate, but once the infection has been resolved the majority of effector cells die and
are removed by phagocytes. However, some of these cells remain as memory cells that can be quickly
activated if the same antigen is encountered &,

Similarly to T-cells, B-cells also express a unique antigen-specific membrane bound receptor called a
B-cell receptor (BCR). Simplistically speaking, upon activation B-cells can differentiate into short-lived
plasma cells and long-lived memory B-cells. The plasma cells are responsible for the secretion of
soluble versions of their BCRs called antibodies, which enter the circulation targeting foreign antigens.
Although the majority of plasma cells undergo apoptosis when the infection has been cleared,
memory B-cells persist and can been activated during a secondary response. The primary function of
B-cells is the production of antibodies, hence B-cells are considered the mediators of the humoral
response in adaptive immunity &,

1.2 B-Cell biology

1.2.1 Antibody structure and function

The first description of the humoral immune response came in 1890, where it was observed that cell-
free blood could provide immunity to tetanus and diphtheria °. Antibodies or immunoglobulins (Ig),
representing the key component of humoral immunity, are Y-shaped glycoproteins which are
expressed on the surface of B-cells and secreted by plasma cells (Figure 1.2) 1!, Antibodies bind to
harmful entities such as pathogens, toxins and dead cells, neutralising or tagging them for removal.

When an antibody molecule is digested by the proteolytic enzyme papain, two fragments of identical
size (referred to as fragment antigen binding or Fab) are produced alongside another slightly larger
fragment (fragment crystallisable or Fc) 12. As their namesake suggest, Fab regions contain the portion
of the antibody responsible for antigen binding. On the other hand, Fc regions were named on the
basis that they crystalize readily. It was later discovered that the highly conserved Fc regions, and their
associated N-linked carbohydrates, play an important role in mediating antibody effector functions 2.
The Fab and Fc are connected by a flexible region known as the hinge. Indeed, electron microscopy
studies of antibodies binding to divalent hapten complexes have observed that various ranges of
motion can be achieved by flexion at the hinge region .
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Antibody molecules are composed of two identical heavy chains (lgy) and two identical light chains
(1g) held together by a series of disulfide bonds '°. There are two types of Ig,, kappa (Ig.k) located on
chromosome 2 and lambda (IgA) located on chromosome 22, presented in humans at a ratio of ~2:1
in humans (k:A) 6. As a result of isotypic exclusion B-cells express only Igik or IgiA, however rare
exceptions have been documented .

Early examination of antibody amino acid sequences revealed two remarkable features. Firstly, each
chain was composed of linearly arranged homologous (but non-identical) sequences, ~110 amino
acids in length. An individual homologous region represented a discrete and compactly folded protein
unit, which would come to be known as a domain. Interestingly, this indicated that antibody chains
had evolved through successive duplication of an ancestral gene corresponding to a single domain.
The second feature was that the first amino-terminal domain sequence varied greatly between
antibodies, while the rest of the domains remained constant across antibodies with matching isotypes
18, Hence, the variable portions of the Igy and Ig. were considered the variable domains (Vi and V,)
and the constant portions were referred to as the constant domains (Ch1-34 and C.). The Vi and V.,
combine to form the variable region at the apex of an antibody Fab, enabling specific binding to a vast
array of antigens. The Cy and C, form the constant region of an antibody molecule, which spans both
the Fab and the Fc. On Fab molecules, it has been shown that the junction between the variable and
constant regions is capable of bending and rotating ¥°. This freedom, combined with the flexibility
achieved at the hinge region, permits either arm of an antibody to bind antigens exposed in various
spatial presentations.

1.2.2 V(D)J recombination

In a single individual, the total number of available antibody specificities is referred to as the antibody
repertoire. The variable regions of antibodies must be extremely diverse to ensure specific responses
are mounted against any harmful agents encountered. It has been estimated that an antigen-naive
repertoire can contain >10% possible variable region sequences 2. As the amount of possible variable
region sequences exceeds the number of B-cells present in the body, it would appear that such
diversity cannot be encoded as germlines. Instead, variable region genes are created via random
recombination of a pool of specific gene segments found in the genome. These gene segments can be
categorized as variable (V), diversity (D) or joining (J). A functional V4 gene is made from a combination
of single V, D and J genes. Alternatively, a functional V. gene is constructed by recombining single V
and J genes. There are different numbers of functional gene segments available in each category for

Antigen binding
site

Fc

Figure 1.2: Annotated antibody structure.

Antibodies are Y-shaped glycoproteins, that can be broken down into two fragments (Fab and Fc). These molecules are
composed of Igy (dark blue and orange) and Ig, chains (red and grey) held together by disulfide bonds. The antibody chains
can be divided into discrete domains, which are variable (Vi and V) or constant (Cus.4), as well as a flexible hinge region. The
Fc portion of antibodies harbour N-linked glycans that are important for mediating an array of effector functions. Adapted
from 628629 PDB code = 1IGY.
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both the Vi and V| regions (Table 1.3) 2723, As a result of genetic polymorphism, not all individuals
possess the same number of functional gene segments *. Recombination of the antibody variable
region follows a well-defined order during lymphoid development. To begin, the D and J genes of the
Vy are recombined and subsequently joined to an upstream V gene (Figure 1.3a). The C, gene is added
to the newly formed VDJ gene through splicing of the primary RNA. Following this, the V, is formed by
recombination of the V and J genes (Figure 1.3b). The arrangement of J and C, genes differs between
Igik and IgiA using antibodies. For the Igik loci, a single C. gene exists downstream of multiple J
segments. In the Ig/A loci, each J gene has its own C, gene located downstream. Hence, the C, used in
IgiA antibodies is dependent on the J gene. The C, genes are added to the assembled VJ genes via RNA
splicing %.

The recombination process is site-specific, meaning it occurs precisely at the coding end of each
connectable element, because each gene segment is flanked by a recombination signal sequence
(RSS). The nucleotide arrangement of RSSs is well understood, conserved heptamer and nonamer
motifs are separated by linker sequences which are 12 (12RSS) or 23 (23RSS) base pairs in length
(Figure 1.3c) %. In vivo recombination preferably occurs between a 12RSS and a 23RSS, commonly
referred to as the 12-23 rule ?’. The 12-23 rule ensures that only corresponding V, D and J gene
segments are assembled. Indeed, the V. of Ig|A antibodies have V genes with 23RSSs downstream and
J genes with 12RSSs upstream. In the V, of Ig .k antibodies this pattern is reversed, with V genes having
12RSSs downstream and J genes having 23RSSs upstream. The D genes of the Vy are bordered by
12RSSs on both sides, whilst V genes have 23RSSs downstream and J genes have 23RSSs upstream 2,

V(D)) recombination is initiated by the recombination-activating gene (RAG) enzyme complex,
composed of RAG1, RAG2 and high mobility group box 1 (HMGB1) proteins (Figure 1.4a). The RAG
complex binds to an RSS flanking a gene segment (e.g D gene 12RSS of Vy) and then recruits a second
RSS on a separate gene segment (e.g J gene 23RSS of Vy), following the 12-23 rule. Next, the RAG
complex makes an endonucleolytical nick to the captured elements precisely between the gene
segments and the heptamer motifs. The cutting points at the 12RSS and 23RSS heptamers generate
two separate 3' -OH groups, one for each of the captured genes. The 3' -OH groups act as nucleophiles
in transesterification attacks on phosphodiester bonds located on the antiparallel deoxyribonucleic
acid (DNA) strands. This closes the coding V, D or J gene segments with hairp in loops (coding ends),
whilst producing a blunt double-stranded break at the end of the RSSs (signal ends) .

The coding ends are then bound by Ku, a heterodimer of Ku70 and Ku80, which forms a complex called
the DNA-dependent protein kinase (DNA-PK) by recruiting its catalytic subunit (DNA-PKcs) %. Artemis,
a protein with nuclease activity, associates with DNA-PK creating the DNA-PK:Artemis complex. DNA-
PK phosphorylates Artemis resulting in a nick at a random position in each of the coding sequences,
close to where the hairpins were initially generated L. This forms single-stranded nucleotide tails at
the end of the nicked gene segments. The tails may contain short palindrome sequences, because the
original coding and added nucleotides used to be complementary in the double-stranded DNA.
Nucleotides added via this mechanism are called P-nucleotides, due to their tendency to be

Table 1.3: V(D)J and C gene segments.
Shown here are the numbers of functional V, D, J and C gene segments found at the IgH, IgLk and IgLA loci. Adapted from 628,

Segment | Light chains Heavy chains
gLK lg.A Ign
\'/ 34-38 29-33 38-46
D 0 0 23
J 5 4-5 6
Cc 1 4-5 9
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palindromic in nature. Next, the tails can be modified by terminal deoxynucleotidyl-transferase (TdT)
which adds nucleotides at random (with a GC bias), increasing the length of the overhangs.
Nucleotides added through this process are call non-template or N-nucleotides. Throughout this,
nucleotides can also be removed from the coding ends through the action of a currently unidentified
exonuclease (possibly Artemis). Nucleotides are added or removed at the opposing overhangs until
they eventually form complementary sequences and pair. An exonuclease (also possibly Artemis)
removes any mismatched nucleotides and the remaining gaps are filled by template-dependant DNA
polymerases. The coding ends are linked by a complex of DNA ligase IV and X-ray repair cross-
complementing protein 4 (XRCC4), forming a coding joint 32. The joining of double stranded breaks
(DSBs) via this mechanism is referred to as the classical non-homologous end joining (NHEJ) pathway.

At the blunt signal ends, Ku70:80 binds to the RSSs and the DNA ligase IV:XRCC4 complex precisely
joins them to generate a signal joint. Generally, the coding genes being recombined are arranged in
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Figure 1.3: Structure of V(D)J genes and recombination process.

V(D)J gene segments are arranged in a non-functional state in the germline, but they are brought together through a series
of recombination events to form functional variable region sequences. At the Igy locus (a), the D and J genes are rearranged
first and subsequently joined to an upstream V gene. The L and Cy are joined with the newly formed VDJ gene via RNA splicing.
At the Ig, loci (b), the V and J genes are recombined and then spliced between the L and C,. The arrangement of the Ig.k and
1giA genes differ, with all Ig.k VJ genes using the same Ck and the Ig;A VJ genes each using a designated CA. The gene segments
are rearranged in the correct orientation due to the presence of complementary 12RSS and 23RSS sequences (c), which can
be found adjacent to the gene segments. This type of diversity is known as combinatorial diversity. Adapted from 63,
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the same transcriptional orientation (Figure 1.5). In such instances, the formation of the signal joint
results in the intervening DNA being released as an excision circle. However, coding genes can also be
oriented in opposing transcriptional directions. For example, half of Igik V gene segments are found
in the opposite orientation to their corresponding J gene elements. Joining such RSSs requires looping
of the DNA and results in a functional V. and integration/inversion of the normally excised intervening
DNA 3,

O
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Figure 1.4: V(D)J recombination pathway.

V(D)) recombination is initiated by the RAG complex (a), which binds to RSSs flanking the gene segments. RAG complex
endonuclease activity results in single strand cuts being made in the DNA backbone between the gene segments and their
RSSs. This leads to the formation of hairpin loops on the coding ends and blunt double stranded breaks on the signal ends.
The two types of DNA ends are resolved in different ways. At the coding ends (left), Ku70:80 bind to the hairpins, and the
DNA-PK:Artemis complex is recruited. The DNA-PK:Artemis complex nicks the hairpins at a random site, opening the loops
and allowing TdT to add or remove nucleotides. The coding ends are ligated by DNA ligase IV:XRCC4. The signal ends (right)
are resolved by the actions of Ku70:80 and DNA ligase IV:XRCC4, resulting in inversion or excision of the intervening DNA.
Recombination in this manner (b) is imprecise and results in the introduction of P-nucleotides and N-nucleotides. This type of
diversity is known as junctional diversity. Adapted from 628,
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The variation introduced via random pairing of antibody chains and V(D)J recombination is known as
combinatorial diversity (Figure 1.4b). Combinatorial diversity may be slightly more limited in practice
compared to theory. There is considerable variation in the usage of different V gene segments, which
could be the result of polymorphisms in the RSSs 3. Further, the number of V(D)J segments available
for recombination can differ between individuals, and some Igu-Ig. pairs are unable to produce
functional antibodies 2*. This is an important feature to consider, for example HIV-1 research has
shown that only certain germline V(D)J arrangements possess the inherent characteristics required
for broad neutralisation 3°. However, such germlines can be rare and be difficult to stimulate with
immunogens, making this a substantial roadblock to HIV-1 vaccine development 3. The alteration that
is introduced between gene segments during V(D)J recombination is known as junctional diversity.
The contributions that P/N-nucleotide addition or exonuclease removal make to the coding joint vary
37 For instance, P-nucleotides are often absent in antibody sequences and a lower number of N-
nucleotides are found in Ig, chains 313,
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Figure 1.5: V(D)J recombination dependency on gene transcriptional orientation.

In most cases, gene segments undergoing recombination are arranged in the same transcriptional orientation (left).
Juxtaposition of the RSSs leads to looping out of the intervening DNA and the release of an excision circle. In other instances,
the gene segments are found in an opposite transcriptional orientation and must adopt a coiled topology to rearrange. This
results in inversion and integration of the intervening DNA. Adapted from 62,
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1.2.3 Complementarity-determining regions and framework regions

Antibody domains are comprised of two compact antiparallel B-sheets, joined via a disulfide bond,
forming a cylindrical structure known as an immunoglobulin fold (Figure 1.6a). The B-sheet motifs are
created from laterally connected sections of polypeptide arranged in conformations called B-strands.

CDR3

CDR1
FR3 (D-E) loop

CDR2

FR3 (D-E) loop CDR1 CDR2

Disulphide bond * Disulphide bond :

FR3 (D-E) loop
g,

FR3 (D-E) loop
lg,

Figure 1.6: Structure of antibody variable and constant domains.
Antibody variable and constant domains are barrel-shaped structures, composed of antiparallel 8 sheets (made from 6

strands) held together by a disulfide bond (a). The 8 strands are lettered sequentially in the order they appear in the amino
acid sequence. Variable domains (light blue and grey) have two additional 8 strands (C' and C"), which are not found in
constant domains (dark blue and orange). There are three areas within the variable domains that display a high level of
sequence variation (CDRs). The CDRs form three loops at the apex of variable regions (b), which formulate the majority of the
contacts with the antigen. Occasionally a loop from the FR (FR3) also participates in antigen binding. Adapted from 625629,
PDB code = 1IGY.
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The B-strands are displayed as arrows on structural diagrams and labelled in alphabetical order as they
appear in the amino acid sequence from N-terminus to C-terminus .

In constant domains, the first B-sheet has four B-strands (VA B J E D) and the second has three
(4 CMF L G). The two B-sheets are joined by a disulfide bond located between the B-strands °B and
MF. The constant domains are generally tightly packed and have short loops linking the B-strands. In
the variable domain, the arrangement of the first B-sheet and the location of the disulfide bond is the
same as the constant domain. However, the second B-sheet of the variable domain has five B-strands
(v C” 1C LC TF UB), two more than what is found in the constant domain. Further, variable
domains are usually less compact, with longer loops than constant domains *.

Early variability studies showed that the sequence variation found in antibody variable regions is not
distributed equally. Three areas display a high level of variability, these are called complementarity-
determining regions (CDR; Figure 1.6b). Additionally, there are four areas not encompassed by the
CDRs that show less variability, these are known as frame-work regions (FR) *. The FRs generate the
B-sheets, ensuring the structure of the antibody is maintained. The CDRs form three of the loops
connecting the B-strands, these are located on the external side of the immunoglobulin fold. The Vu
and V. both contribute three CDRs, when joined these loops formulate the majority of the contacts
made with the antigen ¥. Although not generally considered a CDR, there is a fourth loop located in
the FR3 of variable domains. In some instances, the FR3 loop has been shown to participate in antigen
binding and lead to an enhancement in the neutralisation of viruses such as HIV-1 4442,

The first two CDRs of the Vy and V. domains are encoded solely by their V gene segment. In contrast,
the CDR3 of the V4 is partially encoded by its corresponding V, D and J gene segments. Likewise, the
CDR3 of the V| is partially encoded by its corresponding V and J gene segments. The CDR3 loops of
both the V4 and V. can therefore incorporate junctional diversity into their sequence. The CDRH3 is
the most diverse loop because it forms two junctions when undergoing recombination. Consequently,
there are two opportunities for the acquisition or loss of P/N-nucleotides, enabling a wide array of
CDRH3 lengths to be generated in the human repertoire *. In turn, the CDRL3 is considered to be the
second most diverse loop of the CDRs. Both the CDRH3 and the CDRL3 have been shown to play crucial
roles in the binding of antibodies to antigens *“**. Long CDRH3s have been shown to be a crucial
feature of HIV-1 bnAbs, enabling these antibodies to reach through the glycan shield of their target
and contact vulnerable conserved protein regions underneath %,

1.2.4 Somatic hypermutation

In addition to combinatorial and junctional diversity, variation can also be introduced into the DNA
sequences of antibodies through a process called somatic hyper mutation (SHM). SHM introduces
point mutations and insertion/deletions (indel) into the Vy and V. genes. As a result of SHM, the
variable regions of antibodies have a mutation rate that is approximately a million times higher than
what is observed spontaneously in somatic cells. Point mutations introduced by SHM can be
considered as transitional or transversional. A transitional mutation is when a pyrimidine (C or T) is
substituted by another pyrimidine or a purine (A or G) is substituted by another purine. A
transversional mutation is when a pyrimidine is substituted with a purine or vice versa .

SHM is mediated by an enzyme called activation-induced cytidine deaminase (AID), which acts on
single-stranded DNA (Figure 1.7) “8. AID is only expressed in B-cells that have been activated,
deaminating C to U via nucleophilic attack of the pyrimidine ring found in C. AID has a preference for
hotspots, denoted by the consensus motif DGYW (or WRCH on the antiparallel strand), in which D =
A/G/T,Y=C/T,W=A/T,H=T/C/A, R=A/G*. The U generated can be considered a dual lesion because
it is not normally found in DNA and is mismatched with the G on the opposite strand. If a U produced
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by AID persists until S-phase, DNA synthesis via any known DNA polymerase will result in a C/G > T/A
transitional mutation. This occurs because U has a close similarity to T and will instruct DNA
polymerases to insert an A opposite it when used as a template. However, the lesion can be repaired
with high fidelity via the action of conventional base excision repair (BER) or mismatch repair (MMR)
pathways, prior to this *°.

In conventional BER, the uracil is excised by uracil-DNA-glycosylase (UNG) creating an abasic site. At
the abasic site the DNA backbone is cleaved by an apurinic/apyrimidinic endonuclease (APE),
generating a nick. At the nick, poly(ADP-ribose) polymerase 1 (PARP1) is recruited and signals the
recruitment of X-ray repair cross complementing 1 (XRCC1), polymerase B, and DNA ligase (I or IlI).
Polymerase B processes the nick to a single nucleotide gap and fills it with high fidelity. Finally, the
nick is sealed by the action of a DNA ligase (I or Ill) °%. In conventional MMR, the lesion is recognized
by the MSH2-MSH6 heterodimer (MutSa) and a complex of MLH1 and PMS2 (MutLa). MutLa nicks
the DNA adjacent to the lesion allowing proliferating cell nuclear antigen (PCNA) associated
exonuclease-1 (Exol) to be recruited. Exol generates a patch of single-stranded DNA, starting from

mrIrTl
CT
GA
I T
High fidelity repair by AID
conventional BER or MMR
CT uUT
GA GA
I T I
Mutagenic repair Mutagenic repair
using BER using MMR
components components
UNG MutSa, Exol
Mutagenic T r 1
replication over
U/G lesion GA |_|_|_|_|_|GA
Replication APE1 Error prone polymerase }
mrIrTl mrrTl m T VLR 7
TT NT T NN
AA NA GA NN GA
Ll 1] I Llyia 1] Ll 1] I
Transitions at C/G Transitions/ DSBs Transitions/ DSBs
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Figure 1.7: Mechanisms of SHM.

AID deaminates C to U. U/G lesions are typically repaired with high fidelity by the BER or MMR pathways, but in B-cells they
generate variation causing SHM. Mutagenic replication over the U/G lesion results in a transition mutation at C/G base pairs.
UNG of the BER pathway can excise the U creating an abasic site. Replication over the abasic site can yield transition and
transversion mutations at C/G base pairs. APE may create a nick at the abasic site, and overlapping nicks can result in double
stranded DNA breaks. MutSa of the MMR pathway can nick the DNA adjacent to the U/G lesion, allowing Exo1 to excise the
patch of DNA containing the mismatch. Error-prone polymerases resynthesise the patch leading to spreading of mutations to
A/T base pairs. Overlapping gaps or nicks may lead to double stranded DNA breaks. Adapted from 4.
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the nick and extending past the lesion. Finally, PCNA recruits another high-fidelity polymerase
(polymerase 8) which fills the gap, with DNA ligase | sealing the nick 2.

In B-cells the BER and MMR pathways produce mutations and double-stranded breaks in response to
AID induced lesions, instead of performing their usual tasks of maintaining genetic fidelity. SHM is
limited without the action of these pathways and only the aforementioned C/G > T/A transitional
mutations can occur. Currently, the understanding of these processes are less fully understood
compared to their conventional counterparts. Following the BER pathway, an AID mediated uracil can
be excised by UNG resulting in an abasic site being formed. Due to the non-instructive nature of abasic
sites, replication following the action of translesion synthesis (TLS) polymerases results in transitional
and transversional mutations at C/G positions >°. TLS polymerase Revl can only insert C at an abasic
site and could therefore be responsible for the production of C/G > G/C transversional mutations >3, It
is unknown which TLSs are responsible for the other types of mutations produced via the BER pathway
0 To generate mutations at A/T residues, the MMR must be employed. MutSa recognises the lesion
and Exol cuts a patch of nucleotides encompassing the mismatch. A low fidelity polymerase such as
polymerase n is recruited to resynthesize the gap. Hence, mutations can be spread from the original
U/G lesion to surrounding A/T nucleotides >

Double-stranded DNA breaks may also occur as a consequence of the SHM process. After a uracil is
excised by UNG, an APE could generate a nick at the abasic site. The presence of nicks on opposing
DNA strands, at an AGCT motif for instance, could generate a double-stranded break. Gaps produced
by the MMR pathway could overlap with each other or a nick produced by the BER pathway, both
resulting in a double-stranded DNA break. Repair of such breaks may result in the introduction of
indels to the variable region of antibody genes >*. It is likely that antibody variable regions that contain
indels are selected against because of their tendency to disrupt the reading frame of the gene.
However, the variation added to antibody genes via indels has been shown to be beneficial in some

instances, such as the six amino acid insertion in the CDRH2 of the HIV-1 targeting antibody PGT-128
55,56

In Vi and V| regions SHM tends to be concentrated at the CDRs, although it is not fully understood
why *’. As the CDRs interact with antigen, mutations which improve antibody binding could be
selected for. Mutations in the FRs could be selected against because they interfere with the antibody
structure 8. AID may preferentially target the CDRs because they contain a higher number of hotspots,
in contrast to the rest of the variable exon 4. Further, AID induced lesions in the CDRs could also be
repaired using different mechanisms compared to those used in the rest of the variable region °.

1.2.5 Class-switch recombination

An antibody can be categorized as one of five main classes, these are IgM, IgD, IgG, IgkE and IgA. There
are four subclasses of IgG (IgG1, 1gG2, IgG3 and IgG4) and two subclasses of IgA (IgA1 and IgA2). The
different types of Cy, which define the class of an antibody, are referred to as isotypes and are denoted
with the equivalent Greek alphabet y, &, v, € and a . The sequences encoding the Cy domains of
separate isotypes bear differences, yielding antibodies with distinct features. Indeed, each isotype has
a different number/location of disulfide bonds, distribution of N-linked carbohydrates, number of Cy
domains and hinge arrangement (Figure 1.8). Consequently, isotypes serve separate purposes via

interacting with different receptors, each fulfilling distinct functions as part of the immune response
61

The different Cy isotype genes are encoded in the Igy loci downstream of the J genes, in the order of
Cy, C§, Cy3, Cy1, YCg, Cal, Cy2, Cy4, Ce and Ca2. One of the Ce genes (annotated with ) is no longer
active and is therefore referred to as a pseudogene 2. Each of the Cy genes can be separated into
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numerous exons, each encoding an antibody domain or hinge region. The Cu is the first gene available
downstream of a newly assembled VDJ region, and is therefore the first isotype expressed by
developing B-cells. The Cu gene is spliced adjacent to the VDJ gene, removing any leftover obstructive
J gene segments, forming a complete Igy transcript. The next Cy genein line is C6, and IgD is expressed
alongside IgM on the surface of mature B-cells. In such cells, an extended primary transcript is
produced and then spliced to make messenger ribonucleic acid (mRNA) containing either Cu or C&.
When a B-cell becomes activated, it stops producing IgD/IgM as a result of an irreversible DNA
recombination event. During this event the Cu/C6 genes are removed and a different Cy isotype is
positioned downstream of the VDJ, this process is called class-switch recombination (CSR; Figure 1.9).
As CSR only acts on the Cy domains, antibodies of different classes are produced with identical variable
regions and antigen specificities .

With the exception of C§, each Cy gene is preceded by a cytokine/activation inducible promoter, an
intervening exon (l-exon) and a switch region. Switch regions are long stretches of repetitive DNA
located in introns upstream of their corresponding Cy gene. Although there is some sequence variation
between the switch regions of different isotypes, they are all G-rich and contain a high density of AID

IgM 1gD IgE

1gG4

1gA2

.. IgH chains .. IgL chains —— Disulphide bond *  N-linked glycans °  O-linked glycans @ J-chain S Secretory component

Figure 1.8: Annotated structures of antibody isotypes and subclasses.

In humanes, there are five antibody isotypes (IgM, IgD, IgG, IgA and IgE) and six subclasses (IgG1-4, IgA1 and IgA2). Isotypes
and subclasses exist as monomers and/or multimers, joined by disulfide bonds, polypeptide J chains or a secretory component.
They display a variety of hinge lengths/flexibilities and have differing numbers/locations of disulfide bridges and O/N-linked
glycans. Changes in isotype or subclass enable different interactions with other immunes cells, therefore deploying distinct
immune effector functions. Adapted from 67,629,631,632,633,634,635  PDB codes = 11GY, 2RCJ, 1ZVO, 6EYO, 2R56 and 3CHN.

34| Page



hotspots. CSR is guided by a process called germline transcription, in which transcription occurs
through the switch regions of the isotypes that are going to recombine ®3. Germline transcription
commences at the promoter and continues through the I-exon, switch region and Cy, then the primary
transcript undergoes polyadenylation. In a mature germline transcript, the I-exon is spliced adjacent
to the Cy gene. Germline transcription does not produce proteins of significant length, and this is due
to the many stop codons contained in the I-exons 8. However, it does create long stretches of single-
stranded DNA formed by the non-template strands (also known as R-loops) ®.

Similarly to SHM, CSR is mediated by AID. Hence, the formation of R-loops in the switch regions will
render them suitable AID-substrates. AID deaminates C to U in the switch regions, allowing members
of the BER and MMR pathways to generate double-stranded DNA breaks. The two switch regions are
brought together via the NHEJ pathway, and the intervening DNA is released as an excision circle.
Transcription of the Igy will now go on to yield an antibody with a different Cy isotype. As switch
regions are contained in introns, a productive antibody will always be produced because the merged
switch regions will be removed during RNA splicing. Further CSR events can occur but only with
downstream elements because the intermediate DNA was permanently removed .

VDJH [ Sp Cp Cd Ily3  Sy3 Cy3 Iyt Syt Cy1 we la1  Sal Catl ly2  Sy2 Cy2 ly4 Sy4 Cvy4 le Se Ce la2  Sa2 Ca2

Germline transcription (Ip- o . Germline transcription (la1-Ca1)

—_— < - Cu) Transcription (VDJH-C)

_— - Transcription (VDJH-C3)

M

Germline transcription (Ip-Ca1)

S~ - Transcription (VDJH-Ca1)

Figure 1.9: Mechanism of CSR.

CSR is the process in which the Cy genes of an antibody are exchanged with a downstream set of genes. This requires the
action of AID, which is guided by germline transcription, and the formation of double stranded DNA breaks in switch regions.
Repair of these DSBs by the NHEJ pathway results in juxtaposition of the VDJ gene with a downstream Cy exon cluster, and
the release of the intervening DNA as an excision circle. Adapted from ©2.
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Some CSR events are more common than others, with IgM/IgD B-cells being most likely to switch to
either 1IgG1 or IgA1l. Further, subclass switching between members is more common than switching to
another class . CSR patterns can be skewed by altering germline transcription via activation of the
appropriate promoters using immune stimulants or cytokines .

1.2.6 Effector functions of antibody classes

The various antibody isotypes serve different effector functions and it is important the most suitable
is selected by CSR during an immune response. Antibodies perform their effector functions via
interactions between their Fc portions and Fc receptors available on other immune cells. Such
interactions can lead to a variety of effector functions such as antibody-dependent cellular cytotoxicity
(ADCC), antibody-dependent cellular phagocytosis (ADCP) and initiating complement &7,

As discussed previously, monomeric IgM is expressed on naive B-cells as BCRs and throughout
particular stages of B-cell development. Additionally, two types of secreted IgM can be produced,
natural IgM and adaptive IgM. The production of natural IgM does not require antigenic stimulation
and is thought to provide an early innate-like protection against pathogens. Natural IgM antibodies
have low levels of SHM, weak affinity and are often polyreactive ®. Conversely, adaptive IgM
antibodies undergo affinity maturation and can be mutated, bind with higher affinity and generate a
memory response %,

Secreted IgM molecules can join together to make a pentamer structure with ten antigen binding sites,
allowing high avidity. The IgM monomers are connected to each other via disulfide bonds within the
Cus regions, a joining chain (J-chain) is also incorporated into the structure to enable secretion at
mucosal surfaces L. IgM pentamers which have bound to an antigen can initiate the compliment
cascade ¢’.

IgD is co-expressed with IgM on the surface of naive B-cells. Less is known about the role that IgD
antibodies play in the immune response. When a naive B-cell encounters a suitable antigen IgD is
downregulated, although B-cells do sometimes class-switch to IgD. Plasma cells secreting IgD
antibodies are found within the upper respiratory tract and the tonsils 7°.

The most abundant antibody class found in human serum is IgG, of which there are four subclasses.
The constant region genes of the four IgG subclasses have >90% homology, but display significant
differences in the hinge and Cu, regions L. These differences relate to structural changes affecting
interactions with Fc-gamma receptors (FcyR) and complement component 1q (Clq), which are
important for ADCC/ADCP and complement-dependent cytotoxicity (CDC) respectively. This means
that each subclass of IgG can enable a different effector function after binding antigen 72

The subclasses IgG1 and IgG3 share similar roles, with both members mainly targeting soluble and
membrane-bound proteins. The Fc regions of IgG1 and 1gG3 antibodies can bind to C1q and all three
of the FcyRs, allowing the initiation of the complement cascade and ADCC 3. Despite having similar
effector functions, IgG1 dominant responses are found much more frequently. This may be due to
IgG3 antibodies having very extensive hinge regions, which are more susceptible to proteolysis, and a
short half-life 7%, 1IgG2 antibodies mainly bind to polysaccharides and are important for 1gG responses
to bacterial capsular polysaccharide 7. IgG2 antibodies do not potently activate complement and can
only bind to particular FcyRlla allelic variants 76. 1gG4 mainly binds to protein antigens and is often
generated in response to allergens. 1gG4 does not activate complement but can interact with FcyRII
and FcyRIll, albeit at a significantly lower affinity compared to IgG1 ®%. IgG4 antibodies are generated
as a result of long-term repeated exposure to an antigen and are thought to regulate inflammatory
IgE responses 77,
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IgA is the main class found at most mucosal surfaces, and the second most prevalent in human serum.
IgA antibodies can form dimers by associating with a J-chain and another polypeptide chain called the
secretory component ¢”. Monomeric IgA is found in the blood and produced in the lymph nodes and
bone marrow, whereas dimeric IgA is found in the mucosal surfaces and produced by the nearby
lymphoid tissue. There are two subclasses of IgA, and the main difference between them is that IgAl
has a longer hinge region compared to IgA2. The longer hinge may increase IgAl avidity by enabling
bivalent interactions with more spatially separated targets, but it could also increase vulnerability to
proteolysis 78. IgA antibodies can induce the alternative and lectin complement pathways, alongside
the Fc-alpha receptor (FcaRl) found on cells such as neutrophils. Serum IgA triggers inflammatory
responses such as phagocytosis and ADCC, whilst secretory IgA is non-inflammatory and mainly blocks
pathogenic interactions with the mucosal surface 79,

IgE class antibodies have the shortest half-life and are found at the lowest concentration in human
serum 2%, IgE antibodies are generated in response to parasitic worm infections and play a role in
allergic reactions. The Fc regions of IgE antibodies can bind to two Fc-epsilon receptors (FceRI and
FceRll). IgE antibodies have a very high affinity for FceRI, which is expressed by mast cells, basophils,
antigen-presenting cells, monocytes and eosinophils. This interaction with FceRl results in mast cell
degranulation and strong activation of an inflammatory response %82,

1.2.7 B-cell development and central tolerance

In the bone marrow of adults, B-cells develop from their progenitors via a series of definable stages.
These stages are referred to as early pro-B-cell, late pro-B-cell, large pre-B-cell, small pre-B-cell and
immature B-cell (Figure 1.10) . The bone marrow provides a specific microenvironment that delivers
signals which govern differentiation from HSCs to mature B-cells. Some of these signals are produced
by stromal cells which create a network of non-lymphoid connective tissue within the bone marrow.
Stromal cells form specific cellular contacts with developing B-cells through cell-adhesion molecules
and their associated ligands. Further, they can produce soluble or membrane-bound
cytokines/chemokines which direct B-cell proliferation and differentiation 3.

It has been shown that stromal cells play an essential role in committing developing lymphocytes to
pro-B-cell lineages (Figure 1.11). Stromal cells express the ligand for fms-like tyrosine kinase 3 (FLT3)
which binds to FLT3 on MMPs. They also produce the chemokine C-X-C motif chemokine ligand 12
(CXCL12) which helps to retain MMPs to appropriate locations within the bone marrow. FLT3 signalling
results in the differentiation of MMPS to CLPs, which express the receptor for interleukin-7 (IL-7).
Stromal cells release IL-7, and it acts as a vital signal for the growth and survival of murine developing
B-cells (role in human B-cell development is debated). Stromal cells produce vascular cell adhesion
molecule 1 (VCAM-1), alongside other CAMs, which binds to the integrin very late antigen-4 (VLA-4)
on MMPs. This promotes binding of the receptor tyrosine kinase Kit on the surface of pro-B-cells and

the membrane-bound cytokine stem-cell factor (SCF) on stromal cells, resulting in further proliferation
84

Developmental steps from early pro-B-cell to immature B-cell are categorized by the rearrangement
and expression of antibody genes. The first recombination occurs in the Igy between D and J gene
segments, typically happening at the early pro-B-cell stage on both alleles . The majority of DJ
recombination events are productive because most D genes do not contain stop codons when
translated in any of the three reading frames °.

At the late pro-B-cell stage, additional Igy recombination occurs between a V gene segment and a DJ
gene. Initially this only occurs on one chromosome and if successful the second Igy chromosome does
not undertake any further recombination. This is called allelic exclusion and it stops productive VD)
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recombination happening at both Igy alleles, ensuring that each B-cell only produces a single specific
receptor. However, if recombination on the first chromosome is unsuccessful, a rearrangement of the
second chromosome does ensue. In the event that neither of the chromosomes yield a productive Igy,
the pro-B-cell is eliminated &’.

Stem cell N

Yes

Receptor editing

IgM BCR

BCR binds self?

‘ Yes ‘ Yes l Yes l No

19D BCR Ignorance Apoptosis Anergic B-cell Naive B-cell

Low affinty Multivalent Low valence
self antigen self antigen self antigen

Figure 1.10: Timeline of B-cell development and central tolerance.
The development of a B-cell lineage proceeds through a series of definable stages. In stem cells, the V(D)J gene segments are

found in their germline configuration. Rearrangement of the Igy DJ gene can begin in CLPs but mostly occurs in early pro-B-
cells, which gives rise to late pro-B-cells that generate a complete Vy gene. The Vi genes are then expressed with a Cu, two
surrogate lg, proteins (A5 and VpreB) and two signal transducing proteins (Iga and 1g68), as a pre-BCR in the cytoplasm and
to some extent, on the surface of large-pre-B-cells. This yields small pre-B-cells, which stop producing surrogate Ig, and
express the Igy only in the cytoplasm. Instead, the Ig, VJ genes are recombined and IgM BCRs are eventually expressed on the
surface of immature B-cells. At the immature B-cell stage, it is determined whether the newly generated BCR is autoreactive.
If the BCR is autoreactive there are four possible fates, including deletion, anergy, receptor editing and ignorance. Adapted
from 628,
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The Vy genes are expressed in conjunction with a Cy, two surrogate proteins that resemble an Ig, (A5
and VpreB) and two signal transducing proteins (Iga and IgB), forming a pre-B-cell receptor (pre-BCR).
Successfully assembled pre-BCRs form dimers or oligomers at the cell surface, signalling that a
productive Igy has been generated and marking the transition from the late pro-B-cell to large pre-B-
cell. Large pre-B-cells go through a period of proliferation, giving rise to many small pre-B-cells /8,

In small pre-B-cells Ig. VJ recombination occurs and similarly to Igu, this process exhibits allelic
exclusion. Although, there is added redundancy at this stage due to the organization of the Ig, genes.
If a particular VJ recombination is not productive, further rearrangements may occur preventing the
use of the second chromosome. Additionally, the Ig. generally only produce either an Ig.k or IgA, with
lgik recombination tending to precede that of Ig/A. If either of the Ig.k alleles produce a suitable Igy,
rearrangement at the IgA loci will cease and this is known as isotypic exclusion. However, if all of the
recombination events at both of the Ig.k alleles are unsuccessful, then an IgiA chromosome will begin
to undergo rearrangement. If all of the recombination events at the Igik and Ig/A loci are failures, the
pre-B-cell is lost. After a productive Igy and Ig. have successfully paired, they are expressed as an IgM
BCR on the cell surface and the pre-B-cell becomes an immature B-cell 8728,

At the immature B-cell stage, it is determined whether the newly expressed BCR has reactivity to self-
antigens. The goal of this process, known as central tolerance, is to remove or inactivate autoreactive
B-cells. If immature B-cells are not autoreactive, they are released into the periphery where they
circulate and mature to naive B-cells expressing IgD as well as IgM. However, B-cells that are found to
bind self-antigens during central tolerance have four possible fates, these include deletion, anergy,
receptor editing and ignorance. Deletion results in the removal of autoreactive B-cells via apoptosis
and this appears to occur mainly when the self-antigen is multivalent. Anergy is when B-cells become
unresponsive and are not stimulated by antigen binding, this usually occurs when the self-antigen is
of low valence. The migration of anergic B-cells within the peripheral lymphoid organs is impeded and
they are unable to compete with non-autoreactive B-cells for survival signals. However, there is a
chance that an autoreactive BCR can be rescued via undergoing further rearrangements of the Ig,
genes (and perhaps the Igy genes), this process is called receptor editing. If the newly recombined Ig,
yields a BCR that no longer binds self-antigens, then its development will proceed as normal.

MMP

CLP Early pro-B-cell Late pro-B-cell Pre-B-cell Immature B-cell

IgM BCR

IL-7
receptor

FLT3
ligand

Figure 1.11: Stromal cells aid B-cell development.

Bone marrow stromal cell interactions with B-cell progenitors are required for successful development to the immature B-cell
stage. MMPs express tyrosine kinase FLT3, which binds to its ligand on stromal cells. MIMPs are retained due to their attraction
to the chemokine CXCL12, continued FLT3 signalling enables differentiation to the next stage. CLPs express the receptor for
IL-7, and IL-7 is produced by stromal cells allowing further development. The CLPs bind to adhesion molecules VCAM-1 through
their integrin VLA-4. This interaction promotes the binding of the receptor tyrosine kinase Kit on the surface of pro-B-cells
with membrane-bound cytokine SCF on stromal cells, inducing proliferation of the subsequent B-cell progenitors. Adapted
from 628,
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Numerous rounds of rearrangement can occur but if the BCR remains autoreactive, it is eliminated.
Ignorance is when the contact between the BCR and its self-antigen (if made at all) is not strong
enough to produce an appropriate signal during development. As a result of ignorance, self-targeting
B-cells may be released into the periphery .

1.2.8 B-cell activation and peripheral tolerance

Naive B-cells first come into contact with antigens in the periphery at secondary lymphoid organs (SLO)
such as lymph nodes and the spleen (Figure 1.12) %°. Within SLOs, T-cells and B-Cells inhabit two
distinct zones and these are known as the T-cell areas and primary follicles respectively. When naive
B-cells enter a SLO they migrate to the primary follicles due to the attraction of CXC-chemokine
receptor 5 (CXCR5) to its chemokine ligand CXCL13, which is released by the residing follicular
dendritic cells (FDC). When specialized macrophages or FDCs present an appropriate antigen to a naive
B-cell within the primary follicle, the B-cell starts to express the chemokine receptor C-C chemokine
receptor (CCR7). The naive B-cell is attracted to the border of the T-cell area, where chemokine ligands
for the CCR7 are produced by stromal cells and dendritic cells. Conversely, naive T-cells express CCR7
but not CXCR5, hence their localization within the T-cell area. When a naive T-cell is primed with a
suitable peptide by a dendritic cell, CXCR5 expression begins to occur. Whilst some T-cells will mature
into effector cells and leave the SLO, others will differentiate into T-follicular helper cells (Tex cells).
The Ten cells move to the border of the primary lymphoid follicle, where they can now encounter B-
cells which have been activated 92,

When a suitable antigen is presented to a B-cell, it becomes internalised and processed into peptides,
which are expressed bound to MHC class Il molecules (Figure 1.13). Importantly, the peptide
presented on the B-cell surface is not necessarily the antigen that was originally bound by the BCR.
For instance, a BCR that recognises a viral spike epitope could cause internalisation of an entire virion,
and any of the peptides from this pathogen could be displayed as a peptide:MHC complex. Through a
process called linked recognition, B-cells are only activated by helper T-cells that have been primed to
recognise the peptide presented on the MHC class Il molecule. Alongside such an interaction,
additional contacts are made between the CD40 and its ligand, expressed by B-cells and helper T-cells
respectively. The CD40 based engagement triggers proliferation of both cell types, and cytokine
release by the helper T-cell (IL-4, IL-5 and IL-6) 3.

Following successful interactions with Tey cells, naive B-cells appear to have three possible fates during
the first phase of a primary response. Some naive B-cells can differentiate into short-lived plasma cells,
secreting low affinity antibodies of switched and non-switched isotype. Short-lived plasma cells tend
to have lifespans restricted to the course of the infection, accumulating within the medullary cords of
lymph nodes and the red pulp of the spleen °. Taking another differentiation route, some naive B-
cells migrate with their associated T-cells back to a lymphoid follicle (now referred to as a secondary
lymphoid follicle) where they continue to proliferate, eventually forming a structure called a germinal
centre (GC). Such B-cells, known as GC B-cells, differentiate further during the second phase of a
primary response °2. Other naive B-cells can differentiate directly into memory B-cells, without
forming GCs first %,

The second phase of a primary response takes place in GCs and involves antigen affinity selection of
GC B-cells. GCs mostly consist of proliferating B-cells but resting B-cells, helper T-cells, stromal cells
and FDCs are also present. Proliferating GC B-cells shift the resting B-cells towards the follicle edge,
forming a mantle zone around two histologically distinguishable regions called the light and dark
zones. Dark zone GC B-cells are called centroblasts, initially they proliferate rapidly whilst expressing
the chemokine receptors CXCR4 and CXCRS5, with lower levels of surface antibody (particularly IgD).
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The stromal cells within the dark zone produce CXCL12, the ligand of CXCR4, as a means to retain the
centroblasts %. During dark zone clonal expansion, SHM is initiated and it alters the genetic code of
the IgM centroblasts. The mutations introduced have the potential to make the BCRs bear a higher or
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Figure 1.12: Phases of B-cell activation and affinity maturation.

Naive B-cells first come into contact with antigens in the periphery at SLOs, where T-cells and B-cells occupy distinct zones (T-
cell areas and primary follicles). They migrate to these areas due to the attraction of chemokine receptors to their ligands.
When B-cells and T-cells are primed with an appropriate ligand by antigen presenting cells, they begin to express the
chemokine receptor specific for the ligand found in the opposing region. Both cell types migrate to the boarder of the T-cell
area and primary follicle, and complementary cells encounter each other. Both cell types proliferate and B-cells differentiate
into GC-independent memory B-cells, short-lived plasma cells or GC B-cells. GC B-cells migrate with their associated T-cells to
a secondary lymphoid follicle where they continue to proliferate, eventually forming a GC. B-cells occupy two regions in the
GC (dark and light zones) due to the attraction of chemokine receptors to their ligands. Dark zone GC B-cells (centroblasts)
undergo proliferation and SHM. The centroblasts eventually lower their cell division rate and stop expressing CXCR4, enabling
migration to the light zone, becoming centrocytes. Here, the centrocytes compete for a limited antigen supply. GC B-cells that
survive have three possible fates, including long-lived plasma cells, memory B-cells or GC B-cells. Following a secondary
exposure, memory B-cells become re-activated, repeating these processes. They can differentiate into long or short lived
plasma cells or re-enter the GC to undergo further rounds of affinity maturation. Adapted from 92,628,
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lower affinity for their associated antigens, and could also make them autoreactive ¥’. Eventually,
centroblasts lower their cell division rate, stop expressing CXCR4 and produce greater levels of surface
antibody. Such cells, now referred to as centrocytes, are able to migrate to the light zone where FDCs
are producing CXCL13. Centrocytes do undergo proliferation within the light zone, but at a markedly
reduced rate compared to the dark zone. Within the light zone, centrocytes compete for limited levels
of antigen presented by FDCs. Higher affinity centrocytes are able to take up antigens and present
them to nearby helper T-cells, thus receiving signals important for survival and CSR. Conversely, low
affinity or autoreactive centrocytes are unable to receive such signals and are eliminated %%,

GC B-cells that survive affinity maturation during the second phase of a primary immune response
have three possible fates. Firstly, some GC B-cells become long-lived plasma cells and they are found
within the bone marrow. Long-lived plasma cells actively release large amounts of antibody and persist
for years, sometimes a lifetime, despite lack of antigen or secondary exposure %. Some GC B-cells give
rise to quiescent long-lived memory B-cells that take up residence in niches within SLOs, promoting
their subsequent exposure to antigen. Other GC B-cells re-enter the GC dark zone, undergoing further
rounds of SHM and selection, with survivors differentiating to memory B-cells or long lived-plasma
cells. In the event of a secondary exposure, memory B-cells become activated and give rise to either
short-lived plasma cells, long-lived plasma cells or GC B-cells, thus repeating the cycle of affinity
maturation 9%%,

Memory B-cells as well as long-lived and short-lived plasma cells can also be generated by activating
B-cells with T-cell independent (TI) mechanisms. There are two types of Tl antigen that can activate B-
cells, TI-1 antigen and TI-2 antigen. TI-1 antigens consist of lipopolysaccharide (LPS), bacterial DNA and
particular viral elements %19 T|-1 antigens interact with toll-like receptors (TLR) and BCRs expressed
by B-cells, leading to activation. TI-1 activated B-cells only generate antibodies of the IgM class and do
not go through SHM or CSR. TI-2 antigens consist of large, highly repetitive carbohydrate or protein
epitopes. Large amounts of TI-2 antigen are displayed on the surface of pathogens, hence multiple
BCRs can be stimulated simultaneously. This triggers a Bruton’s tyrosine kinase (Btk)-dependent
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Figure 1.13: B-cell stimulation and linked recognition.

When a B-cell encounters the appropriate antigen, it internalises and processes it into peptides that can be expressed on an
MHC class Il molecule for helper T-cells. Additional contacts are made between B-cell CD40 and its ligand found on T-cells.
This triggers proliferation of both cell types, and cytokine release by the helper T-cell. The peptide presented on the MHC class
Il molecule does not have to be the same as the one originally bound by the BCR. As seen here, the B-cell can bind a viral coat
protein, internalise the entire virion and then present peptides from the internal viral proteins. Adapted from 628,
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signalling cascade, activating the B-cell in the absence of T-cell or TLR interaction 1°2. TI-2 antigens
have been shown to be capable of generating memory B-cell responses. However, such B-cells are
phenotypically distinct from memory B-cells developed using T-cell help, in addition to having low
levels of SHM and CSR 103104,

It is possible for some self-reactive B-cells to escape into the periphery despite the actions of central
tolerance, through anergy or ignorance. Moreover, the SHM that occurs during affinity maturation
could result in the generation of autoreactive B-cells within the SLOs 1%, The likelihood of such B-cells
becoming activated is reduced through a process called peripheral tolerance, which uses mechanism
such as anergy and deletion.

Anergic B-cells show signs of prior stimulation, such as downregulation of surface IgM, but do not
become fully activated. This is because they are unable to recruit the necessary T-cell help, thus
chronic exposure leads to a state of unresponsiveness . Similar to B-cells, immature T-cells undergo
negative selection following exposure to a variety of self-antigens by the autoimmune regulatory
protein %7, Additionally, the development of potentially autoimmune helper T-cells is suppressed by
the action of a population of cells called regulatory T-cells (Tr) 1%. The chances that an autoreactive
T-cell is released into the periphery, that is specific for the same self-antigen as an autoreactive B-cell
is therefore low.

When immature B-cells are first released into the periphery, they are classed as transitional B-cells.
Transitional B-cells can be distinguished from mature B-cells by their surface marker expression, short
half-life and anti-IgM inducible apoptosis. This deletion of transitional B-cells following early activation
of the BCR is considered to be a means of removing autoreactive cells 1%, Additionally, it has been
shown that Tegs can act directly on autoreactive B-cells and induce apoptosis *°.

The fate of B-cells during immune responses is tightly regulated by signals from the innate immune
arm, in addition to those produced by the adaptive immune arm. Sustaining a balance between
activating and inhibitory signals ensures prevention of unwanted autoreactive responses, whilst
maintaining protection against invading pathogens .

It has been shown that macrophages and dendritic cells express a range of TLRs, enabling them to
recognise microbes 2. Activation of TLRs on these innate immune cells results in the release of
inflammatory cytokines, which ultimately influence the fate of B-cells. For instance plasmacytoid
dendritic cells secrete high levels of type-I interferons (IFN-I) following viral infection, which can lead
to an increase in the expression of TLR7 in naive B cells 1*3%4, Further, plasmacytoid dendritic cell
derived IFN-I increases memory B-cell sensitivity to TLR7 ligand, supporting differentiation to plasma
cells 15, Activation of TLRs on innate immune cells can also have a suppressive impact on B-cell
populations. For example, studies have shown that LPS stimulation of macrophages and myeloid
dendritic cells inhibits the differentiation of autoreactive B-cells into plasma cells. This suppressive
effect was dependent on the secretion of soluble factors such as CD40L and IL-6 1117, Qverall, the
innate arm of the immune system plays an important role in modulating B-cell responses.

1.2.9 IMGT numbering scheme

Antibody based research requires a numbering system that allows investigators to accurately identify
and publicise the location of functionally important variable region amino acid residues. Although
others exist, the ImmunoGenetics (IMGT) variable region numbering scheme is used most commonly
and is the same for Igy, Ig. and TCRs. Hence, the IMGT system will be employed throughout this thesis.

Variable regions, known as V-DOMAINs in the IMGT system, are numbered from amino acid positions
1-129 and conserved residues are always assigned the same numbers (Figure 1.14a). The FR1, FR2,
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FR3 and FR4 span the amino acid positions 1-26, 39-55, 66-104 and 118-129 respectively. Of note, the
FR4 starts with a tryptophan for Igy and a phenylalanine for Ig.. The CDR1, CDR2 and CDR3 span the
amino acid positions 27-38, 56-65 and 105-117 respectively. The CDR1 can be between 5-12 amino
acids in length, the CDR2 can be between 0-10 amino acids in length and the CDR3 can be between 5-
13 amino acids in length. If any of the CDRs are shorter than the maximum default lengths, gaps are
introduced at the top of the loops and numbers are removed symmetrically as the loops shorten

a

% D J
FR1 CDR1 FR2 CDR2 FR3 CDR3 FR4
c w c WF G
I I | il
T T T T T T T 1
1 % 38 55 65 104 17 129

JUNCTION

Additional numbering

a3

Reduced numbering

2nd-CYS

2nd-CYS

120

Figure 1.14: IMGT numbering scheme and the impact of CDR length.

The IMGT region numbering system is the most commonly used and is the same for Igy, Ig. and TCRs. Variable regions are
labelled from 1-129 (a) and conserved residues (red) are always assigned the same numbers. If the CDRs are shorter than the
maximum default lengths (b), gaps are introduced at the top of the loops and numbers are removed symmetrically as the
loops shorten. As CDR3s tend to have more variation, a system is in place that adds extra entities symmetrically between
positions 111 and 112 as the loops get longer. Models were made using ABodyBuilder with sequences from PO08_047 and
P0O08_004 %47,
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(Figure 1.14b). As CDR3s tend to have more variation, a system is in place that adds extra entities
symmetrically between positions 111 and 112 as the loops get longer. Thus, the CDRs can be
shortened or, for the case of the CDR3s, lengthened without altering the numbering of the structurally
important amino acids. There are conserved cysteine residues at positions 23 (1st-CYS) and 104 (2nd-
CYS). Further, there is a conserved glycine that forms a hydrogen bond with 2nd-CYS at position 119
(Glycine 119) and a conserved tryptophan at position 41 (CONSERVED-TRP). The region starting at
2nd-CYS and finishing with a J region tryptophan or phenylalanine (J-TRP/J-PHE) is known as the
JUNCTION 128,
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1.3 HIV-1

1.3.1 The AIDS pandemic and the origins of HIV

The first documented cases of the disease that would come to be known as acquired immune
deficiency syndrome (AIDS) were recorded in 1981 °. AIDS case studies reported previously healthy
subjects succumbing to atypical opportunistic infections and rare malignancies, that were normally
limited to the severely immunosuppressed %, Initially, it was observed that AIDS most commonly
affected men who have sex with men (MSM) and injection drug users. Cases in MSM could be linked
sexually, and additional cases were emerging in patients with haemophilia and blood transfusion
recipients. In later years, cases were also discovered in heterosexual individuals and infants 2. These
epidemiological findings began to implicate that AIDS was arising from the sexual, percutaneous or
perinatal transmission of a pathogen. By 1984, at least three research groups had independently
isolated and characterised a novel retrovirus from patients that had, or were considered to be at risk
of AIDS 1227124 Although a variety of names had already been proposed, in 1986 it was announced that
the causative agent of AIDS would be officially known as human immunodeficiency virus (HIV) 12°. With
the discovery of HIV, it was believed that a marketable vaccine would be produced within the following
2-3 years 1%,

Since the start of the AIDS pandemic, there have been ~80 million HIV infections and over 36 million
HIV-associated deaths worldwide. In 2020, it was estimated that ~37 million people were living with
HIV and ~680,000 individuals had died from HIV-related illnesses globally 1¥’. The introduction of highly
active antiretroviral therapy (ART) significantly slowed disease progression to AIDS in HIV patients and
reduced the number of new infections. However, access to ART is not universal and AIDS is still a
leading cause of death in endemic regions such as sub-Saharan Africa 1%,

HIV originated via cross-species zoonotic transfers of simian immunodeficiency viruses (SIV), likely as
a consequence of bush meat hunting (Figure 1.15a) 12>12 S|V has been found in 40 species of non-
human primate, which represent the natural reservoir of these viruses 2. Infected primates are
mostly considered to be asymptomatic (but not always), each hosting different strains of SIV (denoted
as SIVhost-species) 0. There are two genetically distinct versions of HIV, referred to as HIV-1 and HIV-2,
and both are capable of causing AIDS. HIV-1 can be separated into four lineages (M, N, O and P), with
each group arising from independent zoonotic transmission events. HIV-1 group M, otherwise known
as the major group, caused the global pandemic and was transferred to humans from Chimpanzees
(SIVepz). HIV-1 group N also resulted from a spill-over event from Chimpanzees, whilst O and P were
derived from Western Gorillas (SIVgor). HIV-2 was transferred to humans from Sooty Mangabes (SI1Vsmm)

and is considered to be less virulent, have a lengthier asymptomatic stage and be less transmissible
120

HIV-1 group M evolved into 9 subtypes/clades (A, B, C, D, F, G, H, J and K) and over 40 distinct
circulating recombinant forms (CRF). Most clades were derived in Africa and spread undetected
worldwide for decades, with different subtypes establishing themselves in distinct geographical
regions (Figure 1.15b) 3% HIV-1 group O comprises ~1% of global HIV-1 infections and is primarily
found in Western Africa. There have only been 15 confirmed cases of HIV-1 group N, all of which were
in or around Cameroon 32, Only 2 confirmed cases of HIV-1 group P have been identified, both of
which were in Cameroon 133, Estimations of HIV-2 infection rates are impeded because health systems
in endemic areas lack a recognised surveillance system and are unable to differentiate between HIV-
1 and HIV-2. Nonetheless, it is believed that HIV-2 is mainly circulating in Western Africa, with a total
of ~1-2 million individuals infected globally 34,
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1.3.2 HIV-1 genome and structure
HIV-1 is an enveloped retrovirus (Retroviridae), and is part of the lentivirus genus. The HIV-1 positive
single-stranded RNA genome is ~9kb in length and encodes 9 genes, which can be translated to yield
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Figure 1.15: Animal origins of HIV and regional distribution of HIV-1 clades.

HIV originated via cross-species zoonotic transfers of SIV (a). HIV-1 group M and N were transferred to humans by
Chimpanzees, whilst HIV-1 group O and P were derived from Gorillas. HIV-2 was transferred to humans from Sooty Mangabes,
but is considered to be less virulent, have a lengthier asymptomatic stage and be less transmissible. HIV-1 group M, which is
responsible for the global pandemic, evolved into 9 clades (A, B, C, D, F, G, H, J and K) and over 40 distinct CRFs. Different
subtypes established themselves in distinct geographical locations (b). Shown here are the global HIV-1 clade distributions
from 2010-2015, and the number of people living with HIV-1 in each region is indicated in the centre of the pie charts. Adapted
from 131,
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15 different proteins (Figure 1.16a). These include the structural genes group specific antigen (gag),
polymerase (pol) and envelope (env), the regulatory genes trans-activator of transcription (tat) and
regulator of expression of virion proteins (rev), and the accessory genes virion infectivity factor (vif),
viral protein R (vpr), viral protein U (vpu) and negative factor (nef). The structural genes are translated
as polyproteins, with gag incorporating matrix (MA), capsid (CA), nucleocapsid (NC) and p6, pol
incorporating protease (PR), reverse transcriptase (RT) and integrase (IN), and env incorporating
glycoprotein 120 (gp120) and glycoprotein 41 (gp41) **°. To generate all 15 proteins the virus utilises
leaky scanning, frameshifts, alternative splicing and post-translational cleavage of polyproteins 13¢. The
viral genome is flanked by stretches of untranslated regions (UTR), which consist of long terminal
repeats (LTR). As it is single-stranded, complementary nucleotides within the viral genome can interact
and form secondary structures 7.

A typical mature HIV-1 particle is ~100nm in diameter and spherical in appearance (Figure 1.16b). The
outer shell of the virus is called the envelope, a phospholipid bilayer derived from the host cell. The
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Figure 1.16: Annotated HIV-1 genome and virion.

HIV-1 has a positive single-stranded RNA genome (~9kb) that encompasses 9 genes, and is flanked by UTRs that consist of
LTRs (a). The genes encode three structural (gag, pol and env), two regulatory (tat and rev) and four accessory (vif, vpr, vpu
and nef) proteins. The structural proteins are expressed as polyproteins, which are later processed into MA/CA/NC/p6 (gag),
PR/RT/IN (pol) and gp120/gp41 (Env). HIV-1 virions are spherical in shape (b), and are broadly composed of an envelope
(derived from the host cell lipid bilayer), an outer capsid membrane (made from MA proteins) and a conical shaped capsid
(consisting of CA proteins). There are Env glycoproteins embedded in the viral envelope. Carried within the virions are two
copies of the viral genome, alongside other essential viral proteins. Adapted from 63¢,
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envelope is laid over the symmetrical outer capsid membrane, which is made from MA proteins, and
gives the virion its round morphology **°. There are ~14 Env glycoproteins embedded in the envelope
of each virus, alongside other cell surface proteins expressed by the host cell *8, The Env molecules
form transmembrane interactions between their gp41 subunits and the MA proteins of the outer
capsid membrane. The conically shaped capsid occupies the centre of virions, it is composed of CA
proteins and attaches to the outer capsid membrane via its tapered pole *. Two identical molecules
of the viral genome are stored in the capsid, forming strong interactions with NC and p6 proteins. Viral
proteins PR, RT, IN, Vif, Vpr and Nef are also incorporated in mature particles, whereas regulatory
proteins Tat and Rev are absent.

1.3.3 HIV-1 entry

HIV-1 can spread within the body in two ways, firstly it can bud from infected cells into the
extracellular space, encountering new targets from here. Alternatively, it can exploit the natural
interactions between immune cells and infect via virological synapses **°. HIV-1 can only enter cells
that express CD4, which is present on CD4* T-cells and to a lesser extent macrophages, monocytes and
dendritic cells 4%, Additionally, entry requires the presence of a chemokine co-receptor, either CXCR4
or CCR5 4,

To initiate the entry process, viral gp120 contacts the N-terminus of the host cell CD4 receptor,
interacting with a conserved binding site (Figure 1.17). This causes substantial conformational changes
in gp120, leading to exposure of the co-receptor binding site. Indeed, gp120 then binds with the N-
terminus of the host cell co-receptor, these interactions are facilitated by a particular loop within the
glycoprotein (V3 loop). Further conformational changes ensue, allowing the gp41 fusion peptide (FP)
to insert into the host cell membrane. The viral and host membranes are merged as a result of gp41
folding back on itself. This is mediated via the formation of a 6-helix bundle by two heptad repeats
(HRs) located in gp41 142,

1.3.4 HIV-1 reverse transcription

A successful fusion event results in the release of the capsid into the host cell cytoplasm, with the goal
of delivering its genetic payload to the nucleus. Prior to this, the capsid must be uncoated and the viral
genome reverse transcribed. Uncoating is not fully understood and different models have been

proposed regarding the level of capsid uncoating that can occur before nuclear import (Figure 1.18)
143

Reverse transcription is catalysed by RT which has two functional domains, DNA/RNA polymerase and
RNaseH. As its name suggests, DNA/RNA polymerase can generate a DNA copy of either a DNA or RNA
template. The RNaseH domain can degrade RNA from DNA-RNA hybrid structures. Although RT is the
main mediator of this process, MA, CA, NC, IN and Vpr are also required, and together form the reverse
transcription complex (RTC) 44,

Reverse transcription begins with the binding of a host tRNA primer (Lys3) to the primer binding site,
located near the 5’ end of the viral genome (Figure 1.19). RT generates a complementary DNA copy of
the viral 5’ UTR, as this occurs RNaseH degrades the template RNA. The generated negative sense
single-stranded DNA can be transferred to the 3’ UTR. This strand transfer is possible because the ends
of the viral RNA are direct repeats, also referred to as R sequences. The transfer can be made to either
of the two copies of the viral genome. Reverse transcription of the complete negative sense DNA
genome continues until the primer binding site is reached. The template RNA is degraded by RNaseH,
except for two regions known as the 5’ and 3’ polypurine tract (ppt). RT uses the 3’ ppt as a primer
and synthesises the positive sense 3’ end of the viral genome, including the first 18 nucleotides of
Lys3. Hence, the positive sense section generated is complementary for the negative sense primer
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binding site and can be transferred to the 5’ end. Finally, RT completes extension of the positive and

negative sense strands, resulting in double-stranded linear viral DNA with 5’ and 3’ UTRs at both ends
144

The DNA/RNA polymerase domain of RT lacks proof-reading competency and can introduce errors at
an elevated rate of 1.4x10”° mutations per base pair cycle 1**. Further, recombination events can occur
during reverse transcription when two genetically distinct genomes are carried in an infecting virion.
Such a scenario can arise when a cell has been infected by two different HIV-1 particles 1%, This rapid
introduction of genetic diversity enables HIV-1 to evade host immune responses 1*°.

1.3.5 HIV-1 integration

At the late stages of reverse transcription, the RTC becomes the pre-integration complex (PIC) which
is channelled into the host cell nucleus through nuclear pore complexes (NPC; Figure 1.18) **. Once
inside, PIC directs integration of the proviral DNA to sites in close proximity to the NPCs. Integration
tends to occur at areas that have high gene density and transcriptional activity, this process is further
aided by host cell proteins #’. Integration begins with IN multimerisation at the LTRs of the proviral
DNA (Figure 1.20). In most cases, two nucleotides are removed from the 3’ ends of both strands of the
proviral DNA. Conserved C-A sequences are generated on the 3’ strands, whilst the 5’ strands are left
with a two base pair overhang. The 3’ C-A motifs possess highly reactive OH groups that act as
nucleophiles in transesterification attacks on opposing strands of the host DNA. The positions of attack
are 5 base pairs apart, around which the 3’ ends of the viral DNA are covalently joined to the host
DNA. The 5’ overhangs are removed and the 5 base pair unit is separated, yielding an integrated
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Figure 1.17: HIV-1 Env mediates fusion of viral and host cell membranes.

HIV-1 entry into host cells is facilitated by Env. To begin, gp120 binds to the N-terminus of the host cell CD4 receptor. This
results in conformational changes that expose the co-receptor binding site, and the V3 loop of gp120 interacts with the host
cell co-receptor. Further conformational changes ensue, and the FP of the gp41 is inserted into the host cell membrane. The

viral and host cell membranes are merged as the result of a 6-helix bundle formation, by the two HRs in gp41. Adapted from
142
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genome flanked by two single-stranded gaps that used to be complementary. Finally, these single-
stranded 5 base pair gaps are repaired by host cell damage repair pathways *,

1.3.6 HIV-1 viral protein production

Following integration in the host cell, the proviral DNA can act as a template for the production of viral
mMRNA transcripts and single-stranded RNA genomes (Figure 1.21). Transcription is mediated by the 5’
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Figure 1.18: HIV-1 capsid uncoating mechanisms.

HIV-1 capsid uncoating is not fully understood but different models have been suggested. The first model suggests that the
core disassembles rapidly and relatively completely, soon after membrane fusion. The second suggests that core disassembly
occurs in the cytoplasm, but a detectable amount of CA remains associated with the RTC and mediates interactions with host
factors that enable nuclear import. The third model suggests that the core remains intact until it reaches the NPC, protecting
the replicating genome from cytosolic DNA sensors. Adapted from 143,
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LTR promotor, which is recognised by host cell transcription factors and machinery, subsequently
leading to the recruitment of RNA polymerase Il **°, Transcribed units of the HIV-1 genome are capped
and polyadenylated, they undergo extensive alternative splicing to generate at least 70 different
mMRNAs. These viral transcripts can be categorised as fully spliced mRNAs (~2kb), incompletely spliced
MRNAs (~4kb) or full-length unspliced mRNAs (~9kb). Fully spliced mRNAs encode the regulatory
proteins tat and rev, as well as the accessory protein nef. Incomplete mRNAs encode the other
accessory proteins (vif, vor and vpu), as well as the structural protein env. Full-length unspliced mRNAs
encode all of the viral proteins, and can be packaged inside new virions to serve as their genome **°,

Complete removal of introns via splicing is a prerequisite for the export of cellular pre-mRNAs, and
until this occurs they are retained in the nucleus by spliceosomal factors 1. Immediately after
infection, only fully spliced proviral mRNAs are exported from the nucleus for translation °2, Further,
only low levels of these short mRNAs are transcribed due to RNA polymerase |l stalling at the 5’ LTR
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Figure 1.19: HIV-1 reverse transcription process.

Reverse transcription begins with Lys3 binding to the pbs of the HIV-1 genome. RT generates a complementary copy of the 5'
UTR and RNaseH degrades the template RNA. The negative sense single stranded DNA is transferred to the 3' UTR, due to
the complementary R sequences found in both regions. RT generates negative sense single stranded DNA up to the pbs. The
template RNA is degraded by RNaseH with the exception of the ppt. RT uses the ppt as a primer to synthesise the positive
sense 3' end of the genome, including the first 18 nucleotides of Lys3. This is transferred to the 5' end of the HIV-1 genome,
as it is complementary to the pbs. The complete double stranded DNA genome is then synthesised by RT. Adapted from 144,
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promotor >3, These limitations are resolved by the action of the regulatory proteins Tat and Rev, which
return to the nucleus post-translation. In newly generated mRNAs Tat binds to the transactivation-
response element, ultimately preventing RNA polymerase |l stalling and enhancing proviral
transcription. Through interaction with the Rev response element, Rev enables the trafficking of
incomplete and full-length mRNAs to the cytoplasm via NPCs 1*2.

The open reading frames (ORF) of gag and pol overlap, with Gag being generated during the
conventional translation process. However a -1 programmed frameshift, mediated by a slippery
sequence and pseudoknot structure in the RNA, results in the production of Gag-Pol fusion proteins
in 2-10% of ribosomes 4. After translation, Gag and Gag-Pol proteins are trafficked to the plasma
membrane by actin-dependent cellular secretory pathways 1°°. The MA portion of Gag is myristoylated
and accumulates at lipid rich regions of the host cell membrane via protein-lipid interactions 1°®. The
NC domain of Gag incorporates two copies of the viral RNA genome, which Lys3 tRNA molecules have
already associated with 1”18, The p6 section of Gag recruits Vpr and the endosomal sorting complex
required for transport (ESCRT) machinery required for viral budding 1°°16°,

All env transcripts have an overlapping vpu ORF located upstream, but each gene is translated in a
separate frame. This is achieved via leaky scanning, in which the ribosome scans through and skips the
first ORF, instead initiating at a downstream start codon **. HIV-1 env is translated in the rough
endoplasmic reticulum as a precursor called gp160. The Envs generated are heavily glycosylated, with
each monomer possessing ~30 potential N-glycosylation sites (PNGS) %1, Glycosylation begins with the
transfer of precursor oligosaccharides from dolichol to N-X-S/T sequons, where X is any amino acid
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Figure 1.20: Mechanism of HIV-1 genome integration.

Integration of proviral DNA into the host cell genome is mediated by the PIC. Generally, two nucleotides are removed from
both 3’ strands of the proviral DNA. This produces conserved C-A motifs on both ends of the 3' strands, whilst the 5' strands
are left with a two base pair overhang. The 3' C-A motifs have OH groups that perform transesterification attacks on the
opposing strands of the host DNA, at sites that are 5 base pairs apart. The overhangs are removed and the 5 base pair unit is
separated, flanked by two single stranded DNA gaps that were once complementary. These gaps are repaired by host cell
damage pathways. Adapted from 148,
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except proline, by oligosaccharyltransferase 2. The terminal glucose-monosaccharides are trimmed
by glucosidases | and I, yielding monoglucosylated N-linked oligosaccharides that can be recognised
by chaperones calnexin and calreticulin %3, The gp160 monomers undergo chaperone facilitated
folding and trimerization %4, If the proteins are folded correctly they can transfer to the Golgi, whilst
incorrectly folded proteins are re-glucosylated by uridine diphosphate glucose glucosyltransferase.
From here they can undergo further rounds of chaperone-mediated folding or be degraded ®°. In the
Golgi the N-glycans can be trimmed by a-mannosidases, and the addition of N-acetylglucosamine to
particular oligosaccharides can induce diversification to hybrid and complex-type glycans %2, However,
the high density of N-glycans means that access by a-mannosidases can be hindered sterically,
resulting in under-processed high-mannose type oligosaccharides . In the Golgi, gp160 trimers are
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Figure 1.21: HIV-1 translation and assembly.

HIV-1 gag and gag-pol polyproteins are translated in the host cell cytoplasm and trafficked to the plasma membrane. The
myristoylated MA domain of gag anchors the polyprotein to phosphatidylinositol bisphosphate in the plasma membrane. The
NC domain of gag binds to two HIV-1 genomes via zinc finger motifs. HIV-1 Env is translated in the rough endoplasmic
reticulum and transferred through the Golgi apparatus, where it is subjected to post-translational modification. The Env is
trafficked to the plasma membrane, where it is incorporated into budding virions through interactions with the MA domain
of gag. The p6 domain of gag recruits the host cell ESCRT machinery to facilitate viral budding. Following release, the viral
polyproteins are digested by PR, which results in a mature virion. Adapted from 167,
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cleaved by host cell furin at designated cleavage sites R-X-X-R (preferred R-X-K/R-R). This generates
mature Env, trimers of non-covalently linked heterodimers of gp120 and gp41, which are trafficked to
the plasma membrane 4. Here Env can incorporate into virions via interactions with the MA domain
of Gag ***.

Following successful assembly and budding of an immature particle, Gag and Gag-Pol proteins must
be digested to form a mature infective virion. This requires the proteolytic activity of PR, which is
packaged in particles as part of Gag-Pol fusion proteins. PR is an aspartyl protease that cleaves multiple
sites in Gag and Gag-Pol triggering maturation. There is variation in the cleavage efficiency of PR at
each site, making the process highly ordered 7.

1.3.7 HIV-1 pathogenesis

Most HIV-1 infections are established from a single variant, referred to as the founder virus, and in
almost all cases it has CCR5 tropism 68, The pathogenesis of HIV-1 can be separated into distinct stages
over time based upon patient clinical data (Figure 1.22). The majority of our knowledge about the
stages of HIV-1 infection is inferred from SIV studies using animal models 16°.

Following vaginal challenge HIV-1 primarily infects CD4* T-cells, dendritic cells and macrophages 7917,
Replication initially proceeds in the local mucosa, until dissemination into the local draining lymphoid
tissues occurs. This area is heavily populated with CD4* T-cells and therefore enables efficient viral
propagation 2. This process is called the eclipse phase and can last ~2 weeks, throughout which the
infected individual tends to have no symptoms or detectable viral load. During the eclipse phase, HIV-
1 can infect cells that are in a resting state and will not actively produce virus. Therefore, latent viral
reservoirs that are protected from the host immune response are generated, and at any time such
cells can become activated and begin producing virus 73,

Next the infected cells enter the circulatory system, shedding virus into the blood stream and
establishing a systemic infection. This signals the transition into the primary infection phase, which is
characterised by a burst of plasma viraemia that peaks at ~6 weeks post-infection. The virus is spread
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Figure 1.22: Typical course of HIV-1 infection.

Early in HIV-1 infection, viral replication proceeds undetected in the lymphoid tissues (eclipse phase). The virus then sheds
into the bloodstream where it can establish a systemic infection, indicated by a drastic increase in viral load and decrease in
CD4* T-cell counts (primary infection phase). At ~12 weeks post-infection, the viral load starts to decline due to the action of
CD8* T-cells (chronic phase). During the chronic phase the viral load remains relatively stable, while the CD4* T-cell count
drops gradually overtime. Transition to AIDS occurs when CD4* T-cell count drops below 200 cell/mm3 of whole blood.
Beneath this threshold, the patient will start to experience symptoms and become susceptible to opportunistic infection and
malignancies. Adapted from 637,
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throughout the body, seeding more latent viral reservoirs at peripheral and distal locations . Viral
propagation is amplified when CD4* T-cells become activated and attempt to mount a response
against the virus, only to become infected themselves. Accordingly, the circulating CD4* T-cell count
of the patient rapidly decreases as a result of infection and apoptosis 3. At this stage the patient may
display symptoms of seroconversion illness including rash, painful lymphadenopathy, arthropathy and

fever, but are more often clinically asymptomatic °.

The viral load starts to decrease at ~12 weeks post-infection, due to the action of HIV-1 specific
cytotoxic CD8* T-cells, after which the patient is considered to be in the chronic phase of infection.
There is variation in the extent of control that each patient can exert against the infection, but typically
the viral load remains detectable 3. The initial level of plasma viraemia detected during this phase is
known as the set point viral load, and is a predictor of disease progression. HIV-1 infected individuals
that have a lower set point viral load progress more slowly to AIDS and vice versa 4. Depending on
viral and host factors, the chronic phase can last ~1-20 years and is delineated by a slow decline in
CD4* T-cells and a continual increase in viral load 173, Interestingly, a limited number of individuals
infected with HIV-1, referred to as long-term non-progressors, can control their viral load to an
unusually low or non-detectable level without clinical intervention 7>,

The final phase of HIV-1 pathogenesis is AIDS, in which the patient CD4* T-cell count falls below ~200
cell/mm3 of whole blood. Beneath this threshold, it is believed that the human body is no longer
capable of generating an effective immune response against infections 3.

1.3.8 HIV-1 Env structure

The HIV-1 Env mediates entry into host cells, with both the gp120 and gp41 subunits playing key roles
throughout this process (Figure 1.23a). The gp120 subunit interacts with CD4 and CXCR4/CCR5 on
target cells, whilst the gp41 subunit enables entry by inducing membrane fusion #2. Being the only
viral protein expressed on the surface of the virus, Env represents the sole target for neutralising
antibodies 7. Given the collective importance of Env, an in-depth understanding of its molecular
architecture is of significant interest.

The gp120 subunit consists of five variable regions (V1-V5) separated by five constant regions (C1-C5),
and is typically held together by 9 disulfide bonds (Figure 1.23b) 77178, Each of the variable regions
form loop structures on Env, and are commonly referred to as variable loops. The V1, V2, V4 and V5
loops can be highly variable, harbouring point mutations and indels, without compromising infectivity
175 Conversely, the V3 loop can only tolerate limited indels and remain infectious, this is likely due to
its role in co-receptor binding. Further, it has been shown that point mutations that alter V3 charge
can influence co-receptor usage ¥°. While the variable regions are immunodominant, they tend to
escape the host antibody response by evolving as part of a highly heterogenic viral population, often
analogised as a moving antigenic target 8. The constant regions of Env are shielded from the host
immune response by glycans that tend to have a low immunogenicity and are often referred to as the
glycan shield 82,

Representing one of the most conserved parts of Env, the gp41l subunit is composed of an ecto
domain, a transmembrane domain (TMD) and a cytoplasmic tail (CT), and has a single disulfide bond
164177 The ecto domain can be further divided into the FP, two HRs (HR1 and HR2) and the membrane
proximal external region (MPER). Most sites of vulnerability in the ecto domain are shielded from the
immune response by gp120 prior to receptor binding, whilst the TMD and CT are protected by the
viral envelope 14,
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1.3.9 HIV-1 neutralising antibody responses

Neutralising antibodies disrupt viral entry by multiple mechanisms including blocking receptor
binding, interfering with membrane fusion and enhancing the decay of Envs 3. Neutralising
antibodies are typically able to aid the complete clearance of pathogens from the body, but this is not
the case during HIV-1 infection. This is because HIV-1 integrates into the host cell genome, and
establishes latent viral reservoirs which cannot be penetrated by neutralising antibodies 3%, HIV-1 has
a high mutation rate that leads to the production of quasispecies, capable of evading neutralising
responses ¥, Further, shedding of gp120 from Env can result in non-neutralising, immunodominant
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env trimer (front) in lipid membrane with glycans
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Figure 1.23: Annotated structure of HIV-1 Env.

The HIV-1 Env glycoprotein is a trimer of non-covalently linked gp120 (blue) and gp41 (orange) heterodimers expressed on
the surface of virions (a). The env molecules are heavily glycosylated, with each monomer possessing ~30 PNGS (partial
glycans shown in steel blue). The gp120 subunit is composed of variable (V1-V5) and constant (C1-C5) regions, and is
responsible for CD4 and CXCR4/CCR5 receptor binding (b). The gp41 subunit contains the FP, HR1, HR2, MPER, TMD and CT,
and enables the fusion of the viral and host cell membranes. The env requires cleavage by host cell furin in order to facilitate
viral entry, this occurs at the boundary of the gp120 and gp41 subunits. Adapted from 42638, PDB codes = 4NCO and 6UJV.
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epitopes being displayed as decoys to the host immune system %, However, it is of note that non-
neutralising antibodies generated to intact Envs can facilitate ADCC and help to control the virus 8¢,
There are two types of neutralising antibody responses against HIV-1, these include autologous
neutralising antibodies and broadly neutralising antibodies (bnAbs).

Autologous neutralising antibodies only show specificity to particular viral strains present in the
infected individual, and are unable to target heterologous strains 7. This lack of heterologous
neutralisation is highlighted in cases of superinfection, a phenomenon in which an individual
chronically infected with one strain of HIV-1 subsequently becomes infected with another strain 2,
Autologous neutralising antibodies can be found in circulation by 56 days post-infection, however they
are usually observed at 12-20 weeks post-infection . Such antibodies can help to clear their target
strains and infected cells, however this has little impact on the overall viral load due to the generation
and propagation of viral escape mutants. Escape mutants evade neutralisation by changing their
appearance with amino acid substitutions and indels, sometimes altering PNG sites and therefore
rearranging the glycan landscape %1, Contemporaneous neutralisation, in which HIV-1 strains
isolated from a particular timepoint are susceptible to neutralisation by plasma taken from the same
timepoint, is a rare occurrence. In such instances it is believed that the necessary mutations required
to evade autologous responses incur a fitness cost to the virus, resulting in incomplete escape 19219,

Continual viral escape and subsequent adaption by neutralising antibodies can direct antibody
responses towards more conserved epitopes on Env, leading to the generation of bnAbs (Figure 1.24).
Initial investigations proposed that 10-30% of subjects chronically infected with HIV-1 could develop
antibodies which neutralise a wide range of globally circulating HIV-1 variants **. Although, one study
indicated that such individuals might be of higher prevalence after finding 50% of their cohort had
sera capable of broad neutralisation 1%°. Unfortunately, bnAbs are slow to develop and it can take
several years before HIV-1 infected adults display sera with desirable neutralisation breadth %,
Typically, bnAbs present with unusual characteristics such as a high level of SHM, indels and a long
CDRH3 5. The elevated level of SHM found in bnAbs suggests that they have undergone multiple
rounds of affinity maturation to acquire breadth ¥. However, it remains uncertain if the extended
CDRH3s observed also arise through this gradual process. Indeed, it has been shown that bnAbs can
develop from germlines with pre-existing long CDRH3s produced via VDJ recombination. It has been
speculated that this could explain how neutralisation breadth develops more rapidly in particular
donors *7. An additional concern is that bnAbs often display auto-reactivity to endogenous factors
such as phospholipids %8, This would imply that elicitation of these antibodies would be disfavoured
due to host tolerance mechanisms. However, this is not always the case and promising bnAb lineages
with no significant auto-reactivity have been successfully isolated 1*°.

1.3.10 HIV-1 bnAbs

Collectively, the bnAbs discovered so far have been shown to target numerous conserved epitopes
located across the HIV-1 Env (Figure 1.25). These include the CD4 binding site (CD4bs), V1/V2 apex,
V3-glycan domain, FP/gp120-gp41l interface, silent face and MPER (Table 1.4) 2%, As seen with
autologous neutralising antibodies, the circulating virus tends to be resistant to the generated bnAbs
implying HIV-1 can escape such responses during chronic infection 2°. Hence, a combination of
complementary bnAbs would need to be present to prevent viral escape.

Of the specificities discovered, CD4bs targeting bnAbs tend to display the best combination of breadth
and potency. However, they typically take the longest time to develop during natural infection and
have the greatest level of SHM on average (30% or more). The CD4bs bnAbs can be separated into
two classes, the loop dependent antibodies and the CD4-mimic antibodies. Loop dependant bnAbs

58| Page



rely on CDRH3 mediated recognition of the CD4bs, some members of this class include b12, HJ16 and
the CH103 lineage. CD4-mimic bnAbs show a restricted IgH V gene usage (VH1-2 or VH1-46), mimicking
the immunoglobin-like amino-terminal domain of CD4. Potent members of the CD4-mimic class often
have a five-residue CDRL3, and are referred to as VRCO1-class antibodies 2%. Further, such bnAbs tend
to have deletions in the CDRL1, and this is required to accommodate N276 and N462-glycans adjacent
to the CD4bs 2°2, Examples of VRCO1-class antibodies include VRCO1, 3BNC117, PCIN63 and VRC27,
members of this class possess comparable levels of SHM, potency and breadth as well as a similar
binding footprint 2%,

Studies of antibody and viral co-evolution have shown how a loop dependant bnAb (CH103) and a
CD4-mimic bnAb (CH235) can develop in a single donor. It was shown that CH103 and CH235
cooperated in donor CH505, restricting viral escape through the utilisation of distinct modes of
binding. Further, it was observed that the epitope diversification induced by each lineage may have
supported the maturation of its counterpart 242%, Another co-evolution study followed the
generation of a VRCO1-class antibody (PCIN63), which had relatively low levels of SHM (13%) but
equivalent neutralisation capability to its fellow members. The Igy unmutated common ancestor (UCA)
and several Ig. UCA candidates were elucidated. An Env, lacking the N276-glycan and V5-glycans,
which was isolated ~6 months prior to the PCIN63 lineage emergence was considered to be the variant
responsible for bnAb elicitation 27,

The V1/V2 apex bnAbs are characterised by CDRH3s that are unusually long (24—39 amino acids)
compared to average human CDRH3s (~15 amino acids). Despite requiring this unique feature, V1/V2
apex bnAbs are found in ~10% of broad neutralisers and comprise some of the most potent bnAbs
discovered. These antibodies bind positively charged residues located on the V2 loop, commonly

Time (years)

SHM level

UCA Intermediate neutralising Abs bnAbs

RS N

Figure 1.24: bnAb development is driven by exposure to various Envs.

The development of bnAb lineages is driven by sequential exposure to HIV-1 Envs. The bnAb UCA targets the env of a specific
variant, leading to affinity maturation and expansion of rare bnAb precursors. Concurrently, a selective pressure is applied on
the autologous virus population, leading to the generation of escape mutants. The newly generated Envs can activate bnAbs
precursors, repeating this process and directing the lineage to more conserved epitopes. This eventually results in the
generation of a bnAbs, which typically display high levels of SHM as a result of multiple rounds of affinity maturation. Adapted
from 199,
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relying on interactions with the N160 and N156-glycans, whilst accommodating other V1-glycans.
Targeting the Env apex can result in an epitope that crosses multiple protomers, as such these
antibodies often prefer (PG9, VRC38 and CHO1) or need (PGT-145 and CAP256) an intact trimer for
binding 28,

The development of the V1/V2 apex bnAb lineage CAP256-VRC26 was studied in a patient (CAP256)
that was infected and superinfected with clade C viruses. It was shown that the Envs that triggered
bnAb elicitation in this donor had evolved from the superinfecting virus. Diversification of the virus,
collectively as well as at the V1/V2 apex, corresponded with CAP256-VRC26 expansion and the
induction of neutralisation breadth. Early escape mutations at important residues within the epitope
(166 and 169) were tolerated by members of the family that were broader, implying a mechanism for
how breadth was achieved 2°°2%, The co-evolution study of another V1/V2 apex bnAb lineage called
PCT64 showed that similar mutations at residues 166 and 169 were important for the generation of
neutralisation breadth. Further, interaction of the PCT64 UCA with early autologous Envs showed that
the viral glycoform heterogeneity was crucial for germline activation 19211,

All bnAbs VAIV2 apex V3-glycan domain

PGT-122

PGT-128
~

PGT-135

CD4bs FP/gp120-gp41 interface MPER

8ANC195

Figure 1.25: Structures showing bnAb epitopes of HIV-1 Env.

There are numerous bnAb epitopes located across the HIV-1 Env. These include the CD4bs, V1/V2 apex, V3-glycan domain,
FP/gp120-gp41 interface, silent face and MPER. For some epitopes, such as the V3-glycan domain and FP/gp120-gp41
interface, the bnAbs are less structurally constrained and can use various angles of approach to achieve neutralisation.
Adapted from 451,452,453,638,639,640,641,642,648 PDB codes = 4NCO, 6UJV, 4IM2, 3TYG, 3U2S, 3NGB, 5CJX, 4TVP and 5TFW.
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The V3-glycan domain is the epitope most commonly targeted by the plasma of broad neutralisers 22,
The high density of sugars present in this region sterically hinders the accessibility of glycoprocessing
enzymes, resulting in high-mannose glycans which can be recognised as non-self (Figure 1.26) 166213,
This epitope centres on the glycan at amino acid position N332, and generally requires the presence
of the GDIR motif 2%, The V3-glycan domain is less structurally constrained, and the bnAbs against it
can use different angles of approach, are less restricted by gene usage and show subtle distinctions in

Table 1.4: Features of HIV-1 bnAbs.

Shown here are the Vi gene usage, CDR3 length, Vi, SHM, neutralisation breadth and neutralisation potency of representative
bnAbs, as well as the size of the viral panel used to investigate them. Adapted from 183,

VH VH Breadth ICs Virus
gene SHM (ng/mL; panel
and (%nt) median) size
allele

CD4bs b12 VH1- 20 13.8  34% 2.82 162
3*01

CD4bs VRCO01 VH1- 14 32 91% 0.33 190
2*02

CD4bs N6 VH1- 15 31 98% 0.038 354
2*02

V1/vV2 PG9 VH3- 30 12 79% 0.23 162

apex 33*05

V1/V2 PG16 VH3- 30 13.1 73% 0.15 162

apex 33*05

V1/V2 PGT-145 VH1- 33 16.2 | 78% 0.29 162

apex 8*01

V1/V2 PGDM1400 VH1- 34 24.3  83% 0.003 77

apex 8*01

V3-glycan 2G12 VH3- 16 20.3 | 38% 2.38 162

domain 21*01

V3-glycan PGT-121 VH4- 26 178 70% 0.02 162

domain 59*07

V3-glycan PGT-128 VH4- 21 19 72% 0.03 162

domain 59*07

V3-glycan PC76-33A  VH4- 22 116  47% 0.53 110

domain 34*01

V3-glycan PGT-135 VH4- 20 171 33% 0.17 162

domain 39*07

FP/gp120- PGT-151 VH3- 28 185 66% 0.29 117

gpa1 30*04

interface

FP/gp120- VRC34.01 VH1- 13 15 49% 0.218 208

gp41 2*02

interface

FP/gp120- 8ANC195 V1- 20 272 66% 0.39 118

gp41 69D*01

interface

Silent SF12 VH4- 23 17 62% 0.2 119

face 59*01

Silent VRC-PG05 VH3- 17 6 27% 0.8 208

face 701

MPER 4E10 VH1- 20 6.8 98% 1.93 181
69*06

MPER 2F5 VH2- 9 12.1 57% 14.6 177
5*02

MPER 10E8 VH3- 22 194 | 98% 0.35 180
15*05
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their amino acid and glycan requirements 2%, Although the N332-glycan is highly conserved

throughout HIV-1 subtypes, most isolates can escape V3-glycan bnAbs by acquiring mutations that
alter their glycosylation landscape 2*°. However, some V3 bnAbs show glycan promiscuity and use
other sugars in the absence of the N332-glycan 6. Although it is not always the case, many of these
bnAbs have been shown to have indels in their CDR regions that interact with the glycan shield and
enable access to the co-receptor binding site 2%, Some examples of bnAbs from this specificity include
2G12, PGT-121, PGT-128, PGT-135 and 10-1074 216218,

When the development of V3-glycan domain targeting bnAbs was characterised in donors PC039
(PCIN39 lineage) and PC0O76 (PCDN lineage), maturation to breadth was observed in parallel across
numerous phylogenetic branches. This suggested that breadth could be achieved via multiple Env
structural arrangements, even within the same lineage. Whilst the PCIN39 bnAbs developed insertions
in their CDRL1s at several branches, the PCDN lineage acquired breadth without any indels. PCIN39
and PCDN bnAbs employed the VH4-34 germline, which has been linked to autoimmune disorders,
but both lineages mutated away from autoreactive features #>?2°, |n another donor (CH848), it was

Oligomannose glycans
Endoplasmic reticulum
Glucosidases |, Il ER a-Man |

|

Cis-golgi f i
Golgi a-Man IA-C
GnTI
Medial-golgi é Golgi a-Man II%' ﬁ
Trans-golgi

Hybrid/complex glycans

@ Glc @ GlcNac @ Man O Gal ¢ NeuSAc A Fuc

Figure 1.26: Mammalian N-glycosylation pathway.

