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Abstract

Mechanisms of antibody-mediated neutralization targeting viral glycoproteins

James A. Williams

Chair of the Supervisory Committee:
Kelly Lee

Medicinal Chemistry

The antibody response against viral glycoproteins is important for preventing many viral infections but we
lack a comprehensive understanding of the mechanisms by which antibodies act. Furthermore, the
immense antigenic variability of glycoproteins complicates the design of immunogens that must elicit
broadly neutralizing antibodies (bnAbs) capable of neutralizing a range of circulating isolates. The objective
of this dissertation is to shed light on the mechanisms of antibody-mediated neutralization of enveloped
viruses and the ability of nAbs to inhibit glycoprotein function by examining two significant human pathogens,
influenza and HIV-1. Firstly, in Chapter 2, | investigate the effect of nAb binding and the role of IgG bivalency
on inhibition of influenza’s hemagglutinin (HA) glycoprotein function for nAbs targeting distinct epitopes. |
observe that the Ab-mediated inhibition of HA function occurs by multiple complementary mechanisms, and
is largely dependent on the specific epitope that is targeted and on the bivalent nature of IgG molecules.
My work reveals that the ability of nAbs to aggregate influenza virus particles enhances the inhibition of HA
at an early stage of fusion peptide-induced membrane disruption through the occlusion of infectious virions.
Epitopes further down the HA stem do not exhibit cross-linking across separate particles, but the findings
here support a model of neutralization where bivalent binding to a sufficient amount of antigen is needed
to disrupt the cooperative network of HA required for fusion. These results demonstrate that IgG bivalency

enhances HA inhibition through functionally important modes not evident in pared-down Fab-soluble HA



structures. In Chapter 3, | solve the cryo-EM structure of the first, and currently best described, infant-
derived broadly neutralizing antibody against the HIV-1 envelope (Env) glycoprotein. We reveal that
BF520.1 binds an epitope commonly targeted by adult-derived bnAbs, namely the V3-glycan region of HIV-
1 Env. In addition, we highlight an important role in variable light chain development for BF520.1, which
occurs early during lineage maturation and makes extensive contacts with the N332 glycan. Overall, the
identification of a rapidly developed, infant bnAb is encouraging for vaccination strategies that aim to elicit
bnAbs without the requirement for a long-term maturation pathway. Finally, Chapter 4 begins to explore
BF520.1’s development through characterization of early antibody lineage intermediates. We propose that
early light chain mutations help to establish the antibody’s epitope early in development, allowing focusing
of heavy chain contacts. Overall, it is clear that future development of vaccination strategies will require in-
depth knowledge of the critical interactions between antibody and virus, a comprehensive understanding
of the mechanisms by which nAbs act, as well as familiarity with the developmental pathways bnAbs

undergo in response to a rapidly evolving, antigenically diverse virus.
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Chapter 1. Introduction

1.1 Overview

Viruses that infect humans present an immense challenge for global healthcare systems and
account for extremely high morbidity and mortality across multiple populations (1-3). As a result, the
development of effective vaccination strategies is of great importance. During natural infection, neutralizing
antibodies (nAbs) play a key role in the immune response against viral pathogens by binding to viral surface
proteins and preventing them from mediating cell entry and infection. Broadly neutralizing antibodies (bnAbs)
are of significant interest because they provide protection against most strains of a given virus.
Consequently, these bnAbs could serve as potential therapeutic agents and as guides for designing an
effective vaccine to confer long-lasting immunity. Human immunodeficiency virus (HIV-1) and influenza A
virus (IAV) are two noteworthy human pathogens that complicate the design of an effective vaccine due to
the vast global diversity among circulating strains (4-7). Nevertheless, there has been achievement in the
isolation of bnAbs that exhibit broad and potent neutralization. Demonstrated success of protection in
animal models and the suppression of HIV-1 viremia in chronically infected individuals has given hope that
suitable immunogens capable of eliciting a broad and potent antibody response can be designed (8-13).
However, the future development of such an immunogen will require in-depth knowledge of the critical
interactions between antibody and virus, a comprehensive understanding of the mechanisms by which
neutralizing antibodies act, as well as familiarity with the developmental pathways bnAbs undergo in
response to a rapidly evolving, antigenically diverse virus. Below, the major antigenic targets of nAbs for
IAV and HIV will be discussed, as will the challenges associated with eliciting a broadly neutralizing antibody

response.

1.2 The role of viral glycoproteins in virus entry

In its simplest description, viruses are infectious agents composed of nucleic acid, either RNA or
DNA, that are encapsulated by a protective protein coat. The distinguishing feature of an enveloped virus
is a host-derived lipid bilayer that is acquired when newly formed particles are released via budding at a

host-cell membrane. Considering that the lipid bilayer is derived from the host, the viral envelope acts as



an additional barrier to shield the internal components from the host immune system. As a result, the
enveloped virus must deliver the genetic cargo through fusion of the viral and host-cell membrane for
continuous rounds of replication to occur. Viral glycoproteins are presented on the surface of all enveloped
viruses. These protein machines facilitate delivery of the genetic material by functioning as a catalyst to
overcome the kinetic barrier of merging two membranes together (14, 15). The roles of viral glycoproteins
in mediating attachment to host cells and catalyzing the subsequent fusion event have been well described
for many enveloped viruses. Pre-fusion structures of attachment glycoproteins bound to their cognate
receptors have revealed the architecture of various glycoproteins that help determine the host-cell tropism,
while post-fusion structures of fusion domains highlight the dramatic conformational changes that drive the
merging of viral and target membranes. Although the overall variation amongst glycoproteins is diverse, all
act within common stages, involving attachment and triggering, leading to subsequent fusion of two
membranes. Given that viral glycoproteins are the earliest viral components detected by the host immune
system and that they have a critical role in initiating viral pathogenesis, vaccines that can elicit antibodies,
which block the glycoprotein’s functions are a highly desirable means of gaining protection against infection.
However, for viruses such as influenza and HIV-1, where vaccines that provide protection against a broad
range of viral strains (a universal vaccine) remain unavailable, the immune response is tasked with

overcoming the many evasion strategies evolved by these viruses.

1.3 Architecture of the influenza A virus

Influenza A virus is a member of the Orthomyxoviridae family of enveloped viruses that is
composed of a segmented, single-stranded, negative-sense RNA genome (16). The RNA genome is
packaged as a complex of viral polymerases and nucleoproteins, and is encapsulated by a lipid-bilayer that
is acquired from the host plasma membrane during egress from the cell (17). Two glycoproteins project
outward from the viral envelope and are the primary targets for the humoral immune system (Figure 1.1A).
Hemagglutinin (HA) is the most abundant glycoprotein on the viral surface and mediates virus attachment
through interactions with sialic acid on the host-cell surface, leading to endocytosis of the particle (18, 19).
The second surface glycoprotein, neuraminidase (NA), cleaves sialic acid from the surface of glycoproteins,

allowing egress of newly formed influenza particles from infected cells. Variation in antigenicity of these



glycoproteins has been used to classify influenza A virus into 16 HA and 9 NA subtypes. HA and NA are
divided phylogenetically into two groups, and viruses of varying combinations of HA and NA have been
isolated in avian species with potential for crossover into humans (20, 21). Both glycoproteins are the
targets of antibodies that can prevent spread of the virus; however, in contrast to anti-NA antibodies, which
act by preventing the release of progeny virus from already infected cells, only anti-HA antibodies can
effectively prevent viral entry (22). Therefore, structural characterization of HA has been the focus of
extensive research aimed at understanding the mechanisms of fusion and inhibition by neutralizing

antibodies.

1.4 Overview of influenza hemagglutinin structure

Influenza HA is initially synthesized as a single polypeptide precursor (HAQ) that is activated by
cellular proteases into a receptor binding domain, HA1, that is connected by a single disulfide linkage to
the fusion subunit HA2 (23). Binding of HA1 to sialic acid on the cell surface results in internalization of the
virus via endocytosis. Acidification of the maturing endosome directs fusion peptide release and triggers a
cascade of conformational changes, leading to fusion of the viral envelope and host-cell membrane (Figure
1.1B).

HA was the first viral antigen for which high resolution structural information was achieved, setting
a standard for how other viral glycoproteins would be studied (23). The reported crystal structure of the
soluble ectodomain of HA at neutral pH revealed a 225 kDa HA trimer made up of a globular domain of
antiparallel beta sheets (HA1), nestled atop a coiled-coil of alpha helices (HA2) (Figure 1.1). The globular
domain of each protomer forms a trimeric interface at the distal end of the glycoprotein and is thought to
stabilize HA in its prefusion conformation at neutral pH. This premise was supported by the observed
difficulty in expression of soluble forms of the HA2 fusion domain, which often spontaneously triggered into
the post-fusion conformation (24). A highly conserved, shallow groove at the apex of each HA1 subunit
forms the receptor binding domain (RBS). At the base of the RBS exist several conserved amino acids
(Tyr98, Trp153, His183, and Tyr195), two loops (130 and 220 loop), and the 190-alpha helix forming the
edges of the RBS. Mutations around the RBS are thought to be responsible for differences in receptor

affinity and specificity amongst influenza variants, and mutagenesis of as few as one amino acid has been



shown to alter receptor specificity from avian to human-like sialic acid (25-27). HA2, as it exists within the
HA trimer at neutral pH, forms the majority of the membrane proximal domain and is composed of a coiled
coil of helices connected by a linear peptide linker that forms electrostatic interactions with the base of HA1.
A series of HA2 helices and the N-terminus of HA1 form a negatively charged cavity that functions to
stabilize the fusion peptide.