N-glycosylation begins in the rough endoplasmic reticulum. Following transfer of GlcsMansGIcNAc; from dolichol-phosphate
to the polypeptide, the three terminal glucose residues are trimmed down by glucosidases | and Il. The terminal mannose is
removed from the D2 arm by ER a-Mannosidase | before being moved to the cis-Golgi. The glycan is further trimmed by Golgi
a-Mannosidases IA, IB and IC (Golgi a-Man IA-C) to MansGIcNAc,. GIcNAc is added to the D1 arm of MansGIcNAc; by N-
acetylglucosaminyltransferase | (GnTl), before the glycan is diversified in the medial-Golgi by al,6-fucosyltransferase (FT),
which adds core-fucosylation or further mannose trimming by Golgi a-Mannosidases Il (Golgi a-Man 11), followed by core-
fucosylation. At the trans-Golgi, glycans are diversified to hybrid and complex-type glycans by further processing through cell-
specific glycosyltransferases, sialyltransferases and fucosyltransferases. Adapted form 643,

62|Page



shown that non-neutralising antibodies against the autologous Env provided a selective pressure that
shortened the V1 loop, enabling development of V3-glycan bnAbs (DH270 lineage) 2.

The FP/gp120-gp41 interface specific bnAbs interact with both the gp120 and gp41 subunits, alongside
the glycans that flank this region. Examples of these bnAbs include PGT-151, VRC34.01, 35022, ACS202
and 8ANC195 222, Despite targeting the same region, the epitopes of these antibodies do not coincide
and they do not compete with each other 22, PGT-151 only binds to fully cleaved pre-fusion Env
trimers, a feature that has been used to aid recombinant protein production and structural studies 2%,

Silent face bnAbs target a heavily glycosylated region on the outer domain of gp120 centred on the
N448-glycan, this area was previously considered to be immunologically silent and was named
accordingly 2%°, Currently only two bnAbs specific for this epitope have been isolated, which are VRC-
PGO5 and SF12. Both of these bnAbs interact with glycans located at positions N448, N262 and N295,
and make minimal protein-contact. The prototypical bnAb VRC-PG0O5 was not particularly broad,
however SF12 has since shown that a more promising neutralisation breadth can be achieved via this
epitope 224,

The highly conserved MPER region is located on the gp41 subunit and was one of the first neutralising
epitopes discovered 2?°. The bnAbs of this specificity (2F5, 4E10 and 10E8) are some of the broadest
neutralisers around, however they have a weaker potency compared to other classes 2°°. MPER bnAbs
possess hydrophobic surfaces, long CDRH3 loops and lipid binding qualities which enable them to
access their epitope adjacent to the viral membrane 2°. The MPER domain forms a secondary alpha-
helix arrangement that is not exposed on Envs in the pre-fusion conformation. Following binding to
the CD4 receptor, the Env trimer reveals the MPER epitope and this results in a window of opportunity
for bnAb binding %?. It has been shown that after successful interaction, bnAbs against the MPER
region can induce shedding of the gp120 subunit and this could be the mechanism of neutralisation
utilised by this class 2%,

Examination of the co-evolution of MPER bnAbs led to the identification of three lineages from a single
superinfected donor (RV217-40512). The bnAbs VRC42.01, VRC43.01, and VRC46.01 displayed modest
levels of SHM (~10%), typical CDR loop lengths and employed different modes of recognition. B-cells
presenting the VRC42 UCA could be activated by immunogens bearing the founder virus MPER
domain. Further, intermediates of VRC42 could achieve 50% breadth with only 3% SHM, showing that
small levels of mutation could result in moderately broad antibodies. Autoreactivity was observed in
each of these bnAb lineages, although they were not associated with an autoimmune disorder in this
patient. In addition, the broadest lineage (VRC42) had a similar germline usage and mode of binding
to 4E10, but showed lower levels of autoreactivity 2%,

Understanding how bnAbs and autologous Envs develop in response to one another in HIV-1 infected
patients is of great interest to the scientific community. It has been proposed that such studies could
provide a vaccination roadmap to the maturation of bnAbs from their associated germlines. However,
it is important to note that co-evolution studies are impeded by numerous factors. There is only a
small number of cohorts that include untreated HIV-1 infected individuals, and arranging new
untreated cohorts would be unethical. Of such cohorts, there are only a limited number of donors
from whom adequate longitudinal samples have been taken, allowing a complete co-evolution study
to be performed. Out of the subjects that have been suitably sampled, only a fraction will develop
neutralisation breadth 2%,
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1.3.11 HIV-1 treatment and prevention

Prior to 1996, there were few options for the treatment of HIV-1 available. Infected individuals were
managed clinically with prophylaxis against prevalent opportunistic pathogens, and treated for AIDS
related morbidities. As time progressed, novel therapeutics capable of disrupting distinct parts of the
HIV-1 life cycle were established and approved for patients (Table 1.5) 2%°,

There are two types of inhibitors of the reverse transcription process, nucleoside reverse transcriptase
inhibitors (NRTI) and non-nucleoside reverse transcriptase inhibitors (NNRTI). NRTIs are analogues of
deoxynucleotides that are naturally found in the body, which are preferentially incorporated into the
HIV-1 genome during reverse transcription. NRTIs lack a 3’-hydroxyl group, which prevents a 3'-5'-
phosphodiester backbone from forming and the subsequent addition of incoming 5'-nucleoside
triphosphates. NNRTIs also target the reverse transcription stage of the HIV-1 life cycle, however they
interact directly with RT near its binding pocket and inhibit its ability to undergo the transformations
needed for the synthesis of new DNA chains. Therapeutics have been developed to prevent the
integration of the viral genome into the host cell. These drugs comprise two essential elements, a
metal-binding pharmacophore that seizes magnesium ions found at the IN active site and a
hydrophobic group that binds to the viral DNA/IN complex #°. The enzyme PR is required to cleave
HIV-1 polyproteins and therefore enables maturation into infectious particles. PR inhibitors compete
for the active site of this protein preventing its functionality, and are often co-administered with
booster drugs due to their rapid metabolised by the liver 231, Another type of ART drug is the entry-
inhibitors, which can be separated into fusion, CCR5 and post-attachment inhibitors. Enfuvirtide is the
only FDA approved fusion inhibitor, it interacts with gp41 and interferes with viral-host membrane
fusion 232, CCR5-inhibtors are antagonists that specifically bind and block this receptor from enabling
entry of viruses with the appropriate tropism 233, Post-attachment inhibitors bind to CD4 but do not
hinder its interaction with gp120, instead they decrease CD4 flexibility and prevent subsequent
binding to chemokine co-receptors 23, Studies have shown that bnAbs can be used to control viral
load, and in some cases delay viral rebound in infected subjects that have not received or are
undergoing an interruption of their ART 2>, The viral escape that is usually observed in natural
infection can be counteracted by the use of multiple non-competing bnAbs that target distinct non-
overlapping epitopes 2%,

Due to its rapid mutation rate, HIV-1 is capable of escaping all types of ART drug and the escape
mutants generated are transmissible. Hence, ART was developed in which a cocktail of at least three
different ART drugs, against at least two HIV-1 life cycle stages were administered. ART can reduce
viral load and increase CD4" T-cell counts, which leads to a lower risk of morbidity and mortality. The
reduction in viral load results in a lower chance of subsequent transmission. ART can be used as a
post-exposure prophylaxis within 72 hours of exposure, and can also be employed as a pre-exposure
prophylaxis in high-risk groups 2%,

The first person to be cured of HIV-1, often referred to as the Berlin patient, received two allogeneic
hematopoietic stem-cell transplants as treatment for their myeloid leukemia. The stem-cell donor had
a natural homozygous mutation in their CCR5 gene (CCR5A32), which rendered them as well as the
recipient of the transplant resistant to infection by CCR5 tropic HIV-1 2*°. The Berlin patient stopped
ART and their viral load has remained undetectable for over 10 years 2%, Likewise, the London patient
underwent an allogeneic hematopoietic stem-cell transplantation from a donor carrying the
homozygous CCR5A32-mutation as treatment for their Hodgkin’s lymphoma. The London patient has
maintained an undetectable viral load following cessation of ART for over 1.5 years 241,
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The discovery of HIV-1 bnAbs and their target epitopes was a tremendous step forward in AIDS
research, however vaccination with HIV-1 immunogens in animal studies has still only shown limited
potential. Promising candidates identified through this process have been tested in humans, but a
vaccination schedule that can elicit a broad response is yet to be achieved. The Thai phase llI clinical
trial RV144, with over 16,000 participants, was the largest HIV-1 vaccination study ever performed.

Table 1.5: List of HIV-1 ARTs.
Shown here are examples of HIV-1 ARTs, with information regarding the drug class, manufacturer and approval date. Adapted
from 142,

Brand name Generic name Class Manufacturer Approval
date
Emtriva Emtricitabine, NRTI Gilead Sciences  07/02/03
FTC
Epivir Lamivudine, NRTI GlaxoSmithKline  11/17/95
3TC
Hivid Zalcitabine, NRTI Hoffmann- 06/19/92
ddC LaRoche
Retrovir Zidovudine, NRTI GlaxoSmithKline | 03/19/87
AZT
Videx Didanosine, ddl NRTI Bristol-Myers 10/09/91
Squibb
Viread Tenofovir, TDF | NRTI Gilead Sciences | 10/26/01
Zerit Stavudine, d4T  NRTI Bristol-Myers 06/24/94
Squibb
Ziagen Abacavir, ABC | NRTI GlaxoSmithKline | 12/17/98
Intelence Etravirine, ETV  NNRTI Tibotec 01/18/08
Therapeutics
Rescriptor Delavirdine, NNRTI Pfizer 04/04/97
DLV
Sustiva Efavirenz, EVF  NNRTI Bristol-Myers 09/17/98
Squibb
Viramune Nevirapine, NNRTI Boehringer 06/21/96
NVP Ingelheim
Agenerase Amprenavir, Protease GlaxoSmithKline  04/15/99
APV inhibitor
Aptivus Tipranavir, TPV | Protease Boehringer 06/22/05
inhibitor Ingelheim
Crixivan Indinavir, IDV Protease Merck 03/13/96
inhibitor
Invirase Saquinavir, Protease Hoffmann- 12/06/95
SQv inhibitor LaRoche
Lexiva Fosamprenavir, Protease GlaxoSmithKline  10/20/03
APV inhibitor
Norvir Ritonavir, RTV | Protease Abbott 03/01/96
inhibitor Laboratories
Prezista Darunavir Protease Tibotec, Inc. 06/23/06
inhibitor
Reyataz Atazanavir, Protease Bristol-Myers 06/20/03
ATV inhibitor Squibb
Viracept Nelfinavir, NFV  Protease Agouron 03/14/97
inhibitor
Fuzeon Enfuvirtide, T- Fusion Hoffman- 03/13/03
20 inhibitor LaRoche and
Trimeris
Selzentry Maraviroc, CCRS5 inhibitor = Pfizer 08/06/07
MVC
Trogarzo Ibalizumab, IBA Post- TaiMed Biologics = 26/09/2019
attachment
inhibitors
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The vaccine regimen entailed an ALVAC-HIV prime at 0 and 1 months, followed by co-administration
of ALVAC-HIV and AIDSVAX B/E as a boost at 3 and 6 months. ALVAC-HIV is a canarypox vector vaccine
that results in the expression of subtype B Gag, protease and gp41, as well as CRFO1_AE gp120.
AIDSVAX B/E is a bivalent recombinant subunit vaccine comprised of two different CRFO1_AE gp120s.
The trial yielded a modest vaccine efficacy of ~30% at 42 months, but failed to generate bnAb
responses 2*2, However, non-neutralising 1gG responses that targeted the V2-loop were associated
with protection. Conversely, elevated levels of IgA in the plasma of subjects were linked to reduced
vaccine efficacy. It has been suggested that the non-neutralising 1gG antibodies were recognising Env
expressed on the surface of infected CD4* T-cells and facilitating ADCC, a process that the IgA
responses could have been disrupting 2**. The RV144 trial was replicated in South Africa
(HVTN100/HVTN 702 trial) with 5,407 participants and an alternative bivalent subtype C boost, but
was halted early due to the observed lack of efficacy 2%*.

1.3.12 Advances in HIV-1 immunogen development

Efforts to generate bnAb responses via vaccination have so far been unsuccessful, and this was likely
due to flaws associated with the selected immunogens. The Env subunit antigens explored in prior
clinical trials, such as monomeric gp120 or gp140, are subject to a number of limitations. For instance,
monomeric immunogens display non-neutralising immunodominant regions, lack quaternary
neutralising epitopes and have different glycosylation profiles compared to the trimeric Env found in
nature. Hence, a considerable amount of research has been devoted to improving Env immunogens
and significant advancements have been made in this field 2%°.

The generation of the soluble, native like BG505 SOSIP.664 trimer marked a large step forward in HIV-
1 antigen development. The structure was based on the BG505 isolate, a clade A founder virus bearing
a T332N mutation that restores the V3-glycan domain bnAb epitope #*°. To ensure solubility, the TMD
and CT were eliminated by truncation of the gp41 subunit at amino acid position 664. A covalent bond
was introduced between the gp120 and gp41 subunits (A501C and T605C, commonly known as SOS
mutation), to prevent dissociation post-cleavage. A point mutation was made at residue 1559P
(generally referred to as IP), to stabilise the interfaces between the gp41l subunits. To maximise
cleavage, the furin cleavage site was enhanced (REKR to RRRRRR) and the BG505 SOSIP.664
glycoproteins were co-expressed with furin. Collectively, these modifications yielded soluble
truncated trimers of gp120-gp41 heterodimers, which were fully cleaved but remained intact, and
presented their neutralising epitopes correctly ?¥. To eliminate the requirement for furin over-
expression, native flexibly linked (NFL) trimers altered the SOSIP design by replacing the SOS mutations
with a flexible peptide linker 28. The uncleaved pre-fusion-optimised (UFO) trimers built upon this by
substituting the IP mutation with a redesigned HR1 in gp41 *°. The BG505 SOSIP.664, and the later
developed B41 SOSIP.664, were the first Env immunogens to elicit consistent autologous tier 2 and
heterologous tier 1 neutralising responses in animal models 2°°, It has been shown that monoclonal
antibodies (mAbs) capable of potent autologous tier 2 neutralisation, isolated from rabbits immunised
with the BG505 SOSIP.664, were targeting an immunodominant region on gp120. This region was
exposed due to the presence of a hole in the glycan shield, which was only found in <3% of global HIV-
1 isolates. This emphasised that glycan holes are capable of diverting antibody responses away from
more desirable epitopes, and should be considered in future studies 2>,

These soluble native like trimer platforms have been applied to many Env sequences in the hopes to
induce heterologous tier 2 neutralising responses. Numerous consensus structures have been
developed that encompass the most common amino acid for each residue from a variety of HIV-1
variant subsets 2°2. Mosaic structures, Env sequences that include as many B-cell and T-cell epitopes
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as possible, have also been produced 2°3, Structures have been made that follow the natural evolution
of the virus, attempting to apply the knowledge gained from co-evolution studies %%,

The artificial truncation of the soluble native like trimers exposes a highly immunogenic base, limiting
the effectiveness of these glycoproteins 2%, To address this, Env trimer nanoparticle systems have
been developed such as virus-like particles, liposomes and ferritin-based structures 2°%, Aside from
restricting access to the trimer base, nanoparticles also multimerise the immunogen. Multimerisation

improves B-cell activation, avidity, GC generation and helps B-cells overcome tolerance mechanisms
257,258

1.3.13 The SPARTAC trial

The short pulse antiretroviral therapy at seroconversion (SPARTAC) trial was performed between 2003
and 2007 in locations including Australia, Brazil, Ireland, Italy, South Africa, Spain, Uganda and the UK.
The study cohort consisted of 366 patients with primary HIV-1 infection, which were assigned to one
of three groups. The groups were either given ART for 12 weeks, 48 weeks or not at all, with no ART
being the standard of care at the time of the investigation. The trial aimed to determine whether
administering ART for a short period during primary infection could delay the time it took for patients
to reach a CD4* count below a particular threshold or require ART. It was concluded that a 48-week
course of ART delayed disease progression but this was not significantly longer than the length of the
treatment 2%,

1.3.14 Animal models in HIV-1 research

Animal models are crucial for bridging the gap between in vitro and in vivo HIV-1 research. There is a
tight host range in immunodeficiency viruses from humans and non-human primates, making it
necessary to alter either the host or virus to generate useful animal models 2%,

Humanised mice models were developed using immune deficient mice (severe combined immune
deficient) engrafted with human PBMCs, HSCs/human bone marrow, liver and thymus (BLT
mice), making them susceptible to HIV-1 infection 2%, Despite recapitulating some of the features of
HIV-1 establishment and disease pathogenesis, humanised mice are mainly utilised in protections
studies. This is because they have relatively short lifespans and do not capture all of the aspects of
adaptive immunity or disease progression that are seen in humans 2°. Humanised mice have been
used to test the efficacy of passive transfer with bnAbs for preventing HIV-1 infection 252253, Further,
this animal model has demonstrated the effectiveness of vectored immunoprophylaxis with bnAbs for
preventing the intravenous and mucosal transmission of HIV-1 254,

Experimental inoculation of a number of Asian macaque species (including rhesus, pig-tailed and
cynomolgus monkeys), was shown to yield a variety of pathological responses similar to AIDS in
humans 2%°. However, the SIV Env being used was antigenically distinct to that of HIV-1 and therefore
not recognised by bnAbs, limiting the use of this model for antibody-based studies 2%°. To rectify this
problem, chimeric SIV/HIVs were developed via incorporating the HIV-1 Env into a SIV (typically
SIVimac239) backbone 2%, This generated a chimeric virus that retained most of the SIV proteins, but was
able to display a HIV-1 Env of interest. Addition mutations were sub sequentially added to enhance
the binding of the Env to the macaque CD4 receptor %’. Non-human primate models using SIV/HIV
infection have proved indispensable for studying HIV-1 pathogenesis, vaccines, and therapies %,

1.3.15 Parallels between HIV-1 and other chronic viral infections

HIV-1 can be categorised as a chronic viral infection that undergoes continuous productive replication.
Other examples of viruses from this category in humans are hepatitis B virus (HBV) and hepatitis C
virus (HCV) 2%,
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HBV and HCV are members of the Hepadnaviridae and Flaviviridae viral families respectively. There
are more than 240 million and 70 million chronically infected individuals globally with HBV and HCV
respectively 27, Both viruses persist in infected liver hepatocytes, eventually leading to the
development of liver fibrosis, cirrhosis and hepatocellular carcinoma 1. Both HBV and HCV have lower
mutation rates (1.4-3.2x10° and 3.5x10°° base substitutions/site/year respectively) compared to HIV-
1 (1.3x10-3 base substitutions/site/year) 272274, Whilst antibody breadth and viral escape mutations
are still a concern for chronic hepatitis research, there is less antigenic shift to overcome compared to
HIV-1. However, HBV is known to evade host humoral responses by producing a large excess of decoy
non-infectious sub-viral particles ?7°. Nonetheless, antibody responses to the surface glycoprotein of
this virus have been shown to be associated with recovery from acute infection with HBV, with the
potential for protection from re-infection in acute cases #’¢%”7, Further, inability to generate such
antibodies has been linked to chronicity in HBV 278, Conversely, the development of bnAbs in HCV are
typically not protective or able to control infection 27°. Despite there being some parallels between
HIV-1 and hepatitis research, antibody responses to these chronic viral infections are more complex
and would each require distinct vaccination and treatment plans.

68| Page



1.4 SARS-CoV-2

1.4.1 The COVID-19 pandemic and the origins of SARS-CoV-2

Coronaviruses (Coronaviridae), named due to their crown-like appearance when examined via
electron microscopy, are a large and diverse family of RNA viruses. The subfamily Coronavirinae
encompasses four genera including Alphacoronavirus (Alpha-CoV), Betacoronavirus (Beta-CoV),
Deltacoronavirus (Delta-CoV) and Gammacoronavirus (Gamma-CoV). Coronaviruses can infect avian
species (Delta-CoVs and Gamma-CoVs) and numerous mammalian species (mainly Alpha-CoVs and
Beta-CoVs). To date, seven coronaviruses that are able to infect humans have been identified. They
can be separated into two categories, namely the endemic human coronaviruses and the highly
pathogenic coronaviruses 29, The endemic human coronaviruses consist of human coronavirus-OC43
(HCoV-0C43), human coronavirus-HKU1 (HCoV-HKU1), human coronavirus-229E (HCoV-229E), and
human coronavirus NL63 (HCoV-NL63) 2817284 Typically, infection with endemic human coronaviruses
will only result in a mild respiratory tract illness. However, they can induce a more severe course of
disease in infants and the immunosuppressed 2828 Some members of the endemic human
coronaviruses have been circulating since the 1960s, hence their geographical origins are difficult to
elucidate %°. The first highly pathogenic coronavirus outbreak, caused by severe acute respiratory
syndrome coronavirus (SARS-CoV), originated in the Guangdong province of China and lasted from
late 2002 to 2004 2%, Middle East respiratory syndrome coronavirus (MERS-CoV) was the causative
agent of the second highly pathogenic coronavirus outbreak, the virus was first identified from a
patient with acute pneumonia from Saudi Arabia in 2012 2%, MERS-CoV is still circulating today, but
the majority of its cases are localised within the Arabian Peninsula with only sporadic cases occurring
elsewhere in the world #°. The third and most recent highly pathogenic coronavirus outbreak began
in late 2019, and originated from the city of Wuhan in China 2. The last outbreak was caused by
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and the associated illness became
known as coronavirus disease 2019 (COVID-19) 2%, Since its emergence, SARS-CoV-2 has surpassed
SARS-CoV and MERS-CoV in regards to the number of infections and spatial range of endemic regions,
and has rapidly escalated into a global pandemic 22. The ongoing COVID-19 situation represents a
huge threat to public health and has resulted in considerable economic ramifications 2%3.

COVID-19 cases can be categorised as asymptomatic, mild, moderate, severe and critical (Table 1.6).
Asymptomatic individuals do not show any clinical symptoms and chest imaging findings, but can
transmit the virus to others. Mild cases present with minor clinical symptoms such as fever, fatigue,
cough, anorexia, malaise, myalgia, pharyngitis, dyspnea, nasal congestion and cephalgia, with no chest
imaging findings. Moderate cases are defined by respiratory tract symptoms and fever, with chest
imaging showing mild pneumonia. Severe cases are determined when patients have either respiratory
distress (230 breaths/min), low resting pulse oxygen saturation (£93%), hypoxemia (Horowitz index
<300mmHg) or chest imaging showing significant lesion progression (>50%) within 1-2 days. Cases are
considered to be critical when patients have either respiratory failure (ventilation required), septic
shock or multiple organ failure 2%, SARS-CoV-2 associated hospitalisation rates are higher in the
elderly (aged over 65) and individuals that have pre-existing conditions such as hypertension, diabetes
and obesity 2°°. COVID-19 patients with underlying health conditions have been shown to be six times
more likely to require hospitalisation and 12 times more likely to succumb to their disease *’. Further,
males that have contracted COVID-19 have a higher risk of a worse prognosis compared to females
298299 A meta-analysis of studies from the UK and US indicated that people in Black, Hispanic and Asian
ethnic minority groups are at a higher risk of COVID-19 infection, with Asians having an elevated risk
of severe disease and death 3%, Prior to global vaccine rollouts, the case fatality rate (CFR) of SARS-
CoV-2 (3.6-3.8%) was considerably lower than SARS-CoV (14-15%) and MERS-CoV (34.4%) 2°6:301.302,
However, SARS-CoV-2 is highly infectious and a large percentage of COVID-19 patients are

69| Page



asymptomatic or present with mild symptoms 3%, This has enabled SARS-CoV-2 to effectively spread
worldwide and cause a higher number of total fatalities than SARS-CoV and MERS-CoV combined. As
of January 2022, there have been ~300 million SARS-CoV-2 infections and 5.5 million associated deaths
reported to the World Health Organisation (WHO). Although, the lack of access to diagnostic testing
in less developed communities and incomplete reporting of COVID-19 data means that these figures
are likely an underestimate 3%,

In most countries, pre-cautionary measures against the spread of SARS-CoV-2 were invoked such as
social distancing, facemasks, travel restrictions, workplace closures and bans on public gatherings 3%°.
However, these restrictions were having a considerable impact on the livelihood and mental health of
the global population, and the need for a more long-term mitigation was becoming apparent 3%, By
March 2020, there were five COVID-19 vaccines in phase IV clinical trials as well as over 200 pre-clinical
and clinical candidates 3%7. These vaccines were developed and approved in record time, due to the
coordination of government agencies with the scientific and medical community 3%, Consequently,
regions such as Europe, the Middle East, and North America were able to start mass vaccination
against COVID-19 by December 2020 3%, Interpretation of COVID-19 vaccine effectiveness is
complicated, this is because different vaccine candidates and prime-boost intervals have been
implemented by various countries 31°. Further, since its emergence SARS-CoV-2 has undergone
mutations and several circulating variants have been generated that differ to the ancestral strain
presented via vaccination 31, Additional factors such as prior infection status, time since vaccination
and disease treatment can also obscure analyses of such data. Nonetheless, a meta-analysis of
vaccination studies suggests that COVID-19 vaccines are safe and can effectively reduce infections,
symptomatic cases, severe cases and death as a result of SARS-CoV-2 infection 32, Management
options for COVID-19 patients was initially limited, and relied on the use of experimental therapies
and drug repurposing strategies. Over time treatment of this illness has improved and novel
therapeutics have also been developed 313314, However, access to COVID therapeutics and vaccines is
not universal with lower-income countries having a more limited supply 3%°.

Table 1.6: COVID-19 disease severity classifications.
Shown here are the clinical characteristics used to classify disease severity in COVID-19 patients. Adapted from 29429,

Clinical characteristics RT-PCR test
for COVID-
19
Asymptomatic e No clinical symptoms Positive
e No abnormal chest imaging findings
Mild e Mild clinical symptoms Positive
e No abnormal chest imaging findings
Moderate e Respiratory tract symptoms Positive
e Fever
e Chest imaging showed mild pneumonia
Moderate e Respiratory distress (=30 breaths/min) Positive

o Low resting pulse oxygen saturation (<93%)
¢ Hypoxemia Pa02/Fi0> < 300 mmHg
(1 mmHg = 0.133 kPa)
o Chest imaging showing significant lesion
progression (>50%) within 1-2 days
Critical e Respiratory failure (ventilation required) Positive
e Septic shock
e Multiple organ failure
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The successful zoonotic transmission of disease from animals to humans is rare. However,
coronaviruses have a wide distribution in animals, high genetic diversity and frequently recombine
their genomes, increasing the likelihood of such an event. Further, infection and adaption within an
intermediate host usually precedes and assists this process 1. The endemic human coronaviruses
HCoV-229E and HCoV-NL63 are believed to have originated from bats, whereas HCoV-0OC43 and HCoV-
HKU1 are more likely to have speciated from viruses found in rodents (Figure 1.27). The intermediate
host of HCoV-0C43 is thought to be domestic animals such as cattle or swine, and it is assumed that
HCoV-229E arose via transfer from camelids such as alpacas or camels. The zoonotic sources of HCoV-
NL63 and HCoV-HKU1 are less fully understood 28%3%6, Similarly to HCoV-229E and HCoV-NL63, the
highly pathogenic coronaviruses are all considered to have originated from bats. Evidence suggests
that SARS-CoV emerged through recombination of bat SARS-related coronaviruses (SARSr-CoVs) in the
natural reservoir, which infected civets as an intermediate host before being transferred to humans.
MERS-CoV likely spilled over from bats to dromedary camels and subsequently to humans, with
human and camel strains sharing >99% sequence identity 3¢, Early cases of SARS-CoV-2 could be
epidemiologically connected to the Huanan seafood wholesale market of Wuhan, which participated
in live wild animal trade 2°2. Ancestral SARS-CoV-2 has been shown to be genetically related to bat
SARSr-CoVs, particularly RaTG13 with which it shared >96% genetic identity 3!’. Although bats are
expected to be the natural reservoir of SARS-CoV-2, it is unlikely that the virus was directly transmitted
to humans. This is supported by evidence such as bat RaTG13 not targeting the same host receptor as
SARS-CoV-2, bats not being sold at the Huanan seafood market and the fact that bats normally
hibernate throughout December in Wuhan. While snakes and turtles have also been suggested,
pangolins appear to be the most likely intermediate hosts of SARS-CoV-2 available at the Huanan
seafood market 2°1, SARSr-CoVs isolated from pangolins show high sequence identity with SARS-CoV-
2 (>90%) especially in the portion of the virus that interacts with host cell receptors 3%, However,
considerable evolutionary gaps still exist between SARS-CoV-2 and the closest animal viral relatives. It
remains possible that the progenitor virus circulates at a low prevalence or that the correct animal
species has not yet been sampled 3%,

Mutations occur naturally during viral replication, and RNA viruses tend to have higher mutation rates
compared to DNA viruses 32°. However, coronaviruses generate fewer mutations than other RNA
viruses because they express an exonuclease enzyme that lowers their replication error rate by ~15-
20 fold 3%, Mutations can happen at any location in the coronavirus genome and the fates of mutant
variants are determined by natural selection. Mutations that lead to better viral replication,
transmission or immune escape will grow in frequency, whilst variants that display lower viral fitness
are usually removed from circulation 32°, Although, in theory the majority of mutations are silent or
mildly deleterious 321, SARS-CoV-2 is highly transmissible and has a rapid replication rate which has
resulted in evolution from the ancestral strain at a rate of ~0.0004-0.002 mutations per nucleotide per
year 311, Notably, prolonged SARS-CoV-2 infections in immunosuppressed patients can lead to the
rapid generation of multi-mutational variants 3?2, Moreover, recombination of multiple SARS-CoV-2
variants in a single individual can also lead to saltational evolution 3%, SARS-CoV-2 strains that have
been shown to spread widely and be more contagious, induce more severe disease or escape immune
responses have been categorised as variants of concern (VOC) by numerous public health
organisations. Likewise, SARS-CoV-2 strains that bear similar mutations to VOCs but have not spread
as widely are referred to as variants of interest (VOI) 3%, To date, there are five SARS-CoV-2 VOCs
including B.1.1.7 (Alpha, a or UK variant), B.1.351 (Beta, B or South Africa variant), P.1 (Gamma, y or
Brazil variant), B.1.617.2 (Delta, 6 or India variant) and B.1.1.529 (Omicron or o). With the exception
of P.1 (y) and B.1.351 (B), each of these VOCs have been the dominant globally circulating strain for a
period of time (Figure 1.28) 3%,
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1.4.2 SARS-CoV-2 structure and genome

SARS-CoV-2 is an enveloped positive sense single-stranded RNA Beta-CoV, with a genome ~30kb in
length (Figure 1.29a) 32°. The SARS-CoV-2 genome has a 5’ cap and a 3’ poly-A tail, and encodes 14
genes that can be translated to produce 29 different proteins. These include the non-structural genes
ORF1a and ORF1b, the structural genes spike (S), envelope (E), membrane (M) and nucleocapsid (N),
and the accessory genes ORF3a, ORF3b, ORF6, ORF7a, ORF7b, ORF8, ORF9b, ORF9c and ORF10 326, The
genes ORFla and ORF1b are translated as polyproteins ppla and pplab, with ppla encoding nspl-
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Figure 1.27: Animal origins of human coronaviruses.
There are currently seven coronaviruses able to infect humans. They can be separated into two categories, the endemic

human coronaviruses and the highly pathogenic coronaviruses. These viruses emerged as a result of cross-species zoonotic
transfers, and typically required prior adaption within an intermediate host. The endemic human coronaviruses HCoV-229E
and HCoV-NL63 originated from bats, whereas HCoV-0C43 and HCoV-HKU1 speciated from rodents. The intermediate hosts
of HCoV-0C43 were domestic animals such as cattle or swine, and HCoV-229E arose via transfer from camelids such as
alpacas or camels. The highly pathogenic coronaviruses are all considered to have originated from bats. The intermediate
hosts of SARS-CoV were civets, whilst MERS-CoV spilled over from dromedary camels. The intermediate host of SARS-CoV-2
has not yet been fully ascertained, although snakes, turtles and pangolins have been suggested. Adapted from 291,316,
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nspll and pplab encoding nspl—-nsp16 3%. To generate all 29 proteins the virus uses leaky scanning,
frameshifts, discontinuous viral transcription and post-translational cleavage of polyproteins. The viral
genome is flanked by stretches of UTRs, which have numerous cis-acting secondary RNA structural
elements that are important for viral transcription and replication 3%,

SARS-CoV-2 virions are ~100nm in diameter, spherical in appearance and have a dense viroplasm
(Figure 1.29b). The virus is coated by a host derived lipid envelope, in which the viral proteins S, E and
M are embedded. The S glycoprotein enables entry into host cells via interacting with the target
receptor angiotensin-converting enzyme 2 (ACE2), and subsequently facilitating membrane fusion 3%,
There are ~26 S glycoproteins on each particle, the majority of which are in a functional pre-fusion
conformation 3%, E is the smallest of the structural proteins, it forms a homopentameric ion channel
and is believed to play a role in viral budding. Although it is expressed copiously in infected cells, only
a small amount of E proteins are incorporated into the viral membrane. The M protein is found in the
highest abundance, it orchestrates viral assembly by forming interactions with all of the other
structural proteins 3%. Inside the SARS-CoV-2 particles are numerous ribonucleoprotein (RNP)
complexes (~26 per virion) made up of multiple N proteins and a single copy of the RNA genome. The
RNPs have a bucket-like appearance and can be packaged into viruses with either a hexagonal or
pyramidal morphology 3%.

1.4.3 SARS-CoV-2 life cycle

SARS-CoV-2 can spread in the body via the generation of cell free particles or through cell-to-cell
transmission 33, The virus infects cells that express ACE2, and the major route of transmission is via
the respiratory system. Cells susceptible to infection are found throughout human airways, in regions
such as the nasal epithelium, the bronchial epithelia and lower lung. Further, ACE2 is also expressed
in the small intestine, testis, kidney, heart muscle, colon and thyroid gland, representing other
locations of vulnerability 332,

The S glycoprotein can be found on the surface of SARS-CoV-2 virions as a trimer of $1-S2 subunit
heterodimers (Figure 1.30a) 332, The S1 subunit can be separated into four domains including the
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Figure 1.28: Frequencies of SARS-CoV-2 VOCs.

SARS-CoV-2 strains that spread widely, are more contagious, induce more severe disease or escape immune responses have
been categorised as VOCs by numerous public health organisations. There are five SARS-CoV-2 VOCs including B.1.1.7 (a),
B.1.351 (8), P.1 (y), B.1.617.2 (6) and B.1.1.529 (0; BA.1 and sub-lineages named sequentially as they emerged). Similarly,
SARS-CoV-2 strains that bear similar mutations to VOCs but have not spread as widely are referred to as VOIs. Shown above
is the frequency of these VOCs and VOlIs over time in the global population. Adapted from 324,
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amino-terminal domain (NTD), receptor binding domain (RBD) and two subdomains (SD1 and SD2;
Figure 1.30b). The S2 subunit can be subdivided into the FP, HR1, central helix, connector domain,
HR2, TMD and CT 33. S requires cleavage by host cell proteases in order to facilitate viral entry, this
occurs at the S1-S2 boundary and the S2’ site that neighbours the FP. The RBDs are located at the apex
of S, they exist in either a receptor-accessible (up) or receptor-inaccessible (down) conformation 331,
Similarly to HIV-1, S monomers are folded, oligomerised and glycosylated by the host cell apparatus
as they pass through the secretory pathway. S is heavily glycosylated, with each protomer presenting
22 N-linked glycans 334,
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Figure 1.29: Annotated SARS-CoV-2 genome and virion.

SARS-CoV-2 has a positive sense single-stranded RNA genome (~30kb) that encompasses 14 genes, is flanked by UTRs and
has a 5’ cap and a 3’ poly-A tail (a). The genes include structural genes (S, E, M and N), non-structural genes (ORFla and
ORF1b) and accessory genes (ORF3a, ORF3b, ORF6, ORF7a, ORF7b, ORF8, ORF9b, ORF9c and ORF10). ORFl1a and ORF1b are
translated into polyproteins ppla and pplab, with ppla encoding nspl-nspl11 and pplab encoding nspl-nspl6. SARS-CoV-
2 virions are spherical in shape (b) and have an envelope (derived from the host cell lipid bilayer), in which the structural
proteins S, E and M are embedded. Inside SARS-CoV-2 particles there are numerous RNP complexes, consisting of multiple N
proteins and a single copy of the RNA genome. Adapted from 326:331,
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Prior to initiation of the entry process, S must be cleaved at the S1-S2 boundary by host cell furin
during production in an infected cell 33°, This yields mature trimers composed of S1-52 monomers that
are non-covalently linked. Entry begins with the binding of a mature S with ACE2 expressed on the

S trimer (front) in lipid membrane with glycans

S monomer (front) S monomer (back) S trimer (front) S trimer (top)

Furin cleavage site S2'

—

S1 S2

Figure 1.30: Annotated structure of the SARS-CoV-2 S.

The SARS-CoV-2 S glycoprotein is a trimer of non-covalently linked S1 (blue) and S2 (orange) heterodimers expressed on the
surface of virions (a). The S molecules are heavily glycosylated, with each monomer possessing ~22 PNGS (steel blue). The 51
subunit can be separated into four domains (b) including the NTD, RBD and two subdomains (SD1 and SD2). The S2 subunit
can be segmented into the FP, HR1, central helix, connector domain, HR2, TMD and CT. S requires cleavage by host cell
proteases in order to facilitate viral entry, this occurs at the S1-S2 boundary and the S2’ site that neighbours the FP. RBDs
located at the apex of S exist in either a receptor-accessible (up) or receptor-inaccessible (down) conformation. Adapted from
555,644 Full model found downloaded from 644,
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surface of target cells. This causes a sustained conformational change that likely results in the
dissociation of the S1 subunit, and exposure of the S2’ site 331, When transmembrane protease serine
2 (TMPRSS2) is present at the target cell membrane, it cleaves the S2’ site 3%, However, when
TMPRSS2 is not available the virus is internalised into endosomes via clathrin-mediated endocytosis,
and the S2’ site is cleaved by cathepsins (especially cathepsin L) 3¥. In any case, shedding of the S1
subunit and cleavage at S2’ unleashes the FP which proceeds to insert into the target cell membrane.
The S2 subunit folds back on itself, forming a 6-helix bundle which leads to fusion of the viral and
target cell membranes 331338,

Successful membrane fusion results in the release of the SARS-CoV-2 genome into the host cell
cytoplasm (Figure 1.31). Due to its 5’ cap and 3’ poly-A tail, the genome can act as mRNA and be
immediately translated by host cell ribosomes into viral polyproteins 33°. ORFla and ORF1b are
translated to produce ppla and pplab respectively, pplab is generated via a -1 programmed
frameshift and is found 1.4-2.2 times less frequently than ppla. The non-structural proteins (nsp) are
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Figure 1.31: SARS-CoV-2 life cycle.

SARS-CoV-2 entry begins when S interacts with ACE2 on the surface of target cells. Sustained conformational changes result
in $1 subunit dissociation and exposure of the S2' cleavage site. S2'is digested by either TVIPRSS2 at the host cell membrane
or cathepsins in endosomes during clathrin-mediated endocytosis, enabling subsequent membrane fusion. In the cytoplasm,
the SARS-CoV-2 genome is translated into viral polyproteins (ppla and pplab). The non-structural proteins are released from
the polyproteins through co-translational and post-translational proteolytic cleavage by nsp3 and nsp5. The RTC complex is
formed and replication commences, producing new viral genomes that can be used as templates or packaged into new
particles. A range of nested ssRNAs are generated via discontinuous viral transcription. Replication processes occur in DMV,
convoluted membranes and double-membrane spherules, and viral transcripts are exported through molecular pores. The S,
E and M structural proteins pass through the endoplasmic reticulum and Golgi apparatus, whilst N localises outside DMV to
package full-length viral genomes following their release. The membrane bound proteins are transported to SMVs, where
viral assembly takes place and is orchestrated by M. The viruses bud into the lumen of SMVs and likely advance through the
secretory pathway resulting in viral egress, however exit via the exosomal or lysosomal pathways have also been suggested.
Adapted from 447,
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liberated from these polyproteins through co-translational and post-translational proteolytic
cleavage. This is mediated by two cysteine proteases, namely the nsp3 papain-like protease and the
nsp5 chymotrypsin-like protease 3?7. Release of nspl occurs rapidly and it suppresses host gene
expression by associating with the mRNA channels of ribosomes 3. The rest of the non-structural
proteins comprise the viral replication and transcription complex (RTC), and exert their actions at
different subcellular locations. Playing a more supportive role, nsp2-11 have been shown to be
important for intracellular membrane modulation, host immune evasion and to act as cofactors
required for replication. On the other hand, nsp12-16 encompasses the core enzymes required for
RNA synthesis, proof-reading and modification 327. The synthesis of RNA is carried out by the nsp12
RNA-dependent RNA polymerase (RdRp), with nsp7-8 acting as cofactors and nsp13 as a helicase 3.
The coronaviruses capping machinery includes nspl0, nspl3, nspl4 and nspl6, which act as a
cofactor, RNA 5'-triphosphatase, N7-methyltransferase and 2’-O-methyltransferase respectively. The
protein nspl4 also has 3'-5’ exonuclease activity and contributes to RNA synthesis by providing a
proof-reading function 3?7,

Entire negative sense copies are made of the viral genome by the RTC, which in turn can be used as
templates for the production of new positive sense genomes. These new genomes can be packaged
into particles or employed as templates for the generation of more non-structural proteins and RTCs
327 Like other coronaviruses, SARS-CoV-2 uses discontinuous viral transcription to make a range of
nested 3’ and 5’ co-terminal subgenomic RNAs (sgRNA) 342, In this process, the RTC transcription of
negative sense RNA is halted when a transcription regulatory sequence (TRS) is encountered. The TRSs
are located upstream of the majority of genes in the 3’ portion of the viral genome. The interrupted
transcription is later re-initiated at the TRS located near the leader sequence (TRS-L) on the positive
sense template. This is possible due to the complementary nature of the nascent negative sense TRS
and the positive sense TRS-L, resulting in the production of sgRNA with a leader sequence. A series of
negative sense sgRNAs that vary in length are made, they act as templates for the generation of
positive sense sgRNAs, which can then be translated into structural and accessory proteins. While
coronavirus sgRNAs are structurally polycistronic, they are believed to be functionally monocistronic
with only the first gene at the 5’ end being translated 3%/,

As the expression levels of the non-structural proteins start to rise, infected cells begin to display viral
replication organelles. These structures are derived from the endoplasmic reticulum and include
double-membrane vesicles (DMV), convoluted membranes and double-membrane spherules 37, The
DMVs have been shown to be the site where viral genome replication and transcription occurs,
potentially shielding this process from the host innate immune response 3*3. These replication
organelles are embedded with molecular pores, which can be used to export viral transcripts and
genomes into the cytoplasm 3%, N proteins localise outside of DMVs and can therefore package full-
length viral genomes following their release 3. S, E and M undergo processing by the host cell
machinery, passing through the endoplasmic reticulum and Golgi apparatus. These membranes bound
proteins are transported by dense vesicles to single-membrane vesicles (SMV), the location where
viral assembly and budding ensues. M can form interactions with S, E, N and itself, and mediates viral
assembly when N packaged genomes are supplied 3%. Viruses bud into the lumen of SMVs, and
membrane scission is expected to be facilitated by E in an ESCRT independent manner. Vesicles
containing new particles likely advance through the secretory pathway and the viruses egress,
however exit via the exosomal or lysosomal pathways has also been suggested 3.

1.4.4 SARS-CoV-2 pathogenesis
The multiciliated cells of the nasopharynx or trachea, or the sustentacular cells of the nasal olfactory
mucosa, represent the first cells targeted by SARS-CoV-2 3#3% |n the majority of COVID-19 cases, the
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virus is cleared from the body by the induction of interferon (type | or Ill) and adaptive immune
responses. However, in some instances the virus reaches the lower respiratory tract, either through
direct infection or by gradually spreading through susceptible cells in the tracheobronchial tree 34°.
Dissemination into the alveoli could result from the flow of mucus in the branching airways being
disrupted, due to an infection induced loss of ciliation in the ciliated cells 3,

Most of the alveolar surface is covered by alveolar type 1 (AT1) cells, which are responsible for
facilitating gaseous exchange (Figure 1.32). The alveolar type 2 (AT2) cells secrete pulmonary
surfactants that lubricate the lung and reduce alveolar surface tension throughout respiration. The
AT1 and AT2 cells form a complete epithelial lining in the adult human alveoli, with AT2 cells being the
precursors of AT1 cells 3, AT2 cells express ACE2 and TMPRSS2, and appear to be the main target of
SARS-CoV-2 in the alveoli *2. The alveolar epithelium can be damaged directly due to AT2 infection or
indirectly as a result of local inflammatory responses 3*°. The AT2 cells proliferate in an attempt to
repair areas of damage, however they adopt a damage-associated transient progenitor phenotype,
defined by a failure to fully differentiate into AT1 cells 3. Stimuli such as hypoxia, cytokines and
chemokines activate capillary endothelial cells, which may weaken their cell-cell bonds and trigger
apoptosis 3#°. SARS-CoV-2 can activate complement, inducing CD16* T-cells which promote the release
of chemokines and microvascular endothelial cell damage 3**.

Disruption of both the alveolar epithelium and the capillary endothelium leads to the induction of a
leaky state, followed by a dysregulation of coagulation, fibrinolysis and inflammation. The exposed
subendothelial extracellular matrix triggers the coagulation cascade, and results in fibrin deposition.
Activated platelets are recruited to these sites of exposure, preventing leakage and secreting factors
that sustain coagulation 3%, Platelets can stimulate neutrophils, which in cooperation with monocytes
release neutrophil extracellular traps that drive coagulation and the formation of fibrin thrombi 3.
High levels of plasminogen activator inhibitor 1 in COVID-19 patients could further promote the
generation of microthrombi by reducing fibrinolysis 3°. Hyaline membranes (fibrin-rich exudates) are
generated inside the alveoli to stop fluid accumulation, but also limit gaseous exchange. Damage to
the alveolar epithelium instigated by the virus leads to infiltration by immune cells, particularly
monocytes and macrophages 3. Once inside the alveoli, macrophages can adopt a pro-inflammatory
and profibrotic phenotype, and undergo pyroptosis when infected. Overall, in severe COVID-19 cases
the lung tissue of the patient becomes highly inflamed, flooded and scarred, impairing its function 3%,
Despite being predominantly considered to act upon the respiratory system, COVID-19 is a systemic
illness that can also have renal, cardiac, hematologic, gastrointestinal, hepatobiliary, endocrinologic,
neurologic and cutaneous manifestations 3>,

1.4.5 SARS-CoV-2 treatment and prevention

At this time, there are multiple therapeutic choices available for the treatment of COVID-19 including
anti-inflammatory, immunomodulatory, anticoagulation and antiviral drugs. Additionally, anti-SARS-
CoV-2 mAbs and convalescence plasma infusions have been investigated (Table 1.7) 38, COVID-19 can
be clinically separated into two stages, an early phase where SARS-CoV-2 replication is at its peak and
a late phase where illness is driven by the establishment of hyperinflammatory and states. Hence,
antiviral drugs and treatments based on antibody delivery are likely to be more effective during the
early phases of COVID-19. On the other hand, anti-inflammatory, immunomodulatory and
anticoagulation drugs are expected to be more effective in the later phase of infection 3.

Since the emergence of SARS-CoV-2, numerous novel and repurposed compounds have been shown
to possess antiviral activity against coronaviruses 31334 |n its active state, the antiviral agent
remdesivir functions as a nucleoside analog that incorporates with the SARS-CoV-2 RdRp and causes
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stalling following the addition of three extra nucleotides 3®. Studies conducted early into the
pandemic showed remdesivir was superior compared to placebo, decreasing recovery time in
hospitalised adults with moderate or severe COVID-19 infection 3632 However, a large study
conducted later suggested remdesivir had little or no impact on the overall mortality, mechanical
ventilation requirement and length of hospitalisation of COVID-19 inpatients, making its effectiveness
disputed 3%, Since then, another nucleoside analog called molnupiravir was shown to effectively
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Figure 1.32: COVID-19-associated acute respiratory distress syndrome.

SARS-CoV-2 initially infects ciliated cells in the upper conducting airways, gradually spreading through susceptible cells in the
tracheobronchial tree. Dissemination into the alveoli occurs because of disrupted mucus flow, following infection induced loss
of ciliation in ciliated cells. The alveoli are lined with AT1 and AT2 cells, responsible for gaseous exchange and surfactant
secretion respectively. AT2 cells are precursors of AT1 cells, and express ACE2 and TMPRSS2 making them susceptible to SARS-
CoV-2 infection. The alveolar epithelium becomes damaged due to AT2 infection and inflammatory responses. The AT2 cells
proliferate but are unable to fully differentiate into AT1 cells. Stimuli such as hypoxia, cytokines and chemokines activate
capillary endothelial cells, weakening cell-cell bonds and triggering apoptosis. Complement is activated, inducing CD16+ T-
cells that promote the release of chemokines and microvascular endothelial cell damage. The exposed subendothelial
extracellular matrix triggers the coagulation cascade, and results in fibrin deposition. Activated platelets are recruited to
exposed sites, preventing leakage and secreting factors that sustain coagulation. Platelets stimulate neutrophils, which in
cooperation with monocytes release neutrophil extracellular traps that drive coagulation and the formation of fibrin thrombi.
Damage to the alveolar epithelium instigated by the virus leads to infiltration by immune cells, particularly monocytes and
macrophages. Once inside the alveoli, macrophages adopt a pro-inflammatory and profibrotic phenotype, and undergo
pyroptosis when infected. Adapted from 34°.
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inhibit SARS-CoV-2 replication in human lung tissue 3%4. Molnupiravir also targets the RdRp but instead
functions as a mutagenising agent, causing an error catastrophe during the replication process 3%. A
phase lll clinical trial has reported that molnupiravir can decrease the risk of death or hospitalisation
in unvaccinated adults with mild-moderate COVID-19 infection by ~50% compared to placebo 3. A
novel antiviral candidate has been recently developed called paxlovid, it contains a combination of
nirmatrelvir (chymotrypsin-like protease inhibitor) and a low dose of ritonavir (pharmacokinetic
boosting agent) 3¢7. The interim analysis of phase lI-11l data has shown that paxlovid can reduce COVID-
19 associated hospitalisation or all-cause mortality by ~“89% compared to placebo, when taken within
three days of the onset of symptoms 3%, Interestingly, both molnupiravir and paxlovid can be taken
orally, allowing the possibility of self-administration by patients at home to lower the risk of
hospitalisation 36°.

Immune dysregulation in COVID-19 cases can lead to the release of multiple inflammatory mediators,
resulting in severe complications and a worse clinical outcome %8, Corticosteroids are stress hormones
secreted by the adrenal cortex that inhibit the release of several cytokines 37°. One such corticosteroid
(dexamethasone), given at a dose of 6mg daily for up to 10 days, has been shown to reduce 28-day
mortality in patients requiring oxygen or invasive ventilation support. However, patients that did not
require respiratory assistance did not benefit from this treatment 3%, Drugs such as tocilizumab and
sarilumab function by interacting with the receptor of the proinflammatory cytokine IL-6, inhibiting
classic signalling and trans-signalling pathways 3°%. Meta-analysis has shown that administration of
anti-IL-6 receptor mAbs was associated with a lower 28-day all-cause mortality 32, Imbalances
between the Janus kinase (JAK) and signal transducer and activator of transcription pathways have
been observed in severe cases of COVID-19. It has been suggested that this is associated with immune
dysregulation 3. The JAK 1 and JAK 2 inhibitor baricitinib was tested, in combination with the antiviral
remdesivir, on hospitalised adults with COVID-19. Baricitinib and remdesivir were more effective
compared to remdesivir alone, decreasing time to recovery and accelerating improvements in patient
clinical status. These findings were most notable in patients that required respiratory assistance 3’4,

In severe cases of COVID-19, the coagulation cascade is activated and clotting factors become
consumed 3%, Patients can experience coagulopathy and subsequent thromboembolic disease, which
can be prevented and treated by anticoagulation therapy. Hence, anticoagulation therapy is a crucial

Table 1.7: SARS-CoV-2 therapeutics.
Shown here are examples of SARS-CoV-2 therapeutics, with drug class and manufacturer information.

Remdesivir
Molnupiravir

Nucleoside inhibitor
Nucleoside inhibitor

Gilead Sciences
Merck and Ridgeback
Biotherapeutics

Paxlovid Protease inhibitor Pfizer

Dexamethasone Corticosteroid Various

Tocilizumab IL-6 receptor antagonist Roche

Sarilumab IL-6 receptor antagonist Regeneron and Sanofi

Baricitinib JAK inhibitor Eli Lilly and Incyte
Corporation

Heparin Anticoagulant Pfizer

REGN-COV2 Monoclonal antibody Regeneron and Roche

Bamlanivimab-etesevimab

Sotrovimab

cocktail
Monoclonal antibody
cocktail
Monoclonal antibody

Eli Lilly and Company

GlaxoSmithKline and Vir
Biotechnology
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part of the treatment plan for hospitalised COVID-19 patients. However, there is a lack of clinical trials
directly investigating the impact of anticoagulants on the clinical outcome of COVID-19 patients.
Nonetheless, a meta-analysis of retrospective studies suggests that heparin can reduce 28-day
mortality in patients showing signs of coagulopathy onset 37>,

Treatment with convalescent plasma was assessed throughout the SARS-CoV, MERS-CoV and Ebola
epidemics, but there was a lack of randomised control trials to endorse its efficacy *7°. A meta-analysis
in COVID-19 patients has specified that convalescent plasma therapy does not decrease all-cause
mortality, and should not be administered as part of standard care 7. However, important
considerations may have been overlooked in certain studies, such as the donor plasma having an
adequate neutralisation titre against the variant the recipient is infected with 372,

A number of highly potent anti-SARS-CoV-2 mAbs have been isolated, some of which have undergone
investigation as a treatment option for COVID-19 infection 37°. REGN-COV2, a cocktail of two non-
competing neutralising mAbs that target the RBD of the SARS-CoV-2 S glycoprotein, were shown to
function well prophylactically and therapeutically in non-human primates 3°. The interim analysis of
a study has found that REGN-COV2 can decrease the viral load of non-hospitalised subjects infected
with COVID-19, with a safety profile comparable to placebo 381, A phase Ill clinical trial has shown that
REGN-COV2 can reduce the risk of hospitalization or death in COVID-19 patients by ~71% compared
to placebo. Additionally, REGN-COV2 treatment lowered viral load more rapidly, with the median time
to resolution of symptoms reduced by four days %2, Bamlanivimab and etesevimab are another pair
of potent anti-S neutralising mAbs that target the RBD. Experiments have shown that etesevimab
interacts with an epitope that is different to bamlanivimab, and can neutralise variants that bear
escape mutations to bamlanivimab 38, In phase Il clinical trial co-administration of bamlanivimab-
etesevimab to non-hospitalised COVID-19 patients with mild-moderate symptoms led to a significantly
reduced viral load at day 11 3%, A phase lll clinical trial has shown that bamlanivimab-etesevimab can
reduce the risk of hospitalization or death in COVID-19 patients by ~70% compared to placebo 3.
Unfortunately, mutations acquired by the B.1.1.529 (o) variant completely abolish the neutralisation
capability of REGN-COV2 and bamlanivimab-etesevimab in vitro 3%, Sotrovimab is an engineered mAb,
originally isolated from a SARS-CoV infected donor, which can neutralise multiple strains of SARS-CoV-
2 (including B.1.1.529; o) 38738 The interim analysis of a phase Ill clinical trial has shown that
sotrovimab can reduce the risk of hospitalization or death in COVID-19 patients by ~85% compared to
placebo ¥, This highlights the importance of identifying novel mAbs that target conserved epitopes
of the SARS-CoV-2 S glycoprotein as the virus evolves in nature.

1.4.6 SARS-CoV-2 novel vaccine technologies

The world required an effective SARS-CoV-2 vaccine, and this led to a development race in which
multiple vaccine platforms were examined (Table 1.8). Some vaccines utilised to more traditional
methodologies using live-attenuated virus, inactivated virus and viral protein subunits. However, the
requirement for a fast production and rollout resulted in more modern platforms being considered,
such as viral vector and mRNA vaccines. These newer candidates had an advantage over other
technologies because they simply required design of the nucleic acid sequence being delivered prior
to synthesis. Hence, viral vector and mRNA vaccines gained emergency use authorisation more quickly
than other candidates 3%.

The theory of mRNA vaccines was first conceived in the 1989, but would not achieve major clinical
success until 2020 3%, This came with the global deployment of the Pfizer-BioNTech (BNT162b2) and
Moderna (mRNA-1273) vaccines. The mRNA in these vaccines mimic the structure of molecules found
endogenously in humans, bearing a 5’ cap, 5' UTR, ORF, 3’ UTR and poly-A tail. Following genome
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sequencing of a pathogen, a desired antigen can be designed and implanted as the ORF into a DNA
plasmid construct 32, For both BNT162b2 and mRNA-1273, this antigen is a membrane-anchored
stabilised (via S-2P mutations) pre-fusion S glycoprotein 3%. Generated plasmids are transcribed in
vitro by bacteriophage polymerases, enabling a fast, scalable and cost-effective synthesis. The mRNA
transcripts are purified via high performance liquid chromatography (HPLC), eliminating any
contaminants and reactants. Due to its negative charge, mRNA is unable to pass through the anionic
lipid bilayer of a cell. Further, once inside the body mRNA can be targeted by the innate immune
system, and is subject to degradation by nucleases. Thus, the mRNA payloads are encapsulated by
lipid nanoparticles (LNPs), which are comprised of four components including an ionisable lipid,
cholesterol, helper phospholipid and polyethylene glycol (PEG) modified lipid 3%2. Of note, the ionisable
lipid utilised by BNT162b2 and mRNA-1273 vaccines are ALC-0315 and SM-102 respectively 3**. In a
microfluidic mixer, the purified mRNA and lipid components are rapidly mixed in an acidic buffer.
lonisable lipids are positively charged in this setting and are able to attract their mRNA cargo, resulting
in the precipitation of self-assembled LNPs. The LNPs are dialysed or filtered to get rid of non-aqueous
solvents and any unencapsulated mRNA, finally being stored in sterilised vessels 392, Results from large
multinational clinical trials have shown that two doses of BNT162b2 (21 day interval) and mRNA-1273
(28 day interval) were able to achieve vaccine efficacies of ¥95% and ~94.1% respectively 39>3%,

Despite their overall success, there are some limitations associated with mRNA vaccines. Although
rare, it has been documented that the BNT162b2 and mRNA-1273 vaccines can cause severe
anaphylactic reactions 3%’. The source of these reactions has not yet been ascertained, however it has
been suggested that they may be the result of allergies to the PEG used in the LNPs 3%, Manufacturing
these vaccines requires multiple expensive components, making them significantly more costly
compared to alternative products. BNT162b2 and mRNA-1273 require a temperature of -70°C for long
term storage, making distribution to regions that lack a cold-chain infrastructure problematic 3%°.

Adenoviruses were first discovered in 1953, and have since become promising vectors for the delivery
of genetic material ®°, Adenoviruses have a characteristic icosahedral shape with an external protein
encapsulation, and typically only cause mild self-limiting respiratory and ocular infections in humans
399 They carry a compact double stranded DNA genome, expressing either early (E1 or E3) or late
genes. The early genes are required for viral replication, whilst the late genes are important for the
release of new particles *°1, Adenoviruses can be engineered to function as vectors for antigen gene
delivery by replacing the E1 or E3 genes with a desired ORF. This prevents the virus from being able to
undergo genome replication, whilst the gene encoding the antigen of interest is transcribed and
released into the cytoplasm. Adenovirus vectors do not significantly integrate into the host genome,
remaining episomal following entry into the nucleus. SARS-CoV-2 vaccines have been developed using
human (Ad26.COV2-S by Janssen-Johnson) and chimpanzee (ChAdOx1-nCoV by Oxford-AstraZeneca)

Table 1.8: Types of SARS-CoV-2 vaccine.
Shown here are examples of SARS-CoV-2 vaccines, with information regarding vaccine type and manufacturer.

Name Type Manufacturer \
ChAdOx1-nCoV Viral vector Oxford-AstraZeneca
Ad26.COV2-S Viral vector Janssen-Johnson
Ad5-nCoV-S Viral vector CanSino Biologics
MmRNA-1273 RNA or DNA based Moderna

BNT162b2 RNA or DNA based Pfizer-BioNTech

INO-4800 RNA or DNA based Inovio

NVX-CoV2373 Protein subunit Novavax

CoronaVac Inactivated whole virus Sinovac Biotech
BBIBP-CorV Inactivated whole virus Sinopharm
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adenoviruses. Chimpanzee adenovirus vectors were introduced in the hopes to circumvent pre-
existing immunity to human serotypes, which has been shown to be capable of mitigating gene
delivery 3%, The ChAdOx1-nCoV carries an unmodified full-length S glycoprotein gene, whilst the
Ad26.COV2-S gene is stabilised (S-2P) and carries mutations in the furin cleavage site 3°%42, When a
suitable transgene cassette has been cloned into the adenoviral backbone, the viruses are grown in
specialised cells 4%, The vectors undergo a purification process involving depth filter clarification,
tangential flow filtration (TFF), anion exchange chromatography and an additional round of TFF 4%,
Results from large multination clinical trials have shown that a single dose of Ad26.COV2-S and two

doses of ChAdOx1-nCoV were able to achieve vaccine efficacies of ~66.9% and ~70.4% respectively
405,406

Almost all of the elements in the adenovirus vectors aid in the generation of anti-adenovirus
immunity. For human adenovirus vectors, regional seroprevalence and cross-reactivity must be
considered prior to vaccine deployment. Anti-adenovirus immunity can limit the prospects of annual
boosters for both human and chimpanzee adenovirus vaccines 3%°. The Ad26.COV2-S and ChAdOx1-
nCoV vaccines have been linked to rare blood clotting events *°74%®,_Numerous countries paused their
administration of these products, but the majority have since resumed. Patients that have developed
blood clots post-vaccination have shown similarities to heparin-induced thrombocytopenia (HIT), a
rare disorder. However, the connection between adenovirus vaccines and HIT are not fully understood
at this time 3%,

Despite their differences, administration of either mRNA or viral vector vaccines results in mRNA
encoding S glycoprotein being released into the target cell cytoplasm. This mRNA is translated and
processed by the host cell machinery, yielding S glycoproteins. These glycoproteins can be displayed
on the cell surface and interact with circulating elements of the host immune system. Alternatively,
the glycoproteins may be broken into antigen fragments by the proteasome complex. The antigen
fragments can then be presented to cytotoxic T-cells on MHC class | molecules, leading to their
activation. The activated cytotoxic T-cells can proceed to eliminate the transfected or infected cells,
through the secretion of molecules such as perforin and granzyme. Moreover, antigens that have been
secreted can be endocytosed and degraded within the endosomes of antigen-presenting cells. These
proteins can then be displayed on MHC class Il proteins, activating helper T-cells which can stimulate
other immune cells 3%,

The rapid generation and overall success of the SARS-CoV-2 vaccine is in strong contrast to what was
observed during the HIV-1 efficacy trials 24%2443%53%  Regsons for this include SARS-CoV-2 having a
much slower antigenic drift, a surface glycoprotein more susceptible to immune responses and the
lack of requirement for sterilising immunity “%. Utilisation of these more modern vaccination
technologies in the HIV-1 field will likely help to overcome some of the issues that are being
faced, such as allowing re-introduction of the transmembrane domain into stabilised Env trimers and
removing the highly immunogenic based displayed by artificial truncation #*°. However, the difficulties
in targeting rare bnAb germlines and generating a broad and potent antibody response will remain 41,
As seen with the SARS-CoV-2 vaccine, a large limitation of mMRNA and viral vector vaccines is the lack
of potency and the requirement for numerous doses to achieve efficacy. Further improvements in
these methods, such as the generation of self-replicating mRNA vaccines, could be of benefit to both
the HIV-1 and SARS-CoV-2 field 2.

1.4.7 Comparison of SARS-CoV-2 with influenza and HIV-1
Aside from its similarities with other human coronaviruses, parallels can also be drawn between SARS-
CoV-2 and other viruses that cause acute respiratory infections, such as Influenza A 43,
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There have been four pandemics caused by influenza A, occurring in 1918 (50 million deaths), 1957
(~1.1 million deaths), 1968 (~1 million deaths) and 2009-2010 (151,700-575,400 deaths) #3747, Since
then, the novel influenza A of the 2009-2010 pandemic has continued to spread as a seasonal flu virus
413 Comparable to SARS-CoV-2, antibody responses are generated to the Influenza A surface
glycoprotein and are known to be protective against infection. A lack of antibody-based immunity in
the human population is a major factor that allows emerging pandemic viruses to spread rapidly. The
selective pressure of these antibody responses, generally resulting from natural infection, drive
changes in the viral surface antigen #8. However, the influenza virus surface glycoprotein has been
shown to be particularly capable of tolerating antigenic drift 4*°. This coupled with a mutation rate of
1.5x10° mutations per nucleotide per replication cycle, has resulted in influenza vaccines needing to
be updated each year to match the currently circulating strains *?>%2!, A similar approach has been
taken recently with SARS-CoV-2 vaccination, with the introduction of bivalent doses to protect against
newer VOCs %*2, However, achieving neutralisation breadth against influenza strains is more difficult
than what has been seen with SARS-CoV-2 %3, Further, a universal flu vaccine will require methods
more comparable to what has been tested in the HIV-1 field, with a series of immunisations with
distinct antigens to particular bnAb germlines needed to elicit the desired response #2344, As noted
with chronic viral infections, although there are many parallels between SARS-CoV-2 and influenza A,
each virus will still require differing approaches to yield the best vaccination and treatment plans.

SARS-CoV-2 and HIV-1 are both enveloped RNA viruses, which are responsible for the currently
ongoing COVID-19 and AIDS pandemics respectively %%, They express surface glycoproteins that
enable the entry of the virus into host cells, and represent the main target of neutralising antibody
responses. However, a clear distinction in the life cycle of these viruses is that HIV-1 can integrate its
genetic material into the hosts genome, whilst SARS-CoV-2 cannot #*%4?7, This enables HIV-1 to form
latent viral reservoirs limiting the control that the host immune system can exert on the virus, and
thereby preventing clearance of the pathogen “?. Conversely, during early SARS-CoV-2 infection,
neutralising antibody responses continue to be beneficial in controlling the virus and limiting disease
severity 31382 The chronic nature of HIV-1 means that a successful antibody-based vaccine against
this virus would need to provide sterilising immunity to be effective 4*°. On the contrary, whilst
sterilising immunity is an advantageous feature for a SARS-CoV-2 vaccine, its primary goal is to reduce
disease severity and prevent hospitalisation #3°.
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Chapter 2: Materials and methods

2.1 Bacterial work

2.1.1 Preparation of LB broth and LB plates

25g of Lysogeny broth (LB; Fisher BioReagents) and 40g of LB agar (Miller) were dissolved in 1L
containers of double distilled water (ddH,0). Mixtures were agitated until completely dissolved and
sterilised by autoclaving. LB broth without selection marker was stored at room temperature. LB agar
without selection marker was poured under a Bunsen burner flame into plates, allowed to set and
stored at 4°C.

Ampicillin salt (Sigma Aldrich) was dissolved in ddH,0 at a concentration of 100mg/mL and sterilised
through a 0.22um filter (Millex), stocks were stored at -20°C. Ampicillin stocks were added to LB broth
and LB agar to a final concentration of 100ug/mL. LB broth with ampicillin were stored at 4°C. LB agar
with was ampicillin was poured under a Bunsen burner flame into plates, allowed to set and stored at
4°C.

2.1.2 Preparation of chemically competent E. coli

A fresh stock of Escherichia coli (E. coli; Table 2.1), was streaked on a LB agar plate without selection
marker, incubated at 30-37°C for 12-18 hours and stored at 4°C. A single bacterial colony was
inoculated into 10mL of LB broth without selection marker and grown at 30°C in a shaking incubator
for 12-18 hours. 500mL of LB broth without selection marker was inoculated with 5mL of the starter
culture and grown at 30°C in a shaking incubator. The absorption of the culture was measured
regularly via spectrophotometer (DeNovix) at an optical density of 550nm, until it reached a reading
of 0.5 (normally ~3 hours). The culture was put on ice for 10 minutes and centrifuged at 3000xg for 10
minutes at 4°C. After discarding the supernatant, the pellet was resuspended in 100mL of TfB1 (Table
2.2) and incubated on ice for 5 minutes. The E. coli were centrifuged at 3000xg for 10 minutes at 4°C
and the supernatant was discarded. The pellet was resuspended in 8mL of TfB2 and incubated on ice
for 10 minutes. The chemically competent bacteria were then aliquoted, flash frozen on dry ice and
stored at -80°C.

2.1.3 Transformation of DNA plasmids into chemically competent E. coli

5uL of ligation (2.2.5) or Gibson assembly (2.2.6) product was added to 50uL of chemically competent
E. coli and incubated on ice for 20-30 minutes. The mixture was heat shocked at 42°C for 45 seconds
and put back on ice for 2 minutes. 200uL of LB broth without selection marker was added to the
bacteria and the culture was grown in a shaking incubator at 30-37°C for 45 minutes. The culture was
spread on LB agar plates with ampicillin, incubated at 30-37°C for 12-18 hours and stored at 4°C. The
same process was used to re-transform 1uL of plasmid, but the first incubation on ice could be
circumvented and the time spent in the shaking incubator could be reduced to 30 minutes.

2.1.4 DNA plasmid expansion and extraction

Single bacterial colonies were inoculated into 5-10mL, 100-200mL, 400-500mL or 800mL-1L of LB
broth with ampicillin, and were extracted using QlAprep Spin Miniprep kits (Qiagen), NucleoBond Xtra
Midi/Maxi kits (Macherey-Nagel) or Plasmid Plus Giga kits (Qiagen) respectively. DNA was

Table 2.1: Chemically competent bacteria.

Company Catalogue number Bacteria Strain
NEB C3040I NEB stable
NEB C29871 DH5a

NEB C3019I DH10p8
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resuspended using nuclease-free water (Ambion) and concentrations were measured using a nano-
drop (ThermoFisher).

2.2 DNA work

2.2.1 Agarose gel electrophoresis and DNA fragment extraction

0.8% agarose gels were prepared by adding 0.6-0.8g of agarose (Invitrogen) to 80-100mL of TAE buffer,
the mixtures were microwaved until the agarose dissolved. 8-10uL of ethidium bromide (Sigma) was
added and the solution was poured into either a small or large mould with the desired comb. Once
set, the gel was placed in an electrophoresis tank and submerged in TAE buffer. To examine DNA
fragments, samples were mixed with 6x DNA loading dye (New England Biolabs) and loaded into wells
alongside the appropriate amount of 1kb ladder (New England Biolabs). A power pack was used to
electrify the gel at 100-120V for 35-50mins to achieve an adequate separation of the DNA bands. Gels
were visualised using an ultraviolet (UV) transilluminator and the desired DNA fragments were excised
using a razor blade. The DNA was extracted using a QlAquick Gel Extraction kit (Qiagen) following the
manufacturer’s instructions.

2.2.2 Generic PCR

Primers were designed manually to be ~18-24 bases in length, have GC contents of ~45-55%,
incorporate GC-locks if possible, have annealing temperatures between 50-65°C (ascertained using
NEB Tm calculator) and not self-hybridise. When being used for Gibson assembly (2.2.6), 15-40 base
overhangs were added to the primers. These overhangs were complementary to the assembly areas
of the linearised plasmid that the fragments were going to be cloned into. Similarly, if the polymerase
chain reaction (PCR) was being used for restriction enzyme cloning or site-directed mutagenesis,
restriction sites or mutations would be added to the primers as overhangs. The PCR reaction was
conducted using the Phusion High-Fidelity PCR kit (New England Biolabs; Table 2.3). 5uL of PCR
product was examined on a 0.8% agarose gel to confirm the presence of a DNA band at the correct
size (2.2.1).

2.2.3 Site-directed mutagenesis

Primers were generated using the NEBaseChanger tool, but were re-designed manually if annealing
temperatures were >72°C (2.2.2). The PCR reaction was conducted using the Q5 High-Fidelity PCR kit
(New England Biolabs; Table 2.4). 5uL of PCR product was examined on a 0.8% agarose gel to confirm
the presence of a DNA band at the correct size (2.2.1). If the PCR was successful, a digestion,
phosphorylation and ligation reaction was carried out at room temperature for 1 hour (Table 2.5). 5uL
of the ligation product was then transformed into chemically competent E. coli (2.1.3).

2.2.4 Overlap PCR

To swap large sections of glycoprotein, primers were designed to amplify recipient fragments and
donor fragments from viral vectors, each with complementary overhangs to one another. PCRs (2.2.2),
gel electrophoresis and gel extractions (2.2.1) were performed to amplify, confirm and extract the
DNA fragments. The overlap PCR was carried out using equimolar amounts of the fragments as

Table 2.2: Buffers used to prepare chemically competent bacteria.

TfB1 TfB2
KAc 10mM -
RbCI 100mM 10mM
CaCl2 10mM 75mM
MnCi2 50mM -
Glycerol 15% viv 15% viv
PIPES - 10mM
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template DNA and the forward primer of the upstream recipient fragment and the reverse primer of
the downstream recipient fragment. The overlap PCR product was then cloned into an expression
vector using restriction enzyme digestion and ligation (2.2.5). 5uL of the ligation product was then
transformed into chemically competent E. coli (2.1.3).

2.2.5 Restriction digestion and ligation of DNA

Plasmids were digested using restriction enzymes (New England Biolabs) according to the
manufacturer's instructions, determined using the NEBcloner tool. When possible, double digests
were performed and the restriction enzymes were heat inactivated (HI) upon completion of the
reaction. The linearised fragments were dephosphorylated using shrimp alkaline phosphatase (rSAP)
to prevent re-ligation (Table 2.6). The entire digestion product was examined on a 0.8% agarose gel to
confirm the presence of fragments at the correct size, the desired bands were excised and the DNA
was extracted (2.2.1).

Ligations were carried out between insert fragments and vector fragments with complementary sticky
or blunt ends, through the use of T4 Ligase (New England Biolabs; Table 2.7). After calculating the
molar concentrations manually, the insert fragment was used at a 3:1 ratio to the vector fragment.
The reaction was incubated at room temperature for 2 hours or at 16°C for 12-18 hours. 5uL of the
ligation product was then transformed into chemically competent E. coli (2.1.3).

2.2.6 Gibson assembly

Gibson reaction mix was generated using the appropriate enzymes, an isothermal reaction buffer and
an enzyme storage buffer (Table 2.8). Plasmids were linearised using restriction enzyme digestion
(2.2.5), and inserts were amplified using PCR (2.2.2). 0.1-0.5pmol of DNA, with the insert in 3-fold
molar excess, was diluted in nuclease-free water to a total volume of 4uL and combined with 6L of
Gibson reaction mix. The Gibson assembly reaction was performed using a preheated thermocycler at
50°C for 45 minutes. 5uL of the assembled product was then transformed into chemically competent
E. coli (2.1.3).

Table 2.3: Phusion PCR recipe and thermocycler conditions.

Quantity Final concentration
Template DNA (15ng/uL) 2.8uL 2.1ng/pL
GC buffer (5x) 4uL 1x
Nuclease-free H20 10uL -
Forward primer (10uM) 1uL 0.5uM
Reverse primer (10uM) 1uL 0.5uM
dNTPs (10mM) 0.5uL 250uM
DMSO 0.5uL 2.5% viv
Phusion (2U/uL) 0.2uL 0.02U/uL
Step Temperature Time
Initial denaturation 98°C 2 minutes
98°C 15 seconds
45 cycles 56-72°C 30 seconds
72°C 30 seconds per kb
Final extension 72°C 10 seconds
Hold 4°C 0
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2.2.7 Sequencing
PCR products and plasmid DNA samples were Sanger sequenced externally by Eurofins Genomics or
GENEWIZ Germany GmbH. The sequencing results were examined using ApE 31,

2.3 General cell culture work

2.3.1 Cell lines and sub-culturing

Adherent cell lines were maintained in Dulbecco's Modified Eagle Medium (DMEM, Gibco),
supplemented with 10% HI foetal bovine serum (FBS; Gibco or Sigma-Aldrich) and 1% penicillin (100
U/mL, Gibco) and streptomycin (100 ug/mL, Gibco) at 37°C with 5% CO2 (Table 2.9). Typically, the cell
lines were sub-cultured using TrypLE Express (Gibco) every 2-3 days at a 1:10 ratio.

Non-adherent 293F cells were maintained in FreeStyle 293 Expression Medium (Gibco) at 37°C with
8% CO2 and 125 revolutions per minute (rpm) for agitation. Typically, this cell line was sub-cultured
to retain a stocks at a concentration of 2x10° cells/mL every 2-3 days.

2.3.2 Transient transfection of recombinant proteins

For small scale expressions of monoclonal antibodies, HEK293T or HEK293T/17 cells were pre-seeded
in 12-well plates at a concentration of 5x10° cells/mL and with a volume of 1mL per well. In an
Eppendorf, 0.5ug of the Igy and 0.5ug of the Ig. DNA plasmids were diluted in a total volume of 50uL
in OptiMEM (Gibco). In another Eppendorf, 3ug of polyethyleniminely (PEl) Max (Polyscience) was
diluted in a total volume of 50uL in OptiMEM. The two mixtures were combined and incubated at
room temperature for 15 minutes, before being added dropwise to a single well. The supernatant was
harvested 3 days later and sterilised through a 0.22um filter.

For small scale expressions of viral glycoproteins, HEK293T or HEK293T/17 cells were pre-seeded in
12-well plates at a concentration of 5x10° cells/mL and with a volume of 1mL per well. In an Eppendorf,
0.5ug of the viral glycoprotein DNA plasmid was diluted in a total volume of 50uL in OptiMEM. In
another Eppendorf, 10ug of PEI Max was diluted in a total volume of 50uL in OptiMEM. The two
mixtures were combined and incubated at room temperature for 15 minutes, before being added
dropwise to a single well. The supernatant was harvested 3 days later and sterilised through a 0.22um
filter.

Table 2.4: Q5 PCR recipe and thermocycler condition.

Quantity Final concentration
Template DNA (15ng/uL) 2.8uL 2.1ng/uL
Q5 buffer (5x) 4uL 1x
Nuclease-free H20 11uL -
Forward primer (10uM) 0.5uL 0.25uM
Reverse primer (10uM) 0.5uL 0.25uM
dNTPs (10mM) 0.4uL 200uM
DMSO 0.5uL 2.5% viv
Q5 (2U/uL) 0.3uL 0.03U/uL
Step Temperature Time \
Initial denaturation 98°C 30 seconds minutes
98°C 10 seconds
25 cycles 50-72°C 30 seconds
72°C 30 seconds per kb
Final extension 72°C 2 minutes
Hold 4°C 0
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For small scale expression of biotinylated proteins, HEK293T or HEK293T/17 cells were pre-seeded in
12-well plates at a concentration of 5x10° cells/mL and with a volume of 1mL per well. A 10mM stock
of biotin (Sigma Aldrich) was made in FreeStyle 293 Expression Medium, sterilised through a 0.22um
filter and added to each well at a final concentration of 2uM. In an Eppendorf, 0.4ug of the protein
and 0.1pug of the pDisplay-BirA-ER (Addgene) DNA plasmids were diluted to a total volume of 50uL in
OptiMEM. In another Eppendorf, 10ug of PEI Max was diluted to a total volume of 50uL in OptiMEM.
The two mixtures were combined and incubated at room temperature for 15 minutes, before being
added dropwise to a single well. The supernatant was harvested 3 days later and sterilised through a
0.22um filter.

For large scale expressions, these procedures were scaled up and used to transfect 293F cells at a
concentration of 1x10° cells/mL. The supernatant was harvested 5-7 days later, centrifuged at
1200rpm for 5 minutes to remove suspension cells and centrifuged again at 10,000xg for 5 minutes to
remove cell debris, prior to sterilisation through a 0.45um filter.

2.3.2 Isolation of PBMCs from whole blood

Blood was collected in ethylenediaminetetraacetic acid (EDTA) treated tubes (Sigma Aldrich) and
isolation of peripheral blood mononuclear cells (PBMC) was carried out within hours of receiving the
samples. Blood was diluted at a 1:1 ratio with phosphate-buffered saline (PBS; Gibco). 15mL of
Histopaque (Sigma Aldrich) was added to 50 mL falcon tubes and up to 30mL of diluted blood was
layered on top. The falcon tubes were centrifuged at 600xg for 20 minutes with 0 deceleration. The
diluted plasma layer was collected, aliquoted into screw cap Eppendorf tubes and stored at -80°C. The
PBMC layer was collected and added to new 50mL falcon tubes that contained 30mL of PBS. The
PBMCs were topped up to 50mL with PBS and centrifuged at 300xg for 10 minutes with 9 deceleration.
The supernatant was discarded and the PBMCs were resuspended with 30mL of PBS. The PBMCs were
centrifuged at 150xg for 20 minutes with 9 deceleration. The supernatant was discarded and the
PBMCs were resuspended with 10mL of PBS, samples that had been separated were recombined at
this point. The PBMCs were centrifuged at 300xg for 10 minutes with 9 deceleration. The supernatant
was discarded and the PBMCs were resuspended in 5mL ACK (ammonium—chloride—potassium) Lysis
Buffer (Lonza) and incubated for 5 minutes at room temperature in the dark. The PBMCs were topped
up to 50mL with PBS and centrifuged at 300xg for 10 minutes with 9 deceleration. The supernatant
was discarded and the PBMCs were resuspended in PBS for counting using a haemocytometer. The
PBMCs were centrifuged at 300xg for 10 minutes with 9 deceleration. The supernatant was discarded
and the PBMCs were resuspended in HI FBS with 10% dimethyl sulfoxide (DMSO; Sigma Aldrich), at a
concentration of >5x10° cells/mL. The PBMCs were aliquoted into cryovials, stored at -80°C in a Mr.
Frosty (Nalgene) for 12-18 hours and moved into liquid nitrogen for long term storage.

2.4 Virology cell culture work

2.4.1 HIV-1 pseudovirus production
HIV-1 pseudoviruses capable of single round infection were generated using a two-plasmid system.

Table 2.5: Digestion, phosphorylation and ligation recipe.

Quantity Final concentration
PCR product 1uL -
T4 DNA ligase buffer (10x) 1uL 1x
Nuclease-free H20 5uL -
T4 PNK (10U/uL) 1uL 1U/uL
Dnpl! (10U/uL) 1uL 1U/uL
T4 DNA ligase (400U/uL) 1uL 40U/uL
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The pSG3Aenv (NIH AIDS reagents) plasmid encoded a HIV-1 backbone with an insertion mutation at
the env gene, resulting in a stop codon. To enable infection, these pseudoviruses were supplemented
by env genes encoded in either PSVIII or pcDNA3 LIC vectors. HEK293T or HEK293T/17 cells were pre-
seeded in 12-well plates at a concentration of 5x10° cells/mL and with a volume of 1mL per well. In an
Eppendorf, 2ug of pSG3Aenv and 1ug of the env DNA plasmids were diluted to a total volume of 50uL
in OptiMEM. In another Eppendorf, 9ug of PEI (Polyscience) was diluted to a total volume of 50pL in
OptiMEM. The two mixtures were combined and incubated at room temperature for 15 minutes,
before being added dropwise to a single well. The supernatant was harvested 3 days later and
sterilised through a 0.22um filter. The pseudovirus was used fresh or stored at -80°C.

For large scale virus production, this procedure was scaled up and used to transfect 10-20cm dishes
of HEK293T or HEK293T/17 cells pre-seeded at a concentration of 5x10° cells/mL and with a volume
of 10-20mL per dish. When required, glycosidase inhibitors kifunensine (5mM stock) and swainsonine
(5mM stock) were added to the reactions at final concentrations of 25uM and 20uM respectively.

When transfections did not produce adequate titres for downstream applications, the pseudovirus
was concentrated over a sucrose cushion. In an ultracentrifuge tube (Beckman Coulter), 25mL of
filtered pseudovirus was layered onto 5mL of 20% sucrose (Sigma Aldrich) in PBS. The pseudovirus
underwent ultracentrifugation at 28,000rpm (4°C) for 75 min with O deceleration. The supernatant
was discarded and the pseudovirus was resuspended with the desired volume of culture medium. The
concentrated pseudovirus was used fresh or stored at -80°C.

2.4.2 SARS-CoV-2 pseudovirus production

SARS-CoV-2 pseudoviruses capable of single round infection were generated using a three-plasmid
system. The HIV 8.91 gag/pol plasmid was used to produce lentiviral particles and pHIV-Luc plasmid
was used to enable a luminescent readout upon pseudovirus infection. To enable infection, these
pseudoviruses were supplemented by either full length or truncated (CT removed) S genes encoded
in pcDNA3.1+ vectors. HEK293T or HEK293T/17 cells were pre-seeded in 12-well plates at a
concentration of 5x10° cells/mL and with a volume of 1mL per well. In an Eppendorf, 1.5ug of pHIV-
Luc, 1ug of the gag/pol and 0.5ug of the S DNA plasmids were diluted to a total volume of 50uL in
OptiMEM. In another Eppendorf, 9ug of PEI Max was diluted to a total volume of 50uL in OptiMEM.
The two mixtures were combined and incubated at room temperature for 15 minutes, before being
added dropwise to a single well. The supernatant was harvested 3 days later and sterilised through a
0.22um filter. The pseudovirus was used fresh or stored at -80°C.

For large scale virus production, this procedure was scaled up and used to transfect 10-20cm dishes
of HEK293T or HEK293T/17 cells pre-seeded at a concentration of 5x10° cells/mL and with a volume
of 10-20mL per dish. When required, glycosidase inhibitors kifunensine (5mM stock) and swainsonine
(5mM stock) were added to the reactions at final concentrations of 25uM and 20uM respectively.

When transfections did not produce adequate titres for downstream applications, the pseudovirus
was concentrated over a sucrose cushion. In an ultracentrifuge tube, 25mL of filtered pseudovirus was

Table 2.6: Restriction enzyme digest and dephosphorylation recipe.

Quantity Final concentration
Plasmid/insert 1ug 33.3ng/pL
Restriction enzyme buffer (10x) 3uL 1x
Nuclease-free H20 To 30uL -
Restriction enzyme 1 (20U/uL) 1uL 0.7U/uL
Restriction enzyme 1 (20U/uL) 1uL 0.7U/uL
rSAP (1U/uL) 1uL 0.03U/uL
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layered onto 5mL of 20% sucrose in PBS. The pseudovirus underwent ultracentrifugation at 28,000rpm
(4°C) for 75 min with O deceleration. The supernatant was discarded and the pseudovirus was
resuspended with the desired volume of culture medium. The concentrated pseudovirus was used
fresh or stored at -80°C.

2. 4.3 Authentic SARS-CoV-2 strain and propagation

The SARS-CoV-2 Strain England 2 (England 02/2020/407073) was acquired from Public Health England.
The virus was propagated by infecting a T75 flask of Vero E6 cells (60-70% confluent) at a multiplicity
of infection of 0.005 in 3mL of DMEM supplemented with 10% HI FBS. The cells were incubated for 1
hour at 37°C with 5% CO2 prior to the addition of 15mL of the same medium. The supernatant was
harvested following visible cytopathic effect, sterilised through a 0.22um filter, aliquoted and stored
at -80°C. The titre of the infectious virus was examined via plaque assay using Vero E6 cells.

2.4.4 Neutralisation assays and viral titrations

The TZM-bl cell line was used for neutralisation assays with HIV-1 pseudovirus. TZM-bl cells are a Hela
derived cell line that stably express the CD4 receptor and chemokine receptors CXCR4 and CCR5,
therefore allowing infection with HIV-1 pseudovirus regardless of tropism. Further, TZM-bl cells have
a HIV-1 Tat responsive firefly luciferase (Luc) and a B-galactosidase reporter gene. Serial dilutions of
monoclonal antibodies or plasma/serum (HI for 30 minutes at 56°C) were prepared with DMEM media
supplemented with 10% HI FBS and 1% penicillin/streptomycin in round bottom 96-well plates
(Corning). 25uL of the dilutions was transferred to a 96-well half area plate (Corning) and 25uL of HIV-
1 pseudovirus was added on top. The mixture was incubated for 1 hour at 37°C with 5% CO2, then
50uL of TZM-bl cells was added to the wells at a concentration of 2.5x10° cells/mL. For pseudoviruses
with low titres, DEAE-dextran (stock 10mg/mL in PBS) was added alongside the TZM-bl cells to a final
concentration of 10ug/mL. After 3 days, the supernatant was aspirated and the TZM-bl cells were
lysed using 20uL of Luc lysis buffer, and luminescence was assessed.

A Hela cell line that stably expressed ACE2 (HelLa ACE2, a kind gift from James Voss) was used for the
SARS-CoV-2 pseudovirus neutralisation assays. Serial dilutions of monoclonal antibodies or
plasma/serum (HI for 30 minutes at 56°C) were prepared with DMEM media supplemented with 10%
HI FBS and 1% penicillin/streptomycin in round bottom 96-well plates. 25uL of the dilutions was
transferred to a 96-well half area plate and 25uL of SARS-CoV-2 pseudovirus was added on top. The
mixture was incubated for 1 hour at 37°C with 5% CO2, then 25uL of HeLa ACE2 cells was added to
the wells at a concentration of 5x10° cells/mL. After 3 days, the supernatant was aspirated and the
Hela ACE2 cells were lysed using 20uL of Luc lysis buffer, and luminescence was assessed.

Vero E6 cells were used for the authentic SARS-CoV-2 neutralisation assays. Vero E6 cells were pre-
seeded in flat bottom 96-well plates at a concentration of 2x10* cells/mL and with a volume of 100uL
per well. Serial dilutions of monoclonal antibodies or plasma/serum (HI for 30 minutes at 56°C) were
prepared with DMEM media supplemented with 2% HI FBS and 1% penicillin/streptomycin in round
bottom 96-well plates. 50uL of the dilutions was transferred to another round bottom 96-well plates
and 50pL of authentic SARS-CoV-2 was added on top. The mixture was incubated for 1 hour at 37°C
with 5% CO2. The supernatant was aspirated from the Vero E6 cells and the virus mixture was added.

Table 2.7: T4 ligation recipe.

Quantity Final concentration
Insert and vector mix 100ng 10ng/uL
T4 DNA ligase buffer (10x) 1uL 1x
Nuclease-free H20 To 10uL -
T4 DNA ligase (400U/uL) 1uL 40U/uL
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The assay was incubated at 37°C with 5% CO2 for 24 hours. The supernatant was aspirated, and the
cells were fixed with 150uL of 4% formalin at room temperature for 30 minutes and topped up to
300uL using PBS. The supernatant was aspirated and the cells underwent intracellular staining of N
(2.6.3).

To examine pseudovirus titres, the same TZM-bl or HeLa ACE2 procedures were carried out but the
monoclonal antibodies or plasma/serum was replaced with DMEM media supplemented with 10% HI
FBS and 1% penicillin/streptomycin. The titre of the authentic SARS-CoV-2 batches was determined
via plaque assay using Vero E6 cells. All neutralisation assays incorporated virus only and cells only
controls to enable calculation of percentage neutralisation.

2.5 Recombinant protein work

2.5.1 Purification of monoclonal antibodies

Filtered supernatants, collected from large scale transient transfections of monoclonal antibodies
(2.3.2), were incubated with 1mL of Protein G sepharose beads (GE Life Sciences) per 1L of culture.
The beads were washed 3 times with PBS before use and re-used up to 6 times. The mixtures were

Table 2.8: Gibson assembly master mix recipe.