More than a decade passed before the post-fusion form of HA2 would be solved. This striking
structure of a trimer of HA2 subunits illustrated the dramatic reorganization that occurs especially in this
fusion machinery subunit (28). The HA2 subunits reorganize into a six-helix bundle, juxtaposing the fusion
peptides on the same side as the transmembrane domains (29). The pH-induced refolding of HA2 has been
suggested to provide the mechanism for catalyzing membrane fusion. Although the exact number of HA
trimers required for fusion is not well understood, it is widely accepted that a functional network of several

HA trimers is required (30-33).

1.5 Neutralizing antibodies against HA

Influenza virus vaccines currently represent our best strategy for protection against influenza
infection. The majority of antibodies generated through vaccination target the membrane-distal HA1 subunit
and block attachment of HA to sialylated host receptors, suggesting that neutralization primarily interferes
with receptor engagement (22, 34, 35). The receptor binding site of HA is surrounded by several antigenic
sites that are targeted by neutralizing antibodies designated as sites A, B, C, D and E for group 2 and Sa,
Sb, Ca1, Ca2, and Cb for group 1 HA subtypes (Figure 1.2B). Although the antibodies directed against
these antigenic sites possess potent neutralizing activity, they are generally strain specific due to the rapid
evolution of influenza virus and the frequent amino acid changes occurring near the receptor binding site
of HA1. As these mutations accumulate in a process referred to as antigenic drift, the virus strain is no
longer neutralized by host antibodies, leaving the host susceptible to infection by the drifted variant. In rare
cases, it has been observed that antibodies against HA1 have the capability of cross-reactive neutralization
(36, 37). These rare antibodies target relatively invariant features within the receptor binding site; however,

they exhibit narrow specificity and are often group specific (38-41).



In contrast to the high sequence variability within the globular head domain, the membrane proximal
stalk domain of HA is highly conserved among both group 1 and group 2 influenza viruses and is composed
of the N- and C-terminal parts of HA1 and the N-terminal part of HA2 (42, 43). Antibodies against the HA
stalk are rare in humans and are generally not induced by vaccination (44, 45). It was long thought that the
HA stalk was not a significant target of the immune response, and it was not until 1993 that the first antibody
against the stalk domain, C179, was isolated afterimmunizing rats with an H2N2 influenza strain (46). C179
showed broad neutralizing activity against multiple group 1 viruses and rather than blocking receptor
binding, C179 inhibited HA’s fusion activity, suggesting an alternative mechanism of neutralization,
specifically by inhibiting pH dependent conformational changes necessary for fusion (47-49). Since the
discovery of C179, several mAbs against the HA stalk have been isolated from both humans and mice,
many of which show broad neutralizing activity against a range of influenza virus subtypes. Stalk-directed
antibodies such as CR6261 and F10 can neutralize a range of group 1 HA strains and share a common
epitope as C179, where the recognized epitope involves residues in both HA1 and HA2 (50). Group 2
specific antibody CR8020 has a distinct conformational epitope that appears further down towards the
membrane proximal region of HA and almost exclusively interacts with the C-terminal portion of the fusion
peptide and the short helix of HA2 (48).

It is speculated that differences in sequence conservation and variation of glycosylation patterns
between group 1 and 2 viruses prevent binding of C179 and F10 to group 2 viruses, as well as binding of
CR8020 to group 1 viruses. Furthermore, interactions between group 1 specific nAbs and HA are dominated
by interactions with the antibody heavy chain. In contrast, CR8020 interacts with HA using both heavy and
light chain contacts and the CR8020 epitope may be sterically occluded in group 1 isolates by an HA1 N-
linked glycan at N21. Similarly, it has been speculated that the HA1 N-linked glycan N38 in group 2 isolates
prevents binding of CR6261 and F10 (48, 51). In a remarkable finding, stalk-directed antibody F16v3 was
isolated and found to possess neutralizing capability against nearly all subtypes of influenza A virus.
Structures of FI6v3 with HAs from both groups indicated that the stem epitope has some sequence overlap
with all the other stem-directed bnAbs. The long flexible loop from the CDRH3 targets a hydrophobic groove

in the HA stem while the light chain CDRL1 targets the fusion peptide from an adjacent monomer. A unique



feature of FI6v3 is that it can also bind to the uncleaved HAO trimer, providing an additional mechanism of
neutralization against newly synthesized virions that rely on cell surface proteolysis for HA priming.