PEG-8000 0.5¢
1M Tris/ HCI pH 7,5 1ml
1 M MgCl: 100 pl

1M DTT (Fermentas # BP17225, make 100
i

fresh)
100 mM dATP 20 pl
100 mM dCTP 20 pl
100 mM dGTP 20 pl
100 mM dTTP 20 pl
50 mM NAD (NEB # B9007S, use fresh) 200 pl
MQ +120 pl (to 2 ml)

Enzyme storage buffer. Use 15 mL tube

MQ 4420 pl

100% glycerol 5000 pl

1 M Tris/HCI pH 7,5 500 pl
0,5M EDTA 20 pl
1MDTT 10 pl

NaCl 5.8 mg
20% Triton X-100 50 pl

2x Gibson reaction mix Makes 250 uL

5X Isothermal reaction buffer 100 pl
1 U/ul T5 Exonuclease (Epicentre # 2 ul
T5E4111K, diluted 1:10 in storage buffer)
2U/ul Phusion polymerase (NEB # 6.25
M0530S) ]
40U/pl Taq DNA Ligase (NEB # M0208S) 50 pl
MQ 91.75 i
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incubated for 2 hours at room temperature or overnight at 4°C, the beads were agitated by placing
the container on a roller. Econo columns (BioRad) were washed with 10mL ddH,0 and equilibrated
with 10mL of PBS. The mixtures were loaded through the columns, which were subsequently washed
2 times with 30mL of PBS. Amicon Ultra Centrifugal Filter Units (10 kDa cut-off, Merck) were
equilibrated with PBS, and 80uL of 2M Tris base (pH 9) was added to each unit. The antibodies were
eluted directly into the spin concentrators using 5mL of 0.1 M glycine (pH 2.8). The antibodies where
concentrated and buffer exchanged into PBS by multiple rounds of centrifugation at ~4,000rpm, prior
to storage at 4°C. The concentration of the antibodies was examined using a nano-drop and the I1gG
quality was determined via sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
(2.5.3) and enzyme-linked immunosorbent assay (ELISA; 2.6.1). The beads were reconstituted with
5mL of 0.1M glycine (pH 2.8), washed with 30mL of PBS and stored at 4°C in 10mL of PBS with NaNs;
(0.01%). The columns were washed with 20mL of ddH,0, 5mL of 2M NaOH, 20mL of ddH,0 and 5mL
of 70% ethanol.

Table 2.9: Cell lines and culture media.

Cell line Description

293F Human embryonic = ThermoFisher FreeStyle 293 Derived from HEK293T
kidney cells Scientific Expression cell line, suspension

Medium cell system optimised
for serum-free
recombinant protein
expression

HEK293T Human embryonic  ATCC DMEM with HI Derived from HEK293
kidney cells FBS (10 %) cell line, highly

Penicillin (100 transfectable and
U/mL) contains the SV40 T-
Streptomycin antigen

(100 pg/mL)

HEK293T/17 Human embryonic ATCC DMEM with HI Derived from HEK293T
kidney cells FBS (10 %) cell line, selected

Penicillin (100 specifically for its high

U/mL) transfectability.

Streptomycin

(100 pg/mL)

TZM-bl Human ATCC DMEM with HI Derived from HelLa cell
adenocarcinoma FBS (10 %) line, stably expresses
cells Penicillin (100 CD4, CCR5 and

U/mL) CXCR4, expresses

Streptomycin luciferase and [3-

(100 pg/mL) galactosidase genes
under control of the
HIV-1 promoter

HelLa ACE2 Human A kind gift DMEM with HI Derived from Hela cell
adenocarcinoma  from James FBS (10 %) line, engineered to
cells Voss Penicillin (100 stably express the

U/mL) ACE2 receptor

Streptomycin

(100 pg/mL)

Vero E6 African green ATCC DMEM with HI Derived from Vero cell
monkey kidney FBS (10 %) line, highly susceptible
cells Penicillin (100 to SARS-CoV-2

U/mL) infection

Streptomycin
(100 pg/mL)
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2.5.2 Purification of viral proteins

An Akta Pure System was used to perform a two-stage protein purification, which involved affinity
purification and a size exclusion step. 2M imidazole (pH 7.4) was added to supernatants, collected
from large scale transient transfections of viral proteins (2.3.2), to a final concentration of 5mM (pH
7). HiTrap IMAC Sepharose FF 5mL columns (GE Life Science) were washed with 5 column volumes
(CV) of ddH,0 and charged with 5 CV of 0.1M NiSO4. The columns were then washed with 5 CV of
ddH,0, 5 CV of wash buffer (PBS with 5mM imidazole), 5 CV of elution buffer (PBS with 500mM
imidazole) and 5 CV of wash buffer. The supernatants were loaded onto the columns (at 1-5mL per
minute) and the columns were washed with 5 CV of wash buffer. The proteins were eluted with a
linear gradient of wash buffer to elution buffer, over a span of 5 CV. The fractions containing protein
(determined by UV trace) were collected, concentrated and buffer exchanged into PBS using spin
concentrators, prior to storage at 4°C. The nickel was stripped from the columns using 5 CV of 50mM
EDTA (pH 7.5). The columns were washed with 5 CV of ddH,0, 5 CV of 2M NaOH, 5 CV of ddH;0 and
5 CV of 20% ethanol.

A HiLoad 16/600 Superdex 200 pg column (GE Life Science) was washed with 1.5 CV of ddH,0 and 1.5
CV of PBS. The 1mL loop was washed 5 times with PBS, and the affinity purified proteins were loaded
onto the column. PBS was run through the column and fractions containing protein (determined by
UV trace) were collected. The size and purity of the different peaks were examined using SDS-PAGE,
and the correct protein size was estimated using the Compute PI/MW tool. Proteins of the desired
size were concentrated and buffer exchanged into PBS using spin concentrators, prior to storage at
4°C. The column was washed with 1.5 CV of ddH,0 and 1.5 CV of 20% ethanol. The concentration of
the proteins was examined using a nano-drop and their quality was determined via SDS-PAGE (2.5.3)
and ELISA (2.6.1).

2.5.3 SDS-PAGE

Fixed percentage gels were made by adding the desired resolving gel mixture to a 0.75mm glass plate
(Mini-PROTEAN Short Plates, Bio Rad) held by a casting frame (BioRad), isopropanol was layered on
top. The stacking gel mixture (Table 2.10) was added to the set resolving gel and a well-comb was put
in place. Once set, the gel was either used immediately or stored at 4°C and used within 7 days. The
gel was placed in a Mini-PROTEAN Tetra cell (Bio-Rad), submerged in running buffer and the comb
was removed. 3ug of purified protein or 10uL of crude protein was mixed with 4x Laemmli buffer
(BioRad) and added to the gel alongside Precision Plus Protein Dual Colour standard (BioRad). A power
pack was used to electrify the gel at 100V for ~120mins to achieve an adequate separation of the
protein bands. The gel was stained with SimplyBlue SafeStain (Invitrogen) for ~15-30mins and
destained using ddH,0. The gel was imaged with a fluorescence/chemiluminescence imager (Odyssey,
Licor).

2.5.4 Generation of F(ab’);

Purified monoclonal antibodies (2.5.1) were incubated with 4ug of immunoglobulin G-degrading
enzyme of Streptococcus pyogenes (ldeS) per 1mg of IgG, in PBS for 1 hour at 4°C. The Fc of the
antibodies and IdeS was removed using 250pL of Protein A Sepharose Fast Flow beads (GE Healthcare
Life Sciences) per 1mg of IgG and 50uL of Ni Sepharose beads (GE Healthcare Life Sciences) per 1mg
of IgG. The beads were washed twice with PBS before being added to the reaction. After 10 minutes
of incubation at room temperature, the beads were removed from the reaction using a Spin-X tube
filter (Costar). The filtrate containing the F(ab’); was concentrated and buffer exchanged into PBS
using a spin concentrator, prior to storage at 4°C. The concentration of the F(ab’), was examined using
a nano-drop and quality was determined via SDS-PAGE (2.5.3) and ELISA (2.6.1).
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2.6 Immunohistochemical work

2.6.1 ELISA

96-well half area plates (Corning) were coated with 25uL of viral protein (such as S, N and gp120) or
goat anti-human Fc IgG antibody at a concentration of 3ug/mL for 2 hours at 37°C or 12-18 hours at
4°C. The plates were washed 5 times using PBS with 0.05% Tween-20 (Sigma Aldrich). The plates were
blocked with 5% skimmed milk (Sigma Aldrich) in PBS with 0.05% Tween-20 for 1 hour at room
temperature. The wells were emptied and 25uL of monoclonal antibody or plasma/serum serial
dilutions, diluted in blocking solution, were added and incubated for 2 hours at room temperature.
The plates were washed 5 times using PBS with 0.05% Tween-20. Alkaline-phosphatase conjugated
with goat anti-human IgG Fc antibody was diluted 1:1000 in blocking solution and 25uL was added for
1 hour at room temperature (Table 3.1). The plates were washed 5 times using PBS with 0.05% Tween-
20. The plates were developed by adding 25uL of alkaline phosphatase substrate diluted in alkaline
phosphatase staining buffer (9.8 pH). Optical density readings were taken at 5 minute intervals with a
spectrophotometer at 405nm.

ELISA was used to confirm complete biotinylation had been achieved with regards to the in vivo
biotinylated proteins. The amount of protein needed to coat an ELISA plate was incubated with 50uL
of Pierce Avidin Agarose beads (ThermoFisher Scientific) for 1 hour at room temperature. The beads
were washed twice with PBS before being added to the reaction. The beads were removed from the
reaction using a Spin-X tube filter and the filtration was used to coat the ELISA plate. The same ELISA
procedure was then carried out and the level of biotinylation could be determine by comparing the
results from the depleted plate with a non-depleted plate.

2.6.2 Competition ELISA

96-well half area plates were coated with 25uL of S protein at a concentration of 3ug/mL for 2 hours
at 37°C or 12-18 hours at 4°C. The plates were washed 5 times using PBS with 0.05% Tween-20. The
wells were emptied and 25uL of F(ab’), serial dilutions in blocking solution, starting at 100-fold molar
excess of their S binding ECso, were added and incubated for 1 hour at room temperature. The plates
were washed 5 times using PBS with 0.05% Tween-20. 25uL of the competing IgGs, diluted in blocking
solution, were added at their S binding ECso and incubated at room temperature for 1 hour. The plates
were washed 5 times using PBS with 0.05% Tween-20. Alkaline-phosphatase conjugated with goat
anti-human IgG Fc antibody was diluted 1:1000 in blocking solution and 25uL was added for 1 hour at
room temperature. The plates were washed 5 times using PBS with 0.05% Tween-20. The plates were
developed by adding 25uL of alkaline phosphatase substrate diluted in alkaline phosphatase staining
buffer (9.8 pH).

To reverse the competition direction the same procedure was performed, however IgGs at their S
binding ICg were added first, followed by F(ab’); at 100-molar excess of their S binding 1Cs. The
secondary used in this instance was alkaline-phosphatase conjugated with goat anti-human IgG F(ab’),

Table 2.10: SDS-PAGE gel recipe.

4% 8% 10% 12%  20%  Stacking
H20 [mL] 6.5 5.5 5 4.5 2.5 3.75
Tris pH 8.8 (1.5M) [mL] 2.5 2.5 2.5 2.5 2.5 -

Tris pH 6.8 (0.5) [mL] - - - - - 1.25
Acrylamide (40%) [mL] 1 2 2.5 3 5 0.47

TEMED [uL] 10 10 10 10 10 5

SDS (10%) [ul] 100 100 100 100 100 50

APS (10%) [uL] 50 50 50 50 50 25
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antibody. The percentage competition was calculated as the reduction in IgG binding in the presence
of F(ab’); as a percentage of the maximum IgG binding in the absence of F(ab’),, or vice versa.

2.6.3 Intracellular N staining

Following fixation as part of the neutralisation assay procedure (2.4.3), the cells were washed once
with PBS and permeabilised with 100ul of 0.1% Triton-X (Sigma Aldrich) in PBS at room temperature
for 15 minutes. The cells were washed 2 times with PBS and blocked using 3% skimmed milk in PBS at
room temperature for 15 minutes. The blocking solution was discarded and 50ul of murinised-CR3009
at 2ug/mL, diluted using 1% skimmed milk in PBS, was added at room temperature for 45 minutes.
The cells were washed twice with PBS and 100ul of horseradish peroxidase conjugated with horse
anti-mouse IgG (Cell Signaling Technology) was added at a 1:2000 dilution in 1% skimmed milk in PBS
at room temperature for 45 minutes. The cells were washed twice with PBS, developed using TMB
substrate (Thermo Scientific) for 30 minutes and quenched using 2M H,SO,. Optical density readings
were taken with a spectrophotometer at 450nm.

2.6.4 Western blot

Following separation by SDS-PAGE (2.5.3), the proteins were transferred onto nitrocellulose
membranes (Amersham Protran 0.45) using a Mini-PROTEAN Tetra Cell in transfer buffer at 16V for
12-18 hours on ice. The membranes were blocked with 5% skimmed milk (Sigma Aldrich) in PBS with
0.05% Tween-20 for 1 hour at room temperature. The blocking solution was discarded and primary
antibodies, diluted in blocking solution, were added and incubated at room temperature for 2 hours.
The membranes were washed 5 times using PBS with 0.05% Tween-20. The secondary antibodies,
diluted in blocking solution, were added and incubated at room temperature for 1 hour (Table 2.11).
The membranes were washed 5 times using PBS with 0.05% Tween-20. The blots were imaged with a
fluorescence/chemiluminescence imager.

2.6.5 Flow cytometry

PBMCs were thawed in a 37°C water bath and transferred into falcon tubes containing 10mL of
Roswell Park Memorial Institute (RPMI) medium supplemented with 10% HI FBS, 1%
penicillin/streptomycin and DNasel (104 U/mL final concentration). The cells were centrifuged at
1500rpm for 5 minutes at 4°C and the supernatant was discarded. The cells were resuspended in 15mL
of PBS supplemented with 2% HI FBS and 2mM EDTA, known as fluorescence-activated cell sorting
(FACS) buffer. The cells were counted using a haemocytometer and diluted or separated accordingly.

Table 2.11: List of antibodies used for ELISA and western blot.

Target Antibody Manufacturer Host species Working
species dilution
Human IgG-Fc ThermoFisher Goat 3pg/mL
Scientific
Human IgG-Fcy-AP Jackson Goat 1:1000
ImmunoResearch
Human IgG, F(ab')2-AP  Invitrogen Goat 1:1000
Human IgM-HRP Sigma Goat 1:1000
Human IgA-HRP Sigma Goat 1:1000
Mouse IgG-HRP Cell Signaling Horse 1:2000
Technology
Biotin Streptavidin-AP  ThermoScientific = Conjugate 1:10,000
Human IgG- IRDye Licor Goat 1:1000
800CW
Biotin Streptavidin- BD Conjugate 1:1000
PE-Cy7
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The cells were centrifuged at 1500rpm for 5 minutes at 4°C and the supernatant was discarded. The
cells were resuspended in 25uL of FACS buffer and 5ulL of Fc block was added at 4°C for 15 minutes.
The staining panel and antigen baits, diluted in FACS buffer, was added to a final volume of 100puL per
sample and incubated at 4°C for 1 hour (Table 2.12). The cells were washed 2 times with 10mL of FACS
buffer and centrifuged at 1500rpm for 5 minutes at 4°C. The supernatant was discarded and the cells
were resuspended in 300uL of FACS buffer and strained into FACS tubes (Fisher Scientific). The
samples were examined using either a FACS Melody cell sorter (BD Bioscience) or a FACSCanto Il (BD
Bioscience).

When adherent cell lines were being analysed using flow cytometry, cells were detached using PBS
supplemented with 5mM EDTA. Cell lines were stained using the same procedure, but were not
transferred to RPMI and Fc block was not used. When staining with biotinylated proteins, conjugation
was carried out prior to the experiment. The biotinylated proteins (150nM final concentration in
100pL staining mix) were mixed in FACS buffer with a 4-fold molar excess of the desired streptavidin
conjugated fluorochrome. The mixtures were incubated at 4°C for 1 hour.

2.7 mAbs isolation work

2.7.1 FACS

PBMCs were stained (2.6.5) and single 1gG B-cells were sorted, using a FACS Melody cell sorter, into
96-well PCR plates containing 4uL of lysis mix (Table 2.13), prepared previously in a RNA/DNA-free
hood. The plates were covered with a foil seal and centrifuged at 400g for 1 min at 4°C. The RNA was
stored at -80°C for up to 6 months.

2.7.2 RT-PCR

All mixtures and reactions were prepared in a RNA/DNA-free hood. 7uL of reverse transcription
polymerase chain reaction (RT-PCR) mix 1 (Table 2.14) was added to wells containing lysed B-cells. The
plates were covered with a foil seal and centrifuged at 400g for 1 min at 4°C. The plates were incubated
at 65°C in a preheated thermocycler for 5 minutes and 7uL of RT-PCR mix 2 was added. The plates
were covered with a foil seal and centrifuged at 400g for 1 min at 4°C. The RT-PCR reaction was
performed using a preheated thermocycler. The plates were covered with a plastic seal and
centrifuged at 400g for 1 min at 4°C. The cDNA was stored at 80°C for up to 3 years.

2.7.3 Nested PCR

All mixtures and reactions were prepared in a DNA-free hood. 22.5ulL of Igy, Igik and IgiA PCR mix 1
(Table 2.15) was added to separate 96-well PCR plates, and 2.5ulL of the cDNA was added to each
plate. The plates were covered with a plastic seal and centrifuged at 400g for 1 min at 4°C. The PCR
reaction was performed using a preheated thermocycler. 22.5ul of Igy, Igik and IgiA PCR mix 2 (Table

Table 2.12: List of antibodies used for flow cytometry.

Target species Antibody Manufacturer Host species \
Human CD3-APC/Cy7 Biolegend Mouse
Human CD8-APC-Cy7 Biolegend Mouse
Human CD14-BV510 Biolegend Mouse
Human CD19-PerCP-Cy5.5 Biolegend Mouse
Human IgM-PE Biolegend Mouse
Human IgD-Pacific Blue Biolegend Mouse
Human IgG-PeCy7 BD Biosciences Mouse
Human Streptavidin-APC Thermofisher Scientific Conjugate
Human Srteptavidin-Alexa 488  Thermofisher Scientific Conjugate
Human Streptavidin-PE Thermofisher Scientific Conjugate
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2.16) was added to separate 96-well PCR plates, and 2.5uL of the corresponding PCR1 product was
added to each plate. The plates were covered with a plastic seal and centrifuged at 400g for 1 min at
4°C. The PCR reaction was performed using a preheated thermocycler. PCR2 products underwent
agarose gel electrophoresis (2.2.1) to determine amplification success. Amplified products were
purified using QlAquick PCR Purification kit (Qiagen).

The first PCR used a forward primer mixture specific for separate heavy and light leader regions and a
reverse primer specific for the respective constant regions (Table 2.17). The second PCR used a
forward primer mixture that annealed to the corresponding V genes and a reverse primer mixture
specific for the respective J genes and constant regions.

2.7.4 Bulk ligation transfection

PCR products and linearised human expression vectors were diluted in nuclease-free water to final
concentrations of 40ng/uL and 120ng/uL respectively *32. 2uL of PCR product, 2L of linearised plasmid
and 6L of Gibson reaction mix was added to a 96-well PCR plate. The plate was covered with a plastic
seal and centrifuged at 400g for 1 min at 4°C. The Gibson assembly reaction was carried out (2.2.6)
and the product was stored on ice.

Chemically competent E. coli was thawed on ice and 25uL was added to a round bottom 96-well plate.
4ul of the assembly product was added to the bacteria and incubated on ice for 10 minutes. A plastic
seal was added to the plate and it was submerged in a 42°C water bath for 50 seconds. The plate was
incubated on ice for 2 minutes and 175uL of LB broth without selection marker was added to the
bacteria. The cultures were grown in a 37°C incubator for 1 hour, spread on LB agar plates with
ampicillin, incubated at 30-37°C for 12-18 hours and stored at 4°C.

HEK293T/17 cells were pre-seeded in 12-well plates at a concentration of 5x10° cells/mL and with a
volume of 1mL per well. 50uL of OptiMEM, 6uL of assembled Igy product and 6uL of assembled Ig,
product was added to a round bottom 96-well plate. 3uL of PEI Max and 47uL of OptiMEM, per
transfection reaction, were mixed in a separate round bottom 96-well plate. The two plates were
combined and incubated at room temperature for 15 minutes, before being added dropwise to the
HEK293T/17 cells. The supernatant was harvested 3 days later, sterilised through a 0.22um filter and
examined using ELISA (2.6.1).

2.7.5 mAb sequence analysis
Successfully binding Igs and Ig. plasmid pairs were expanded (2.1.4) and sent for sequencing (2.2.7).
The V(D)J arrangements of these mAbs was analysed using the IMGT database “%.

2.8 Data analysis work

2.8.1 Statistics
Statistics, alongside linear and non-linear regressions were performed using GraphPad Prism 9. The
specifics of the statistics performed can be found in the figure legends.

Table 0.13: Lysis mix recipe.

Concentration 1x well 75x wells
Nuclease-free water - 3.2uL 240 pL
DPBS (no Ca/Mg) 10x 0.2uL 15 L
DL-DTT 100mM 0.4pL 30 yL
RNaseOUT 40U/uL 0.3uL 22.5 uL
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2.8.2 Data visualisation

Graphs were generated using GraphPad Prism 9 or R studio. Figures and basic graphics were prepared
using Adobe lllustrator 26.5. Structural images were made using pymol 2.5 and visualised with Mol*
Viewer %34,

Table 2.14: Recipes for RT-PCR mixes and thermocycler conditions.

Concentration 1x well 75x wells
Nuclease-free water - 4.4uL 330uL
IGEPAL 10% 0.5uL 37.5uL
Random hexamer 50ng/uL 3uL 225uL
primers
RNaseOUT 40U/uL 0.2uL 15uL
Concentration 1x well 75x wells
Nuclease-free water - 2.5uL 187.5uL
First-strand buffer 5x 3.5uL 262.5uL
DTT 100mM 1.1uL 82.5uL
dNTP 25mM 0.6uL 45uL
RNaseOUT 40U/uL 0.1uL 7.5uL
SuperScript Il RT 200U/uL 0.3uL 22.5uL
Step Temperature Time
Step 1 42°C 10
Step 2 26°C 10
Step 3 50°C 60
Step 4 94°C 5
Hold 4°C 0
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Chapter 3: Neutralising antibody responses in a HIV-1 superinfected
donor

3.1 Antibody responses to HIV-1 infection and mechanisms of escape

3.1.1 Introduction

One of the main goals of HIV-1 vaccine development research is to generate an antibody response
that can neutralise a broad range of HIV-1 variants 3>, These bnAbs have been shown to arise in 10-
30% of individuals chronically infected with HIV-1, typically after 2-3 years of infection %1%, While
the presence of a broadly neutralising response does not usually lead to control of the disease, passive
transfer of bnAbs in animal models has been shown to prevent infection 338, The bnAbs target the
Env glycoprotein, which is a trimer of non-covalently linked gp120-gp41 heterodimers 4. The bnAbs
target numerous conserved epitopes located across the HIV-1 Env. These include the CD4bs, V1/V2
apex, V3-glycan domain, FP/gp120-gp41 interface, silent face and MPER 2%, Notably, the circulating
virus tends to be resistant to the bnAbs present, implying HIV-1 can escape such responses during
chronic infection 2°%. Co-evolution studies have shown that bnAbs are produced as a result of multiple
rounds of viral escape and B-cell affinity maturation, with antibodies gradually targeting more
conserved regions on Env 2%%° However, bnAbs have not yet been elicited in response to
immunisation with modern soluble recombinant Env trimers 440441,

The SPARTAC trial began in 2003, and aimed to examine whether short-term ART during primary HIV-
1 infection could increase the time before long-term ART was needed. The subjects were recruited
into the trial within 6 months of HIV-1 infection. The groups were either given ART for 12 weeks, 48
weeks or not at all, with no ART being the standard of care at the time of the trial. Longitudinal sera
and PBMC samples were taken until the CD4 levels of the subjects reduced to 350 cells/ul (after which
ART was initiated), or the trial ended. Subjects were recruited from Australia, Brazil, Ireland, Italy,
South Africa, Spain, Uganda, and the UK, therefore many HIV-1 clades were encompassed by the study
259 Clinical guidelines have since adopted early ART following a HIV-1 diagnosis, making historical

longitudinal clinical samples a valuable resource for bnAb development research 442443,

Previous work by the Doores research group investigated the control arm of the SPARTAC cohort,
identifying subjects with bnAb responses, the clinical factors associated with bnAb induction, the
kinetics of bnAb development and the epitope specificity of these responses ***. 50 subjects from the

Table 2.1: Nested PCR1 recipe and thermocycler conditions.

Concentration 1x well 75x wells
Nuclease-free water - 9uL 675uL
PCR Master Mix 2X 12.5uL 937.5uL
Forward Primer 100uM 0.0625uL 4.7uL
Reverse Primer 100uM 0.0625uL 4.7uL

T Time |

Initial denaturation 94°C 5 minutes
94°C 30 seconds
45 cycles 58°C 30 seconds
72°C 1 minute
Final extension 72°C 1 minute
Hold 4°C ©
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SPARTAC trial control arm were tested in neutralisation assays against a HIV-1 indicator panel, and
each was assigned a neutralisation score based on their breadth and potency. This led to the
identification of donor SJU027003 (SJU) with a bnAb response, and categorised this donor as one of
the top ten neutralisers from the cohort. Epitope mapping showed that the bnAb response of SJU was
targeted at the V3-glycan domain. Autologous viruses from SJU were isolated and sequenced from 13
different timepoints, using single genome amplification (SGA). This revealed that ~2 years after
primary infection with a clade C virus, SJU had become superinfected with another clade C virus and
showed increased neutralisation breadth after this event (Figure 3.1). Remarkably, aside from being
of the same subtype, the superinfecting virus also encoded the N332 glycan %44,

Autologous neutralising antibody responses, occurring early in HIV-1 infection, are a driving factor of
viral evolution and are responsible for moulding the viruses that generate bnAbs ##. The envs isolated
from SJU and longitudinal sera samples provide an excellent resource, enabling examination of the co-
evolution between the autologous viruses and the neutralising antibodies. Through the use of a panel
of previously isolated V3-glycan domain bnAbs, insights can be gained into how specific regions of the
Env landscape developed and the mechanisms employed to escape the bnAb response.

Overall, the specific aims of this section were to:

. Confirm heterologous neutralisation using a 12-virus global panel.

. Analyse neutralising antibody responses to early primary and superinfecting viruses, as
well as a recombinant strain.

. Examine the neutralising antibody response of sera and V3-glycan domain bnAbs to
autologous viruses.

. Investigate the impact of glycan switching between N332 and N334 in autologous viruses
on the neutralising antibody response.

. Assess the impact of autologous virus V1 loop length and disulfide bond usage on the

neutralising antibody response.

Table 2.2: Nested PCR2 recipe and thermocycler conditions.

Concentration 1x well 75x wells
Nuclease-free water - 16uL 1200uL
GC Buffer 5x 5uL 375uL
dNTPs 10mM 0.5uL 37.5uL
Forward Primer 100uM 0.0625uL 4.7uL
Reverse Primer 100uM 0.0625uL 4.7uL
DMSO - 0.25uL 18.75uL
Phusion 2U/uL 0.25uL 18.75uL
| Step Temperature Time
Initial denaturation 94°C 5 minutes
94°C 30 seconds
45 cycles 54°C (IgH) or 62°C (IgL) 30 seconds
72°C 1 minute
Final extension 72°C 1 minute
Hold 4°C 0
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3.1.2 Human subjects and ethics

Peripheral blood mononuclear cells (PBMCs) were obtained from the King’s Biobank. All donors signed
a written informed consent and ethical approval for usage of these samples was granted by The
London Multicentre Research Ethics Committee (MREC 04/2/025).

3.1.3 Heterologous neutralisation

Previous work examined the heterologous neutralisation capability of donor SJU, by testing
longitudinal sera samples in neutralisation assays against a 6-virus cross-clade indicator panel (Figure
3.2a) #¢, This showed that heterologous neutralisation activity was first detectable at ~50 weeks post-
infection. Between the start of heterologous neutralisation and the onset of superinfection, SJU could
neutralise 50% of the cross-clade indicator panel. Following superinfection, this donor showed
improved breadth and could neutralise ~83% of the viruses tested %44,

Table 2.3: Nested PCR primer mixes.

5'L-VH 1 ACAGGTGCCCACTCCCAGGTGCAG
5'L-VH 3 AAGGTGTCCAGTGTGARGTGCAG : :
X IgGHV forward primer mix 1
5'L-VH 4/6 CCCAGATGGGTCCTGTCCCAGGTGCAG 9 P
5'L-VH 5 CAAGGAGTCTGTTCCGAGGTGCAG
3'CH1 GGAAGGTGTGCACGCCGCTGGTC IgGHV reverse primer mix 1
5'LVL1 GGTCCTGGGCCCAGTCTGTGCTG
5'LVL 2 GGTCCTGGGCCCAGTCTGCCCTG
5'LVL3 GCTCTGTGACCTCCTATGAGCTG
5'LVL 4/5 GGTCTCTCTCSCAGCYTGTGCTG IgGLVA forward primer mix 1
5' LVL 6 GTTCTTGGGCCAATTTTATGCTG
SLVL7 GGTCCAATTCYCAGGCTGTGGTG
S'LvL 8 GAGTGGATTCTCAGACTGTGGTG
3'CL CACCAGTGTGGCCTTGTTGGCTTG IgGLVA reverse primer mix 1
5'LVK 1/2 ATGAGGSTCCCYGCTCAGCTGCTGG
5'LVK 3 CTCTTCCTCCTGCTACTCTGGCTCCCAG IgGLVk forward primer mix 1
5'LVK 4 ATTTCTCTGTTGCTCTGGATCTCTG
3'CK 543 GTTTCTCGTAGTCTGCTTTGCTCA IgGLVK reverse primer mix 1
g p
Agel_VH1 CATCCTTTTTCTAGTAGCAACTGCAACCGGTGTACATTCCCAGGTGCAGCTGGTGCAG
Agel_VH1/5 CATCCTTTTTCTAGTAGCAACTGCAACCGGTGTACATTCCGAGGTGCAGCTGGTGCAG
Agel_VH3 CATCCTTTTTCTAGTAGCAACTGCAACCGGTGTACATTCTGAGGTGCAGCTGGTGGAG
Agel_VH323 CATCCTTTTTCTAGTAGCAACTGCAACCGGTGTACATTCTGAGGTGCAGCTGTTGGAG
Agel_VH4 CATCCTTTTTCTAGTAGCAACTGCAACCGGTGTACATTCCCAGGTGCAGCTGCAGGAG
Agel_VH434 CATCCTTTTTCTAGTAGCAACTGCAACCGGTGTACATTCCCAGGTGCAGCTACAGCAGTG IgGHV forward primer mix 2
ﬁgeHmL? CATCCTTTTTCTAGTAGCAACTGCAACCGGTGTACATTCCCAGGTTCAGCTGGTGCAG
Aggl—VH 333 CATCCTTTTTCTAGTAGCAACTGCAACCGGTGTACATTCCCAGGTCCAGCTGGTACAG
Aggel_ VH39 CATCCTTTTTCTAGTAGCAACTGCAACCGGTGTACATTCTCAGGTGCAGCTGGTGGAG
Agel VH439 CATCCTTTTTCTAGTAGCAACTGCAACCGGTGTACATTCTGAAGTGCAGCTGGTGGAG
Agel VHB1 CATCCTTTTTCTAGTAGCAACTGCAACCGGTGTACATTCCCAGCTGCAGCTGCAGGAG
- CATCCTTTTTCTAGTAGCAACTGCAACCGGTGTACATTCCCAGGTACAGCTGCAGCAG
Agel_VK15 CATCCTTTTTCTAGTAGCAACTGCAACCGGTGTACATTCTGACATCCAGATGACCCAGTC
Agel_VK19 CATCCTTTTTCTAGTAGCAACTGCAACCGGTGTACATTCAGACATCCAGTTGACCCAGTCT
Agel_VK1D43 CATCCTTTTTCTAGTAGCAACTGCAACCGGTGTACATTGTGCCATCCGGATGACCCAGTC
Agel_VK224 CATCCTTTTTCTAGTAGCAACTGCAACCGGTGTACATGGGGATATTGTGATGACCCAGAC
Agel_VK228 CATCCTTTTTCTAGTAGCAACTGCAACCGGTGTACATGGGGATATTGTGATGACTCAGTC IgGHLK forward primer mix 2
Agel_VK230 CATCCTTTTTCTAGTAGCAACTGCAACCGGTGTACATGGGGATGTTGTGATGACTCAGTC
Ag?'@{(‘ﬁ; CATCCTTTTTCTAGTAGCAACTGCAACCGGTGTACATTCAGAAATTGTGTTGACACAGTC
feef VK320 CATCCTTTTTCTAGTAGCAACTGCAACCGGTGTACATTCAGAAATAGTGATGACGCAGTC
A% T VKa1 CATCCTTTTTCTAGTAGCAACTGCAACCGGTGTACATTCAGAAATTGTGTTGACGCAGTCT
- CATCCTTTTTCTAGTAGCAACTGCAACCGGTGTACATTCGGACATCGTGATGACCCAGTC
Agel_VL1 CATCCTTTTTCTAGTAGCAACTGCAACCGGTTCCTGGGCCCAGTCTGTGCTGACKCAG
Agel_VL2 CATCCTTTTTCTAGTAGCAACTGCAACCGGTTCCTGGGCCCAGTCTGCCCTGACTCAG
Agel_VL3 CATCCTTTTTCTAGTAGCAACTGCAACCGGTTCTGTGACCTCCTATGAGCTGACWCAG laGHLA forward primer mix 2
Agel_VL4/5 CATCCTTTTTCTAGTAGCAACTGCAACCGGTTCTCTCTCSCAGCYTGTGCTGACTCA g P
Agel_VL6 CATCCTTTTTCTAGTAGCAACTGCAACCGGTTCTTGGGCCAATTTTATGCTGACTCAG
Agel_VL7/8 CATCCTTTTTCTAGTAGCAACTGCAACCGGTTCCAATTCYCAGRCTGTGGTGACYCAG
3Sall.JH1/4/5 GGAAGACCGATGGGCCCTTGGTCGACGCTGAGGAGACGGTGACCAG
3Sall.JH2 GGAAGACCGATGGGCCCTTGGTCGACGCTGAGGAGATGGTGATTGGG . )
3Sall.JH3 GGAAGACCGATGGGCCCTTGGTCGACGCTGAAGAGAC GGTGACCMK IgGHV reverse primer mix 2
3Sall.JH6 GGAAGACCGATGGGCCCTTGGTCGACGCTGAGGAGAC GGTGACGACG
3BsiWI_JK1/4 GAAGACAGATGGTGCAGCCACCGTACGTTTGATYTCCA CCTTGGTC
3BsiWI_JK2 GAAGACAGATGGTGCAGCCACCGTACGTTTGATCTCCAGCTTGGTC ) .
3BSIWI_JK3 GAAGACAGATGGTGCAGCCACCGTACGTTTGATATCCA CTTTGGTC '9GHL reverse primer mix 2
3BsiWI_JK5 GAAGACAGATGGTGCAGCCACCGTACGTTTAATCTCCA GTCGTGTC
3Xhol_CL GTTGGCTTGAAGCTCCTCACTCGAGGGYGGGAACAGA GTG ) .
3Xhol_CL GTTGGCTTGAAGCTCCTCACTCGAGGGYGGGAACAGA GTG IgGHLA reverse primer mix 2
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A 12-virus global panel has since been developed, and has been shown to be adequately
representative of a larger 219-virus panel *’. To build upon earlier data, sequential sera samples from
SJU were tested in neutralisation assays against this global panel (Figure 3.2b). This assay used HIV-1

SJU027003 MRCA
SJU S6F

u
SJU 108_s1C
SJU_97 s7E
SJU 108 s9F
SJUZ108_s8G
N SJU_ 108 s5F
SJU 108 s4F
SJU 97 s6A
SJU—97-s2F

SJU_61_s78

SJU 108 512D
SJU_108_s11E
sJU_108_s3F

SJU_108_s18B
L | SJU_T08_sBF

SJU~108_s3A

SJU_108 s3H
SJU_97_s8G
SJU 97 52G
SJU_108_s6A
SJU 97 s11F
sJU_97_sT1E
SJU D7 s4F

IR

SJU_108_s5C

SJU 97 s5F
SJU_204_s11D

8822 )
cccPces
Q\QAQQ‘C
™ BN
w&&%w—\wgw
(S 2096
o 2029 "ol
©QP (2N
BOPZA=03
@@

0L
qC

g
NN

LOPOL
CcC
25500
e S
32;3‘ &
u)‘mlm %)
223=2R
o>m

POL
ccc

[
®
C
I
=
(4]
ol
O
@

0.02
Figure 3.1: SJU became superinfected with a clade C virus at 133 weeks post-infection.

A rooted uncorrected pairwise distances phylogenetic tree of autologous viruses isolated donor SJU between 1-217 weeks
post-infection. Adapted from data by Luke Granger.
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based viral particles (PSG-3Aenv) pseudotyped with full-length Env against TZM-bl cells, which stably
express CD4, CXCR4 and CCR5, and contain a Tat-responsive Luc reporter gene 84 Neutralisation
potency was quantified by the sera inhibitory dilution at which 50% viral neutralisation was attained,
commonly referred to as the IDso.

Between the start of heterologous neutralisation and the onset of superinfection, SJU could neutralise
~42% of the global panel viruses. Similar to what was seen with the cross-clade indicator panel, after
superinfection this donor displayed increased neutralisation breadth and could neutralise ~58% of the
viruses tested. The potency of the sera against each virus tended to increase with time to a certain
level and then become relatively stable. However, there was a noticeable drop in neutralisation
potency at week 121 against 398F1 (clade A). Overall, the neutralisation breadth was lower against
the global panel compared to the cross-clade indicator panel. This was expected as the global panel
incorporated more subtypes such as clade G, CRFO7_BC and AC recomb. Nonetheless, this work
confirmed that SJU displayed good neutralisation breadth and potency against a range of HIV-1 strains.

3.1.4 Autologous neutralisation

Previous work had isolated and sequenced autologous viruses from SJU via SGA. Analysis of the env
sequences using DIVEIN enabled the identification of the most recent common ancestors of the
primary infecting virus (1_s5H) and the superinfecting virus (133_s9C), as well as one recombinant
virus (204_s11D) *°. To investigate how long it took for neutralising antibodies to develop against each
divergent strain, these viruses were tested in neutralisation assays using longitudinal sera samples
from SJU (Figure 3.3a). Neutralisation activity was detectable against 1_s5H and 133_s9C weeks after
their emergence, specifically from weeks 17 and 145 respectively. This indicated that 133_s9C was not
susceptible to sera collected at the time of superinfection, or beforehand. Interestingly, 204_s11D was
neutralised by sera taken prior to its emergence, starting from week 168. This may have occurred as
a result of the recombination incorporating a susceptible epitope from a previously circulating virus.
For all three viruses, neutralisation capability was maintained until the final samples with only 133_s9C
showing a gradual reduction in potency over time.

To explore how the sera neutralisation developed in response to chronic infection, sera samples were
then examined via neutralisation assay against a wider range of autologous viruses (Table 3.1). It was
found that as the infection progressed, the sera became capable of neutralising more autologous
variants. For example, serum from week 168 could neutralise all 22 viruses it was tested against.
Conversely, with the exception of 108_s5C, serum from week 61 could not neutralise any of the 14
viruses it was tested against. Remarkably, between weeks 85-121 post-infection, SJU was able to
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94UG103 (Clade A) TRO11 (Clade B)
10000 10000
S -~ 92BR020 (Clade B) S -e- X2278 (Clade B)
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92TH021 (CRFO1_AE) Freeeeeed SRR AN A e taannn AAMARAN CE217 (Clade C)
10 T T T T | 104 . : : : . 25710 (Clade C)
0 50 100 150 200 250 0 50 100 150 200 250 X1632 (Clade G)
Weeks post-infection Weeks post-infection -e- CNES55 (CRF01_AE)
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Figure 3.2: Neutralisation of heterologous viruses by SJU sera.
Line graphs showing the longitudinal neutralisation potency of SJU sera over time, against a 6-virus cross-clade indicator
panel, adapted from data by Luke Granger (a) and a 12-virus global panel (b). The black dotted lines indicate the cut-off
serum concentration used in the neutralisation assays (1:50).
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contemporaneously neutralise numerous viral variants. The resistant viruses from week 85 timepoints
failed to assume dominance and incomplete viral escape persisted until superinfection occurred. After
superinfection the contemporaneous neutralisation ceased, but by week 145 neutralising activity
could be detected against the superinfecting viruses.

The period of contemporaneous neutralisation between weeks 85-121 could be facilitated by either
bnAbs, autologous neutralising antibodies or a combination of both. To ascertain their susceptibility
at the V3-glycan domain, the autologous viruses were tested in neutralisation assays against a panel
of HIV-1 bnAbs (Figure 3.3b). This panel was composed of bnAbs specific for the V3-glycan domain,
such as PGT-121, PGT-128, PGT-130 and PGT-135, but each adopted a different angle of approach
453 Notably, PGT-130 is a somatic variant of PGT-128 that shows more tolerance to N334 glycans .
PGY, a bnAb that targets the V1/V2 apex, was used as a positive control 4. All viruses tested were
sensitive to neutralisation by at least one member of the V3-glycan domain bnAb panel, except for
121 s4BB. This indicated that the V3-glycan domain was largely accessible in the strains circulating
throughout this period. As 121_s4BB was neutralised by the contemporaneous serum, this indicated
that autologous neutralising antibodies were playing a role to some extent. The strains resistant to
sera neutralisation showed susceptibility to PGT-128 and the majority were also neutralised by PGT-
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Figure 3.3: Neutralisation of autologous viruses by SJU sera and a bnAb panel.

(a) Line graph showing the longitudinal neutralisation potency of SJU sera over time, against the most recent common
ancestors of the primary infecting virus (1_s5H) and the superinfecting virus (133_s9C), as well as one recombinant virus
(204_s11D). (b) Neutralisation potency of a panel of bnAbs against autologous viruses isolated between 85-121 weeks post-
infection. V3-glycan domain bnAbs PGT-121, PGT-128, PGT-130 and PGT-135 were employed, alongside PG9 (V1/V2 apex) as
a positive control. Important features of the Envs are displayed, including V1 loop length, presence of extra V1 loop disulfide
bonds and V3 loop glycan usage. The black dotted lines indicate the cut-off antibody concentration used in the neutralisation

assays (20ug/mL).
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121. Therefore, if V3-glycan domain bnAbs generated by SJU were responsible for the
contemporaneous neutralisation witnessed during this period, they likely had a different mode of
neutralisation to PGT-121 and PGT-128. The neutralisation profiles of PGT-130 and PGT-135 matched
that of the sera for some variants but differed for others. Collectively, these findings suggested that
V3-glycan domain bnAbs could have been facilitating contemporaneous neutralisation in this donor,
however until such antibodies are isolated a definitive answer cannot be provided (see 3.3). It remains
likely that the overall response was the result of strain specific antibodies and bnAbs acting
synergistically.

3.1.5 N332 to N334 glycan shifting

The viral population was very heterogeneous during the period of contemporaneous neutralisation.
For instance, the N332 glycan was shifted to position 334 in a large subset of viruses. To determine
whether this characteristic impacted serum neutralisation several N-glycan shifted mutants were
constructed using site directed mutagenesis. When the N-glycan was shifted from position 334 to 332,
a mild increase in neutralisation was seen for the majority of variants (Figure 3.4a). However,
121 _s11B demonstrated a large increase in potency following this mutation. When the glycan was

shifted from position 332 to 334 a mild reduction was seen for 121_s2A, whilst mild increases in

Table 3.4: Neutralisation of autologous viruses by longitudinal SJU serum samples.
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neutralisation potency were seen for the rest of the viruses tested (Figure 3.4b). These findings
showed that for some viruses, shifting the N332 glycan to position 334 was a mechanism of escape.
However, in most cases glycan shifting was insufficient for complete escape, and in some viruses it
increased susceptibility. The incomplete viral escape could have occurred for several reasons. It is
possible that the SJU bnAbs exhibited glycan promiscuity, a helper lineage specific for the N334 glycan
was present or autologous neutralising antibodies were responsible for the neutralisation of N334
bearing virus.

3.1.6 V1 loop interference

The V1 length also varied greatly during the period of contemporaneous neutralisation and some of
the viruses with longer V1 loops also harboured an uncommon extra disulfide bond (Figures 3.5a-b).
Mutants that removed this additional disulfide bond were produced to determine their impact on
serum and V3-glycan domain bnAb neutralisation. Employing the same bnAb panel as before revealed
that removal of the extra disulfide bond resulted in a large increase in neutralisation activity for all of
the antibodies except PGT-128, which neutralised both Env conformations potently (Figure 3.5c).
Furthermore, 108_s9F became more susceptible to sera after the removal of the extra disulfide bond,
seen in samples collected as early as 61 weeks post-infection (Figure 3.5d). This indicated that the
introduction of an extra disulfide bond in the V1 loop of 108_s9F enabled escape from neutralisation
by donor sera and V3-glycan domain bnAbs.

It has been shown previously that longer V1 loops (with more PNGS) can decrease the neutralisation
potency of V3-glycan domain bnAbs %7, A range of V1 lengths were observed in the autologous
viruses isolated from donor SJU (Figure 3.5a). Between weeks 1-17 post-infection, the V1 loop lengths
were very long (>45 amino acids). Between weeks 25-121 post-infection, the V1 loop lengths became
bimodal with longer and shorter populations coexisting. After superinfection, the V1 loop lengths
became very short (>20 amino acids) and remain this way until the final timepoint sampled. Four
autologous viruses bearing the N332 glycan were selected from these periods to investigate the
impact of V1 length on V3-glycan domain mediated neutralisation. The autologous viruses 1_s5H,
108_s5C, 108_s9F and 133_s4C were selected to represent the early long V1, middle short V1, middle
long V1 and later short V1 periods respectively. Of note, only 108 s9F incorporated the
aforementioned extra disulfide bond in the V1 loop. The V3-glycan domain bnAb panel were able to
potently neutralise 1_s5H and 108_s5C. However, only PGT-128 and PGT-130 were able to neutralise
108 s9F and 133 s4C.

To investigate this further, a series of chimeric envs were developed using overlap PCR and tested in
neutralisation assays against the V3-glycan domain bnAb panel (Table 3.2). When the long V1 of 1_s5H
(46 amino acids) was replaced with the short V1 of 108_s5C (32 amino acids), there were minimal
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Figure 3.4: Impact of glycan shifting in autologous viruses on neutralisation by SJU sera.

Line graphs showing the impact on SJU plasma neutralisation caused by shifting the N334 glycan to position 332 (a) and vice
versa (b), in autologous viruses. The black dotted lines indicate the cut-off serum concentration used in the neutralisation
assays (1:50).
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changes seen in the neutralisation potency of the bnAb panel. Unfortunately, when the V1 of 1_s5H
was swapped with the other representative viruses, the products generated gave non-infectious
pseudovirions. When the short V1 of 108_s5C (32 amino acids) was replaced with the shorter V1 of
133_s4C (23 amino acids), only mild changes in neutralising activity were seen for PGT-130 and PGT-
135. When the long V1 of 108_s9F (42 amino acids) was replaced with either the short V1 of 108 s5C
(32 amino acids) or the shorter V1 of 133_s4C (23 amino acids), a considerable increase in
neutralisation was observed for most of the bnAbs tested. Unfortunately, when the V1 of 108 s9F
was swapped with that of 1_s5H, the product generated gave non-infectious pseudovirions. Finally,
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when the short V1 of 133_s4C (23 amino acids) was swapped with the long V1 of 1_s5H (46 amino
acids), a reduction in neutralisation potency was found for PGT-121, but the rest of the bnAbs remain
largely unchanged.

Overall, these results show that although long V1 loops can interfere with V3-glycan domain specific
neutralising antibodies, the conformation of the V1 needs to also be considered. For instance, the V1
of 1_s5H is longer than 108_s9F but does not impact access to the V3-glycan domain. It appears that
108_s9F developed an extra disulfide bond in its V1 loop that enabled the obstruction of this epitope.
Further, shorter V1 loops in association with the presence of the N332 glycan does not ensure V3-
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Figure 3.5: Extra V1 loop disulfide bonds impact neutralisation by V3-glycan domain bnAbs and SJU sera.

(a) Graph showing variation in the V1 loop length and number of V1 PNGs over time, in autologous viruses. (b) Alignment of
V1 loops from autologous viruses isolated between 108-121 weeks post-infection. Shown in red are the cysteine residues that
form the additional disulfide bond. (c) Grouped bar chart showing the impact of removing the extra disulfide bond from an
autologous virus, on the neutralisation potency of a V3-glycan bnAbs panel. The panel consists of PGT-121, PGT-128, PGT-
130 and PGT-135, with PG9 (V1/V2 apex) acting as a positive control. The black dotted line indicates the cut-off antibody
concentration used in the neutralisation assays (20ug/mL). (d) Line graph showing the impact of removing the extra disulfide
bond from an autologous virus, on the neutralisation potency of the contemporaneous serum. The black dotted line indicates
the cut-off serum concentration used in the neutralisation assays (1:50).
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glycan domain neutralisation. The virus 133_s4C had a very short V1 loop, which allowed enhanced
V3-glycan domain neutralisation when swapped into 108 s9F, but was resistant to some bnAbs in its
original form. Furthermore, despite SJU having broadly neutralising sera that was V3-glycan domain
specific, superinfection with a short V1, N332 glycan bearing virus still occurred. This highlights that
other regions of the superinfecting viruses may have been facilitating resistance from the neutralising
antibody response of this donor.

3.1.7 Discussion

By 204 weeks post-infection, the serum from SJU could neutralise “83% and ~58% of viruses from the
cross-clade indicator panel and global panel respectively. This was less broad compared to the sera of
HIV-1 donors from other V3-glycan domain co-evolution studies. Plasma tested from donors BF520
and PC039 were able to neutralise 85% and 65% of panel strains respectively *¢2!°, Whilst BF520 was
examined using the same 12 virus global panel, PC039 was tested using a different 37 virus panel
preventing direct comparison to SJU. Although the serum from SJU was not as broad as BF520, it
neutralised the viruses more potently. Furthermore, BF520 is an infant and prior research has shown
that HIV-1 infected infants develop better bnAbs responses compared to adults, although it is not fully
understood why #°. A recent study isolated V3-glycan domain bnAbs from a superinfected donor,
whose sera was able to neutralise 83% of the global panel. However, serum epitope mapping had not
been carried out, thus bnAbs targeting other lineages may have also been present 48,

In HIV-1 infected individuals, it is understood that increased viral diversity is associated with the
development of neutralisation breadth 94, However, it is currently debated whether superinfection
can drive increasing breadth of existing B-cell responses or merely induce de novo antibody responses
against the superinfecting virus 21948, Thus, it remains unclear if the increase in serum breadth
witnessed here resulted from increased bnAb coverage by the existing lineages targeting the V3-

Table 3.5: bnAb IC50 values fold changes, resulting from swapping V1 loops in autologous viruses.

bnAb (fold change)

Backbone V1 Length | PGT-121] PGT-128| PGT-130| PGT-135| PGV04
1_s5H 108 s5C| 32 8 1 2 1 1
(Early) 108 s9F | 42 - - - - 3

(V1 =46) 133 s4C| 23 - - - - -

bnAb (fold change)

Backbone V1 Length | PGT-121
108 _s5C 1 s5H 32

(Sensitive) 108 s9F | 42
(V1 =32) 133 s4C 23

bnAb (fold change)
Backbone V1 Length | PGT-121] PGT-128 ] PGT-130] PGT-135| PGV04
108_s9F 108 s5C 32 - - - - -

(Resistant) 108 s9F | 42 46 3 1
(V1 =42) 133 s4C 23 49 6 1
bnAb (fold change)

Backbone V1 Length | PGT-121] PGT-128| PGT-130| PGT-135] PGV04
133_s4C 108 s5C 32 >-10 1 1 1 1

(Superinfection) | 108 s9F 42
(V1 =23) 133 s4C 23 - - - - -
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glycan domain, or was caused by the development of new lineages. In study isolating V3-glycan
domain bnAbs from a superinfected donor, it was found that multiple distinct B-cell lineages were
activated in response to either the primary or superinfecting viruses. Whilst one lineage targeted the
V3-glycan domain and neutralised multiple variants, the other lineages did not have their epitopes
mapped and showed a lower heterologous neutralisation capacity. It was suggested that the V3-glycan
domain bnAbs were elicited in response to the superinfecting virus %8, To further understand how
superinfection impacted V3-glycan domain bnAbs in SJU, numerous antibody lineages need to be
isolated and characterised across multiple timepoints.

The neutralisation response to 1_s5H was purely autologous, as there was no detectable heterologous
neutralisation observed until ~60 weeks post-infection. Conversely, neutralisation of 133 _s9C could
have been autologous or an expansion of the bnAb response. Interestingly, 204_s11D was neutralised
pre-contemporaneously, and this could explain why other recombinant strains were not recovered via
SGA. Similarly to 133_s9C, 204_s11D may have been neutralised by autologous or bnAb responses.
Each of these viruses would have undergone vast diversification to evade the host immune response.
Specific progeny from 1_s5H would have triggered the development of the V3-glycan domain specific
bnAbs in SJU, and progeny from 133 s9C and 204_s11D may have expanded these lineages or
generated new ones. Isolation of mAbs from this donor would allow identification of which autologous
Envs stimulated the V3-glycan domain bnAb response.

The data from this project currently suggests that interplay between autologous and donor bnAbs led
to the rare occurrence of incomplete viral escape. This phenomenon persisted for ~¥36 weeks and was
disrupted by superinfection between weeks 121 and 133 weeks post-infection. The primary virus was
no longer detected via SGA and the only recombinant virus isolated was sensitive to pre-
contemporaneous neutralisation. Rebound or complete escape of the primary infecting virus never
occurred during the 252-week sampling period, although this could be due to the low sampling
capability of SGA. Contemporaneous neutralisation could have been due to the viral population
becoming trapped between host immune responses and the fitness cost of resistance “1. However,
the viruses could have instead been replicating in ways which prevented antibody access, such as via
cell to cell spread. The continued exposure to susceptible viral variants could have led to the high
potency of SJU serum through continued B-cell activation. High potency serum responses following
incomplete viral escape has been documented in other donors such as CAP256 %1462 Gaining a better
understanding of this co-operation between strain specific and bnAbs could form the basis of an
effective therapeutic vaccine.

It was demonstrated that most of the circulating viruses isolated during the period of
contemporaneous neutralisation were susceptible to neutralisation by a panel of V3-glycan domain
bnAbs. Hence, it was likely that the contemporaneous neutralising activity observed in sera was to
some extent the result of V3-glycan domain bnAbs. However, between weeks 108 and 121 post-
infection this donor was able to contemporaneously neutralise many N334 bearing autologous
viruses. This was surprising because shifting the glycan from position 332 to 334 is a common
mechanism of viral escape from V3-glycan domain bnAbs %63, Although, some V3-glycan domain bnAbs
show glycan promiscuity, for instance PGT-130 is more tolerant of N334 glycan bearing viruses >4,
Collectively, incomplete escape could have arisen as a result of the V3-glycan domain bnAbs exhibiting
glycan promiscuity, a helper lineage specific for the N334 glycan or autologous neutralising antibodies
targeting other regions on Env. This cannot be fully elucidated until autologous or bnAbs are isolated
from donor SJU.

Many papers have described a correlation between increased V1 lengths and escape from V3-glycan
domain bnAbs %7, To investigate the impact of the V1 loop on the accessibility of the V3-glycan
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domain epitope, chimeric envs were developed in which entire V1 loops were swapped between
resistant and sensitive autologous viruses. It was shown that replacing the long V1 (42 amino acids) of
a resistant virus (108_s9F) with a short V1 from either a sensitive (105_s5C, 32 amino acids) or
resistant virus (133_s4C, 23 amino acids), led to a considerable increase in neutralisation sensitivity
by a panel of V3-glycan domain bnAbs. This finding has been corroborated by others, and it is likely
that the V1 can simply sterically block access to the V3 loop #*°. However, early viruses isolated from
SJU (1_s5H) had longer V1 loops (46 amino acids) but were still highly sensitive to V3-glycan domain
bnAbs. Further investigation showed that an extra disulfide bond was present in the V1 loop of the
resistant autologous virus (108_s9F), and this was interfering with the V3 epitope. Additional disulfide
bonds in the V1 loop are uncommon but have been documented in other donors #>4°%, Therefore,
long V1 loops can interfere with V3-glycan domain specific neutralising antibodies, but the
conformation of the V1 needs to also be considered. These structural changes in the V1 loop were
likely a mechanism used to escape neutralisation by the V3-glycan domain targeted bnAbs.

The presence of the N332-glycan and a short V1 have been demonstrated as being important for
neutralisation by V3-glycan domain bnAbs. However, SJU became superinfected by a virus of the same
subtype (clade C), with an N332 glycan and a short V1 loop, whilst V3-glycan domain bnAbs were
circulating in their sera. This indicates that other regions of the Env are important mediators of
neutralisation by V3-glycan domain bnAbs. Notably, the superinfecting strains showed some
mutations in the V3 loop and insertions in the V4 loop that require further investigation. Isolating
bnAbs would allow examination of the Env alterations that enabled resistance to the neutralising
antibody response of this donor.
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3.3 Isolating mAbs from a HIV-1 superinfected donor

3.3.1 Introduction

The first mAbs were generated in 1975, through the use of hybridoma technology “%°. This method
involved fusing splenocytes from immunised mice with nonsecretory myeloma cells. The generated
hybridomas were maintained in vitro and continually secreted the mAb encoded by the fused B-cell
42 Although used extensively, this method was very time consuming and had a low throughput due
to a low fusion success rate. Hence, isolating mAbs using hybridomas did not adequately sample the
diversity of the immune repertoire “°%, By 1985, phage display technology was introduced and enabled
the screening of billions of distinct antibodies *3%%7, This process involved the generation of genetic
diversity, the coupling of genotype to phenotype via a display platform, the screening of displayed
antibodies and the amplification of enriched candidates “%®. However, the Igy and Ig, pairings were
created randomly, and were therefore not representative of the naturally occurring immune
repertoire. Regardless of these technical limitations, a first-generation of HIV-1 bnAbs was successfully
discovered in the early 1990s “°, However, these antibodies showed unusual characteristics such as
auto-reactivity, required high doses to provide protective immunity and could not be induced through
vaccination despite repeated attempts %47 As a result, vaccination efforts became almost
exclusively focused on T-lymphocyte mediated immunity #’*. Almost a decade later, the availability of
single-cell B-cell cloning techniques and large donor cohorts (for example protocol G) enabled
characterisation of a second-generation of bnAbs against HIV-1. This new generation showed
remarkably improved neutralisation breadth and potency which reignited confidence that an
antibody-based vaccine could be achieved 2. The bnAbs identified targeted numerous conserved
epitopes located across the HIV-1 Env. These include the CD4bs, V1/V2 apex, V3-glycan domain,
FP/gp120-gp41 interface, silent face and MPER 2%,

Unfortunately, bnAbs are slow to develop and it can take several years before HIV-1 infected adults
display sera with desirable neutralisation breadth . Furthermore, bnAbs typically present unusual
characteristics such as high levels of SHM, indels and a long CDRH3 %, The elevated level of SHM found
in bnAbs suggests that they have undergone multiple rounds of affinity maturation to acquire breath.
However, it remains uncertain if the extended CDRH3s displayed also arise through this gradual
process ¥, Indeed, it has been shown that bnAbs can develop from germlines with pre-existing long
CDRH3s produced via VDJ recombination 7. An additional concern is that bnAbs often display auto-
reactivity to endogenous factors such as phospholipids 1%, This would imply that re-elicitation of these
antibodies would be disfavoured due to host tolerance mechanisms. However, this is not always the

case and promising bnAb lineages with no significant auto reactivity have been successfully isolated
199

HIV-1 manipulates host glycosylation machinery adding glycans to Env at PNGS, shielding conserved
epitopes from immune responses. The location of N-linked glycans is encoded within the viral genome
at N-X-S/T (where X is any amino acid other than proline) sequons. The high density of sugars present
in the V3-glycan epitope sterically hinders the accessibility of glycoprocessing enzymes, resulting in
high-mannose glycans which can be recognised as non-self 16213, |Indeed, V3-glycan specific bnAbs
target continuous amino acid residues (such as the GDIR motif) and high-mannose glycans, located on
the V3 loop of Env. Although the V3-glycan epitope centres on the glycan at amino acid position 332,
other high-mannose glycans (such as N301) can be involved. V3- glycan specific bnAbs exhibit lower
levels of SHM and a less restricted germline usage compared to bnAbs targeting other epitopes 22043,
Furthermore, this class of bnAbs have been shown to develop relatively quickly following HIV-1
infection 2%°. Collectively, these features make V3-glycan specific bnAbs of great interest for vaccine
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development. Examining the co-evolution of new bnAb lineages targeting the V3-glycan domain would
help to inform such ventures.

Overall, the specific aims of this section were to:

. Develop biotinylated gp120 sorting probes for antigen specific B-cell sorting.

. Perform antigen specific B-cell sorting to isolate gp120 specific B-cells from donor SJU.

. Clone, sequence and produce a library of functional mAbs.

. Sequence variable regions of mAbs, and examine features such as germline gene usage,
level of SHM and CDRH3 length.

. Characterise the neutralisation capability and epitope binding of this library, identifying

any bnAb lineages present.

3.3.2 Human subjects and ethics

Peripheral blood mononuclear cells (PBMCs) were obtained from the King’s Biobank. All donors signed
a written informed consent and ethical approval for usage of these samples was granted by The
London Multicentre Research Ethics Committee (MREC 04/2/025).

3.3.3 Probe production and optimisation

The HIV-1 clade B strains JR-CSF and 92BR020 were selected to be made into gp120 sorting probes
because they were potently neutralised by SJU serum. Neutralisation of JR-CSF was shown to be
dependent on the presence of the N332 glycan, whilst neutralisation of 92BR020 was less reliant on
this feature (Figure 3.6). A JR-CSF N332A mutant was generated via site-directed mutagenesis, and it
would be used to prevent selection of B-cells that were not specific for the V3-glycan domain. A
92BR020 N332A mutant was also produced as an alternative negative selection probe. The gp120
cDNA was PCR-amplified from pSVIIl vectors and sub-cloned into pHLsec vectors using EcoRI-Kpnl
restriction sites. The gp120s were cloned into the pHLsec vector to incorporate a 6x histidine tag and
an AviTag downstream of the constructs. This would allow purification by nickel affinity
chromatography and in vivo biotinylation when co-expressed with pDisplay-BirA-ER in the presence
of biotin.

Following production and purification, the probes were subjected to quality control via western blot
analysis and ELISA. The western blot revealed that gp120 monomers had been successfully purified,
although the JR-CSF probe had some aggregation indicated by the second band in the non-reduced
sample (Figure 3.7c). Further, visualisation with streptavidin conjugated to PE-Cy7 showed that the in
vivo biotinylation had been successful. ELISAs with bnAbs targeting different epitopes (V3-glycan
domain and CD4bs) verified that the monomers were correctly folded (Figure 3.7a). Additionally, the
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Figure 3.6: SJU sera neutralisation of particular heterologous strains is dependent on the presence of the N332 glycan.

Line graphs showing the longitudinal neutralisation potency of SJU sera over time, against JR-CSF (a) and 92BR020 (b), as
well as their associated N332A mutants. The black dotted lines indicate the cut-off serum concentration used in the
neutralisation assays (1:50). Adapted from data by Luke Granger.
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binding of streptavidin conjugated to alkaline phosphatase confirmed biotinylation (Figure 3.7b). SJU
sera samples from 121-217 weeks post-infection were found to bind well via ELISA, verifying the
probes were suitable for antigen specific B-cell sorting (Figure 3.8).

293T cells which had been transduced to stably express a PGT-121 bnAb precursor (3H3L cells, a kind
gift from Laura Mccoy), were used to test the gp120 probes in a flow cytometry setting 42, 3H3L did
not bind to the JR-CSF, JR-CSF N332A or 92BR020 N332A probes, therefore optimisations were only
performed with 92BR020 gp120. The probe was conjugated to PE, APC and Alexa-488 (conjugated to
streptavidin) and binding to 3H3L cells was investigated through flow cytometry (Figure 3.9a). When
conjugated with APC or PE, 92BR020 enriched ~60% of the population validating the probe. However,
due to the high auto-fluorescence exhibited by 3H3L cells in the Alexa-488 channel enrichment was
not observed. To determine the optimal probe concentration for B-cell sorting, whilst minimising the
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Figure 3.7: Quality control of JR-CSF and 92BR020 biotinylated sorting probes.

ELISAs showing the binding of a panel HIV-1 bnAbs (a), and streptavidin conjugated to AP (b), to JR-CSF, JR-CSF N332A,
92BR020 and 92BR020 N332A recombinant gp120s. The panel included V3-glycan domain (PGT-121, PGT-128, PGT-130 and
2G12) and CD4bs (VRCO1, PGV04 and N6) bnAbs. (c) Western blots of the gp120 proteins in their non-reduced (N) and reduced
(R) forms, developed using a cocktail of bnAbs (with an anti-human IgG as a secondary) or streptavidin conjugated to PE-Cy7.
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background binding to other cells, flow cytometry was performed on healthy donor PBMCs and 3H3L
cells stained with varying concentrations of gp120 probe conjugated to APC. However, the binding of
3H3L to 92BR020 was sub-optimal and would likely not represent what would be expected with SJU
PBMCs. Therefore, a SF162 gp120 probe that had greater affinity for 3H3L was used for these
experiments (Figure 3.9b). Increasing the concentration of SF162 gp120 led to increased enrichment
and separation of the 3H3L cells. However, increasing the concentration of the probe also increased
the background binding to healthy PBMCs. Therefore, a concentration of 150nM was chosen because
it could give a strong enrichment and separation of the desired cells, whilst not incurring high
background binding.

3.3.4 Antigen specific B-cell sorting from SJU PBMCs collected 252 weeks post-infection
Antigen-specific B-cell sorting was used to isolate CD19*IgG* B-cells from SJU PBMCs collected at 252
weeks post-infection (Figures 3.10a-b). Cells that were specific for both of the JR-CSF and 92BR020
probes were selected. Due to a reduced number of cells than expected (~650,000 cells stained) and a
low enrichment (0.31% double positive), the negative selection probe JR-CSF was not used to
differentiate the cell populations. 10 B-cells were sorted and the Vy and V. regions were reverse
transcribed and amplified via nested PCR, using gene-specific primer mixes. The PCR products were
purified using PCR cleanup kits and ligated into gy or Ig, expression vectors using Gibson assembly. A
total of 5 mAbs were isolated, the plasmids were purified using Miniprep kits and sent for Sanger
sequencing. The Igy and Ig. were co-transfected into 293T cells and the supernatant was tested via
ELISA with the three sorting probes (Figure 3.10c). A single mAb (SJU_252_ H8) was found to bind to
JR-CSF and 92BR020 probes, however it also bound to the N332A mutant indicating a lack of V3-glycan
domain specificity.

The Vy and V. genes of SJU_252 H8 were analysed using the IMGT database, revealing the predicted
germline gene usage, %SHM and CDRH3 length (Table 3.3) 3, SJU_252_H8 showed moderate levels
of SHM (~11% V\ and ~8% V.), a longer than average CDRH3 (18 amino acids) and used the germlines
VH1-69 and VK4-1. When tested in neutralisation assays, SJU_252 H8 was not able to neutralise JR-
CSF or 92BR020 (data not shown).
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Figure 3.8: Longitudinal binding of SJU serum samples to JR-CSF and 92BR020 biotinylated sorting probes.
ELISAs showing the binding SJU sera collected between 121-217 weeks post-infection, to JR-CSF, JR-CSF N332A, 92BR020
and 92BR020 N332A recombinant gp120s.
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3.3.5 Modifying gp120 probes

Prior data had shown that using sorting probes at a concentration of 150nM could achieve strong
enrichment and separation of the desired population (3.3.2). However, only a small enrichment was
observed during the previous sort (3.3.3), indicating the presence of a population of cells that were
competing with the gp120-specific B-cells.

In nature, the purpose of the gp120 subunit is to interact with CD4 and chemokine receptors. It has
been estimated that there can be as many as ~1.5x10° CD4 receptors on the surface of a single CD4*
lymphocyte, in cryopreserved PBMC samples 3. Therefore, a flow cytometry experiment was carried
out to investigate the interactions between CD3*CD4* T-cells and the SF162 sorting probe (Figure
3.11). The T-cells from healthy PBMCs were shown to bind the sorting probe, and increasing the SF162
gp120 concentration from 50nM to 200nM resulted in higher levels of enrichment. This indicated that
a higher concentration of sorting probe would be needed to overcome T-cell competition. However,
earlier work showed that increasing the sorting probe concentration to 200nM would increase
background measurements in the CD19°1gG* B-cell channel. Processing a high number of B-cells as a
result of elevated background would have greatly increased the workload of the project. Hence, new
gp120 probes were developed with a D368R mutation which prevented interaction with the CD4
receptor.

D368R mutations were made to JR-CSF, 92BR020, JR-CSF N332A and 92BR020 N332A in pSVIII vectors
via site-directed mutagenesis. The resulting gp120 cDNA underwent sub-cloning into pHLsec,
transfection into 293F cells (with in vivo biotinylation), affinity chromatography and size exclusion
chromatography. Despite multiple attempts, JR-CSF D368R N332A could not be produced and showed
only low quantities of aggregate during size exclusion chromatography. The other proteins were
examined in the same manner as the aforementioned sorting probes (ELISA and western blot).
Western blot showed that the D368R gp120s were of the correct size with no aggregation observed
and visualisation with streptavidin conjugated to PE-Cy7 showed that the in vivo biotinylation had
been successful (Figure 3.12c). ELISA with bnAbs targeting different epitopes verified that the
monomers were correctly folded (Figure 3.12a). Notably, the binding of some bnAbs specific for the
V3-glycan domain (such as PGT-121) was weaker towards D368R gp120s compared to the wild-type
(WT) probes. The binding of streptavidin conjugated to alkaline phosphatase conftirmed biotinylation
(Figure 3. 12b). Overall, the D368R probes were considered suitable for use in antigen specific B-cell
sorting.

Table 3.6: Characteristics of the mAbs isolated from donor SJU at 252 and 108 weeks post-infection.

Name V-germline | J-germline ] D-germline % SHM CDRH3 length CDRH3
SJU 108 B10] IGHV3-11 IGHJ2 IGHD5-18 9.4 16 ARVNRGYSFRYFYFDF
SJU 108 C4 ]| IGHV1-69 IGHJ5 IGHD6-19 7.3 14 ASAPMQWPYSWNDP
SJU 108 D6 | IGHV3-11 IGHJ2 IGHD5-18 5.2 16 ARVNRGYSYYYYYFDL
SJU 108 E4 | IGHV1-69 IGHJ4 IGHD3-16 5.9 10 ATLAYSDKDF
SJU 108 E9 | IGHV1-69 IGHJ4 IGHD5-18 6.6 13 TRPGDNYGFEFDH
SJU 108 F7 | IGHV3-11 IGHJ2 IGHD5-18 8 16 ARVNRGYSYHYHYLDV
SJU 108 G7 ] IGHV1-69 IGHJ4 IGHD2-2 11.8 9 ATPDAKMAY
SJU 252 H8 | IGHV1-69 IGHJ5 IGHD3-3 10.76 18 ARDHTVVFGAVTDNWEDP
Name \/-germline | J-germline % SHM CDRL3 length CDRL3
SJU 108 B10] IGKV3-20 IGKJ4 5.3 9 QLYDGNSVT
SJU 108 C4 ] IGKV3-20 IGKJ1 3.2 10 QQYGSSPSVT
SJU 108 D6 | IGKV3-20 IGKJ4 3.2 8 QQYDSSVT
SJU 108 E4 | IGKV3-20 IGKJ3 2.1 9 QQYGSSPET
SJU 108 E9 | IGKV3-20 IGKJ3 3.5 9 QQYGNSPFT
SJU 108 F7 | IGKV3-20 IGKJ4 5.7 3 QQYDSSVT
SJU 108 G7 ] IGKV3-20 IGKJ4 5.7 9 QQYGSSLET
SJU 252 H8 ] IGKV1-39 IGKJ2 7.89 9 QQSYSTPRT
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3.3.6 Antigen specific B-cell sorting from SJU PBMCs collected 108 weeks post-infection
CD19*IgG* B-cells were sorted from SJU PBMCs collected at 108 weeks post-infection using the D368R
sorting probes (Figure 3.13a). PBMCs collected at 108 weeks post-infection were selected due to high
sample availability. Cells that were positive for both of the JR-CSF D368R and 92BR020 D368R probes,
but negative for the 92BR020 D368R N332A probe were selected. Due to a low enrichment (0.78%
double positive), cells that were strongly positive for all three gp120s were also sorted. 60 B-cells were
isolated from 5 million PBMCs, and 28 mAbs were generated using the cloning and production pipeline
mention previously (3.3.3). When tested via ELISA, 7 mAbs were found to be reactive to JR-CSF,
92BR020 and JR-CSF gp120 (Figure 3.13b). Therefore, these mAbs displayed binding breadth but not
V3-glycan domain specificity.

The sequences of the Vy and V. genes were analysed using the IMGT database, allowing analysis of
their predicted germline gene usage, %SHM and CDRH3 lengths (Table 3.3) *33. The gp120-specific
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Figure 3.9: Enrichment of 3H3L cells by biotinylated gp120 sorting probes.

(a) Flow cytometry of 3H3L cells, unstained or stained with 92BR020 gp120 conjugated to numerous fluorophores. (b) Flow
cytometry of 3H3L cells and healthy B-cells, stained with varying concentrations of SF162 conjugated to APC. The PBMCs were
also stained with a cocktail of antibodies (Table 2.11) enabling gating of the CD19+, IgG B-cell shown above.
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mAbs were found to have moderate SHM in the Vy and V. genes (means of 8.1% and 4.4%,
respectively), with SJU_108 G7 showing the highest level of mutation (11.8% Vu and 5.6% V).
However, the CDRH3 length of the mAbs was below average (mean length of 14 amino acids), with
SJU_108_B10, SJU_108 D6 and SJU_108 F7 displaying the longest CDRH3s at 16 amino acids.
Interestingly, these mAbs used either VH1-69 or VH3-11 in combination with the VK3-20 germline
gene. SJU_108_D6 and SJU_108_F7 were found to belong to the same clonal lineage, using identical
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Figure 3.10: Antigen specific B-cell sorting of SJU PBMCs collected 252 weeks post-infection.

Gating strategy used to sort N332-specific CD19* IgG B-cells from SJU PBMCs collected at 252 weeks post-infection (a), with
healthy donor PBMCs acting as a negative control to assess background (b). (c) ELISAs showing the binding of mAbs isolated
from this timepoint to the gp120 sorting probes, as well as goat anti-human Fc allowing examination of antibody expression
levels.
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V(D)J germline genes and having CDRH3s of the same length. When tested in neutralisation assays,
none of the mAbs were able to neutralise JR-CSF or 92BR020 (data not shown).

3.3.7 Discussion

The sorting strategy applied here was unable to isolate bnAbs that were specific for the V3-glycan
domain. There are numerous considerations as to why these experiments were unsuccessful. The low
number of stained cells was likely a factor that limited the isolation of bnAbs in the 252 weeks post-
infection sort. Additionally, it is possible that the competition of CD3*CD4"* T-cells for the g120 sorting
probes further reduce enrichment. To counteract these issues, a higher number of PBMCs were
stained in the 108 weeks post-infection sort and D368R gp120 sorting probes were used to prevent
CD3*CD4* T-cell interaction. This improved the enrichment of CD19*IgG* B-cells positive for the JR-CSF
and 92BR020 probes by more than 2-fold, and yielded 7 mAbs that bound to the sorting probes.
However, none of these mAbs were specific for the V3-glycan domain or able to neutralise JR-CSF or
92BR020 in neutralisation assays. It was observed that some V3-glycan domain bnAbs were not able
to bind as well to the D368R probes compared to the WT gp120s. Collectively, the data indicated that
although the modified probes improved this process, they were still not optimal for isolating V3-glycan
domain bnAbs from this donor.

Following cleavage by host cell furin, the gp120 and gp41 subunits of Env remain non-covalently linked
164 The gp120 subunit can shed and immunodominant regions that are not displayed on trimeric Env
can be presented to the host immune system 3>, The mAbs that were isolated during this work could
be targeting such epitopes. The use of stabilised HIV-1 Env proteins such as SOSIPs, NFLs or UFOs
would remove this problem, and would enable the isolation of mAbs that were dependant on
quaternary structures #’%. D368R mutations could be made to these probes eliminating CD3*CD4* T-
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Figure 3.11: Interactions between CD3+CD4+ T-cells and biotinylated gp120 sorting probes.
Flow cytometry of healthy PBMCs, stained with a cocktail of antibodies and varying concentrations of SF162 conjugated to
APC.
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cell interaction, although this could inadvertently alter the V3-glycan domain as seen with the gp120
probes. Alternatively, B-cell isolation kits could be used to remove any competing cell populations
prior to staining with WT stabilised Env. However, B-cell isolation kits typically require large blood
volumes to isolate a suitable sample of B-cells, which may be incompatible with the limited quantity
of SJU PBMCs held currently 475, This could be overcome through the use of B-cell culturing techniques,
with the caveat of altering the abundance of the natural repertoire #’®. A final alternative would be
the use of V3-loops fused to non-human IgG1 Fc regions (V3-Fc). However, the lack of steric hindrance
during the production of V3-Fc leads to the protein being produced with complex type glycans

JR-CSF D368R 92BR020 D368R
37 e PGT-121 37 e PGT-121
E - PGT-128 B - PGT-128
c o < 2
3 -e- PGT-130 8 -e- PGT-130
= =
3 e~ 3H3L g 1 -~ 3H3L
§ o PGV04 § e PGV04
5 o -e- VRCO1 S o -e VRCO1
2 0.01 0.1 1 10 2 0.01 0.1 1 10
A Log Concentration (ug/mL) 1 Log Concentration (ug/mL)
b
92BR020 D368R N332A Biotinylation o
37 -e- PGT-121 37 e~ JR-CSF D368R
E o PGT-128 g e 92BR020 D368R
g # - PGT-130 g # -e- 92BR020 D368R N332A
g 1 -~ 3H3L g 4]
= o PGV04 £
H >~ VRCO1 £
E o4 E 0 T T T o v
< 0.01 0.1 1 10 < 100 1000 10000 100000 1000000
4 Log Concentration (ug/mL) 14 Log Fold Dilution
c
92BR020 D368R JR-CSF D368R 92BR020 D368R N332A
N R N R N R
e
" »
o - "
& - w -
=0 4
- "
-
g2 ot “
v e -
2
©
EE
T2
: L
Jo)
3 -
N R
® -
>
¢ -,
M ~
£ ]
S
kS
o
3
7]

N = non-reduced R = reduced and denatured
Figure 3.12: Quality control of D368R JR-CSF and 92BR020 biotinylated sorting probes.
ELISAs showing the binding of a panel HIV-1 bnAbs (a), and streptavidin conjugated to AP (b), to JR-CSF D368R, 92BR020
D368R and 92BR020 D368R N332A recombinant gp120s. The panel included V/3-glycan domain (PGT-121, PGT-128, PGT-130
and 3H3L) and CD4bs (VRCO1 and PGV04) bnAbs. (c) Western blots of the gp120 proteins in their non-reduced (N) and reduced
(R) forms, developed using a cocktail of bnAbs (with an anti-human IgG as a secondary) or streptavidin conjugated to PE-Cy7.
JR-CSF D368R developed with streptavidin-PE-Cy7, data is not shown.
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opposed to high-mannose N-linked glycans #”7. To nullify this concern, the V3-Fc could be produced
under a gradient of kifunensine and purified using affinity chromatography to a panel of V3-glycan
domain bnAbs.

Despite being non-neutralising and not specific for the V3-glycan domain, 7 mAbs were isolated that
were able to bind heterologous gp120s from different HIV-1 clades. As mentioned previously, these
mAbs may have been targeting non-functional forms of Env arising from gp120 shedding. On the other
hand, they may have been specific for non-neutralising epitopes located on trimeric Env that are
conserved across the two strains. The mAbs showed moderate levels of SHM, indicating that they had
undergone multiple rounds of affinity maturation. An enrichment for the VH1-69 and VH3-11
germlines was observed in the mAbs. VH1-69 is a germline that is commonly activated in response to
infection with viruses such as HIV-1, influenza and hepatitis C. VH1-69 antibodies have been shown to
share common genetic and structural features. For instance, the CDRH2 typically contains a
hydrophobic residue at amino acid position 53, a crucial phenylalanine at 54 and a conserved tyrosine
within the CDRH3 %78, VH1-69 bnAbs isolated from other donors have been shown to interact with the
hydrophobic regions of epitopes located on Env such as the MPER and CD4 binding site 4948, The
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Figure 3.13: Antigen specific B-cell sorting of SJU PBMCs collected 108 weeks post-infection.

(a) Gating strategy used to sort N332-specific CD19* IgG B-cells from SJU PBMCs collected at 108 weeks post-infection. (b)
ELISAs showing the binding of mAbs isolated from this timepoint to the gp120 sorting probes, as well as goat anti-human Fc
allowing examination of antibody expression levels.
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VH3-11 germline is rarely found in HIV-1 bnAbs, but is used by PGDM12 which targets the V3-glycan
domain *8, There was also an enrichment of the VK3-20 germline, which is used by the MPER-specific
bnAb PGZL1 *2, The enrichment of these germlines, and the presence of clonally related mAbs, would
imply the mAbs could be targeting similar regions on Env. These mAbs could be playing a role in as
ADCC, and mAbs using the VH1-69 germline have been shown to be capable of mediating this effector
function 48,

The next stage of this project was to begin making either stabilised HIV-1 Env or V3-Fc sorting probes,
which would be used to isolate bnAbs from donor SJU. If the V3-Fc protein was chosen, this would
require optimising a production pipeline that yielded a product with the correct glycosylation profile.
Conversely, if stabilised HIV-1 Env proteins were to be employed, optimising a B-cell isolation and
culturing method would be worth considering. Once bnAbs had been isolated, it would be beneficial
to use a modern sequencing platform, such as 10x genomics, to bulk sequence B-cells from this donor
across multiple timepoints. This would enable rapid identification of the bnAb lineage, and allow later
investigation with autologous and heterologous viruses in a co-evolution study. However, at this time
the UK had entered its first national lockdown as a result of the COVID-19 pandemic. Laboratories
were closed unless working on a SARS-CoV-2 related project, and given our access to CL3 facilities and
knowledge of serological techniques, it was decided that | would switch my research focus.
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Chapter 4: Neutralising antibody responses following SARS-CoV-2
infection

4.1 Antibody responses to SARS-CoV-2 infection

4.1.1 Introduction

The WHO declared COVID-19 a pandemic in March 2020, due to its continual global spread %4, By June
2020, >6 million cases of SARS-CoV-2 infection had been confirmed worldwide, and there had been
>370,000 associated deaths. The lack of vaccine and treatment options led to strict government
enforced quarantines, in an attempt to limit the spread of the virus. This caused substantial
economical disturbances, impacting quality of life and healthcare provision. The recommended
diagnosis of SARS-CoV-2 involved RT-PCR of upper or lower respiratory samples (such as
nasopharyngeal swabs), measuring the presence of N or RdRp genes *®. These highly sensitive tests
were able to detect vestigial viral RNA levels, but their effectiveness was dependant on the time the
specimen was taken. This meant that RT-PCR was optimally applied for early detection of the virus, as
the viral load reduced following the first week of symptoms *8¢%87_ Therefore, serological assays were
developed that allowed measurement of antibody binding and neutralising responses, as well as the
determination of seroconversion “°, Although these assays were less suitable for identifying acute
infection, they enabled examination of the humoral immune response to SARS-CoV-2 in a more
gualitative and quantitative manner. Given that a proportion of COVID-19 cases were asymptomatic
and diagnosis testing was not typically performed routinely in the early phases of the pandemic in the

UK, serological assays facilitated a more precise estimation of the infection rate in an affected area
488

At the time of this work, it had been shown that SARS-CoV-2 infected subjects developed IgM, IgA and
IgG responses against S and N antigens in the first two weeks following infection, and these antibodies
remained elevated after viral clearance %889 Fyrther, it was known that the S glycoprotein was
the target of neutralising antibodies, and most of the highly potent neutralising mAbs isolated at the
time targeted the RBD **°*92, There had been a wide range of SARS-CoV-2 neutralising antibody titres
reported in cross-sectional studies, and these varied depending on the length of time since infection
and disease severity “**#% Data on the magnitude, kinetics and longevity of the neutralising antibody
response against SARS-CoV-2, as determine via longitudinal studies, was limited and remained a
somewhat debated topic %%, Therefore, additional study of the neutralising antibody response
following SARS-CoV-2 infection was required. Understanding the role these antibodies play in disease
clearance and protection from reinfection was of great significance. Further, investigation of
seroprevalence against SARS-CoV-2 in the community using serological methods was important. This
would enable the definition of parameters in which these assays could be used to provide meaningful
data in the absence of RT-PCR testing.

Neutralising antibody responses to other human coronaviruses had been shown to wane over time
497498 However, the rate of neutralising antibody decline varied between the endemic human
coronaviruses and the highly pathogenic coronaviruses. For instance, neutralising antibody responses
against endemic human coronaviruses had been shown to last as little as 12 weeks, but could persist
following SARS-CoV and MERS-CoV infection for 12-34 months %901, Therefore, it was crucial to
ascertain the rate of neutralising antibody decline in SARS-CoV-2 infected subjects, and examine the
impact of disease severity on such responses. These findings would have implications regarding
protection against SARS-CoV-2 reinfection and vaccine durability, whilst also raising considerations for
the convalescent plasma treatment trials that were being conducted at the time **.
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Overall, the specific aims of this chapter were to:

. Generate PCR and ELISA-confirmed SARS-CoV-2 infected cohorts, representing
hospitalised and community populations respectively.

. Collect samples longitudinally and document the disease severity experienced by the
subjects.

. Monitor IgM, IgA and IgG binding responses to S, RBD and N antigens following SARS-CoV-
2 infection.

o Measure the neutralising antibody titres of these SARS-CoV-2 infected subjects, and
consider correlations with antibody binding responses and kinetics.

J Examine the longevity of the neutralising and binding antibody responses following SARS-
CoV-2 infection.

J Investigate the impact disease severity has on these findings.

4.1.2 Human subjects and ethics

Surplus serum from patient biochemistry samples taken as part of routine care was retrieved at the
point of being discarded, aliquoted, stored and linked to a limited clinical dataset by the direct care
team, before anonymization. Work was undertaken in accordance with the UK Policy Framework for
Health and Social Care Research and approved by the Risk and Assurance Committee at Guy’s and St
Thomas’ NHS Foundation Trust (GSTFT). Serum was collected from consenting HCWs with expedited
approval from the GSTFT R&D office, occupational health department and medical director.

4.1.3 PCR-confirmed cohort

The neutralising antibody response, in the first three months following SARS-CoV-2 infection, was
examined in a cohort of 65 real-time quantitative PCR (RT-gPCR) confirmed subjects (Table 4.1). The
cohort was made up of 59 patients that had been admitted to GSTFT, and healthcare workers (HCW).
The cohort was 78.5% male and the average age was ~55 years old, information regarding ethnicity
was not collected. Each subject was assigned a severity score based on the maximal level of respiratory
support needed throughout hospitalisation. The score ranged from 0-5, and was implemented to
prevent underestimation of disease severity in subjects that did not require escalation above ward-
based care. Disease severity was classified as follows:

. Asymptomatic or no requirement for supplemental oxygen.

. Requirement for supplemental oxygen (fraction of inspired oxygen (FiO,) < 0.4) for at least
12 hours.

J Requirement for supplemental oxygen (FiO, 2 0.4) for at least 12 hours.

. Requirement for non-invasive ventilation/continuous positive airway pressure or proning

or supplemental oxygen (FiO;>0.6) for at least 12 hours, and not a candidate for
escalation above level one (ward-based) care.

. Requirement for intubation and mechanical ventilation or supplemental oxygen
(FiO2>0.8) and peripheral oxygen saturations <90% (with no history of type 2 respiratory
failure; T2RF) or <85% (with known T2RF) for at least 12 hours.

o Requirement for extracorporeal membrane oxygenation (ECMO).

The cohort included 14, 10, 7, 2, 25 and 7 subjects with severity scores of 0, 1, 2, 3, 4 and 5 respectively.
Numerous comorbidities were observed in this cohort, such as diabetes mellitus, hypertension and
obesity (Appendix 7.5). Samples were collected sequentially at timepoints between 1 and 94 days
post-onset of symptoms (POS). The number of samples was dependent on the availability of discarded
serum taken as part of routine clinical care, or as part of a HCW study.
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4.1.4 Antibody binding responses to SARS-CoV-2

ELISAs were performed using longitudinal samples to determine the level of serum IgM, IgA and IgG
reactivity against S, RBD and N antigens (Figure 4.1). The optical density (OD) was measured for a total
of 302 serum samples, collected from 65 subjects. The plasma samples were diluted 1:50, and a
subject was considered seropositive when they had an OD that was four-fold above background. It
was observed that 2/65 subjects had undetectable antibody responses against these antigens
throughout their follow-up (Table 4.2). However, plasma samples were only available up until 2 and
8 days POS for these two individuals. The mean time to seroconversion against a single antigen in this
cohort was 12.6 days POS. Therefore, it remained possible that these individuals could have
seroconverted after being discharged from hospital. IgG reactivity against S, RBD and N antigens could
be detected in 92.3%, 89.2% and 93.8% of subjects respectively (Table 4.2). Similarly, IgM reactivity
against S, RBD and N antigens could be detected in 92.3%, 92.3% and 95.4% of subjects respectively.
The frequency of subjects with a detectable IgA response to RBD and N was lower, 72.3% and 84.6%
respectively. Conversely, the number of subjects generating an IgA response to S was similar to IgM
and I1gG (93.8%).

A cumulative frequency analysis was performed on positive IgG, IgA and IgM responses against S, RBD
and N antigens. However, this did not indicate a more rapid elicitation of IgM and IgA responses
against a particular antigen, possibly due to the sporadic nature in which the plasma samples had been
collected (Figure 4.1a). Hence, a subset of subjects that had been sampled sequentially throughout
early infection (<14 days POS) were examined independently, and different patterns of seroconversion
were observed (Figures 4.2a-b). For instance, 51.6% of subjects seroconverted synchronously to IgM,
IgA and IgG, whilst others seroconverted singularly to 1gM (9.7%), IgA (9.7%) or I1gG (9.7%). It was
observed that 58.1% of subjects seroconverted synchronously to S, RBD and N antigens, whereas
others seroconverted singularly to S (16.1%) or N (16.1%).

When analysed longitudinally, a rapid decline was seen for IgM and IgA responses to all three antigens
following their peak OD at 20 and 30 days POS respectively (Figure 4.1b). This finding is comparable
to what is typically observed during acute viral infections 497°%, For certain individuals, IgM and IgA
responses could be seen approaching baseline after 60 days POS (Figure 4.3b). On the other hand, IgG
responses remained high in the majority of subjects and persisted up to 94 days POS in individuals
that had been sampled until that timepoint (Figure 4.1b).

Table 4.1: Cohort description: gender, severity, age and outcome.