The antibody response against viral glycoproteins is important for preventing many viral infections,
but we lack a comprehensive understanding of the mechanisms by which antibodies act. The available high
resolution structures of antigen binding fragments (Fab) bound to soluble antigen constructs have
generated structural models of neutralization that mainly involves antibody/receptor competition or inhibition
of conformational changes necessary for fusion. Although these static structures reveal antibody-antigen
recognition in detail, they do not necessarily enable the functional consequences of these interactions to
be assessed. In addition, relatively few studies have characterized the interactions between full-length IgG
and whole virions, where bivalency of full-length IgG may prevent viral entry through crosslinking of
antigenic sites on the surface of a virus and through aggregation of virus particles, imparting additional
complexity not easily characterized by traditional structural methods (Figure 1.2C). These additional modes
of action may be responsible for observations that high levels of virus neutralization are often observed
even when saturation of binding sites by antibodies is not achieved (30, 52, 53). A comprehensive
understanding of the mechanisms by which Fab and full-length 1gG act to inhibit glycoprotein function are

necessary to improve the design of therapeutic strategies.

1.6 Architecture of the human immunodeficiency virus

The human immunodeficiency virus (HIV) is categorized as a lentivirus within the family,
retroviridae (54). It is an enveloped virus that contains a cone-shaped core of viral capsid proteins, which
holds two copies of viral RNA and closely associated nucleoproteins. Like other retroviruses, the HIV
genome codes for structural proteins (Gag), replication enzymes (Pol), and a surface glycoprotein that is
required for cell entry (Env). In addition, HIV also codes for several regulatory proteins, including Tat and
Rev, that are necessary to initiate HIV replication, and Nef, Vif, Vpr and Vpu, that have an impact on viral
replication, virus budding and pathogenesis (54).

Assembly of an HIV virion occurs at the host-cell plasma membrane with the HIV Gag polyprotein,
mediating all essential steps for particle assembly. Initially, the Gag polyprotein helps to form an immature

virus particle that becomes cleaved after budding by viral protease (PR) into MA, CA, NC, and p6 proteins.



This proteolysis step is essential to form a mature HIV virion that can enter and replicate in a new host cell
(55, 56). Each mature virion is spherical, with an approximate diameter of 150 nm and an estimated 10-20

Env spikes decorating the envelope surface (57, 58).

1.7 Overview of HIV-1 envelope glycoprotein structure

The HIV-1 envelope (Env) glycoprotein is the only virally encoded protein at the surface of the virus
(Figure 1.3A). It plays a central role in viral entry and is the sole antigenic target of neutralizing antibodies.
Like influenza HA and other class | fusion proteins, Env is first synthesized as a polypeptide precursor,
referred to as gp160. gp160 contains a signaling sequence at the N-terminus that directs Env to the rough
endoplasmic reticulum (59, 60). During translation, gp160 becomes extensively glycosylated with N-linked
side chains (61). Monomers of gp160 oligomerize into a trimeric glycoprotein that is further trafficked
through the secretory pathway, where high-mannose oligosaccharides undergo modifications within the
trans-Golgi network. Furin, or furin-like proteases, cleave gp160 in the Golgi, which serves as an essential
step for activation of Env fusion activity. This proteolytic processing yields a surface glycoprotein, gp120,
and the transmembrane glycoprotein, gp41, that are associated by noncovalent interactions. Therefore, the
mature Env glycoprotein exists as a homotrimer of heterodimers, consisting of gp120 and gp41 on the virus
surface. Env mediates entry into host immune cells through sequential binding of primary receptor CD4,
and co-receptor CCR5 or CXCR4. Engagement of co-receptor allows insertion of the gp41 fusion peptide
into the target membrane, followed by dramatic refolding of gp41 into a highly stable six-helix bundle that
results in the fusion of the viral and host membrane (Figure 1.3B).

The gp120 subunit exhibits a high degree of sequence variability, specifically within hypervariable
loops (V1-V5) that are interspersed with constant domains (C1-C5). Variability is driven by the rapid
reproduction of HIV-1 and the high error rate of nucleotide substitutions by the reverse transcriptase
enzyme, which is responsible for converting the viral RNA into the double-stranded DNA that is integrated
into the host chromosome (62, 63). Additionally, gp120 is highly glycosylated with glycans accounting for
approximately half of the mass. At the trimer apex are the V1/V2 loops, which are highly variable in loop
length and glycosylation sites between strains. Nestled below the V1/V2 loops is another variable loop, V3,

which forms part of the Env apex and is thought to contain part of the co-receptor binding site upon binding



CD4 (64, 65). The conserved domains, specifically C1, C3 and C4 form the major portions of the CD4
receptor binding site, and the overall architecture of gp120 can be viewed in terms of a membrane distal
outer domain and an inner domain that interacts with gp41 transmembrane domain.