Gender

Male, no. (%) 51 (78.5)
Female, no. (%) 14 (21.5)
Age

Mean (years) 55.2 (23-95)
Severity

0 14

1 10

2 7

3 2

4 25

5 7
Outcome

HCW 6

Died 12
Discharged

Still in hospital 5
Transferred to local hospital 3
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4.1.5 Neutralising antibody responses to SARS-CoV-2

SARS-CoV-2 neutralisation capability was assessed using a surrogate viral inhibition assay. This assay
employed HIV-1 based viral particles, which were pseudotyped with the ancestral S glycoprotein of
SARS-CoV-2, and a Hela cell-line stably expressing the ACE-2 receptor °%. Neutralisation potency was
quantified by the plasma inhibitory dilution at which 50% viral neutralisation was attained, commonly
referred to as the IDso. The neutralisation potency of the samples increased as the days POS increased,
with each subject reaching a peak neutralisation titre on average 23.1 days POS (Figure 4.3a). The two
individuals that were found to not seroconvert via ELISA also had undetectable neutralisation (IDso
<50). The rest of the subjects could be categorised by their neutralisation potency. At peak, 7.7% had
low (IDso 50-200), 10.8% medium (IDsp 201-500), 18.5% high (IDsp 501-2,000) and 60% potent (IDso
>2,001) neutralisation titres. However, the percentage of subjects with potent neutralisation had
reduced to 16.7% in plasma samples collected after 65 days POS. The IDso values of the plasma samples
correlated well with OD values for the IgM, IgA and IgG responses against all three antigens (Figure
4.4a). Although, the best fits (r?) were found between the IDso values and the OD values for IgM or IgA
responses against S glycoprotein. Time to detectable neutralisation was on average 14.3 days POS,
with some subjects developing neutralising activity before an IgG response against the S or RBD
antigens could be detected by ELISA (Figure 4.2c). This emphasised that S and RBD-specific IgM and
IgA antibody responses were capable of mediating neutralisation during acute infection in the absence
of measurable IgG %4,

To examine the impact of disease severity on the neutralising antibody response, the peak IDso values
were compared between subjects with severity scores of 0-3 and 4/5. It was observed that the
magnitude of the peak neutralising antibody response was significantly higher in subjects with more
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Figure 4.1: Kinetics of antibody development against SARS-CoV-2 antigens over time following infection.

(a) Cumulative frequency analysis describing the point of seroconversion for each individual in the cohort. The graphs show
the percentage of individuals in the cohort that became IgM, IgA or IgG positive to S glycoprotein, RBD and N protein, against
days POS. A serum sample was considered positive when the OD was fourfold above background. (b) OD values at 1:50 serum
dilution for IgM, IgA and IgG against S glycoprotein, RBD and N protein over time. Each line represents one individual (n = 65).
Severities 0-3 are shown in black and severities 4/5 in red. More than 300 pre-COVID-19 healthy control samples and >100
sera from PCR-confirmed SARS-CoV-2-infected individuals were previously used to develop and validate the ELISA setup. The
ELISAs were conducted once. Contributions to data collection from Jeffrey Seow, Sam Acors, Kathryn Steel, Oliver Hemmings,
Aoife O’Byrne, Neophytos Kouphou, Isabella Huettner and Katie Doores.
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severe disease (Figure 4.5a). However, the mean time taken to develop a neutralising response and
the mean time to reach peak neutralisation did not differ significantly between the two groups
(Figures 4.5b-c). This suggested that more severe disease enhanced the magnitude of the neutralising
antibody response, without altering its kinetics. The IgM, IgA and IgG OD values against S glycoprotein
were compared in the plasma samples that corresponded with peak neutralisation. The OD values of
IgM and IgA were shown to be significantly higher in subjects with more severe disease, whilst no
significant difference was noted for 1gG (Figures 4.5d—f). This further highlights the potential
importance of IgM and IgA neutralising antibodies in acute infection 3%, Within the severity score 4/5
group, a proportion of subjects were undergoing treatment with immunomodulatory drugs in
response to the development of a persistent hyperinflammatory state. It was initially hypothesised
that individuals with this phenotype would have altered antibody responses. However, no significant
difference was found between the peak IDso values of these subjects and the remainder of the severity
4/5 group (Figure 4.5g).

4.1.6 Longevity of the neutralising antibody response

Following the neutralisation peak, a waning in the IDso values was detected in subjects that had been
sampled after 40 days POS. Examination of the IDso at peak neutralisation and the final timepoint
collected revealed that a decrease in neutralisation potency occurred in almost all cases (Figure 4.6a).
For some individuals, with a severity score of 0 and IDsy values within the range of 100-500,
neutralisation titres dropped below the limit of detection by the latest timepoint. For example,
subjects 52 and 54 both produced lower peak neutralisation titres (174 and 434 respectively), which
became undetectable 39 and 34 days later respectively (Figure 4.3b). A subset of subjects, that were
representative of the range of neutralising antibody responses, were selected for neutralisation assay
testing with authentic virus and Vero E6 cells. This was performed to establish whether similar
neutralisation trends would be observed in comparison to the pseudovirus assays. In corroboration
with other studies, it was found that neutralisation titres against authentic virus correlated very well
(r?=0.9612, P <0.0001) with those ascertained using the pseudovirus assay (Figure 4.4b) 490505506,
Further, neutralisation of authentic virus was also undetectable (IDsp <20) in the final samples
collected from donors 52 and 54 (Figure 4.3b).

To get a more quantitative measure of the longevity of the IgG binding titre, additional ELISAs were
carried out against all three antigens with the peak neutralisation and final timepoint samples. In this
instance, the dilution effective in producing 50% of the maximal response was determined, commonly

Table 4.2: Cumulative frequency of seropositivity for SARS-CoV-2 antigens following infection.
Contributions to data collection from Jeffrey Seow, Sam Acors, Kathryn Steel, Oliver Hemmings, Aoife O’Byrne, Neophytos
Kouphou, Isabella Huettner and Katie Doores.

Cumulative seropositivity (%)

1gG IgM IgA
DaysPOS] S | RBD] N S | RBD] N S | RBD] N |S,RBDorN
7 10.8] 10.8 ] 154 ] 12.3] 10.8] 154 ] 12.3 H 9.2 21.5
14 47.7 | 47.7 ] 58.5] 52.3| 49.2] 61.5] 49.2 ] 32.3 ] 48.7 66.2
21 67.7]1 699] 769] 754 ] 72.3] 80 | 70.8] 52.3 ] 64.6 86.2

28 83.1] 80 |1 90.8] 8461 81.5] 90.8] 86.2] 646 76.9 93.8
35 8461 81.5]1 90.8] 87.7] 86.2] 90.8] 87.7] 67.7] 78.5 93.8
42 86.2] 83.1]1 90.8] 89.2] 89.2] 90.8] 89.2] 69.2] 80 93.8
49 89.2] 86.21 93.8] 90.8] 90.8 ] 93.8] 90.8 ] 70.8] 83.1 95.4
56 90.8] 87.7]1 93.8] 92.3] 92.3] 93.8] 92.3] 72.3] 83.1 95.4
63 9231 89.21 93.8] 92.3] 92.3] 93.8] 93.8] 72.3| 84.6 96.9
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known as the EDso. Of note, a stronger correlation was witnessed between the IDsp and EDsp values
compared to what was seen between the IDsp and OD values (Figure 4.6e). Similar to what was
observed with neutralisation potency, a reduction in the EDsy values was measured between the
timepoints tested, for all three antigens (Figures 4.6b—d). Individuals that had IDso values approaching
baseline also showed IgG EDso values to the RBD and S glycoproteins that decreased in a similar
manner. To examine if the reductions in IgG titres were reaching a plateau, EDsg values were measured
for all of the samples taken from four representative subjects. These individuals showed a steady
decline in neutralisation and IgG EDsp to all antigens, during the time frame that was studied (Figure
4.6f). However, additional observations of antibody binding and neutralisation after 94 days POS
would be required to fully determine the longevity of the neutralising antibody response.

4.1.7 ELISA-confirmed HCW cohort

To further investigate antibody responses to SARS-CoV-2 infection, sequential plasma samples were
analysed from 31 seropositive HCWs from GSTFT. The antibody responses in these subjects were likely
to be more similar to those from SARS-CoV-2 individuals that had not required hospitalisation.
Identification of acute SARS-CoV-2 infection via RT-qPCR was not performed routinely at the time in
these subjects, therefore ELISA was used to confirm infection. Plasma samples were collected
longitudinally every 1-2 weeks from subjects, between 13/03/2020 and 10/06/2020. Plasma samples
were diluted 1:50 and assessed via ELISA, the HCWs were considered seropositive when IgG OD values
against both S and N antigens were fourfold above negative control plasma. Symptoms related to
COVID-19 infection were self-reported by the subjects, and days POS in seropositive individuals was
concluded based on this information. In asymptomatic subjects, days POS was defined from the first
sample in which SARS-CoV-2 antibodies could be detected.
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Figure 4.2: Antibody isotype and specificity at the timepoint for which an individual became seropositive for SARS-CoV-2.

(a) Cumulative frequency analysis describing the seroconversion in the hospitalised cohort. The graphs show the percentage
of individuals in the cohort that become IgM, IgA or IgG seropositive against S glycoprotein, RBD and N protein, against days
POS. (b) Patterns of seroconversion based on antigen and antibody isotype for a subset of donors from which sera was
collected over sequential early time points (<14 days POS, n=31). For individuals with at least 2 sera collected <14 days POS,
the first antigen(s) and antibody isotype(s) that gave an OD that was 4-fold above background is reported. (c) Pseudovirus
neutralisation and ELISA binding at early time points POS for a subset of individuals (n=15) where there were measurable
neutralisation titres but IgG binding to S was low (OD <0.2) and IgM and/or IgA to S is higher (OD >0.4). Each bar shows data
for one patient only. Contributions to data collection from Jeffrey Seow, Sam Acors, Kathryn Steel, Oliver Hemmings, Aoife
O’Byrne, Neophytos Kouphou, Isabella Huettner and Katie Doores.
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5.1.8 Antibody responses in HCW cohort

For each subject, the IgM and IgG binding to all three antigens and pseudovirus neutralisation titre
was measured longitudinally (Figures 4.7a-b). Similarly to the PCR-confirmed cohort, IDso values
correlated with the OD values for IgM and IgG binding to S and RBD antigens (Figure 4.7e). Although,
the IgM and IgG responses to N protein correlated poorly with the IDso values (r>=0.030 and 0.381
respectively) in the HCWs. The mean peak IDso values of asymptomatic HCWs (6/31) and symptomatic
HCWs (25/31) were very similar, but lower compared to subjects with severity scores of 0-3 and 4/5
(Figure 4.7d). Interestingly, a few asymptomatic subjects developed neutralisation titres >1,000.
Similarly to the PCR-confirmed cohort, a waning of neutralising antibody responses was observed in
the HCWs (Figure 4.7c). For numerous subjects, with a peak IDso within the range of 100-500,
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Figure 4.3: Kinetics of neutralising antibody responses in SARS-CoV-2 infection.

(a) Neutralising antibody IDso changes related to days POS. Each line represents one individual (n = 65). Severities 0-3 are
shown in black and severities 4/5 in red. A subset of neutralisation experiments (n = 25) was conducted twice, yielding similar
results. IDsq values for the remaining samples were measured once. (b) Example kinetics of antibody responses (IgM, IgA, IgG
binding to S glycoprotein, RBD and N protein, and IDso against PVs and authentic virus) for four individuals during acute
infection and the convalescent phase. The graphs show comparison between disease-rated severity 0 (left) and disease-rated
severity 4 (right). The cut-off for the pseudovirus and authentic virus neutralisation assays are 1:50 and 1:20, respectively.
Contributions to data collection from Jeffrey Seow, Sam Acors, Kathryn Steel, Oliver Hemmings, Aoife O’Byrne, Neophytos
Kouphou, Isabella Huettner, Suzanne Pickering and Katie Doores.

130 |Page



neutralisation reached the limit of detection after 50 days POS. Due to the lower mean peak IDso values
in the HCWs, decline of neutralisation towards baseline was observed more frequently compared to
the PCR-confirmed cohort.
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Figure 4.4: Correlations between binding to different SARS-CoV-2 antigens and neutralisation potency following infection.
(a) Correlation of IDsp measurements against SARS-CoV-2 pseudovirus with IgG (blue), IgM (black), IgA (red) OD values (at
1:50) against S glycoprotein, RBD and N protein (Spearman correlation, r). (b) Correlation of IDsp measured using authentic
virus and IDsp measured using pseudovirus neutralisation assays (Spearman correlation, r). A linear regression was used to
calculate the goodness of fit (r?). The dotted lines represent the lowest serum dilution used in each assay. The lowest dilution
used for the pseudovirus and authentic virus neutralisation assays are 1:50 and 1:20, respectively. Contributions to data
collection from Jeffrey Seow, Sam Acors, Kathryn Steel, Oliver Hemmings, Aoife O’Byrne, Neophytos Kouphou, Isabella
Huettner, Suzanne Pickering and Katie Doores.
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4.1.9 Discussion

The collection and evaluation of sequential serum samples from SARS-CoV-2 infected subjects,
enabled characterisation of the kinetics and longevity of the neutralising antibody response in greater
detail than had been already reported. The kinetics of the antibody response against SARS-CoV-2
found here was typical of an acute viral infection %7°%2, The peak in neutralising antibodies occurs as
aresult of the rapid generation of short-lived antibody secreting plasma cells, these cells subsequently
die and a there is a reduction in virus-specific antibodies °°’. A wide range of peak neutralising antibody
titres were detected (IDso 98—32,000) at ~23 days POS, which was similar to what was seen by other
cross-sectional studies *°*°%, Notably, more severe disease was associated with higher neutralising
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Figure 4.5: Impact of disease severity on antibody responses in SARS-CoV-2 infection.

(a—c) Comparison for individuals with disease severity 0-3 (n =33 individuals) or 4/5 (n =32 individuals) for peak IDso of
neutralisation assays, the time POS to reach peak IDso and the time POS to detect neutralising activity. IDsp measured using
HIV-1-based virus particles, pseudotyped with S glycoprotein of SARS-CoV-2. (d—f) Comparison of OD values for individuals
with 0-3 or 4/5 disease severity for IgG, IgM and IgA against S glycoprotein measured at peak IDso. (g) Comparison of the
peak IDsp value for individuals who were treated for hyperinflammation (HI; n =14 individuals) or not treated (n=18
individuals), and had 4/5 disease severity (P > 0.999). Statistical significance was measured using a Mann—Whitney two-sided
test U-test. **P < 0.002, ***P < 0.0002, ****P < 0.0001 and ns (not significant). The line represents the mean IDsy for each
group. Contributions to data collection from Jeffrey Seow, Sam Acors, Kathryn Steel, Oliver Hemmings, Aoife O’Byrne,
Neophytos Kouphou, Isabella Huettner, Suzanne Pickering and Katie Doores.
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antibody titres. Although this has been found in other studies, it remains unclear why this correlation
exists 29210 |t is possible that a higher viral load could cause more severe disease and in turn generate
a stronger antibody response due to increased levels of viral antigen >1°. Alternatively, high antibody
levels may play a causative role in disease severity, through mechanisms such as antibody-dependent
enhancement >11°12,

By comparing the peak IDso from each subject with the IDso from the corresponding final timepoint, it
was shown that the neutralisation titre declined irrespective of disease severity. There was also a
decline in IgG-binding titres (EDso) to S and RBD antigens, as well as IgM and IgA binding to S and RBD
antigens (OD values) in the PCR-confirmed cohort. For some subjects with peak IDsp values ranging
from 100-500, neutralising titres reached or dropped below the level of detection (IDso <50) after only
~50 days from when the peak was measured. Although, IgG binding to S, RBD and N antigens was still
detectable in these subjects at the later timepoints. This trend was also found in the HCW cohort,
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Figure 4.6: Short-term longevity of the neutralising antibody response following SARS-CoV-2 infection.

(a) IDsp at peak neutralisation is plotted with the donor-matched IDsy at the last timepoint from which serum was collected.
Only individuals with peak IDso occurring before the last timepoint and with a last timepoint >30 d POS were included in this
analysis (n = 35). The dotted line represents the cut-off for the pseudovirus neutralisation assay. ECso values for IgG binding
to S glycoprotein (b), RBD (c) and N protein (d) were calculated at timepoints with peak IDso and the final timepoint sera were
collected. ECsp at peak neutralisation is plotted with the donor-matched ECsp at the last timepoint sera were collected.
Individuals with a disease severity 0-3 are shown in black and those with 4/5 in red. The dotted line represents the cut-off for
ECsp measurement. The ELISAs to determine ECsp values were conducted once. (e) Correlation of IDso with IgG ECsp against S
glycoprotein, RBD and N protein (Spearman’s correlation, r). A linear regression was used to calculate the goodness of fit (r?).
(f) Change in IgG ECsp measured against S glycoprotein, RBD and N protein, and IDso using pseudovirus and authentic virus
over time for four example patients (all disease severity 4). The lowest dilution used for the pseudovirus and authentic virus
neutralisation assays are 1:50 and 1:20, respectively. Contributions to data collection from Jeffrey Seow, Sam Acors, Kathryn
Steel, Oliver Hemmings, Aoife O’Byrne, Neophytos Kouphou, Isabella Huettner, Suzanne Pickering and Katie Doores.
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suggesting that in some subjects, SARS-CoV-2 infection only yields a transient neutralising antibody
response that rapidly wanes. However, for most subjects with a peak I1Dsp value >4,000, even though
a 2 to 23-fold decrease was witnessed over an 18 to 65 day period, neutralising antibody titres
remained detectable at the final timepoint measured (IDso 1,000—3,500). Of note, whilst the lowest
serum dilution applied in the pseudovirus neutralisation assay was relatively high (1:50), subjects that
lacked detectable neutralisation via this method also lacked neutralisation when tested against
authentic virus with at a lower dilution (1:20).
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Figure 4.7: Binding and neutralising antibodies responses against SARS-CoV-2 in seropositive HCWs.

(a) Antibody responses (IgG and IgM to S glycoprotein, RBD and N protein) over time. Each line represents one individual.
Asymptomatic individuals shown in green, symptomatic individuals shown in black and PCR-confirmed SARS-CoV-2 infected
individuals shown in red (for comparison). The dotted line represents day 0 POS. (b) IDso values plotted against the time POS
at which sera were collected. Each line represents one individual (n = 37). Of seropositive individuals, 80.6% (25/31) recorded
COVID-19-compatible symptoms (including fever, cough and anosmia) since 1 February 2020, and 19.4% (6/31) reported
none. A subset of neutralisation experiments (n =10) were conducted twice, yielding similar results. IDso values for the
remaining samples were measured once. (c) IDsp at peak neutralisation is plotted with the donor-matched IDso at the last
timepoint sera were collected. The dotted line represents the cut-off (1:50) for the SARS-CoV-2-pseudovirus neutralisation
assay. (d) Comparison of the peak IDso between asymptomatic individuals (n = 10, includes 7 HCW and 3 hospital patients),
HCWs (n = 24 symptomatic HCWs with no PCR test), and PCR+ individuals with severity either 0-3 (n =28) or 4/5 (n =32).
The two PCR+ individuals, who were sampled at early timepoints (<8 d POS) and did not seroconvert, were not included in
this analysis. (e) Correlation of IDso with IgG and IgM OD values against S glycoprotein and N protein (Spearman correlation,
r). A linear regression was used to calculate the goodness of fit (r?). The ELISA assays were conducted once. A subset of
neutralisation experiments were conducted twice yielding similar results. Contributions to data collection from Jeffrey Seow,
Sam Acors, Kathryn Steel, Oliver Hemmings, Aoife O’Byrne, Neophytos Kouphou, Isabella Huettner, Suzanne Pickering and
Katie Doores.
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These findings were novel at the time of this work, but subsequent reports were later released
regarding early antibody responses to SARS-CoV-2 infection. In corroboration with this work, it has
been shown that subjects with high IDso values early in infection retained high neutralisation titres
regardless of the initial decline 30349513514 Fyrther, in some subjects with lower IDso values and less
severe disease, neutralising antibody titres were shown to decline to undetectable levels (IDsg <20
or <50) at the final timepoint examined *>°13, Conversely, some studies reported a sustained antibody
response during the first 3 months following SARS-CoV-2 infection. Of note, these papers reported
changes in antibody binding, or neutralising endpoint titres which are less quantitative compared to
IDso values %515 Although antibody binding correlates with neutralising antibody titres in some
instances, this difference in measurement may account for the discrepancies in the kinetics described.
Nonetheless, class-switched IgG memory B-cells against S glycoprotein have been found to persist in
COVID-19 patients and vaccine recipients, verifying that long-lived memory responses can be mounted
516517 These memory B-cells, together with T-cells, can become activated in the event of re-exposure
and may prevent severe disease 58519,

To understand if the neutralising antibody titre declination would continue its trajectory or plateau to
a steady state, a follow-up study was conducted using the same cohort >%. This study, alongside
others, found that although there was initially a rapid reduction in the neutralising antibody titres, the
rate of decline slowed around 4-7 months POS °7:521523_ Thijs was attributed to the generation of long-
lived plasma cells producing 1gG antibodies specific for S glycoprotein >*. Neutralising activity was
detected in 18 of the 19 serum samples taken 257-305 days POS, with a geometric mean titre (GMT)
of 640. Importantly, the follow-up cohort was also tested against the VOCs circulating at the time. It
was shown that there was a 3.4-fold and 8.9-fold decrease in neutralisation potency against B.1.1.7
(a) and B.1.351 (B) respectively. At peak neutralisation, high GMTs of 3,331 and 1,303 were measured
against B.1.1.7 (a) and B.1.351 (B) respectively. Further, neutralising activity could still be detected
against these VOCs in the majority of subjects at 257-305 days POS. Remarkably, the fold reduction in
neutralisation of these VOCs compared to WT decreased as days POS increased. This finding implied
that the samples from later timepoints were able to tolerate S glycoprotein mutations better than
those from earlier timepoints °%°. Indeed, it had been found that SARS-CoV-2 mAbs isolated at 6
months POS had higher levels of SHM and were more resistant to RBD mutations >%.

Previous studies have examined the longevity of neutralising antibody responses to other human
coronaviruses 7% Unlike SARS-CoV-2, infection with SARS-CoV generally results in more severe
disease, with asymptomatic and low severity cases being less common %, In a hospitalised SARS-CoV
infection cohort, neutralising antibody titres peaked at ~30 days POS (mean 1:590) with IgG binding
and neutralising antibodies waning throughout a 3-year follow-up. Low neutralising antibody titres of
1:10 were measured in 17 of the 18 subjects tested, at 540 days POS %%, Another study found low
neutralising antibody titres (mean 1:28) could be detected in 89% of subjects, up to 36 months POS
500 Jnitially, it was believed that the low neutralising antibody responses found in the 0-3 severity
group could have been more akin to immune responses against the endemic human coronavirus.
These responses have been reported to be more transient and reinfections are possible >, For
instance, subjects experimentally infected with 229E produced high neutralising antibody titres after
2 weeks, which rapidly declined in the subsequent 11 weeks and reduced even further by 1 year. Later
viral challenge resulted in reinfection (established by viral shedding), but the subjects were
asymptomatic *’. Meta-analysis of SARS-CoV-2 cases has estimated that the reinfection rate is
~0.65%, in which the reinfection can be symptomatic or asymptomatic. However, this report does
acknowledge that viral mutations present in VOCs could be the cause of reinfection in many of these
cases °%8,
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The neutralising antibody titre needed to prevent reinfection with SARS-CoV-2 is not fully understood.
Neutralising mAbs isolated from SARS-CoV-2 infected subjects have been shown to provide protection
from disease during challenge experiments in animal models. This occurs in a dose-dependent
manner, emphasising neutralising antibody titres as a correlate of protection #°49252% A study found
that rhesus macaques infected with SARS-CoV-2 developed neutralising antibody titres of ~100, and
displayed no clinical signs of illness when challenged 35 days after primary infection. However, virus
could be detected in nasal swabs, and although the viral load was considerably lower compared to
what was seen during primary infection, this indicated that there was immunological control instead
of sterilising immunity >, However, another study was not able to detect virus after a second
challenge, with the rhesus macaques developing neutralising antibody titres ranging from 8-20 %31,
Further insights into the neutralising antibody titres needed for protection from reinfection can be
found in vaccine challenge studies. In rhesus macaques the BNT162b2 and mRNA-1273 vaccines was
able to generate GMTs of 1,689 and 3,481 respectively, and this was shown to be capable of
preventing viral replication in the upper and lower respiratory tracts >33, The importance of T-cell
responses generated through infection or vaccination also require consideration in regards to
protection from reinfection 5%°. While some progress has been made, more definitive correlates of
protection are still needed 53*%3°, This would enable a better comprehension of the significance of the
neutralising antibody decline witnessed here. Follow-up investigations with sequential PCR testing and
the use of standardised serological analysis in larger cohorts will be crucial for understanding the
capacity of neutralising antibodies in preventing reinfections in humans.

In summary, examination of sequential samples from subjects that had been infected with SARS-CoV-
2 revealed an antibody response that was typical of an acute viral infection, peaking at ~23 day POS
and subsequently waning. Most subjects generated a robust neutralising response, with IDso values
remaining >1,000 despite the initial decline. However, some individuals with less severe disease
developed lower neutralising antibody titres, which declined below the limit of detection after ~50
days from when the peak was measured. Follow-up analysis of these subjects found that after this
initial a rapid reduction, the rate of antibody decline slowed at around 4-7 months POS. The majority
of these subjects were able to cross-neutralise VOCs, albeit at a lower neutralisation potency compare
to the ancestral strain, and neutralising antibody titres remained detectable at 257-305 days POS. The
fold reduction in neutralisation activity against VOCs compared to WT decreased as days POS
increased. Still, further studies are required to understand the neutralising antibody threshold
required for protection against reinfection with SARS-CoV-2.
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Chapter 5: Isolation of neutralising mAbs antibodies against SARS-CoV-
2

5.1 Neutralising mAbs isolated from individuals infected with SARS-CoV-2

5.1.1 Introduction

The emergence of SARS-CoV-2 was still a relatively recent event by the time of this work, but much
was known about the antibody response following infection at the monoclonal level. It had been
shown that most SARS-CoV-2 infected individuals developed an antibody response 5-15 days POS,
which peaked after ~3-4 weeks and subsequently declined #>°13°%, The magnitude of the neutralising
antibody response was associated with disease severity. Such that, individuals that experienced more
severe disease generated a stronger antibody response, whilst those that were asymptomatic or had
mild disease displayed lower neutralising antibody titres 50°1053¢ SARS-CoV-2 neutralizing antibody
levels are correlated with severity of COVID-19 pneumonia. It had been reported that antibodies
targeting the RBD accounted for >90% of the neutralising activity measured in convalescent sera %373,
Several highly potent neutralising mAbs had been reported, however the majority were isolated from
subjects with moderate to severe COVID-19 symptoms 49492539 Most of these mAbs were RBD-
specific, and numerous distinct epitopes had been found in this region 4°>>*°. A number of RBD-specific
mAbs were being investigated as potential therapeutic options for COVID-19 382384385 Some NTD-
specific mAbs had been identified with neutralising activity, indicating they may also be useful as a
COVID-19 prophylaxis or treatment 54+°42, Therefore, more research was required on neutralising
antibody responses at the monoclonal level in subjects that had experienced different levels of disease
severity, examining neutralising epitopes located across the entire S glycoprotein.

The SARS-CoV-2 D614G variant became the globally dominant strain at an early stage in the pandemic
43 This mutation was reported to increase infectivity by stabilising the RBD in the up conformation,
but was not associated with neutralisation escape >**>%, At the time of this work, the B.1.1.7 (a)
variant had recently emerged and it contained eight mutations across the S glycoprotein (AH69/V70,
AY144, N501Y, A570D, P681H, T7161, S982A and D1118H) >*¢. B.1.1.7 (o) was associated with more
efficient transmission and had become the dominant strain in London and the South East of England
471t was unknown if these mutations arose stochastically or if they had been selected as a result of
their increased transmission capability >*. It was suggested that these mutations could have been
driven by neutralising antibodies, during longer term infection in immunocompromised patients
undergoing passive immunotherapy >*°°%, It was also unclear if B.1.1.7 (a) would escape neutralising
antibody responses that had been generated during wave 1 and/or through vaccination with the
ancestral strain. Early studies had suggested that B.1.1.7 (a) was sensitive to polyclonal sera from
vaccine recipients and patients infected with early circulating SARS-CoV-2 variants, but less was known
about escape at the monoclonal level 3327554,

Overall, the specific aims of this section were to:

. Examine the plasma of subjects that had experienced different levels of COVID-19 disease
severity, and identify good candidates for mAb isolation 7.

. Perform antigen-specific B-cell sorting on selected donors, generating a functional mAb
library.

. Sequence variable regions of mAbs, and examine features such as germline gene usage,
level of SHM and CDRH3 length.

. Characterise the regions of S glycoprotein bound by mAbs through ELISA, and measure

neutralisation capability using pseudovirus and authentic virus neutralisation assays.
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. Perform competition ELISAs on neutralising mAbs to identify distinct neutralising
epitopes, then carry out further competitions with mAbs that have been previously

described.

. Investigate the ability of the mAbs to inhibit interactions between S glycoprotein and
ACE2.

. Examine the impact of S glycoprotein glycan heterogeneity on mAb neutralisation.

. Inspect the impact of S glycoprotein mutations from recent VOCs on the neutralising

activity of donor plasma and mAbs.

5.1.2 Human subjects and ethics

This study used human samples from three individuals collected as part of the COVID-IP study >%. All
donors were male and PO03, P008, P054 were 63, 29 and 62 years old, respectively. The study protocol
for patient recruitment and sampling, out of the intensive care setting, was approved by the
committee of the Infectious Diseases Biobank of King’s College London with reference number COV-
250320. The protocol for healthy volunteer recruitment and sampling was similarly approved by the
same committee as an amendment to an existing approval for healthy volunteer recruitment with
reference number MJ1-031218b. Both approvals were granted under the terms of the Infectious
Disease Biobank’s ethics permission (reference 19/5C/0232) granted by the South Central Hampshire
B Research Ethics Committee in 2019. Patient recruitment from the ICU was undertaken through the
ethics for the IMMERSE study approved by the South Central Berkshire Ethics Committee with
reference number 19/SC/0187. Patient and control samples and data were anonymized at the point
of sample collection by research nursing staff or clinicians involved in the COVID-IP project. We
complied with all relevant ethical regulations.

5.1.3 Neutralising antibody responses following SARS-CoV-2 infection differ between donors

with varied COVID-19 symptoms

In order to study a wide range of SARS-CoV-2 neutralising antibodies at the monoclonal level, three
donors that had experienced different COVID-19 disease severities were examined that had been
infected with the ancestral strain. PO08 was asymptomatic, PO54 was symptomatic but not
hospitalised and PO03 was hospitalised, during which they spent time in the intensive care unit (ICU).
Of note, SARS-CoV-2 infection was only identified in POOS8 via serological screening °%’. ELISAs and
pseudovirus neutralisation assays were used to investigate the longitudinal plasma samples taken
from each subject, determining the binding and neutralisation titres. In corroboration with previous
work, the highest neutralisation titre was detected in the subject that had the most severe disease
(IDsp 9,181) (Figure 5.1a) 50510536 The symptomatic donor has the next highest neutralisation titre
(IDso 3,936), whilst the lowest was found in the asymptomatic subject (IDsop 820). The neutralising
antibody response of these donors waned throughout the convalescent period, IDsg values decreased
to 25, and 258 in PO08 and P054 respectively. Due to low a low sample size statistical analysis was not
performed on this data. Levels of plasma IgG to the S and RBD antigens remained detectable in these
donors, but a large decline from peak was observed. Notably, the levels of plasma IgM and IgA were
still detectable in P054, but had reached baseline in PO08. Unfortunately, there was a lack of
sequential samples available from P003 to assess the longevity of their plasma antibody response.

5.1.4 Antibodies generated following SARS-CoV-2 infection target multiple epitopes across the
S glycoprotein

Antigen-specific B-cell sorting was performed to isolate mAbs that were specific for the S glycoprotein
of SARS-CoV-2. The PBMCs used for sorting were collected at 61, 48 and 20 days POS for PO08, PO54
and P003 respectively. An uncleaved and artificially trimerised (added C-terminal T4 fibritin
trimerisation domain) S glycoprotein ectodomain (S2 truncated at 1138) that had been stabilised in
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the pre-fusion confirmation (GGGG substitution at furin cleavage site and S-2P mutation) was
employed as a sorting bait >°°. This configuration of the S glycoprotein was selected so that a full range
of B-cells targeting neutralising and non-neutralising epitopes would be characterised. It was observed
that 2.14%, 2.45% and 2.39% of CD19*IgG* B-cells bound to the S probe in PO08, P0O54 and P003
respectively, compared to 0.25% in a pre-COVID-19 healthy control sample (Figure 5.1b). Although
P0O08 had a low IDsg of 76 at day 61 POS, the frequency of S-specific B-cells measured was similar to
that of the other two donors. Sorting yielded 150 B-cells that were reactive for S from P0O03 and P00S,
and 120 B-cells from P054. The V4 and V| regions were reverse transcribed and amplified via nested
PCR, using gene-specific primer mixes. The PCR products were purified using PCR cleanup kits and
ligated into Ign or Ig. expression vectors using Gibson assembly. Matching assembled products were
co-transfected directly into 293T cells, and transformed into competent bacterial cells *2. The
supernatants from the transfection were tested via ELISA for IgG expression and S glycoprotein
binding, and if confirmed the corresponding bacterial colonies were grown in small cultures. The
plasmids were purified using Miniprep kits and sent for Sanger sequencing, enabling gene analysis.
Pairs of Igy and g, chains that could be cloned this way were co-transfected into 293T cells, and the
supernatant was tested via ELISA with S, RBD, NTD and S1 antigens (Figure 5.2A). This led to a total of
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Figure 5.1: Donor binding (IgG, IgA and IgM), neutralising antibodies and SARS-CoV-2 S reactive IgG+ B-cells.

(a) Kinetics of the antibody binding response (IgM, IgA, IgG against S and RBD) and neutralisation activity against SARS-CoV-
2 pseudovirus for donors P003, PO08, and P054 in the acute and convalescent phase. ELISA data is reported as area under the
curve (AUC, left y axis) and neutralisation IDsq is shown on the right y axis. The asterisk indicates the time point from which
mAbs were cloned for each donor. Experiments were performed in duplicate and repeated twice where plasma was available.
(b) Fluorescent activated cell sorting (FACS) showing percentage of CD19*IgG* B-cells binding to SARS-CoV-2 S. A healthy
control PBMC sample collected prior to the COVID-19 pandemic was used to measure background binding to S. Contributions
to data collection from Jeffrey Seow, Isabella Huettner, Hataf Khan, Neophytos Kouphou, Sam Acors, Helena Winstone,
Suzanne Pickering, Rui Pedro Galao, Liane Dupont, Maria Jose Lista, Jose Jimenez-Guardefio, Luke Muir, Weng Ng, Helen
Duyvesteyn, Yuguang Zhao and Thomas Bowden.
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107 S-specific mAbs being identified and sequenced, with 64, 19 and 24 being isolated from P0O0S,
P054 and P0O03 respectively (Figure 5.2b). Of these mAbs, 35.5% and 32.7% bound to the S/S1/RBD
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Figure 5.2: SARS-CoV-2 S reactive mAbs binding to RBD, NTD, S1 and non-S1 epitopes.

(a) Heatmap showing IgG expression level and binding to SARS-CoV-2 S, S1, NTD, and RBD. Shown here are OD values from a
single experiment (range 0-2.5) for undiluted supernatant from small scale expression of 107 cloned mAbs. Grey squares
indicate samples that were not measured. Antigen binding was considered positive when OD at 405 nm was >0.3 after
background was subtracted. SARS-CoV-2 S domain specificity for each antibody is indicated. Neutralisation activity was
measured against pseudotyped virus using either small-scale purified IgG or concentrated supernatant. Antibodies were
considered neutralising if at least 50% neutralisation was reached at the highest concentration (5 ug/mL for purified mAb) or
concentrated supernatant (~30 times). (b) Bar graph shows frequency of neutralising and non-neutralising antibodies isolated
from donors PO03, PO08, and P054. (c) Bar graph showing frequency of neutralising and non-neutralising antibodies targeting
specific S sub-domains. (d) Bar graph showing the % of mAbs isolated from each donor targeting specific S sub-domains.
Contributions to data collection from Jeffrey Seow, Isabella Huettner, Hataf Khan, Neophytos Kouphou, Sam Acors, Helena
Winstone, Suzanne Pickering, Rui Pedro Galao, Liane Dupont, Maria Jose Lista, Jose Jimenez-Guardefio, Luke Muir, Weng Ng,

Helen Duyvesteyn, Yuguang Zhao and Thomas Bowden.
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(RBD-specific) and S/S1/NTD (NTD-specific) antigens respectively, with 0.9% targeting S/S1 (S1-
specific) (Figure 5.2c). The remaining 30.8% of mAbs were only reactive to S glycoprotein (non-S1-
specific), suggesting that they were either specific for an epitope in the S2 or targeted a quaternary
epitope >*1. The distribution of epitopes targeted by the mAbs differed between donors, for instance
the majority of PO03 mAbs were non-S1-specific (Figure 5.2d). Nonetheless, multiple mAbs were
isolated from each donor that targeted RBD, NTD and non-S1 epitopes.

Next, the supernatants were either purified or concentrated, prior to being tested in pseudovirus
neutralisation assays. This revealed that 43.9% of the mAbs isolated had neutralisation capability,
highlighting the presence of non-neutralising epitopes on the S glycoprotein that are exposed and
immunodominant. It was found that 91.9% of the RBD-specific mAbs were neutralising, whilst only
28.6% of the NTD and 8.8% of the non-S1 targeting mAbs had neutralising activity (Figure 5.2c). Thus,
the RBD represented the dominant target of the neutralising mAbs, with the NTD acting as a
subdominant epitope >%’.

5.1.5 SARS-CoV-2 mAbs have diverse gene usage

The sequences of the Vi and V. genes were run through the IMGT database, which permitted analysis
of their predicted germline gene usage, %SHM and CDRH3 lengths %*. A wide range of Vi and V.
germline genes were used by the mAbs isolated from these subjects (Figure 5.3b). The Vy germline
gene usage of the 107 mAbs was compared to that of naive B-cell repertoires, and showed an
enrichment of the VH3-30 and VH3-9 genes (Figures 5.3c) >*%. On the other hand, it was found that
there was a de-enrichment of the VH3-23, VH3-7 and VH4-59 genes. Although there was an
enrichment in VH3-30 gene usage, ten different V. germline gene pairings were present, and they
included both Igik and IgA genes (Figure 5.3e). There was only one example of clonal expansion
identified amongst the mAbs, and this arose in PO08 (Figure 5.3d). The mAbs that used the VH3-66
and 3-53 genes were shown to frequently target the RBD, similarly to what has been observed in
other studies (Figure 5.3a) 5405578

As expected following an acute viral infection, low levels of %SHM were found in the Vy and V. genes
(means of 1.9% and 1.4%, respectively). The mean %SHM in the V and V. genes of mAbs from P008
(2.3%, isolated at 61 days POS) and P054 (2.0%, isolated at 48 days POS) were significantly higher
compared to P003 (0.8%, isolated at 20 days POS) (Figure 5.4a). However, these differences were likely
due to the PBMCs sorted from P0O03 being isolated at an earlier date post-infection. There was no
significant difference in the %SHM of the Vy and V. regions from mAbs specific for RBD, NTD and non-
S1, or between neutralisers and non-neutralisers (Figures 5.4b-c). Comparison of the CDRH3 length
distributions between the mAbs and naive B-cell repertoires revealed that amino acid lengths of 21
and 22 were slightly enriched (Figure 5.4d). Overall, the SARS-CoV-2 targeted mAbs did not differ
greatly from what can be observed in naive repertoires, with diverse germline usage, low levels of
%SHM and typical CDRH3 lengths. These findings have been corroborated by similar studies 490492541,

5.1.6 mAbs potently neutralise SARS-CoV-2

A representative sample of the neutralising (37/47) and non-neutralising (12/60) mAbs, with RBD, NTD
or non-S1 specificities, were selected for further analysis. The Igy and Ig, plasmids were amplified using
Maxiprep kits and co-transfected into large cultures of 293F suspension cells. The mAbs were purified
from the supernatant via filtration and affinity chromatography, after which the preparations were
concentrated and buffer exchanged. Neutralisation potency was measured using pseudovirus and
authentic virus neutralisation assays. A wide range of ICso values were observed for the pseudovirus
(1.2-660ng/mL) and authentic virus (2.3-488ng/mL) (Appendix 7.6).
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The RBD-specific mAb PO08_108 had the highest potency, neutralising authentic virus with an 1Cso of
2.3ng/mL. At the time of its isolation, PO08_108 was one of the most potent anti-SARS-CoV-2 mAbs
discovered **°. The ICs values determined using pseudovirus correlated well with those measured
against authentic virus (r = 0.7694, p < 0.0001) (Figure 5.5a). However, ICso values against authentic
virus were generally less potent than pseudovirus (5 to 10-fold lower), an observation seen previously
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Figure 5.3: Germline gene usage of SARS-CoV-2 S-specific mAbs.

(a) Vyand V. germline gene usage for mAbs in the seven competition groups. (b) Pie charts showing percentage IGHV, IGHD,
IGHJ, IGLV/IGLK and IGKJ/IGLJ usage for S reactive monoclonal antibodies. (c) Bar graph showing the mean Vi, germline gene
percentage usage in SARS-CoV-2 specific mAbs (blue) compared to a representative naive repertoire (grey). Error bars
represent the standard deviation between donors used in the analysis (n = 3 for SARS-CoV-2 and n=10 for naive repertoire).
Differences between groups were determined using 2-way ANOVA with Siddk's multiple comparison test and p values <0.05
are shown. (d) Single example of clonal expansion observed from P0O08. (e) Sankey diagram showing the pairing between Vy
and V, germline genes for SARS-CoV-2 mAbs. Contributions to data collection from Jeffrey Seow, Isabella Huettner, Hataf
Khan, Neophytos Kouphou, Sam Acors, Helena Winstone, Suzanne Pickering, Rui Pedro Galao, Liane Dupont, Maria Jose Lista,
Jose Jimenez-Guardefio, Luke Muir, Weng Ng, Helen Duyvesteyn, Yuguang Zhao and Thomas Bowden.
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with patient serum samples >3¢. Some of the mAbs that targeted epitopes outside of the RBD displayed
weak neutralisation potencies (>10ug/mL) against pseudovirus (Figure 5.6b). These mAbs could only
neutralise authentic virus at very high concentrations (ICsp >50ug/mL), with some losing detectable
neutralisation activity altogether (Figure 5.6c). However, the NTD-specific mAbs PO08_056, PO08_007
and P003_027 showed a ~10-fold higher potency against authentic virus (Figures 5.5c-d). Notably,
P008_056 was able to neutralise authentic virus with an I1Csp of 14ng/mL, and was one of the most
potent NTD targeted mAbs reported at the time of its isolation *®°. The neutralising mAbs that targeted
the RBD were typically more potent compared to the non-RBD-specific mAbs (Figures 5.6b-c). Some
mAbs displayed low neutralisation plateaus and shallow neutralisation curves, indicative of
incomplete neutralisation (Figures 5.5b-c) >*1. These mAbs tended to be of a lower potency, with
higher I1Csp values >1,000ng/mL. Seven non-S1-specific mAbs were shown to bind to S2 glycoprotein
via ELISA, none of which had neutralisation capability (Appendix 7.6). Overall, highly potent
neutralising mAbs against the RBD and NTD were identified from these donors.

5.1.7 Neutralising mAbs form seven binding competition groups
To understand the epitopes targeted by the neutralising mAbs further, competition ELISAs with S
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Figure 5.4: Characteristics of SARS-CoV-2 S-specific mAbs: Germline gene usage, % SHM and CDRH3 length.

(a) % SHM in the Vi and V. genes of S-reactive mAbs for donors PO03, PO08, and P054. Differences between groups were
determined using Kruskal-Wallis multiple comparison test and p values <0.05 are shown. Black lines represent the mean SHM
and error bars represent the standard deviation. (b) % SHM for mAbs targeting RBD, NTD, S1, or non-S1 epitopes (Kruskal-
Wallis multiple comparison test). Black lines represent the mean SHM and error bars represent the standard deviation. (c)
Percentage of Vy and V, SHM for neutralising antibodies and non-neutralising antibodies (Mann-Whitney 2-sided U-test).
Black lines represent the mean SHM and error bars represent the standard deviation. (d) Distribution of CDRH3 lengths for
SARS-CoV-2 specific mAbs and representative naive B-cell repertoire. Error bars represent the standard deviation between
donors used in the analysis (n= 3 for SARS-CoV-2 and n= 10 for naive repertoire). A bimodal distribution of
CDRH3 length is observed for SARS-CoV-2 S reactive mAbs. Contributions to data collection from Jeffrey Seow, Isabella
Huettner, Hataf Khan, Neophytos Kouphou, Sam Acors, Helena Winstone, Suzanne Pickering, Rui Pedro Galao, Liane Dupont,
Maria Jose Lista, Jose Jimenez-Guardefo, Luke Muir, Weng Ng, Helen Duyvesteyn, Yuguang Zhao and Thomas Bowden.
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antigen were performed using 27 mAbs and their corresponding F(ab’), (Figure 5.6a). F(ab’);
fragments were generated by incubating the mAbs with IdeS, the Fc fragements were removed via
affinity chromatography and the preparations were concentrated and buffer exchanged. To relate this
data to the literature, competition ELISAs were also carried out with numerous SARS-CoV-2 targeting
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Figure 5.5: mAb pseudovirus neutralisation correlates, authentic virus neutralisation and cross-reactivity with SARS-CoV.

(a) Correlation of mAb neutralisation ICsp against authentic virus and pseudotyped virus (Spearman correlation, r). A linear
regression was used to calculate the goodness of fit, r2). (b) Examples of shallow neutralisation curves for Group 5 and Group
7 antibodies against SARS-CoV-2 pseudovirus. (c-d) Neutralisation curves of Group 6 neutralising mAbs against pseudotyped
and authentic virus. (e-f) Binding of NTD and RBD nAbs and S2 non-neutralising mAbs to SARS-CoV-2 and SARS-CoV S
glycoproteins expressed on the surface of HEK 293T cells measured by flow cytometry. Binding is reported as the % PE-positive
cells. (g) Inhibition in binding of previously characterised SARS-CoV-2 neutralising antibodies to S by F(ab)2’ fragments of
representative members of each competition Group. The percentage competition was calculated using the reduction in IgG
binding in the presence of F(ab’)2 (at 100-molar excess of the I1C80) as a percentage of the maximum IgG binding in the
absence of F(ab’)2. Contributions to data collection from Jeffrey Seow, Isabella Huettner, Hataf Khan, Neophytos Kouphou,
Sam Acors, Helena Winstone, Suzanne Pickering, Rui Pedro Galao, Liane Dupont, Maria Jose Lista, Jose Jimenez-Guardefio,
Luke Muir, Weng Ng, Helen Duyvesteyn, Yuguang Zhao and Thomas Bowden.

144 |Page



neutralising mAbs that had been previously described (Figure 5.5g) *°. Seven different competition
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Figure 5.6: SARS-CoV-2 S-specific mAb competition groups and neutralisation capabilities.

(a-c) Inhibition of IgG binding to SARS-CoV-2 S by F(ab),” fragments. Competition groups were determined using Ward2
clustering and clusters were then arranged according to binding epitopes. Experiments were performed in duplicate.
Competition <25% is white. Grey boxes indicate competition not tested. ICso of mAbs targeting either RBD, NTD or non-S1, and
competition Groups 1-7 against (b) SARS-CoV-2 pseudovirus and (c) authentic virus. Black lines represent the median ICso for
each group. ICso values are the average of three independent experiments performed in duplicate. (d—f) Mapping of previously
determined neutralising epitopes on RBD of SARS-CoV-2 S. (d) Surface rendered representation of SARS-CoV-2 S (side view)
showing the RBD (blue), NTD (brown) and S2 (grey) domains. One RBD monomer is in the “up” conformation. Positions of S
mutations relevant to neutralisation escape (N501Y and E484K) are indicated in red. (e) Cartoon representation of S showing
antibody binding footprint for neutralising antibodies as coloured spheres. Epitopes were previously determined using crystal
structures or cryo-electron microscopy of RBD or S-Fab complexes; COVA2-04 (yellow, RBD Class 1, COVA2-39 (purple, RBD
Class 2), S309 (red, RBD Class 3), COVA1-16, and CR3022 (pale green and orange, respectively, RBD Class 4), and PO08_056
(dark blue, NTD Group 6). (f) Surface representation of zoomed in RBD in “up” conformation showing footprint of RBD
neutralising antibodies. (g) Ability of neutralising antibodies and non- neutralising antibodies to inhibit the interaction between
cell surface ACE2 and soluble SARS-CoV-2 S. mAbs (at 600 nM) were pre-incubated with fluorescently labelled S before addition
to Hela-ACE2 cells. The percentage reduction in mean fluorescence intensity is reported. Experiments were performed in
duplicate. (h) Correlation between ICso against pseudovirus and % ACE2 competition. (Spearman correlation, r). A linear
regression was used to calculate the goodness of fit, r>. Adapted from 388555563,568,645,646_ pDB = 6V/SB. Contributions to data
collection from Jeffrey Seow, Isabella Huettner, Hataf Khan, Neophytos Kouphou, Sam Acors, Helena Winstone, Suzanne
Pickering, Rui Pedro Galao, Liane Dupont, Maria Jose Lista, Jose Jimenez-Guardeiio, Luke Muir, Weng Ng, Helen Duyvesteyn,
Yuguang Zhao and Thomas Bowden.
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groups were identified, mAbs in Groups 1-4 were RBD-specific, mAbs in Groups 5-6 were NTD-specific
and there was one mAb in Group 7 that was only specific for S glycoprotein.

Group 1 mAbs competed with CR3022 (isolated from a SARS-CoV patient) and PO54_004 (Group 1)
competed with COVA1-16 (Class 4) (Figure 5.5g) °¢1. Structural studies have shown that CR3022 and
COVA1-16 bind to sites on the RBD that are distal to the receptor binding motif (RBM) (Figures 5.6d-
f) °62, Group 1 mAbs showed limited neutralisation potency, particularly when tested against authentic
virus (Figures 5.6¢). Group 3 was the largest and most potent competition group, it contained 57.8%
of the neutralising mAbs tested via competition ELISA and the highly potent PO0O8_108. P0O08 018
(Group 3) competed strongly with COVA2-04 (Class 1) and moderately with COVA2-39 (Class 2). On
the other hand, PO08 081 (Group 3) only competed weakly with COVA2-39. Class 1 mAbs bind directly
to the RBM, whilst Class 2 mAbs target less or none of the residues in the RBM but maintain their
ability to inhibit S-ACE2 interaction. It was observed that 63.6% of Group 3 members used the VH3-53
and VH3-66 germlines, a feature typical of both Class 1 and Class 2 mAbs (Appendix 7.6 and Figure
5.3a) *7°%%, P054_003 was the only Group 2 mAb and it competed with members of Group 1 and
Group 3, as well as COVA1-16 and COVA2-04. This suggested that Group 2 had an epitope that
overlapped with that of Group 1 and Group 3. Group 4 mAbs were of moderate neutralisation
potency, and competed with COVA2-02 (Class 3) to varying extents. The neutralising epitope of
COVA2-02 is believed to overlap with that of S309 (isolated from a SARS-CoV patient), which targets a
site very distal on the RBD 3%, Some of the RBD-specific mAbs did not compete with any of the mAbs
from previous studies, indicating that there could be differences in the epitope footprint and/or angle
of approach.

Group 5 was made up of three NTD-specific mAbs that had limited neutralisation potency against
pseudovirus (ICso 4.8-21.7ug/mL), and neutralised authentic virus more weakly (ICsp 25.3—-48.8ug/mL)
(Figures 5.6b-c). Conversely, the four mAbs in Group 6 were able to neutralise authentic virus with
greater potency compared to pseudovirus. Structural analysis has shown that PO08_056 (Group 6)
binds to an epitope on the NTD that is adjacent to the B sandwich fold (Figures 5.6d-f) 3. P003_027
(Group 6) competed weakly with COVA2-17, but none of the other NTD-specific mAbs had detectable
competition with COVA2-17 or COVA1-22 (Figure 5.3g). Group 7 contained only PO08_ 060, which
bound S glycoprotein in ELISA but not to S1 or S2 monomers. Additionally, PO08 060 did not compete
with the non-RBD targeting mAbs COVA1-26, COVA1-12, or COVA3-08. Originally, it was considered
that PO08_060 must target a quaternary epitope that spanned multiple protomers, similarly to 2-43
541 However, subsequent structural studies have revealed that PO08_060 binds to an epitope on the
SD1 of the RBD, which was truncated off of the S1 monomers used in this work ¢4,

5.1.8 mAbs inhibit interaction between S glycoprotein and ACE2 to differing extents

To investigate the potential mechanisms of neutralisation in these mAbs, flow cytometry-based assays
were performed. The assays measured the ability of each mAb to prevent interaction between
fluorescently conjugated S glycoprotein and HelLa ACE2 cells (Figure 5.6g). It was shown that Group 3
mAbs were able to inhibit S binding to ACE2 by >99%, indicating that their target epitope was located
directly on the RBM. Of note, the mAbs displaying the best ACE2 competition typically had the highest
neutralistion potency (Figure 5.6h). Resembling CR3022, the Group 1 mAbs had less complete ACE2
competition (88.2%—95.1%), whilst the Group 4 mAbs showed only partial ACE2 competition (43.1%—
82.2%). The Group 5-7 members also showed partial to less complete ACE2 competition (38.4%—
91.8%), whereas non-neutralising S1- and S2-specific mAbs showed negligible ACE2 competition. The
mAbs that did not bind directly to the RBM but inhibited interaction between S and ACE2 may have
done so sterically, or caused conformational changes in S that limited ACE2 binding. For instance,
neutralising mAbs have been reported that lock the RBD in the down conformation, occluding the
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ACE2 binding site >#!. Neutralisation mechanisms beyond receptor binding inhibition should also be
considered, such as inhibiting membrane fusion and S1 shedding >37>%°,

5.1.9 Glycan heterogeneity influences neutralisation potency

As stated previously, some mAbs presented shallow neutralisation curves that plateaued below 100%
and this was generally accompanied by NTD specificity. Comparable neutralisation profiles have been
seen with HIV-1 bnAbs, particularly in those that accommodate or bind to N-linked glycans on Env >,
This phenotype is believed to arise due to glycan heterogeneity, and can be rescued by changing the
composition of Env glycans via glycosidase inhibitors like kifunensine and swainsonine. Kifunensine
inhibits the endoplasmic reticulum mannosidase | enzyme, resulting in only ManyGIcNAc; glycans.
Swainsonine inhibits the Golgi-a-mannosidase Il enzyme, resulting in truncated complex-type glycans
and naturally occurring high-mannose glycans.

The NTD is heavily glycosylated, therefore it was tested whether altering the glycan structure of S
glycoprotein with kifunensine or swainsonine could impact neutralisation activity (Figure 5.7) 334, As
expected, RBD-specific mAbs PO08_015, PO08_087, PO08 090, and PO08_108 were not affected by
this intervention. Conversely, mAbs from Group 5 and Group 7 (PO08_039, PO08_051, PO08_052 and
P0O08_060) displayed enhanced neutralisation against pseudovirus prepared with swainsonine. There
was no change in the neutralisation profile of these mAbs when tested against pseudovirus made with
kifunensine, although a lower infectivity was noted and had been previously reported . Overall, it
would appear that glycan structures can impact neutralising mAb epitope recognition through
modulating S glycoprotein conformation or changing the accessibility of neutralisation sites. This
raises important considerations about the glycan landscape of vaccination candidates.

5.1.10 Some mAbs display cross-reactivity with SARS-CoV
The S glycoprotein and RBD of SARS-CoV and SARS-CoV-2 share 73% sequence homology *¢’. Hence,
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additional pseudovirus neutralisation assays were carried out to determine whether the mAbs could
cross-neutralise particles expressing the S glycoprotein of SARS-CoV. Although neutralising activity
against SARS-CoV was observed for some mAbs, it was typically at a much reduced potency (3 to 65-
fold) compared to SARS-CoV-2 (Appendix 7.6). CR3022 was isolated from a SARS-CoV infected donor,
and has been shown to bind an epitope that is conserved between SARS-CoV and SARS-CoV-2 >,
Despite competing with CR3022, only a single mAb from Group 1 displayed cross-neutralisation.
Further, only one antibody from Group 4 and Group 5 were able to neutralise SARS-CoV pseudovirus.
This suggested that there was a range of molecular contacts in each of the competition groups.
Interestingly, PO08_060 (Group 7) was able to neutralise SARS-CoV more potently (7-fold) than SARS-
CoV-2. Binding to the S glycoprotein of SARS-CoV, expressed on the surface of HEK293T cells, was
detected for the SARS-CoV neutralising mAbs but not for the other non-neutralising members of the
competition groups (Figure 5.3e). In contrast, S2-specific mAbs that were unable to neutralise either
SARS-CoV or SARS-CoV-2, were shown to bind to S glycoprotein of SARS-CoV in this context (Figure
5.3f). This suggested that there was a non-neutralising S2 epitope conserved between SARS-CoV and
SARS-CoV-2. Whether mAbs targeting such an epitope could facilitate effector functions such as ADCC
in vivo remains unknown °%°. Overall, there are conserved neutralising epitopes shared between SARS-
CoV-2 and SARS-CoV located on the RBD and NTD.

5.1.11 Neutralising mAbs from distinct competition groups are differentially impacted by
emerging SARS-CoV-2 variants

The neutralisation potency of the patient plasma, and mAbs from the seven competition groups was
examined using pseudovirus particles bearing S glycoprotein with various mutations (D614G, N501Y,
D614G+AH69/V70 and D614G+AY144), and the B.1.1.7 (a) variant with all eight mutations. In line with
previous reports, the D614G mutation was found to have a limited impact on the neutralisation
activity of most RBD-specific mAbs (Figure 5.8a) >’°. However, it was shown that Group 4 mAbs had a
3 to 22-fold decrease in neutralisation potency, and a Group 1 member (P054_027) had a 25-fold
reduction. Further, Group 5 mAbs displayed a considerable reduction in neutralisation potency against
D614G (19 to 450-fold), and PO08_060 decreased 105-fold. Despite the N501Y mutation being located
in the RBD, the neutralisation potency of the majority of RBD-specific mAbs was unaffected. Yet, the
neutralisation activity of mAbs P003_017 and P008_003 (Group 3) reduced by 25 and 9-fold
respectively, P054_004 and P054_027 (Group 1) decreased by 14 and 8-fold respectively, and
P0O08_087 (Group 4) reduced by 15-fold. The neutralisation potency of NTD-specific mAbs was largely
unaffected by the N501Y mutation, with the exception of P054_021 and P008_007 (Group 6) which
decreased 8 and 17-fold respectively.

The AH69/V70 and AY144 mutations are located in the N1 loop of NTD, and have been linked to viral
evolution in immunocompromised SARS-CoV-2-infected patients >*>°°, D614G+AH69/V70 had a
limited impact on the neutralisation potency of RBD and NTD-specific mAbs (Figure 5.8a). Only
P0O03_027 displayed a decrease in neutralisation activity (16-fold) compared to the D614G variant. On
the other hand, D614G+AY144 abolished Group 6 mAb neutralisation and reduced the potency of
Group 5 members by 7 to 15-fold compared to the D614G variant (Figure 5.8b). Particular RBD-specific
mAbs showed a 6 to 11-fold decrease in neutralisation potency.

Similarly to the D614G+AY144 mutant, Group 6 mAbs were found to be unable to neutralise the
B.1.1.7 (a) variant and Group 5 members showed only weak neutralisation (Figure 5.8a) (1Csp 30-100
pg/mL). The most potent RBD-specific mAbs in Group 3 and Group 4 displayed no reduction in
neutralisation potency when tested against the B.1.1.7 (a) variant. PO08_081 and P054_022 (Group
3) showed a 6 and 18-fold decrease in neutralisation activity against B.1.1.7 (a) respectively, but
maintained ICso values between 0.34-2.8ug/mL. Conversely, PO03_017 (Group 3) and P054_027
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(Group 1) presented the greatest reduction in neutralisation potency against B.1.1.7 (a), with weak
neutralisation measured at 50pg/mL.

The E484K mutation has been observed in the B.1351 variant, which was prevalent in South Africa at
the time of this work *®°71, This mutation had also been found in combination with the B.1.1.7 (a)
mutations in the UK >°2, To investigate if this extra mutation would result in escape from RBD-specific
mAbs, neutralisation potency was measured against pseudovirus with the B.1.1.7+E484K S
glycoprotein (Figure 5.8a). As expected, the neutralisation of the NTD-specific mAbs was largely
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Figure 5.8: Impact of B.1.1.7 (a) and S related variants on the neutralisation potency of mAbs.

(a) Fold change in neutralisation potency for D614G and N501Y mutations compared to authentic S, and D614G+AH69/V70,
D614G+AH69/V70, B.1.1.7 (&) and B.1.1.7+E484K variants compared to D614G S. Black lines represent the mean fold change
for each competition Group. ICso values were calculated from two independent experiments and used to calculate fold change.
(b) Example neutralisation curves for Group 3, 4, 5, and 6 nAbs against S variants. (c) Neutralisation activity of PO08 and P054
plasma against S variants at B-cell sorting time point. Contributions to data collection from Jeffrey Seow, Isabella Huettner,
Hataf Khan, Neophytos Kouphou, Sam Acors, Helena Winstone, Suzanne Pickering, Rui Pedro Galao, Liane Dupont, Maria Jose
Lista, Jose Jimenez-Guardefio, Luke Muir, Weng Ng, Helen Duyvesteyn, Yuguang Zhao and Thomas Bowden.
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unchanged compared to the B.1.1.7 (a) variant. Group 3 mAbs, which competed directly with ACE2
and were therefore the most likely to be impacted by the E484K mutation, showed a variety sensitivity
to B.1.1.7+E484K. P054_022, PO03_017, and PO08_003 could not neutralise B.1.1.7+E484K, whilst the
rest of Group 3 had slightly decreased neutralisation potencies compared to D614G (4 to 9-fold)
(Figure 5.8b). The Group 4 mAbs showed modest reductions in neutralising activity compared to
D614G (3 to 9-fold), except for PO08_015 which had a >500-fold decrease in neutralisation. Of note,
some of the RBD-specific mAbs were still able to neutralised B.1.1.7+E484K with 1Cso values as low as
0.008pg/mL.

Despite the reductions or losses of neutralisation potency for particular mAbs described above, PO08
plasma (61 days POS) only showed an 8-fold decrease in neutralising activity against B.1.1.7 (a; Figure
5.8c). For P054 (48 days POS), no such reduction was observed against B.1.1.7 (a) but an 8-fold
decrease in neutralisation potency was found against B.1.1.7+E484K. Unfortunately, there was not
enough plasma available to test PO03 with these mutants or variants, or PO08 with B.1.1.7+E484K.
Due to the low sample number, statistical analysis was not performed on this data. Nonetheless, the
samples examined suggested that the polyclonal nature of the neutralising antibody response is able
to overcome the mutations found in the B.1.1.7 (a) variant. Overall, the NTD-specific mAbs displayed
the largest reductions in neutralisation activity against B.1.1.7 (a), which was mediated by the AY144
mutation. Although the neutralisation potency of some RBD-specific mAbs was impacted, potent
neutralisation was still observed, even against B.1.1.7+E484K.

5.1.12 Discussion

Antigen specific B-cell sorting enabled the isolation of SARS-CoV-2 S-specific neutralising and non-
neutralising mAbs from three convalescent subjects, each of which had experienced a different level
of COVID-19 illness severity. In corroboration with previous studies, it was found that the antibody
response to SARS-CoV-2 was highly diverse, not restricted to specific germline genes and did not
require much SHM to enable neutralisation 94921 Antibodies targeting RBD, NTD and non-S1
epitopes were identified in each of the donors. Interestingly, the neutralising mAb with the highest
potency (PO08_108, with ICso 2.3ng/mL against authentic virus) was isolated from an asymptomatic
subject that showed very low serum neutralising activity. Similar findings have been reported,
indicating that the low neutralisation potency observed in asymptomatic or low severity individuals is
due to the low quantity of neutralising antibodies in plasma, opposed to the sub-optimal potency of
individual mAbs %7, Further, this suggests that memory responses are not proportional to the
antibodies present in the plasma of a patient, following the initial plasmablast burst. In the event of a
re-exposure, subjects would be expected to generate highly potent neutralising antibodies >,

The S glycoprotein was selected as the sorting bait to allow isolation of mAbs that target epitopes
beyond the RBD, and enable the examination of their importance in regards to viral evolution. The
RBD-specific neutralising mAbs bound to epitopes similar to those described previously, with some
directly inhibiting ACE2 interactions via targeting the RBM and others binding epitopes more distally
490492541 - Of the mAbs isolated, ~1:3 were NTD-specific, of which only 28.5% were capable of
neutralisation. The neutralising NTD-specific mAbs formed two distinct competition groups. The NTD-
specific Group 6 mAbs were able to neutralise authentic virus more potently than pseudovirus.
Assuming the structural conformations and dynamics of the S glycoproteins found on the authentic
and pseudovirus particles were the same, the dissimilarities in neutralisation could have arisen for a
number of reasons. These include differences in S glycoprotein density, S glycoprotein glycan
heterogeneity and differences in the levels of ACE2 expressed on the surface of the target cells
employed for the neutralisation assays. At the time of this work, PO08_056 was one of the most potent
NTD-specific neutralising mAbs reported (ICso 14ng/mL against authentic virus), and it was in line with

150 |Page



some of the most potent RBD-specific mAbs identified here >%°, Analysis of the structure of PO08_056
Fab in complex with S glycoprotein showed that this mAb binds to the distal face of the NTD, inducing
considerable conformational changes within this domain. Interestingly, biliverdin (a haem metabolite)
has been shown to occupy a cleft in the vicinity of the epitope of PO08_056. It was revealed that
biliverdin supresses P008_056 binding to S glycoprotein, and substantially reduces its neutralising
activity against authentic virus °®3. Therefore, the differences in the Group 6 neutralisation profiles
against pseudovirus and authentic virus could have resulted from varying levels of biliverdin
occupation in the S glycoprotein. The NTD-specific Group 5 mAbs were less potent compared to Group
6 and displayed atypical neutralisation curves. However, the neutralising activity of these mAbs was
enhanced by reducing the size and/or the composition of the N-glycans found on S glycoprotein via
preparation of pseudovirus in the presence of swainsonine. The NTD is heavily glycosylated and
smaller glycans would be expected to increase the accessibility of the protein epitopes to mAbs, and
therefore improve binding and neutralisation potency 334,

Many S-specific mAbs isolated here showed no neutralising activity, signifying the presence of
immunodominant non-neutralising epitopes on the RBD, NTD and S2. Non-neutralising S2-specific
mAbs were shown to cross-react with cells expressing the S glycoprotein of SARS-CoV. Further, the S2
subunit has been shown to be more conserved than S1 amongst coronaviruses °’2. Since these mAbs
can target cell-surface expressed S glycoprotein, it was considered that they may play a role in Fc
effector functions such as ADCC and aid in viral clearance °%. Interestingly, one S2-specific mAb
(PO08_023) has been shown to be capable of triggering antibody-dependent NK cell activation
(typically precedes ADCC) against SARS-CoV-2 infected cells, as well as causing the release of the
proinflammatory cytokine TNFa. However, the NK cell responses generated by P008 023 were
substantially lower compared to those generated by polyclonal serum from an infected donor, making
the importance of such antibodies in this process uncertain °’3. Importantly, a pre-fusion S
glycoprotein was used to isolate mAbs in this project, and this conformation may have not exposed
the S2 neutralising epitopes that are found in nature. A study has shown that neutralising mAbs that
are S2-specific can be generated through immunisation with recombinant S2 subunit immunogens 74,

At the time of this work, SARS-CoV-2 variants with multiple S glycoprotein mutations were rapidly
emerging globally. There were concerns over whether antibodies produced against the ancestral
strain would be able to provide protection against these new VOCs. The B.1.1.7 (a) variant could still
be potently neutralised by most of the RBD-specific mAbs isolated here, but was resistant to NTD-
specific mAbs. These findings were supported by other publications released around the time %575, |t
was observed that the AY144 deletion of the B.1.1.7 (a) variant mediated escape from neutralisation
by NTD-specific Group 6 mAbs. Analysis of the structure of PO08_056 Fab in complex with S
glycoprotein showed that Y144 resides in a loop that needs to undertake conformational
rearrangement to enable access to the PO08_056 epitope. The AY144 deletion has also been found to
abrogate the binding of other NTD-specific mAbs such as S2M28, S2X28, S2X333, and 4A8 54*5%0, The
A242-244 deletion of the B.1.351 (B) variant had also been shown to reduce the binding of NTD-
specific mAbs 4A8 and 4-8 >¢>" |t could not be concluded from this data whether the NTD mutations
were being selected as a result of NTD-specific neutralising mAbs and/or were enhancing viral
functionality leading to increased transmission >, The NTD deletions of B.1.1.7 (a; AH69/V70 and
AY144) had also been found in immunocompromised subjects receiving passive immunotherapy,
whilst infected with SARS-CoV-2 for an extended period of time >#->°1, More research is required to
understand what drives the accumulation of mutations in the S glycoprotein that are observed in
circulating VOCs.
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Although there was a loss in NTD-specific neutralisation against B.1.1.7 (a), neutralisation by RBD-
specific mAbs was largely unchanged. When there was a RBD-specific reduction, the neutralisation
potency remained in the range of 0.001-5ug/mL for most of the mAbs. The decrease in RBD-specific
neutralising activity seen against B.1.1.7 (a) was lower than what had been observed for mAbs against
the B.1.351 (B) variant >*>7%, The B.1.351 (B) variant has extra RBD mutations (K417N and E484K), and
they have been linked to viral escape from RBD-specific mAbs %577 | Notably, PO08 plasma
neutralisation against the B.1.1.7 (a) variant was still detectable despite an 8-fold reduction, whereas
P0O54 plasma neutralisation was unaltered. This suggested that although neutralisation of B.1.1.7 ()
was abolished for some mAbs targeting specific epitopes, more mutations would be needed for
complete escape from neutralisation by the polyclonal plasma of these subjects. This finding has been
supported by larger scale studies that have investigated neutralising responses in convalescent plasma
552554578 Additional reductions in neutralisation potencies were observed in plasma and for some RBD-
specific mAbs when the E484K mutation was added to the B.1.1.7 (a) variant, but this was not enough
to invoke wide-spread resistance. However, more highly divergent VOCs have since emerged such as
B.1.1.529 (o), in which almost complete viral escape can be observed in convalescent donors and
vaccine recipients >”°.

In summary, potent neutralising mAbs were isolated from three convalescent subjects that had
experienced different disease severities. The RBD was found to be the dominant target of the
neutralising mAbs, with the NTD acting as a subdominant epitope. The neutralising mAbs were
separated into seven distinct competition groups, and were shown to inhibit ACE2 interaction with S
glycoprotein to varying degrees. The neutralisation potency of some NTD-specific mAbs was impacted
by glycan heterogeneity, whilst others were found to neutralise authentic virus considerably more
potently than pseudovirus. The B.1.1.7 (a) variant was resistant to NTD-specific mAbs, this highlighted
the importance of researching the dominant and subdominant neutralising epitopes present on S
glycoprotein when investigating viral evolution and antigenic drift.
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5.2 Neutralising mAbs isolated from an individual vaccinated with ChAdOx1-nCoV

5.2.1 Introduction

By the time of this work, many mAbs had been isolated from subjects infected with SARS-CoV-2, and
this had led to a better understanding of the neutralising responses generated following infection. It
had been shown that there were neutralising epitopes located on the RBD, NTD and S2 490492574580,
The RBD was the dominant target of the neutralising mAbs, and the NTD acted as a subdominant
epitope 881 |t was known that there were four distinct neutralising epitopes present on the RBD,
some of which were able to inhibit the interaction of S glycoprotein with ACE2 >*%°%2_ Further, several
non-overlapping neutralising epitopes had been identified in the NTD, and mAbs targeting this region
had been shown to often be susceptible to viral mutations found in VOCs 60580582 Many non-
neutralising mAbs had also been isolated following SARS-CoV-2 infection, but the biological function
of these molecules was not fully understood 57358358 Collectively, the study of antibody responses at
the monoclonal level had enabled the production of an antigenic map of the S glycoprotein 88,
However, it was not known whether COVID-19 vaccinations were able to generate neutralising
antibodies targeting similar epitopes to those seen in convalescent individuals.

As a result of the emergence of SARS-CoV-2 in the human population, COVID-19 vaccines were rapidly
developed and administered globally. The majority of licensed vaccines used the S glycoprotein as an
antigen to stimulate humoral and cellular responses, and had shown promising efficacies in phase llI
trials 395396406 However, concerns were raised on how vaccine efficacy would be impacted by newly
emerging VOCs, such as B.1.1.7 (a), B.1.351 (B), P.1 (y), B.1.617.2 (6) and B.1.1.529 (o), which carried
several mutations in their S glycoprotein. Studies showed that neutralisation activity could still be
detected in the sera of most double-vaccinated subjects, although at a decreased potency 55%°3:587,588
Real-world data suggested that the COVID-19 vaccines were still highly effective at preventing severe
disease and hospitalisation in areas where VOCs were prevalent 58591,

The ChAdOx1-nCoV vaccine is a replication-defective chimpanzee adenovirus-vectored vaccine that
carries genetic material encoding the full-length ancestral S gene %, The ChAdOx1-nCoV vaccine was
delivered via a prime-boost strategy, with some countries, including the UK, adopting an extended 8-
12 week dose interval, as opposed to the original 3-4 week dose interval >°2, Vaccination with
ChAdOx1-nCoV was paused in March 2021, due to reports of rare blood clotting events in vaccine
recipients. By June 2021, it was decided that the benefits of the ChAdOx1-nCoV vaccine outweighed
the potential risks, and many countries continued its administration. However, some nations
recommended that individuals that had been given a single dose of ChAdOx1-nCoV, instead receive
an mRNA-based vaccine boost °%. At the time of this work, numerous studies had isolated mAbs
generated by mRNA vaccines, but the antibody response to ChAdOx1-nCoV had not been assessed at
the monoclonal level >°*>%, This was perhaps a result of ChAdOx1-nCoV having a lower efficacy, the
aforementioned disruptions in vaccine rollout and the geographical location of laboratories that
perform mAb isolation work. Therefore, research was required on how mAbs isolated from a
ChAdOx1-nCoV vaccine recipient compared to those that had been identified in convalescent donors
or individuals that had received an mRNA vaccine.

Overall, the specific aims of this section were to:

. Perform antigen-specific B-cell sorting on the available donor, generating a functional
mAb library.

. Assess the S glycoprotein binding IgG* B-cells present in sequential PBMCs samples.

. Sequence variable regions of mAbs, and examine features such as germline gene usage,

level of SHM and CDRH3 length.
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. Characterise the regions of S glycoprotein bound by mAbs through ELISA, and measure
neutralisation capability using pseudovirus and authentic virus neutralisation assays.

. Perform competition ELISAs on neutralising mAbs to identify which neutralising epitopes
are targeted by mAbs

. Investigate the ability of the mAbs to inhibit interactions between S glycoprotein and
ACE2.

. Inspect the impact of S glycoprotein mutations from recent VOCs on the neutralising
activity of the ChAdOx1-nCoV recipient plasma and mAbs.

. Revert selected mAb variable regions to a germline configuration and examine the impact

on binding, as well as neutralisation breadth and potency.

5.2.2 Human subject and ethics

This study used human samples from one donor collected as part of a study entitled ““Antibody
responses following COVID-19 vaccination”. Ethical approval was obtained from the King’s College
London Infectious Diseases Biobank (IBD) (KDJF-110121) under the terms of the IDB’s ethics
permission (REC reference: 19/5C/0232) granted by the South Central Hampshire B Research Ethics
Committee in 2019. VA14 was male and 23 years old.

5.2.3 Plasma binding and neutralisation potency after ChAdOx1-nCoV vaccination

Plasma and PBMCs were collected from donor VA14 (white male of 23 years) at 4 months (timepoint
1, TP1) and 9 months (TP2) post-vaccination with two doses of ChAdOx1-nCoV, given at a 12 week
interval (Figure 5.9a). VA14 was considered to be SARS-CoV-2 naive, based on regular PCR self-testing
and N-specific IgG being undetectable in plasma samples via ELISA. Plasma IgG reactivity against S
glycoprotein was confirmed by ELISA, with binding titres reducing between TP1 and TP2 (Figure 5.9b).
Semi-quantitative ELISAs were also carried out, with 0.39ug/mL and 0.17pg/mL being measured at
TP1 and TP2 respectively.

The neutralisation potency of the plasma samples was examined using neutralisation assays with
ancestral and VOCs pseudoviruses, or authentic virus. Neutralising activity was low at TP1 with IDsg
values of ~100 against WT and P.1 (y), and was reduced against B.1.1.7 (a), B.1.351 (B) and B.1.617.2
(6; Figure 5.9¢). Even though weak binding to S glycoprotein was measured at TP2, neutralisation was
not detectable against any of the pseudoviruses tested (IDsp <20) (Figure 5.9d). Similarly, plasma
neutralisation potency at TP1 was low and was undetectable at TP2 (IDso <10) against authentic virus
(Figure 5.9e).

5.2.4 S glycoprotein reactive B-cells detected up to 1 year following ChAdOx1-nCoV vaccination
The proportion of S glycoprotein binding IgG B-cells present at TP1 and TP2 was determined via flow
cytometry. It was observed that 0.25% of the IgG B-cells at TP1 were S glycoprotein reactive (Figure
5.9f). Despite showing weaker 1gG binding and undetectable neutralising activity, 0.27% of IgG B-cells
were S glycoprotein reactive at TP2.

5.2.5 ChAdOx1-nCoV vaccination elicits antibodies targeting epitopes on S, NTD, RBD and S2
Antigen-specific B-cell sorting was used to select RBD or S glycoprotein reactive B-cells from TP1
PBMCs. Using the same mAb cloning and production pipeline described previously (section 4.1.3), a
total 44 S glycoprotein targeting ChAdOx1-nCoV-elicited mAbs were isolated from VA14.

ELISAs were performed to measure mAb binding to S, RBD, NTD, S1 and S2 antigens (Figure 5.10a). Of
the 40 mAbs sorted using S glycoprotein bait, 45% were RBD-specific, 35% were NTD-specific, 17.5%
were S2-specific and 2.5% were only specific for S antigen (Figure 5.10b). An extra four mAbs were
isolated from VA14 using a RBD bait, all of which were shown to be RBD-specific by ELISA. Of note, a
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similar distribution of mAbs targeting S, RBD, NTD, and S1 antigens was observed in convalescent
donors (P008 and P054) >,
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Figure 5.9: Summary of VA14 vaccine doses and bleeds, plasma binding, plasma neutralisation and S-reactive B-cells.

(a) Timeline of ChAdOx1 nCoV-19 vaccination, and blood sampling for donor VA14. (b—d) Plasma IgG binding to S at TP1
(4 months post-booster) and TP2 (9 months post-booster). Plasma-neutralising activity against HIV-1-based virus particles,
pseudotyped with the Wuhan (WT), B.1.1.7 (a), P.1 (y), B.1.351 (8) and B.1.617.2 (6) S at (c) TP1 and (d) TP2. Experiments
were performed in duplicate and repeated twice. A representative dataset is shown. Error bars represent the range of the
value for experiments performed in duplicate. (e) Plasma neutralising activity against SARS-CoV-2 (England
02/2020/407,073) at TP1 and TP2. Experiments were performed in duplicate. (f) FACS showing percentage of CD19* IgG* B-
cells binding to SARS-CoV-2 S at TP1 and TP2. A healthy control PBMC sample collected prior to the COVID-19 pandemic was
used to measure background binding to S. Contributions to data collection from Jeffrey Seow, Sadie Hallett, Thomas
Lechmere, Thomas Maguire, Isabella Huettner, Daniel Cox, Hataf Khan and Suzanne Pickering.
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5.2.6 ChAdOx1-nCoV vaccination elicits neutralising and non-neutralising antibodies that
target epitopes across S glycoprotein

The neutralisation potency of the ChAdOx1-nCoV-elicited mAbs isolated from VA14 was determined
using neutralisation assays, with pseudovirus expressing ancestral SARS-CoV-2 S glycoprotein. It was
found that 59.1% of the mAbs had neutralising activity, of which 80.8% were RBD-specific, 15.5% were
NTD-specific and 3.8% were only specific for S antigen (Figure 5.10a). Further, 95.5% of the RBD-
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Figure 5.10: ChAdOx1 nCoV-19 elicited neutralising and non-neutralising antibodies to RBD, NTD, S1, and S2 domains of S.
(a) Heatmap showing IgG expression level and binding to SARS-CoV-2 S domains, RBD, NTD, S1, and S2. The figure reports OD
values from a single experiment (range 0-2.5) for undiluted supernatant from small-scale expressions of 44 cloned mAbs.
Antigen binding was considered positive when OD at 405 nm was >0.2 after background was subtracted. SARS-CoV-2 S domain
specificity for each antibody is indicated. Neutralising activity was measured against WT pseudotyped virus using either small-
scale purified IgG or concentrated supernatant. (b) Frequency of neutralising and non-neutralising antibodies targeting RBD,
NTD, S-only, or S2. Graph includes only mAbs isolated using S as antigen bait for B-cell sorting. (c) Neutralisation potency (ICso)
against WT pseudotyped virus for mAbs targeting RBD, NTD, or non-S1. The black line represents the geometric mean ICs.
Neutralisation experiments were performed in duplicate and carried out at least twice. Contributions to data collection from
Jeffrey Seow, Sadie Hallett, Thomas Lechmere, Thomas Maguire, Isabella Huettner, Daniel Cox, Hataf Khan and Suzanne
Pickering.
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specific mAbs and 38.6% of the NTD-specific mAbs were neutralisers, whilst none of the S2-specific
mAbs had neutralisation capability (Figure 5.10b). The neutralisation potencies of the mAbs against
WT pseudovirus ranged from 0.01-7.3ug/mL, and the RBD-specific mAbs had a lower geometric mean
ICso compared with NTD-specific mAbs (Figure 5.10c). Overall, in this subject the RBD was the
dominant target of the neutralising mAbs and the NTD acted as the subdominant epitope, similarly to
what was observed in convalescent donors 3460580,

5.2.7 ChAdOx1-nCoV-elicited mAbs are more highly mutated than mAbs from natural infection
The V4 and V. genes of the mAbs were sequenced, and the predicted germline gene usage, %SHM and
CDRH3 lengths were analysed using the IMGT database %*3. Mean SHM levels of 4.9% and 2.8% were
found for the Vy and V. genes respectively (isolated at 4 months post-vaccination), which was higher
than what was observed in the convalescent donors (1.9% and 1.4% for Vi and V., respectively) (Figure
5.11a) %, Notably, three pairs of clonally related mAbs were identified from VA14 (Figure 5.12a).

The germline gene usage and divergence from germline of neutralising and non-neutralising VA14
mAbs was compared to a database of SARS-CoV-2 targeting mAbs (n = 1,292) isolated from
convalescent donors, and variable region sequences of paired IgG BCRs from healthy individuals (n =
862) >75% Unfortunately, the SARS-CoV-2 mAb database only listed amino acid sequences, therefore
the divergence from germline was examined at the amino acid level. The amino acid divergence from
germline correlated well with the nucleotide %SHM (r? =0.8196, P < 0.0001 and r>=0.7701, P < 0.0001
for Vi and V. respectively) (Figure 5.12b). The ChAdOx1-nCoV-elicited mAbs from VA14 showed
statistically higher amino acid divergence from germline compared to the SARS-CoV-2 convalescent
mAb database, but had a similar level to what was seen in the healthy donor BCRs (Figures 5.11b-c).
With the exception of the Vi genes from the SARS-CoV-2 convalescent mAb database, the levels of
amino acid divergence from germline did not significantly differ between binding and neutralising
mAbs (Figure 5.12c).

VH3-30 and VH3-53 germline genes were enriched in both SARS-CoV-2 infection and ChAdOx1-nCoV-
elicited mAbs, and this has also been seen in SARS-CoV-2 mRNA vaccine-elicited mAbs (Figure 5.11d)
%1t was found that 14.3% of the RBD-specific neutralising mAbs used the VH3-53/3-66 germlines,
which have been associated with mAbs that bind directly to the RBM %% There was an enrichment
of VH3-15, VH3-48, VH4-34, and VH4-59 germlines in the ChAdOx1-nCoV-elicited mAbs compared to
the SARS-CoV-2 convalescent mAbs. The germlines VK3-20, VK1-39, VK3-15 and VK1-33 were enriched
in the ChAdOx1-nCoV-elicited mAbs compared to the healthy donor BCRs (Figure 5.11e).

5.2.8 ChAdOx1-nCoV-elicited neutralising mAbs bind epitopes overlapping with mAbs
generated in response to SARS-CoV-2 infection

To examine the epitopes targeted by the ChAdOx1-nCoV-elicited neutralising mAbs, competition
ELISAs with S glycoprotein were performed against previously characterised neutralising mAbs
isolated from convalescent donors >, ChAdOx1-nCoV-elicited mAbs IgG molecules were competed
against F(ab’), fragments that were representative of the previously identified competition Groups 1-
7. In addition, the ability of the neutralising mAbs to inhibit interaction between S glycoprotein and
the ACE2 receptor was tested using flow cytometry.

It was found that ~19%, ~5, ~14% and ~62% of the RBD-specific neutralising mAbs isolated from VA14
competed with Group 1 (Class 4), Group 2 (overlaps Class 4 and Class 1), Group 3 (Class 1 and Class 2)
and Group 4 (Class 3) respectively (Figures 5.13a and Figure 5.13e). The Group 1 competing mAbs
displayed a wide range of neutralisation potencies and competed with ACE2 to varying degrees
(Figures 5.13c-d). There was only one neutralising mAb (VA14_26) that competed with Group 2, it
showed modest neutralisation potency and strong ACE2 competition. The Group 3 competing mAbs
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used VH3-53/VH3-66 germlines, had the best mean neutralisation activity and competed strongly with
ACE2. The majority of the VA14 RBD-specific mAbs competed with Group 4, with modest to potent
neutralisation activity and a range of ACE2 competition levels.

The NTD-specific mAbs isolated from VA14 formed three competition groups (Figure 5.13b). The
weakly neutralising mAbs VA14 21 and VA14_22 competed with Group 5, and were able to inhibit
ACE2 interaction by 51%—-58% (Figures 5.13c-d). The non-neutralising mAbs VA14_25 and VA14 58
competed with Group 6, and displayed weak ACE2 competition. Interestingly, VA14_16 and VA14_68
did not compete with any of the previously identified NTD-specific mAbs and could be considered as
a novel group (Group 8). Group 8 showed better neutralisation potency against WT pseudovirus
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Figure 5.11: ChAdOx1 nCoV-19 mAb SHM and germline usage compared to natural infection and healthy subjects.

(a—c) Truncated violin plot showing the percentage of nucleotide mutation compared with germline for the Vy and V, genes
of S-reactive mAbs isolated following ChAdOx1 nCoV-19. Divergence from germline (based on amino acid alignments) for Vi,
and V| genes for S-reactive mAbs from natural infection, ChAdOx1 nCoV-19 vaccination, and IgG BCRs from SARS-CoV-2-naive
individuals. D’Agostino and Pearson tests were performed to determine normality. Based on the result, a Kruskal-Wallis test
with Dunn’s multiple comparison post hoc test was performed. “p < 0.0332, **p < 0.0021, ***p < 0.0002, and ****<0.0001. (d-
e) Graph showing the relative abundance of Vy and V, genes in mAbs elicited from ChAdOx1 nCoV-19 vaccination compared
with SARS-CoV-2 infection mAbs and IgG BCRs from SARS-CoV-2-naive individuals. Two-sided binomial tests were used to
compare the frequency distributions. *p < 0.0332, *p < 0.0021, ***p < 0.0002, and ****<0.0001. Contributions to data collection
from Jeffrey Seow, Sadie Hallett, Thomas Lechmere, Thomas Maguire, Isabella Huettner, Daniel Cox, Hataf Khan and Suzanne
Pickering.
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compared to the NTD-specific mAbs isolated previously from convalescent donors, and competed with
ACE2 weakly.

Only one mAb (VA14_47) capable of competing with Group 7 was isolated from VA14 (Figure 5.13b).
VA14_47 has low neutralisation activity and competed ACE2 interaction by 59% (Figures 5.13c-d).
Antibodies targeting this epitope appear to be rarer, but have been found in multiple donors.

5.2.9 ChAdOx1-nCoV-elicited neutralising mAbs cross-neutralise SARS-CoV-2 VOCs

At the time of this work five VOCs had been identified, these included B.1.1.7 (a), B.1.351 (B), P.1 (y),
B.1.617.2 (6) and B.1.1.529 (o). Previous work had shown that mutations in B.1.1.7 (a) impacted the
neutralisation capability of specific neutralising mAbs isolated from convalescent donors >*¢>8, The S
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Figure 5.12: ChAdOx1 nCoV-19 elicited mAbs, binding or neutralising, SHM compared to natural infection.

(a) Clonally related mAbs isolated from VA14. (b) Correlation between the % nucleotide mutation and % amino acid
mutation for Vy and V, germline for ChAdOx1 nCoV-19 elicited mAbs (Spearman correlation, two-tailed, r). A linear
regression was used to calculate the goodness of fit, r2. (c) Divergence from germline (based on amino acid
alignments) for Vu and V. genes for S-reactive mAbs arising from natural infection and ChAdOx1 nCoV-19
vaccination. S-reactive mAbs have been separated based on their binding and neutralising properties.
D’Agostino & Pearson tests were performed on each dataset to determine normality. Based on the result, either
a Kruskal-Wallis test with Dunn’s multiple comparison post hoc test or an ordinary one-way ANOVA with
Turkey’s multiple comparison post hoc test was performed. *p<0.0332, **p<0.0021, ***p<0.0002 and
**¥%<0.0001. Contributions to data collection from Jeffrey Seow, Sadie Hallett, Thomas Lechmere, Thomas Maguire, Isabella
Huettner, Daniel Cox, Hataf Khan and Suzanne Pickering.
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glycoproteins of the VOCs carry mutations located across the RBD, NTD and S2 (Figure 5.14a). Some
RBD mutations are found in multiple variants, for instance B.1.1.7 (a), B.1.351 (B), P.1 (y) and B.1.1.529

RBD binders F(ab')2
a “\"'5\0&7'%"’&%"'5‘8\'@ c

o oQ' Q@QB% S S SIS 1001
Groups
VA14_43
VA14_R37
VA14_R33
VA14_26
VA14_61
VA14_33
VA14_49
VA14_65
VA14_27
VA14_R38 100
VA14_50
VA14_67
VA14_36
VA14_10
VA14_9 40

VA14_7

20
VA14_19
0

HEN

VA14_1

. mAb
HE

1Cs0 (Log)

0176 ey ®

0.01-

NUYDY ™o o0A R

Competition Group

o

VA14 mAbs

80

60

% ACE2 competition

VA14_41
VA14_4 | ]
VA14_R39 e
COVA2-39
COVA1-16 ' Group 3
% Competition Groups CR3022 Group 1\ ,
i 1 Group 1 <
Non-RBD binders F(ab')2 00 - 1 Q409 COVA2-04
’ y %%{L%%\% Q‘b/\ %%b"ob'q/‘b{i\%ﬁg 2
7, e 7/
o‘°°<2° Q@ Qc“ & Qo° S 80 -

Groups - 3
P008_56

VA14_21 60 I:I 4 e §
VA14_22 3

VA14_58 Eiﬁ w© |:| 5
VA14_25 ]

VA14_47 B I:l e
VA14_16 20 I:l ,

VA14_68
M
0

VA14 mAbs

Figure 5.13: ChAdOx1 nCoV-19 neutralising mAbs epitopes compared to those elicited following natural infection.

(a-b) Competitive binding of ChAdOx1 nCoV-19 and SARS-CoV-2 infection-elicited neutralising antibodies. Inhibition of IgG
binding to S by F(ab),’ fragments was measured. The percentage of competition was calculated using the reduction in IgG
binding in the presence of F(ab’), (at 100 molar excess of the ICso) as a percentage of the maximum IgG binding in the absence
of F(ab’),. Competition was measured between RBD-specific and NTD-specific/S-only neutralising mAbs. Competition groups
were determined according to binding epitopes. Experiments were performed in duplicate. Competition <25% is in white. (c)
The ICsp of mAbs targeting RBD, NTD or non-S1, and competition groups 1-8 against SARS-CoV-2 WT pseudotyped virus. The
black lines represent the geometric mean ICso for each group. Neutralisation experiments were performed in duplicate and
carried out at least twice. (d) Ability of neutralising mAbs to inhibit the interactions between cell surface ACE2 and soluble
SARS-CoV-2 S. Neutralising mAbs (at 600 nM) were pre-incubated with fluorescently labelled S before addition to HeLa-ACE2
cells. The percentage reduction in mean fluorescence intensity is reported. Experiments were performed in duplicate. (e)
Mapping of previously determined neutralising and non-neutralising epitopes on SARS-CoV-2 S. Cartoon representation of S
showing antibody-binding footprint for neutralising antibodies used in competition ELISA as coloured spheres. Epitopes were
previously determined using crystal structures or cryo-electron microscopy of RBD or S-Fab complexes; COVA2-04 (gold, group
2 [RBD Class 1]), COVA2-39 (grey, group 3 [RBD Class 2]), S309 (orange, group 4 [RBD Class 3]), COVA1-16 and CR3022 (dark
blue and turquoise, group 1 [RBD Class 4]), and PO08_056 (green, NTD group 6). Adapted from 388555563,565,645,646_ PDB = 6\/SB.
Contributions to data collection from Jeffrey Seow, Sadie Hallett, Thomas Lechmere, Thomas Maguire, Isabella Huettner,
Daniel Cox, Hataf Khan and Suzanne Pickering.
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(o) all encode the N501Y mutation. However, mutations in the NTD vary substantially across VOCs and
can include indels. The B.1.1.529 (o) has over >30 mutations, and had been shown to escape
neutralisation by multiple SARS-CoV-2-specific mAbs and the sera of COVID-19 vaccine recipients
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Figure 5.14: Cross-reactivity of ChAdOx1 nCoV-19 generated mAbs against VOCs.

(a) Schematic showing mutations present in the S of SARS-CoV-2 viral VOCs. (b) Neutralisation by RBD-specific neutralising
mAbs isolated following ChAdOx1 nCoV-19 vaccination or SARS-CoV-2 infection against main VOCs. Neutralising mAbs are
separated by competition group (groups 1-4). (c) Neutralisation by NTD-specific neutralising mAbs isolated following
ChAdOx1 nCoV-19 vaccination or SARS-CoV-2 infection against main VOCs. Neutralising mAbs are separated by competition
group (groups 5, 6, and 8). (d) Neutralisation by S-only-specific neutralising mAbs isolated following ChAdOx1 nCoV-19
vaccination or SARS-CoV-2 infection against main VOCs. Neutralisation experiments were performed in duplicate and carried
out at least twice. (e-f) Fold enhancement or reduction in neutralisation ICso against VOCs compared with the ICsp against WT
for ChAdOx1 nCoV-19-elicited mAbs and infection mAbs. The dotted line indicates a 3-fold reduction or enhancement in
neutralisation. Contributions to data collection from Jeffrey Seow, Sadie Hallett, Thomas Lechmere, Thomas Maguire, Isabella
Huettner, Daniel Cox, Hataf Khan and Suzanne Pickering.
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386599601 Hence, the neutralising mAbs from VA14, and representative mAbs from convalescent
donors, were assessed using neutralisation assays with pseudovirus particles bearing the S
glycoprotein of several SARS-CoV-2 variants.

All of the VA14 Group 1 mAbs were able to neutralise the B.1.1.7 (a), B.1.351 (B), P.1 (y) and B.1.617.2
(6) variants without losing neutralisation potency (Figure 5.14b). However, neutralisation activity
against the B.1.1.529 (o) strain was reduced in all of the mAbs from this group, with total escape
observed in three members. Similarly, VA14_ 26 (Group 2) was able to cross-neutralise all of the VOCs
with the exception of B.1.1.529 (o), in which neutralisation was abolished. The VA14 Group 3 mAbs
were able to potently neutralise all of the VOCs, with two members showing enhanced neutralisation
of the B.1.351 (B), P.1 (y) and B.1.1.529 (o) variants. The VA14 Group 4 mAbs were more varied in their
ability to neutralise VOCs. It was observed that ~46% of this group were able to cross-neutralise all of
the VOCs without a reduction in potency. Conversely, the remaining ~54% of this group displayed a
>3-fold decrease in neutralising activity against at least one VOC, with the largest reductions being
found against B.1.351 (B), B.1.617.2 (8) and B.1.1.529 (o).

The VA14 Group 5 mAbs were able to cross-neutralise all of the VOCs, with the exception of the P.1
(v) and B.1.617.2 (8) variants where neutralisation activity was either reduced or abolished (Figure
5.14c). Interestingly, the VA14 Group 6 mAbs that were unable to neutralise WT pseudovirus were
shown to neutralise the B.1.1.7 (a) and P.1 (y) variants. Previous work found that some of the Group
6 mAbs isolated from convalescent donors were unable to neutralise WT pseudovirus due to the
presence of biliverdin, but could potently neutralise authentic virus >*°%, Therefore, neutralisation
assays with authentic virus were carried out with the VA14 Group 6 mAbs and it was shown that these
mAbs can potently neutralise the WT strain in this setting (Figure 5.15f). The VA14 Group 7 mAb
(VA14_47) was able to neutralise B.1.351 (B), B.1.617.2 (8) and B.1.1.529 (o), but showed reduced and
abolished neutralisation activity against B.1.1.7 (a) and P.1 (y) respectively (Figure 5.14d). The VA14
Group 8 mAbs maintained neutralisation capability against the VOCs, but a large decrease in potency
against P.1 (y) was observed for VA14_68 (Figure 5.14c). Conversely, VA14_16 potently neutralised
B.1.1.7 (o), B.1.351 (B), P.1 (y) and B.1.617.2 (6; ICso values <0.22pug/mL), and neutralised B.1.1.529 (o)
with an ICsp of 1.59ug/mL. At the time of this work, VA14_16 was the only NTD-specific mAb that had
been reported to cross-neutralise all of these VOCs >,

When the neutralising mAbs from VA14 were compared to those from convalescent donors, the
convalescent mAbs were found to be less sensitive to the S glycoprotein of the VOCs. The RBD-specific
mAbs elicited from infection often showed greatly reduced neutralisation potencies against VOCs,
particularly B.1.351 (B), P.1 (y) and B.1.1.529 (o; Figure 5.14b). Of note, each of these variants contain
RBD mutations at amino acid positions 417, 484, and 501. The NTD-specific mAbs isolated from the
convalescent donors also had weaker cross-neutralising capability (Figure 5.14c). For instance, the
infection Group 5 mAbs lacked neutralisation activity against B.1.351 (B), P.1 (y) and B.1.1.529 (o).
Further, the infection Group 6 mAbs were only able to neutralise WT and P.1 (y), whilst the VA14
Group 6 mAbs were able to neutralise B.1.1.7 (a) and P.1 (y) pseudovirus and WT authentic virus. Due
to the low sample number, statistical analysis was not performed on this data. Overall, it would appear
that despite competing for the same epitopes, the ChAdOx1-nCoV-elicited mAbs displayed a greater
resistance S glycoprotein mutations compared to the infection-elicited mAbs (Figure 5.14e-f).

5.2.10 Role of SHM in neutralisation breadth

To investigate the impact of increased SHM on neutralisation breadth, four RBD-specific neutralising
mAbs were expressed with their variable genes reverted to germline. The Group 1 mAbs VA14 01 and
VA014_04 both used the VH3-13 (5.6% and 0.2% SHM respectively) and VK1-39 germlines (1.4% and
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6.4% SHM respectively). The germline version of VA0O14_01 was not able to bind to WT S1 when tested
in ELISA (Figure 5.15a). The germline version of VA014_04 bound weakly to WT S1, but did not show
neutralisation activity against WT or any VOCs (Figures 5.15a-b). This demonstrated that SHM was
crucial for antigen recognition and neutralisation in these Group 1 mAbs.

The Group 3 mAbs VA14R_33 and VA14R_37 also had their variable genes reverted to germline.
VA14R_33 used VH3-66 (8.4% mutated) and VK1-33 (3.9% mutated) germlines, whereas VA14R_37
used VH3-53 (2.4% mutated) and VK3-20 (6.0% mutated). The reverted versions of both VA14R_33
and VA14R_37 retained the ability to bind to WT S1 (Figure 5.15c). This was expected as other studies
have found that these germlines have amino acid motifs that are pre-configured to target the RBM of
SARS-CoV-2 602603,

The germline version of VA14R_33 had reduced neutralisation potency against B.1.1.7 (a), B.1.351 (B)
and B.1.1.529 (o), but neutralisation against WT and B.1.617.2 (8) was not largely impacted (Figure
5.15d). The germline version of VA14R_37 was not able to neutralise B.1.1.529 (o) and had decreased
potency against B.1.351 (B; Figure 5.15e). Notably, the germline version of VA14R_37 could neutralise
WT and B.1.617.2 (8) more potently compared to VA14R_37. These results further highlighted that
SHM was important for neutralisation breadth and potency against VOCs.

5.2.11 Discussion

Gaining a more complete understanding of the of COVID-19 vaccines elicited neutralising antibodies
function against emerging SARS-CoV-2 VOCs will be crucial for control of the current pandemic. The
antibody response to two doses of the ChAdOx1-nCoV vaccine, given at a 12-week interval, was
examined at the mAb level in donor VA14. Most studies investigating polyclonal immune sera from
ChAdOx1-nCoV-vaccinated subjects have shown a lower neutralisation potency against B.1.1.7 (a;

a S1ELISA b VA14_04 f

25+ - VA14_04 120+ 120

VA14_01 1004 -~ P008_56

1004 .
" = V014_58
80
- VA14.25
60
VA14_21
40 M — Group 5

I ¥ VA14_22 I
7. ® o~ VA14_01 Ieroupw
o 1

Group 6

% Neutralisation

Absorbance [405nm]
- N
o o
i T
4
H
£
3 \H
% Neutralization
o ®
2 &
T T

-=- VA14_R33

20 T ! -20 — T T T T 1 Group 3
QQ\ @\ Q-Q\ A N N \QQ S & > NS ® —— VA14R_37
& Q@Q & & ~ VA28 T
: rou|
Ab concentration (ug/mL) Ab concentration (ug/mL) Ab concentration (ug/mL) VA14_65 P
c S1ELISA d VA14R_33 e VA14R_37
257 = VA14R 33 120 120 .~ wr
= VA14R_37 100 100 v T Alpha
5 S s0- S s0-
g 'E '~§ —+— Beta
2 2 60 s 60 ¥ Delta
E é 407 é 40-T p ; ~— Omicron
2 = 2f = 2R Z o
< 0 (B 55 o= o 5
20 2045 3

T T
N N N N N Q O
$ &S ° S
S

Ab concentration (ug/mL) Ab concentration (ug/mL) Ab concentration (ug/mL)

Figure 5.15: Neutralising activity of reverted germline mAbs isolated from VA14.

(a) Binding of Group 1 reverted mAbs to WT S1 by ELISA. Reverted mAbs (VA14_01_rev and VA14_04 rev) are shown in open
symbols and dotted lines. (b) Comparison of neutralisation activity for VA14_04 and germline reverted mAb against WT,
Alpha, Beta, Delta, and Omicron. The reverted mAb is shown with open symbols and dotted line. (c) Binding of Group 3
reverted mAbs to WT S by ELISA. Reverted mAbs (VA14R_33 rev and VA14R_37 rev) are shown in open symbols and dotted
lines. (d) Neutralisation of VA14R_33 and reverted mAb against VOCs. The reverted mAb is shown with open symbols and
dotted line. (e) Comparison of neutralisation of VA14R_37 and germline reverted mAb against VOCs. The reverted mAb is
shown with open symbols and dotted line. Experiments were performed in duplicate and repeated twice. A representative
dataset is shown. Error bars represent the range of the value for experiments performed in duplicate. Contributions to data
collection from Jeffrey Seow, Sadie Hallett, Thomas Lechmere, Thomas Maguire, Isabella Huettner, Daniel Cox, Hataf Khan
and Suzanne Pickering.
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range 2.2 to 9.0-fold), B.1.351 (B; range 4.0 to 9.0-fold), P.1 (y) (2.9-fold) and B.1.617.2 (§; range 4.3
to 9.0-fold) compared to the ancestral strain or D614G variant 86:589.591,604-606 £;rther, very limited
neutralising activity has been observed in sera from ChAdOx1-nCoV-vaccinated individuals against the
B.1.1.529 (o) variant ®’. The plasma of VA14 had a low neutralisation potency (IDso ~100) at 4 months
post-vaccine booster, but ~59% of the S-specific mAbs isolated from this donor showed neutralising
activity against the ancestral strain. Further, many of these mAbs were able to potently cross
neutralise VOCs that were circulating at the time of this work. Similar to previous work with SARS-
CoV-2 infected donors, the RBD was shown to be the dominant target of neutralising mAbs and the
NTD acted as a subdominant epitope °%. Notably, RBD-specific neutralising mAbs from competition
groups 1 to 4, and NTD-specific mAbs were identified that could cross-neutralise all five VOCs tested,
including the highly divergent B.1.1.529 (o) variant. Neutralisation of the B.1.1.529 (o) variant by RBD-
specific mAbs elicited against the ancestral strain had been described previously, but was of a rare
occurrence 387608609 However, neutralisation of the B.1.1.529 (o) variant by NTD-specific mAbs elicited
against the ancestral strain had not been reported at the time of this work. Collectively, these results
suggested that the polyclonal nature of the neutralising response generated by ChAdOx1-nCoV
vaccination would likely help limit complete vaccine escape in response to emerging VOCs.

Competition ELISAs showed that the ChAdOx1-nCoV-elicited mAbs bound to epitopes that overlapped
with that of the mAbs generated by SARS-CoV-2 infection. Interestingly, despite targeting similar
regions on the S glycoprotein, the ChAdOx1-nCoV-elicited mAbs had better neutralisation breadth
compared to the convalescent mAbs. The greater neutralisation breath was likely the result of higher
levels of SHM in the ChAdOx1-nCoV-elicited mAbs (isolated 4 months post-booster) compared with
the convalescent mAbs (isolated 2—8 weeks POS), enabling improved tolerance of S glycoprotein
mutations. It was shown that SHM was essential for antigen recognition by Group 1 mAbs VA14_01
and VA14_04. Binding of these mAbs to S glycoprotein was low or undetectable when their variable
regions were reverted to germline, and both lacked neutralisation capability. Conversely, VA14R_33
and VA14R_37 (Group 3) were able to retain S glycoprotein binding when reverted to germline, but
showed lower neutralisation breadth against the B.1.351 (B) and B.1.1.529 (o) variants. Structural
analysis of RBM targeted neutralising mAbs CC12.1 and CC12.3 has revealed that a motif encoded by
the VH3-53 germline (N32-Y33 and S53-G54-G55-S56) enables recognition of S glycoprotein %,
Another VH3-53 RBM targeted mAb (CV30) has been shown to retain S glycoprotein reactivity but
have decreased neutralisation potency, when reverted to germline %°, Numerous other studies have
found that higher levels of SHM improves neutralisation breadth against VOCs 2>61%612 Stryctural
analysis of the interactions between S glycoprotein and broad mAbs, as well as their germline reverted
counterparts, would allow a better understanding of how higher levels of SHM enables neutralisation
breadth. Collectively, these findings have shown that analysis of antibody-antigen interactions at the
molecular level can provide insights into the mechanisms of neutralisation breadth.

At the time of this work, ChAdOx1-nCoV-elicited mAbs targeting the SARS-CoV-2 S glycoprotein had
not been reported, but multiple studies have isolated mAbs from individuals following mRNA COVID-
19 vaccination *%°%, A higher number of RBM-specific mAbs were found in response to mRNA
vaccination compared to what was witnessed in VA14 2>619, An enrichment of the VH3-53 and VH3-
30 germlines had also been shown in subjects that have received mRNA vaccines *°®%13, Monoclonal
antibodies have since been isolated from four subjects that received the ChAdOx1-nCoV vaccine, with
an extended dose interval. An enrichment of VH3-30 was found but increased levels of other germline
genes, such as VH3-53 and VH3-66, were not observed. Unfortunately, the author presented the total
number of mutations in the variable regions instead of %SHM from germline, preventing comparison
with the work discussed here. The ChAdOx1-nCoV-elicited neutralising mAbs were shown to target
four distinct epitopes across the RBD, but whether the mAbs targeted separate epitopes on the NTD
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was not investigated. Binding to B.1.351 (B), P.1 (y), B.1.617.2 (6) and B.1.1.529 (o) was assessed, and
a good proportion of ChAdOx1-nCoV-elicited mAbs were able to cross-react with the VOCs examined
614 Further studies investigating mAbs from ChAdOx1-nCoV vaccinated subjects is required to confirm
this data and enable more powerful comparison with mAbs isolated from other vaccination platforms
and natural infection.

The ChAdOx1-nCoV-elicited mAbs found here displayed greater cross-neutralisation capability
compared to those described in previous studies, and there are a number of potential reasons for
these differences 980615 Firstly, the time at which mAbs are isolated following S glycoprotein
exposure has been shown to have an impact on SHM levels and neutralisation capability >*>°8, The
length of vaccination booster intervals (3 weeks for mRNA reports and 12 weeks in this work), has
been found to influence the SARS-CoV-2 neutralisation breadth of sera samples collected from mRNA
vaccine recipients (manuscript in preparation). Lastly, mRNA-1273 and BNT162b2 encode a modified
S glycoprotein, whilst ChAdOx1-nCoV carries unaltered S glycoprotein 39%3%, This, alongside the
differences in vaccine technology platforms, could have had an impact on antigen presentation and
the subsequent immune responses generated. Further examination of these factors will be critical for
optimising vaccines strategies to generate the broadest neutralising antibody response, providing the
best protection against emerging VOCs.

Unfortunately, plasma samples from VA14 were not available to investigate the peak neutralising
response. Hence, the waning of neutralising antibodies following ChAdOx1-nCoV vaccination was not
examined here. Although, the neutralising antibody responses following ChAdOx1-nCoV vaccination
has been shown to wane over time in a similar manner to what is observed following SARS-CoV-2
infection 61617 The plasma neutralising antibody titre was low at 4 months post-booster, and it is
unclear whether this level would provide sterilising or near-sterilising immunity. Although, the
presence of B-cells that produce potent cross-neutralising antibodies against non-overlapping
epitopes at 4 months post-booster, and the persistence of S-specific IgG B-cells at 9 months post-
booster indicate that a rapid recall response would likely occur 528, Such a response could be adequate
to protect against severe disease and/or hospitalisation, in the event of reinfection with emerging
VOCs. Nonetheless, an additional third dose of either BNT162b2 or mRNA1273, has been introduced
in the UK since September 2021 and are now being administered globally. This has shown promising
results in generating neutralising antibody responses against circulating VOCs, particularly the
B.1.1.529 (o) variant 607:618,613,

In summary, mAbs isolated from a donor vaccinated with ChAdOx1-nCoV (12 week interval) were able
to potently cross-neutralise SARS-CoV-2 VOCs, including the B.1.1.529 (o) variant. Similar to mAbs
isolated from convalescent subjects, the ChAdOx1-nCoV-elicited neutralising mAbs targeted non-
overlapping epitopes on the RBD and NTD. The ChAdOx1-nCoV-elicited mAbs had higher levels of SHM
and greater neutralisation breadth compared to those isolated from convalescent donors. Although
plasma neutralisation was undetectable at 9 months post-booster, S-specific IgG B-cells could still be
measured via flow cytometry. This work provides key insights into long-term immunity and protection
against SARS-CoV-2 emerging VOCs, following ChAdOx1-nCoV vaccination.
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Chapter 6: Discussion and outlook

It has been over 40 years since HIV-1 emerged into the human population, and despite extensive
research, there is no licensed vaccine available %43 Advances in ART transformed AIDS from a
devastating fatal illness to a manageable chronic disease with an almost normal lifespan 2°. However,
~1.5 million people still contract HIV-1 each year, and with access to treatment being non-universal,
AIDS remains a leading cause of death in some regions of the world 12481, Production of an effective
HIV-1 vaccine is extremely challenging due to the considerable genetic diversity of the virus, its
intricate mechanisms of immune evasion and ability to integrate itself into the host-genome. One of
the primary goals of HIV-1 vaccine research is to elicit a bnAb response that can provide sterilising
immunity *1. Some HIV-1 positive individuals are capable of generating such a response, and are able
to neutralise a wide range of globally circulating HIV-1 variants . However, bnAbs typically arise
following years of chronic infection and exposure to numerous autologous strains 1°®. Consequently,
bnAbs tend to have high levels of SHM, indicative of multiple rounds of affinity maturation 3°. This
feature is unattractive for vaccine design, as re-elicitation would likely require multiple rounds of
immunisation with a variety of immunogens. Further, bnAbs often display unusual features such as
long CDRH3s and can sometimes be autoreactive, suggesting they may be difficult to generate via
vaccination *!, Nonetheless, many believe that within broadly neutralising HIV-1 infected donors,
exists a blueprint to a successful HIV-1 vaccine **. Co-evolution studies, in which developing
autologous viruses are examined in tandem with bnAb lineages, provide a key insight into this subject.
However, co-evolution work requires longitudinal samples from untreated HIV-1 infected subjects, of
which only a small quantity exist. Further, it is improbable that researchers will get ethical approval to
repeat such studies 2%, Therefore, while co-evolution studies are highly useful, only a finite number
have been carried out. Conducting more of these studies would enable a greater understanding of
bnAb development across different donors. This in turn, could result in identification of recurring
features that would provide the best chance of generating an effective immunisation regime.

Herein, the neutralising antibody responses of a single HIV-1 infected donor (SJU) were examined in
detail. SJU was a control arm participant of the SPARTAC trial, in which longitudinal PBMC and serum
samples were collected. Previous work by the Doores research group found that SJU was
superinfected with a clade C virus, 2 years after primary infection with a clade C virus. Further, it was
shown that SJU developed a bnAb response that targeted the V3-glycan domain, and numerous
autologous viruses were isolated from the donor %44,

Building on this work, the neutralisation breadth of donor SJU was determined using neutralisation
assays with representative global virus panels. Although not as broad as other donors reported in the
literature, the SJU plasma samples were found to have good neutralisation breadth and potency
46219458 As has been seen with other superinfected donors, the neutralisation breadth of SJU
increased following superinfection 48621622 Moreover, the autologous neutralisation capability of this
donor was shown to increase over time. Interestingly, between weeks 85-121 post-infection SJU was
able to contemporaneously neutralise numerous viral variants. This was unusual as during HIV-1
infection, circulating viruses tend to be resistant to the bnAbs present 2, This raised the question of
whether the bnAbs or autologous neutralising antibodies were responsible for this phenomenon. This
was investigated by performing neutralisation assays with a panel of V3-glycan domain bnAbs against
the autologous viruses from this period. It was determined that the incomplete escape could have
arisen from V3-glycan domain bnAbs with glycan promiscuity, a helper lineage specific for the N334
glycan or autologous neutralising antibodies. In either event, the viral population was unable to
completely escape the host immune response until superinfection occurred. Similar to other donors
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that have been reported to exhibit contemporaneous neutralisation, SJU was found to have highly
potent heterologous neutralisation #6462,

The viral population was very heterogeneous during the period of contemporaneous neutralisation,
prompting examination of the mechanisms employed by the virus to escape the bnAb response.
Longitudinal serum samples were tested in neutralisation assays against autologous viruses that had
been genetically altered to shift a critical N-glycan between positions 332 and 334. Surprisingly this
had little impact on sera neutralisation, despite being a commonly reported mechanism of viral escape
from V3-glycan domain bnAbs %3, Instead, it was shown that alterations in the V1 loop, such as
increasing length and introducing additional disulfide bonds, were responsible for disrupting V3-
glycan domain based neutralisation. This escape mechanism has been corroborated by others, and
likely involves the V1 loop sterically blocking access to the V3 loop 44457437, This finding could be
further examined through structural analysis via cryogenic electron microscopy (cryo-EM). Gaining a
better understanding of how contemporaneous neutralisation occurs, and viral mechanisms of
escape, could help to form the basis of a therapeutic vaccine.

The next phase of this work was to isolate bnAbs from donor SJU using antigen specific B-cell sorting.
Biotinylated gp120 sorting probes were generated and used to sort CD19*1gG* B-cells from SJU PBMCs
collected at 252 weeks post-infection. A single mAb was isolated, which bound the gp120 of two
heterologous viruses but was non-neutralising. The gp120 sorting probes were subsequently modified
to incorporate a D368R mutation to prevent unwanted interactions with CD3*CD4* T-cells in the PBMC
samples. A second sort was carried out using SJU PBMCs collected at 108 weeks post-infection, and
the new sorting probes greatly increased the enrichment of CD19*IgG* B-cells. This yielded 7 mAbs,
which also bound to two gp120 of two heterologous viruses, but were also non-neutralising. It was
concluded that the sorting probes, although improved, were still not optimal for isolating bnAbs from
this donor. Instead, stabilised Env proteins, in conjunction with B-cell isolation and culturing
techniques, or V3-loops fused to non-human IgG1 Fc regions would be more suitable 474477,

Although attempts to isolate bnAbs from donor SJU were largely unsuccessful, several protocols were
optimised to carry out this project. These protocols included generating biotinylated sorting probes,
antigen specific B-cell sorting and a mAb production pipeline, which were employed successfully and
improved upon when used to investigate SARS-CoV-2. Indeed, many of the advancements seen in the
HIV-1 field enabled research to be rapidly carried out on SARS-CoV-2. For instance, the pseudoviruses
generated here were based on a 3 plasmids HIV-1 pseudovirus system. Further, the uncleaved and
artificially stabilised S glycoprotein used as a sorting bait bear multiple similarities to stabilised Env
trimers 247490 Moreover, stabling S-2P mutations in the S2 subunit of the S glycoprotein found in the
mMRNA based vaccines are reminiscent of the IP mutations found in SOSIP proteins 3%,

Primarily, antibody responses to SARS-CoV-2 were examined in longitudinal serum samples from 65
individuals that had been infected with SARS-CoV-2. The use of sequential samples was based on
principles from HIV-1 research, with most prior reports being cross-sectional 4°3%%. As a result, these
studies varied depending on the length of time since infection and disease severity, and often gave
somewhat conflicting results. The work here showed that the early kinetics of the neutralising
antibody response was typical of an acute viral infection, with declining neutralising antibody titres
observed after an initial peak. By assigning the donors a severity score based on the maximal level of
respiratory support needed throughout hospitalisation, this work was able to show that the
magnitude of the neutralising antibody peak was dependent on disease severity >°9°%°, Although the
neutralising antibody titres of subjects with a high peak IDspo remained relatively high, some with a
lower peak IDsg had neutralising antibody titres approaching baseline within the follow-up period.
Correspondingly, a similar decline in neutralising antibody titres was seen in a cohort of 31
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seropositive HCWs. These finding were largely corroborated by others, and suggested that vaccine
boosters may be required to provide long-lasting protection 303495513514 Eyentually, due to the waning
of vaccine-elicited neutralising antibody levels, and the emergence of the B.1.1.529 (o) variant, a third
vaccination became recommended.

A follow-up study was carried out to investigate whether the neutralising antibody titre declination
would continue its trajectory or plateau to a steady state >2°. This ultimately showed there was initially
a rapid reduction in the neutralising antibody titres, the rate of decline slowed around 4-7 months
POS. Neutralisation against VOCs circulating at the time was also analysed, showing a 3.4-fold and 8.9-
fold decrease in neutralisation potency against B.1.1.7 (a) and B.1.351 (B) respectively. Importantly,
neutralising activity could still be detected against these VOCs in the majority of subjects at 257-305
days POS. Remarkably, the fold reduction in neutralisation of these VOCs compared to WT decreased
as days POS increased. This finding implied that the samples from later timepoints were able to
tolerate S glycoprotein mutations better than those from earlier timepoints °°, This data had
important connotations for public health, as there were global concerns at the time based around
antibody longevity following infection and vaccination, as well as efficacy against VOCs.

Next, 107 anti-SARS-CoV-2 mAbs were isolated from three convalescent subjects, each of which
experienced a different level of COVID-19 disease severity. Using an uncleaved and artificially
stabilised S glycoprotein as a sorting bait allowed examination of antibodies that targeted regions
beyond the RBD. The mAbs were shown to bind epitopes across S, including the RBD, NTD, and S2. As
seen by others, the RBD was found to be the dominant target of the neutralising mAbs, with the NTD
acting as a subdominant epitope. The mAbs were separated into seven distinct competition groups,
and were shown to inhibit ACE2 interaction with S glycoprotein to varying degrees. Similar to V3-
glycan domain bnAbs, neutralisation potency of some mAbs was impacted by glycan heterogeneity,
whilst others were found to neutralise authentic virus considerably more potently than pseudovirus.
The B.1.1.7 (a) variant was resistant to NTD-specific mAbs, this highlighted the importance of
researching all neutralising epitopes present on S glycoprotein when investigating viral evolution and
antigenic drift.

To investigate whether similar mAb responses were generated following SARS-CoV-2 vaccination, 44
anti-SARS-CoV-2 mAbs were isolated from an individual who received two doses of the ChAdOx1
nCoV-19 vaccine at a 12-week interval. Despite having a low neutralisation potency, it was found that
S-specific IgG* B cells were detectable in this donor at 9 months post-boost. Interestingly, mAbs with
potent neutralising activity against a panel of SARS-CoV-2 VOCs were isolated. The vaccine-elicited
neutralising mAbs formed eight distinct competition groups and bound epitopes, seven of which
overlapped with those identified in the convalescent donors. The mAbs found here were more
mutated than mAbs isolated from convalescent donors at ~1-2 months post-infection. As the plasma
neutralising antibody titre was low at 4 months post-booster, it was unclear whether this level would
provide sterilising or near-sterilising immunity. Although, the presence of B-cells that produce potent
cross-neutralising antibodies against non-overlapping epitopes at 4 months post-booster, and the
persistence of S-specific 1gG B-cells at 9 months post-booster indicate that a rapid recall response
would likely occur >, Such a response may have protected against severe disease and/or
hospitalisation, in the event of reinfection with emerging VOCs.

Researching antibody responses following viral infection, in polyclonal sera or at the monoclonal level,
is important for a multitude of reasons. Analysis of sera using immunological techniques such as ELISA
can aid as a confirmatory diagnostic test, and be used for surveillance purposes to better understand
the disease prevalence in studied populations 2. Further, collecting and testing longitudinal serum
samples enables examination of the kinetics and longevity of the immune response following
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infection. Neutralisation assays allow the protective properties of sera to be determined. Isolating
mAbs can be used to map neutralising epitopes, as immunotherapy options and as molecular tools.
Therefore, it would be strategically beneficial to develop a platform that would enable rapid
examination of antibody responses, in the event of another pandemic. Whilst different methodologies
can be repurposed to investigate a new pathogen, lack of standardisation across research groups limits
comparison of results. Alternatively, introduction of standardised controls, to which results can be
normalised, would help to remedy this problem. These controls would need to be introduced early
into the pandemic and taken on board by the scientific community. For example, the WHO released
an anti-SARS-CoV-2 antibody, intended for accurate calibration of assays to an arbitrary unit 2,
However, this did not happen until several months into the pandemic, and the reagent was not
implemented by many researchers. Considerable importance needs to be placed on the defining
correlates of protection from immunological research %2°. This would enable more effective
extrapolation of serological data to real-world scenarios.

As the COVID-19 pandemic persists, research of the immune response against the virus has become
more challenging to investigate. Factors such as vaccine status, differences in vaccine technology
platforms, previous infections, disease severity and time since on-set of symptoms, complicate
studies. Although not as diverse as HIV-1, highly divergent stains of SARS-CoV-2 have emerged, such
as B.1.1.529 (o) °”. It may be more beneficial to begin to search for broadly neutralising epitopes in
SARS-CoV-2 research. This could lead to the production of immunogens that will better protect against
future VOCs. In this work, it was shown that bnAbs against SARS-CoV-2 variants could be identified
following just two immunisations with the ancestral strain S glycoprotein. These mAbs had a higher
level of SHM compared to those isolated from convalescent donors, but were much less mutated
compared to HIV-1 bnAbs. This would suggest that achieving neutralisation breadth will be a much
less challenging task, in comparison to what has been experienced by the HIV-1 field. However,
phenomenon such as immune imprinting and original antigenic sin would also need to be considered
moving forward %,

To review, this work examined antibody responses in a HIV-1 infected donor and SARS-CoV-2 infected
individuals. In doing so, the antibody responses of donor SJU against autologous and heterologous
viruses were examined, revealing some aspects of the complex co-evolutionary process that occurs
during a HIV-1 infection. Longitudinal samples from SARS-CoV-2 infected subjects were examined, and
key features regarding the kinetics and longevity of the neutralising response during early infection
were ascertained. Multiple neutralising SARS-CoV-2-specific mAbs were isolated from convalescent
donors and a vaccine recipient. This allowed the neutralising epitopes of the virus to be mapped, and
mechanisms of viral escape to be determined. It is hoped that the worked carried out here, helped to
answer important scientific questions and improved the understanding of immune responses towards
the causative viruses of the AIDS and COVID-19 pandemic.
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Appendix

7.1 SJU envs
>SJU_ 1 g2A

MRVKGTORNWPOWWIWGILGFWLIMICKGGGNLWVTVYYGVPVWTEAKTTLECASNAKAYEKEVHNIWATHACVP
TDPNPQEIVLANVTENEFNMWKNDMVDOMHEDITISIWDQGLKPCVKLTPLCVTLNCSDVSVNKCSNASVNTSNATC
SDASVNNTSNDTASLKEDEGDIKNCSENITTEIRDKKOKAYALFYKPDVVPLNGNNSNEYILINCNTSTITQACP
KVNFDPIPIHYCTPAGYAILKCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDITIIRSKDITENT
NTIIVHLNESIPIVCTRPCNNTRKSVRIGPGQTFYATNDIIGDIRQAHCNISKSNWTTTLTRVKEKLOGYFPNKT
IKFAPHSGGDLEVTTHSENCRGEFFYCNTTQLFKLNITNTTKPNETITLPCRIKQIINMWQEVGRAMYAPPTAGN
ITCASNITGILLQYDGGNTNSSNGTETFRPGGGNIKDNWRSELYKYKVVEIKPLGVAPTGAKRRVVEREKRAVGL
GAAFLGFLGTAGSTMGAASMALTVQARQLLSGIVQQQOSNLLKAIEAQQHMLRLTVWGIKQLOARVLAIERYLQODQ
QOLLGLWGCSGKLICTTAVPWNSSWSNKSYTEIWGNMTWMQWDKEISNYTGTIYRLLEVSONQQEKNEKDLLALDS
WKSLWSWEDITOWLWYIKIFIMIVGGLISLRIIFGVLSIVKRVRQGYSPLSFQTPPONQRGRDRLGRIEEEGGEQ
DKDRSIRLVNGFLAIVWEDLRSLCLESYHQLRDFILIAARAVELLGRSSLRGLORGWEVLKYLGNLVLYWGLEIK
KSAISLLDTTAIAVAEGTDRITIEVLQGIYRAFRNVPRRIRQGFEAALL™*

>SJU 1 s2C

MRVKGTORNWPOWWIWGILGFWLIMICKGGGNLWVTVYYGVPVWAEAKTTLEFCASNAKAYEKEMHNIWATHACVP
TDPNPQEIVLANVTENEFNMWKNDMVDOMHEDITISIWDQGLKPCVKLTPLCVTLNCSDVSVNKCSNASVNTSNATC
SDASVNNTSNDTASLKEDEGDIKNCSENITTEIRDKKOKAYALFYKPDVVPLNGNNSNEYILINCNTSTITQACP
KVNEFDPIPIHYCTPAGYAILKCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLTEGDITIIRSKDITENT
NTIIVHLNESVPIVCTRPSNNTRKSVRIGPGQAFYATNDITIGDIRRAHCNISKANWTATLORVEKKLORYFPNKT
IKFAPHSGGDLEVTTHSENCRGEFFYCNTTQLFKLNITNTTKPNETITLPCRIKQIINMWQEVGRAMYAPPTIAGN
ITCASNITGILLQYDGGNTNSSNGTETFRPGGGNMKDIWRSELYKYKVVEIMPLGVAPTGAKRRVVEREKRAVGL
GAAFLGFLGTAGSTMGAASMALTVQARQLLSGIVQOOSNLLKATIEAQQHMLRLTVWGIKQLOARVLATIERYLODQ
QOLLGLWGCSGKLICTTTVPWNSSWSNKSYTEIWGNMTWMOQWDKEISNYTGTIYRLLEDSHIQQEKNEQELLALDS
WKSLWSWEDITOWLWYIKIFIMIVGGLIGLRIIFGVLSIVKRVRQGYSPLSFQTPPONQRGLDRLERIEEEGGEQ
DKDRPSRLVNGFLAIVWEDLRSLCLESYHQLRDFILIAARAVELLGRSSLRGLORGWEVLKYLGNLVLYWGLEIK
RSAISLLDTTAIAVAEGTDRITIEVLQGIYRAFRNVPRRIRQGFEAALL*

>SJU 1 s2F

MRVKGTORNWPOWWIWGILGFWLIMICKGGGNLWVTVYYGVPVWTEAKTTLECASNAKAYEKEVHNIWATHACVP
TDPNPQEIVLANVTENEFNMWKNDMVDOMHEDITISIWDQGLKPCVKLTPLCVTLNCSDVSVNKCSNASVNTSNATC
SDASVNNTSNDTASLKEDEGDIKNCSENITTEIRDKKOKAYALFYKPDVVPLNGNNSNEYILINCNTSTITQACP
KVNFDPIPIHYCTPAGYAILKCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDIIIRSKDITENT
NTIIVHLNESIPIVCTRPSNNTRKSVRIGPGQTEFYATNDIIGDIRQAHCNISKSNWITTLTRVKEKLOGYFPNKT
IKFAPHSGGDLEVTTHSENCRGEFEFYCNTTQLEFKLNITNTTKPNETITLPCRIKQIINMWOEVGRAMYAPPIAGN
ITCASNITGILLQYDGGNTNSSNGTETFRPGGGNIKDNWRSELYKYKVVEIKPLGVAPTGAKRRVVEREKRAVGL
GAAFLGFLGTAGSTMGAASMALTVQARQLLSGIVQQOOSNLLKATIEAQQHMLRLTVWGIKQLOARVLAIERYLODQ
QLLGLWGCSGKLICTTAVPWNSSWSNKSYTEIWGNMTWMQWDKEISNYTGTIYRLLEVSONQQEKNEKDLLALDS
WKSLWSWEDITOWLWYIKIFIMIVGGLISLRIIFGVLSIVKRVRQGYSPLSFQTPPONQRGRDRLGRIEEEGGEQ
DKDRSIRLVNGFLAIVWEDLRSLCLESYHQLRDFILIAARAVELLGRSSLRGLORGWEVLKYLGNLVLYWGLEIK
KSAISLLDTTAIAVAEGTDRIIEVLQGIYRAFRNVPRRIRQGFEAALL*

>SJU 1 s4A
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MRVKGTOQRNWPOQWWIWGILGEWLIMICKGGGNLWVTVYYGVPVWTEAKTTLFCASNAKAYEKEVHNIWATHACVP
TDPNPQEIVLANVTENENMWKNDMVDOMHEDITISIWDQGLKPCVKLTPLCVTLNCSDVSVNKCSNASVNTSNATC
SDASVNNTSNDTASLKEFDEGDIKNCSENITTE IRDKKOQKAYALFYKPDVVPLNGNNSNEYILINCNTSTITQACP
KVNFDPIPIHYCTPAGYAILKCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDIIIRSKDITENT
NTIIVHLNESVPIVCTRPSNNTRKSVRIGPGQAFYATNDITIGDIRRAHCNISKANWTATLORLEKKLORYFPNKT
IKFAPHSGGDLEVTTHSENCRGEFFYCNTTQLFKLNITNTTKPNETITLPCRIKQIINMWQEVGRAMYAPPTAGN
ITCTSNITGILLOHDGGNTNSSNGTETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTGAKRRVVEREKRAVGL
GAALLGFLGTAGSTMGAASMALTVQARQLLSGIVQQQOSNLLKAIEAQQHMLRLTVWGIKQLOARVLAIERYLQODQ
QLLGLWGCSGKLICTTAVPWNSSWSNKSYTEIWGNMTWMQOQWDKEISNYTGTIYRLLEVSONQQEKNEKDLLALDS
WKSLWSWEDITOQWLWYIKIFIMIVGGLIGLRIIFGVLSIVKRVROGYSPLSFQTPPONQRGLDRLGRIEEEGGEQ
DKDRSSRLVNGFLAIVWEDLRSLCLEFSYHQLRDFILIAARAVELLGRSSLRGLOQRGWEVLKYLGNLVLYWGLEIK
KSAISLLDTTAIAVAEGADRIIEVLQGIYRAFRNVPRRIRQGFEAALL™*

>5JU 1 s5H

MRVKGTORNWPOQWWIWGILGEWLIMICKGGGNLWVTVYYGVPVWTEAKTTLFCASNAKAYEKEVHNIWATHACVP
TDPNPQEIVLANVTENENMWKNDMVDQOMHEDITISIWDQGLKPCVKLTPLCVTLNCSDVSVNKCSNASVNTSNATC
SDASVNNTSNDTASLKEDEGDIKNCSENITTEIRDKKOKAYALFYKPDVVPLNGNNSNEYILINCNTSTITQACP
KVNFDPIPIHYCAPAGYAILQCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDITIIRSKDITENT
NTIIVHLNESIPIVCTRPSNNTRKSVRIGPGQTFYATNDITIGDIRQAHCNISKSNWTTTLTRVKEKLORYFPNKT
IKFAPHSGGDLEVTTHSENCRGEFFYCNTTQLFKLNITNTTKPNETITLPCRIKQIINMWQEVGRAMYAPPTAGN
ITCTSNITGILLOHDGGNTNSSNGTETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTGAKRRVVEREKRAVGL
GAALLGFLGTAGSTMGAASMALTVQARQLLSGIVQQQOSNLLKAIEAQQHMLRLTVWGIKQLOQARVLAIERYLQODQ
QLLGLWGCSGKLICTTAVPWNSSWSNKSYTEIWGNMTWMQOQWDKEISNYTGTIYRLLEVSQONQQEKNEKDLLALDS
WKSLWSWEDITOQWLWYIKIFIMIVGGLIGLRIIFGVLSIVKRVROGYSPLSFQTPPONQRGLDRLGRIEEEGGEQ
DKDRSSRLVNGFLAIVREDLRSLCLESYHQLRDFILIAARAVELLGRNSLRGLORGWEVLKYLGNLVLYWGLEIK
KSAISLLDTTAIAVAEGTDRITIEVLQGIYRAFRNVPRRIRQGFEAALL*

>5JU 1 s6D

MRVKGTORNWPOWWIWGILGFWLIMICKGGGNLWVTVYYGVPVWTEAKTTLEFCASNAKAYEKEVHNIWATHACVP
TDPNPQEIVLANVTENEFNMWKNDMVDOMHEDITISIWDQGLKPCVKLTPLCVTLNCSDVSVNKCSNASVNTSKATC
SDASVNNTSNDTASLKEDEGDIKNCSENITTEIRDKKOQKAYALFYKPDVVPLNGNNSNEYILINCNTSTITQACP
KVNEFDPIPIHYCTPAGYAILKCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDITIIRSKDITENT
NTIIVHLNESVPIVCTRPSNNTRKSVRIGPGQAFYATNDIIGDIRRAHCNISKANWTATLORVEKKLORYFPNKT
IKFAPHSGGDLEVTTHSENCRGEFFYCNTTQLFKLNITNITKPNETITLPCRIKQIINMWQEVGRAMYAPPTIAGN
ITCTSNITGILLQYDGGNSSNGTETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTGAKRRVVEREKRAVGLGA
ALLGFLGTAGSTMGAASMALTVQARQLLSGIVQQQSNLLKAIEAQQHMLRLTVWGIKQLOARVLAIERYLODOQL
LGLWGCSGKLICTTAVPWNSSWSNKSYTEIWGNMTWMQWDKEISNYTGTIYRLLEVSONQQEKNEKDLLALDSWK
SLWSWEDITOQWLWYIKIFIMIVGGLIGLRITFGVLSIVKRVROQGYSPLSFQTPPONQRGLDRLGRIEEEGGEQDK
DRSIRLVNGFLTIVWEDLRSLCLEFSYHQLRDFILIAARAVELLGRSSLRGLORGWEVLKYLGNLVLYWGLEIKKS
AISLLDTTATAVAEGTDRIIEVLOGIYRAFRNVPRRIRQGFEAALL*

>5JU 1 s6F

MRVKGTQRNWPOQWWIWGILGEFWLIMICKGGGNLWVTVYYGVPVWTEAKTTLFCASNAKAYEKEVHNIWATHACVP
TDPNPQEIVLANVTENEFNMWKNDMVDOMHEDITISIWDQGLKPCVKLTPLCVTLNCSDVSVNKCSNASVNVTSANC
SDASVNKTSNATASLEFATGDIKNCSEFNITTEIRDKKOQKAYALFYKPDVVPLNGNNSNEYILISCNTSTITQACP
KVNEFDPIPIHYCTPAGYAILKCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGNIIIRSKDITENT
NTIIVHLNESIPIVCTRPSNNTRKSVRIGPGQTFYATNDIIGDIRQAHCNISKSNWTTTLTRVKEKLOGYFPNKT
IKFAPHSGGDLEVTTHSENCRGEFEFYCNTTQLEFKLNITNTTKPNETITLPCRIKQIINMWOEVGRAMYAPPIAGN
ITCTSNITGILLHYDGGNTNSSNGTETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTGAKRRVVEREKRAVGL
GAALLGFLGTAGSTMGAASMALTVQARQLLSGIVQQOOSNLLKATIEAQQHMLRLTVWGIKQLOARVLAIERYLODQ
QLLGLWGCSGKLICTTAVPWNSSWSNKSYTEIWGNMTWMQWDKEISNYTGTIYRLLEVSONQQEKNEKDLLALDS
WKSLWSWEDITOQWLWYIKIFIMIVGGLIGLRIIFGVLSIVKRVRQGYSPLSFQTPPONQRGLDRLGRIEEEGGEQ
DKDRSSRLVNGFLAIVWEDLRSLCLESYHQLRDFILIAARAVELLGRSSLRGLORGWEVLKYLGNLVLYWGLEIK
KSAISLLDTTAIAVAEGTDRIIEVLQGIYRAFRNVPRRIRQGFEAALL*

>SJU_1 s8C
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MRVKGTOQRNWPOQWWIWGILGEWLIMICKGGGNLWVTVYYGVPVWTEAKTTLFCASNAKAYEKELHNIWATHACVP
TDPNPQEIVLANVTENENMWENDMVDOMHEDITISIWDQGLKPCVKLTPLCVTLNCSDAPVNKCSNASVNVTSANC
SDASVNKTSNATASLEFATGDIKNCSENITTE IRDKKQKAYALFYKPDVVPLNGENSNEYILINCNTSTITQACP
KVNFDPIPIHYCAPAGYAILQCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDIIIRSKDITENT
NTIIVHLNESIPIVCTRPSNNTRKSVRIGPGQTFYATNDITIGDIRQAHCNISKSNWTTTLTRVKEKLOGYFPNKT
IKFAPHSGGDLEVTIHSENCRGEFFYCNTTQLFKLNITNTTKPNETITLPCRIKQIINMWQEVGRAMYAPPTAGN
ITCTSNITGILLOHDGGNTNSSNGTETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTGAKRRVVEREKRAVGL
GAALLGFLGTAGSTMGAASMALTVQARQLLSGIVQQQOSNLLKAIEAQQHMLRLTVWGIKQLOARVLAIERYLQODQ
QLLGLWGCSGKLICTTAVSWNSSWSNKSYTEIWGNMTWMQOQWDKEISNYTGTIYRLLEVSOQNQQEKNEKDLLALDS
WKSLWSWEDITOQWLWYIKIFIMIVGGLIGLRIIFGVLSIVKRVROGYSPLSFQTPPONQRGLDRLGRIEEEGGEQ
DKDRSSRLVNGFLAIVWEDLRSLCLEFSYHQLRDFILIAARAVELLGRSSLRGLOQRGWEVLKYLGNLVLYWGLEIK
KSAISLLDTTAIAVAEGTDRIIEVLQGIYRAFRNVPRRIRQGFEAALL™*

>5JU_1 s10D

MRVKGTORNWPOQWWIWGILGEWLIMICKGGGNLWVTVYYGVPVWTEAKTTLFCASNAKAYEKEVHNIWATHACVP
TDPNPQEIVLANVTENENMWKNDMVDQOMHEDITISIWDQGLKPCVKLTPLCVTLNCSDVSVNKCSNASVNTSNATC
SDASVNNTSNDTASLKEDEGDIKNCSENITTEIRDKKOKAYALFYKPDVVPLNGNNSNEYILINCNTSTITQACP
KVNFDPIPIHYCAPAGYAILQCNNKTENGTGPCRNVSTVQCTHGIKPVVSTQLLLNGSLAEGDITIIRSKDITENT
NTIIVHLNESIPIVCTRPSNNTRKSVRIGPGQTFYATNDITIGDIRQAHCNISKSNWTTTLTRVKEKLOGYFPNKT
IKFAPHSGGDLEVTTHSENCRGEFFYCNTTQLFKLNITNTTKPNETITLPCRIKQIINMWQEVGRAMYAPPTAGN
ITCASNITGVLLQYDGGNTNSSNGTETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTEARRRVVKREKRAVGL
GAVFLGFLGMAGNTMGAASLTLTVQARQLLSGIVQQQOSNLLKAIEAQQHMLRLTVWGIKQLOQARVLATIERYLQODQ
QLLGLWGCSGKLICTTTVPWNSSWSNKSYTEIWGNMTWMQOQWDKEISNYTGTIYRLLEDSHIQQEKNEQELLALDS
WKSLWSWLDITOQWLWYIKIFIMIVGGLIGLRIIFGVLSIVKRVROGYSPLSFQTPPONQRGLDRLERIEEEGGEQ
DKDRSIRLVNGLLAIVWEDLRSLCLESYHQLRDFILIAARAVELLGRSSLRGLORGWEVLKYLGNLVLYWGQEIK
KSAISLLDTTAIAVAEGTDRITIEVLQGIYRAFRNVPRRIRQGFEAALL*

>SJU_1 _sl11A

MRVKGTORNWPOWWIWGILGFWLIMICKGGGNLWVTVYYGVPVWTEAKTTLEFCASNAKAYEKEVHNIWATHACVP
TDPNPQEIVLANVTENEFNMWENDMVDOMHEDITISIWDQGLKPCVKLTPLCVTLNCSDIPVNKCSNASVNVTSANC
SDASVNKTSNATASLEFATGDIKNCSEFNITTEIRDKKOQKAYALFYKPDVVPLNGNNSNEYILINCNTSTITQACP
KVNEFDPIPIHYCTPAGYAILKCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDITIIRSKDITENT
NTIIVHLNESVPIVCTRPSNNTRKSVRIGPGQTFYATNDIIGDIRQAHCNISKSNWTTTLTRVKEKLOGYFPNKT
IKFAPHSGGDLEVTTHSENCRGEFFYCNTTQLENITNTTTATITLPCRIKQI INMWQEVGRAMYAPPIAGNITCA
SNITGILLHYDGGNTNSSNGTETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTGAKRRVVEREKRAVGLGAAF
LGFLGTAGSTMGAASMALTIQARQLLSGIVQQQOSNLLKATIEAQQHMLRLTVWGIKQLQARVLAIERYLODOOQLLG
LWGCSGKLICTTAVPWNSSWSNKSYTEIWDNMTWMOWDKEISNYTGTIYRLLEVSONQOQEKNEKDLLALDSWKSL
WSWEDITOQWLWYIKIFIMIVGGLIGLRIIFGVLSIVKRVRQGYSPLSFQTPPONQRGLDRLERIEEEGGEQDKDR
SIRLVNGFLTIVWEDLRSLCLESYHQLRDFILIAARAVELLGRSSLRGLORGWEVLKYLGNLVLYWGLEIKRSAT
SLLDTTAIAVAEGTDRIIEVLQGIYRAFRNVPRRIRQGFEAALL™*

>SJU_ 1 _s11E

MRVKGTQRNWPOQWWIWGILGEFWLIMICKGGGNLWVTVYYGVPVWTEAKTTLFCASNAKAYEKEVHNIWATHACVP
TDPNPQEIVLANVTENEFNMWKNDMVDOMHEDITISIWDQGLKPCVKLTPLCVTLNCSDVSVNKCSNASVNTSNATC
SDASVNNTSNDTASLKEDEGDIKNCSENITTEIRDKKOQKAYALFYKPDVVPLNGNNSNEYILINCNTSTITQACP
KVNEFDPIPIHYCTPAGYAILKCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDITIIRSKDITENT
NTIIVHLNESVPIVCTRPSNNTRKSVRIGPGQAFYATNDIIGDIRRAHCNISKANWTATLORVEKKLORYFPNKT
IKFAPHSGGDLEVTTHSENCRGEFEFYCNTTQLENITNTTTATITLPCRIKQIINMWOQEVGRAMYAPPTIAGNITCA
SNITGILLQYDGGNTNSSNGTETEFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTEARRRVVKREKRAVGLGAVE
LGFLGTAGSTMGAASMALTVQARQLLSGIVQQOSNLLKATEAQQHMLRLTVWGIKQLOQARVLAIERYLODQQLLG
LWGCSGKLICTTAVPWNSSWSNKSYTEIWGNMTWMOWDKEISNYTGTIYRLLEDSHIQQEKNEQELLALDSWRSL
WSWEDITOQWLWYIKIFIMIVGGLIGLRITIFGVLSIVKRVRQGYSPLSFQTPPONQRGLDRLERIEEEGGEQDKDR
SIRLVNGFLTIVWEDLRSLCLESYHQLRDFILIAARAVELLGRSSLRGLORGWEVLKYLGNLVLYWGLEIKKSAT
SLLDTTAIAVAEGTDRIIEVLQGIYRAFRNVPRRIRQGFEAALL™*

>SJU 1 sl11F
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MRVKGTOQRNWPOQWWIWGILGEWLIMICKGGGNLWVTVYYGVPVWTEAKTTLFCASNAKAYEKEVHNIWATHACVP
TDPNPQEIVLANVTENENMWKNDMVDOMHEDITISIWDQGLKPCVKLTPLCVTLNCSDVSVNKCSNASVNTSNATC
SDASVNNTSNDTASLKEFDEGDIKNCSENITTE IRDKKOQKAYALFYKPDVVPLNGNNSNEYILINCNTSTITQACP
KVNFDPIPIHYCTPAGYAILKCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDIIIRSKDITENT
NTIIVHLNESVPIVCTRPSNNTRKSVRIGPGQTFYATNDITIGDIRQAHCNISKSNWTTTLTRVKEKLOGYFPNKT
IKFAPHSGGDLEVTTHSENCRGEFFYCNTTQLFKLNITNTTKPNETITLPCRIKQIINMWQEVGRAMYAPPTAGN
ITCASNITGILLHYDGGNTNSSNGTETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTGAKRRVVEREKRAVGL
GAAFLGFLGTAGSTMGAASMALTVQARQLLSGIVQQQOSNLLKAIEAQQHMLRLTVWGIKQLOARVLAIERYLQODQ
QLLGLWGCSGKLICTTAVPWNSSWSNKSYTEIWGNMTWMQOQWDKEISNYTGTIYRLLEVSONQQEKNEKNLLALDS
WKSLWSWEDITOQWLWYIKIFIMIVGGLIGLRIIFGVLSIVKRVROGYSPLSFQTPPONQRGLDRLGRIEEEGGEQ
DKDRSIRLVNGLLAIIWEDLRSLCLFSYHQLRDFILIAARAVELLGRSSLRGLORGWEVLKYLGNLVLYWGLEIK
KSAISLLDTTAIAVAEGTDRIIEVLQGIYRAFRNVPRRIRQGFEAALL™*

>S5JU_1 s12E

MRVKGTORNWPOQWWIWGILGEWLIMICKGGGNLWVTVYYGVPVWTEAKTTLFCASNAKAYEKELHNIWATHACVP
TDPNPQEIVLANVTENENMWENDMVDOMHEDITISIWDQGLKPCVKLTPLCVTLNCSDAPVNKCSNASVNVTSANC
SDASVNKTSNATASLEFATGDIKNCSENITTEIRDKKOKAYALFYKPDVVPLDGNNSNEYILINCNTSTITQACP
KVNEFDPIPIHYCTPAGYAILKCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDITIIRSKDITENT
NTIIVHLNESVPIVCTRPSNNTRKSVRIGPGQAFYATNDITIGDIRRAHCNISKANWTATLORVEKKLORYFPNKT
IKFAPHSGGDLEVTTHSENCRGEFFYCNTTQLFKLNITNTTKPNETITLPCRIKQIINMWQEVGRAMYAPPTAGN
ITCTSNITGILLHYDGGNTNSSNGTETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTGAKRRVVEREKRAVGL
GAALLGFLGTAGSTMGAASMALTVQARQLLSGIVQQQOSNLLKAIEAQQHMLRLTVWGIKQLOQARVLAIERYLQODQ
QLLGLWGCSGKLICTTAVPWNSSWSNKSYTEIWGNMTWMQOQWDKEISNYTGTIYRLLEVSQONQQEKNEKDLLALDS
WKSLWSWEDITOQWLWYIKIFIMIVGGLIGLRIIFGVLSIVKRVROGYSPLSFQTPPONQRGLDRLGRIEEEGGEQ
DKDRSVRLVNGFLAIVWEDLRSMCLESYHQLRDFILIAARAVELLGRSSLRGLORGWEVLKYLGNLVLYWGLEIK
RSAISLLDTTAIAVAEGTDRIIEVLQGIYRAFRNVPRRIRQGFEAALL™*

>5JU_17 g3C

MRVKGTORNWPOWWIWGILGFWLIMICKGGGNLWVTVYYGVPVWTEAKTTLEFCASNAKAYEKEVHNIWATHACVP
TDPNPQEIVLANVTENEFNMWKNDMVDOMHEDITISIWDQGLKPCVKLTPLCVTLNCSDVPVNKCSNASVNVTRANC
SDASVNKTSNATASLEFATGDIKNCSEFNITTEIRDKKOQKAYALFYKPDVVPLNGNNSNEYILINCNTSTITQACP
KVNEFDPIPIHYCTPAGYAILKCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDITIIRSKDITENT
NTIIVHLNESIPIVCTRPSNNTRKSVRIGPGQTFYATNDIIGDIRQAHCNISKSNWTTTLTRVKEKLOGYFPNKT
IKFAPHSGGDLEVTTHSENCRGEFFYCNTTQLFKLNITNTTKPNETITLPCRIKQIINMWQEVGRAMYVPPIAGN
ITCASNITGILLHYDGGNMNSSNGTETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTGAKRRVVEREKRAVGL
GAALLGFLGTAGSTMGAASMALTVQARQLLSGIVQQQOSNLLKAIEAQQHMLRLTVWGIKQLOARVLAIERYLQODQ
QLLGLWGCSGKLICTTTVPWNSSWSNKSYTEIWGNMTWMOQWDKEISNYTGTIYRLLEDSHIQQEKNEQELLALDS
WKSLWSWEDITOWLWYIKIFIMIVGGLIGLRIIFGVLSIVKRVRQGYSPLSFQTPPONQRGLDRLERIEEEGGEQ
DKDRSIRLVNGFLAIVWEDLRSLCLESYHQLRDFILIAARAVELLGRSSLRGLORGWEVLKYLGNLVLYWGLEIK
KSAISLLDTTAIAVAEGTDRITIEVLQGIYRAFRNVPRRIRQGFEAALL*

>S5JU_17_g4E

MRVKGTQRNWPOQWWIWGILGEFWLIMICKGGGNLWVTVYYGVPVWTEAKTTLFCASNAKAYEKEVHNIWATHACVP
TDPNPQEIVLANVTENEFNMWKNDMVDOMHEDITISIWDQGLKPCVKLTPLCVTLNCSDVSVNKCSNASVNVTSANC
SDASVNKTSNATASLEFATGDIKNCSEFNITTEIRDKKOKAYALFYKPDVVPLNGNSSNEYILINCNTSTITQACP
KVNEFDPIPIHYCTPAGYAILKCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDITIIRSKDITENT
NTIIVHLNESIPIVCTRPSNNTRKSVRIGPGQTFYATNDIIGDIRQAHCNISKSNWTTTLTRVKEKLOGYFPNKT
IKFAPHSGGDLEVTTHSENCRGEFEFYCNTTQLEFKLNITNTTKPNETITLPCRIKQIINMWOEVGRAMYAPPIAGN
ITCTSNITGILLQYDGGNMNSSNGTETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTGAKRRVVEREKRAVGL
GAALLGFLGTAGSTMGAASMALTVQARQLLSGIVQQOOSNLLKATIEAQQHMLRLTVWGIKQLOARVLAIERYLODQ
QLLGLWGCSGKLICTTTVPWNSSWSNKSYTEIWGNMTWMQWDKEISNYTGTIYRLLEDSHIQQEKNEQELLALDS
WKSLWSWEDITOQWLWYIKIFIMIVGGLIGLRIIFGVLSIVKRVRQGYSPLSFQTPPONQRGLDRLERIEEEGGEQ
DKDRSIRLVNGFLAIVWEDLRSLCLESYHQLRDFILIAARAVELLGRSSLRGLORGWEVLKYLGNLVLYWGLEIK
KSAISLLDTTAIAVAEGTDRIIEVLQGIYRAFRNVPRRIRQGFEAALL*

>SJU_ 17 s2D
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MRVKGTOQRNWPOQWWIWGILGEWLIMICKGGGNLWVTVYYGVPVWTEAKTTLFCASNAKAYEKEVHNIWATHACVP
TDPNPQEIVLANVTENENMWKNDMVDOMHEDITISIWDQGLKPCVKLTPLCVTLNCSDVPVNKCSNASVNVTRANC
SDASVNKTSNATASLEFATGDIKNCSENITTE IRDKKOQKAYALFYKPDVVPLNGNNSHEYILINCNTSTITQACP
KVNFDPIPIHYCTPAGYAILKCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDIIIRSKDITENT
NTIIVHLNESIPIVCTRPSNNTRKSVRIGPGQTFYATNDITIGDIRQAHCNISKSNWTTTLTRVKEKLOGYFPNKT
IKFAPHSGGDLEVTTHSENCRGEFFYCNTSQLFKLNITNTTKPNETITLPCRIKQIINMWQEVGRAMYAPPTAGN
ITCASNITGILLHYDGGNMNSSNGTETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTGAKRRVVEREKRAVGL
GAALLGFLGTAGSTMGAASMALTVQARQLLSGIVQQQOSNLLKAIEAQQHMLRLTVWGIKQLOARVLAIERYLQODQ
QLLGLWGCSGKLICTTTVPWNSSWSNKSYTEIWGNMTWMQOWDKEISNYTGTIYRLLEDSHIQQEKNEQELLALDS
WKSLWSWEDITOQWLWYIKIFIMIVGGLIGLRIIFGVLSIVKRVROGYSPLSFQTPPONQRGLDRLERIEEEGGEQ
DKDRSIRLVNGFLAIVWEDLRSLCLFSYHQLRDFILIAARAVELLGRSSLRGLORGWEVLKYLGNLVLYWGLEIK
KSAISLLDTTAIAVAEGTDRIIEVLQGIYRAFRNVPRRIRQGFEAALL™*

>SJU_17 s6A

MRVKGTORNWPOQWWIWGILGEWLIMICKGGGNLWVTVYYGVPVWTEAKTTLFCASNAKAYEKEVHNIWATHACVP
TDPNPQEIVLANVTENENMWKNDMVDOMHEDITISIWDQGLKPCVKLTPLCVTLNCSDVSVNKCSNASVNVTSANC
SDASVNKTSNATASLEFATGDIKNCSENITTEIRDKEQKAYALFYKPDVVPLNGNNSNEYILINCNTSTITQACP
KVNEFDPIPIHYCTPAGYAILKCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDITIIRSKDITENT
NTIIVHLNESIPIVCTRPSNNTRKSVRIGPGQTFYATNDITIGDIRQAHCNISKSNWTTTLTRVKEKLORYFPNKT
IKFAPHSGGDLEVTTHSENCRGEFFYCNTTQLFKLNITNTTKPNETITLPCRIKQIINMWQEVGRAMYAPPTAGN
ITCTSNITGILLHYDGGNTNSSNETGTFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTGAKRRVVEREKRAVGL
GAALLGFLGTAGSTMGAASMALTVQARQLLSGIVQQQOSNLLKAIEAQQHMLRLTVWGIKQLOQARVLAIERYLQODQ
QLLGLWGCSGKLICTTAVPWNSSWSNKSYTEIWGNMTWMQOQWDKEISNYTGTIYRLLEVSQONQQEKNEKDLLALDS
WKSLWSWEDITOQWLWYIKIFIMIVGGLIGLRIIFGVLSIVKRVROGYSPLSFQTPPONQRGLDRLGRIEEEGGEQ
DKDRSVRLVNGFLAIVWEDLRSLCLESYHQLRDFILIAARAVELLGRSSLRGLORGWEVLKYLGNLVLYWGLEIK
KSAISLLDTTAIAVAEGTDRITIEVLQGIYRAFRNVPRRIRQGFEAALL*

>5JU 17 s6D

MRVKGTORNWPOWWIWGILGEFWLIMICKGGGNLWVTVYYGVPVWTEAKTTLECASNAKAYEKEVHNIWATYACVP
TDPNPQEIVLANVTENEFNMWENDMVDOMHEDITISIWDQGLKPCVKLTPLCVTLNCSDVSVNKCSNASVNTSNANC
SDASVNKTSNATASLEFATGDIKNCSEFNITTEIRDKKOQKAYALFYKPDVVPLDGNNSNEYILINCNTSTITQACP
KVNEFDPIPIHYCTPAGYAILKCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDITIIRSKDITENT
NTIIVHLNESVPIVCTRPSNNTRKSVRIGPGQAFYATNDIIGDIRQAHCNISKSNWTTTLTRVKEKLOGYFPNKT
IKFAPHSGGDLEVTTHSENCRGEFFYCNTTQLENIINTTKPNETITLPCRIKQIINMWQEVGRAMYAPPIAGNIT
CASNITGILLOHDGGDTNSSNGTETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTEAKRRVVEREKRAVGLGA
ALLGFLGTAGSTMGAASMALTVQARQLLSGIVQQQSNLLKAIEAQQHMLRLTVWGIKQLOARVLAIERYLODOQL
LGLWGCSGKLICTTAVPWNSSWSNKSYTEIWDNMTWMQWDKEISNYTGTIYRLLEVSONQOQEKNEKDLLALDSWK
SLWSWEDITOQWLWYIKIFIMIVGGLIGLRITFGVLSIVKRVROQGYSPLSFQTPPONQRGLDRLERIEEEGGEQDK
DRSIRLVNGFLAIVWEDLRSLCLEFSYHQLRDFILIAARAGELLGRSSLRGLORGWEVLKYLGNLVLYWGLEIKKS
AISLLDTTATAVAEGTDRIIEVLOGIYRAFRNVPRRIRQGFEAALL*

>S5JU_17 s9A

MRVKGTQRNWPOQWWIWGILGEFWLIMICKGGGNLWVTVYYGVPVWTEAKTTLFCASNAKAYEKEVHNIWATHACVP
TDPNPQEIVLANVTENEFNMWKNDMVDOMHEDITISIWDQGLKPCVKLTPLCVTLNCSDVSVNKCSNASVNVTSANC
SDTSVNKTSNATASLEFATGDIKNCSENITTEIRDKEQKAYALFYKPDVVPLNGNNSNEYILINCNTSTITQACP
KVNEFDPIPIHYCTPAGYAILKCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDITIIRSKDITENT
NTIIVHLNESIPIVCTRPSNNTRKSVRIGPGQTFYATNDIIGDIRQAHCNISKSNWTTTLTRVKEKLORYFPNKT
IKFAPHSGGDLEVTTHSENCRGEFEFYCNTTQLEFKLNITNTTKPNETITLPCRIKQIINMWOEVGRAMYAPPIAGN
ITCTSNITGILLHYDGGDTNSSNETETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTGAKRRVVEREKRAVGL
GAALLGFLGTAGSTMGAASMALTVQARQLLSGIVQQOOSNLLKATIEAQQHMLRLTVWGIKQLOARVLAIERYLODQ
QLLGLWGCSGKLICTTAVPWNSSWSNKSYTEIWGNMTWMQWDKEISNYTGTIYRLLEVSONQQEKNEKDLLALDS
WKSLWSWEDITOQWLWYIKIFIMIVGGLIGLRIIFGVLSIVKRVRQGYSPLSFQTPPONQRGLDRLGRIEEEGGEQ
DKDRSVRLVNGFLAIVWEDLRSLCLESYHQLRDFILIAARAVELLGRSSLRGLORGWEVLKYLGNLVLYWGLEIK
KSAISLLDTTAIAVAEGTDRIIEVLQGIYRAFRNVPRRIRQGFEAALL*

>SJU 17 s9D
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MRVKGTOQRNWPOQWWIWGILGEWLIMICKGGGNLWVTVYYGVPVWTEAKTTLFCASNVKAYEKEVHNIWATHACVP
TDPNPQEIVLANVTENENMWENDMVDOMHEDITISIWDQGLKPCVKLTPLCVTLNCSDVPVNKCSNASVNVTSANC
SDASVNKTSNATASLEFATGDIKNCSENITTDIRDKKQKAYALFYKPDVVPLNGNNSNEYILINCNTSTITQACP
KVNFDPIPIHYCTPAGYAILKCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDIIIRSKDITENT
NTIIVHLNESIPIVCTRPSNNTRKSVRIGPGQTFYATNDITIGDIRQAHCNISKSNWTTTLTRVKEKLOGYFPNKT
IKFAPHSGGDLEVTTHSENCRGEFFYCNTTQLFKLNITNTTRPNETITLPCRIKQIINMWQEVGRAMYAPPTAGN
LTCTSNITGILLOHDGGNTNSLNGTETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTGAKRRVVEREKRAVGL
GAALLGFLGTAGSTMGAASMALTVQARQLLSGIVQQQOSNLLKAIEAQQHMLRLTVWGIKQLOARVLAIERYLQODQ
QLLGLWGCSGKLICTTAVPWNSSWSNKSYTEIWGNMTWMQOQWDKEISNYTGTIYRLLEVSONQQEKNEKDLLALDS
WKSLWSWEDITOQWLWYIKIFIMIVGGLIGLRIIFGVLSIVKRVROGYSPLSFQTPPONQWGLDRLERIEEEGGEQ
DKDRSIRLVNGLLAIVWEDLRSLCLFSYHQLRDFILIAARAVELLGRSSLRGLOQRGWEVLKYLGNLVLYWGLEIK
KSAISLLDTTAIAVAEGTDRIIEVLQGIYRAFRNVPRRIRQGFEAALL™*

>SJU 17 s12A

MRVKGTORNWPOQWWIWGILGEWLIMICKGGGNLWVTVYYGVPVWTEAKTTLFCASNAKAYEKEVHNIWATHACVP
TDPNPQEIVLANVTENENMWKNDMVDQOMHEDITISIWDQGLKPCVKLTPLCVTLNCSDVPVNKCSNASVNVTRANC
SDASVNKTSNATASLEFATGDIKNCSENITTEIRDKKOKAYALFYKPDVVPLNGNNSNEYILINCNTSTITQACP
KVNEFDPIPIHYCTPAGYAILKCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDITIIRSKDITENT
NTIIVHLNESIPIVCTRPSNNTRKSVRIGPGQTFYATNDITIGDIRQAHCNISKSNWTTTLTRVKEKLOGYFPNKT
IKFAPHSGGDLEVTTHSENCRGEFFYCNTTQLFKLNITNTTKPNETITLPCRIKQIINMWQEVGRAMYAPPTAGN
ITCASNITGILLHYDGGNMNSSNGTETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTGAKRRVVEREKRAVGL
GAALLGFLGTAGSTMGAASMALTVQARQLLSGIVQQQOSNLLKAIEAQQHMLRLTVWGIKQLOQARVLAIERYLQODQ
QLLGLWGCSGKLICTTTVPWNSSWSNKSYTEIWGNMTWMQOQWDKEISNYTGTIYRLLEDSHIQQEKNEQELLALNS
WKSLWSWEDITOQWLWYIKIFIMIVGGLIGLRIIFGVLSIVKRVROGYSPLSFQTPPONQRGLDRLERIEEEGGEQ
DKDRSIRLVNGFLAIVWEDLRSLCLESYHQLRDFILIAARAVELLGRSGLRGLORGWEVLKYPGNLVLYWGLEIK
KSAISLLDTTAIAVAEGTDRITIEVLQGIYRAFRNVPRRIRQGFEAALL*

>5JU 25 s1F

MRVKGTORNWPOWWIWGILGFWLIMICKGGGNLWVTVYYGVPVWTEAKTTLEFCASNAKAYEKEVHNIWATHACVP
TDPNPQEIVLANVTENEFNMWKNDMVDOMHEDITISIWDQGLKPCVKLTPLCVTLTCSDASVNNTSNDTAPLKEDEG
DIKNCSENITTEIRDKKQKAYALFYKPDVVPLNGNNSNEYILINCNTSTITQACPKVNEDPIPIHYCAPAGYAIL
QCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDITIIRSKDITENTNTIIVHLNESVPIVCTRPSN
NTRKSVRIGPGQTFYATNDIIGDIRQAHCNISKSNWNTTLTRVKEKLQGYFPNKTIKFAPHSGGDLEVTTHSENC
RGEFFYCNTTQLFKLNITNTTKPNETITLPCRIKQIINMWQEVGRAMYAPPIAGNITCASDITGILLQYDGGNSS
NGTETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTEARRRVVKREKRAVGLGAVFLGFLGMAGNTMGAASLTL
TVQARQLLSGIVQQOSNLLKAIEAQQHMLRLTVWGIKQLOARVLATIERYLODOQLLGLWGCSGKLICTTTVPWNS
SWSNKSYTEIWGNMTWMQOWDKEISNYTGTIYRLLEDSHIQQEKNEQELLALDSWKSLWSWEDITQWLWYIKIFIM
IVGGLIGLRIIFGVLSIVKRVRQGYSPLSFQTPPONQRGLDRLERIEEEGGEQDKDRSIRLVNGFLSIVWEDLRS
LCLEFSYHQLRDFILIAARAVELLGRSSLRGLOQRGWEVLKYLGNLVLYWGLEIKKSAISLLDTTAIAVAEGTDRITI
EVLOGIYRAFRNVPRRIRQGFEAALL*

>SJU_25 s5B

MRVKGTQRNWPOQWWIWGILGEFWLIMICKGGGNLWVTVYYGVPVWTEAKTTLFCASNAKAYEKEVHNIWATHACVP
TDPNPQEIVLANVTENEFNMWENDMVDOMHEDITISIWDQGLKPCVKLTPLCVTLNCSDAPVNKCSNASVNVTSANC
SDASVNKTSNATASLEFATGDIKNCSEFNITTEIRDKKOQKAYALFYKPDVVPLDGNNSNEYILINCNTSTITQACP
KVNEFDPIPIHYCAPAGYAILKCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDITIIRSKDITENT
NTIIVHLNESIPIVCTRPSNNTRKSVRIGPGQTFYATNDIIGDIRQAHCNISKSNWTTTLTRVKEKLOGYFPNKT
IKFAPHSGGDLEVTTHSENCRGEFEFYCNTTQLFELNITNTTKSNETITLPCRIKQIINMWOEVGRAMYAPPIAGN
ITCASNITGVLLQYDGGNTNSSETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTEARRRVVKREKRAVGLGAV
FLGFLGMAGNTMGAASLTLTVQARQLLSGIVQOQOSNLLKAIEAQQHMLRLTVWGIKQLOARVLATIERYLODQQLL
GLWGCSGKLICTTTVPWNSSWSNKSYTEIWGNMTWMOWDKEISNYTGTIYRLLEDSHIQQEKNEQELLALDSWKS
LWSWEDITOQWLWYIKIFIMIVGGLIGLRITFGVLSIVKRVROQGYSPLSFQTPPONQRGLDRLERIEEEGGEQDKD
RSIRLVNGFLAIVWEDLRSLCLEFSYHQLRDFILIAARAVELLGRSSLRGLORGWEVLKYLGNLVLYWGLEIKKSA
ISLLDTTAIAVAEGTDRIIEVLQGIYRAFRNVPRRIRQGFEAALL*

>SJU_61 s4H
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MRVKGTOQRNWPOQWWIWGILGEWLIMICKGGGNLWVTVYYGVPVWTEAKTTLFCASNAKAYEKEVHNIWATHACVP
TDPNPQEIVLANVTENENMWKNDMVDOMHEDITISIWDQGLKPCVKLTPLCVTLTCSDVNKCSNASVTSANCSDAS
VKKTSNATASLEFATGDIKNCSENITTEIRDKKQKAYVLEFYKPDVVPLNGENSNSTEYILINCNTSTITQACPKV
NEDPIPIHYCAPAGYAILKCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDIIIRSKNITENTNT
IIVHLNESVPIVCTRPSNNTRKSVRIGPGQAFYATNDIIGDIRQANCNISESNWTTTLTRVKEKLOQGYFPNKTIT
FAPHSGGDLEVTTHSEFSCRGEFFYCNTTQLFTNTTKPNGTITLPCRIKQIINMWQEVGRAMYAPPTIAGNITCASN
ITGILLHYDGGNTNGTETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTEAKRRVVEREKRAVGLGAAFLGFLG
AAGSTMGAASLTLTVQARQLLSGIVQQQOSNLLKAIEAQQHMLRLTVWGIKQLOARVLAIERYLODQQLLGLWGCS
GKLICTTAVPWNSSWSNKSSTEIWDNMTWMOWDKEISNYTDTIYRLLEVSRNQQEKNEKDLLALDSWKSLWSWED
ITKWLWYIKIFIMIVGGLIGLRIIFGVLSIVKRVRQGYSPLSFQTPPONQRGLDRLERIEEEGGEQDKDRSIRLV
NGFLAIVWEDLRSLCLESYHQLRDFILIAVRAVELLGRSSLRGLORGWEVLKYLGNLVLYWGLEIKKSAISLLNT
TATIAVAEGTDRIIEVLQGIYRAFRNVPRRIRQGFEAALL*

>5JU_61 s7B

MRVKGTORNWSQWWIWGILGEWLIMICKGGGNLWVTVYYGVPVWTEAKTTLFCASNAKAYEKEVHNIWATHACVP
TDPNPQEIVLANVTENENMWENDMVDOMHEDITISIWDQGLKPCVKLTPLCVTLNCSDVPVCSNASVNATRANCSD
ASVNKTSNATASLEFAEGDIKNCSENITTEIRDKKQKAYALFYKPDVVPLNGENSNSSEYILINCNTSTITQACP
KVNFDPIPIHYCAPAGYAILKCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDITIIRSKNITENT
NTIIVHLNESVPIVCTRPSNNTRKSVRIGPGQTFYATNDITIGDIRQAHCNISKSNWNTTLTRVKEKLOGYFPNKT
ITFAPHSGGDLEVTTHSENCRGEFFYCNTTQLETNTTKPNETITLPCRIKQI INMWQEVGRAMYAPPIAGNITCA
SNITGILLOQRDGGNTNGTETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTEAKRRVVEREKRAVGLGAAFLGE
LGAAGSTMGAASLTLTVQARQLLSGIVQQOSNLLKAIEAQQHMLRLTVWGIKQLOQARVLAIERYLODQQLLGLWG
CSGKLICTTAVPWNSSWSNKSSTEIWDNMTWMOWDKEISNYTDTIYRLLEVSQNQOEKNEKDLLALDSWKSLWSW
FDITOWLWYIKIFIMIVGGLIGLKIIFGVLSIVKRVRQGYSPLSFQTPPONQRGLDRLERIEEEGGEQDKDRSIR
LVNGFLATIVWEDLRSLCLEFSYHQLRDFILTAARAGELLGRSSLRGLORGWEVLKYLGNLVLYWGLEIKKSATISLL
DTTAIAVAEGTDRIIEVLQGIYRAFRNVPRRIRQGFETALL*

>SJU_ 61 s9G

MRVKGTORNWPOWWIWGILGFWLIMICKGGGNLWVTVYYGVPVWTEAKTTLEFCASNAKAYEQEVHNIWATHACVP
TDPNPQEIVLANVTENEFNMWENDMVDOMHEDIISIWDQGLKPCVKLTPLCVTLNCASVNKTSNATASLEFATGDI
KNCSENITTEIRDKKQKAYALFYKPDVVPLNGENSNSSEYILINCNTSTITQACPKVNEFDPIPIHYCTPAGYAIL
QCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDITIIRSKNITKNTNTIIVHLNESVPIVCTRPSN
NTRKSVRIGPGQTFYATNDIIGDIRQAHCNISKSSWTTTLTRVTEKLOQGYFPNKTIKFAPHSGGDLEVTTHSESC
RGEFFYCNTTQLFELNITNTTNSNETITLPCRIKQIINMWQEVGRAMYAPPIAGNITCASNITGILLOHDGGGTN
SSNGTETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTEAKRRVVEREKRAVGLGAALLGFLGTAGSTMGAASM
ALTVQARQLLSGIVQQOSNLLKAIEAQQHMLRLTVWGIKQLOARVLAIERYLODQQLLGLWGCSGKLICTTAVPW
NSSWSNKSSTEIWDNMTWMOQWDKEISNYTDTIYGLLEVSONQQEKNEKDLLALDSWKSLWSWEDITKWLWYIKIF
IMIVGGLIGLRITIFGVLSIVKRVROQGYSPLSFQTPPONQRGLDRLERIEEEGGEQDKDRSIRLVNGEFLAIVWEDL
RSLCLESYHQLRDFILIAVRAVELLGRSSLRGLORGWEVLKYLGNLVLYWGLEIKKSAISLLDTTAIAVAEGTDR
IIEVLOGIYRAFRNLPRRIRQGFEAALL*

>SJU_61 s10B

MRVKGTQRNWPOQWWIWGILGEFWLIMICKGGGNLWVTVYYGVPVWTEAKTTLFCASNAKAYEQEVHNIWATHACVP
TDPNPQEIVLANVTENEFNMWENDMVDOMHEDIISIWDQGLKPCVKLTPLCVTLNCASVNKTSNATASLEFATGDI
KNCSENITTEIRDKKQKAYALFYKPDVVPLNGENSNSSEYILINCNTSTITQACPKVNEFDPIPIHYCTPAGYAIL
QCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDITIIRSKNITKNTNTIIVHLNESVPIVCTRPSN
NTRKSVRIGPGQTFYATNDIIGDIRQAHCNISKSSWTTTLTRVTEKLOQGYFPNKTIKFAPHSGGDLEVTTHSESC
RGEFFYCNTTQLFELNITNTTNSNETITLPCRIKQIINMWQEVGRAMYAPPIAGNITCASNITGILLOQHDGGDTN
SSNGTETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTEAKRRVVEREKRAVGLGAALLGFLGTAGSTMGAASM
ALTVQARQLLSGIVQQOSNLLKATEAQQHMLRLTVWGIKQLQARVLAIERYLODOQQOLLGLWGCSGKLICTTAVPW
NSSWSNKSSTEIWDNMTWMOQWDKEISNYTDTIYRLLEVSOQNQQEKNEKDLLALDSWKSLWSWEDITKWLWYIKIF
IMIVGGLIGLRITIFGVLSIVKRVROQGYSPLSFQTPPONQRGLDRLERIEEEGGEQDKDRSIRLVNGEFLAIVWEDL
RSLCLESYHQLRDFILIAVRAVELLGRSSLRGLORGWEVLKYLGNLVLYWGLEIKKSAISLLDTTATIAVAEGTDR
IIEVLOGIYRAFRNLPRRIRQGFEAALL*

>SJU 61 s10H
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MRVKGTOQRNWPOQWWIWGILGEWLIMICKGGGNLWVTVYYGVPVWTEAKTTLFCASNAKAYEQEVHNIWATHACVP
TDPNPQEIVLANVTENENMWENDMVDOMHEDIISIWDQGLKPCVKLTPLCVTLNCASVNKTSNATASLEFATGDI
KNCSENITTEIRDKKOKAYALEFYKPDVVPLNGENSNSSEYILINCNTSTITQACPKVNFEPIPIHYCTPAGYATIL
QCNNKTENGTGPCONVSTVQCTHGIKPVVSTOQLLLNGSLAEGEITIRSKNITKNTNTIIVHLNESVPIVCTRPSN
NTRKSVRIGPGQTFYATNDIIGDIRQAHCNISKSSWTTTLTRVTEKLOQGYFPNKTIKFAPHSGGDLEVTTHSESC
RGEFFYCNTTQLFELNITNTTNSNETITLPCRIKQIINMWQEVGRAMYAPPIAGNITCASNITGILLOHDGGDTN
SSNGTETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTEAKRRVVEREKRAVGLGAALLGFLGTAGSTMGAASM
ALTVQTRQLLSGIVQQOSNLLKAIEAQQHMLRLTVWGIKQLOARVLAIERYLODQQLLGLWGCSGKLICTTAVPW
NSSWSNKSSTEIWDNMTWMOWDKEISNYTDTIYRLLEVSONQQEKNEKDLLALDSWKSLWSWEDITKWLWYIKIFE
IMIVGGLIGLRIIFGVLSIVKRVROGYSPLSFQTPPONQRGLDRLERIEEEGGEQDKDRSIRLVNGFLAIVWEDL
RSLCLEFSYHQLRDFILIAVRAVELLGRSSLRGLORGWEVLKYLGNLVLYWGLEIKKSAISLLDTTAIAVAEGTDR
ITEVLOGIYRAFRNLPRRIRQGFEAALL*

>SJU_61_s11A

MRVKGTORNWPOQWWIWGILGEWLIMICKGGGNLWVTVYYGVPVWTEAKTTLFCASNAKAYEKEVHNIWATHACVS
TDPNPQEIVLANVTENENMWENDMVDOMHEDITISIWDQGLKPCVKLTPLCVTLNCSNASVNTSNANCSDASVKKT
SNATASLEFATGDIKNCSENITTEIRDKKOQKAYALFYKPDVVPLNGENSNSTEYILINCNTSTITQACPKVNEDP
IPIHYCTPAGYAILKCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDITIIRSKNITENTNTIIVH
LNESVPIVCTRPSNNTRKSVRIGPGOAFYATNDIIGDIRQAHCNISKSNWNTTLTRVKEKLOQGYFPNKTIKFAPH
SGGDLEVTTHSFSCRGEFFYCNTTQLFELNITNTAEPNETITLPCRIKQI INMWQEVGRAMYAPPIAGNITCASN
ITGILLOHDGGNTSSSNGTETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTEAKRRVVEREKRAVGLGAALLG
FLGAAGSTMGAASLTLTVQARQLLSGIVQQOSNLLKATEAQOHMLRLTVWGIKQLOARVLATIERYLODQQOLLGLW
GCSGKLICTTAVPWNSSWSNKSSTEIWDNMTWMOWDKEISNYTDTIYRLLEVSQNQQOQEKNEKDLLALDSWKSLWS
WEDITKWLWYIKIFIMIVGGLIGLRITFGVLSIVKRVROGYSPLSFQTPPONOQRGLDRLERIEEEGGEQDKDRSTI
RLVNGFLAIVWEDLRSLCLFSYHQLRDFILIAARAAELLGRSSLRGLORGWEVLKYLGNLVLYWGLEIKKSAISL
LDTTAIAVAEGTDRIIEVLOGIYRAFRNVPRRIRQGFEAALL*

>5JU_61 s12F

MRVKGTORNWPOWWIWGILGFWLIMICKGGGNLWVTVYYGVPVWTEAKTTLEFCASNAKAYEQEVHNIWATHACVP
TDPNPQEIVLANVTENEFNMWENDMVDOMHEDIISIWDQGLKPCVKLTPLCVTLNCASVNKTSNATASLEFATGDI
KNCSENITTEIRDKKQKAYALFYKPDVVPLNGENSNSSEYILINCNTSTITQACPKVNEFDPIPIHYCTPAGYAIL
QCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDITIIRSKNITKNTNTIIVHLNESVPIVCTRPSN
NTRKSVRIGPGQTFYATNDIIGDIRQAHCNISKSSWTTTLTRVTEKLOQGYFPNKTIKFAPHSGGDLEVTTHSESC
RGEFFYCNTTQLFELNITNTTNSNETITLPCRIKQIINMWQEVGRAMYAPPIAGNITCASNITGILLOHDGGDTN
SSNGTETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTEAKRRVVEREKRAVGLGAALLGFLGTAGSTMGAASM
ALTVQARQLLSGIVQQOSNLLKAIEAQQHMLRLTVWGIKQLOARVLAIERYLODQQLLGLWGCSGKLICTTAVPW
NSSWSNKSSTEIWDNMTWMQWDKEISNYTDTIYRLLEVSONQQEKNEKDLLALDSWKSLWSWEDITKWLWYIKIF
IMIVGGLIGLRITIFGVLSIVKRVROQGYSPLSFQTPPONQRGLDRLERIEEEGGEQDKDRSIRLVNGEFLAIVWEDL
RSLCLESYHQLRDFILIAVRAVELLGRSSLRGLORGWEVLKYLGNLVLYWGLEIKKSAISLLDTTAIAVAEGTDR
IIEVLOGIYRAFRNLPRRIRQGFEAALL*

>SJU_85 S3A

MRVKGTQRNWPOQWWIWGILGEFWLIMICKGGGNLWVTVYYGVPVWTEAKTTLFCASNAKAYEKEVHNIWATHACVP
TDPNPQEIVLANVTENEFNMWKNDMVDOMHEDIISIWDQGLKPCVKLTPLCVTLTCSDVNKCSNASVISANCSDAS
VNKTSNATASLEFAKGDIKNCSENITTEIRDKKQKAYALFYKPDVVPLNGENSNSSDYILINCNTSTITQACPKV
NEDPIPIHYCAPAGYAILKCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDITIIRSKNITENTNT
IIVHLNESIPIVCTRPSNNTRKSVRIGPGQAFYATNDIIGDIRQAHCNISESNWNTTLTRVKEKLOQGYFPNKTIN
FAPHSGGDLEVTTHSEFSCRGEFFYCNTTQLENLNITNTTTSNETITLPCRIKQIINMWOEVGRAMYAPPIAGNIT
CTSNITGILLORDGGNKDIPNGTETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTEAKRRVVEREKRAVGLGA
AFLGFLGAAGSTMGAASLTLTVQARQLLSGIVOQQQSNLLKAIEAQQHMLRLTVWGIKQLOARVLATIERYLODQOL
LGLWGCSGKLICTTAVPWNSSWSNKSSKEIWDNMTWMQWDKEISNYTDTIYRLLEDSONQQEKNEKDLLALDSWK
SLWSWEDITKWLWYIKIFIMIVGGLIGLRITFGVLSIVKRVROQGYSPLSFQTPPONQRGLDRLGRIEEEGGEQDK
DRSIRLVNGFLSIVWEDLRSLCLFSYHQLRDFILIAARALELLGRSSLRGLORGWEVLKYLGNLVLYWGLEIKKS
AISLLDTTATIAVAEGTDRIIEVLOGIYRAFRNLPRRIRQGFEAALL*