The gp41 fusion domain mediates the fusion of the viral and host membrane and is organized into
three major subdomains: an extracellular domain, a transmembrane domain, and a C-terminal cytoplasmic
tail. The extracellular domain contains an a-helical coiled-coil structure referred to as heptad repeat regions
HR1 and HR2. The fusion peptide, thought to be associated within the gp120/gp41 quaternary complex,
becomes released in response to conformational changes associated with co-receptor binding. Upon
refolding that occurs during fusion, the three HR1 helices form a core helical bundle, and the three HR2
domains dock into the hydrophobic groove around the core, forming a stable six-helix bundle that promotes

fusion of the viral and target membrane.

1.8 Broadly neutralizing antibodies targeting the Env glycoprotein

During natural infection with HIV-1, the immune response generates antibodies against Env;
however, these antibodies are specific to the infecting strain (66-68). Rapid evolution of the virus allows
escape variants to continue to proliferate, despite this initial antibody response, causing the immune system
to battle rounds of increasing antigenic diversity. In a subset of chronically infected adults, the continuous
interplay of ‘antibody response’ and ‘immune evasion’ results in the production of antibodies that can
neutralize a broad range of these antigenically diverse viruses. Over the past several years, these potent
bnAbs have been isolated and characterized from multiple subjects and can be categorized into five groups,
targeting distinct epitopes (Figure 1.4A) (69-76). The first epitope is the CD4 binding site, where bnAbs
such as VRCO1 block Env binding to the primary receptor (72, 77-80). Antibodies targeting the V1/V2 apex
region of Env represent a second commonly targeted bnAb epitope. These antibodies include PGT145 and
PG9-like antibodies that recognize both protein and glycan elements in V1/V2 (73, 81-83). The third epitope
is the V3 region, which is a glycan-rich patch centered around the N332 glycan and has been referred to
as a supersite of immune vulnerability due to the epitope’s accessibility at the perimeter of Env, which
allows multiple binding modes and various angles of approach (84). This class of bnAbs make significant

contacts with V3 glycans as well as a conserved GDIR sequence within the V3 loop (76, 84-87). The fourth



group targets the gp120/gp41 interface and includes the PGT151 series of bnAbs and 8ANC195 bnAb (88-
90). Finally, the last group of broadly neutralizing antibodies target the membrane proximal external region
(MPER) of gp41. MPER-specific bnAbs, such as 10E8, bind to protein segments adjacent to the viral
membrane and are suggested to inhibit refolding of gp41 (71, 91). For many bnAbs, binding the closed
prefusion form of Env has been suggested to be a correlate of neutralization potency and it is likely that
stabilization of the prefusion structure is the primary mechanism for how bnAbs act (92).

Together with the identification of commonly targeted broadly neutralization epitopes,
characterization of the isolated bnAbs revealed common features associated with bnAb development that
pose a challenge towards vaccine design meant to elicit similar antibodies (Figure 1.4B). One such
challenge is that adult-derived bnAbs develop over years of chronic infection and acquire significant levels
of somatic hypermutation (SHM) during antibody maturation (93). Furthermore, in rare cases, bnAb
development includes insertions or deletions (Indels) that are localized to antibody CDR-loops—most
commonly within CDRH3, which is thought to allow penetration through glycans in order to contact
conserved protein epitopes (94, 95). Although the frequency of indels among somatic mutations in the
normal human B cell repertoire is small, they are found in high frequency among bnAbs isolated from HIV-
1 infected adults (96-98). However, the potential auto-reactivity of highly mutated antibodies is yet another
challenge when attempting to induce similar bnAbs due to negative selection of such antibodies in normal
B-cell development (99-101). It has recently been observed that infants are capable of mounting a bnAb
response against HIV-1 and do so rapidly, within the first year of infection (102, 103). This unique ability of
infants to generate a rapid response may suggest that bnAbs responsible for breadth have distinct features
relative to adult HIV-1-specific bnAbs such as lower somatic hypermutation. BF520.1 is a bnAb isolated
from a HIV-1 infected infant that contributed to plasma breadth within the first year of infection (102).
BF520.1 developed rapidly, exhibits low levels of SHM (6%), and neutralized 58% of isolates tested. Prior
to our work herein, it was unclear if infant-derived bnAbs bind to novel epitopes or to similar epitopes of
highly matured bnAbs isolated from adults. While adult HIV-1 bnAbs have been extensively characterized,
high resolution information of the interactions between infant bnAbs is not known. Identification of bnAbs
such as BF520.1 provides hope that a similar response can be induced by vaccination through germline

targeting immunogen design; however, the future development of such an immunogen requires a



comprehensive understanding of critical interactions between infant-derived bnAbs and Env, and an in-

depth knowledge of the developmental pathway during infection.