>SJU_85 S3B
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MRVKGTOQRNWPOQWWIWGILGEWLIMICKGGGNLWVTVYYGVPVWTEAKTTLFCASNAKAYEKEVHNIWATHACVP
TDPNPQEIVLANVTENENMWKNDMVDOMHEDITISIWDQGLKPCVKLTPLCVTLTCSDVNKCSNASVISANCSGAS
VNKTSNATASLEFATGDIKNCSENITTE IRDKKQKAYALFYKPDVVPLNGENSNSSDYILINCNTSTITQACPKV
NEDPIPIHYCAPAGYAILQCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDIIIRSKNITENTNT
IIVHLNESVPIVCTRPSNNTRKSVRIGPGQAFYATNDIIGDIRQAHCNISKLNWTTTLTRVKEKLOQGYFPNKTIT
FAPHSGGDLEVTTHSEFSCRGEFFYCNTTQLFKLNITNTTKPNENEAITLPCRIKQIINMWQEVGRAMYAPPIAGN
ITCTSNITGILLORDGGNKNSSNETETETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTEAKRRVVEREKRAV
GLGAAFLGFLGAAGSTMGAASLTLTVQARQLLSGIVQQOQOSNLLKAIEAQQHMLRLTVWGIKQLOARVLAIERYLQ
DOQLLGLWGCSGKLICTTAVPWNSSWSNKSSKEIWDNMTWMQOQWDKEISNYTDTIYRLLEDSOQNQQEKNEKDLLAL
DSWKSLWSWENITQWLWYIKIFIMIVGGLIGLRIIFGVLSIVKRVRQGYSPLSFQTPPONQRGLDRLGRIEEEGG
EQDKDRSIRLVNGFLAIVWEDLRSLCLESYHQLRDFILIAVRAVELLGRSSLRGLORGWEVLKYLGNLVLYWGLE
IKKSAISLLDTTAIAVAGGTDRIIEVLQGIYRAFRNLPRRIRQGFEAALL™*

>5JU_85 s3E

MRVKGTORNWPOQWWIWGILGEWLIMICKGGGNLWVTVYYGVPVWTEAKTTLFCASNAKAYEKEGHNIWATHACVP
TDPNPQEIVLANVTENENMWENDMVDOMHENIISIWDQGLKPCVKLTPLCVTLTCSDVPVCSNASVNVAKANCSD
ASVNRTSNATASLEFAKGDIKNCSENITTEIRDKKQKAYALFYKPDVVPLNGENSNSTEYILINCNTSTITQACP
KVNFDPIPIHYCAPAGYAILKCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDITIRSKNITKNT
NTIIVHLNESVPIVCTRPSNNIRKSVRIGPGQAFYATNDIIGDIRQAHCNISKLDWTTTLIRVMEKLOGYFPNKT
ITFAPHSGGDLEVTTHSENCRGEFFYCNTTQLETNTTKSNETITLPCRIKQI INMWQEVGRAMYAPPIAGNITCA
SNITGILLOQRDGGNPNETETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTEAKRRVVEREKRAVGLGAAFLGE
LGAAGSTMGAASLTLTVQARQLLSGIVQQOSNLLKAIEAQQHMLRLTVWGIKQLOQARVLAIERYLODQQLLGLWG
CSGKLICTTAVPWNSSWSNKSSKEIWDNMTWMOWDKEISNYTDTIYRLLEVSQNQOEKNEKDLLALDSWKSLWSW
FDITKWLWYIKIFIMIVGGLIGLRIIFGVLSIVKRVRQGYSPLSFQTPONQRGLDRLKRIEEEGGEQDKDRSIRL
VNGFLAIVWEDLRSLCLEFSYHQLRDFILIAARAGELLGRSSLRGLORGWEVLKYLGNLVLYWGLEIKKSAISLLD
TTATIAVAEGTDRIIEVLOQGIYRAFRNVPTRIRQGFEAALL*

>5JU_85 s4A

MRVKGTORNWPOWWIWGILGFWLIMICKGGGNLWVTVYYGVPVWTEAKTTLEFCASNAKAYEKEVHNIWATHACVP
TDPNPQEIVLANVTENEFNMWKNDMVDOMHEDITISIWDQGLKPCVKLTPLCVTLNCADVNKCSNASVISANCSDAA
VNKTSNATASLEFAKGDIKNCSENITTEIRDKKQKAYALFYKPDVVPLNEENSNSSEYILINCNTSTITQACPKV
NEFDPIPIHYCAPAGYAILKCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDITIIRSKNITENTNT
IIVHLNESVPIVCTRPSNNTRKSVRIGPGQAFYATNDIIGDIRQAHCNISESNWTTTLTRVKEKLOQGYFPNKTIT
FAPHSGGDLEVTTHSEFSCRGEFEFYCNTTQLENLNITNTTTPNGTITLPCRIKQIINMWOEVGRAMYAPPIAGNIT
CASNITGILLORDGGNPNETETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTEAKRRVVEREKRAVGLGAALL
GFLGTAGSTMGAASMALTVQARQLLSGIVQQOQOSNLLKAIEAQQHMLRLTVWGIKQLOARVLAIERYLODQQOLLGL
WGCSGKLICTTAVPWNSSWSNKSSKEIWDNMTWMOWDKEISNYTDTIYRLLEVSONQQEKNEKDLLALDSWKSLW
SWEDITKWLWYIKIFIMIVGGLIGLRITFGVLSIVKRVROQGYSPLSFQTPPONQRGLDRLERIEEEGGEQDKDRS
IRLVNGFLAIVWEDLRSLCLEFSYHQLRDFILTIAARAAELLGRSSLRGLORGWEVLKYLGNLVLYWGLEVKKSAIS
LLDTTAIAVAEGTDRIIEVLQGIYRAFRNLPRRIRQGFEAALL™*

>SJU_85 s4B

MRVKGTQRNWPOQWWIWGILGEFWLIMICKGGGNLWVTVYYGVPVWTEAKTTLFCASNAKAYEKEVHNIWATHACVP
TDPNPQEIVLANVTENFNMWENDMVDOMHEDITISIWDQGLKPCVKLTPLCVTLTCSDVPVCSNASVNATRTNCSD
AAVNKTSNATASLEFAKGDIKNCSENITTEIRDKKQKAYALFYKPDVVPLNGENSNSSDYILINCNTSTITQACP
KVNEFDPIPIHYCAPAGYAILKCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDITIIRSKNITENT
NTIIVHLNESVPIVCTRPSNNTRKSVRIGPGQAFYATNDIIGDIRQAHCNISKSNWNTTLTRVKEKLOGYFPNKT
IKFAPHSGGDLEVTTHSEFSCRGEFEFYCNTTQLENITNATEPNGTITLPCRIKQIINMWQEVGRAMYAPPIAGNIT
CTSNITGILLORDGGSNRTETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTEAKRRVVEREKRAVGLGAAFLG
FLGAAGSTMGAASLTLTVQARQLLSGIVQQQOSNLLKAIEAQQHMLRLTVWGIKQLOARVLATERYLODQQLLGLW
GCSGKLICTTAVPWNSSWSNKSSKEIWDNMTWMOWDKEISNYTDTIYRLLEDSONQQEKNEKDLLALDSWKSLWS
WENITOWLWYIKIFIMIVGGLIGLRIIFGVLSIVKRVRQGYSPLSFOQTPPONQRGLDRLERIEEEGGEQDKDRSI
RLVNGFLAIVWEDLRSLCLFSYHQLRDFILIAVRAVELLGRSSLRGLORGWEVLKYLGNLVLYWGLEIKKSAISL
LDTIAIAVAEGTDRIIEVLOQGIYRAFRNLPRRIRQGFEAALL*

>SJU_85 s5E
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MRVKGTOQRNWPOQWWIWGILGEWLIMICKGGGNLWVTVYYGVPVWTEAKTTLFCASNAKAYEKEVHNIWATHACVP
TDPNPQEIVLVNVTENENMWKNDMVDOMHEDITISIWDQGLKPCVKLTPLCVTLTCSDVNKCSNASVASANCSAAS
VNKTSNATASLEFATGDIKNCSENITTEIRDKKQKAYALFYRPDVVPLNGENSNSTEYILINCNTSTITQACPKV
NEDPIPIHYCAPAGYAILQCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDIIIRSKNITENTNT
IIVHLNESVPIVCTRPSNNTRKSVRIGPGQAFYATNDIIGDIRQAHCNISESNWNTTLTRVKEKLOQGYFPNKTIT
FAPHSGGDLEVTTHSESCRGEFFYCNTTQLENLNITNTTTPNGTITLPCRIKQIINMWOEVGRAMYAPPIAGNIT
CTSNITGILLORDGGNKNSSETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTEAKRRVVEREKRAVGLGAAFL
GFLGAAGSTMGAASLTLTVQARQLLSGIVQOQOSNLLKAIEAQQHMLRLTVWGIKQLOARVLAIERYLODQOLLGL
WGCSGKLICTTAVPWNSSWSNKSSKEIWDNMTWMOWDKEISNYTGTIYRLLEDSONQQEKNEKDLLALDSWKSLW
SWEDITKWLWYIKIFIMIVGGLIGLRIIFGVLSIVKRVROGYSPLSFQTPPONQRGLDRLERIEEEGGEQDKDRS
IRLVNGFLAIVWEDLRSLCLFSYHQLRDFILIAARAAELLGRSSLRGLORGWEVLKYLGNLVLYWGLEIKKSAIS
LLDTTAIAVAEGTDRIIEVLOGIYRAFRNLPRRIRQGFEAALL*

>SJU_ 85 s5G

MRVKGTORNWPOQWWIWGILGEWLIMICKGGGNLWVTVYYGVPVWTEAKTTLFCASNAKAYEKEVHNIWATHACVP
TDPNPQEIVLANVTENENMWENDMVDOMHEDITISIWDQGLKPCVKLTPLCVTLNCSSVNKSSDASVNNTSNDTAS
LKFDEGDMKNCSENITTEIRDKKQKAYALEFYKLDVVPLSGENSNSSEYILINCNTSTITQACPKVNEDPIPIHYC
APAGYAILKCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDITIIRSKNITENTNTIIVHLNESVP
IVCTRPSNNTRKSVRIGPGQAFYATNDIIGDIRQAHCNISESNWNTTLTRVKEKLOGYFPNKTIKFAPHSGGDLE
VITHSEFSCRGEFFYCNTTQLENLNITNTTTPNETITLPCRIKQIINMWQEVGRAMYAPPTAGNITCASNITGILL
ORDGGNPNETETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTEAKRRVVEREKRAVGLGAAFLGFLGAAGSTM
GAASLTLTVQARQLLSGIVQQOSNLLKAIEAQQHMLRLTVWGIKQLOTRVLATIERYLODOQQLLGLWGCSGKLICT
TAVPWNSSWSNKSYAETIWDNMTWMQWDKEISNYTDTIYRLLEVSONQQEKNEKDLLSLDSWKSLWSWEDITQWLW
YIKIFIMIVGGLIGLRIILGVLSIVKRVRQGYSPLSFQTPPONQRGLDRLERIEEEGGEQDKDRSIRLVNGELAT
VWEDLRSLCLESYHQLRDFILIAARAAELLGRSSLRGLORGWEVLKYLGNLVLYWGLEIKKSAISLLDTTATIAVA
EGTDRIIEVLQGIYRAFRNLPRRIRQGFEAALL*

>SJU 85 s6G

MRVKGTORNWPOWWIWGILGFWLIMICKGGGNLWVTVYYGVPVWTEAKTTLEFCASNAKAYEKEVHNIWATHACVP
TDPNPQEIVLANVTENEFNMWENDMVDOMHEDIISIWDQGLKPCVKLTPLCVTLNCASVNKTSNATASLEFAKGDT
KNCSENITTEIRDKKQKAYALFYKPDVVPLNGENSNSSEYILINCNTSTITQACPKVNEFDPIPIHYCAPAGYAIL
KCNNKTENGTGPCONVNTVQCTHGITPVVSTQLLLNGSLAEGDITIIRSKNITENTNTIIVHLNESVPIVCTRPSN
NTRKSVRIGPGQTFYATNDIIGDIRQAHCNISKSNWNTTLTRVKEKLOQGYFPNKTINFAPHSGGDLEVTTHSENC
RGEFFYCNTTQLENLNITNTTTSNETITLPCRIKQIINMWQEVGRAMYAPPIAGNITCASNITGILLORDGGNPN
ETETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTEAKRRVVEREKRAVGLGAALLGFLGTAGSTMGAASMALT
VOARQLLSGIVQQOSNLLKAIEAQQHMLRLTVWGIKQLOARVLAIERYLODOQOLLGLWGCSGKLICTTAVPWNSS
WSNKSSKEIWDNMTWMQWDKEISNYTDTIYRLLEVSONQQEKNGKDLLALDSWKSLWSWEDITKWLWYIKIFIMI
VGGLIGLRIIFGVLSIVKRVRQGYSPLSFOQTPPONQRGLDRLERIEEEGGEQDKDRSIRLVNGFLAIVWEDLRSL
CLEFSYHQLRDFILIAARAAELLGRSSLRGLORGWEVLKYLGNLVLYWGLEIKKSAISLLDTTAIAVAEGTDRIIE
VLOGIYRAFRNVPRRIRQGFEAALL*

>SJU_85 s8B

MRVKGTQRNWPOQWWIWGILGEFWLIMICKGGGNLWVTVYYGVPVWTEAKTTLFCASNAKAYEQEVHNIWATHACVP
TDPNPQEIVLANVTENEFNMWENDMVDOMHEDIISIWDQGLKPCVKLTPLCVTLNCASVNKTSNATASLEFAKGDT
KNCSENITTEIRDKKQKAYALFYKPDVVPLNGENSNSSEYILINCNTSTITQACPKVNEFDPIPIHYCTPAGYAIL
QCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDITIIRSKNITKNTNTIIVHLNESVPIVCTRPSN
NTRKSVRIGPGQTFYATNDIIGDIRQAHCNISESNWNTTLTRVKEKLOQGYFPNKTITFAPHSGGDLEVTTHSESC
RGEFFYCNTTQLEFTNTTETNETITLPCRIKQIINMWQEVGRAMYAPPIAGNITCASNITGILLORDGGNPNETET
FRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTEAKRRVVEREKRAVGLGAAFLGFLGAAGSTMGAASLTLTVQAR
QLLSGIVQOOSNLLKATEAQQHMLRLTVWGIKQLOARVLATIERYLODOQLLGLWGCSGKLICTTAVPWNSSWSNK
SSKEIWDNMTWMQWDKEISNYTDTIYRLLEVSONQQEKNEKDLLALDSWKSLWSWEDITKWLWYIKIFIMIVGGL
IGLRITIFGVLSIVKRVROQGYSPLSFQTPPONQRGLDRLERIEEEGGEQDKDRSIRLVNGFLAIVWEDLRSLCLES
YHOLRDFILTAARVVELLGRSSLRGLORGWEVLKYLGNLVLYWGLEIKKSAISLLDTTAIAVAEGTDRIIEVLQOG
IYRAFRNVPRRIRQGFEAALL*

>SJU_85 s8E
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MRVKGTOQRNWPOQWWIWGILGEWLIMICKGGGNLWVTVYYGVPVWTEAKTTLFCASNAKAYEKEVHNIWATHACVP
TDPNPQEIVLANVTENENMWKNDMVDOMHEDITISIWDQGLKPCVKLTPLCVTLTCSDVNVTSANCSDASVNRTSN
ATASLEFAKGDIKNCSENITTEIRDKKQKAYALFYKPDVVPLNGENSNSSEYILINCNTSTITQACPKVNEDPIP
IHYCAPAGYAILKCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDIITIRSKNITENTNTITIVHLN
ESIPIVCTRPSNNTRKSVRIGPGQTFYATNDIIGDIRQAHCNISESNWTTTLTRVKEKLOQGYFPNKTIKFAPHSG
GDLEVTTHSFSCRGEFFYCNTTQLENLNITNTTTPNETITLPCRIKQIINMWQEVGRAMYAPPIAGNITCASNIT
GILLORDGGNPNETETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTEAKRRVVEREKRAVGLGAAFLGFLGAA
GSTMGAASMALTVQARQLLSGIVQQQOSNLLKATIEAQQHMLRLTVWGIKQLQARVLAIERYLODQQLLGLWGCSGK
LICTTAVPWNSSWSNKSSKEIWDNMTWMOQWDKEISNYTDTIYRLLEVSONQOEKNEKDLLALDSWKSLWSWEDIT
KWLWYIKIFIMIVGGLIGLRITFGVLSIVKRVROGYSPLSFQTPPONQRGLDRLERIEEEGGEQDKDRSIRLVNG
FLAIVWEDLRSLCLESYHQLRDFILIAARAGELLGRSSLRGLORGWEVLKYLGNLVLYWGLEIKKSAISLLDTTA
IAVAEGTDRIIEVLQGIYRAFRNVPTRIRQGFEAALL*

>S5JU_97 s2F

MRVKGTORNWPOQWWIWGILGEWLIMICKGGGNLWVTVYYGVPVWTEAKTTLFCASNAKAYEKEVHNIWATHACVP
TDPNPQEIVLANVTENENMWKNDMVDOMHEDITISIWDQGLKPCVKLTPLCVTLTCSDANKCSNASVISANCSNAS
VNKTSNATASLEFAKGDIKNCSENITTEIRDKKQKAYALFYKPDVVPLNGENSNSSDYILINCNTSTITQACPKV
NEFDPIPIHYCAPAGYAILKCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDITIIRSKNITKNTNT
IIVHLNESIPIVCTRPSNNTRKSVRIGPGQAFYATNDIIGDIRQAHCNISKLNWTTTLTRVKEKLOQGYFPNKTIT
FAPHSGGDLEVTTHSEFSCRGEFFYCNTTQLFKLNITNTTKPNENETITLPCRIKQIINMWQEVGRAMYAPPIAGN
ITCTSNITGILLORDGGNSSNETETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTEAKRRVVEREKRAVGLGA
AFLGFLGAAGSTMGAASLTLTVQARQLLSGIVQQQOSNLLKAIEAQQHMLRLTVWGIKQLOARVLAIERYLODOQL
LGLWGCSGKLICTTAVPWNSSWSNKSSKEIWDNMTWMOWDKEISNYTDTIYRLLEDSONQQEKNEKDLLALDSWK
NLWSWENITQWLWYIKIFIMIVGGLIGLRIIFGVLSIVKRVRQGYSPLSFQTPPONQRGLDRLERIEEEGGEQDK
DRSIRLVNGFLAIVWEDLRSLCLEFSYHQLRDFILIAARAAELLGRSSLRGLORGWEVLKYLGNLVLYWGLETIKKS
AISLLDTTATAVAEGTDRIIEVLOGIYRAFRNLPRRIRQGFEAALL*

>5JU_97 s2G

MRVKGTORNWPOWWIWGILGFWLIMICKGGGNLWVTVYYGVPVWTEAKTTLEFCASNAKAYEKEVHNIWATHACVP
TDPNPQEIVLANVTENFNMWENDMVDOMHEDIISIWDQGLKPCVKLTPLCVTLNCSPVNKCSNTSVNVTNANCSD
ASVNNTSNDTASLKFDEGDMKNCSENITTEIRDKKQKAYALFYKLDVVPLSGENSNSSEYILINCNTSTITQACP
KVNEFDPIPIHYCAPAGYAILKCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDITIIRSKNITENT
NTIIVHLNESVPIVCTRPSNNTRKSVRIGPGQAFYATNDIIGDIRQAYCNISESNWNTTLTRVKEKLOGYFPNKT
IKFAPHSGGDLEVTTHSENCRGEFFYCNTTQLETNTTTPNETITLPCRIKQI INMWQEVGRAMYAPPIAGNITCA
SNITGILLOQRDGGNPNETETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTEAKRRVVEREKRAVGLGAAFLGE
LGAAGSTMGAASLTLTVQARQLLSGIVQQOSNLLKAIEAQQHMLRLTVWGIKQLOARVLAIERYLODQQLLGLWG
CSGKLICTTAVPWNSSWSNKSSIEIWDNMTWMOWDKEISNYTDTIYRLLEVSONQQEKNEKDLLALDSWKSLWSW
FDITOWLWYIKIFIMIVGGLIGLRIIFGVLSIVKRVRQGYSPLSFQTPPONQRGLDRLERIEEEGGEQDKDRSIR
LVNGFLAIVWEDLRSLCLEFSYHQLRDFILTIAVRAVELLGRSSLRGLORGWEVLKYLGNLVLYWGLEIKKSATISLL
DTTAIAVAEGTDRIIEVLQGIYRAFRNVPTRIRQGFEAALL*

>5JU_97_ sAF

MRVKGTQRNWPOQWWIWGILGEFWLIMICKGGGNLWVTVYYGVPVWTEAKTTLFCASNAKAYEQEVHNIWATHACVP
TDPNPQEIVLANVTENEFNMWENDMVDOMHEDIISIWDQGLKPCVKLTPLCVTLNCSLVNKSSDASVNNTSNDTAS
LKFDEGDMKNCSENITTEIRDKKQKAYALFYKLDVVPLSGENSNSSEYILINCNTSTITQACPKVNEDPIPIHYC
APAGYAILKCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDITIIRSKNITENTNTIIVHLNESIP
IVCTRPSNNTRKSVRIGPGQTFYATNDIIGDIRQAYCNISKSNWNTTLTRVKEKLOGYFPNKTIKFAPHSGGDLE
VITHSENCRGEFFYCNTTQLEFTNTTKTNETITLPCRIKQIINMWQEVGRAMYAPPTIAGNITCASNITGILLQORDG
GNPNETETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTEAKRRVVEREKRAVGLGAAFLGFLGAAGSTMGAAS
LTLTVQARQLLSGIVQQOQOSNLLKAIEAQQHMLRLTVWGIKQLOARVLATIERYLODOQLLGLWGCSGKLICTTAVP
WNSSWSNKSSKEIWDNMTWMQWDKEISNYTDTIYRLLEVSONQOEKNEKDLLALDSWKSLWSWEDITKWLWYIKI
FIMIVGGLIGLRITFGVLSIVKRVRQGYSPLSFQTPPONQRGLDRLERIEEEGGEQDKDRSIRLVNGEFLSIVWED
LRSLCLESYHQLRDFILIAARAGELLGRSSLRGLORGWEVLKYLGNLVLYWGLEIKKSAISLLDTTAIAVAEGTD
RIIEVLOGIYRAFRNVPTRIRQGFEAALL¥*

>SJU 97 sb5F
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MRVKGTOQRNWPOQWWIWGILGEWLIMICKGGGNLWVTVYYGVPVWTEAKTTLFCASNAKAYEKEVHNIWATHACVP
TDPNPQEIVLANVTENENMWKNDMVDOMHEDITISIWDQGLKPCVKLTPLCVTLNCADVNKCSNASVISANCSDAA
VNKTSNATASLEFAKGDIKNCSENITTEIRDKKQKAYALFYKPDVVPLNEENSNSSEYTILINCNTSTITQACPKV
NEDPIPIHYCAPAGYAILKCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDIIIRSKNITENTNT
IIVHLNESVPIVCTRPSNNTRKSVRIGPGQAFYATNDIIGDIRQAHCNISESNWTTTLTRVKEKLOQGYFPNKTIT
FAPHSGGDLEVTTHSESCRGEFFYCNTTQLENLNITNTTTPNGTITLPCRIKQIINMWOEVGRAMYAPPIAGNIT
CASNITGILLORDGGNPNETETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTEAKRRVVEREKRAVGLGAALL
GFLGTAGSTMGAASMALTVQARQLLSGIVQOQOSNLLKAIEAQQHMLRLTVWGIKQLOARVLAIERYLODQOLLGL
WGCSGKLICTTAVPWNSSWSNKSSKEIWDNMTWMOWDKEISNYTDTIYRLLEVSONQQEKNEKDLLALDSWKSLW
SWEDITKWLWYIKIFIMIVGGLIGLRIIFGVLSIVKRVROGYSPLSFQTPPONQRGLDRLERIEEEGGEQDKDRS
IRLVNGFLAIVWEDLRSLCLFSYHQLRDFILIAARVVELLGRSSLRGLORGWEVLKYLGNLVLYWGLEIKKSAIS
LLDTTAIAVAEGTDRIIEVLOGIYRAFRNVPRRIRQGFEAALL*

>SJU_97 s6A

MRVKGTORNWPOQWWIWGILGEWLIMICKGGGNLWVTVYYGVPVWTEAKTTLFCASNAKAYEKEVHNIWATHACVP
TDPNPQEIVLANVTENENMWKNDMVDOMHEDITISIWDQGLKPCVKLTPLCVTLTCSDANKSVISANCSNASVNKT
SNATASLEFAKGDIKNCSENITTEIRDKKOQKAYALFYKPDVVPLNGENSNSSDYILINCNTSTITQACPKVNEDP
IPIHYCAPAGYAILKCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDITIIRSKNITENTNTIIVH
LNESVPIVCTRPSNNTRKSVRIGPGOAFYATNDIIGDIRQAHCNISKSNWNTTLTRVKEKLOQGYFPNKTITFAPH
SGGDLEVTTHSFSCRGEFFYCNTTQLFKLNITNTTKPNENGTITLPCRIKQIINMWQEVGRAMYAPPIAGNITCT
SNITGILLOQRDGGHSSNGTETFRPGGGNMRDNWRSELYKYKVVEIKPLGVAPTEAKRRVVEREKRAVGLGAAFLG
FLGAAGSTMGAASLTLTVQARQLLSGIVQQOSNLLKATEAQOHMLRLTVWGIKQLOARVLATIERYLODQQOLLGLW
GCSGKLICTTAVPWNSSWSNKSSKEIWDNMTWMOWDKEISNYTDTIYRLLEDSQNQQEKNEKDLLALDSWKNLWS
WENITOQWLWYIKIFIMIVGGLIGLRITFGVLSIVKRVROGYSPLSFQTPPONOQRGLDRLERIEEEGGEQDKDRSTI
RLVNGFLAIVWEDLRSLCLFSYHQLRDFILIAARAAELLGRSSLRGLORGWEVLKYLGNLVLYWGLEIKKSAISL
LNTTAIAVAEGTDRIIEVLOQGIYRAFRNLPRRIRQGFEAALL*

>5JU_97_ sTE

MRVKGTORNWPOWWIWGILGFWLIMICKGGGNLWVTVYYGVPVWTEAKTTLEFCASNAKAYEKEVHNIWATHACVP
TDPNPQEIVLANVTENEFNMWENDMVDOMHEDIISIWDQGLKPCVKLTPLCVTLTCSDVNVTSANCSDASVNNTSN
DTASLKFDKGDIKNCSENITTEIRDKKOKAYALFYKPDVVPLNGENSNSSDYILINCNTSTITQACPKVNEDPIP
THYCTPAGYAILKCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDITIIRSKNITENTNTIIVHLN
ESVPIVCTRPSNNTRKSVRIGPGQAFYATNDIIGDIRQAHCNINKSNWNTTLTRVKEKLOQGYFPNKTIIFAPHSG
GDLEVTTHSENCRGEFFYCNTTQLFTNTTKTNETITLPCRIKQIINMWQEVGRAMYAPPTIAGNITCTSNITGILL
ORDGGNPNETETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTEARRRVVEREKRAVGLGAAFLGFLGAAGSTM
GAASLTLTVQARQLLSGIVQQOSNLLKAIEAQQHMLRLTVWGIKQLOARVLATIERYLODQQOLLGLWGCSGKLICT
TAVPWNSSWSNKSSKEIWDNMTWMQWDKEISNYTDTIYRLLEDSOQNQQEKNEKDLLALDSWKNLWSWENITQWLW
YIKIFIMIVGGLIGLRIIFGVLSIVKRVRQGYSPLSFQTPPONQRGLDRLERIEEEGGEQDKDRSIRLVNGEFLAT
VWEDLRSLCLESYHQLRDFILIAARAVELLGRSSLRGLORGWEVLKYLGNLVLYWGLEIKKSAISLLDTTATAVA
EGTDRIIEVLQGIYRAFRNLPRRIRQGFEAALL*

>SJU_97 s8G

MRVKGTQRNWPOQWWIWGILGEFWLIMICKGGGNLWVTVYYGVPVWTEAKTTLFCASNAKAYEKEVHNIWATHACVP
TDPNPQEIVLANVTENFNMWENDMVDOMHEDITISIWDQGLKPCVKLTPLCVTLNCSPVNKCSNTSVNVTNANCSD
ASVNNTSNDTASLKFDEGDMKNCSENITTEIRDKKQKAYALFYKLDVVPLSGENSNSSEYILINCNTSTITQACP
KVNEFDPIPIHYCAPAGYAILKCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDITIIRSKNITENT
NTIIVHLNESVPIVCTRPSNNTRKSVRIGPGQAFYATNDIIGDIRQAHCNISESNWNTTLTRVKEKLOGYFPNKT
IKFAPHSGGDLEVTTHSENCRGEFEFYCNTTQLEFTNTTTPNETITLPCRIKQIINMWOQEVGRAMYAPPTIAGNITCA
SNITGILLORDGGNPNETETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTEAKRRVVEREKRAVGLGAAFLGF
LGAAGSTMGAASLTLTVQARQLLSGIVQQOSNLLKATEAQQHMLRLTVWGIKQLOARVLAIERYLODQQLLGLWG
CSGKLICTTAVPWNSSWSNKSSIEIWDNMTWMOQWDKEISNYTDTIYRLLEVSONQQEKNEKDLLALDSWKSLWSW
FDITOWLWYIKIFIMIVGGLIGLRIIFGVLSIVKRVRQGYSPLSFQTPPONQRGLDRLERIEEEGGEQDKDRSIR
LVNGFLAIVWEDLRSLCLEFSYHQLRDFILTAVRAVELLGRSSLRGLORGWEVLKYLGNLVLYWGLEIKKSATISLL
DTTAIAVAEGTDRIIEVLQGIYRAFRNVPTRIRQGFEAALL*

>SJU_97 sll1E
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MRVKGTOQRNWPOQWWIWGILGEWLIMICKGGGNLWVTVYYGVPVWTEAKTTLFCASNAKAYEQEVHNIWATHACVP
TDPNPQEIVLANVTENENMWENDMVDOMHEDITISIWDQGLKPCVKLTPLCVTLNCSPVNKCSNTSVNVTNANCSD
ASVNNTSNDTASLKEFDEGDMKNCSENITTEIRDKKQKAYALFYKLDVVPLSGENSNSSEYILINCNTSTITQACP
KVNFDPIPIHYCTPAGYAILKCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDIIIRSKNITENT
NTIIVHLNESIPIVCTRPSNNTRKSVRIGPGQTFYATNDITIGDIKQAHCNISKSNWNTTLTRVKEKLOGYFPNKT
IKFAPHSGGDLEVTTHSENCRGEFFYCNTTQLETNTTKTNETITLPCRIKQI INMWQEVGRAMYAPPIAGNITCA
SNITGILLQRDGGNPNETETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTEAKRRVVEREKRAVGLGAAFLGE
LGAAGSTMGAASLTLTVQARQLLSGIVQQOSNLLKAIEAQQHMLRLTVWGIKQLOARVLAIERYLODQQLLGLWG
CSGKLICTTAVPWNSSWSNKSSKEIWDNMTWMOWDKEISNYTDTIYRLLEVSQNQOEKNEKDLLALDSWKSLWSW
FDITOQWLWYIKIFIMIVGGLIGLRIIFGVLSIVKRVRQGYSPLSFQTPPONQRGLDRLERIEEEGGEQDKDRSIR
LVNGFLSIVWEDLRSLCLEFSYHQLRDFILIAARAAELLGRSSLRGLORGWEVLKYLGNLVLYWGLEIKKSAISLL
DTTAIAVAEGTDRIIEVLOQGIYRAFRNVPTRIRQGFEAALL*

>S5JU 97 sl1F

MRVKGTORNWPOQWWIWGILGEWLIMICKGGGNLWVTVYYGVPVWTEAKTTLFCASNAKAYEKEVHNIWATHACVP
TDPNPQEIVLANVTENENMWENDMVDOMHEDITISIWDQGLKPCVKLTPLCVTLNCSPVNKCSNTSVNVTNANCSD
ASVNNTSNDTASLKFDEGDMKNCSENITTEIRDKKQKAYALFYKLDVVPLSGENSNSSEYILINCNTSTITQACP
KVNFDPIPIHYCAPAGYAILKCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGNITIIRSKNITENT
NTIIVHLNESIPIVCTRPSNNTRKSVRIGPGQAFYATNDITIGDIRQAHCNISESNWNTTLTRVKEKLOGYFPNKT
IKFAPHSGGDLEVTTHSENCRGEFFYCNTTQLETNTTNSNETLTLPCRIKQI INMWQEVGRAMYAPPIAGNITCA
SNITGILLOQRDGGNPNETETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTGAKRRVVEREKRAVGLGAALLGE
LGTAGSTMGAASLTLTVQARQLLSGIVQQOSNLLKAIEAQQHMLRLTVWGIKQLOARVLAIERYLODQQLLGLWG
CSGKLICTTAVPWNSSWSNKSSKEIWDNMTWMOWDKEISNYTDTIYRLLEVSQNQOEKNEKDLLALDSWKSLWSW
FDITKWLWYIKIFIMIVGGLIGLRIIFGVLSIVKRVRQGYSPLSFQTPPONQRGLDRLERIEEEGGEQDKDRSIR
LVNGFLATIVWEDLRSLCLEFSYHQLRDFILTAARAAELLGRSSLRGLORGWEVLKYLGNLVLYWGLEIKKSATISLL
DTTAIAVAEGTDRIIEVLQGIYRAFRNVPTRIRQGFEAALL*

>5JU 108 slB

MRVKGTORNWPOWWIWGILGFWLIMICKGGGNLWVTVYYGVPVWTEAKTTLEFCASNAKAYEKEVHNIWATHACVP
TDPNPQEIVLANVTENEFNMWENDMVDOMHEDIISIWDQGLQPCVKLTPLCVTLNCSNASLNCSNASVNTSNANCS
NASVNKTSNATASLEFAKGDIKNCSEFDITTEIRDKKQKAYALFYRPDVVPLNGENSNSTEYILINCNTSTITQAC
PKVNFDPIPIHYCAPAGYAILQCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDIIIRSKNITEN
TNTIIVHLNESVPIVCTRPSNNTRKSVRIGPGOAFYATNDIIGDIRQAHCNISESTWNTTLTRVKEKLQGYFPNK
TITFAPHSGGDLEVTTHSENCRGEFFYCNTTQLFTNTTKSNETITLPCRIKQIINMWQEVGRAMYAPPIAGNITC
TSNITGILLORDGGNKDNSTGTETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTEAKRRVVEREKRAVGLGAA
FLGFLGAAGSTMGAASLTLTVQARQLLSGIVQQOQOSNLLKAIEAQOHMLRLTVWGIKQLOARVLAIERYLODQOQOLL
GLWGCSGKLICTTAVPWNSSWSNKSSKEIWDNMTWMOWDKEINNYTDTIYRLLEDSONQQEKNEKDLLALDSWKS
LWSWENITOQWLWYIKIFIMIVGGLIGLRITFGVLSIVKRVRQGYSPLSFQTPPONQRGLDRLERIEEEGGEQDKD
RSIRLVNGFLAIVWEDLRSLCLFSYHQLRDFILIAARAAELLGRSSLRGLORGWEVLKYLGNLVLYWGLEIKKSA
ISLLDTIAIAVAEGTDRIIEVLOQGIYRAFRNLPRRIRQGFEAALL*

>SJU_108_s1C

MRVKGTQRNWPOQWWIWGILGEFWLIMICKGGGNLWVTVYYGVPVWTEAKTTLFCASNAKAYEKEVHNIWATHACVP
TDPNPQEIVLANVTENFNMWENDMVDOMHEDITISIWDQGLKPCVKLTPLCVTLTCSDVNVTSANCSDASVNNTSN
DTASLKEFDKGDIKNCSENITTEIRDKKOKAYALFYKPDVVPLNGENSNSSDYILINCNTSTITQACPKVNEDPIP
THYCTPAGYAILKCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDITIIRSKNITENTNTIIVHLN
ESVPIVCTRPSNNTRKSVRIGPGQAFYATNDIIGDIRQAHCNINKSNWNTTLTRVKEKLOQGYEFPNKTIIFAPHSG
GDLEVTTHSENCRGEFFYCNTTQLFTNTTKTNETITLPCRIKQIINMWOEVGRAMYAPPTIAGNITCTSNITGILL
ORDGGNPNETETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTEARRRVVEREKRAVGLGAAFLGFLGAAGSTM
GAASLTLTVQARQLLSGIVQQQSNLLKAIEAQQOHMLRLTVWGIKQLOARVLATIERYLODOQQLLGLWGCSGKLICT
TAVPWNSSWSNKSSKEIWDNMTWMQWDKEISNYTDTIYRLLEDSONQQEKNEKDLLALDSWKNLWSWENITQWLW
YIKIFIMIVGGLIGLRIIFGVLSIVKRVRQGYSPLSFQTPPONQRGLDRLERIEEEGGEQDKDRSIRLVNGFEFLAT
VWEDLRSLCLESYHQLRDFILIAVRAVELLGRSSLRGLORGWEVLKYLGNLVLYWGLEIKKSAISLLDTIATAVA
EGTDRIIEVLOQGIYRAFRNVPTRIRQGFEAALL*

>SJU_108_s3A
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MRVKGTOQRNWPOQWWIWGILGEWLIMICKGGGNLWVTVYYGVPVWTEAKTTLFCASNAKAYEQEVHNIWATHACVP
TDPNPQEIVLANVTENENMWENDMVDOMHEDITISIWDQGLKPCVKLTPLCVTLNCSPVNKCSNTSVNVTNANCSD
ASVNNTSNDTASLKEFDEGDMKNCSENITTEIRDKKQKAYALFYKLDVVPLNGENSNSSEYILINCNTSTITQACP
KVNFDPIPIHYCTPAGYAILKCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDIIIRSKNITENT
NTIIVHLNESMPIVCTRPNNNTRKSVRIGPGQAFYATNDITIGDIRQAHCNISELSWNTTLTRVKEKLOGYFPNKT
IKFAPHSGGDLEVTTHSENCRGEFFYCNTTQLETNTTKTNETITLPCRIKQI INMWQEVGRAMYAPPIAGNITCA
SNITGILLQRDGGNPNETETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTEAKRRVVEREKRAVGLGAAFLGE
LGAAGSTMGAASLTLTVQARQLLSGIVQQOSNLLKAIEAQQHMLRLTVWGIKQLOARVLAIERYLODQQLLGLWG
CSGKLICTTAVPWNSSWSNKSSAEIWDNMTWMOWDKEISNYTDTIYRLLEVSQNQOEKNEKDLLALDSWKSLWSW
FDITOQWLWYIKIFIMIVGGLIGLRIIFGVLSIVKRVRQGYSPLSFQTPPONQRGLDRLERIEEEGGEQDKDRSIR
LVNGFLAIVWEDLRSLCLFSYHQLRDFILIAARVVELLGRSSLRGLORGWEVLKYLGNLVLYWGLEIKKSAISLL
DTTAIAVAEGTDRIIEVLOQGIYRAFRNVPTRIRQGFEAALL*

>SJU_108_s3F

MRVKGTORNWPOQWWIWGILGEWLIMICKGGGNLWVTVYYGVPVWTEAKTTLFCASNAKAYEKEVHNIWATHACVP
TDPNPQEIVLANVTENENMWENDMVDOMHEDITISIWDQGLKPCVKLTPLCVTLTCSDVNVTSANCSDASVNNTSN
DTASLKFDKGDIKNCSENITTEIRDKKOKAYALFYKPDVVPLNGENSNSSDYILINCNTSTITQACPKVNEDPIP
THYCAPAGYAILKCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDITIIRSKNITENTNTIIVHLN
ESIPIVCTRPSNNTRKSVRIGPGQTFYATNDIIGDIRQAHCNINESNWNTTLTRVKEKLOQGYEFPNKTIIFAPHSG
GDLEVTTHSENCRGEFFYCNTTQLEFTNTTTPNGTITLPCRIKQIINMWQEVGRAMYAPPTAGNITCASNITGILL
QHDGGNMNSSTETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTEAKRRVVEREKRAVGLGAAFLGFLGAAGST
MGAASLTLTVQARQLLSGIVQQOSNLLKATEAQQHMLRLTVWGIKQLOARVLAIERYLODQQLLGLWGCSGKLIC
TTAVPWNSSWSNKSSKEIWDNMTWMOWDKEISNYTDTIYRLLEVSQNQQEKNEKDLLALDSWKSLWSWEDITKWL
WYIKIFIMIVGGLIGLRIIFGVLSIVKRVRQGYSPLSFQTPPONQRGLDRLERIEEEGGEQDKDRSIRLVNGELA
IVWEDLRSLCLESYHQLRDFILTIAARAGELLGRSSLRGLORGWEVLKYLRNLVLYWGLEIKKSAISLLDTAATIAV
AEGTDRIIEVLQGIYRAFRNVPTRIRQGFEAALL*

>SJU_108_s3H

MRVKGTORNWPOWWIWGILGFWLIMICKGGGNLWVTVYYGVPVWTEAKTTLEFCASNAKAYEKEVHNIWATHACVP
TDPNPQEIVLANVTENFNMWENDMVDOMHEDIISIWDQGLKPCVKLTPLCVTLNCSPVNKCSNTSVNVTNANCSD
ASVNNTSNDTASLKFDEGDMKNCSENITTEIRDKKQKAYALFYKLDVVPLNGENSNSSEYILINCNTSTITQACP
KVNEFDPIPIHYCTPAGYAILKCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDITIIRSKNITENT
NTIIVHLNESVPIECTRPNNNTRKSVRIGPGQAFYATNDIIGDIRQAYCNISKSNWNTTLTRVKEKLOGYFPNKT
IKFAPHSGGDLEVTTHSENCRGEFFYCNTTQLETNTTEPNGTITLPCRIKQI INMWQEVGRAMYAPPIAGNITCA
SNITGILLOQRDGGNPNETETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTEAKRRVVEREKRAVGLGAAFLGE
LGAAGSTMGAASLTLTVQARQLLSGIVQQOSNLLKAIEAQQHMLRLTVWGIKQLOARVLAIERYLODQQLLGLWG
CSGKLICTTAVPWNSSWSNKSSKEIWDNMTWMOWDKEISNYTDTIYRLLEVSONQQEKNEKDLLALDSWKSLWSW
FDITKWLWYIKIFIMIVGGLIGLRIIFGVLSIVKRVRQGYSPLSFQTPPONQRGLDRLERIEEEGGEQDKDRSIR
LVNGFLSIVWEDLRSLCLESYHQLRDFILTAVRAVELLGRSSLRGLORGWEVLKYLGNLVLYWGLEIKKSATISLL
DTTAIAVAEGTDRIIEVLQGIYRAFRNVPTRIRQGFEAALL*

>SJU_108_s4F

MRVKGTQRNWPOQWWIWGILGEFWLIMICKGGENLWVTVYYGVPVWTEAKTTLFCASNAKAYEKEVHNIWATHACVP
TDPNPQEIVLANVTENEFNMWKNDMVDOMHEDITISIWDQGLKPCVKLTPLCVTLNCADANKCSNASITSANCSDAA
VNKTSNATAPLEFAKGDIKNCSENITTEIRDKKQKAYALFYKPDVVPLNGENSNSSEYILINCNTSTITQACPKV
NEDPIPIHYCAPAGYAILQCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDITIIRSKNITENTNT
IIVHLNESVPIVCTRPSNNTRKSVRIGPGQAFYATNEIIGDIRQAHCNISKSNWNTTLTRVKEKLOQGYFPNKTIT
FAPHSGGDLEVTTHSEFSCRGEFFYCNTTQLENITNATKPNENETITLPCRIKQIINMWOEVGRAMYAPPIAGNIT
CTSNITGILLORDGGKSSNETETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTEAKRRVVEREKRAVGLGAAF
LGFLGAAGSTMGAASLTLTVQARQLLSGIVQQOSNLLKATEAQQHMLRLTVWGIKQLOARVLAIERYLODQQLLG
LWGCSGKLICTTAVPWNSSWSNKSHAATWDNMTWMOWDKEISNYTDTIYRLLEDSONQQEKNEKDLLALDSWKSL
WSWENITOQWLWYIKIFIMIVGGLIGLRIIFGVLSIVKRVRQGYSPLSFQTPPONQRGLDRLERIEEEGGEQDKDR
SIRLVNGFLAIVWEDLRSLCLESYHQLRDFILIAARAAELLGRSSLRGLORGWEVLKYLGNLVLYWGLEIKKSAT
SLLDTIAIAVAEGTDRIIEVLQGIYRAFRNLPRRIRQGFEAALL™*

>SJU_108_s5C
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MRVKGTOQRNWPOQWWIWGILGEWLIMICKGGGNLWVTVYYGVPVWTEAKTTLFCASNAKAYEKEVHNIWATHACVP
TDPNPQEIVLANVTENENMWENDMVDOMHEDITISIWDQGLKPCVKLTPLCVTLHCSSVNKSSDASVNTTSNDTAS
LKFDEGDMKNCSENITTEIRDKKQKAYALFYKLDVVPLSGENSNSSEYILINCNTSTITQACPKVNEFDPIPTIHYC
APAGYAILKCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDITIIRSKNITENTNTIIVHLNESIP
IVCTRPNNNTRKSVRIGPGQAFYATNDIIGDIRQAYCNISKSNWNTTLTRVKEKLOGYFPNKTIKFAPHSGGDLE
VITHSENCRGEFFYCNTTQLEFTNTTKTNETITLPCRIKQIINMWQEVGRAMYAPPIAGNITCASNITGILLQORDG
GNPNETETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTEAKRRVVEREKRAVGLGAAFLGFLGAAGSTMGAAS
LTLTVOARQLLSGIVQQQOSNLLKAIEAQOHMLRLTVWGIKQLOARVLAIERYLODQOLLGLWGCSGKLICTTAVP
WNSSWSNKSSKEIWDNMTWMQWDKEISNYTDTIYRLLEVSONQQEKNEKDLLALDSWKSPWSWEDITKWLWY IKTI
FIMIVGSLIGLRIIFGVLSIVKRVRQGYSPLSFQTPPONQRGLDRLERIEEEGGEQDKDRSIRLVNGFLSIVWED
LRSLCLEFSYHQLRDFILIAARVVELLGRSSLRGLORGWEVLKYLGNLVLYWGLEIKKSAISLLDTTAIAVAEGTD
RITEVLOGIYRAFRNLPRRIRQGFEAALL¥*

>5JU 108 s5F

MRVKGTORNWPOQWWIWGILGEWLIMICKGGGNLWVTVYYGVPVWTEAKTTLFCASNAKAYEKEVHNIWATHACVP
TDPNPQEIVLANVTENENMWKNDMVDOMHEDITISIWDQGLKPCVKLTPLCVTLTCSDVPVCSNASVNATRENCLD
AAVNKTSNATASLEFAKGDIKNCSENITTEIRDKKQKAYALFYKPDVVPLNGENSNSSDYILINCNTSTITQACP
KVNFDPIPIHYCAPAGYAILQCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDITIIRSKNITENT
NTIIVHLNESVSIVCTRPSNNTRKSVRIGPGQAFYATNDITIGDIRQAYCNISKSNWNTTLTRVKEKLOGYFPNKT
IKFAPHSGGDLEVTTHSEFSCRGEFFYCNTTQLFTNTTEPSETITLPCRIKQIINMWOQEVGRAMYAPPIAGNITCT
SNITGILLQRDGGSSNGTETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTEAKRRVVEREKRAVGLGAAFLGE
LGAAGSTMGAASLTLTVQARQLLSGIVQQOSNLLKAIEAQQHMLRLTVWGIKQLOQARVLAIERYLODQQLLGLWG
CSGKLICTTAVPWNSSWSNKSHAAIWDNMTWMOWDKEISNYTDTIYRLLEDSOQNQOEKNEKDLLALDSWKSLWSW
FNITOQWLWYIKIFIMIVGGLIGLRIIFGVLSIVKRVRQGYSPLSFQTPPONQRGLDRLERIEEEGGEQDKDRSIR
LVNGFLATIVWEDLRSLCLEFSYHQLRDFILTAVRAVELLGRSSLRGLORGWEVLKYLGNLVLYWGLEIKKSATISLL
DTIAIAVAEGTDRIIEVLQGIYRAFRNLPRRIRQGFEAALL*

>SJU_108_s6A

MRVKGTORNWPOWWIWGILGFWLIMICKGGGNLWVTVYYGVPVWTEAKTTLEFCASNAKAYEKEVHNIWATHACVP
TDPNPQEIVLANVTENEFNMWENDMVDOMHEDIISIWDQGLKPCVKLTPLCVTLNCSPVNKSSDASVNNTSNDTAS
LKFDKGDMKNCSENITTEIRDKKQKAYALEFYKLDVVPLSGENSNSSEYILINCNTSTITQACPKVNEDPIPIHYC
APAGYAILKCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDITIIRSKNITKNTNTIIVHLNESVP
IVCTRPSNNTRKSVRIGPGQAFYATNDIIGDIRQAHCNIRESNWNTTLTRVKEKLOGYFPNKTIKFAPHSGGDLE
VITHSENCRGEFFYCNTTQLEFTNTTKPNGTITLPCRIKQIINMWQEVGRAMYAPPIAGNITCASNITGILLQORDG
GNPNETETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTEAKRRVVEREKRAVGLGAAFLGFLGAAGSTMGAAS
LTLTVOARQLLSGIVQQOQOSNLLKAIEAQOHMLRLTVWGIKQLOARVLAIERYLODQOQLLGLWGCSGKLICTTAVP
WNSSWSNKSSKEIWENMTWMQWDKEISNYTDTIYRLLEVSONQOEKNEKDLLALDSWKSLWSWEDITRWLWYIKI
FIMIVGGLIGLRITFGVLSIVKRVRQGYSPLSFQTPPONQRGLDRLERIEEEGGEQDKDRSIRLVNGEFLSIVWED
LRSLCLESYHQLRDFILIAARAGELLGRSSLRGLORGWEVLKYLGNLVLYWGLEIKKSAISLLDTTAIAVAEGTD
RIIEVLOGIYRAFRNVPTRIRQGFEAALL¥*

>SJU_108_s6F

MRVKGTQRNWPOQWWIWGILGEFWLIMICKGGGNLWVTVYYGVPVWTEAKTTLFCASNAKAYEKEVHNIWATHACVP
TDPNPQEIVLANVTENEFNMWENDMVDOMHEDITISIWDQGLKPCVKLTPLCVTLNCSPVNKCSNASVNVTSANCAE
ASVNKTSNDTASLKFDEGDMKNCSENITTEIRDKKQKAYALFYKLDVVPLSGENSNSSEYILINCNTSTITQACP
KVNEFDPIPIHYCAPAGYAILKCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDITIIRSKNITENT
NTIIVHLNESIPIVCTRPNNNTRKSVRIGPGQTFYATNDIIGDIRQAHCNISESNWNTALTRVKEKLOGYFPNKT
IEFAPHSGGDLEVTTHSENCRGEFEFYCNTTQLEFTNTTKSNETITLPCRIKQIINMWOQEVGRAMYAPPTIAGNITCA
SNITGILLORDGGNPNGTETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTEARRRVVEREKRAVGLGAAFLGF
LGAAGSTMGAASLTLTVQARQLLSGIVQQOSNLLKATEAQQHMLRLTVWGIKQLOARVLAIERYLODQQLLGLWG
CSGKLICTTAVPWDSSWSNKSSKEIWDNMTWMOWDKEISNYTDTIYRLLEDSOQNQQEKNEKDLLALDSWKSLWSW
FNITOWLWYIKIFIMIVGGLIGLRIIFGVLSIVKRVRQGYSPLSFQTPPONQRGLDRLERIEEEGGEQDKDRSIR
LVNGFLAIVWEDLRSLCLEFSYHQLRDFILTAARALELLGRSSLRGLORGWEVLKYLGNLVLYWGLEIKKSATISLL
DTTAIAVAEGTDRIIEGLQGIYRAFRNLPRRIRQGFEAALL*

>SJU_108_s8G
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MRVKGTOQRNWPOQWWIWGILGEWLIMICKGGGNLWVTVYYGVPVWTETKTTLFCASNAKAYEKEVHNIWATHACVP
TDPNPQEIVLANVTENENMWKNDMVDOMHEDITISIWDQGLKPCVKLTPLCVTLNCADANKCSNASVTSTNCSDAA
VNKTSNATAPLEFAKGDIKNCSENITTEIRDKKQKAYALFYRPDVVPLNGENSNSSEYILINCNTSTITQACPKV
NEDPIPIHYCAPAGYAILKCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDIIIRSKNITENTNT
IIVHLNESVPIVCTRPSNNTRKSVRIGPGQAFYATNEIIGDIRQAHCNISESTWNTTLTRVKEKLOQGYFPNKTIT
FAPHSGGDLEVTTHSESCRGEFEFYCNTTQLENLNITNTTTSNETITLPCRIKQIINMWOEVGRAMYAPPIAGNIT
CTSNITGILLORDGGSSNETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTEAKRRVVEREKRAVGLGAAFLGF
LGAAGSTMGAASLTLTVQARQLLSGIVQQOSNLLKAIEAQQHMLRLTVWGIKQLOARVLAIERYLODQQLLGLWG
CSGKLICTTAVPWNSSWSNKSSKEIWDNMTWMOWDKEINNYTDTIYRLLEDSOQNQOEKNEKDLLALDSWKSLWSW
FSITOWLWYIKIFIMIVGGLIGLRIIFGVLSIVKRVRQGYSPLSFQTPPONQRGLDRLERIEEEGGEQDKDRSIR
LVNGFLAIVWEDLRSLCLFSYHQLRDFILIAVRAVELLGRSSLRGLORGWEVLKYLGNLVLYWGLEIKKSAISLL
DTTAIAVAEGTDRIIEVLQGIYRAFRNLPRRIRQGFEAALL*

>SJU_108_s9F

MRVKGTORNWPOQWWIWGILGEWLIMICKGGGNLWVTVYYGVPVWTEAKTTLFCASNAKAYEKEVHNIWATHACVP
TDPNPQEIVLANVTENENMWKNDMVDOMHEDITISIWDQGLKPCVKLTPLCVTLNCADANKCSNASITSANCSDAA
VNKTSNATAPLEFAKGDIKNCSENITTEIRDKKQKAYALFYKPDVVPLNGENSNSSDYILINCNTSTITQACPKV
NEFDPIPIHYCAPAGYAILKCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDITIIRSKNITENTNT
IIVHLNESVPIVCTRPSNNTRKSVRIGPGQAFYATNEIIGDIRQAHCNISESTWNTTLTRVKEKLOQGYFPNKTIT
FAPHSGGDLEVTTHSEFSCRGEFEFYCNTTQLENLNITNTTTSNGTITLPCRIKQIINMWOEVGRAMYAPPIAGNIT
CTSNITGILLORDGGNKNGSNETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTEAKRRVVEREKRAVGLGAAF
LGFLGAAGSTMGAASLTLTVQARQLLSGIVQQQOSNLLKATEAQQHMLRLTVWGIKQLOQARVLAIERYLODOOQLLG
LWGCSGKLICTTAVPWNSSWSNKSSKEIWDNMTWMQWDKEISNYTDTIYRLLEDSONQOEKNEKDLLALDSWKSL
WSWENITOQWLWYIKIFIMIVGGLIGLRIIFGVLSIVRRVROGYSPLSFQTPPONQRGLDRLERIEEEGGEQDKDR
SIRLVNGFLAIVWEDLRSLCLESYHQLRDFILIAVRAVELLGRSSLRGLORGWEVLKYLGNLVLYWGLEIKKSAT
SLLDTIAIAVTEGTDRIIEVLOQGIYRAFRNLPRRIRQGFEAALL™*

>SJU_108_s9H

MRVKGTORNWPOWWIWGILGFWLIMICKGGGNLWVTVYYGVPVWTEAKTTLEFCASNAKAYEKEVHNIWATHACVP
TDPNPQEIVLANVTENEFNMWENDMVDOMHEDITISIWDQGLKPCVKLTPLCVTLNCSPVNKCSNASVNVTSANCAE
ASVNKTSNDTASLKFDEGDMKNCSENITTEIRDKKQKAYALFYKLDVVPLSGENSNSSEYILINCNTSTITQACP
KVNEFDPIPIHYCAPAGYAILKCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDITIIRSKNITENT
NTIIVHLNESIPIVCTRPNNNTRKSVRIGPGQAFYATNDIIGDIRQAHCNISESTWNTTLTRVKEKLOGYFPNKT
ITIFAPHSGGDLEVTTHSENCRGEFFYCNTTQLEFTNTTKSNETITLPCRIKQIINMWQEVGRAMYAPPIAGNITCT
SNITGILLOQRDGGNKDNSTGTETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTEAKRRVVEREKRAVGLGAAF
LGFLGAAGSTMGAASLTLTVQARQLLSGIVQQQOSNLLKATIEAQQHMLRLTVWGIKQLOQARVLAIERYLODOQLLG
LWGCSGKLICTTAVPWNSSWSNKSSKEIWDNMTWIQWDKEISNYTDTIYRLLEDSONQOQEKNEKDLLALDSWKSL
WSWESITOQWLWYIKIFIMIVGGLIGLRIIFGVLSIVKRVRQGYSPLSFQTPPONQRGLDRLERIEEEGGEQDKDR
SIRLVNGFLAIVWEDLRSLCLESYHQLRDFILTAARALELLGRSSLRGLORGWEVLKYLGNLVLYWGLEIKKSAT
SLLDTTAIAVAEGTDRIIEVLQGIYRAFRNLPRRIRQGFEAALL*

>SJU_108_s11E

MRVKGTQRNWPOQWWIWGILGEFWLIMICKGGGNLWVTVYYGVPVWTEAKTTLFCASNAKAYEKEVHNIWATHACVP
TDPNPQEIVLANVTENFNMWENDMVDOMHEDITISIWDQGLKPCVKLTPLCVTLTCSDVNVTSANCSDASVNNTSN
DTASLKEFDKGDIKNCSENITTEIRDKKOKAYALFYKPDVVPLNGENSNSSDYILINCNTSTITQACPKVNEDPIP
THYCAPAGYAILKCNNKTENGTGPCQDVSTVQCTHGIKPVVSTQLLLNGSLAEGDIIIRSKNITENTNTIIVHLN
ESIPIVCTRPSNNTRKSVRIGPGQTFYATNDIIGDIRQAHCNINESNWNTTLTRVKEKLOQGYFPNKTIIFAPHSG
GDLEVTTHSENCRGEFFYCNTTQLFTNTTTPNGTITLPCRIKQIINMWOEAGRAMYAPPMAGNITCASNITGILL
QHDGGNMNSSTETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTEAKRRVVEREKRAVGLGAAFLGFLGAAGST
MGAASLTLTVQARQLLSGIVQQQSNLLKAIEAQQHMLRLTVWGIKQLOARVLATERYLODOQLLGLWGCSGKLIC
TTAVPWNSSWSNKSSKEIWDNMTWMQWDKEISNYTDTIYRLLEVSONQOEKNEKDLLALDSWKSLWSWEDITKWL
WYIKIFIMIVGGLIGLRIIFGVLSIVKRVROQGYSPLSFQTPPONQRGLDRLERIEEEGGEQDKDRSIRLVNGELA
IVWEDLRSLCLESYHQLRDFILIAARAGELLGRSSLRGLORGWEVLKYLRNLVLYWGLEIKKSAISLLDTAATIAV
AEGTDRIIEVLQGIYRAFRNVPTRIRQGFEAALL*

>SJU_ 108 s12D
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MRVKGTOQRNWPOQWWIWGILGEWLIMICKGGGNLWVTVYYGVPVWTEAKTTLFCASNAKAYEKEVHNIWATHACVP
TDPNPQEIVLANVTENENMWENDMVDOMHEDITISIWDQGLKPCVKLTPLCVTLTCSDVNVTSANCSDASVNNTSN
DTASLKEDKGDIKNCSENITTEIRDKKQKAYALFYKPDVVPLNGENSNSSDYILINCNTSTITQACPKVNEDPIP
IHYCAPAGYAILKCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDIITIRSKNITENTNTITIVHLN
ESIPIVCTRPSNNTRKSVRIGPGQAFYATNDIIGDIRQAHCNINESNWNTTLTRVKEKLOQGYFPNKTIIFAPHSG
GDLEVTTHSENCRGEFFYCNTTQLEFTNTTTPNGTITLPCRIKQIINMWQEVGRAMYAPPTAGNITCASNITGILL
QHDGGNMNSSTETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTEAKRRVVEREKRAVGLGAAFLGFLGAAGST
MGAASLTLTVQARQLLSGIVQQOSNLLKATEAQQHMLRLTVWGIKQLOARVLAIERYLODQQLLGLWGCSGKLIC
TTAVPWNSSWSNKSSKEIWDNMTWMOWDKEISNYTDTIYRLLEVSQNQQEKNEKDLLALDSWKSLWSWEDITKWL
WYIKIFIMIVGGLIGLRIIFGVLSIVKRVRQGYSPLSFQTPPONQRGLDRLERIEEEGGEQDKDRSIRLVNGELA
IVWEDLRSLCLESYHQLRDFILIAARAGELLGRSSLRGLORGWEVLKYLRNLVLYWGLEIKKSAISLLDTAATIAV
AEGTDRIIEVLQOGIYRAFRNVPTRIRQGFEAALL*

>SJU 121 s2A

MRVKGTOQRNWPOQWWIWGILGEWLIMICKGGENLWVTVYYGVPVWTEAKTTLFCASNAKAYEKEVHNIWATHACVP
TDPNPQEIVLANVTENENMWKNDMVDQOMHEDITISIWDQGLOQPCVKLTPLCVTLNCSPVNKCSNASGNGTSANCAE
ASVNKTSNDTASLKFDEGDMKNCSENITTEIRDKKQKAYALFYKLDVVPLSGENSNSSDYILINCNTSTITQACP
KVNFDPIPIHYCAPAGYAILQCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDITIIRSKNITENT
NTIIVHLNESVTIVCTRPNNNTRKSVRIGPGQAFYATNDITIGDIRQAYCNISKSTWNTTLTRVKEKLOGYFHNKT
IEFAPHSGGDLEVTTHSENCRGEFFYCNTTQLEFTNTTKSNETITLPCRIKQIINMWOQEVGRAMYAPPIAGNITCT
SNITGILLOQRDGGNENSSNETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTEAKRRVVEREKRAVGLGAALLG
FLGAAGSTMGAASLTLTVQARQLLSGIVQQOSNLLKATEAQOHMLRLTVWGIKQLOARVLATIERYLODQQOLLGLW
GCSGKLICTTAVPWNSSWSNKSSKEIWDNMTWMOWDKEINNYTDPIYRLLEDSQNQQEKNEKDLLALDSWKSLWS
WEDITNWLWYIKIFIMIVGGLIGLRITFGVLSIVKRVROGYSPLSFQTPPONQRGLDRLERIEEEGGEQDKDRSTI
RLVNGFLAIVWEDLRSLCLFSYHQLRDFILIAARALELLGRSSLRGLORGWEVLKYLGNLVLYWGLEIKKSAISL
LNTTAIAVAEGTDRIIEVLOQGIYRAFRNLPRRIRQGFEAALL*

>S5JU 121 s3A

MRVKGTORNWPOWWIWGILGFWLIMICKGGGNLWVTVYYGVPVWTEAKTTLEFCASNAKAYEKEVHNIWATHACVP
TDPNPQEIVLANVTENEFNMWENDMVDOMHEDIISIWDQGLKPCVKLTPLCVTLHCSSVNKSSDASVNTTSNDTAS
LKFDEGDMKNCSENITTEIRDKKQKAYALEFYKLDVVPLNGENSNSSDYILINCNTSTITQACPKVNEDPIPIHYC
APAGYAILKCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDITIIRSKNITENTNTIIVHLNESIP
IVCTRPSNNTRKSVRIGPGQTFYATNDIIGDIRQAHCNINESNWNTTLTRVKEKLOGYFPNKTIKFAPHSGGDLE
VITHSENCRGEFFYCNTTQLEFTNTTKTNETITLPCRIKQIINMWQEVGRAMYAPPIAGNITCASNITGILLQHDG
GNMNSSTETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTEAKRRVVEREKRAVGLGAAFLGFLGAAGSTMGAA
SLTLTVQARQLLSGIVQQQOSNLLKATIEAQQHMLRLTVWGIKQLOARVLAIERYLODQQLLGLWGCSGKLICTTAV
PWNSSWSNKSSKEIWDNMTWMOWDKEISNYTDTIYRLLEVSONQQEKNEKDLLALDSWKSLWSWEDITKWLWY IK
IFIMIVGGLIGLRIIFGVLSIVKRVRQGYSPLSFOQTPPONQRGLDRLERIEEEGGEQDKDRSIRLVNGFLSIVWE
DLRSLCLFSYHQLRDFILIAARVVELLGRSSLRGLORGWEVLKYLGNLVLYWGLEIRKSAISLLDTTATAVAEGT
DRITIEVLOGIYRAFRNVPTRIRQGFEAALL™*

>SJU_ 121 s4BB

MRVKGTQRNWPOQWWIWGILGEFWLIMICKGGGNLWVTVYYGVPVWTEAKTTLFCASNAKAYEKEVHNIWATHACVP
TDPNPQEIVLANVTENEFNMWENDMVDOMHEDITISIWDQGLKPCVKLTPLCVTLNCSPVNKCSNASGNVTSANCAE
ASVNKTSNDTASLKFDEGDMKNCSENITTEIRDKKQKAYALFYKLDVVPLSGENSNSSEYILINCNTSTITQACP
KVNEFDPIPIHYCAPAGYAILKCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDITIIRSKNITENT
NTIIVHLNESVPIVCTRPNNNTRKSVRIGPGQTFYATNDIIGDIRQAHCNINESNWNTTLTRVKEKLOGYFPNKT
ITFAPHSGGDLEVTTHSENCRGEFEFYCDTTQLEFTNTTKSNETITLPCRIKQIINMWQEVGRAMYAPPTIAGNITCT
SNITGILLQOHDGGNMNSSTETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTEAKRRVVEREKRAVGLGAAFLG
FLGAAGSTMGAASLTLTVQARQLLSGIVQQQOSNLLKAIEAQQHMLRLTVWGIKQLOARVLATERYLODQQLLGLW
GCSGKLICTTAVPWNSSWSNKSSKEIWDNMTWMOWDKEISNYTDTIYRLLEVSONQQEKNEKDLLALDSWKSLWS
WEDITKWLWYIKIFIMIVGGLIGLRIIFGVLSIVKRVRQGYSPLSFOQTPPONQRGLDRLERIEEEGGEQDKDRSI
RLVNGFLSIVWEDLRSLCLFSYHQLRDFILIAARAAELLGRSSLRGLORGWEVLKYLRNLVLYWGLEIKKSAISL
LDTAAIAVAEGTDRIIEVLOQGIYRAFRNVPTRIRQGFEAALL*

>SJU_121 s4E
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MRVKGTOQRNWPOQWWIWGILGEWLIMICKGGGNLWVTVYYGVPVWTEAKTTLFCASNAKAYEKEVHNIWATHACVP
TDPNPQEIVLANVTENENMWENDMVDOMHEDITISIWDQGLKPCVKLTPLCVTLTCSDVNVTSANCSDASVNNTSN
DTASLKEDKGDIKNCSENITTEIRDKKQKAYALFYKPDVVPLNGENSNSSDYILINCNTSTITQACPKVNEDPIP
IHYCAPAGYVILKCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDIITIRSKNITENTNTITIVHLN
ESIPIVCTRPNNNTRKSVRIGPGQTFYATNDIIGDIRQAHCNINESNWNTTLTRVKEKLOQGYFPNKTIIFAPHSG
GDLEVTTHSENCRGEFFYCNTTQLEFTNTTTPNGTITLPCRIKQIINMWQEVGRAMYAPPTAGNITCASNITGILL
QHDGGNMNSSTETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTEAKRRVVEREKRAVGLGAAFLGFLGAAGST
MGAASLTLTVQARQLLSGIVQQOSNLLKATEAQQHMLRLTVWGIKQLOARVLAIERYLODQQLLGLWGCSGKLIC
TTAVPWNSSWSNKSSKEIWDNMTWMOWDKEISNYTDTIYRLLEVSQNQQEKNEKDLLALDSWKSLWSWEDITKWL
WYIKIFIMIVGGLIGLRIIFGVLSIVKRVRQGYSPLSFQTPPONQRGLDRLERIEEEGGEQDKDRSIRLVNGELA
IVWEDLRSLCLESYHQLRDFILIAARAGELLGRSSLRGLORGWEVLKYLRNLVLYWGLEIKKSAISLLDTAATIAV
AEGTDRIIEVLQOGIYRAFRNVPTRIRQGFEAALL*

>SJU_121_s5B

MRVKGTORNWPOQWWIWGILGEWLIMICKGGGNLWVTVYYGVPVWTEAKTTLFCASNAKAYEKEVHNIWATHACVP
TDPNPQEIVLANVTENENMWENDMVDOMHEDITISIWDQGLOQPCVKLTPLCVTLNCSPVNKCSNASGNGTSANCAE
ASVNKTSNDTASLKFDEGDMKNCSENITTEIRDKKQKAYALFYKLDVVPLSGENSNSSDYILINCNTSTITQACP
KVNFDPIPIHYCAPAGYAILQCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDITIIRSKNITENT
NTIIVHLNESVTIVCTRPNNNTRKSVRIGPGQAFYATNDITIGDIRQAYCNISKSTWNTTLTRVKEKLOGYFHNKT
IEFAPHSGGDLEVTTHSENCRGEFFYCNTTQLETNTTKSNETITLPCRIKQI INMWQEVGRAMYAPPIAGNITCA
SNITGILLOQRDGGSNKTETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTEAKRRVVEREKRAVGLGAAFLGEL
GAAGSTMGAASLTLTVQARQLLSGIVQQOSNLLKATEAQQHMLRLTVWGIKQLOARVLATERYLODQQLLGLWGC
SGKLICTTAVPWDSSWSNKSSKEIWDNMTWMQWDKEISNYTDTIYRLLEDSONQQEKNEKDLLALDSWKSLWSWE
NITOWLWYIKIFIMIVGGLIGLRIIFGVLSIVKRVRQGYSPLSFQTPPONQRGLDRLERIEEEGGEQDKDRSIRL
VNGFLAIVWEDLRSLCLEFSYHQLRDFILIAARAGELLGRSSLRGLORGWEVLKYLGNLVLYWGLEIKKSAISLLD
TIATAVAEGTDRIIEVLQGIYRAFRNLPRRIRQGFEAALL*

>SJU_121_s5H

MRVKGTORNWPOWWIWGILGFWLIMICKGGGNLWVTVYYGVPVWTEAKTTLEFCASNAKAYEKEVHNIWATHACVP
TDPNPQEIVLANVTENEFNMWENDMVDOMHEDITISIWDQGLOQPCVKLTPLCVTLNCSPVNKCSNASGNGTSANCAE
ASVNKTSNDTASLKFDEGDMKNCSENITTEIRDKKQKAYALFYKLDVVPLSGENSNSSDYILINCNTSTITQACP
KVNFDPIPIHYCAPAGYAILQCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDITIIRSKNITENT
NTIIVHLNESVTIVCTRPNNNTRKSVRIGPGQAFYATNDIIGDIRQAYCNISKSTWNTTLTRVKEKLOGYFHNKT
IEFAPHSGGDLEVTTHSENCRGEFFYCNTTQLETNTTKSNETITLPCRIKQI INMWQEVGRAMYAPPIAGNITCA
SNITGILLQRDGGSNKTETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTEAKRRVVEREKRAVGLGAAFLGFEL
GAAGSTMGAASLTLTVQARQLLSGIVQQOSNLLKAIEAQQHMLRLTVWGIKQLOARVLATIERYLODQQLLGLWGC
SGKLICTTAVPWDSSWSNKSSKEIWDNMTWMQWDKEISNYTDTIYRLLEDSONQQEKNEKDLLALDSWKSLWSWE
NITOQWLWYIKIFIMIVGGLIGLRITIFGVLSIVKRVROQGYSPLSFQTPPONQRGLDRLERIEEEGGEQDKDRSIRL
VNGFLAIVWEDLRSLCLEFSYHQLRDFILIAARAGELLGRSSLRGLORGWEVLKYLGNLVLYWGLEIKKSAISLLD
TTATIAVAEGTDRIIEVLOQGIYRAFRNVPTRIRQGFEAALL*

>SJU_121_s6H

MRVKGTQRNWPOQWWIWGILGEFWLIMICKGGGNLWVTVYYGVPVWTEAKTTLFCASNAKAYEKEVHNIWATHACVP
TDPNPQEIVLANVTENEFNMWENDMVDOMHEDITISIWDQGLQPCVKLTPLCVTLNCSPVNKCSNASGNGTSANCAE
ASVNKTSNDTASLKFDEGDMKNCSENITTEIRDKKQKAYALFYKLDVVPLSGENSNSSDYILINCNTSTITQACP
KVNEFDPIPIHYCAPAGYAILQCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDITIIRSKNITENT
NTIIVHLNESVTIVCTRPNNNTRKSVRIGPGQAFYATNDIIGDIRQAYCNISKSTWNTTLTRVKEKLOGYFHNKT
IEFAPHSGGDLEVTTHSENCRGEFEFYCNTTQLEFTNTTKSNETITLPCRIKQIINMWOQEVGRAMYAPPTIAGNITCA
SNITGILLOQRDGGSNKTETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTEAKRRVVEREKRAVGLGAAFLGFEL
GAAGSTMGAASLTLTVQARQLLSGIVQQOSNLLKAIEAQQHMLRLTVWGIKQLOARVLATIERYLODQQLLGLWGC
SGKLICTTAVPWDSSWSNKSSKEIWDNMTWMQWDKEISNYTDTIYRLLEDSOQNQQEKNEKDLLALDSWKSLWSWE
NITOQWLWYIKIFIMIVGGLIGLRITIFGVLSIVKRVRQGYSPLSFQTPPONQRGLDRLERIEEEGGEQDKDRSIRL
VNGFLAIVWEDLRSLCLEFSYHQLRDFILIAARAGELLGRSSLRGLORGWEVLKYLGNLVLYWGLEIKKSAISLLD
TIATAVAEGTDRIIEVLOQGIYRAFRNLPRRIRQGFEAALL*

>SJU_121 sTFF
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MRVKGTOQRNWPOQWWIWGILGEWLIMICKGEGNLWVTVYYGVPVWTEAKTTLFCASNAKAYEKEVHNIWATHACVP
TDPNPQEIVLANVTENENMWENDMVDOMHEDITISIWDQGLKPCVKLTPLCVTLHCSSVNKSSDASVNTTSNDTAS
LKFDEGDMKNCSENITTEIRDKKQKAYALFYKLDVVPLSGENSNSSEYILINCNTSTITQACPKVNEFDPIPTIHYC
APAGYAILKCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDITIIRSKNITENTNTIIVHLNESIP
IVCTRPSNNTRKSVRIGPGQTFYATNDIIGDIRQAHCNINESNWNTTLTRVKEKLOGYFPNKTIKFAPHSGGDLE
VITHSENCRGEFFYCNTTQLEFTNTTKSNETITLPCRIKQIINMWQEVGRAMYAPPIAGNITCTSNITGILLQORDG
GNPNETETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTEAKRRVVEREKRAVGLGAAFLGFLGAAGSTMGAAS
LTLTVOARQLLSGIVQQQOSNLLKAIEAQOHMLRLTVWGIKQLOARVLAIERYLODQOLLGLWGCSGKLICTTAVP
WNSSWSNKSSKEIWDNMTWMQWDKEISNYTDTIYRLLEVSONQQEKNEKDLLALDSWKSLWSWEDITKWLWY IKTI
FIMIVGGLIGLRIIFGVLSIVKRVRQGYSPLSFQTPPONQRGLDRLERIEEEGGEQDKDRSIRLVNGFLAIVWED
LRSLCLEFSYHQLRDFILIAARAAELLGRSSLRGLORGWEVLKYLGNLVLYWGLEIKKSAISLLDTTAIAVAEGTD
RITEVLOGIYRAFRNVPTRIRQGLEAALL*

>S5JU 121 s8B

MRVKGTORNWPOQWWIWGILGEWLIMICKGGGNLWVTVYYGVPVWTEAKTTLFCASNAKAYEKEVHNIWATHACVP
TDPNPQEIVLANVTENENMWENDMVDOMHEDITISIWDQGLOQPCVKLTPLCVTLNCSPVNKCSNASGNGTSANCAE
ASVNKTSNDTASLKFDEGDMKNCSENITTEIRDKKQKAYALFYKLDVVPLSGENSNSSDYILINCNTSTITQACP
KVNFDPIPIHYCAPAGYAILQCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDITIIRSKNITENT
NTIIVHLNESVTIVCTRPNNNTRKSVRIGPGQAFYATNDITIGDIRQAYCNISKSTWNTTLTRVKEKLOGYFHNKT
IEFAPHSGGDLEVTTHSENCRGEFFYCNTTQLETNTTKSNETITLPCRIKQI INMWQEVGRAMYAPPIAGNITCA
SNITGILLOQRDGGSNKTETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTEAKRRVVEREKRAVGLGAAFLGEL
GAAGSTMGAASLTLTVQARQLLSGIVQQOSNLLKATEAQQHMLRLTVWGIKQLOARVLATERYLODQQLLGLWGC
SGKLICTTAVPWDSSWSNKSSKEIWDNMTWMQWDKEISNYTDTIYRLLEDSONQQEKNEKDLLALDSWKSLWSWE
NITOWLWYIKIFIMIVGGLIGLRIIFGVLSIVKRVRQGYSPLSFQTPPKTQRGLDRLERIEEEGGEQDKDRSIRL
VNGFLAIVWEDLRSLCLEFSYHQLRDFILIAARAGELLGRSSLRGLORGWEVLKYLGNLVLYWGLEIKKSAISLLD
TIATAVAEGTDRIIEVLQGIYRAFRNLPRRIRQGFEAALL*

>SJU_ 121 s11B

MRVKGTORNWPOWWIWGILGFWLIMICKGGGNLWVTVYYGVPVWTEAKTTLEFCASNAKAYEKEVHNIWATHACVP
TDPNPQEIVLANVTENFNMWENDMVDOMHEDIISIWDQGLKPCVKLTPLCVTLNCSSVNKSSDASVTASLKEDEG
DMKNCSENITTEIRDKKQKAYALFYKPDVVPLNGENSNSSDYILINCNTSTITQACPKVNEDPIPIHYCAPAGYA
ILKCNNKTEFNGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDIIIRSKNITENTNTIIVHLNESIPIVCTRP
SNNTRKSVRIGPGQTEFYATNDIIGDIRQAHCNINESNWNTTLTRVKEKLOQGYFPNKTIIFAPHSGGDLEVTTHSE
NCRGEFFYCNTTQLEFTNTTKPNGTITLPCRIKQIINMWQEVGRAMYAPPIAGSITCASNITGILLOHDGGNMNSS
TETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTEAKRRVVEREKRAVGLGAAFLGFLGAAGSTMGAASLTLTV
QARQLLSGIVQQOSNLLKAIEAQQHMLRLTVWGIKQLOARVLAIERYLODQQLLGLWGCSGKLICTTAVPWNSSW
SNKSSKEIWDNMTWMQOWDKEISNYTDTIYRLLEDSONQQEKNEKDLLALDSWKSLWSWENITOQWLWYIRIFIMIV
GGLIGLRIIFGVLSIVKRVRQGYSPLSFQTPPONQRGLDRLERIEEEGGEQDKDRSIRLVNGFLAIVWEDLRSLC
LESYHQLRDFILIAARAGELLGRSSLRGLORGWEVLKYLRNLVLYWGLEIKKSAISLLDTAATIAVAEGTDRIIEV
LOGIYRAFRNVPTRIRQGFEAALL*

>SJU_121 s12A

MRVKGTQRNWPOQWWIWGILGEFWLIMICKGGGNLWVTVYYGVPVWTEAKTTLFCASNAKAYEKEVHNIWATHACVP
TDPNPQEIVLANVTENEFNMWENDMVDOMHEDITISIWDQGLQPCVKLTPLCVTLNCSPVNKCSNASGNGTSANCAE
ASVNKTSNDTASLKFDEGDMKNCSENITTEIRDKKQKAYALFYKLDVVPLSGENSNSSDYILINCNTSTITQACP
KVNEFDPIPIHYCAPAGYAILQCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDITIIRSKNITENT
NTIIVHLNESVTIVCTRPNNNTRKSVRIGPGQAFYATNDIIGDIRQAYCNISKSTWNTTLTRVKEKLOGYFHNKT
IEFAPHSGGDLEVTTHSENCRGEFEFYCNTTQLEFTNTTKSNETITLPCRIKQIINMWOQEVGRAMYAPPTIAGNITCA
SNITGILLOQRDGGSNKTETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTEAKRRVVEREKRAVGLGAAFLGFEL
GAAGSTMGAASLTLTVQARQLLSGIVQQOSNLLKAIEAQQHMLRLTVWGIKQLOARVLATIERYLODQQLLGLWGC
SGKLICTTAVPWDSSWSNKSSKEIWDNMTWMQWDKEISNYTDTIYRLLEDSOQNQQEKNEKDLLALDSWKSLWSWE
NITOQWLWYIRIFIMIVGGLIGLRITIFGVLSIVKRVRQGYSPLSFQTPPONQRGLDRLERIEEEGGEQDKDRSIRL
VNGFLAIVWEDLRSLCLEFSYHQLRDFILIAARALELLGRSSLRGLORGWEVLKYLGNLVLYWGLEIKKSAISLLD
TIATAVAEGTDRIIEVLOQGIYRAFRNLPRRIRQGFEAALL*

>SJU_121_sl12C
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MRVKGTOQRNWPOQWWIWGILGEWLIMICKGGENLWVTVYYGVPVWTEAKTTLFCASNAKAYEKEVHNIWATHACVP
TDPNPQEIVLANVTENENMWKNDMVDOMHEDITISIWDQGLKPCVKLTPLCVTLNCSPVNKCSNASVNGTSANCAE
ASVNKTSNDTASLKEFDEGDMKNCSENITTEIRDKKQKAYALFYKLDVVPLNGENSNSSDYILINCNTSTITQACP
KVNFDPIPIHYCAPAGYAILQCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDITIIRSKNITENT
NTIIVHLNESVTIVCTRPNNNTRKSVRIGPGQAFYATNDITIGDIRQAYCNISKSNWNTTLTRVKEKLOGYFPNKT
ITFAPHSGGDLEVTTHSEFSCRGEFFYCNTTQLENLNITNTTTSNGTITLPCRIKQIINMWQEVGRAMYAPPTAGN
ITCTSNITGILLORDGGNENSSNETFRPGGGNMKDNWRSELYKYKVVEIKPLGVAPTEARRRVVEREKRAVGLGA
AFLGFLGAAGSTMGAASLTLTVQARQLLSGIVQQQOSNLLKAIEAQQHMLRLTVWGIKQLOARVLAIERYLODOOQL
LGLWGCSGKLICTTAVPWNSSWSNKSSKEIWDNMTWMOWDKEISNYTDTIYRLLEDSONQQEKNEKDLLALDSWK
SLWSWESITOQWLWYIRIFIMIVGGLIGLRIIFGVLSIVKRVRQGYSPLSFQTPPONQRGLDRLERIEEEGGEQDK
DRSIRLVNGFLAIVWEDLRSLCLFSYHQLRDFILIAVRAVELLGRSSLRGLORGWEVLKYLGNLVLYWGLEIKKS
AISLLDTIAIAVAEGTDRITEVLQGIYRAFRNLPRRIRQGFEAALL*

>SJU 133 s4cC

MRVRGMPRNWPOQWWIWGILGEWMIIFCRVMGSLWVTVYYGVPVWTDAKTTLFCASDAKAYEREVHNVWATHACVP
TDPNPQEMVLGNVTENENMWKNDMVDOMHEDITISIWDQSLKPCVKLTPLCVTLKCTNATNNNQSIIGEMTNCTEN
VITEIRDKKKKVDALEFYRSDVVPLGNQSSENNSSYYILINCNTSTITQACPKVTFDPIPIHYCAPAGYAILKCNN
KTFSGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEEEITIRSENLTDNVKTIIVHLNESINIVCTRPNNNTSK
GIRIGPGQTFYATGRVIGNIREAHCNISTIGWNKTLEKVKRKLEEHFPNKTIEFEPHSGGDLEITTHSENCRGEF
FYCNTTQLENTTELENKSKANITILPCRIKQIINMWQGVGRAMYAPPIAGNITCKSNITGLLLTRDGGTNDTNAT
EVFRPGGGDMKDNWRSELYKYKVVEIKPLGIAPSKAKRRVVEREKRAVGMGAVIFGFLGAAGSTMGAAAVTLTVQ
ARQLLSGIVQQQOSNLLRAIEAQQHMLOLTVWGIKQLQARVLAIERYLKDOQQLLGLWGCSGKLICPTAVPWNSSWS
NKSYEKIWDNMTWMQOWDREINNYTNTIYSLLEKSQONQQEKNEQDLLALDSWKNLWDWENISNWLWYIKIFIMIVG
GLIGLRIILGVLSIVKRVRQGYSPLSFQTLIPNPRGPDRLGRIEEEGGEQDRDRSIRLVNGFLALAWDDLRSLCL
FSYHQLRDFILIVARAVELLGRSSLRGLORGWEALKYLGALVQYGGLELKRNAIRLLDTIATAVAEGTDRILEVI
QORICRAIRNIPSRIRQGFEAALL¥*

>SJU_133_s6A

MRVRGMPRNWPOWWIWGILGFWMITIFCRVMGSLWVTVYYGVPVWTDAKTTLECASDAKGYEKEVHNVWATHACVP
TDPNPQEMVLGNVTENFNMWENDMVDOMHEDITISIWDQSLKPCVKLTPLCVTLKCTNATNNNQSIVGEMTNCTEN
VITEIRDKKKKVDALEFYRSDVVPLGNQSSENNSSYYILINCNTSTITQACPKVTFDPIPIHYCAPAGYAILKCNN
KTFSGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEEEITIRSENLTDNVKTIIVHLNESINIVCTRPNNNTSK
GIRIGPGQTFYATGRVIGNIREAHCNISTIGWNKTLEKVKRKLEEHFPNKTIEFEPHSGGDLEITTHSENCRGEF
FYCNTTQLENTTELENKSKANITILPCRIKQIINMWQGVGRAMYAPPIAGNITCKSNITGLLLTRDGGTNDTNAT
EVFRPGGGDMKDNWRSELYKYKVVEIKPLGIAPSKAKRRVVEREKRAVGMGAVIFGEFLGAAGSTMGAAAVTLTVQ
ARQLLSGIVQQOQOSNLLRAIEAQQOHMLOLTVWGIKQLOQARVLAIERYLKDOQQLLGLWGCSGKLICPTAVPWNSSWS
NKSYEKIWDNMTWMQOWDREINNYTNTIYSLLEKSONQOQEKNEQDLLALDSWKNLWDWENISNWLWYIKIFIMIVG
GLIGLRIILGVLSIVKRVRQGYSPLSFQTLIPNPRGPDRLGRIEEEGGEQDRDRSIRLVNGFLALAWDDLRSLCL
FSYHQLRDFILIVARAVELLGRSSLRGLORGWEALKYLGALVQYGGLELKRNAIRLLDTIATAVAEGTDRILEVI
QRICRAIRNIPSRIRQGFEAALL¥*

>SJU_133_s6G

MRVRGMPRNWPOQWWIWGILGEFWMIIFCRVMGSLWVTVYYGVPVWTDAKTTLFCASDAKAYEREVHNVWATHACVP
TDPNPQEMVLGNVTENFNMWKNDMVDOMHEDITISIWDQSLKPCVKLTPLCVTLKCTNATNNNQSIIGEMTNCTEN
VITEIRDKKKKVDALEFYRSDVVPLGNQSSENNSSYYILINCNTSTITQACPKVTFDPIPIHYCAPAGYAILKCNN
KTFSGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEEEITIRSENLTDNVKTIIVHLNESINIVCTRPNNNTSK
GIRIGPGQTFYATGRVIGNIREAHCNISTIGWNKTLEKVKRKLEEHFPNKTIEFEPHSGGDLEITTHSENCRGEF
FYCNTTQLENTTELENKSKANITILPCRIKQIINMWOGVGRAMYAPPIAGNITCKSNITGLLLTRDGGTNDTNAT
EVFRPGGGDMKDNWRSELYKYKVVEIKPLGIAPSKAKRRVVEREKRAVGMGAVIFGFLGAAGSTMGAAAVTLTVQ
ARQLLSGIVQOQOSNLLRAIEAQQHMLOLTVWGIKQLOARVLATIERYLKDOQLLGLWGCSGKLICPTAVPWNSSWS
NKSYEKIWDNMTWMQOWDREINNYTNTIYSLLEKSONQQEKNEQDLLALDSWKNLWDWENISNWLWYIKIFIMIVG
GLIGLRIILGVLSIVKRVRQGYSPLSFQTLIPNPRGPDRLGRIEEEGGEQDRDRSIRLVNGFLALAWDDLRSLCL
FSYHQLRDFILIVARAVELLGRSSLRGLORGWEALKYLGALVQYGGLELKRNAIRLLDTIATAVAKGTDRILEVI
QRICRAIRNIPSRIRQGFEAALL¥*

>SJU_133_s9B
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MRVRGMPRNWPOWWIWGILGEWMIIFCRVMGSLWVTVYYGVPVWTDAKTTLFCASDAKGYEKEVHNVWATHACVP
TDPNPQEMVLGNVTENENMWKNDMVDOMHEDITISIWDQSLKPCVKLTPLCVTLKCTNATNNNQSIVGEMTNCTEN
VITTEIRDKKKKVDALFYRSDVVPLGNQSSENNSSYYILINCNTSTITQACPKVTEFDPIPIHYCAPAGYAILKCNN
KTEFSGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEEEITITRSENLTDNVKTIIVHLNESINIVCTRPNNNTSK
GIRIGPGQTFYATGRVIGNIREAHCNISTIGWNKTLEKVKRKLEEHFPNKTIEFEPHSGGDLEITTHSENCRGEF
FYCNTTQLENTTELENKSKANITILPCRIKQIINMWQGVGRAMYAPPIAGNITCKSNITGLLLTRDGGTNDTNAT
EVFRPGGGDMKDNWRSELYKYKVVEIKPLGIAPSKAKRRVVEREKRAVGMGAVIFGEFLGAAGSTMGAAAVTLTVQ
ARQLLSGIVQQQOSNLLRAIEAQQHMLOLTVWGIKQLQARVLAIERYLKDOQQLLGLWGCSGKLICPTAVPWNSSWS
NKSYEKIWDNMTWMQOWDREINNYTNTIYSLLEKSQNQQEKNEQDLLALDSWKNLWDWENISNWLWYIKIFIMIVG
GLIGLRIILGVLSIVKRVRQGYSPLSFQTLIPNPRGPDRLGRIEEEGGEQDRDRSIRLVNGFLALAWDDLRSLCL
FSYHQLRDFILIVARAVELLGRSSLRGLORGWEALKYLGALVQYGGLELKRNAIRLLDTIATIAVAEGTDRILEVI
ORICRAIRNIPSRIRQGFEAALL*