1.9 Cryo-electron microscopy single-particle techniques

Cryo-electron microscopy (Cryo-EM) has become one of the most widely used tools for the
structural determination of biological samples at near-atomic resolution. This structural technique can be
used to solve structures across a wide range of molecular mass from individual proteins and protein
complexes, to virus particles and to whole cells. Developed in the 1980s, the specimen preparation method
by Dubochet and colleagues involved the rapid vitrification of biological specimens by exposing the sample
to liquid nitrogen cooled ethane (104). The vitrified sample was found to be preserved in a near-native state
and appeared free from damage associated with dehydration and absorption to a support layer that was
commonly observed in earlier electron microscopy approaches.

Achieving high resolution structures using single-particle cryo-EM requires that thousands of high-
quality images of identical copies of the sample are collected and computationally averaged together. These
requirements have recently been met with advances in data collection and image processing algorithms,
resulting in thousands of generated three dimensional structures (105-108). Specifically, the development
of direct-electron detector devices (DDD) made a tremendous impact within the field of cryo-EM. As the
name suggests, a DDD can directly detect incident electrons and read their occurrence at a high frame rate
(109, 110). Concomitant with data collected using DDD is the implementation of motion correction
algorithms to correct for beam-induced movement of the specimen that occurs during image acquisition,
elegantly illustrated by Grigorieff and colleagues using rotavirus particles (111, 112). Furthermore, powerful
classification methods have been developed to segregate heterogeneous samples, allowing more precise
alignment of identical proteins, resulting in higher resolution structures (105, 106).

In addition to the heterogeneity in protein structure, glycosylated proteins have been especially
difficult to structurally characterize due to the nature of glycan composition, which can be extremely diverse,
and may contain a significant degree of conformational flexibility. For this reason, structures determined by
X-ray crystallography often involve the removal of glycans through mutagenesis or by treatment with

glycosidases (113, 114). However, glycan density can be resolved in instances where the glycan is
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stabilized by interactions, such as the case with Env and antibody Fab domains (76, 85). Cryo-EM has
made strides in overcoming limitations associated with glycan flexibility. A major achievement in Env
glycoprotein structure was made in 2013, when structural elements of a fully glycosylated Env construct
were visualized and density corresponding to glycans could be observed (115). Due to flexibility, not only
of glycans, but also in the inherent dynamics of the Env protein, the resolution of Fab:Env complexes has
been limited to ~4 A to 6 A; however, a recent 3.1 A cryo-EM was obtained of a highly stable complex (87,

115-117).

1.10 Cryo-electron tomography of complex biological specimens

Cryo-electron tomography (Cryo-ET) has been instrumental in the visualization of enveloped
viruses that exhibit pleomorphic structure unsuitable for traditional single-particle techniques with the
resolution being sufficient to distinguish different forms of viral surface glycoproteins alone and in complex
with antibody (31, 118-121). Much like single-particle approaches, the technique first requires vitrification
of the biological specimen to ensure the preservation of the specimen in a frozen hydrated state prior to
transferring the specimen into the electron microscope. The specimen is then rotated around a defined tilt
axis, and a series of two dimensional projections are collected over a maximal range of 140° between +70°.
The inability to collect a full £90° tilt range, due to mechanical constraints in the microscope and hardware
that holds the grid, results in loss of structural information, leading to an artifact called the ‘missing wedge’.
Furthermore, because a single specimen is being imaged multiple times throughout the tilt collection, low
dose imaging is used to avoid radiation damage to the sample, and for many biological specimens, a total
dose of <120 e /A%is a common target. The missing wedge effect, along with damage to the specimen from
prolonged exposure to incident electrons, reduces the achievable resolution by cryo-ET which is estimated
to be ~ 1nm. Alignment of the projection images is commonly performed using fiducial markers such as 10
nm colloidal gold beads. Once aligned, the tilt-series is used to reconstruct the final 3D volume, or tomogram,
using weighted back-projection algorithms.

In the study of influenza viruses, cryo-ET has been widely used in observing particle morphology,
glycoprotein distribution on the surface of the virus, and the arrangement of internal viral components.