>SJU_133_s9C

MRVRGMPRNWPOQWWIWGILGEWMIIFCRVMGSLWVTVYYGVPVWTDAKTTLFCASDAKGYEKEVHNVWATHACVP
TDPNPQEMVLGNVTENENMWKNDMVDOMHEDITISIWDQSLKPCVKLTPLCVTLKCTNATNNNQSIVGEMTNCTEN
VITEIRDKKKKVDALEFYRSDVVPLGNQSSENNSSYYILINCNTSTITQACPKVTFDPIPIHYCAPAGYAILKCNN
KTFSGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEEEITIRSENLTDNVKTIIVHLNESINIVCTRPNNNTSK
GIRIGPGQTFYATGRVIGNIREAHCNISTIGWNKTLEKVKRKLEEHFPNKTIEFEPHSGGDLEITTHSENCRGEF
FYCNTTQLENTTELENKSKANITILPCRIKQIINMWQGVGRAMYAPPIAGNITCKSNITGLLLTRDGGTNDTNAT
EVFRPGGGDMKDNWRSELYKYKVVEIKPLGIAPSKAKRRVVEREKRAVGMGAVIFGFLGAAGSTMGAAAVTLTVQ
ARQLLSGIVQQQOSNLLRAIEAQQHMLOLTVWGIKQLQARVLAIERYLKDOQQLLGLWGCSGKLICPTAVPWNSSWS
NKSYEKIWDNMTWMQOWDREINNYTNTIYSLLEKSQONQQEKNEQDLLALDSWKNLWDWENISNWLWYIKIFIMIVG
GLIGLRIILGVLSIVKRVRQGYSPLSFQTLIPNPRGPDRLGRIEEEGGEQDRDRSIRLVNGFLALAWDDLRSLCL
FSYHQLRDFILIVARAVELLGRSSLRGLORGWEALKYLGALVQYGGLELKRNAIRLLDTIATAVAEGTDRILEVI
QORICRAIRNIPSRIRQGFEAALL¥*

>SJU_133 s10B

MRVRGMPRNWPOWWIWGILGFWMITIFCRVMGSLWVTVYYGVPVWTDAKTTLECASDAKGYEKEVHNVWATHACVP
TDPNPQEMVLGNVTENEFNMWKNDMVDOMHEDITISIWDQSLKPCVKLTPLCVTLKCTNATNNNQSIVGEMTNCTEN
VITEIRDKKKKVDALEFYRSDVVPLGNQSSENNSSYYILINCNTSTITQACPKVTFDPIPIHYCAPAGYAILKCNN
KTFSGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEEEITIRSENLTDNVKTIIVHLNESINIVCTRPNNNTSK
GIRIGPGQTFYATGRVIGNIREAHCNISTIGWNKTLEKVKRKLEEHFPNKTIEFEPHSGGDLEITTHSENCRGEF
FYCNTTQLENTTELENKSKANITILPCRIKQIINMWQGVGRAMYAPPIAGNITCKSNITGLLLTRDGGTNDTNAT
EVFRPGGGDMKDNWRSELYKYKVVEIKPLGIAPSKAKRRVVEREKRAVGMGAVIFGEFLGAAGSTMGAAAVTLTVQ
ARQLLSGIVQQOQOSNLLRAIEAQQOHMLOLTVWGIKQLOQARVLAIERYLKDOQQLLGLWGCSGKLICPTAVPWNSSWS
NKSYEKIWDNMTWMQOWDREINNYTNTIYSLLEKSONQOQEKNEQDLLALDSWKNLWDWENISNWLWYIKIFIMIVG
GLIGLRIILGVLSIVKRVRQGYSPLSFQTLIPNPRGPDRLGRIEEEGGEQDRDRSIRLVNGFLALAWDDLRSLCL
FSYHQLRDFILIVARAVELLGRSSLRGLORGWEALKYLGALVQYGGLELKRNAIRLLDTIATAVAEGTDRILEVI
QRICRAIRNIPSRIRQGFEAALL¥*

>SJU_ 133 s11G

MRVRGMPRNWPOQWWIWGILGEFWMIIFCRVMGSLWVTVYYGVPVWTDAKTTLFCASDAKGYEKEVHNVWATHACVP
TDPNPQEMVLGNVTENFNMWKNDMVDOMHEDITISIWDQSLKPCVKLTPLCVTLKCTNATNNNQSIVGEMTNCTEN
VITEIRDKKKKVDALEFYRSDVVPLGNQSSENNSSDYILINCNTSTITQACPKVTFDPIPIHYCAPAGYAILKCNN
KTFSGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEEEITIRSENLTDNVKTIIVHLNESINIVCTRPNNNTSK
GIRIGPGQTFYATGRVIGNIREAHCNISTIGWNKTLEKVKRKLEEHFPNKTIEFEPHSGGDLEITTHSENCRGEF
FYCNTTQLENTTELENKSKANITILPCRIKQIINMWOGVGRAMYAPPIAGNITCKSNITGLLLTRDGGTNDTNAT
EVFRPGGGDMKDNWRSELYKYKVVEIKPLGIAPSKAKRRVVEREKRAVGMGAVIFGFLGAAGSTMGAAAVTLTVQ
ARQLLSGIVQOQOSNLLRAIEAQQHMLOLTVWGIKQLOARVLATIERYLKDOQLLGLWGCSGKLICPTAVPWNSSWS
NKSYEKIWDNMTWMQOWDREINNYTNTIYSLLEKSONQQEKNEQDLLALDSWKNLWDWENISNWLWYIKIFIMIVG
GLIGLRIILGVLSIVKRVRQGYSPLSFQTLIPNPRGPDRLGRIEEEGGEQDRDRSIRLVNGFLALAWDDLRSLCL
FSYHQLRDFILIVARAVELLGRSSLRGLORGWEALKYLGALVQYGGLELKRNAIRLLDTIATAVAEGTDRILEVI
QRICRAIRNIPSRIRQGFEAALL¥*

>SJU_145_s5G
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MRVRGMPRNWPOWWIWGILGEWMIIFCRGMGSLWVTVYYGVPVWTDAKTTLFCASDAKGYEKEVHNVWATHACVP
TDPNPQEMVLGNVTENENMWKNDMVDOMHEDITISIWDQSLKPCVKLTPLCVTLKCTNATNNNQSIVGEMTNCTEN
VITTEIRDKKKKVDALFYRSDVVPLGNQSSENNSSYYILINCNTSTITQACPKVTEFDPIPIHYCAPAGYAILKCNN
KTEFSGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEEEITITRSENLTDNVKTIIVHLNESINIVCTRPNNNTSK
GIRIGPGQTFYATGRVIGNIREAHCNISTEKWNTTLERVRKKLEEHFPSKTISFKPHSGGDLEITTHSENCRGEF
FYCNTTQLENTTELENKSVANTTTLPCRIKQIINMWQGVGRAMYAPPIAGNITCKSNITGLLLTRDGGTNDTNAT
EVFRPGGGDMKDNWRSELYKYKVVEIKPLGIAPSKAKRRVVEREKRAVGMGAVIFGEFLGAAGSTMGAAAVTLTVQ
ARQLLSGIVQQQOSNLLRAIEAQQHMLOLTVWGIKQLQARVLAIERYLKDOQQLLGLWGCSGKLICPTAVPWNSSWS
NKSYEKIWDNMTWMQOWDREINNYTNTIYSLLEKSQNQQEKNEQDLLALDSWKNLWDWENISNWLWYIKIFIMIVG
GLIGLRIILGVLSIVKRVRQGYSPLSFQTLIPNPRGPDRLGRIEEEGGEQDRDRSVRLVNGFLALAWDDLRSLCL
FSYHQLRDFILIVARAVELLGRSSLRGLORGWEALKYLGALVQYGGLELKRNAIRLLDTIATIAVAEGTDRILEVI
ORICRAIRNIPSRIRQGFEVALL*

>SJU_145_s6E

MRVRGMLRNWPOQWWIWGILGEWMIIFCRGMGSLWVTVYYGVPVWTDAKTTLFCASDAKGYEKEVHNVWATHACVP
TDPNPQEMVLGNVTENENMWKNDMVDOMHEDITISIWDQSLKPCVKLTPLCVTLKCTNATNNNQSIVGEMTNCTEN
VITEIRDKKKKVDALEFYRSDVVPLGNQSSENNSSYYILINCNTSTITQACPKVTFDPIPIHYCAPAGYAILKCNN
KTFSGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEEEITIRSENLTDNVKTIIVHLNESINIVCTRPNNNTSK
GIRIGPGQTFYATGRVIGNIREAHCNISTEKWNTTLERVRKKLEEHFPSKTISFKPHSGGDLEITTHSENCRGEF
FYCNTTQLENTTELENKSVANTTTLPCRIKQIINMWQGVGRAMYAPPIAGNITCKSNITGLLLTRDGGTNDTNAT
EVFRPGGGDMKDNWRSELYKYKVVEIKPLGIAPSKAKRRVVEREKRAVGMGAVIFGFLGAAGSTMGAAAVTLTVQ
ARQLLSGIVQQQOSNLLRAIEAQQHMLOLTVWGIKQLQARVLAIERYLKDOQQLLGLWGCSGKLICPTAVPWNSSWS
NKSYEKIWDNMTWMQOWDREINNYTNTIYSLLEKSQONQQEKNEQDLLALDSWKNLWDWENISNWLWYIKIFIMIVG
GLIGLRIILGVLSIVKRVRQGYSPLSFQTLIPNPRGPDRLGRIEEEGGEQDRDRSVRLVNGFLALAWDDLRSLCL
FSYHQLRDFILIVARAVELLGRSSLRGLORGWEALKYLGALVQYGGLELKRNAIRLLDTIATAVAEGTDRILEVI
QORICRAIRNIPSRIRQGFEAALL¥*

>SJU_ 145 s6F

MRVRGMPRNWPOWWIWGILGFWMITIFCRVVGNLWVTVYYGVPVWTDAKTTLECASDAKAYEREVHNVWATHACVP
TDPNPQEMVLGNVTENEFNMWKNDMVDOMHEDITISIWDQSLKPCVKLTPLCVTLKCTNATNNNQSIVGEMTNCTEN
VITEIRDKKKKVDALEFYRSDVVPLGNQSSENNSSYYILINCNTSTITQACPKVTFDPIPIHYCAPAGYAILKCNN
KTFSGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEEEITIRSENLTDNVKTIIVHLNESIDIVCTRPNNNTSK
GIRIGPGQTFYATGRVIGNIREAHCNISTIGWNKTLEKVKRKLEEHFPTKTISFKPHSGGDLEITTHSENCRGEF
FYCNTTQLENTTELENKSKENITILPCRIKQIINMWQGVGRAMYAPPIAGNITCKSNITGLLLTRDGGTNDTNAT
EVFRPGGGDMKDNWRSELYKYKVVEIKPLGIAPSKAKRRVVEREKRAVGMGAVIFGEFLGAAGSTMGAAAVTLTVQ
ARQLLSGIVQQOQOSNLLRAIEAQQOHMLOLTVWGIKQLOQARVLAIERYLKDOQQLLGLWGCSGKLICPTAVPWNSSWS
NKSYEKIWDNMTWMQOWDREINNYTNTIYSLLEKSONQOEKNEQDLLALDSWKNLWNWENISSWLWYIKIFIMIVG
GLIGLRIILGVLSIVKRVRQGYSPLSFQTLIPNPRGPDRLGRIEEEGGEQDRDRSIRLVNGFLALAWDDLRSLCL
FSYHQLRDFILIVARAVELLGRSSLRGLORGWEALKYLGALVQYGGLELKRNAIRLLDTIATAVAEGTDRILEVI
QRICRAIRNIPSRIRQGFEAALL¥*

>SJU_145_s7TA

MRVRGMPRNWPOQWWIWGILGEFWMIIFCRGMGSLWVTVYYGVPVWTDAKTTLFCASDAKGYEKEVHNVWATHACVP
TDPNPQEMVLGNVTENFNMWKNDMVDOMHEDITISIWDQSLKPCVKLTPLCVTLKCTNATNNNQSIVGEMTNCTEN
VITEIRDKKKKVDALEFYRSDVVPLGNQSSENNSSYYILINCNTSTITQACPKVTFDPIPIHYCAPAGYAILKCNN
KTFSGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEEEITIRSENLTDNVKTIIVHLNESINIVCTRPNNNTSK
GIRIGPGQTFYATGRVIGNIREAHCNISTEKWNTTLERVRKKLEEHFPSKTISFKPHSGGDLEITTHSENCRGEF
FYCNTTQLENTTELENKSVANTTTLPCKIKQIINMWOGVGRAMYAPPIAGNITCKSNITGLLLTRDGGTNDTNAT
EVFRPGGGDMKDNWRSELYKYKVVEIKPLGIAPSKAKRRVVEREKRAVGMGAVIFGFLGAAGSTMGAAAVTLTVQ
ARQLLSGIVQOQOSNLLRAIEAQQHMLOLTVWGIKQLOARVLATIERYLKDOQLLGLWGCSGKLICPTAVPWNSSWS
NKSYEKIWDNMTWMQOWDREINNYTNTIYSLLEKSONQQEKNEQDLLALDSWKNLWDWENISNWLWYIKIFIMIVG
GLIGLRIILGVLSIVKRVRQGYSPLSFQTLIPNPRGPDRLGRIEEEGGEQDRDRSVRLVNGFLALAWDDLRSLCL
FSYHQLRDFILIVARAVELLGRSSLRGLORGWEALKYLGALVQYGGLELKRNAIRLLDTIATAVAEGTDRILEVI
QRICRAIRNIPSRIRQGFEAALL¥*

>SJU_145 s9D
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MRVRGMPRNWPOWWIWGILGEWMIIFCRGMGSLWVTVYYGVPVWTDAKTTLFCASDAKGYEKEVHNVWATHACVP
TDPNPQEMVLGNVTENENMWKNDMVDOMHEDITISIWDQSLKPCVKLTPLCVTLKCTNATNNNQSIVGEMTNCTEN
VITTEIRDKKKKVDALFYRSDVVPLGNQSSENNSSYYILINCNTSTITQACPKVTEFDPIPIHYCAPAGYAILKCNN
KTEFSGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEEEITITRSENLTDNVKTIIVHLNESINIVCTRPNNNTSK
GIRIGPGQTFYATGRVIGNIREAHCNISTEKWNTTLERVRKKLEEHFPSKTISFKPHSGGDLEITTHSENCRGEF
FYCNTTQLENTTELENKSVANTTTLPCRIKQIINMWQGVGRAMYAPPIAGNITCKSNITGLLLTRDGGTNDTNAT
EVFRPGGGDMKDNWRSELYKYKVVEIKPLGIAPSKAKRRVVEREKRAVGMGAVIFGEFLGAAGSTMGAAAVTLTVQ
ARQLLSGIVQQQOSNLLRAIEAQQHMLOLTVWGIKQLQARVLAIERYLKDOQQLLGLWGCSGKLICPTAVPWNSSWS
NKSYEKIWDNMTWMQOWDREINNYTNTIYSLLEKSQNQQEKNEQDLLALDSWKNLWDWENISNWLWYIKIFIMIVG
GLIGLRIILGVLSIVKRVRQGYSPLSFQTLIPNPRGPDRLGRIEEEGGEQDRDRSVRLVNGFLALAWDDLRSLCL
FSYHQLRDFILIVARAVELLGRSSLRGLORGWEALKYLGALVQYGGLELKRNAIRLLDTIATIAVAEGTDRILEVI
ORICRAICNIPSRIRQGFEAALL*

>SJU_145 s9E

MRVRGMPRNWPOQWWIWGILGEWMIIFCRGMGSLWVTVYYGVPVWTDAKTTLFCASDAKGYEKEVHNVWATHACVP
TDPNPQEMVLGNVTENENMWKNDMVDOMHEDITISIWDQSLKPCVKLTPLCVTLKCTNATNNNQSIVGEMTNCTEN
VITEIRDKKKKVDALEFYRSDVVPLGNQSSENNSSYYILINCNTSTITQACPKVTFDPIPIHYCAPAGYAILKCNN
KTFSGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEEEITIRSENLTDNVKTIIVHLNESINIVCTRPNNNTSK
GIRIGPGQTFYATGRVIGNIREAHCNISTEKWNTTLERVRKKLEEHFPSKTISFKPHSGGDLEITTHSENCRGEF
FYCNTTQLENTTELENKSVANTTTLPCRIKQIINMWQGVGRAMYAPPIAGNITCKSNITGLLLTRDGGTNDTNAT
EVFRPGGGDMKDNWRSELYKYKVVEIKPLGIAPSKAKRRVVEREKRAVGMGAVIFGFLGAAGSTMGAAAVTLTVQ
ARQLLSGIVQQQOSNLLRAIEAQQHMLOLTVWGIKQLQARVLAIERYLKDOQQLLGLWGCSGKLICPTAVPWNSSWS
NKSYEKIWDNMTWMQOWDREINNYTNTIYSLLEKSQONQQEKNEQDLLALDSWKNLWDWENISNWLWYIKIFIMIVG
GLIGLRIILGVLSIVKRVRQGYSPLSFQTLIPNPRGPDRLGRIEEEGGEQDRDRSVRLVNGFLALAWDDLRSLCL
FSYHQLRDFILIVARAVELLGRSSLRGLORGWEALKYLGALVQYGGLELKRNAIRLLDTIATAVAEGTDRILEVI
QORICRAIRNIPSRIRQGFEAALL¥*

>SJU_ 145 s9F

MRVRGMPRNWPOWWIWGILGFWMITIFCRVVGNLWVTVYYGVPVWTDAKTTLECASDTKGYEKEVHNVWATHACVP
TDPNPQEMVLGNVTENEFNMWKNDMVDOMHEDITISIWDQSLKPCVKLTPLCVTLKCTNATNNNQSIVGEMTNCTEN
VITEIRDKKKKVDALEFYRSDVVPLGNQSSENNSSYYILINCNTSTITQACPKVTFDPIPIHYCAPAGYAILKCNN
KTFSGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEEEITIRSENLTDNVKTIIVHLNESINIVCTRPNNNTSK
GIRIGPGQTFYATGRVIGNIREAHCNISTEKWNTTLERVRKKLEEHFPSKTISFKPHSGGDLEITTHSENCRGEF
FYCNTTQLENTTELENKSKENITILPCRIKQIINMWQGVGRAMYAPPIAGNITCKSNITGLLLTRDGGTNDTNAT
EVFRPGGGDMKDNWRSELYKYKVVEIKPLGIAPSKAKRRVVEREKRAVGMGAVIFGEFLGAAGSTMGAAAVTLTVQ
ARQLLSGIVQQOQOSNLLRAIEAQQOHMLOLTVWGIKQLOQARVLAIERYLKDOQQLLGLWGCSGKLICPTAVPWNSSWS
NKSYEKIWDNMTWMQOWDREINNYTNTIYNLLEKSONQOQEKNEQDLLALDSWKNLWDWENISNWLWYIKIFIMIVG
GLIGLRIILGVLSIVKRVRQGYSPLSFQTLIPNPRGPDRLGRIEEEGGEQDRDRSVRLVNGFLALAWDDLRSLCL
FSYHQLRDFILIVARAVELLGRSSLRGLORGWEALKYLGALVQYGGLELKRNAIRLLDTIATAVAEGTDRILEVI
QRICRAIRNIPSRIRQGFEAALL¥*

>SJU_145 s10E

MRVRGMPRNWPOQWWIWGILGEFWMIIFCRGMGSLWVTVYYGVPVWTDAKTTLFCASDAKGYEKEVHNVWATHACVP
TDPNPQEMVLGNVTENFNMWKNDMVDOMHEDITISIWDQSLKPCVKLTPLCVTLKCTNATNNNQSIVGEMTNCTEN
VITEIRDKKKKVDALEFYRSDVVPLGNQSSENNSSYYILINCNTSTITQACPKVTFDPIPIHYCAPAGYAILKCNN
KTFSGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEEEITIRSENLTDNVKTIIVHLNESINIVCTRPNNNTSK
GIRIGPGQTFYATGRVIGNIREAHCNISTEKWNTTLERVRKKLEEHFPSKTISFKPHSGGDLEITTHSENCRGEF
FYCNTTQLENTTELENKSVANTTTLPCRIKQIINMWOGVGRAMYAPPIAGNITCKSNITGLLLTRDGGTNDTNAT
EVFRPGGGDMKDNWRSELYKYKVVEIKPLGIAPSKAKRRVVEREKRAVGMGAVIFGFLGAAGSTMGAAAVTLTVQ
ARQLLSGIVQOQOSNLLRAIEAQQHMLOLTVWGIKQLOARVLATIERYLKDOQLLGLWGCSGKLICPTAVPWNSSWS
NKSYEKIWDNMTWMQOWDREINNYTNTIYSLLEKSONQQEKNEQDLLALDSWKNLWDWENISNWLWYIKIFIMIVG
GLIGLRIILGVLSIVKRVRQGYSPLSFQTLIPNPRGPDRLGRIEEEGGEQDRDRSVRLVNGFLALAWDDLRSLCL
FSYHQLRDFILIVARAVELLGRSSLRGLORGWEALKYLGALVQYGGLELKRNAIRLLDTIATAVAEGTDRILEVI
QRICRAIRNIPSRIRQGFEAALL¥*

>SJU_145_s10G
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MRVRGMPRNWPOWWIWGILGEWMIIFCRGMGSLWVTVYYGVPVWTDAKTTLFCASDAKGYEKEVHNVWATHACVP
TDPNPQEMVLGNVTENENMWKNDMVDOMHEDITISIWDQSLKPCVKLTPLCVTLKCTNATNNNQSIVGEMTNCTEN
VITTEIRDKKKKVDALFYRSDVVPLGNQSSENNSSYYILINCNTSTITQACPKVTEFDPIPIHYCAPAGYAILKCNN
KTEFSGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEEEITITRSENLTDNVKTIIVHLNESINIVCTRPNNNTSK
GIRIGPGQTFYATGRVIGNIREAHCNISTEKWNTTLERVRKKLEEHFPSKTISFKPHSGGDLEITTHSENCRGEF
FYCNTTQLENTTELENKSVANTTTLPCRIKQIINMWQGVGRAMYAPPIAGNITCKSNITGLLLTRDGGTNDTNAT
EVFRPGGGDMKDNWRSELYKYKVVEIKPLGIAPSKAKRRVVEREKRAVGMGAVIFGEFLGAAGSTMGAAAVTLTVQ
ARQLLSGIVQQQOSNLLRAIEAQQHMLOLTVWGIKQLQARVLAIERYLKDOQQLLGLWGCSGKLICPTAVPWNSSWS
NKSYEKIWDNMTWMQOWDREINNYTNTIYSLLEKSQNQQEKNEQDLLALDSWKNLWDWENISNWLWYIKIFIMIVG
GLIGLRIILGVLSIVKRVRQGYSPLSFQTLIPNPRGPDRLGRIEEEGGEQDRDRSVRLVNGFLALAWDDLRSLCL
FSYHQLRDFILIVARAVELLGRSSLRGLORGWEALKYLGALVQYGGLELKRNAIRLLDTIATIAVAEGTDRILEVI
ORICRAIRNIPSRIRQGFEAALL*

>SJU_145 s10H

MRVRGMPRNWPOQWWIWGILGEWMIIFCRVMGSLWVTVYYGVPVWTDAKTTLFCASDAKGYEKEVHNVWATHACVP
TDPNPQEMVLGNVTENENMWKNDMVDOMHEDITISIWDQSLKPCVKLTPLCVTLKCTNATNNNQSIVGEMTNCTEN
VITEIRDKKKKVDALEFYRSDVVPLGNQSSENNSSYYILINCNTSTITQACPKVTFDPIPIHYCAPAGYAILKCNN
KTFSGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEEEITIRSENLTDNVKTIIVHLNESINIVCTRPNNNTSK
GIRIGPGQTFYATGRVIGNIREAHCNISTEKWNTTLERVRRKLEEHFPSKTISFKPHSGGDLEITTHSENCRGEF
FYCNTTQLENTTELENKSKENITILPCRIKQIINMWQGVGRAMYAPPIAGNITCKSNITGLLLTRDGGTNDTNAT
EVFRPGGGDMKDNWRSELYKYKVVEIKPLGIAPSKAKRRVVEREKRAVGMGAVIFGFLGAAGSTMGAAAVTLTVQ
ARQLLSGIVQQQOSNLLRAIEAQQHMLOLTVWGIKQLQARVLAIERYLKDOQQLLGLWGCSGKLICPTAVPWNSSWS
NKSYEKIWDNMTWMOWDREINNYTNTIYNLLEKSQNQQEKNEQDLLALDSWKNLWDWENISNWLWYIKIFIMIVG
GLIGLRIILGVLSIVKRVRQGYSPLSFQTLIPNPRGPDRLGRIEEEGGEQDRDRSVRLVNGFLALAWDDLRSLCL
FSYHQLRDFILIVARAVELLGRSSLRGLORGWEALKYLGALVQYGGLELKRNAIRLLDTIATAVAEGTDRILEVI
QORICRAIRNIPSRIRQGFEAALL¥*

>SJU_145 s11B

MRVRGMPRNWPOWWIWGILGFWMITIFCRVMGSLWVTVYYGVPVWTDAKTTLECASDAKGYEKEVHNVWATHACVP
TDPNPQEMVLGNVTENEFNMWKNDMVDOMHEDITISIWDQSLKPCVKLTPLCVTLKCTNATNNNQSIVGEMTNCTEN
VITEIRDKKKKVDALEFYRSDVVPLGNQSSENNSSYYILINCNTSTITQACPKVTFDPIPIHYCAPAGYAILKCNN
KTFSGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEEEITIRSENLTDNVKTIIVHLNESINIVCTRPNNNTSK
GIRIGPGQTFYATGRVIGNIREAHCNISTIGWNKTLEKVKRKLEEHFPNKIIEFEPHSGGDLEITTHSENCRGEF
FYCNTTQLENTTELENKSKEDITILPCRIKQIINMWQGVGRAMYAPPIAGNITCKSNITGLLLTRDGGTNDTNAT
EVFRPGGGDMKDNWRSELYKYKVVEIKPLGIAPSKAKRRVVEREKRAVGMGAVIFGEFLGAAGSTMGAAAVTLTVQ
ARQLLSGIVQQOQOSNLLRAIEAQQOHMLOLTVWGIKQLOQARVLAIERYLKDOQQLLGLWGCSGKLICPTAVPWNSSWS
NKSYEKIWDNMTWMQOWDREINNYTNTIYSLLEKSONQOQEKNEQDLLALDSWKNLWDWENISNWLWYIKIFIMIVG
GLIGLRIILGVLSIVKRVRQGYSPLSFQTLIPNPRGPDRLGRIEEEGGEQDRDRSVRLVNGFLALAWDDLRSLCL
FSYHQLRDFILIVARAVELLGRSSLRGLORGWEALKYLGALVQYGGLELKRNAIRLLDTIATAVAEGTDRILEVI
QRICRAIRNIPSRIRQGFEAALL¥*

>SJU_145 s11D

MRVRGMPRNWPOQWWIWGILGEFWMIIFCRGMGSLWVTVYYGVPVWTDAKTTLFCASDAKGYEKEVHNVWATHACVP
TDPNPQEMVLGNVTENFNMWKNDMVDOMHEDITISIWDQSLKPCVKLTPLCVTLKCTNATNNNQSIVGEMTNCTEN
VITEIRDKKKKVDALEFYRSDVVPLGNQSSENNSSYYILINCNTSTITQACPKVTFDPIPIHYCAPAGYAILKCNN
KTFSGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEEEITIRSENLTDNVKTIIVHLNESINIVCTRPNNNTSK
GIRIGPGQTFYATGRVIGNIREAHCNISTEKWNTTLERVRKKLEEHFPSKTISFKPHSGGDLEITTHSENCRGEF
FYCNTTQLENTTELENKSVANTTTLPCRIKQIINMWOGVGRAMYAPPIAGNITCKSNITGLLLTRDGGTNDTNAT
EVFRPGGGDMKDNWRSELYKYKVVEIKPLGIAPSKAKRRVVEREKRAVGMGAVIFGFLGAAGSTMGAAAVTLTVQ
ARQLLSGIVQOQOSNLLRAIEAQQHMLOLTVWGIKQLOARVLATIERYLKDOQLLGLWGCSGKLICPTAVPWNSSWS
NKSYEKIWDNMTWMQOWDREINNYTNTIYSLLEKSONQQEKNEQDLLALDSWKNLWDWENISNWLWYIKIFIMIVG
GLIGLRIILGVLSIVKRVRQGYSPLSFQTLIPNPRGPDRLGRIEEEGGEQDRDRSVRLVNGFLALAWDDLRSLCL
FSYHQLRDFILIVARAVELLGRSSLRGLORGWEALKYLGALVQYGGLELKRNAIRLLDTIATAVAEGTDRILEVI
QRICRAIRNIPSRIRQGFEAALL¥*

>SJU_ 145 s11E

193 |Page



MRVRGMPRNWPOWWIWGILGEWMIIFCRGMGSLWVTVYYGVPVWTDAKTTLFCASDAKGYEKEVHNVWATHACVP
TDPNPQEMVLGNVTENENMWKNDMVDOMHEDITISIWDQSLKPCVKLTPLCVTLKCTNATNNNQSIVGEMTNCTEN
VITTEIRDKKKKVDALFYRSDVVPLGNQSSENNSSYYILINCNTSTITQACPKVTEFDPIPIHYCAPAGYAILKCNN
KTEFSGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEEEITITRSENLTDNVKTIIVHLNESINIVCTRPNNNTSK
GIRIGPGQTFYATGRVIGNIREAHCNISTEKWNTTLERVRKKLEEHFPSKTISFKPHSGGDLEITTHSENCRGEF
FYCNTTQLENTTELENKSVANTTTLPCRIKQIINMWQGVGRAMYAPPIAGNITCKSNITGLLLTRDGGTNDTNAT
EVFRPGGGDMKDNWRSELYKYKVVEIKPLGIAPSKAKRRVVEREKRAVGMGAVIFGEFLGAAGSTMGAAAVTLTVQ
ARQLLSGIVQQQOSNLLRAIEAQQHMLOLTVWGIKQLQARVLAIERYLKDOQQLLGLWGCSGKLICPTAVPWNSSWS
NKSYEKIWDNMTWMQOWDREINNYTNTIYSLLEKSQNQQEKNEQDLLALDSWKNLWDWENISNWLWYIKIFIMIVG
GLIGLRIILGVLSIVKRVRQGYSPLSFQTLIPNPRGPDRLGRIEEEGGEQDRDRSVRLVNGFLALAWDDLRSLCL
FSYHQLRDFILIVARAVELLGRSSLRGLORGWEALKYLGALVQYGGLELKRNAIWLLDTIATIAVAEGTDRILEVI
ORICRAIRNIPSRIRQGFEAALL*

>SJU_145 s11G

MRVRGMPRNWPOQWWIWGILGEWMIIFCRGMGSLWVTVYYGVPVWTDAKTTLFCASDAKGYEKEVHNVWATHACVP
TDPNPQEMVLGNVTENENMWKNDMVDOMHEDITISIWDQSLKPCVKLTPLCVTLKCTNATNNNQSIVGEMTNCTEN
VITEIRDKKKKVDALEFYRSDVVPLGNQSSENNSSYYILINCNTSTITQACPKVTFDPIPIHYCAPAGYAILKCNN
KTFSGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEEEITIRSENLTDNVKTIIVHLNESINIVCTRPNNNTSK
GIRIGPGQTFYATGRVIGNIREAHCNISTEKWNTTLERVRKKLEEHFPSKTISFKPHSGGDLEITTHSENCRGEF
FYCNTTQLENTTELENKSVANTTTLPCRIKQIINMWQGVGRAMYAPPIAGNITCKSNITGLLLTRDGGTNDTNTT
EVFRPGGGDMKDNWRSELYKYKVVEIKPLGIAPSKAKRRVVEREKRAVGMGAVIFGFLGAAGSTMGAAAVTLTVQ
ARQLLSGIVQQQOSNLLRAIEAQQHMLOLTVWGIKQLQARVLAIERYLKDOQQLLGLWGCSGKLICPTAVPWNSSWS
NKSYEKIWDNMTWMQOWDREINNYTNTIYSLLEKSQONQQEKNEQDLLALDSWKNLWDWENISNWLWYIKIFIMIVG
GLIGLRIILGVLSIVKRVRQGYSPLSFQTLIPNPRGPDRLGRIEEEGGEQDRDRSVRLVNGFLALAWDDLRSLCL
FSYHQLRDFILIVARAVELLGRSSLRGLORGWEALKYLGALVQYGGLELKRNAIRLLDTIATAVAEGTDRILEVI
QORICRAIRNIPSRIRQGFEAALL¥*

>5JU 169 s1D

MRVRGMPRNWPOWWIWGILGFWMITIFCRVVGNLWVTVYYGVPVWTDAKTTLECASDAKAYEREVHNVWATHACVP
TDPNPQEMVLGNVTENEFNMWKNDMVDOMHEDITISIWDQSLKPCVKLTPLCVTLKCTNATNNNQSIIGEMTNCTEN
VITEIRDKKKKVDALEFYRSDVVPLGNQSSENNSSYYILINCNTSTITQACPKVTFDPIPIHYCAPAGYAILKCNN
KTFSGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEEEITIRSENLTDNVKTIIVHLNESINIVCTRPNNNTSK
GIRIGPGQTFYATGRVIGNIREAHCNINTIGWNKTLEKVKRKLEEHFPNKIIEFKPHSGGDLEITTHSENCRGEF
FYCNTTQLENTTELRNKSVANTTTLPCRIKQIINMWQGVGRAMYAPPIAGNITCKSNITGLLLTRDGGTNDTNTE
VFRPGGGDMKDNWRSELYKYKVVEIKPLGIAPSKAKRRVVEREKRAVGMGAVIFGFLGAAGSTMGAAAVTLTVQA
ROLLSGIVQQOSNLLRAIEAQQHMLOLTVWGIKQLOARVLAIERYLKDQOQLLGLWGCSGKLICPTAVPWNSSWSN
KSYEKIWDNMTWMOQWDREINNYTNTIYSLLEKSONQQEKNEQDLLALDSWKNLWDWENISNWLWYIKIFIMIVGG
LIGLRIILGVLSIVKRVRQGYSPLSFQTLIPNPRGPDRLGRIEEEGGEQDRDRSVRLVNGFLALAWDDLRSLCLFE
SYHQLRDFILIVARAVELLGRSSLRGLOQRGWEALKYLGALVQYGGLKLKRNAIRLLDTIATIAVAEGTDRILEVIQ
RICRAIRNIPSRIRQGFEAALL¥*

>SJU_169_s1E

MRVRGMPRNWPOQWWIWGILGEFWMIIFCRVVGNLWVTVYYGVPVWTDAKTTLFCASDAKAYEREVHNVWATHACVP
TDPNPQEMVLGNVTENFNMWKNDMVDOMHEDITISIWDQSLKPCVKLTPLCVTLKCTNATNNNQSIIGEMTNCTEN
VITEIRDKKKKVDALEFYRSDVVPLGNQSSENNSSYYILINCNTSTITQACPKVTFDPIPIHYCAPAGYAILKCNN
KTFSGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEEEITIRSENLTDNVKTIIVHLNESIDIVCTRPNNNTSK
GIRIGPGQTFYATGRVIGDIREAHCKISTEKWNTTLERVRKKLEKHFPSKTISFKPHSGGDLEITTHSENCRGEF
FYCNTSKLENNNISEPNITILPCRIKQIINMWOGVGRAMYAPPIAGNITCKSNITGLLLTRDGGTNDTSATEVER
PGGGDMKDNWRSELYKYKVVEIKPLGIAPSKAKRRVVEREKRAVGMGAVIFGFLGAAGSTMGAAAVTLTVQARQL
LSGIVQOOSNLLRATIEAQQHMLOLTVWGIKQLOARVLATIERYLKDOQQLLGLWGCSGKLICPTAVPWNSSWSNKSY
EKIWDNMTWMQOWDREINNYPNTIYSLLEKSONQQEKNEQDLLALDSWKNLWDWENISNWLWYIKIFIMIVGGLIG
LRIILGVLSIVKRVROQGYSPLSFQTLIPNPRGPDRLGRIEEEGGEQDRDRSVRLVNGFLALAWDDLRSLCLESYH
QLRDFILIVARAVELLGRSSLRGLORGWEALKYLGALVQYGGLELKRNAIRLLDTIATAVAEGTDRILEVIQRIC
RAIRNIPSRIRQGFEAALL*

>SJU_169 s1F
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MRVRGMPRNWPOWWIWGILGEWMIIFCRVMGSLWVTVYYGVPVWTDAKTTLFCASDAKGYEKEVHNVWATHACVP
TDPNPQEMVLGNVTENENMWKNDMVDOMHEDITISIWDQSLKPCVKLTPLCVTLKCTNATNNNQSIIGEMTNCTEN
VITTEIRDKKKKVDALFYRSDVVPLGNQSSENNSSYYILINCNTSTITQACPKVTEFDPIPIHYCAPAGYAILKCNN
KTESGTGSCONVSTVQCTHGIKPVVSTQLLLNGSLAEEEITITRSENLTDNVKTIIVHLNKSIDIVCTRPNNNTSK
GIRIGPGQTFYATGRVIGDIREAHCKISTEKWNTTLERVRKKLEEHFPGKTISFEPPSGGDLEITTHSENCRGEF
FYCNTSKLENNNISEPNTTILPCRIKQIINMWQGVGRAMYAPPIAGNITCKSNITGLLLTRDGGTNDNTTEVERP
GGGDMKDNWRSELYKYKVVEIKPLGIAPSKAKRRVVEREKRAVGMGAVIFGEFLGAAGSTMGAAAVTLTVQARQLL
SGIVQQOQSNLLRATIEAQQOHMLOLTVWGIKQLQARVLAIERYLKDOQQLLGLWGCSGKLICPTAVPWNSSWSNKSYE
KIWDNMTWMQOWDREINNYTNTIYSLLEKSQNQQEKNEQDLLALDSWKNLWDWENISNWLWYIKIFIMIVGGLIGL
RIILGVLSIVKRVRQGYSPLSFQTLIPNPRGPDRLGRIEEEGGEQDRDRSVRLVNGFLALAWDDLRSLCLESYHQ
LRDFILIVARAVELLGRSSLRGLORGWEALKYLGALVQYGGLELKRNAIRLLDTIAIAVAEGTDRILEVIQRICR
AIRNIPSRIRQGFEAALL*

>SJU_169 s2G

MRVRGMPRNWPOQWWIWGILGEWMIIFCRVMGSLWVTVYYGVPVWTDAKTTLFCASDAKGYEKEVHNVWATHACVP
TDPNPQEMVLGNVTENENMWKNDMVDOMHEDITISIWDQSLKPCVKLTPLCVTLKCTNATNNNQSIIGEMTNCTEN
VITEIRDKKKKVDALEFYRSDVVPLGNQSSENNSSYYILINCNTSTITQACPKVTFDPIPIHYCAPAGYAILKCNN
KTFSGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEEEITIRSENLTDNVKTIIVHLNESIDIVCTRPNNNTSK
GIRIGPGQTFYATGRVIGDIREAHCKISTEKWNTTLERVRKKLEEHFPNKTIEFEPHSGGDLEITTHSENCRGEF
FYCNTTQLENTTELRNKSVANTTTLPCRIKQIINMWQGVGRAMYAPPIAGNITCKSNITGLLLTRDGGTNDTNTE
VEFRPGGGDMKDNWRSELYKYKVVEIKPLGIAPSKAKRRVVEREKRAVGMGAVIFGFLGAAGSTMGAAAVTLTVQA
ROLLSGIVQQOSNLLRAIEAQQHMLOLTVWGIKQLOARVLAIERYLKDQOLLGLWGCSGKLICPTAVPWNSSWSN
KSYEKIWDNMTWMQOWDREINNYTNTIYSLLEKSONQQEKNEQDLLALDSWKNLWDWENISNWLWYIKIFIMIVGG
LIGLRIILGVLSIVKRVRQGYSPLSFQTLIPNPRGPDRLGRIEEEGGEQDRDRSVRLVNGFLALAWDDLRSLCLFE
SYHQLRDFILIVARAVELLGRSSLRGLOQRGWEALKYLGALVQYGGLELKRNAIRLLDTIATIAVAEGTDRILEVIQ
RICRAIRNIPSRIRQGFEAALL¥*

>SJU_169 s3H

MRVRGMPRNWPOWWIWGILGFWMITIFCRVMGSLWVTVYYGVPVWTDAKTTLECASDAKAYEREVHNVWATHACVP
TDPNPQEMVLGNVTENEFNMWKNDMVDOMHEDITISIWDQSLKPCVKLTPLCVTLKCTNATNNNQSIIGEMTNCTEN
VITEIRDKKKKVDALEFYRSDVVPLGNQSSENNSSYYILINCNTSTITQACPKVTFDPIPIHYCAPAGYAILKCNN
KTFSGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEEEITIRSENLTDNVKTIIVHLNESIDIVCTRPNNNTSK
GIRIGPGQTFYATGRVIGDIREAHCKISTEKWNTTLERVRKKLEKHFPSKTISFEPPSGGDLEITTHSENCRGEF
FYCNTSKLENNNISEPNITILPCRIKQIINMWQGVGRAMYAPPIAGNITCKSNITGLLLTRDGGTNDTNTEVERP
GGGDMKDNWRSELYKYKVVEIKPLGIAPSKAKRRVVEREKRAVGMGAVIFGEFLGAAGSTMGAAAVTLTVQARQLL
SGIVQQOQOSNLLRATIEAQQOHMLOLTVWGIKQLQARVLAIERYLKDOQQLLGLWGCSGKLICPTAVPWNSSWSNKSYE
KIWDNMTWMQOWDREINNYTNTIYSLLEKSONQQEKNEQDLLALDSWKNLWDWENISNWLWYIKIFIMIVGGLIGL
RITILGVLSIVKRVRQGYSPLSFQTLIPNPRGPDRLGRIEEEGGEQDRDRSVRLVNGFLALAWNDLRSLCLESYHQ
LRDFILIVARAVELLGRSSLRGLOQRGWEALKYLGALVQYGGLELKRNAIRLLDTIATIAVAEGTDRILEVIQRICR
AIRNIPSRIRQGFEAALL*

>SJU_169_s7D

MRVRGMPRNWPOQWWIWGILGEFWMIIFCRVMGSLWVTVYYGVPVWTDAKTTLFCASDAKGYEKEVHNVWATHACVP
TDPNPQEMVLGNVTENFNMWKNDMVDOMHEDITISIWDQSLKPCVKLTPLCVTLKCTNATNNNQSIIGEMTNCTEN
VITEIRDKKKKVDALEFYRSDAVPLGNQSSENNSSYYILINCNTSTITQACPKVTFDPIPIHYCAPAGYAILKCNN
KTFSGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEEEITIRSENLTDNVKTIIVHLNESIDIVCTRPNNNTSK
GIRIGPGQTFYATGRVIGNIREAHCNINTIGWNKTLEKVKRKLEEHFPNKTIEFEPHSGGDLEITTHSENCRGEF
FYCNTTQLENTTELRNKSVANTTTLPCRIKQIINMWQOGVGRAMYAPPIAGNITCKSNITGLLLTRDGGTNDTNTE
VEFRPGGGDMKDNWRSELYKYKVVEIKPLGIAPSKAKRRVVEREKRAVGMGAVIFGFLGAAGSTMGAAAVTLTVQA
ROLLSGIVQQOQOSNLLRAIEAQQHMLOLTVWGIKQLOARVLATERYLKDOQQLLGLWGCSGKLICPTAVPWNSSWSN
KSYEKIWDNMTWMQOWDREINNYTNTIYSLLEKSONQQEKNEQDLLALDSWKNLWDWENISNWLWYIKIFIMIVGG
LIGLRIILGVLSIVKRVRQGYSPLSFQTLIPNPRGPDRLGRIEEEGGEQDRDRSVRLVNGFLALAWDDLRSLCLFE
SYHQLRDFILIVARAVELLGRSSLRGLOQRGWEALKYLGALVQYGGLELKRNAIRLLDTIATIAVAEGTDRILEVIQ
RICRAIRNIPSRIRQGFEAALL¥*

>SJU_169 s8B
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MRVRGMPRNWPOWWIWGILGEWMIIFCRVMGSLWVTVYYGVPVWTDAKTTLFCASDAKGYEKEVHNVWATHACVP
TDPNPQEMVLGNVTENENMWKNDMVDOMHEDITISIWDQSLKPCVKLTPLCVTLKCTNATNNNQSIIGEMTNCTEN
VITTEIRDKKKKVDALFYRSDVVPLGNQSSENNSSYYILINCNTSTITQACPKVTEFDPIPIHYCAPAGYAILKCNN
KTEFSGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEEEITITRSENLTDNVKTIIVHLNESIDIVCTRPNNNTSK
GIRIGPGQTFYATGRVIGDIREAHCKISTEKWNTTLERVRKKLEEHFPGKTISFEPPSGGDLEITTHSENCRGEF
FYCNTSKLENNNISEPNITILPCRIKQIINMWQGVGRAMYAPPIAGNITCKSNITGLLLTRDGGTNDTNTEVERP
GGGDMKDNWRSELYKYKVVEIKPLGIAPSKAKRRVVEREKRAVGMGAVIFGEFLGAAGSTMGAAAVTLTVQARQLL
SGIVQQOQSNLLRATIEAQQOHMLOLTVWGIKQLQARVLAIERYLKDOQQLLGLWGCSGKLICPTAVPWNSSWSNKSYE
KIWDNMTWMQOWDREINNYTNTIYSLLEKSQNQQEKNEQDLLALDSWKNLWDWENISNWLWYIKIFIMIVGGLIGL
RIILGVLSIVKRVRQGYSPLSFQTLIPNPRGPDRLGRIEEEGGEQDRDRSVRLVNGFLALAWDDLRSLCLESYHQ
LRDFILIVARTVELLGRSSLRGLORGWEALKYLGALVQYGGLELKRNAIRLLDTIAIAVAEGTDRILEVIQRICR
AIRNIPSRIRQGFEAALL*

>SJU_169_s8C

MRVRGMPRNWPOQWWIWGILGEWMIIFCRVVGNLWVTVYYGVPVWTDAKTTLFCASDAKGYEKEVHNVWATHACVP
TDPNPQEMVLGNVTENENMWKNDMVDOMHEDITISIWDQSLKPCVKLTPLCVTLKCTNATNNNQSIIGEMTNCTEN
VITEIRDKKKKVDALEFYRSDVVPLGNQSSENNSSYYILINCNTSTITQACPKVTFDPIPIHYCAPAGYAILKCNN
KTFSGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEEEITIRSENLTDNVKTIIVHLNESIDIVCTRPNNNTSK
GIRIGPGQTFYATGRVIGDIREAHCKISTEKWNTTLERVRKKLEEHFPGKTISFEPPSGGDLEITTHSENCRGEF
FYCNTSKLENNNISEPNTTILPCRIKQIINMWQGVGRAMYAPPIAGNITCKSDITGLLLTRDGGTNDNTTEVERP
GGGDMKDNWRSELYKYKVVEIKPLGIAPSKAKRRVVEREKRAVGMGAVIFGEFLGAAGSTMGAAAVTLTVQARQLL
SGIVQQOQOSNLLRATIEAQQHMLOLTVWGIKQLQARVLAIERYLKDOQQLLGLWGCSGKLICPTAVPWNSSWSNKSYE
KIWDNMTWMOWDREINNYTNTIYSLLEKSQNQQEKNEQDLLALDSWKNLWDWENISNWLWYIKIFIMIVGGLIGL
RIILGVLSIVKRVRQGYSPLSFQTLIPNPRGPDRLGRIEEEGGEQDRDRSVRLVNGFLALAWDDLRSLCLESYHQ
LRDFILIVARAVELLGRSSLRGLOQRGWEALKYLGALVQYGGLELKRNAIRLLDTIATIAVAEGTDRILEIIQRICR
AIRNIPSRIRQGFEAALL*

>SJU_169 s8G

MRVRGMPRNWPOWWIWGILGFWMITIFCRVMGSLWVTVYYGVPVWTDAKTTLECASDAKAYEKEVHNVWATHACVP
TDPNPQEMVLGNVTENEFNMWKNDMVDOMHEDITISIWDQSLKPCVKLTPLCVTLKCTNATNNNQSIIGEMTNCTEN
VITEIRDKKKKVDALEFYRSDVVPLGNQSSENNSSYYILINCNTSTITQACPKATFDPIPIHYCAPAGYAILKCNN
KTFSGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEEEITIRSENLTDNVKTIIVHLNESIDIVCARPNNNTSK
GIRIGPGQTFYATGRVIGNIREAHCNINTIGWNKTLEKVKRKLEEHFPNKTIEFEPHSGGDLEITTHSENCRGEF
FYCNTTQLENTTELENKSVANTTTLPCRIKQIINMWQGVGRAMYAPPIAGNITCKSNITGLLLTRDGGTNDTNTE
VFRPGGGDMKDNWRSELYKYKVVEIKPLGIAPSKAKRRVVEREKRAVGMGAVIFGFLGAAGSTMGAAAVTLTVQA
ROLLSGIVQQOSNLLRAIEAQQHMLOLTVWGIKQLOARVLAIERYLKDQOQLLGLWGCSGKLICPTAVPWNSSWSN
KSYEKIWDNMTWMOQWDREINNYTNTIYSLLEKSONQQEKNEQDLLALDSWKNLWDWENISNWLWYIKIFIMIVGG
LIGLRIILGVLSIVKRVRQGYSPLSFQTLIPNPRGPDRLGRIEEEGGEQDRDRSVRLVNGFLALAWDDLRSLCLFE
SYHQLRDFILIVARAVELLGRSSLRGLOQRGWEALKYLGALVQYGGLELKRNAIRLLDTIATIAVAEGTDRILEVIQ
RICRAIRNIPSRIRQGFEAALL¥*

>SJU_169 s12D

MRVRGMPRNWPOQWWIWGILGEFWMIIFCRVVGNLWVTVYYGVPVWTDAKTTLFCASDAKAYEREVHNVWATHACVP
TDPNPQEMVLGNVTENFNMWKNDMVDOMHEDITISIWDQSLKPCVKLTPLCVTLKCTNATNNNQSIIGEMTNCTEN
VITEIRDKKKKVDALEFYRSDVVPLGNQSSENNSSYYILINCNTSTITQACPKVTFDPIPIHYCAPAGYAILKCNN
KTFSGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEEEITIRSENLTDNVKTIIVHLNESINIVCTRPNNNTSK
GIRIGPGQTFYATGRVIGNIREAHCNINTIGWNKTLEKVKRKLEEHFPNKTIEFEPHSGGDLEITTHSENCRGEF
FYCNTTQLENTTELENKSKANITILPCRIKQIINMWOGVGRAMYAPPIAGNITCKSNITGLLLTRDGGTNDTNTE
VEFRPGGGDMKDNWRSELYKYKVVEIKPLGIAPSKAKRRVVEREKRAVGMGAVIFGFLGAAGSTMGAAAVTLTVQA
ROLLSGIVQQOQOSNLLRAIEAQQHMLOLTVWGIKQLOARVLATERYLKDOQQLLGLWGCSGKLICPTAVPWNSSWSN
KSYEKIWDNMTWMQOWDREINNYTNTIYSLLEKSONQQEKNEQDLLALDSWKNLWDWENISNWLWYIKIFIMIVGG
LIGLRIILGMLSIVKRVRQGYSPLSFQTLIPNPRGPDRLGRIEEEGGEQDRDRSVRLVNGFLALAWDDLWSLCLEFE
SYHQLRDFILIVARAVELLGRSSLRGLRRGREALKYLGALVQYGGLELKRNAIRLLDTIATIAVAEGTDRILEVIQ
RICRAIRNIPSRIRQGFEAALL¥*

>SJU_204_glE
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MRVRGMPRNWPOQWWIWGILGEWMIIFCRVMGNLWVTVYYGVPVWTDAKTTLFCASDAKAYEKEVHNVWATHACVP
TDPNPQEMVLGNVTENENMWKNDMVDOMHEDITISIWDQSLKPCVKLTPLCVTLKCTNATNNNQSIIGEMTNCTEN
ITTEIRDKKKKVDALEFYRSDVVPLGNQSSENNSSYYILINCNTSTITQACPKVTFDPIPIHYCAPAGYAILKCNN
KTEFSGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEDEITITRSENLTDNVKTIIVHLNESIDIVCTRPNNNTSK
GIRIGPGQTFYATGRVIGDIREAHCKISTEKWNTTLEKVRKKLEKYFPGKTISFKPHSGGDLEITTHSENCRGEF
FYCNTTQLENTTELRNKSESNTTILPCRIKQIINMWQGVGRAMYAPPIAGNITCKSSITGLLLTRDGGPNENNNT
EVFRPGGGDMKDNWRSELYKYKVVEIKPLGIAPSKAKRRVVEREKRAVGMGAVIFGEFLGAAGSTMGAAAVTLTVQ
ARQLLSGIVQQQOSNLLRAIEAQQHMLOLTVWGIKQLQARVLAIERYLKDOQQLLGLWGCSGKLICPTAVPWNSSWS
NKSYERIWDNMTWMQOWDREINNYTNTIYSLLEESQNQQEKNEQDLLALDSWKNLWDWENISNWLWYIKIFIMIVG
GLIGLRIILGVLSIVKRVRQGYSPLLFQTLIPNPRGLDRLGRIEEEGGEQDRDRSVRLVNGFLALAWDDLRSLCL
FSYHQLRDFILIVARAVELLGRSSLRGLORGWEALKYLGALVQYEGLEIKRNAIRLODTIATIAVAEGTDRILEVI
ORICRAIRNIPSRIRQGFEAALL*

>SJU_204_g2C

MRVRGMPRNWPOQWWIWGILGEWMIIFCRVVGNLWVTVYYGVPVWTDAKTTLFCASDAKAYEKEVHNVWATHACVP
TDPNPQEMVLGNVTENENMWKNDMVDOMHEDITISIWDQSLKPCVKLTPLCVTLKCTNATNNNQSIIGEMTNCTEN
ITTEIRDKKKKVDALFYRSDVVPLGNQSSENNSSYYILINCNTSTITQACPKVTFDPIPIHYCAPAGYAILKCNN
KTFSGTGPCKNVSTVQCTHGIKPVVSTQLLLNGSLAEEEITIRSENLTDNVKTIIVHLNESIDIVCTRPNNNTSK
GIRIGPGQTFYATGRVIGNIREAHCNINTIGWNKTLEKVKRKLAGHFPKKIIEFKPHSGGDLEITTHSENCRGEF
FYCNTTQLENTTELRNKSVANTTTLPCRIKQIINMWQGVGRAMYAPPIAGNITCKSKITGLLLTRDGGPNENNNT
EVFRPGGGDMKDNWRSELYKYKVVEIKPLGIAPSKAKRRVVEREKRAVGMGAVIFGFLGAAGSTMGAAAVTLTVQ
ARQLLSGIVQQQOSNLLRAIEAQQHMLOLTVWGIKQLQARVLAIERYLKDOQQLLGLWGCSGKLICPTAVPWNSSWS
NKSYEKIWENMTWMOWDREINNYTNTIYSLLEKSQONQQEKNEQDLLALDSWKNLWDWENISNWLWYIKIFIMIVG
GLIGLRIILGVLSIAKRVRQGYSPLSFQTLIPNPRGPDRLGRIEEEGGEQDRDRSVRLVNGFLALAWDDLRSLCL
FSYHQLRDFILIVARAVELLGRSSLRGLORGWEALKYLGALVQYGGLELKRNAIRLLDTIATAVAEGTDRILEVI
QORICRAIRNIPSRIRQGFEAALL¥*

>SJU_204_g2D

MRVRGMPRNWPOWWIWGILGFWMITIFCRVMGNLWVTVYYGVPVWTDAKTTLECASDAKAYEKEVHNVWATHACVP
TDPNPQEMVLGNVTENEFNMWKNDMVDOMHEDITISIWDQSLKPCVKLTPLCVTLKCTNATNNNQSIIGEMTNCTEN
ITTEIRDKKKKVDALFYRSDVVPLGNQSSENNSSYYILINCNTSTITQACPKVTFDPIPIHYCAPAGYAILKCNN
KTFSGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEEEITIRSENLTDNVKTIIVHLNESIDIVCTRPNNNTSK
GIRIGPGQTFYATGRVIGDIREAHCKISTEKWNTTLEKVRKKLEKYFPGKTISFKPHSGGDLEITTHSENCRGEF
FYCNTTQLENTTELRNKSESNTTILPCRIRQIINMWQGVGRAMYAPPIAGNITCKSSITGLLLTRDGGPNENNNT
EVFRPGGGDMKDNWRSELYKYKVVEIKPLGIAPSKAKRRVVEREKRAVGMGAVIFGEFLGAAGSTMGAAAVTLTVQ
ARQLLSGIVQQOQOSNLLRAIEAQQOHMLOLTVWGIKQLOQARVLAIERYLKDOQQLLGLWGCSGKLICPTAVPWNSSWS
NKSYEKIWENMTWMQOWDREINNYTNTIYSLLEKSONQOEKNEQDLLALDSWKNLWDWENISNWLWYIKIFIMIVG
GLIGLRIILGVLSIVKRVRQGYSPLSFQTLIPNPRGPDRLGRIEEEGGEQDRDRSVRLVNGFLALAWDDLRSLCL
FSYHQLRDFILIVARAVELLGRSSLRGLORGWEALKYLGALVQYGGLELKRNAIRLLDTIATAVAEGTDRILEVI
QRICRAIRNIPSRIRQGFEAALL¥*

>SJU_204_g5D

MRVRGMPRNWPOQWWIWGILGEFWMIIFCRVVGNLWVTVYYGVPVWTDAKTTLFCASDAKAYEKEVHNVWATHACVP
TDPNPQEMVLGNVTENFNMWKNDMVDOMHEDITISIWDQSLKPCVKLTPLCVTLKCTNATNNNQSIIGEMTNCTEN
ITTEIRDKKKKVDALFYRSDVVPLGNQSSENNSSYYILINCNTSTITQACPKVTFDPIPIHYCAPAGYAILKCNN
KTFSGTGPCKNVSTVQCTHGIKPVVSTQLLLNGSLAEEEITIRSENLTDNVKTIIVHLNESIDIVCTRPNNNTSK
GIRIGPGQTFYATGRVIGDIREAHCKINTEKWNTTLERVRKKLKGHFPGKTISFKPHSGGDLEITTHSENCRGEF
FYCNTTQLENTTELRNKSVANTTTLSCRIKQIINMWOGVGRAMYAPPIAGNITCKSKITGLLLTRDGGPNENNDT
EVFRPGGGDMKDNWRSELYKYKVVEIKPLGIAPSKAKRRVVEREKRAVGMGAVIFGFLGAAGSTMGAAAVTLTVQ
ARQLLSGIVQOQOSNLLRAIEAQQHMLOLTVWGIKQLOARVLATIERYLKDOQLLGLWGCSGKLICPTAVPWNSSWS
NKSYEKIWENMTWMQOWDREINNYTNTIYSLLEKSONQQEKSEQDLLALDSRKNLWDWENISNWLWYIKIFIMIVG
GLIGLRIILGVLSIVKRVRQGYSPLSFQTLIPNPRGPDRLGRIEEEGGEQDRDRSVRLVNGFLALAWDDLRSLCL
FSYHQLRDFILIVARAVELLGRSSLRGLORGWEALKYLGALVQYGGLELKRNAIRLLDTIATAVAEGTDRILEIT
QRICRAIRNIPSRIRQGFEAALL¥*

>SJU_204_s10G
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MRVRGMPRNWPOQWWIWGILGEWMIIFCRVMGNLWVTVYYGVPVWTDAKTTLFCASDAKAYEKEVHNVWATHACVP
TDPNPQEMVLGNVTENENMWKNDMVDOMHEDITISIWDQSLKPCVKLTPLCVTLKCTNATNNNQSIIGEMTNCTEN
ITTEIRDKKKKVDALEFYRSDVVPLGNQSSENNSSYYILINCNTSTITQACPKVTFDPIPIHYCAPAGYAILKCNN
KTEFSGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEEEITITRSENLTDNVKTIIVHLNESIDIVCTRPNNNTSK
GIRIGPGQTFYATGRVIGDIREAHCKINTGKWNTTLERVRKKLEKHFSGKTISFKPHSGGDLEITTHSENCRGEF
FYCNTTQLENTTELRNKSESNTTILPCRIKQIINMWQGVGRAMYAPPIAGNITCKSSITGLLLTRDGGPNENNNT
EVFRPGGGDMKDNWRSELYKYKVVEIKPLGIAPSKAKRRVVEREKRAVGMGAVIFGEFLGAAGSTMGAAAVTLTVQ
ARQLLSGIVQQQOSNLLRAIEAQQHMLOLTVWGIKQLQARVLAIERYLKDOQQLLGLWGCSGKLICPTAVPWNSSWS
NKSYERIWDNMTWMQOWDREINNYTNTIYSLLEESQNQQEKNEQDLLALDSWKNLWDWENISNWLWYIKIFIMIVG
GLIGLRIILGVLSIVKRVRQGYSPLSFQTLIPNPRGLDRLGRIEEEGGEQDRDRSVRLVNGFLALAWDDLRSLCL
FSYHQLRDFILIVARAVELLGRSSLRGLORGWEALKYLGALVQYGGLELKRNAIGLLDTIAIAVAEGTDRILEVI
ORICRAIRNIPSRIRQGFEAALL*

>SJU_204_s11D

MRVKGTOQRNWPOQWWIWGILGEWLIMICKGGENLWVTVYYGVPVWTEAKTTLFCASNAKAYEKEVHNIWATHACVP
TDPNPQEIVLANVTENENMWENDMVDOMHEDITISIWDQGLKPCVKLTPLCVTLTCSDANVTRANCSGASVNKTNH
AANCSDASVNRTSNATVSLEFAKGDIKNCSENITTEIRDKKQKAYALFYKPDVVPLNGENSSDYILINCNTSTIT
QACPKVNFDPIPIHYCAPAGYAILKCNNKTENGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGDIIIRSKNI
TENTNTIIVHLNESVPIVCTRPSNNTRKSVRIGPGQAFYATNEIIGDIRQAYCTISKLNWTTTLTRVKKKLOGYF
NKTIEFAPHSGGDLEVTTHSEFSCRGEFFYCNTTQLFKLNITNATKPNENETITLPCRIKQIINMWQEVGRAMYAP
PIAGNITCASNITGILLORDGGETNETGGETNETGGETNGTETFRPGGGNMKDNWRSELYKYKVVELKPLGVAPT
EARRRVVEREKRAVGLGAALLGFLGTAGSTMGAASVALTVQARQLLSGIVQQOQSNLLKAIEAQQHMLRLTVWGIK
QLOARVLAIERYLODQQLLGLWGCSGKLICTTAVPWNSSWSNKSSKCIWDNMTWMQWDKEISNYTDTIYRLLEDS
ONQOEKNEQDLLALDSWKSLWSWEDITNWLWYIKIFIMIVGGLIGLRIIFGVLSIVKRVROQGYSPLSFQTPPQONQ
RGLDRLERIEEEGGEQDKDRSIRLVNGFLAIVWEDLRSLCLEFSYHQLRDFILIAARALELLGRSSLRGLOQRGWEV
LKYLGNLVLYWGLEIKKSAISLLDTIAIAVAEGTDRIIEVLQGIYRAFRNLPRRIRQGFEAALL*

>SJU_217_g7D

MRVRGMPRNWPOWWIWGILGFWMITIFCRVVGNLWVTVYYGVPVWTDAKTTLECASDAKAYEKEVHNVWATHACVP
TDPNPQEMVLGNVTENEFNMWKNDMVDOMHEDITISIWDQSLKPCVKLTPLCVTLKCTNATNNNQSIIGEMTNCTEN
ITTEIRDKKKKVDALFYRSDVVPLGNQSSENNSGYYILINCNTSTITQACPKVTFDPIPIHYCAPAGYAILKCNN
KTFSGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEEEITIRSENLTDNVKTIIVHLNESIDIECTRPNNNTSK
GIRIGPGQTFYATGRVIGNIREAHCKINTEKWNKTLEKVKRKLEKHFPKKKIEFKPHSGGDLEITTHSENCRGEF
FYCNTSKLENNNKSVENITTLPCRIKQIINMWQGVGRAMYAPPIAGNITCKSSITGLLLTRDGGKNDTSATEVER
PGGGDMKDNWRSELYKYKVVEIKPLGIAPSKAKRRVVEREKRAVGMGAVIFGFLGAAGSTMGAAAVTLTVQARQL
LSGIVOQOSNLLRAIEAQQHMLOLTVWGIKQLOARVLAIERYLKDQQLLGLWGCSGKLICPTAVPWNSSWSNKSY
EKIWENMTWMOWDREINNYTNTIYSLLEKSONQQEKNEQDLLALDSWKNLWDWENISNWLWYIKIFIMIVGGLIG
LRIILGVLSIVKKVROGYSPLSFQTLIPNPRGPDRLGRIEEEGGEQDRDRSVRLVNGFLALAWDDLRSLCLESYH
QLRDFILIVARAVELLGRSSLRGLORGWEALKYLGALVQYGGLELKRNAIRLLDTIATAVAEGTDRILEITIQRIC
RAIRNIPSRIRQGFEAALL*

>SJU_217_g9C

MRVRGMPRNWPOQWWIWGILGEFWMIIFCRVVGNLWVTVYYGVPVWTDAKTTLFCASDAKAYEKEVHNVWATHACVP
TDPNPQEMVLGNVTENFNMWKNDMVDOMHEDITISIWDQSLKPCVKLTPLCVTLKCTNATNNNQSIIGEMTNCTEN
ITTEIRDKKKKVDALFYRSDVVPLGNQSSENNSSYYILINCNTSTITQACPKVTFDPIPIHYCAPAGYAILKCNN
KTFSGIGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEEEITIRSENLTDNVKTIIVHLNESIDIECTRPNNNTSK
GIRIGPGQTFYATGRVIGNIREAHCKINTEKWNKTLEKVKRKLEKHFPKKKIEFKPHSGGDLEITTHSENCRGEF
FYCNTSKLENNNKSVENITTLPCRIKQIINMWOGVGRAMYAPPIAGNITCKSSITGLLLTRDGGKNDTSATEVER
PGGGDMKDNWRSELYKYKVVEIKPLGIAPSKAKRRVVEREKRAVGMGAVIFGFLGAAGSTMGAAAVTLTVQARQL
LSGIVQOOSNLLRATIEAQQHMLOLTVWGIKQLOARVLATIERYLKDOQQLLGLWGCSGKLICPTTVPWNSSWSNKSY
EKIWENMTWMOWDREINNYTNTIYSLLEKSONQQEKNEQDLLALDSWKNLWDWENISNWLWYIKIFIMIVGGLIG
LRIILGVLSIVKRVROQGYSPLSFQTLIPNPRGPDRLGRIEEEGGEQDRDRSVRLVNGFLALAWDDLRSLCLESYH
QLRDFILIVARAVELLGRSSLRGLORGWEALKYLGALVQYGGLELKRNAIRLLDTIATAVAEGTDRILEITIQRIC
RAIRNIPSRIRQGFEAALL*

>SJU_217 s3A
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MRVRGMPRNWPOQWWIWGILGEWMIIFCRVVGNLWVTVYYGVPVWTDAKTTLFCASDAKAYEKEVHNVWATHACVP
TDPNPQEMVLGNVTENENMWKNDMVDOMHEDITISIWDQSLKPCVKLTPLCVTLKCTNATNNNQSIIGEMTNCTEN
ITTEIRDKKKKVDALEFYRSDVVPLGNQSSENNSSYYILINCNTSTITQACPKVTFDPIPIHYCAPAGYAILKCNN
KTEFSGIGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEEEITITRSENLTDNVKTIIVHLNESIDIECTRPNNNTSK
GIRIGPGQTFYATGRVIGDIREAHCKISTEKWNKTLEKVKRKLEKHFPKKKIEFKPHSGGDLEITTHSENCRGEF
FYCNTTQLENTTELRNKSESNTTILPCRIKQIINMWQGVGRAMYAPPIAGNITCKSSITGLLLTRDGGKNDTSAT
EVFRPGGGDMKDNWRSELYKYKVVEIKPLGIAPSKAKRRVVEREKRAVGMGAVIFGEFLGAAGSTMGAAAVTLTVQ
ARQLLSGIVQQQOSNLLRAIEAQQHMLOLTVWGIKQLQARVLAIERYLKDOQQLLGLWGCSGKLICPTAVPWNSSWS
NKSYEKIWENMTWMOWDREINNYTNTIYSLLEESQNQQEKNEQDLLALDSWKNLWDWENISNWLWYIKIFIMIVG
GLIGLRIVLGVLSIVKRVRQGYSPLSFQTLIPNPRGPDRLGRIEEEGGEQDRDRFVRLVNGFLALAWDDLRSLCL
FSYHQLRDFILIVARAVELLGRSSLKGLORGWEALKYLGALVQYGGLELKRNAIRLLDTIATIAVAEGTDRILEVI
ORICRAIRNIPSRIRQGFEAALL*

>SJU_217_s5G

MRVRGMPRNWPOQWWIWGILGEWMIIFCRVVGNLWVTVYYGVPVWTDAKTTLFCASDAKAYEKEVHNVWATHACVP
TDPNPQEMVLGNVTENENMWKNDMVDOMHEDITISIWDQSLKPCVKLTPLCVTLKCTNATNNNQSIIGEMTNCTEN
ITTEIRDKKKKVDALFYRSDVVPLGNQSSENNSGYYILINCNTSTITQACPKVTFDPIPIHYCAPAGYAILKCNN
KTFSGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEGEITIRSENLTDNVKTIIVHLNESIDIECTRPNNNTSK
GIRIGPGQTFYATGRVIGDIREAHCKINTEKWNKTLEKVKRKLEKHFPKKKIEFKPHSGGDLEITTHSENCRGEF
FYCNTSKLENNNKSVENITTLPCRIKQIINMWQGVGRAMYAPPIAGNITCKSSITGLLLTRDGGKNDTSATEVER
PGGGDMKDNWRSELYKYKVVEIKPLGIAPSKAKRRVVEREKRAVGMGAVIFGFLGAAGSTMGAAAVTLTVQARQL
LSGIVOQOSNLLRAIEAQQHMLOLTVWGIKQLOARVLAIERYLKDQQLLGLWGCSGKLICPTAVPWNSSWSNKSY
EKIWENMTWMOWDREINNYTNTIYSLLEKSQONQOQEKNEQDLLALDSWKNLWDWENISNWLWYIKIFIMIVGGLIG
LRITILGVLSIVKRVRQGYSPLSFQTLIPNPRGPDRLGRIEEEGGEQDRDRSVRLVNGFLALAWDDLRSLCLESYH
QLRDFILIVARAVELLGRSSLRGLORGWEALKYLGALVQYGGLELKRNAIRLLDTIATAVAEGTDRILEVIQRIC
RAIRNIPSRIRQGFETALL*

>5JU 217 s6D

MRVRGMPRNWPOWWIWGILGFWMITIFCRVVGNLWVTVYYGVPVWTDAKTTLECASDAKAYEKEVHNVWATHACVP
TDPNPQEMVLGNVTENEFNMWKNDMVDOMHEDITISIWDQSLKPCVKLTPLCVTLKCTNATNNNQSIIGEMTNCTEN
ITTEIRDKKKKVDALFYRSDVVPLGNQSSENNSGYYILINCNTSTITQACPKVTFDPIPIHYCAPAGYAILKCNN
KTFSGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEEEITIRSENLTDNVKTIIVHLNESIDIECTRPNNNTSK
GIRIGPGQTFYATGRVIGNIREAHCKISTEKWNKTLEKVKRKLEKHFPKKKIEFKPHSGGDLEITTHSENCRGEF
FYCNTTQLENTTELRNKSESNTTILPCRIKQIINMWQGVGRAMYAPPIAGNITCKSSITGLLLTRDGGKNDTSAT
EVFRPGGGDMKDNWRSELYKYKVVEIKPLGIAPSKAKRRVVEREKRAVGMGAVIFGEFLGAAGSTMGAAAVTLTVQ
ARQLLSGIVQQOQOSNLLRAIEAQQOHMLOLTVWGIKQLOQARVLAIERYLKDOQQLLGLWGCSGKLICPTAVPWNSSWS
NKSYEKIWENMTWMQOWDREINNHTNTIYSLLEKSONQOEKNEQDLLALDSWKNLWDWENISNWLWYIKIFIMIVG
GLIGLRIILGVLSIVKRVRQGYSPLSFQTLIPNPRGPDRLGRIEEEGGEQDRDRSVRLVNGFLALAWDDLRSLCL
FSYHQLRDFILIVARAVELLGRSSLRGLORGWEALKYLGALVQYGGLELKRNAIRLLDTIATAVAEGTDRILEVI
QORICRAIRNIPSRIRQGCEAALL¥*

>SJU_217_sTA

MRVRGMPRNWPOQWWIWGILGEFWMIIFCRVVGNLWVTVYYGVPVWTDAKTTLFCASDAKAYEKEVHNVWATHACVP
TDPNPQEMVLGNVTENFNMWKNDMVDOMHEDITISIWDQSLKPCVKLTPLCVTLKCTNATNNNQSIIGEMTNCTEN
ITTEIRDKKKKVDALFYRSDVVPLGNQSSENNSSYYILINCNTSTITQACPKVTFDPIPIHYCAPAGYTILKCNN
KTFSGIGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEEEITIRSENLTDNVKTIIVHLNESIDIECTRPNNNTSK
GIRIGPGQTFYATGRVIGNIREAHCKINTEKWNKTLEKVKRKLEKHFPKKKIEFKPHSGGDLEITTHSENCRGEF
FYCNTSKLENNNKSVENITTLPCRIKQIINMWOGVGRAMYAPPIAGNITCKSSITGLLLTRDGGKNDTSATEVER
PGGGDMKDNWRSELYKYKVVEIKPLGIAPSKAKRRVVEREKRAVGMGAVIFGFLGAAGSTMGAAAVTLTVQARQL
LSGIVQOOSNLLRATIEAQQHMLOLTVWGIKQLOARVLATIERYLKDOQQLLGLWGCSGKLICPTAVPWNSSWSNKSY
EKIWENMTWMOWDREINNYTNTIYSLLEKSONQQEKNEQDLLALDSWKNLWDWENISNWLWYIKIFIMIVGGLIG
LRIILGVLSIVKRVROQGYSPLSFQTLIPNPRGPDRLGRIEEEGGEQDRDRSVRLVNGFLALAWDDLRSLCLESYH
QLRDFILIVARAVELLGRSSLRGLORGWEALKYLGALVQYGGLELKRNAIRLLDTIATAVAEGTDRILEITIQRIC
RAIRNIPSRIRQGFEAALL*

>SJU_217_s8C
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MRVRGMPRNWPOQWWIWGILGEWMIIFCRVVGNLWVTVYYGVPVWTDAKTTLFCASDAKAYEKEVHNVWATHACVP
TDPNPQEMVLGNVTENENMWKNDMVDOMHEDITISIWDQSLKPCVKLTPLCVTLKCTNATNNNQSIIGEMTNCTEN
ITTEIRDKKKKVDALEFYRSDVVPLGNQSSENNSGYYILINCNTSTITQACPKVTEFDPIPIHYCAPAGYAILKCNN
KTEFSGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEEEITITRSENLTDNVKTIIVHLNESIDIVCTRPNNNTSK
GIRIGPGQTFYATGRVIGNIREAHCEISTEKWNKTLEKVKRKLEKHFPKKKIEFKPHSGGDLEITTHSENCRGEF
FYCNTSKLENNNISGPNTTTLPCRIKQIINMWQGVGRAMYAPPIAGNITCKSSITGLLLTRDGGKNDTSATEVER
PGGGDMKDNWRSELYKYKVVEIKPLGIAPSKAKRRVVEREKRAVGMGAVIFGFLGAAGSTMGAAAVTLTVQARQL
LSGIVOQOSNLLRAIEAQQHMLOLTVWGIKQLOARVLAIERYLKDQQLLGLWGCSGKLICPTAVPWNSSWSNKSY
EKIWENMTWMOWDREINNYTNTIYSLLEKSQONQOQEKNEQDLLALDSWKNLWDWENISNWLWYIKIFIMIVGGLIG
LRITILGVLSIVKRVRQGYSPLSFQTLIPNPRGPDRLGRIEEEGGEQDRDRSVRLVNGFLALAWDDLRSLCLESYH
QLRDEFVLIVARAVELLGRSSLRGLORGWEALKYLGALVQYGGLELKRNAIRLLDTIATAVAEGTDRILEVIQRIC
RAIRNIPSRIRQGFEAALL*

>S5JU 217 s9A

MRVRGMPRNWPOQWWIWGILGEWMIIFCRVVGNLWVTVYYGVPMWTDAKTTLFCASDAKAYEKEVHNVWATHACVP
TDPNPQEMVLGNVTENENMWKNDMVDOMHEDITISIWDQSLKPCVKLTPLCVTLKCTNATNNNQSIIGEMTNCTEN
ITTEIRDKKKKVDALFYRSDVVPLGNQSSENNSGYYILINCNTSTITQACPKVTFDPIPIHYCAPAGYAILKCNN
KTFSGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEEEITIRSENLTDNVKTIIVHLNESIDIECTRPNNNTSK
GIRIGPGQTFYATGRVIGDIREAHCKIRTEKWNTTLERVRKKLKEHFLNKTIEFEPHSGGDLEITTHSENCRGEF
FYCNTTRLENTTELRNKSESNTTILPCRIKQIINMWQGVGRAMYAPPIAGNITCKSSITGLLLTRDGGKNDTSAT
EVFRPGGGDMKDNWRSELYKYKVVEIKPLGIAPSKAKRRVVEREKRAVGMGAVIFGFLGAAGSTMGAAAVTLTVQ
ARQLLSGIVQQQOSNLLRAIEAQQHMLOLTVWGIKQLQARVLAIERYLKDOQQLLGLWGCSGKLICPTAVPWNSSWS
NKSYEKIWENMTWMOWDREINNYTNTIYSLLEKSQONQQEKNEQDLLALDSWKNLWDWENISNWLWYIKIFIMIVG
GLIGLRIIFGVLSIVKRVRQGYSPLSFQTLIPNPRGPDRLGRIEEEGGEQDRDRSVRLVNGFLALAWDDLRSLCL
FSYHQLRDFVLIVARAVELLGRSSLRGLORGWEALKYLGALVQYGGLELKRNAIRLLDTIATAVAEGTDRILEVI
QORICRAIRNIPSRIRQGFEAALL¥*

>5JU 217 s9E

MRVRGMPRNWPOWWIWGILGFWMITIFCRVVGNLWVTVYYGVPVWTDAKTTLECASDAKAYEKEVHNVWATHACVP
TDPNPQEMVLGNVTENEFNMWKNDMVDOMHEDITISIWDQSLKPCVKLTPLCVTLKCTNATNNNQSIIGEMTNCTEN
ITTEIRDKKKKVDALFYRSDVVPLGNQSSENNSGYYILINCNTSTITQACPKVTFDPIPIHYCAPAGYAILKCNN
KTFSGTGPCONVSTVQCTHGIKPVVSTQLLLNGSLAEEEITIRSENLTDNVKTIIVHLNESIDIECTRPNNNTSK
GIRIGPGQTFYATGRVIGDIREAHCKINTEKWNKTLEKVKRKLEKHFPKKKIEFKPHSGGDLEITTHSENCRGEF
FYCNTSKLENNNKSVENITTLPCRIKQIINMWQGVGRAMYAPPIAGNITCKSSITGLLLTRDGGKNDTSATEVER
PGGGDMKDNWRSELYKYKVVEIKPLGIAPSKAKRRVVEREKRAVGMGAVIFGFLGAAGSTMGAAAVTLTVQARQL
LSGIVOQOSNLLRAIEAQQHMLOLTVWGIKQLOARVLAIERYLKDQQLLGLWGCSGKLICPTVVPWNSSWSNKSY
EKIWENMTWMOWDREINNYTNTIYSLLEKSONQQEKNEQDLLALDSWKNLWDWENISNWLWYIKIFIMIVGGLIG
LRIILGVLSIVKRVROGYSPLSFQTLIPNPRGPDRLGRIEEEGGEQDKDRSVRLVNGFLAIAWDDLRSLCLESYH
QLRDFILIVARAVELLGRSSLRGLORGWEALKYLGALVQYGGLELKRNAIRLLDTIATAVAEGTDRIIEIIQRIC
RAIRNIPSRIRQGFEAALL*

7.2 SJU mAbs
>SJU 108 B10 heavy chain

EVQLVESGGGLVKPGGSLRLSCAASRETENDFYMSWIRQAPGKGLEWVSSISSAAGYTYYADSVRGREFTVSRDNG
KNSLFLOMNSLRVEDTAIYYCARVNRGYSFRYFYFDEFWGRGSLVTVSS

>5JU_108 C4 heavy chain

QVOLVQOSGAEVKKPGSSVKVSCKASGGTLTTYNINWVROQAPGOQGLEWMGRIIPFLGAANYAQNEFQGRVTITADGS
RSTAYMELSRLTSDDTAVYYCASAPMOQWPYSWNDPWGQGTLVTVSS

>SJU 108 D6 _heavy chain

QVQLVESGGGLVKPGESLRLSCEASGEFTFSDYYMSWIRQAPGKGLEWVSEISSSSGYTKYADSVKGREFTMSRDNA
KKSLSLOMNSLRAEDTALYYCARVNRGYSYYYYYFDLWGRGTLVTISS

>SJU 108 E4 heavy chain
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QVOLVQOSGAEVKKPGSSVKVSCKASGGTENSYTINWVROQAPGOQGLEWMGRLIPIFRTEDYAQDEFQGRVTITADES
TSTSYMELRGLRSDDTAVYYCATLAYSDKDFWGPGTLVTVSS

>5JU_108 E9 heavy chain

EVQLVQSGAEVKKPGSSVKVSCKASGGTFGSYAISWVRQAPGOQGLEWMGRIIPMFALTNYAQRFQGRVTITADES
TSTAYMQLSSLKFEDTAVYYCTRPGDNYGFEFDHWGQGTLVTVSS

>SJU 108 F7 heavy chain

EVOLLESGGGLVKPGGSLRLSCTASGFTENDEFYMTWIRQAPGKGLOWVSDISTSSGYSNYGESVKGRETISRDNA
KKALYLOMNSLRADDTAVYYCARVNRGYSYHYHYLDVWGRGTLVTVSS

>5JU 108 G7 heavy chain

EVQLVQSGAEVKPPGSSVRVSCKASEDPFTMKTISWVRQAPGQGLDWVGRIIPILGVADYAQKEFQGRVTITADTS
TRTSYMELSSLTSEDTAIYYCATPDAKMAYWGQGSLVTVSS

>SJU_ 252 H8 heavy chain

QVOLVQOSGAEVKQPGSAVRLSCKASGGTEFSTYAFSWVRQAPGOQGLEWMARIVPIFGTTNYAQKEFQDRVSVSADAS
TSTAYMEMSSLTSEDTAVYYCARDHTVVEGAVTDNWEDPWGQGTLVTVSS

>5JU_108 B10 light chain

EIVLTOSPGTLSLSPGERATLSCRASQSFSSDYLAWYLQOKPGQAPRLLIYAASTRATGIPDREFSGSGSGADETLS
ISRLEPDDFAVYFCQLYDGNSVTEFGGGTKVEIK

>SJU 108 C4 light chain

DIVMTQSPGTLSLSPGETATLSCRASQSVITSSYLAWYQOKPGQAPRLLIYGASSRATGIPDRESGSGSGTDETLT
ISRLEPEDFAVYYCQQYGSSPSVTEGQGTKVDIK

>5JU_108 D6 light chain

DVVMTQSPGTLSLSPGERATLSCRASQSVSSSYLAWYQQRAGQAPRLLIYGASSRAPAIPDRFSGSGSGTDETLT
ISRLEPEDFAVYYCQQYDSSVTFGGGTKLEIK

>SJU 108 E4 light chain

EIVLTQSPGTLSLSPGERATLSCRASQSVDSSYLAWYQOKPGOAPRLLIYGASSRATGIPDREFSGSGSGTDEFTVT
ISRLEPEDFAVYYCQQYGSSPEFTFGPGTKVEIK

>5JU_108 E9 light chain

EIVLTQSPGILSLSPGERATLSCRASQSVSSSYLAWYQQTPGQAPRLLIYGASNRAAGVPDREFSGGGSGTDETLT
ISRLAPEDFAVYYCQQYGNSPEFTFGPGTKVEIK

>SJU_108 F7 light chain

EIVLTQSPGILSLSPGERATLSCRASHSVNSNYLTWYQOKPGOAPRLLIYAASTRATGIPDRFSGSGSGTDEFTLT
INRLEPEDFAVYFCQQYDSSVTFGGGTKVDIK

>5JU 108 G7 light chain

EIVMTQSPGTLSLSPGERATLSCRASQSISSNYLAWYQQORPGOAPRLLIYDASSRAPGIPDKEFSGSGSGTDEFTLT
ISRLEPEDFAVYYCQQYGSSLETFGGGTKVEIK

>SJU_ 252 H8 light chain

DIVMTQSPSSLSASIGDRVTISCRASQSISNYLNWYQQKPGTAPKLLIHSAATLOSGVPSRESGSKSGTDFTLTI
SSLOPEDFATYYCQQOSYSTPRTFGRGTKLDIK

7.3 SARS-CoV-2 mAbs (PO03, POO8 and P054)
>P003 001 heavy chain
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QVOLVESGPGLVKSSQTLPLTCTVSGASINSNNYYWNWIRQPAGKGLEWIGRIHSSGNTNYSPSLRSRLTISVDT
SKNQFSLELTSVTAADTAVYYCARDDWTTALDCWGQGTLVTVSS

>P003 002 heavy chain

QVQLVQOSGAEVKKPGSSVKVSCKASGGTFSSYAISWVRQAPGOQGLEWMGRIIPIFGTANYAQKFQGRVTITADES
TSTAYMELSSLRSEDTAVYYCARDRPPIVVVTTYYYYGMDVWGQGTTVTVSS

>P003 003 heavy chain

EVOLLESGGGVVQPGRSLRLSCAASGEFTEFSSYGMHWVRQAPGKGLEWVAVISYDGINKYYADSVKGRETISRDNS
KNTLYLOMNSLRAEDTAVYYCAKAFKGNYYYGMDVWGQGTTVTVSS

>P003 006 _heavy chain

QVQLVQSGAEVKNPGASVKVSCTASGYTFTSYGISWVRQAPGOGLEWMGWISAYNGNTNYAQKLQGRVTMTTDTS
TSTAYMELRSLRSDDTAVYYCALVGATDYWGQGTLVTVSS

>P003 007 heavy chain

QVOLVQOSGAEVKKPGASVKVSCKASGYTFTGYYMHWVRQAPGOQGLEWMGWINPNSGGTNYAQKEFQGRVTMTRDTS
ISTAYMELSRLRSDDTAVYYCARGAASVLREFLEWLLDYWGQGALVTVSS

>P003 014 heavy chain

QVQLVESGGGLVQPGGSLRLSCAASGEFTFSSYDMHWVRQATGKGLEWVSAIGTAGDTYYPGSVKGRFTISRENAK
NSLYLOMNSLRAEDTAVYYCARAQYSSGWYLREDYWGQGTLVTVSS

>P003 015 heavy chain

QLOLOESGPGLVKPSGTLSLTCAVSGGFISSSNWWSWVRQPPGKGLEWIGEIYHSGSTNYNPSLKSRVTISVDKS
KNQFSLKLSSVTAADTAVYYCASRYCSGGSCGYFDYWGQGTLVTVSS

>P003 016 _heavy chain

QVQLVESGGGLVQPGGSLRLSCAASGEFTFSSYWMHWVRQAPGKGLVWVSRINIYGSSTSYADSVKGREFTISRDNA
KNTLYLOMNSLRAEDTAVYYCARDLHYDSSGWDYWGQGTLVTVSS

>P003 017 heavy chain

EVOLVESGGGLVQPGGSLRLSCAASGFTVSSNYMNWVROAPGKGLEWVSVIYSGGSTYYGDSVKGRETISRDNSK
NTLYLOMNSLRAEDTAVYYCARDEFREGAFDIWGQGTMVTVSS

>P003 022 heavy chain

EVQLVESGGGVVQPGRSLRLSCAASGEFTFSTYGMHWVRQAPGKGLEWVAVISYDGSNKYYADSVKGREFTISRDNS
KNTLYLOMNSLRAEDTAVYYCAKDPTIVVVAVNPTEFDYWGQGTLVTVSS

>P003 026 heavy chain

QVOLVESGGGLVKPGGSLRLSCAASGFTEFSSYSMNWVROQAPGKGLEWVSSISSSSSYIYYADSVKGRETISRDNA
KNSLYLOMNSLRAEDTAVYYCARDLDIVVVPAARSYYYYGMDVWGQGTTVTVSS

>P003 027 heavy chain

EVOLLESGGGLVQPGGSLRLSCAASGFTEFSSYSMNWVRQOAPGKGLEWVSYISSSSSTIYYADSVKGRETISRDNA
KNSLYLOMNRLRDEDTAVYYCARDRCGDCYGPYYYGMDVWGQGTTVTVSS

>P003 030 _heavy chain

QVOLOOSGAEVKKPGSSVKVSCKASGGTEFSSYAISWVROAPGOQGLEWMGRIIPIFGTANYAQKEFQGRVTITADES
TSTAYMELSSLRSEDTAVYYCASHPYYDSSGYYPNYGMDAWGQGTTVTVSS

>P003 032 heavy chain
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EVOLVESGGGVVQPGRSLRLSCAASGEFTEFSSYGMHWVRQAPGKGLEWVAVIWYDGSNKYYADSVKGRETISRDNS
KNTLYLOMNSLRAEDTAVYYCARDGQVGATSGIDYWGQGTLVTVSS

>P003 034 heavy chain

EVQLVESGGGVVQPGRSLRLSCAASGEFTFSSYAMHWVRQAPGKGLEWVAVISYDGSNKYYADSVKGRFTISRDNS
KNTLYLOMNSLRAEDTAVYYCAKSAFGSYYYGMDVWGQGTTVTVSS

>P003 038 heavy chain

QVOLVESGGGVVQPGRSLRLSCAASGEFTEFSSYGMHWVRQAPGKGLEWVAVISYDGSNKYYADSVKGRETIPRDNS
KNTLYLOMNSLRAEDTAVYYCAKGGSGYRYYEFDYWGQGTLVTVSS

>P003 043 heavy chain

QVQLVQSGAEVKKPGASVKVSCKVSGYTLTELSMHWVRQAPGKGLEWMGGEFDLADGETIYAQEFQGRVTMTEDTS
TDTAYMALSSLRSEDTAVYYCATGPLTIAVAGOQWEDPWGQGTLVTISS

>P003 045 heavy chain

QVOLVESGGGVVQPGRSLRLSCAASGEFTEFSNYGTHWVRQAPGKGLEWVAVISYDGSNKYYADSVKGRETISRDNS
KNTLYLOMNSLRAEDTAVYYCARPDSGSYWGAFDIWGQGTMVTVSS

>P003 051 heavy chain

EVQLVQSGAEVKKPGASVKVSCKASGYTFTSYGISWVRQAPGOQGLEWMGWISAYNGNTNYAQKLQGRVTMTTDTS
TSTAYMELRSLRSDDTAVYYCARDTRGRGGHDAFDIWGQGTMVTISS

>P003_ 053 heavy chain

EVOLLESGGGLVKPGGSLRLSCAASGFTEFSNAWMTWVRQAPGKGLEWVGRIKSKTDGGTTDYAAPVKGRETISRH
DSKNTLYLOMNSLKTEDTAVYYCTTASNPDYWGQGTRVTVSS

>P003 055 heavy chain

EVQLVESGPGLVKPSETLSLTCTVSGGSISSYYWSWIRQPPGKGLEWIGYIYYSGSTNYNPSLKSRVTISVDTSK
NQFSLKLSSVTAADTAVYYCARENYDFWSGYENGWEDPWGQGTLVTVSS

>P003 056 heavy chain

EVOLLESGGGVVQPGRSLRLSCAASGEFTEFSSYGMHWVRQAPGKGLEWVAVISYDGSNKYYADSVKGRETISRDNS
KNTLYLOMNSLRAEDTAVYYCAKSHSGSYFSSGDYWGQGTLVTVSS

>P003 058 heavy chain

EVQLVQOSGAEVKKPGESLKISCKGSGYSFTIYWIGWVROMPGKGLEWMGITIYPGDSDTRYSPSEFQGQVTISADKS
ISTAYLOWSSLKASDTAMYYCARRTLTTTYGMDVWGQGTTVTVSS