Furthermore, budding of influenza particles from cellular membranes has been informative about the
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influence of viral proteins on particle morphology, as well as the organization of assembled particles upon
release of progeny virus (118, 122-124). Use of cryo-ET has also furthered our understanding of HA-
mediated membrane fusion itself. Recent studies have shed light on transitions that occur at low pH, such
as matrix layer dissociation and thinning of the HA stalk, suggesting capture of intermediate HA
conformations (125). In addition, a recent study characterized the sequence of events occurring at different
stages of fusion at low pH, from initial contact between virus and target membrane to fusion pore formation
(31, 125-130).

Where single-particle analysis has revealed in detail the interactions between antibody Fab
fragments and isolated antigens, cryo-ET provides an opportunity to observe interactions that occur
between full-length antibodies with whole particles. Although a few studies have investigated the binding of
antibodies and the accessibility of epitopes on the virus surface, the functional consequence of binding as
it relates to neutralization has been largely unexplored (131, 132). A major focus of this dissertation employs
cryo-ET to visualize the complex interactions that occur between full-length antibodies and whole-virus
particles. Together with biophysical methods, cryo-ET is used to discern the mechanisms by which

neutralizing antibodies targeting distinct HA epitopes act to inhibit HA function.
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Figure 1.1: Architecture of the influenza A virus. (A) The virus surface is coated with a dense layer of
hemagglutinin (HA) glycoproteins. Neuraminidase, although at much lower density, is also present on the
virus surface. A single HA trimer is expanded to highlight the receptor binding domain (HA1) and the fusion
subunit (HA2). (B) HA fusion is triggered by low pH. Upon exposure to low pH, the fusion peptide inserts
into the target lipid. Upon uncaging of the HA1 trimeric interface, HA2 undergoes dramatic refolding that

results in the fusion of the viral and target membrane.
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Figure 1.2: Complex binding of IgG to HA depends on the epitope targeted. (A) lllustration of the bivalent
Fab presentation of full-length IgG. Heavy chains (tan) and light chains (dark brown) are shown for clarity
with constant (CH and CL) and variable domains (VH and VL) labeled. Isolated Fab fragments are
traditionally complexed with antigen for high resolution structure determination. (B) Antigenic sites of HA
trimer from H3 subtype used in this study. HA1 epitopes SA (green), SB (blue), SC (orange), SD (purple),
SE (red) are highlighted for clarity. HA2 epitopes targeted by FI6 (pink) and CR8020 (aqua marine) are also
shown. (C) Bivalent Fab presentation by IgG allows complex binding that enhances IgG mediated
neutralization. Depending on the epitope targeted, IgG may crosslink HA on a single particle, or aggregate
particles together (left). HA2 directed antibodies only crosslink adjacent HAs on single particles (right) due

to the epitopes location further down the HA stem.
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Figure 1.3 Architecture of HIV-1. (A) The HIV-1 virus nucleocapsid is surrounded by an internal matrix layer
(MA) bound to the lipid bilayer. The surface of HIV-1 is sparsely decorated with Env proteins. A single Env
trimer is expanded to highlight the receptor binding domain (gp120) and the fusion subunit (gp41). (B)
Fusion by Env is triggered by co-receptor engagement. Env first binding to primary receptor CD4, which
exposes the co-receptor binding site. Upon engagement with co-receptor (CCR5), gp41 undergoes
dramatic refolding into a six-helix bundle hairpin (6HB), resulting in the fusion of the viral and target

membrane.
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Figure 1.4: Broadly neutralizing antibodies targeted HIV-1 Env. (A) Isolation of bnAbs from chronically
infected adults reveal five common epitopes that are targeted. These sites are the V1/V2 apex (red), V3-
region (blue), CD4 binding site (purple), gp120/gp41 interface (green), and the membrane proximal external
region (MPER). The MPER epitope is truncated on most Env trimer constructs; therefore, the domain is
represented as a dashed circle before Env, adjacent to the lipid bilayer. (B) The crystal structure of PGT128
is shown to highlight both the heavy (blue) and light chain (aqua marine) domains. CDRH Loops are shown
in green and CDRL loops are shown in yellow. The majority of adult-derived bnAbs occur after several
years of infection and exhibit high degrees of somatic hypermutation (SHM), long CDRH3 loops, as well as

insertions and deletions.
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Chapter 2. Dissection of epitope-specific mechanisms of neutralization of virus by intact IgG and

Fab fragments

The text in this chapter has been modified slightly from © American Society for Microbiology, Journal of

Virology, Vol. 92(6), 2018. doi: 10.1128/JVI1.02006-17.