>P003 064 heavy chain

EVOLLESGGGVVQPGRSLRLSCAASGFTEFSSYGMHWVRQAPGKGLEWVAVISYDGSNKYYADSVKGREFTISRDNS
KNTLYLOMNSLRAEDTAVYYCAKGWGGYNTHFDYWGQGTLVTVSS

>P008 001 heavy chain

EVOLVESGGGLVQPGRSLRLSCTGSGFTFGDYAMSWEFRQAPGKGLEWVGFIRSEDHGGTTEYAASVKGRETISRD
DSKSIAYLOMNSLKTEDTAVYYCSRPLTYYYDSSGYYYPYYFDYWGQGTLVTISS

>P008 002 heavy chain

EVOLVESGGGLVQPGRSLRLSCAASGFTFDDYAMHWVRQAPGKGLEWVSGISWNSGSIGYADSVKGREFTISRDNA
KNSLYLOMNSLRAEDTALYYCAKGNWNDVLSHYYYYYGMDVWGQGTTVTVSS

>P008 003 heavy chain
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QOVOLOOWGAGLLKPSETLSLTCAAHGGSEFSGYNWSWIRQPPGKGLEWIGEINHSGSTNYNPSLKSRVTISVDTSK
NOLSLKLSSVTAADTAVYYCARGGTIGTTGIYDILTGYDPEFEFDYWGQGTLVTVSS

>P008 004 heavy chain

EVQLVESGGGLVHPGGSLRLSCAASGEFTFSSYWMSWVRQAPGKGLEWVANIKEDGREKYYVDYVKGRFTISRDNA
KNSLYLOMNSLRAEDTAVYYCARDSVHYYYDSSGYHYSYGMDVWGQGTTVTISS

>P008 005 heavy chain

EVOLVESGGGVVQPGRSLRLSCAASGEFTEFSSYGMHWVRQAPGKGLEWVAVISYDGTNKYYADSVNGRETISRDNS
KNTLYLOMDSLRAGDTAVYYCARPNSGSYSSYLDYWGQGTLVTVSS

>P008 006 _heavy chain

QVQLVESGGGVVQPGRSLRLSCAASGEFTENIYVMHWVRQAPGKGLEWVAVISYDGSNEYYADSVKGREFTISRDNS
KNTLYLOMNSLRAEDTAVYYCAKGRSGSYFNPLDYWGQGTLVTISS

>P008 007 heavy chain

EVOLVESGGGLVQPGGSLRLSCAASGFIFSNYRMNWVROAPGKGLEWVSYISSSSSTIYYADSVKGRETISRDNA
KNSLYLOMNSLRAEDTAVYYCARDSVPRYYYHYYGMDVWGQGTTVTVSS

>P008 010 heavy chain

QVQLOQESGPGLVKPSGTLSLTCAVSGDSISSSHWWSWVRQPPGKGLEWIGEIYHSGSTNYNPSLKSRVTISVEKS
KNQFSLKLSSVTAADTAVYYCARRRLGPSSNNSGYEFYWGQGTLVTVSS

>P008 011 heavy chain

EVOLVESGGGLVQPRGSLRLSCAASGFTEFSTYWMTWVROAPGKGLEWVANIGQODGSERYEFVDSVKGRETISRDNA
NNSLYLOMNSLRAEDSAVYYCARDYTDDYGDYGGYFDLWGRGTLVTVSS

>P008 012 heavy chain

QVQLVQSGAEVKKPGASVKVSCKASGYTFTIYYMHWVRQAPGOGLEWMGIINPGGGSRSYAQREFQGRVTMTRDTS
TSTVYMELSSLRSEDTAVYYCARGRYCSSSSCYIGLDYWGQGTLVTVSS

>P008 014 heavy chain

EVOLVESGGGLVKPGGSLRLSCAASGFTEFSNAWMSWVROAPGKGLEWVGRIKSKTDGGTTDYAAPVKGRETISRD
DSKNTLYLOMNSLKSEDTAVYYCATEEHPFAGRAKLHHLDYWGQGTLVTVSS

>P008 015 heavy chain

EVQLVESGGGLVQPGRSLRLSCAASGEFTFDDYAMHWVRQAPGKGLEWVSGITWNSGTIGYADSVKGREFTISKDNA
KNSLYLOMNRLRAEDTAFYYCAKDLTGWGLTEGGVITNWGQGTLVTISS

>P008 016 heavy chain

QVOLOQESGPGLVKPSETLSLSCTVSGGSISPYYWSWIRQLPGKGLEWIGYIYYTGSTNYNPSLKGRVTMSADMSK
NQFSLNLSSVTAADTAMYYCARGYDEFWSRGTLVTVSS

>P008 018 heavy chain

EVOLVESGGGLVQPGGSLRLSCAASGFTVSSNYMSWVRQAPGKGLEWVSFIYPGGSTYYVDSVKGRETISRDNSK
NTLYLOMNSLRAEDTAVYYCARSYGDYYFDYWGQGTLVTVSS

>P008 022 heavy chain

EVOLVESGGGVVQPGRSLRLSCAASGFTEFSSYGMHWVRQAPGKGLEWVAVISYDGSNKYYADSVKGREFTISRDNS
KNTLYLOMNSLRAEDTAVYYCAKMMGQYCSGGDCYSGYFDYWGQGTLVTVSS

>P008 023 heavy chain
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EVOLVESGGGLVKPGGSLRLSCAASGFTEFSDYYMSWIRQAPGKGLEWVSYISSTTSYTNYADSAKGRETISRDNA
KNSLYLOMNSLRAEDTAVYYCARDVAYYYDSGSYYYFDYWGQGTLVTVSS

>P008 024 heavy chain

QVQLVESGGGVVQPGRSLRLSCAASGEFTFSTYGMHWVRQAPGKGLEWVAVISYDGSNKYYADSVKGRFTISRDNS
KNTLYLOMNSLRAEDTAVYYCAKMVGQYCSGGNCYLGYFDYWGQGTLVTVSS

>P008 032 heavy chain

QVOLVESGGGVVQPGRSLRLSCAASGEFTEFSTNAMHWVRQAPGKGLEWVALISYDGSNKYYAVSAKGREFIISRDNS
KNTLHLOMSSLRAEDTAVYYCVKGLGGNYYYFGFWGQGTLVTISS

>P008 035 heavy chain

QVQLVQSGAEVKKPGASVKVSCKVSGYTLTEISMHWVRQAPGKGLEWMGGEFDPEEGETIYAQKEFQGRVTMTEDTS
TDTAYMELSSLRSEDTAVYYCATSEVVVPGAIRHKAAYYYNYMDVWGKGTTVTISS

>P008 036 _heavy chain

QVOLVESGGGVVQPGRSLRLSCAASGEFTEFSNYGMHWVRQAPGKGLEWVAVISYDGSNEYYADSVKGRETISRDNS
KNTLYLOMNSLRVEDTAVYYCAKKGYSYGYFDYYEFDYWGQGTLVTISS

>P008 038 heavy chain

QVQLVQSGAEVKKPGSSVKVSCKASGGTFSSYTISWVRQAPGOQGLEWMGRIFPILGIANYAQKEFQONRVTITADRS
TSTAFMELSSLRSEDTAVYYCARDQDSGYIWWEFDPWGQGTLVTVSS

>P008 039 heavy chain

EVOLVESGGGLVKPGGSLRLSCAASGFTEFSSYSMNWVROAPGKGLEWVSSISSSSSYIYYADSVRGRETISRDNA
KNSLFLOMNSLRAEDTALYYCARDPEFSRWERPEGWEDPWGQGTLVTISS

>P008 040 heavy chain

QVQLVESGGGLVQPGGSLRLSCAASGEFIFDDYATHWVRQGPGKGLEWVSGISWNSGSIGYGDSVKGREFTISRDNA
KNSLYLOMNSLRAEDTAFYYCAKGGRRAAMLLNYFDYWGQGTLVTVSA

>P008 042 heavy chain

EVOLVESGGGLVQPGGSLRLSCAASGITVSSNYMNWVROAPGKGLEWVSVIYSGGSTEFYADSVKGRETISRDNSK
NTLYLOMNSLRAEDTAVYYCARESYGMDVWGQGTTITVSS

>P008 044 heavy chain

EVQLVESGGGVVQPGRSLRLSCAASGEFTFSNYGMHWVRQAPGKGLEWVAVISYDGSNEYYADSVKGRFTISRDNS
KNTLYLOMNSLRVEDTAVYYCAKKGYSYGYFDYYEFDYWGQGTLVTVSS

>P008 045 heavy chain

EVOLVESGGGLVQPGRSLRLSCAASGFTFDDYAMHWVRQAPGKGLEWVSGISWNSGSTIAYADSVKGRETISRDNA
KNSLYLOMNSLRAEDTALYYCAKDIKSEGIFGVVTAFDYWGQGTLVTVSS

>P008 047 heavy chain

EVOLVETGGGLIQPGGSLRLSCATSGFTVSSNYMTWVRQAPGKGLEWVSTIYSGGSTYYADSVKGRESISRDSSK
NTLYLOMNSLRAEDTAVYYCARGPYPHEDYWGQGTLVTVSS

>P008 051 heavy chain

QVOLVESGPGLVKPSQTLSLTCTVSGGSISSGSYEWSWIRQPAGKGLEWIGRIFTSGSTNYNPSLKSRVTMSVDT
SKNQFSLKLSSVTAADTAVYYCARGPDIVVVPAADPRNWEDPWGQGTLVTVSS

>P008 052 heavy chain
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QVOLOQESGPGLVKPSETLSLTCTVSGGSVTSNNYYWGWIRQPPGEGLEWIGSIYYTGSTEFYNPSLKSRVTISVDA
SKNQFSLKLSSVTAADTAVYYCTRQLVLVRGYFDYWGQGTLVTISS

>P008 055 heavy chain

EVQLVESGGGLIQPGRSLRLSCAASGEFTFDDYAMHWVRQAPGKGLEWVSGISWNGGIIDYADSVKGREFTISRDNA
KNSLYLHMRSLRAEDTAFYYCAKDIGPFEAARPGGNYYYYAMDVWGQGTTVTVSS

>P008 056 heavy chain

EVOLVESGGGLVKPGGSLRLSCAASGFSEFSSYSMNWVRQAPGKGLEWVSSISSNSNYIYYADSMKGRETISRDNA
KNSLYLOMNSLRAEDTAVYYCASNRSPYDSSNYYEFDYWGQGTRVTISS

>P008 057 heavy chain

QVQLVETGGGLIQPGGSLRLSCAASGLTVSANYMSWVRQAPGKGLEWVSVIYSGGSTFYADSVKGREFTISRDNSK
NTLYLOMNSLRVEDTAVYYCARNIYDDAFDVWGQGTMVTVSS

>P008 060 heavy chain

EVOLVESGGGVVQPGRSLRLTCAASGEFIFSSYGMHWVRQAPGKGLEWVAVISYDGSYKYYADSVKGRETISRDNS
KNTLYLOMNSLRAEDTAVYYCTKADYYDEWSGYQKTYYYYMDVWGKGTTVTISS

>P008 062 heavy chain

QLQOLOOSGAEVKKPGASVKDSCKASGYTFTSYGISWVRQAPGOGLEWVGWISAYNGNTNYGLKLQGRVTMTTDTS
TSTAYMELRSLRSDDTAVYYCARAHPFYDSGGYSDYWGQGSLVTVSS

>P008 064 heavy chain

EVOLVESGGGLVKPGGSLRLSCAASGFTEFSSYSMNWVROQAPGKGLEWASSISSNSSCIYYADSVKGRETISRDNA
KNSLYLOMNSLRAEDTAVYYCASGEHNYYYYYGMDVWGQGTTVTISS

>P008 065 heavy chain

EVQLLESGGGVVQPGRSLRLSCAASGEFTFSSYGMHWVRQAPGKGLEWVAVISYDGSNKYYTDSVKGRFTISRDNS
KNTLYLOMNSLRPEDRAVYYCAKDAADSRITMFGVVIISHEDYWGQGTLVTVSS

>P008 067 heavy chain

EVOLVESGGALVQPGGSLRLSCEASEFIVSRNYMNWVROAPGKGLEWVSVIYSGGSTEFYADSVKGREIISRDNSK
NTLYLOMNSLRAEDTAVYYCARELVGYEFDYWGQGTLVTVSS

>P008 068 heavy chain

EVQLVESGGGLVQPGGSLRLSCAASGEFTVSSNYMSWVRQAPGKGLEWVSVIYSGGSTYYADSVKGREFTISRDNSK
NTLYLOMNSLRAEDTAVYYCASTPRGDSYGGGAYWGQGTLVTVSS

>P008 070 heavy chain

QVOLVESGGGVVQPGKSLRLSCAASGLTEFSSYGMHWVRQAPGKGLEWVAVISYDGSNKYYADSVKGRETISRDNS
KNTLYLOMNSLRAEDTAVYYCAKEGWGYSYGSYYEFDYWGQGTLVTVSS

>P008 071 heavy chain

EVOLVESGPGLVKPSETLSLTCTVSGGSISSTSYYWGWIRQPPGKGLEWIGSMYYSGNTYYNPPLOQSRVTISVDT
SKNQVSLSLSSVTAADTALYYCARHPDICDEFWSGYPGWEFDPWGQGTLVTVSS

>P008 072 heavy chain

QVOLVQOSGAEVKKPGSSVKVSCKTSGDTFRSYSISWVRQAPGOQGLEWMGRIIPILGIPNYAQKEFQGRVTITADKS
TNTAYMELSSLRSEDTAVYYCARESPYCSSTTCLSDYWGQGTLVTISS

>P008 073 heavy chain
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QVOLVQOSGAEVKKPGASVKVSCKASGYSEFTSYGISWVRQAPGOQGLEWMGWI SAENNNANYVQKEFQGRVTMTTDTS
TSTAYLELRSLRSDDAAVYYCARDDDNYDTTGYYLYWGQGTLVTISS

>P008 076 _heavy chain

EVQLVESGGGLVQPGGSLRLSCAASGEFIFSSYDMHWVRQATGKGLEWVSGIGNAGDTHY PGAVKGRFTISRENAK
NSLYLOMNSLRAGDTAVYYCARAHRGYYDRSGYYHNPDAFDIWGQGTTVTISS

>P008 077 heavy chain

EVOLVESGGGLVKPGGSLRLSCAASGFMEFSSYNMNWVRQAPGKGLEWVSSISSSSSYIYYEDSVKGRETISRDNA
KNSLYLOMISLSAEDTAVYYCARMAYEFDSSGYYPNAFDIWGQGTMVTVSS

>P008 079 heavy chain

QVQLVQSGAEVKKPGASVKVSCKVSGYTLTELSMHWVRQAPGKGLEWMGGEVAEDGETIYAQKFQGRVSMTEDTS
TDTAYMELSSLRSEDTAVYYCATDRARLDYFASGSYYGHFDYWGQGTLVTVSS

>P008 080 heavy chain

QVOLVESGGGLVQPGGSLRLSCAASGFTEFSIYWMHWVROAPGKGLVWVSRINSDGSSTSNADSVKGRETISRDNA
KNTLYLOMNSLRAEDTAVYYCARDHVVAATPGMDVWGQGTTITVSS

>P008 081 heavy chain

EVQLVQSGPEVKKPGTSVKVSCKASGETFTSSAMOWVROQARGORLEWIGWIVVGSGNTNYAQKEFQERVTITRDMS
TSTAYMELSSLRSEDTAVYYCAAPNCSRTSCQDGEFDIWGQGTMVTVSS

>P008 082 heavy chain

QVOLVQOSGAEVKKPGASVRVSCKAFGYSEFTSENLNWVRQAPGOQGLEWMGWISAYNGNTSYAQKEFQGRVTMTTDTS
TTTVYMELRSLRSDDTAVYYCARALENYYDRNGNYYVGAFDYWGQGSLVTVSS

>P008 083 heavy chain

QVQLVESGGGLVQPGGSLRLSCAASGITVNSNYMSWVRQAPGKGLEWVSVIYSGGSTFYADSVKGREFTISRDNSK
NTLYLOMHSLRAEDTAVYYCARDREGRINDYWGQGTLVTVSS

>P008 085 heavy chain

QVOLVESGGGVVQPGRSLRLSCAASGEFTEFSSYGMHWVRQAPGKGLEWVAVISYDGSDKYYADSVKGRLTIEFRDNS
KNTLYLOMNSLRAEDTAVYYCAREGADRSGWWGSEDYWGQGTLVTVSS

>P008 086 heavy chain

QVQLVQOSGPEVKKPGTSVKVSCKASGETFTSSAMOWVROQARGORLEWIGWIVVGSGNTHYAQKFQERVTITRDMS
TSTAYMELSSLRSEDTAVYYCAAPYCTTTRCHDGEDIWGQGTMVTVSS

>P008 087 heavy chain

QVOLOESGPGLVKPSQTLSLTCTVSGGSISSYGKYWSWIRQHPGKGLEWIGYIYYSGSTQYNPSLKSRVTISVDT
SKNQFSLKLNSVTAADTAVYYCARDSAAGHEDYWGQGTLVTVSS

>P008 088 heavy chain

EVOLVESGGGVVQPGRSLRLSCAASGFTEFSGYGMHWVRQAPGRGLEWVAVISYDGSNKYYADSVKGREFTISRDNS
KNTVYLOMNSLRAEDTAVYYCAKPYSGSYWSYFDYWGQGTLVTVSS

>P008 090 heavy chain

EVOLVETGGGLIQPGGSLRLSCAASGFTVTANYMSWVRQAPGKGLEWVSTIYSGGSTFYADSVKGRETISRDNSR
NTLYLOMNSLRAEDTAVYYCARERGAKAFDPWGQGALVTVSS

>P008 091 heavy chain
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QVOLVESGGGVVQPGRSLRLSCAASGEFTEFSSNAMHWVRQAPGKGLEWVAFISYDGSNQYSTDPVKGRETEFARDNS
KDTLYLOMNSLRGDDTAVYYCAKSRGGNYFDAFDMWGQGTMVTVSS

>P008 092 heavy chain

QVQLOESGPGLVKPSETLSLTCTVSGDSISNNYAYWGWIRQPPGKGLEWIGNLYYSGSTYYNPSLKSRVTISVDT
SENQFSLRLSSVTAADTAVYYCARLPYGYDYVEAFDIWGQGTLVTISS

>P008 093 heavy chain

QVOLVQOSGAEVKKPGASVKVSCKASGDTEFTSYDVNWVROQATGOQGLEWMGWMDPNSGNTGYAQNEFQGRVTMTRSTS
IGTAYMELSSLRSEDTAVYYCARSKERGYYNRTGYYYPGDWEDPWGQGTLVTVSS

>P008 095 heavy chain

EVQLVESGGGVVQPGRSLRLSCAASGEFTFISYAMHWVRQAPGKGLEWVAVISYDGNNKYYSDSVKGRFTISRDNS
KNTLHLOMNSLRAEDTAVYYCAKDLSGGYSYWDYWGQGTLVTVSS

>P008 096 heavy chain

QVOLOQESGPGLVKPSETLSLTCTVSGGSTSSSEFHYWGWIRQPPGKGLEWIGNIYYSGSTYYNPSLKSRVTISVDT
SKNQFSLKLSSVTAADTAVYYCARLGSGSYYTADYWGQGTRVTISS

>P008 099 heavy chain

EVQLVESGGGLVQPGGSLRLSCAASGEFTFSSHAMNWVRQAPGKGLEWVSGISGSGGSTYYADSVKGREFTISRDNS
KNTLYLOMNSLRAEDTAVYYCAKSMFGYDSSGYFYGEDFDYWGQGTLVTISS

>P008 100 heavy chain

EVOLLESGGGVVQPGGSLRLSCAASGLIFSHYGMHWVRQAPGKGLEWVAFIRNDGTNKYYADSVKGREFTISRDNS
KNTLYLOMNSLRAEDTAVYYCAKDGGYYYESSGWEDYWGQGTLVTVSS

>P008 102 heavy chain

EVQLVESGGGVVQPGRSLRLSCAASGEFTFSSYGIHWVRQAPGKGLEWVAVISYDGSTKYYADSVKGREFTISRDNS
KNTLYLOMNSLRAEDTAVYFCAKDRGTLIEGMDVWGKGTTVTVSS

>P008 103 heavy chain

EVOLVESGGGLVQPGGSLRLSCAASEFIVSRNYMNWVROQAPGKGLEWVSLIYSGGTTYYADAVKGRETISRDNSK
NTLYLOMNSLRAEDTAVYYCARGEGDRRLDYWGQGTLVTVSS

>P008 108 heavy chain

EVQLVESGGGLVKPGGSLRLSCAASGEFTFSDYYMSWIRQAPGKGLEWVSYITSPGSAIYYADSVKGREFTISRDNA
KNSLYLOMNSLRAEDTALYYCTRDGVIPPREFDYWGQGTMVTVSS

>P054 002 heavy chain

QVOLVQSGAEVKKPGASVKVSCKASGYTEFTDYYMHWVRQAPGOQGLEWMGWINPNSGGTDYVQKEFQGRVTMTRDTS
ISTAYMELSRLRSDDTAVYYCASLSAAGPLNDVEDIWGQGTMVTVSS

>P054 003 heavy chain

QVOLVQOSGTEVKKPGASVKVSCTASGYTEFTVCY IHWVRQAPGOQGLEWMGWINPNSGGTNYAQKEFQGRVTMTRDTS
ISTAYMELSRLRSDDTAVYYCARVARHYYDRSGNLHSADYFQHWGQGTLVTISS

>P054 004 heavy chain

QVOLOOWGAGLLKPSETLSLTCAVYGESFSGYYWSWIRQPPGKGLEWIGEITHSGSTNYNPPLKSRVTISVDTSK
SQFSLKLSSVTAADTAVYYCAREMSVAVVDHWGQGTLVTVSS

>P054 005 heavy chain
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QVOLVQOSGAEVKKPGASVKVSCKASGYTFTGEYIHWVRQAPGOQGLEWMGWINPNSGGSNCAQKEFQGRVTMTRDTS
ISTAYMEVSRLRSDDTAVYYCARYSNYYYYYGMDVWGQGTTVTVSS

>P054 006 _heavy chain

QVQLVQOSGAEVKKPGESLKISCKGSGYSFTNSWIAWVROMPGKGLEWMGIIYPGDSDTRYSPSEFQGQVTISADKS
ISTAYLOWSSLKASDSAMYYCARLGSWYVYYYYYALDVWGQGPLVTVSS

>P054 009 heavy chain

QVOLVESGGGLVQPGGSLRLSCAASGFTEFSSYSMNWVRQAPGKGLEWVSYISSSGSTKYYGDSVKGRETISRDNA
KNSLYLOLNSLRDEDTAVYYCARTIYSYDSSGYYGTERYFDYWGQGTLVTVSS

>P054 012 heavy chain

EVQLLESGGGLVQPGRSLRLSCAASGEFTFDDYAMHWVRQAPGKGLEWVSVISWHSGSIDYADSVKGREFTISRDNA
KNSLYLOMNSLRAEDTALYHCAKGTGYSYGYAVDGGFDYWGQGTLVTISS

>P054 015 heavy chain

EVOLVESGGGVVKPGGSLRLSCAASGFTEFSTYSMNWVRQAPGKGLEWVSSISSSSTDIHYADSMKGRETISRDNA
KNSLYLOMNSLRAEDTAVYYCARDFHRGWYDHSAYIFDEWGQGTLVTVSS

>P054 017 heavy chain

QVQLVASGGGVVQPGRSLRLSCAASGEFITITSYGMHWVRQAPGKGLEWVAAIWYDGSNKYYADSVKGRFTISRDNS
KNTLYLOMNSPRAEDTAVYYCARDDPTPDGDAFDIWGQGTMVTVSS

>P054 021 heavy chain

EVOLVQOSGAEVKKPGASVKVSCKVSGYTLTELSMHWVRQAPGKGLEWLGGEDPEDAETIYAQKFQGRVTMTEDTS
TDTAYMGLSSLTSEDTAVYYCATGVAVAGTQKNYSYYYGLDVWGQGTTVTVSS

>P054 022 heavy chain

EVQLVESGSGLVKPSQTLSLTCAVSGGSIDSGGDSWSWIRQPPGKGLEWIGYIYHSGSTYYNPSLKSRVTISVDR
SNNQFSLKLSSVTAADTAVYYCARHSGYDLGGAFDIWGQGTMVTISS

>P054 026 heavy chain

QVOLVESGGGLVQPGRSLRLTCAASGFTFDDYAMHWVRQAPGKGLEWVSGISWNSGSIGYADSVKGRETISRDNA
KNSLYLOMNSLRPEDTALYYCAKDDSSSWYFYSRAKLGQYYYYGMDVWGQGTTVTVSS

>P054 027 heavy chain

QVQLOESGPGLVKPSQTLSLTCTVSGGSISSGDYYWSWIRQPPGKGLTWIGHISYSGSTYYNPSLKSRLTISVDT
SKNQFSLKLSSVTAADTAVYYCARQLWLRAPFDYWGQGALVTVSS

>P054 031 heavy chain

QVOLVQOSGAEVKEPGASVKVSCKASGYTFTSYGISWVRQAPGOQGLEWMGWISAYDGNTNYAQKLOGRVTMTTDTS
TSTAYMELRSLRSDDTAVYYCAREGSDYYDSSGFHDYWGQGTLVTVSS

>P054 036 _heavy chain

EVOLVOSGGGLIQPGGSLRLSCAASVFIVSSNYMSWVRQOAPGKGLEWVSVIYSGGSTFYADSVKGRETISRDDSK
NTLYLOMNSLRAEDTAVYYCARSRGGPLDYWGQGTLVTVSS

>P054 044 heavy chain

QVOLVQOSGAEMKEPGSSVKVSCKASGGTEFSSYAISWVROQAPGOQGLEWMGGIIPIFGTANYAQKEFQDRVTITADES
TSTAYLELSSLRSEDTAVYYCARESTTIFGVVILTSYGMDVWGQGTTITISS

>P054 045 heavy chain
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EVOLVESGGGVVQPGRSLRLSCAASGEFTEFSSYGMHWVRQAPGKGLEWVALISYDGGNKYYADSVKGRETISRDNS
KNTLYLOMNSLRAEDTAVYYCARTRGGSYYYGMDVWGQGTTVTVSS

>P054 048 heavy chain

QVQLOESGPGLVKPSETLSLTCTVSGGSISSSSYYWGWIRQPPGKGLEWIGTIYYSGSTYYNPSLKSRVTISVDT
SNNQFSLKLSSVTAADTAVYYCARHVOWLVLYYFDYWGQGTLVTVSS

>P054 050 heavy chain

EVOLVESGGGLVQPGGSLRLSCAASGFTEFSSYDMHWVROQPTGODLEWVSAIGTAGDTYYPDSVKGRETISRENAK
NSSYLOMNSLRAGDTAVYYCARASEDSSGYLNYEFDYWGQGTLVTVSS

>P003 001 light chain

EIVLTQSPGTLSLSPGERATLSCRASQSVSSNYLAWYQQKPGQAPRLLIYAASSRATGIPDREFSGSGSGTDETLT
ISRLEPEDFAVYFCQQYGSSRNTFGQGTKVEIK

>P003 002 light chain

DIVLTQSPATLSVSPGERATLSCRASQSVSSNLAWYQQKPGQAPRLLIYGASTRATGIPAREFSGSGSGTEFTLTI
SSMQOSEDFAVYYCQQYNNWPPGDTFGQGTKVEIK

>P003 003 light chain

DIQLTQSPSSLSASVGDRVTITCRASQSISSYLNWYQQOEPGKAPKLLIYAASSLOSGVPSRESGSGSGTDFTLTI
SSLOPEDFATYYCQQSYSTPFTFGPGTKLEIK

>P003 006 _light chain

EIVMTQSPATLSLSPGERATLSCRASQSVSSYLAWYQOKPGQAPRLLIYDASNRATGIPARFSGSGSGTDEFTLTI
SSLEPEDFAVYYCQORSNWPTFGQGTKVEIK

>P003 007 light chain

AIRMTQSPSSLSASVGDRVTITCQASQDISNYLNWYQOKPGKAPKLLIYDASNLETGVPSRESGSGSGTDFTETI
SSLOPEDIATYYCQQYDNLPLTFGGGTKVEIK

>P003 014 light chain

DIOMTQSPSSLSASVGDRVTITCRASQSISSYLNWYQQKPGKAPKLLIYAASSLOSGVPSRESGSGSGTDEFTLTI
SSLOPEDFATYYCQOSYSSQYTFGQGTKVEIK

>P003 015 light chain

OSALTQPASVSGSPGQSITISCTGTSSDVGSYNLVSWYQQHPGKAPKLMIYEVSKRPSGVSNRESGSKSGNTASL
TISGLQAEDEADYYCCSYAGSSTWVEGGGTKLTVL

>P003 016 _light chain

DIVMTQSPSSLSASVGDRVTITCRASQSISSYLNWYQQKPGKAPKLLIYAASSLOSGVPSRESGSGSGTDEFTLTI
SSLOPEDFATYYCQQOSYSTPPWTEFGQGTKLEIK

>P003 017 light chain

DIVMTQSPSFLSASVGDRVTITCRASQGISSYLAWYQQKPGKAPKLLIYAASTLOSGVPSRESGSGSGTEFTLTI
SSLOPEDFATYYCQOLNSYTLTFGGGTKVDIK

>P003 022 light chain

QOSALTQPRSVSGSPGOSVTISCTGTSSDVGGYNYVSWYQQHPGKAPKLMIYDVSKRPSGVPDRESGSKSGNTASL
TISGLQAEDEADYYCCSYAGSYTFGYVFGTGTKVTVL

>P003 026 light chain
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SYELTQPPSVSVSPGQTARITCSGDALPKQYAYWYQOKPGQAPVLVIYKDSERPSGIPERFSGSSSGTTVTLTIS
GVQAEDEADYYCQSADSSGTYHVVFGGGTKLTVL

>P003 027 light chain

DIOMTQSPSSLSASVGDRVTITCRASQSISTYLNWYQOKPGKAPKLLIYAASSLOSGVPSRESGSGSGTDFTLTI
SSLOPEDFATYYCQQSYSTPYTFGQGTKVEIK

>P003 030 _light chain

DIVMTQTPLSLSVTPGOPASISCKSSQSLLHSDGKTYLYWYLOKPGQPPOQLLIYEVSNRESGVPDREFSGSGSGTD
FTLKISRVEAEDVGVYYCMOSIQLARFGQGTKLEIK

>P003 032 light chain

NFMLTQPPSVSVSPGQTARITCSGDALPKKYAYWYQQKSGQAPVLVIYEDSKRPSGIPERFSGSSSGTMATLTIS
GAQVEDEGDYYCYSTDSSGNKRVFGGGTKLTVL

>P003 034 light chain

DIOMTQSPSSLSASVGDRVTITCRASQGISNYLAWYQQKPGKVPKLLIYAASTLOSGVPSRESGSGSGTDEFTLTI
SSLOPEDVATYYCQKYNSAPHTFGGGTKVEIK

>P003 038 light chain

EIVLTQSPGTLSLSPGERATLSCRASQSVSSSYLAWYQQKPGQAPRLLIYGASSRATGIPDREFSGSGSGTDETLT
ISRLEPEDFAVYYCQQYGSSYTFGQGTKLEIK

>P003 043 light chain

DIVMTQSPLSLPVTPGEPASISCRSSQSLLHSNGYNYLDWYLOKPGQOSPOQLLIYMGSNRASGVPDREFSGSGSGTD
FTLKISRVEAEDVGVYYCMQALQSPYNLGQGTKLEIK

>P003 045 light chain

EIVLTQSPGTLSLSPGERATLSCRASQSVSSSYLAWYQQKPGQAPRLLIYGASSRATGIPDREFSGSGSGTDETLT
ISRLEPEDFAVYYCQQYGSSFTFGPGTKVDIK

>P003 051 light chain

SYELTQPPSVSVAPGQTARITCGGNNIGSKSVHWYQOKPGQAPVLVVYDDSDRPSGIPEREFSGSNSGNTATLTIS
RVEAGDEADYYCQVWDSSSDHVVFGGGTKLTVL

>P003 053 light chain

DIVMTQSPGTLSLSPGERATLSCRASQSVSSSYLAWYQQKPGQAPRLLIYGASSRATGIPDRFSGSGSGTDETLT
ISRLEPEDFAVYYCQQYGSSPWTFGQGTKVDIK

>P003 055 light chain

DIVMTQSPDSLAVSLGERATINCKSSQSVLYSSNNKNYLAWYQQOKPGOQPPKLLIYWASTRESGVPDRESGSGSGT
DFTLTISSLQAEDVAVYYCQQYYSTPRTFGQGTKVEIK

>P003_056_light chain

NIVMTQSPDSLAVSLGERATINCKSSQSVLYSSNNKNYLAWYQOKPGOPPKLLIYWASTRESGVPDRESGSGSGT
DEFTLTISSLOAEDVAVYYCQQYYSTWTFGQGTKLEIK

>P003 058 light chain

DVVMTQSPSSVSASVGDRVTITCRASQGISSWLAWYQQKPGKAPELPIYAASTLOSGVPSRESGSGSGTDEFTLTI
SSLOPEDFATYYCQOANSFPWTFGQGTKVDIK

>P003 064 light chain

211 |Page



EIVLTQSPDSLAVSLGERATINCKSSQSVLYSSNNKNYLAWYQQKPGOPPKLLIYWASTRESGVPDRESGSGSGT
DEFTLTISSLOAEDVAVYYCQQYYSPPPTEFGPGTKVDIK

>P008 001 light chain

DIVMTQSPSFLSASVGDRVTITCRASQGISNYLAWYQOKPGKAPKLLIYAASTLOSGVPSRESGSGSGTEFTLTI
SSLOPEDFATYYCQQLNRYPLYTFGQGTKLEIK

>P008 002 light chain

QSVLTQPPSVSVAPGQTARITCGGNNIGSKSVHWYQQKPGQAPVLVVYDDSDRPSGIPEREFSGSNSGNTATLTIS
RVEAGDEADYYCQVWDSSSDHWVEFGGGTKLTVL

>P008 003 light chain

OSALTQPPSVSGAPGQRVTISCTGSSSNIGADYDVHWYQQLPGTAPKLLIYGNSNRPSGVPDRESGSKSGTSASL
AITGLQAEDEADYYCQSSDSSLSGSRVFGTGTKVTVL

>P008 004 light chain

ATIRMTQSPSTLSASVGDRVTITCRASQSEFSSWLAWYQQKPGKAPKLLIYKASSLESGVPSRESGSGSGTEFTLTI
SSLOPDDFATYYCQQYNSYLKTFGQGTKLEIK

>P008 005 light chain

DIOMTQSPSTLSASVGDRVTITCRASQSEFSSWLAWYQOKPGKAPKLLIYKASSLESGVPSRESGSGSGTEFTLTT
SSLOPDDFATYYCQQYSTYSPLTEFGGGTKVDIK

>P008 006 light chain

ATIRMTQSPSTVSASVGDRVTITCRASQSISTWLAWYQQKPGKAPKLLIYKASSLESGVPSRESGSGSGTEFTLTI
SRLOPDDFATYYCQQYNSYLEGQGTKVEIK

>P008 007 light chain

SLSQLVLTQGRLGPGQTARITCEGNNIGGKSVLWYQQKPGQAPVLVVYDDSDRPSGIPERFSASNSGNTATLTIS
RVEAGDEADYYCQVWDTSSDHAGVFGGGTKLTVL

>P008 010 light chain

EIVMTQSPATLSVSPGERATLSCRASQSISSNLAWHQOKPGQAPRLLISDASTRATGIPARFSGSGSGTEFTLTI
DSLOSEDIAVYYCQQYNNWPPTITFGQGTRLEIK

>P008 011 light chain

DIOMTQSPSSLSASTGDRVTITCRASQGIRTYLVWYQOKPGOQAPNLLIYAASSLOSGVPSRESGSGSGTDFTLTI
SGLOSEDFATYYCQQYYSYPLTFGGGTKVEVK

>P008 012 light chain

DIOMTQSPSSLSASVGDRVTITCQASQDINNYLNWYQQKPGKAPKLLIYDASNLETGVPSRESGSGSGTDEFTETI
STLOPEDIATYYCQQYDNLLSLTEFGGGTKVEIK

>P008 014 light chain

DIQLTQSPSSLSASVGDRVTITCQASQDISNYLNWYQQKPGKAPKEFLIYDASNLETGVPSRESGSGSGTDFTETI
SSLOPEDFATYFCQQYDDLPYTFGQGTKLEIK

>P008 015 light chain

SYELTQPPSVSVAPGQTARITCGGNNIGGKSVHWYQOKPGQOAPVLVVYDDSDRPSGIPERFSGSNSGNTATLTIS
RVEAGDEADYYCQVWDSSSDHVVFGGGTKLTVL

>P008 016 light chain
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EIVLTQSPGTLSLSPGERATLSCRASQSVSSIYLAWYQOKPGOAPRLLIYAASSRATGIPDREFSGSGSGTDEFTLT
ISRLEPEDFAVYYCQQYGTSPWTFGQGTKLEIK

>P008 018 light chain

EIVLTOSPGTLSSSPGERATLSCRASQGVSSSYLAWYQQKLGQAPRLLIYGASSRATGIPDREFSGSGSGTDETLT
ISRLEPEDFAVYYCQHSRTEFGQGTKLEIK

>P008 022 light chain

EIVMTQSPSSLSASVGDRVTITCQASQDISNYLNWYQOKPGKAPKLLIYDASNLETGVPSRESGSGSRTDETETI
SSLOPDDIATYYCQQYDKPPVTFGQGTKVDIK

>P008 023 light chain

EIVMTQSPATLSVSPGERATLSCRASQSVSSNLAWYQQKPGQAPRLLIYGASTRATGIPARFSGSGSGTEFTLTI
SSLOSEDFAVYYCQQYNKWPRTFGQGTKLEIK

>P008 024 light chain

DIVMTQSPSSLSASEGDRVTITCQASQDINNYLNWYQQKPGKAPKLLIYDASNLEAGVPSRESGSGSGTDEFTETI
SSLOPEDIATYYCQQYDNLPPAFGPGTKVDIK

>P008 032 light chain

EIVLTOSPGTLSLSPGEGATLSCRASQSVSSYLAWYQRKPGQAPRLLIYDSSNRATGIPARFSGSGSGTDETLTI
SSLEPEDFAVYYCQERSSWPPAFGQGTRLEIK

>P008 035 light chain

DVVMTQSPSSLSASVGDRVTITCRASQSISSYLNWYQQKPGQAPKLLIYAASNLOSGVPSRESGSGSGTDEFTLTI
SSLOPADFATYYCQOSYSIFRTSGQGTKVEIK

>P008 036 light chain

DIVMTQTPLSLSVTPGQPASISCKSSQSLLHSDGKTYLYWYLORPGQPPQLLIYEVSDRESGVPDRESGSGSGTD
FTLKISRVEAEDVGVYYCMQSIQLPVTFGQGTRLEIK

>P008 038 light chain

QTVVTQPPSVSGAPGQRVTISCTGSSSNIGAGYDVHWYQQLPGTAPKLLIFGNSNRPSGVPDRESGSKSDTSASL
AITGLQOAEDEADYYCQSYDSSLIGSVEGTGTKVTVL

>P008 039 light chain

DIVMTQSPSSVSASVGDRVTITCRASQGISSGLAWYRQKPGKAPKLLIYAASSLOSGVPSRESGSGSGTDFTLTI
SSLOPEDFATYYCQOANSEFPYTFGQGTKVDIK

>P008 040 light chain

DIVMTQSPATLSVSLGERATLSCRASQSVSSNLAWYQQKPGRAPRLLIYGASTRATGIPVRESGSGSGTEFTLTI
SSLOSEDFAVYYCQQYNNWPPSITEFGQGTRLEIK

>P008 042 light chain

EIVLTQSPGTLSLSPGERATLSCRASQSISSTYLAWYQQOKPGOAPRLLIHGASSRATGISDRISGSGSGTDFILT
ISRLEPEDFAVYYCQQYGSSPGTFGQGTKVEIK

>P008 044 light chain

DVVMTQTPLSLSVTPGOPASISCKSSQSLLHSDGKTYLYWYLORPGQPPQLLIYEVSDRESGVPDRESGSGSGTD
FTLKISRVEAEDVGVYYCMOSIQLPVTFGQGTRLEIK

>P008 045 light chain
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DIVMTQTPLSLSVTPGQPASISCKSSQSLLHSDGKTYLYWYLOKPGQPPOLLIYEVSNRESGVPDRESGSGSGTD
FTLKISRVEAEDVGVYYCMOSIQPWRLTEFGGGTKVEIK

>P008 047 light chain

DVVMTQSPSSLSASVGDRVTITCQASQDIRNYLNWYQOKPGKAPKLLIYDASNLETGVPSRESGSGSGTDFTETI
SSLOSEDIATYYCQQYDNLPITFGQGTRLEIK

>P008 051 light chain

EIVLTQSPATLSLSPGEGATLSCRASQSVGRYLAWYQOKPGQAPRLLIYDASNRATGIPARFSGSGSGTDEFTLTI
SSLEPEDFAVYYCQQORSNWPPEFTEGGGTKVDIK

>P008 052 light chain

QAVVTQPRSVSGSPGQSVTISCTGTSSDVGAYNEVSWYQQHPGKAPKLMTYDVTKRPSGVPDRESGSKSGNTASL
TISGLOAEDEADYYCCSYAGSEYVFGTGTKVTVL

>P008 055 light chain

QTVVTQAPSASGTPGORVTISCSGSSSNIGSNTVNWYQQOLPGTAPKLLIYSDNQRPSGVPDREFSGSKSGTSASLA
ISGLOQSEDEADYYCAAWDDSLNVVVEGGGTKLTVL

>P008 056 light chain

AIRMTQSPSSLSASVGDRVTITCQASQDISNYLNWYQOKPGKAPKLLIYDASNLETGVPSREFSGSGSGTDFTETI
SSLOPEDIATYYCQHHDSLPLTFGGGTKVEIK

>P008 057 light chain

DVVMTQSPSSLSASVGDRVTITCRASQGVSSYLAWYQQKPGKAPKLLIYAASTLOSGVPSRESGSGSGTEFTLTI
SSLOPEDFATYYCQOLNSYPPGTEGQGTKLEIK

>P008 060 light chain

DIQLTQSPGTLSLSPGERATLSCRASQSVSSSYLAWYQQKPGOQAPRLLIYGTSSRATGIPDRFSGSGSGTDETLT
ISRLEPEDFAVYYCQQYGSSPQITFGQGTRLEIK

>P008 062 light chain

DIOMTQSPSSLSASVGDRVTITCRASQGITNSLAWYQQQPGKAPKLLLYAASRLASGVPSRESGSGSGTDYTLTI
SSLOPEDFATYYCQQYYSAPPTFGQGTKVEIK

>P008 064 light chain

DIVMTQSPLSLAVTPGEPASISCRSSQSLLHSDGYNYLDWYLOKPGOSPQLLTYLGSNRASGVPDRESGSGSGTD
FTLKISRVEAEDVGVYYCMQALQTSITFGQGTRLEIK

>P008 065 light chain

DIOMTQSPSTLSAFVGDRVTIICRASQSISSWLAWYQQKPGKAPKLLIYKASSLESGVPSTEFSGSGSGTEFTLTI
SSLOPDDFATYFCQQYNSYPYTFGQGTKVEIK

>P008 067 light chain

DIVMTQSPSFLSASVGDRVTITCRASQGIRNDLGWYQQKPGKAPKRLIYAASSLOSGVPSRESGYGSGTEFTLTI
SSLOPEDFATYYCQHLNSYPRYTEGQGTKLEIK

>P008 068 light chain

QLVLTQSPSASASLGASVKLTCTLSSGHSSNAIAWHQQQOPEKGPRYLMKLNIDGSHRKGDGIPDRESGSSSGAER
YLTISSLOSEDEADYYCQTWGTGPNWVEGGGTKLTVL

>P008 070 light chain
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DIOMTQSPSSLSASVGDRVTITCQASQDISNYLNWYHQKPGKAPKLLIYDASNLETGVPSRESGSGSGTDEFTETI
SSLOPEDIATYYCQQYDNLPLTFGGGTKVDIK

>P008 071 light chain

QAVVTQPPSVSGAPGQRVTISCTGSSSNIGAGYDIHWYQQLPGTAPKLLIYNNSNRPSGVPDRESGSKSGTSASL
AITGLQAEDEADYYCQSYDSSLSGYVFGTGTKVTVL

>P008 072 light chain

QSVLTQPPSVSGAPGQRVTISCTGSNSNIGAGYDVHWYQQFPGTAPKLLIYDNTNRPSGVPDRESGSKSGTSASL
AITGLOQAEDEADYYCQSYDSSRIDVVEGGGTKLTVL

>P008 073 light chain

DIVMTQSPSTLSASVGDRVTITCRASQSISRWLAWYQQIPGKAPNLLIYQTSSLOSGVPSRESGSGSGTEFTLTI
SSLOPDDFATYYCQQYYSYPLTFGGGTKVEIK

>P008 076 _light chain

NEMLTQPASVSGSPGQSITISCTGTSSDVGVYDYVSWYQQHPGKAPKLMIYEVSNRPSGVSNRESGSKSGNTASL
TISGLQAEDEADYYCSSYTSSSTLVLYVEGTGTKVTVL

>P008 077 light chain

EIVLTQSPATLSVSPGERVTLSCRASQSVSSNLAWYQQKPGQAPRLLIYGASTRATGIPARFSGSGSGTEFTLTI
SSLOSEDFAVYYCQHYYNWPPWTEFGQGTKLEIK

>P008 079 light chain

DIQLTQSPSFLSASVGDRVTITCRASQGIRSYLAWYQQKPGKAPNLLIYAASTLOSGVPSRESGSGSGTEFTLTI
SSLOPEDFATYYCQOLNTYALTFGGGTKLEIK

>P008 080 light chain

SYELTQPPSVSVSPEQTASITCSGDKLGDKYACWYQQKAGQSPVLVIYEDGKRPSGIPERFSGSNSGNTATLTIS
GTQTMDEADYYCQAWDRTTAVEGGGTKLTVL

>P008 081 light chain

DIQLTQSPGTLSLSPGERATLSCRASQSVSSSHLAWYQOKSGQAPRLFIYGASSRATGIPDRESGSGSGTDETLT
ISRLEPEDFAVYYCQQYGSSPPWTEGQGTKVEIK

>P008 082 light chain

DVVMTQSPGTLSLSPGERATLSCRASHNISSTHLVWYQQKPGQAPRLLIYGASNRATGIPDRFSGGGSGTDETLT
ISRLEPEDFAVYFCQQFGSSPQTFGQGTKVDIK

>P008 083 light chain

DIVMTQSPSSLSASVGDRVTITCQASQDISNYLNWYQQKPGRAPKLLIYDASNLETGVPSRESGSGSGTDEFTETI
SSLOPEDVATYYCQQYDNLPGTFGQGTKLEIK

>P008 085 light chain

AIRMTQSPDSLAVSLGERATINCKSSQOSVLHNSKNKSYLAWYQQKPGOPPNLLIYWASTRESGVPDRESGSGSGT
DEFTLTISSLOAEDVAVYYCQQYYGGRWTEFGQGTKVDIK

>P008 086 light chain

DVVMTQSPGTLSLSPGERATLSCRASQSVSRSYLAWYQOKPGOAPRLLIYGASSRATGIPDRESGSGSGTDEFTLT
ISRLEPEDFAVYYCQQYGSLLEFTFGPGTKLEIK

>P008 087 light chain
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EIVMTQSPSSLSASVGDRVTITCQASQDINNYLNWYQOKPGKAPKLLIYDASNLETGVPSRESGSGAGTYFTETI
SSLOQPEDIATYYCQQYDNLPPLFTFGPGTKVEIK

>P008 088 light chain

DIVMTQSPDSLAVSLGERATINCKSSQSVLHSSNNKNYVAWYQQOKPGQPPKLLIYWASTRESGVPDREFSGSGSGT
DFTLTISSLOQAEDVAVYHCQQYYSTPLTEFGGGTKVEIK

>P008 090 light chain

EIVMTQSPSSLSASVGDRVTITCQOASQDIRNYLNWYQQTPGKAPKLLIYDASNLETGVPSRESGSGSGTDETETI
SSLOPEDIATYYCHQYDNLPQSFGGGTKVDIK

>P008 091 light chain

DIQLTQSPSTLSASVGDRVTITCRASQSISSWLAWYQOKPGKAPKLLIYKASSLESGVPSREFSGSGSGTEFTLTI
SSLOPDDFATYYCQQYNSYPWTFGQGTKVEIK

>P008 092 light chain

ATIRMTQSPSSLSASVGDGVTITCRASQGIRNDLGWYQQKPGKAPKRLIYAASSLOSGVPSRESGGGSGTEFTLTI
SSLOPEDFATYYCLOHNSYPLTFGGGTKVDIK

>P008 093 light chain

DVVMTQSPATLSLSPGERATLSCRASQSVSSSLAWYQOKPGQAPRLLIYDASNRATGIPARFSGSGSGTDFTLTI
SSLGPEDFAVYYCQORSNWPPTWTEFGQGTKLEIK

>P008 095 light chain

EIVLTQSPATLSLSPGERATLSCRASQSVSSYLAWYQOKPGQAPRLLIYDTSNRATGIPARFSGGGSGTDEFTLTI
SSLEPEDFAVYYCQORSNWRTFGQGTKLEIK

>P008 096 light chain

DIQOMTQSPSSLSASVGDRVTITCQASQDISNYLNWYQOKPGKAPKLLIYDASNLETGVPSRESGSGSGTEFTFETI
TSLOPEDIATYYCQQYDTLPPTEFGPGTKVDIK

>P008 099 light chain

DIOMTQSPSSLSASVGDRVTITCRASQSISSYLNWYQHKPGKAPKLLIYAASSLOSGVPSRESGSGSGTDEFTLTI
SSLOPEDFATYYCQOSYSIPPTFGGGTKVDIK

>P008 100 light chain

EIVLTQSPGTLSLSPGERATLSCRASQSVSSSYLAWYQQKSGQAPRLLIYGASSRATGIPDREFSGSGSGTDETLT
ISRLOQPEDFAVYYCQQYGSSPMYTEFGQGTKLEIK

>P008 102 light chain

QLVLTQPPSVSEAPRQRVTISCSGSSSNIGNNPVNWYQQOLPGKAPKPLIYYDDLLPSGVSDRESGSRSATSASLA
ISGLOSEDEADYYCTAWDGSLNGYVEGSGTKVTVL

>P008 103 light chain

EIVLTQSPSSLSASVGDRVTITCQASQDINNYLNWYQQOKPGKAPKLLIYDASNLETGVPSRESGSGSGTDEFTETI
SSLOPEDIATYYCQQFGEWFTFGQGTKLEIK

>P008 108 light chain

DIVMTQSPSSLSASVGDRVTITCQASQDISKYLNWYQRKPGTAPTLLIYDASNLETGVPSRESGSGSGTDFTETI
SSLOPEDIGTYYCQQYDNLPTFGGGTKVEIK

>P054 002 light chain
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QLVLTQPPTVSVSPGQTARITCSGDALPKKYAYWYQQKSGQAPVLVIYEDSKRPSGIPERISGSSSGTMATLTIS
GAQVEDGADYYCYSIDSSGNHYVEFGTGTKVTVL

>P054 003 light chain

AIRMTQSPSSLSASVGDRVTITCQASQDISNFLNWYQEKPGKAPKLLISDASNLETGVPSRESGSGSGTDFTETI
TSLOPEDIATYYCQQYDNLLITEFGQGTRLEIK

>P054 004 light chain

QOSALTQPASVSGSPGOSITISCTGTSSDIGGYNYVSWYQQHPGKAPKLMIYDVTNRPSGVSNRESGSKSGNTASL
TISGLOQAEDEATYYCNSYTSSSTYVLEGGGTKLTVL

>P054 005 light chain

DIOMTQTPLSLPVTPGEPASISCRSGQSLLDSDDGNTYLDWYLOKPGQOSPQLLIYTLSYRASGVPDRESGSGSGT
DFTLKISRVEAEDVGVYYCMORIEFPWTEFGQGTKLEIK

>P054 006 _light chain

EIVLTQSPATLSVSPGERATLSCRASQSVSRNLAWYQOKPGOQAPRLLIYGASTRATGIPARFSGSGSGTEFTLTI
SSLOSEDFAVYYCQQYNNGRGTFGPGTKLEIK

>P054 009 light chain

DVVMTQSPATLSLSPGERATLSCRASQSVSSYLAWYQHKPGQAPRLLIYDASNRATGIPARFSGSGSGTDFTLTI
SSLEPEDFAVYYCQORSNWPTFGQGTKLEIK

>P054 012 light chain

QOSALTQPPSASGTPGORVTISCSGSSSNIGSYTVNWYQHLPGTAPKLLIYSNNQRPSGVPDREFSGSKSGTSASLA
ISGLOQSEDEADYYCAAWDDSLNGYVEGTGTKVTVL

>P054 015 light chain

DVVMTQSPSTLSASVGDRVTITCRASQSISSWLAWYQOKPGKAPKLLIYDASSLESGVPSRESGSGSGTEFTLTI
SSLOPDDFATYYCQQYNSYSFTFGPGTKKDIK

>P054 017 light chain

QLVLTQPPSVSVAPGQTARITCGGNSIGSKTVHWYQQKPGQAPVLVVYDDSDRPSGIPEREFSGSKSGNTATLTIS
RVEAGDEADYYCQVWHISSDHLWVEGGGTKLTVL

>P054 021 light chain

DIOMTQTPLSSPVTLGQPASISCRSSQSLVHSDGNTYLSWLOORPGOPPRLLIYKISNRESGVPDRESGSGAGTD
FTLKISRVEAEDVGVYYCMQATQFPITFGQGTRLEIK

>P054 022 light chain

QOSALTQPPSASGSPGQOSVTISCTGTSSDVGGYNYVSWYQQHPGKAPKLMISEVSKRPSGVPDRESGSKSGNTASL
TVSGLOAEDEADYYCNSYAGSNNWVEFGGGTKLTVL

>P054 026 light chain

EIVMTQSPATLSLSPGERATLSCRASQSVNNYLAWYQQEPGOAPRLLIYDASNRATGIPARFSGSGSGTDEFTLTI
SSLEPEDLAVYYCQQCSNWPPSLTFGGGTKVEIK

>P054 027 light chain

NEMLTQPHSVSESPGKTVTISCTGISGSIASNYVOWYQQRPGSAPTTVIYEDNQRPSGVPDRESGSIDSSSNSAS
LTISGLKTEDEADYYCQSYDSSKYVVEFGGGTKLTVL

>P054 031 light chain
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EIVLTQSPSTLSASVGDRVTITCRASQSISSWLAWYQOKPGKAPKVLIYKASSLESGVPSRESGSGSGTEFTLTI
SSLOPDDFATYYCQQYNSYVTFGPGTKLEIK

>P054 036 _light chain

DVVMTQSPSSLSASVGDRVTITCRASQSIRNYLNWYQOKPGKAPKLLIYAASSLOSGVPSRESGSGSGTDFTLTI
SSLOPEDFATYYCQQOSYGIPXWTEFGPGTKLEIK

>P054 044 light chain

DIOMTQSPSTLSASVGDRVTITCRASQSIRSWLAWYQQKPGKAPKVLIYDASSLESGVPSRESGSGSGTEFTLTI
SSLOPDDEFATYYCQQYNYYSVTFGQGTKVEIK

>P054 045 light chain

EIVLTQSPSSLSASVGDRVTITCRASQSISSYLNWYQQKPGKAPKLLIYAASSLOSGVPSREFSGSGSGTDETPTI
SSLOPEDFATYYCQQSYSTPPYTEFGQGTKVEIK

>P054 048 light chain

QOSALTQPRSVSGSPGOSVTISCTGTSSDVGGYNSVSWYQHHPGKAPKLMIYDVSKRPSGVPDRESGSKSGNTASL
TISGLOQAEDEADYYCCSYAGRYTLVEGGGTKLTVL

>P054 050 light chain

AIRMTQSPSSLSASVGDRVTITCRASQSIRNYLNWYQOKPGKAPKLLIYAASSLOSGVPSREFSGSGSGTDFTLTI
SSLOPEDFATYYCQQOSYGIPDWTEFGPGTKVEIK
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7.4 SARS-CoV-2 mAbs (VA014)
>VA014 01 heavy chain

EVQLLESGGGLVQPGGSVRLSCAASGEFTFTSYDMHWVRQATGKGLEWISIIGTAGDPYYADSVKGREFSVSRENAK
NSLYLOINSLRAGDTAVYYCARGGVTMLQOGAIRRHYYYYMDVWGKGTTVTVSS

>VAQ1l4 02 heavy chain

QVOLVESGGGLVQPGGSLGLSCVASGFTEFSYFWMSWVRQAPGKGLEWVANINLDGSEKYYVDSVKGRETISRDNA
KNSLFLOMNSLRVEDTAVYYCARDLRYEFDWLSMGNDYWGQGTLITVSS

>VAQ14 03 heavy chain

EVQLVESGGGLVKPGGSLRLSCAASGEMEFSDYGMNWVRQAPGKGLEWVSYISDSGTTIHYADSVKGREFTISRDNA
KNSLYLOMTGLRDGDTAVYYCARARPPYDEFWSGYHYFGHEFDYWGQGTLVTVSS

>VA(01l4 04 heavy chain

EVQLVESGGGLVQPGESLRLSCAGSGEFTFSAYDMHWVRQGTGEGLEWVSAIGTSGDTYYADSVKGRFTISRDNAK
NSLEFLOMDSLTVGDTAVYYCARGDAISGVEYYEDYWGQGTLVTVSS

>VAQ014 05 heavy chain

QVOLLESGGGVVQPGRSLRLSCAASGEFTEFSGFAINWVRQAPGKGLEWVAVISYDGINKYYADSVKGRETISRDNS
NNTLYLOMNSLREVDTAVYFCASGRGSYRSPEFDYWGPGTLVTVSS

>VAQ01l4 07 heavy chain

QVQLVEAGPGLVKPSETLSLTCTVSGGSISNRNYDWGWIRQPPGRGLEWIGTISYSGSTSHNPSLKSRVSIFIDT
SKNQFSLKLSSVTPSDTALYFCARDGGLGWEFGEQMDWYFDLWGRGTLVTVSS

>VAQ014 09 heavy chain

QVOLVQOSGTEVKKPGASVKVSCKASGYTEFSTYGISWVRQAPGOQGLEWMGWI SAHNGESNYPOKEFQGRVTMTTDTS
TSTAHMELRSLRSDDTAVYYCARDLGWFGELSGGEFDLWGPGTMVTVSS

>VAQ01l4 10 heavy chain

EVQLVESGGGLVQPGGSLRLSCAASREMENRYAMSWVRQAPGKGLEWVSGISGSGDSTQYADSVKGREFTISRDNS
KNTLYLOMNSLRAEDTAVYYCAKDLYGGSSSSTLEYWGQGTLVTVSS

>VA014 11 heavy chain

VOLVQESGPGLVKPSETLSLTCTISGDSVSTSYWNWIRQPAGKGLOWIGRIYNSGSTNYNPSLENRVTLSVDTSK
NQFSLKLTSVTAADTAVYYCARDPGSRYSSGWYYYSEFAMDVWGQGTTVTVSS

>VAQl4 14 heavy chain

QVQLOESGPGLVKPSETLSLTCTVSGGSISSYYWSWLROQPPGKGLEWIGYIYYSGSSNYNPSLKSRVTISVDTSK
SQLSLKLTSVTAADTAVYYCARGEDYWGQGTLVTVSS

>VA014 15 heavy chain

EVOLLESGPGLVKPSETLSLTCTVSGGSISEFYYWSWIRQPPGKGLEWIGYEFYYSGDTGSNPSLKSRLTMSLDTSK
NQFSLNLTSVTAADTAVYYCARRSLTVTPTSGRNAYHYMDVWGKGTTVTVSS

>VAQ0l4 16 heavy chain

EVOLLESGGDLVQPGGSLRLSCAASGFTENTYSMNWVRQAPGKGLEWVSSITSGSTTIYYADSVKGREFTISRDNA
KNSLYLOMNSLRDEDTAVYYCARDCYSSGWYTCDYLDPWGQGTLVTVSS

>VA014 18 heavy chain

EVOLLESGGGLVKPGGSLRLSCAASGFTEFSGYGMNWVRQAPGKGLEWVSSISSSSSYIYYADSVKGRETISRDNA
KNSLYLOMNSLRAEDTAVYYCARDLTGEYNGEWSEYSTKPMDVWGKGTTVTVSS
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>VA014 19 heavy chain

EVQLVESGGGLVKPGGSLRLSCVASGESFSDAWLSWVRQAPGKGLEWVGRIKSKLDAETTDYAKPVKGRETISRD
DSENTLYLOMNSLKTDDTAVYYCTTGGLMWFGEEEGYWGQGTLVTISS

>VAQ01l4 21 heavy chain

QVQLVQOSGAELKKPGSSVKISCKASAGTFTTFGISWVRQAPGQGLEWMGGIMPVFQIVNYAQONLQGRITISADKS
TTTAYMELSSLRSEDTAVYYCARTQFVLRFLEWSEASMCASDIWGQGTLVTVSS

>VA014 22 heavy chain

EVOLVESGGGLVQPGGSLRLSCAASGFTSSSYSMNWVRQVPGKGLEWISYISSSSGTLYYADSVKGRETISRDNA
KNSLYLOMNSLRDEGTAVYYCARVPAEDIVIIPPALYYYYGMDVWGQGTTVTVSS

>VAQ01l4 23 heavy chain

EVQLVESGPGLVKPSETLSLTCTVSGGSISSTNYYWGWIRQTPGKGLEWIGSIYYSGSTYYNPSLKSRLTISVDR
SKNHFSLOLSSVTAADTAVYYCARGSFILLIFSALATGYFDFWGQGTLVTISS

>VA01l4 24 heavy chain

QVOLVESGGALVKPGGSLTLSCAASGFAFNNAWMSWVRQAPGKGLEWVGRIKTKTDGGTTDYVAPVKGRETISRD
DSKNTLYLOMNSLKTEDTAVYYCTTERDYDYIWGSYRPFONWGQGTLVTVSS

>VAQ1l4 25 heavy chain

QVQLVQOSGAEVKKPGSSVKVSCKASGGTEFSNYGITWLROQAPGOQGLEWMGGIIPILGVEKYAQKFQGRVTITADKS
TGTAYMQLSSLRSEDTAVYYCARGGINMGQGFIISPYYFDYWGQGTLVTISS

>VA0l4 26 heavy chain

QOVOLOOWGAGLLKPSDTLSLTCGISGGPEFSGYYWSWIRQPPGKGLEWLGEINHSGITTYNPSLKSRGTISVDTSK
ROISLKLASVTAADTAVYYCARFAYGDYGWDYSSDMDVWGKGTTVTVSS

>VAQ1l4 27 heavy chain

EVQLVQSGAEVKKPGESLKISCKGSGYRFTSYWIAWVROMPGKGLEWMGIIYPGDSDTRYSPSEFQGQVTISADKS
ISTAYLOWSSLKAPDTAMYYCARIETMGVVMPAASWGGTYGMDVWGQGTTVTVSS

>VAQ014 30 heavy chain

QVOLOOWGAGLLKPSETLSLTCAVSGGSEFSGYYWSWIRQPPGKGLEWIGEINHIGTTNYNPSLKSRVIISVDTSK
NQFSLKLSSVTAADTAVYYCTRGRGLYTSGAYYEFDFWGQGTLVTVSS

>VAQ1l4 33 heavy chain

EVQLVESGGDLVQPGGSLRLSCGASGEFTFSTYWMHWVRQGPGKGLVWVSRISGDGSSTTYADSVKGRETISRDNA
KNTLYLOMNSLRAEDTAIYYCATSTHYDFWSGPLVHMDVWGKGTTVTVSS

>VAQ14 35 heavy chain

QVOLVQSGAEVKKPGASVKVSCKASGYTEFTDYYMHWVRQAPGOQGLEWMGWINPNSGGTNYAHKEFQGRVTMTRDTS
ISTAYMELRRLRSDDTALYYCARGEVATIFGEFYYYYGLAVWGQGTTVTISS

>VAQ0l4 36 heavy chain

EVOLOQESGPGLVKPSETLSLTCTVSGGSISNYYWSWIRQPPGKGLEWIGYIYYSGSTNYNPSLKSRVTISVDTSK
NQFSLKLTSVTAADTAVYFCAKSRGYSYGLGLGWEDPWGQGTLVTVSS

>VAQ01l4 41 heavy chain

EVOLVESGGGVVQPGRSLRLSCVASGFTEFSDYAMHWVRQAPGKGLEWVALISSDGRMDEYPDSVKGRETISRDNS
KNALYLOMNGLRAEDTAVYYCARDKELNTPALDYWGQGSLVTISS

>VA014 43 heavy chain
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EVOLVESGGGLVQPGGSLRLSCAASGVTVSSNYMSWVRQAPGKGLEWVSVIFPGGSTEFYADSVKGRETISRHNSK
NTLYLOMDSLRAEDTAVYYCARDEFFEGAFDIWGQGTMVTVSS

>VA01l4 44 heavy chain

QVQLVQSGAEVKMPGSSVKVSCKASGGSEFDNYGISWVRQAPGOQGLEWMGGIIPILGSTKNAQKEFQGRITITADKS
TNTAYMELSSLRSEDTAVYHCARGGITLGQGIMLTYYYMDVWGKGTTVTVSS

>VAQ01l4 47 heavy chain

EVOLVESGGGVVQPGRSLRLSCGGSGEFTEFSSHAMHWVRQAPGKGLEWVAVISYDGSYQYYADSVKGRETISRDNS
KNALYLOMNSLRVEDTAIYYCARDTPDLETYYFDCWGQGTLVTVSS

>VA01l4 48 heavy chain

QVQLVESGGGVVQPGRSLRLSCAASGEFTFSTYATHWVRQAPGKGLEWVAVISYDGMNKYYADSVRGREFTISRDNS
ONTVFLOMNTLRAEDTALYYCARSSSGYWSAFDIWGQGTVVTVSS

>VAQ01l4 49 heavy chain

QVOLVESGGGVVQPGRSLRLSCAASGEFTFRNYGIHWVRQAPGKGLEWVAFISFDGDDTYYADSVKGRETISRDNS
KNTLYLOMNSLRTEDTAVYYCAKQIGSYGRPDYYEFDYWGQGALVTISS

>VAQ014 50 heavy chain

QVQLVQOSGAEVKKPGASVKVSCKASGYTFTTYGISWVRQAPGOQGLEWMGWISAYNGNINYEQKEFQGRVTMTTDTS
TSTAYMELRSLRSDDTAVYYCARDLGWEFGELSGGEFDIWGQGTMVTVSS

>VAQ01l4 52 heavy chain

EVOLVESGGGVVQPGRSLRLSCAASGFTFTTHAMHWVROQAPGKGLDWVAVISYDGLNKYYADSVRGREFTISRDNT
KTTVYLOMNSLRPDDTAVYYCARATVAYKWEDPWGQGTLVTVSS

>VA014 57 heavy chain

QVQLOESGPGLVKTSETLSLTCTVSGGSVTSGNYYWSWIRQSPEKRLEWIGYIYYTGGTNYNPSFRSRVAISADT
SKNQFSLKLSSVSAADTAVYYCARGINLKDESSGYNWEDPWGQGILVTVSS

>VAQ01l4 58 heavy chain

EVOLVESGAEVKKPGASVKVSCKASGYTFTSYDINWVROQATGOQGLEWMGWMDPSTGDTGFAQKFHGRVTLTRNTS
INTAYMELSSLRSEDTAVYYCTRGSSSWTYYEFDSWGRGTLVTVSS

>VA01l4 61 heavy chain

EVQLVESGAEVEKPGSSVKVSCKASGGTFISNTINWVROAPGOGLECLGGIIPIVGIANYAQKFQGRVTITADKS
TSTVYMELSSLRSEDTAVYYCAREIYPPGGEFDLWGQGTMVTVSS

>VAQ01l4 63 heavy chain

QVOLVESGGGLVQPGGSLRLSCAASGEFSEFSDYYMDWVROQAPGKGLEWVGRTRNKAKSYTTGYAASVKGREIISRD
DSKNSLYLOMNSLKTEDTAVYYCARAMAEARYSSGWYYYQYYMDVWGKGTTVTVSS

>VAQ014 65 heavy chain

QVOLLESGGGLVKPGGSLRLSCVASGFTEFSSYSMNWVRQAPGKGLEWVSSISSSSSYIYHADSVKGRETISRDNA
KNSLYLOQVNSLRAEDMAVYYCARGSSPTGDEAWDAFDIWGQGTMLTVSS

>VAQ01l4 67 heavy chain

QVOLVQOSGAEVKKPGESLKISCKASGYIFTSYWIAWVROMPGKGLEWMGIIYPDDSDTRYSPSEFQGQVTISADKS
ITTAYLOWSSLKASDTAMYYCARLETMGVIMPAASWGGTYGLDVWGQGTTVTVSS

>VAQ014 68 heavy chain
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QVOLVESGPGLVKPSETLSLTCSVSGVSVTNNYWSWIRQPPGKGLEWIGYIFYYGGTNYNPSLKSRVTLSIDTSA
NQLSLKLSSVSAADTAVYYCARHAADRSVTPWEDPWGQGTLVTVSS

>VAO014R 33 heavy chain

EVQLVESGGGLVQVGGSLRLSCTTSGEFIVSRNYVMWVRQAPGQGLEWVSTIYPGGSTYFADSVKGRFTISRDDSK
NRLYLOMNSLRAEDTAFYYCARYIGNINWGQGTLVTVSS

>VAO14R 37 heavy chain

QVOLVESGGGLIQPGGSLRLSCAASGLIVSSNYMSWVRQAPGKGLEWVSLIYSGGSTEFYADSVKGRETISRDNSK
NTLYLOMNSLRADDTAVYYCARELDVVGATDSWGQGTLVTVSS

>VAO014R 38 heavy chain

QVQLVESGGGVVQPGGSLRLSCAASGEFTFDDYAMHWVRQAPGKGLEWVSVISGDGGSTYSADSVKGREFTISRDNR
KHSLYLOMNSLRSEDTALYYCAKDMGYVPAAIDGAFDIWGQGTMVTVSS

>VAO14R 39 heavy chain

QOVOLOOWGATLLKPSETLSLTCEVYGGSESGYYWNWIRQAPGKGLGWIAEINHSGRENYNPSLKSRVTISVDTAK
NQFSLKLTSLTAADTAVYYCARFGYGDYGWDEDQONMDVWGKGTTVTVSS

>VA014 01 light chain

AIRMTQSPSSLSASVGDRVTITCRASQSISSYLNWYQORPGKAPKLLIYAASSLOSGVPSREFSGSGSGTDFTLTI
SSLOPEDFATYYCQQOSYSTPTWTEFGQGTKVDIK

>VAQ01l4 02 light chain

DIOMTQSPSTLSASVGDRVTITCRASQSISSWLAWYQQKPGKAPKLLIYKASNLOSGVPSRESGSGSGTEFTLTI
SSLOPADFATYYCQQYYDYPWTFGQGTKLEIK

>VA014 03 light chain

EIVMTQSPGTLSLSPGERATLSCRASQSVSSNYLAWYQQRPGQAPRLLIYGASRRAAGIPDREFSGGGSGTDETLT
ISRLDPEDYAVYYCQQYGNSPGTFGPGTKVDIK

>VAQ01l4 04 light chain

ATIRMTQSPSSLSASVGDRVTLTCRASQSIRNYLNWYQLKPGKAPKLLIYAASTILHSGVPTRESGSGSGTDEFTLTI
SSLOPADFATYYCQOSYIMPPWTEGPGTKLEIK

>VA014 05 light chain

EIVMTQSPATLSVSPGERATLSCRASQSVSSNLAWYQQKFGQAPRLLIYGASTRANGIPARFSGSGSGTEFTLTI
SSLOSEDFAVYYCQOYNNWPPLTEGQGTKVEIK

>VAQ1l4 07 light chain

EIVLTQSPGTLSLSPGERATLSCRASQSVSSSYLAWYQOKPGOAPRLLIYGAVSRATGIPDREFSGSGSGTDEFTLT
ITRLEPEDYAVYYCQOMGTEFGPGTKVDIK

>VA014 09 light chain

EIVLTQSPATLSSSPGERATLSCRASQSVSRYLSWYQQOKPGOAPRLLIYDASNRATGIPPREFSGSGSGTDEFTLTI
SSLEPEDFAVYYCHQRSNPLTFGGGTKVDIK

>VAQ014 10 light chain

DIOMTQSPSSLSASVGDSVTITCQASQDIGNFLNWYQQKPGKAPKLLIYDASNLOTGVPSRESGSGSGTEFTETI
SSLOPEDIATEYCQQYDNVHPLTEFGGGTKVEIK

>VA014 11 light chain
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EIVMTQSPGTLSLSPGERATLSCKASQSVTSNYLAWYQOKPGOAPRLLIYGASSRATGIPDREFSGSGSGTDEFTLT
ISRLEPEDFAVYYCQQYGGSPQYTEFGQGTKLEIK

>VA014 14 light chain

EIVLTOSPGTLSLSPGERATLSCRASQSLSSNYLAWFQQOKHGQAPRLLIYAASNRAIGIPDREFSGSGSGTDETLT
ISRLEPEDFAVYYCQQYGSSPWTFGQGTKLEIK

>VAQ1l4 15 light chain

DVVMTQSPLSLPVTPGEPASISCRSSQSLLHSNGYNYLDWYLOKPGQOSPOLLIYLGSNRASGVPDREFSGSGSGTD
FTLKISRVEAEDVGVYYCMQALQSPEFTFGPGTKVEIK

>VA0l4 16 light chain

DIOMTQSPSSLSASVGDRVTITCRASQGIRSDLGWYQQOKPGKAPKRLIYAASSLOSGVPSRESGSGSGTEFTLTI
SSLOPEDFATYYCLQYNTYPALTEFGGGTKVEIK

>VAQ01l4 18 light chain

EIVMTQSPATLSVSPGERATLSCRASQSVSSNLAWYQOKAGQAPRLLIYGASTRATGIPARFSGSGSGTEFTLTI
TSLOSEDFAVYYCOQHYYNWPPWTEFGQGTKVEIK

>VA014 19 light chain

DIVMTQSPSSLSASVGDRVTISCRASQSISNYLSWEFQOKPGKAPKLLIYAASRLRSGVPSRESGSGSGTDFTLTI
SSLOPEDFATYYCQQOSYGTLPTFGGGTKLEIK

>VAQ01l4 21 light chain

DIQLTQSPDSQAVSLGERATINCKSSQSVLESSNNKNYLAWYQQOKPGOQPPKLLINWASTRESGVPDRESGSGSGT
DEFTLTISGLQAEDVAVYYCQQYYRSPPTFGQGTKLEIK

>VA014 22 light chain

DIVMTQSPSSVSASVGDRVTITCRASQGISSWLAWYQOKPGKAPKLLIYAASSLOSGVPSRESGSGSGTDFTLTI
SSLOPEDFATYYCQQOANSSPYGFTEGPGTKVDIK

>VAQ14 23 light chain

EIVLTQSPGTLSLSPGERATLSCRASQSVSSNYVAWYQOKPGOAPRLLIYGASSRATGIPDREFSGSGSGTDEFTLT
ISRLEPEDSAVYYCQQYGSSPQTFGQGTKVEIK

>VA014 24 light chain

DIVMTQSPSSLSASVGDRVTITCRASQRINTYLNWYQOKPGKAPKLLIYAASALQSGVPSRESGSGSGTHSTLTI
SSLOPEDEFGTYYCQOSYRTSEFTFGPGTKVEIK

>VAQ1l4 25 light chain

EIVMTQSPATLSVSPGERVTLSCRASQSVSSNLAWYQOKPGOAPRLLIFGASTRATGIPARFSGSGSGTEFTLTI
SSLOSEDFAVYYCQQYNDWPIKFGQGTRLEIK

>VA014 26 light chain

DIQLTQSPSTLSASVGDRVTITCRASQSISTWLAWHQQIPGKAPKLLIYRASTLOSGVPSRESGSGSGTEFTLTI
SSLOPDDFATYYCQQYYSVRTFGQGTKVDIK

>VAQ14 27 light chain

EIVLTQSPSSLSASVGDRVTVTCRASQSIITYLNWYQHKPGKAPKLLIYAASSLOSGVPSRESGSGSGTDEFTLTI
SSLOPEDFATYYCQOSYNIPETFGQGTKVEIK

>VA014 30 light chain
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EIVLTQSPATLSVSPGERATLSCRASQSVSINLAWYQOKPGQAPRLLMYGASTRVTDIPARFSGSGSGTEFTLTI
SSLOSEDFALYYCQQYNNWPRTFGQGTKVEIK

>VA014 33 light chain

NFMLTQPHSVSESPGKTVTISCTRSSGSIASNYVQWYQQORPGSAPTSVIYEDNQRPSGVPDRESGSIDSSSNSAS
LIISGLKTEDEADYYCQSYDSRLRVVFGGGTKLTVL

>VAQ01l4 35 light chain

EIVLTQSPATLSVSPGERTTLSCRASQSVSSDLAWYQOKPGQAPRLLIYAASTRAPGIPARFSGSGSGTEFTLTI
SSLOSEDFAVYHCQONNNWPWTFGQGTKLEIK

>VA01l4 36 light chain

DIOMTQSPSSLSASVGDRVTITCQASEDIRYFLNWYQOKPGKAPKLLIYDASNLKTGVPSRESGSGSGTDFTETI
SSLOPEDIATYYCQQYDDLPPTFGPGTKVEIK

>VAQ01l4 41 light chain

EIVMTQSPSTLSASVGDRVTITWRASQSISSYLNWYQOKPGKAPNLLIYAASNLOSGVPSRESGRGSGTDESLTI
TSLOPEDFATYYCQQSYSTPPLTFGGGTKVDIK

>VA014 43 light chain

DIQLTQSPSFLSASVGDRVTITCRASQGISNYLAWYQHKPGKAPKLLIYAASTLOSGVPSRESGSGSGTEFTLTI
DSLOPEDFATYYCQHLNSYPRLTFGGGTKVEIK

>VAQ0l4 44 light chain

DIVMTQSPGTLSLSPGERATLSCRASQSVGSRYLVWYQOKSGQAPRLLIYGASSRATGIPDREFSGSGSGTDETLT
ISRLEPEDFAVYYCQQYGSSLSFGQGTKLEIK

>VA014 47 light chain

EIVMTQSPGTLSLSPGERATLSCRASQSVSSSYLAWYQQKPGQAPRLLIYSACSRATGIPDREFSGSGSGTDETLT
ISRLEPEDFAVYYCQQYGDSPRGSFGQGTKVDIK

>VAQ01l4 48 light chain

EIVMTQSPGTLSLSPGERATLSCRASQSVSSTYLAWHQORPGOAPRLLIYGASSRATGIPDREFSGSGSGTDEFTLT
ISRLEPEDFAVYYCQHYGPSPWTFGQGTKLEIK

>VA014 49 light chain

AIRMTQSPSSLSASVGDRVTIACQASQDISNYLSWYQQKPGKAPKVLIYDASNLEAGVPSRESGSGSGTDFTETI
NSLOPEDIATYYCQQYDNEFPPITEFGQGTRLEIK

>VAQ01l4 50 light chain

DVVMTQSPATLSLSPGERATLSCRASQSVSRFLAWYQQRPGQAPRLLIYDASNRATGIPAREFSGSGSGTDEFTLTI
SSLEPEDFAVYYCHQRSNPLTFGGGTKVDIK

>VA014 52 light chain

DIOMTQSPSFLSASVGDRVTITCRASQGINNYLAWYQQKPGKAPKLLIYAASTLOSGVPSRESGSGSGTEFTLTI
SSLOPEDFATYYCQOLNTYPLEFTEGPGTKVDIK

>VAQ14 57 light chain

EIVLTQSPATLSVSPGERATLSCRASQSVSSNLAWYQQTPGOAPRLLIYGASTRATGIPARFSGSGSGTEFTLTI
SSLOSEDFAVYYCQQYNNWPRSFGQGTKVDIK

>VA014 58 light chain
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ATIRMTQSPATLSLSPGERATLSCRASESLGSYLAWYQQKPGQAPRLLIFDASNRATGIPAREFSGSGSGTDEFTLTI
SSLEPEDFAVYFCQORGSWPLTFGPGTKVDIK

>VA014 61 light chain

DIVMTQSPDSLAVSLGDRATINCKSSQSVLDTSNNRNYLAWYQHKPGQPPKLLIYWASTRESGVPDREFSGSGSGA
DEFTLTISSLOAEDVAVYYCQQYYSTPMYSEFGQGTKVDIK

>VAQ0l4 63 light chain

DIVMTQSPGTLSLSPGERATLSCRASQSVSSSYLAWYQOKCGQAPRLLIYGASSRATGIPDRESGSGSGTDETLT
ISRLEPEDFAVYYCQQYGSSPYTFGQGTKVDIK

>VA014 65 light chain

DIVMTQSPSSLSASVGDRVTITCRASQSINIYLNWYQOKPGKAPKLLIYAASSLOSGVPSRESGSGSGTDFTLTI
SSLOPEDFATYYCQQSSSTPRTFGQGTKVDIK

>VAQ01l4 67 light chain

ATIRMTQSPSSLSASVGDRVTITCRASONILTFLNWYQHKPGKAPELLIYAASSLOSGVPSRESGSGSGTDEFTLTI
SSLOPEDFATYYCQOSYNIPETFGQGTKVDIK

>VA01l4 68 light chain

DIVMTQSPDSLAVSLGERATINCKSSQONVELSSNNKNYLAWYQQOKPGQOPPKLLIYWASIRESGVPDREFSGGGSGT
DFTLTISSLQAEDVAVYFCQQYYSTPLTEFGGGTKVEIK

>VAO14R 33 light chain

DIVMTQSPSSLSASVGDRVTITCQASQDISNYLNWYQQKSGKAPKLLIFDASNLOTGVPSRESGSGSGTDETETI
SSLOPEDIATYYCHQYDNLPLTFGGGTKVEIK

>VAO014R 37 light chain

EIVLTQSPGTLSLSPGESATLSCRASQSVSSSYIAWYQQKPGQSPRLLIYGASNRATGIPDRESGSGSGTDEFTLA
INRLEPEDFAVYYCQRCDTSPMYTFGQGTKLEIK

>VAQ14R 38 light chain

DIOMTQSPGTLSLSPGERATLSCRASHSVSANYLAWYQHKPGQAPRLLIYAASSRATGIPDRESGSGSGTDETLT
VSRLEPEDFAVYYCQHYGGSPLTFGGGTKLEIK

>VAO014R 39 light chain

DIOMTQSPSTLSASVGDRVTIACRASQSIGTWLAWHQOKPGKAPNLLIYKASTLETGVPSRESGSGSGTEFTLTI
SSLOPDDFATYYCQQYNSGRTFGQGTKVEIK
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7.5 Extended table 1

Extended patient information.

Donor number | Severity score | Hyper-inflammatory score Comorbidities Age range | Sex Final outcome

1 4 N asthma, HTN, obesity, T2DM, sarcoidosis 50-59 M Died

2 4 Y obesity 50-59 M Died

3 4 N HTN 40-49 M Died

4 4 Y AF, HTN, obesity, sarcoidosis, 60-69 M Discharged
5 4 N HTN, T2DM 60-69 M Discharged
6 4 Y T1DM 40-49 M Ward

7 4 Y Hypothyroidism 70-79 M Discharged
8 4 Y T2DM, NAFLD 50-59 M Died

9 4 Y HTN, IHD 70-79 M Died

10 4 Y T2DM 70-79 M Died

1 4 N HTN, prostate ca 70-79 M Discharged
12 4 Y none 40-49 M Discharged
13 4 Y none 50-59 M Ward

14 4 N obesity, T2DM 50-59 F Discharged
15 4 N COPD 70-79 M Discharged
16 2 N none 50-59 M Discharged
17 1 N obesity 30-39 F Discharged
18 1 N CKD, dementia, HTN, HD, obesity, VTE 70-79 F Discharged
19 2 N AF 90-99 M Discharged
20 2 N dementia, T2DM 60-69 M Discharged
21 1 N hepatitis C, Huntingdon's disease 60-69 M Discharged
22 1 N AF, dementia, HTN, stroke 80-89 M Discharged
23 1 N CKD, T2DM, VTE 60-69 M Died

24 4 N chronic pancreatitis, T2DM 60-69 M Ward
25 1 N AF, Marfan's syndrome 50-59 M Discharged
26 0 N ESRF, obesity, TIDM 20-29 F Discharged
28 4 N none 40-49 M Discharged
29 0 N ESRF, T1DM, SPK 40-49 M Discharged
31 0 N ESREF, obesity 20-29 F Discharged
32 4 N HTN, T2DM 60-69 M Discharged
33 4 N HTN, obesity 60-69 F Discharged
34 4 Y asthma, obesity 50-59 F Discharged
35 4 N none 40-49 M Discharged
36 4 Y none 30-39 M Discharged
37 4 N asthma, inflammatory polyarthritis, obesity 60-69 M Discharged
38 4 N none 30-39 M Discharged
39 4 N T2DM, obesity 30-39 M Discharged
40 5 N obesity 30-39 F Discharged
41 5 Y none 60-69 M Discharged
42 5 N asthma, obesity 40-49 M | Transferred to local hospital
43 5 Y HTN 50-59 M | Transferred to local hospital
44 5 N none 50-59 M Died

45 5 N none 50-59 M Discharged
46 5 Y asthma, obesity, T2DM 50-59 M Died

47 2 N none 20-29 M Discharged
48 3 N depression, obesity, TIDM 50-59 M Discharged
49 1 N HTN, T2DM 60-69 M Discharged
50 2 N none 60-69 M Discharged
51 2 N none 30-39 M Discharged
52 0 N AF, ESRF, T2DM 60-69 M Ward
53 2 N HTN, obesity 50-59 M Discharged
54 0 N AML 20-29 F Discharged
55 3 N bladder ca 60-69 M Died

56 1 N asthma 50-59 M Discharged
57 0 N dementia, frailty, Parkinsonism 90-99 M Died

58 1 N CKD, frailty 90-99 F Died

59 0 N CCF, IHD, PVD, stroke, T2DM 80-89 M | Transferred to local hospital
60 0 N mycosis fungoides 50-59 F Ward

61 1 N COPD, bronchiectasis, renal transplant 70-79 M Discharged
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7.6 Extended table 2

Summary table of the characteristics of mAbs isolated from SARS-CoV-2 infected donors.

SARS- | SARs- | SARs-
. C RBD NTD CoV-2 CoV-2 CoV % ACE2
mAb name | Specificty group SEC50 EC50 EC50 S2 ELISA wreL | wrev PV comp VH VL
1C50 1C50 1c50

P003_014. n.d. n.d. >50 1GHV3-13 [ 1Gkv1-39
P054_004 n.d. nd. | 42.2300] 0.2000 | 5.9585 IGHV4-34 | I1GLv2-14.
P054_027 n.d. n.d. 0.7000 | >50 IGHV4-30-4 | I1GLV6-57
P054_003 n.d. n.d. 1.7900 IGHV1-2 IGKV1-33
P003_017 n.d. nd. | 1.0800 | 0.1627 IGHV3-66 | 1GKV1-9
P008_003 n.d. n.d. 0.0764 | >50 IGHV4-34 | I1GLV1-40
P008_018 n.d. n.d. | 0.0550 >50 IGHV3-66 | 1Gkv3-20
P008_042 n.d. n.d. >50 IGHV3-66 | 1Gkv3-20
P008_047 n.d. nd. | 01803 >50 IGHV3-53 | 1Gkv1-33
P008_067 nd. | 0.1700 >50 IGHV3-66 | 1GKV1-17
P008_081 n.d. nd. | 0.1159 >50 IGHV1-58 | 1Gkv3-20
P008_083 nd. nd. >50 IGHV3-66 | 1GKv1-33
P008_090 n.d. nd. | 0.0709 >50 IGHV3-53 | 1Gkv1-33
P008_108 n.d. n.d. >50 IGHV3-11 | 1Gkv1-33
P054_022 n.d. nd. | 2.4400 | 05941 | >50 IGHV4-30-2 | 1GLv2-8
P008_015 4 n.d. n.d. | 0.0553 >50 | 802 | IGHV3-9 | IGLv3-21
P008_038 4 >10 nd. | 0.1100 >50 | 423 | 1GHV1-69 | IGLv1-40
P008_087 4 n.d. nd. | 4.9600 10.4600 | 485 | 1GHV4-31 | 1Gkv1-33
P008_096 4 n.d. nd. | 9.0920 | 04106 | >50 | 50.6 | IGHV4-39 | 1GKV1-33
P008_039 5 >10 n.d. | 25.2800 >50 IGHV3-21 | 1Gkv1-12
P008_051 5 >10 nd. | 48.8200] 03000 | >50 | 745 | IGHv4-61 | 1GKV3-11
P008_052 5 >10 n.d. | 48.6500| 0.1250 | 34.6400 | 80.2 | 1GHV4-39 | IGLv2-11
P003_027 6 >10 nd. | 1.6400 [ 12.9150| >50 | 47.4 | 1GHv3-48 | 1GKV1-39
P008_007 6 >10 nd. | 0.0549 663 | IGHV3-48 | 1GLV3-21
P008_056 6 >10 n.d. >50 | 36.8 | IGHV3-21 | 1GKV1-33
P054_021 6 >10 nd. | 0.0421 51.0 | IGHV1-24 | 1GKv2-24
P008_060 |N[o] 7 >10 >10 nd. | 32,9000 0.0950 | 0.6434 | 50.7 | 1GHV3-30 | 1GKV3-20
P008_057 n.d. n.d. IGHV3-53 | 1GKV1-9
P008_070 n.d. nd. n.d. | 34.9500 | 4.0147 473 | I1GHV3-30 | 1GKV1-33
P008_076 n.d. n.d. nd. | 0.8466 | 0.0889 | 0.4648 IGHV3-13 [ IGLv2-14
P008_086 n.d. n.d. IGHV1-58 | 1Gkv3-20
P008_100 n.d. >10 nd. | 11.3000] 5.9766 38.4 | I1GHV3-30 | 1GKV3-20
P008_103 n.d. n.d. n.d. IGHV3-66 | 1Gkv1-33
P054_036 n.d. >10 nd. | 0.0549 IGHV3-53 | 1Gkv1-39
P054_050 n.d. n.d. nd. 66.6033 60.1 | 1GHv3-13 | 1GKV1-39
P003_016 n.d. 2.0000 | nd. | 01530 | 0.4494 259 | IGHV3-74 | 1GKV1-39
P003_055 n.d. >10 n.d. nd. | IGHV4-59 | 1GKV4-1
P008_001 n.d. 0.8157 1.2000 | n.d. 373 | IGHV3-49 | 1GKV1-9
P008_002 n.d. n.d. 242 | 1GHV3-9 | 1GLv3-21
P008_014. D nd. nd. | 1.8120 43.0 | I1GHV3-15 | 1GKV1-33
P008_099 n.d. n.d. 468 | I1GHV3-23 | 1GKV1-39
P054_044. n.d. >20 | 4.0000 | nd. | 0.9428 | 0.7403 467 | I1GHV1-69 | IGKV1-5
P008_004 |[W\[o] nd. >10 >10 614 | IGHV3-7 | IGKV1-5
P008_005 n.d. >10 >10 228 | IGHV3-30 | IGKV1-5
P008_006 [M\[o) n.d. >10 >10 16.0 | IGHV3-30 | IGKV1S
P008_016 nd. >10 >10 399 | I1GHV4-59 | 1GKvV3-20
P008_023 nd. >10 >10 227 | IGHV3-11 | 1GKV3-15
P008_032 (o} n.d. >10 >10 23.3 IGHV3-30 IGKV3-11
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