2.1 Introduction

Neutralizing antibodies (nAbs) play a key role in the immune response against viral pathogens by
binding to viral surface proteins and preventing them from mediating cell entry and infection. The influenza
virus hemagglutinin (HA) fusion glycoprotein is the dominant surface antigen and primary target of nAbs
with an estimated abundance of ~300 to 500 HA glycoproteins per virion (1-3). HA is expressed as a single
polypeptide chain, HAO, which trimerizes to form a 225-kDa spike on the virus surface (4). Each HAO chain
is cleaved by host proteases into the receptor binding domain, HA1, and the fusion subunit, HA2 (Fig. 2.1).
HA mediates cell entry by binding to sialic acid on cellular glycoproteins and glycolipids, initiating
internalization through endocytosis (4). As the endosomes mature, their lumens acidify, triggering HA to
undergo a large-scale conformational change that drives the fusion of viral and endosomal membranes and
generates a fusion pore through which the viral genetic material is delivered to the cytosol (4-7).

We are beginning to shed light on the mechanisms of antibody (Ab)-mediated neutralization, yet
much of our understanding is based upon high resolution structural studies of antigen binding (Fab)
fragments in complex with soluble, isolated antigen constructs (8). Structures for several neutralizing
antibodies against HA have been reported (9-13). Based upon high resolution structures of Fab-HA
complexes, it is usually inferred that the blockage of receptor binding sites or inhibition of conformational
changes required for membrane fusion is responsible for neutralization. The static structures reveal
antibody-antigen recognition in detail but do not necessarily enable the functional consequences of these
interactions to be assessed. Recent structural and biophysical studies have begun to reveal the nature of
the structural calisthenics performed by the HA fusion protein as well as the sequence of HA-induced
membrane remodeling that leads to membrane fusion (5-7, 14, 15). With these new insights into fusion

machinery function, it is possible to analyze mechanisms of the antibody-mediated disruption of these

26



dynamic events that are essential for virus entry into cells. In addition, relatively few studies have
characterized the interactions between full-length IgG and whole virions, where these modes of interaction
are distinct from the picture provided by isolated Fab fragments due to the bivalency of IgG molecules and
the multivalent display of antigens on the surface of most virus particles. Although the binding of IgG to
antigens presented on the surface of the virus has been observed in some previous studies (16, 17), we
are left with an incomplete picture of the relationship between IgG bivalency and mechanisms of inhibition
of virus function. Interactions between intact IgG and proteins on the surface of the virus may increase
binding avidity as well as expand the modes of neutralization through the cross-linking of antigenic sites on
the same viral particle or on separate particles that lead to aggregation. These additional modes of action
may be responsible for observations that high levels of virus neutralization are often observed even when
saturation of binding sites by antibodies is not achieved (18-20).

Here, we examine the interaction of two nAbs targeting different sites on the HA fusion protein
presented on intact influenza virus. HC19 targets the receptor binding domain (RBD) on membrane-distal
HA1, while FI6v3 targets the HA2 fusion subunit on the HA stalk (10, 13). We hypothesize that due to the
location of the HC19 epitope on the highly-exposed end of HA, the bivalency of IgG could enhance its
mechanism of action by aggregating virus particles and by cross-linking adjacent HA trimers on a virion. In
contrast, the epitope for FI6v3 is located further down along the HA spike, where it may be unable to reach
across to HA on a separate particle (Fig. 2.1B) (13). More specifically, we seek to investigate the effect of
antibodies targeting these distinct epitopes on the ability of HA to undergo the conformational changes
required to drive membrane fusion to completion. In addition, we examine the impact of bivalency on the
ability of IgG to arrest infectivity by comparing the neutralization of virus by intact IgG and monovalent Fab
domains. We report that the inhibition of specific stages of HA-mediated fusion, starting with membrane
disruption caused by fusion peptide insertion and followed by lipid mixing, leading to pore formation as well
as virus infectivity, showed dramatic differences for Fabs and intact IgG. These results suggest a pivotal

and complex role for bivalency in effecting antibody neutralization of virus entry.
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2.2 Materials and Methods

2.2.1 1gG purification and Fab preparation

nAb HC19 was transiently expressed by using the FreeStyle 293F expression system (Life
Technologies), while FI6v3 was constitutively expressed from a stable HEK293F cell line. Plasmids
encoding HC19 IgG and the stable cell line expressing FI6v3 IgG were kindly provided by Jesse Bloom at
Fred Hutchinson Cancer Research Center (Seattle, WA). After production in HEK293F cells, secreted IgGs
were isolated by centrifugation and further purified from the cell culture supernatant by gravity flow over
protein A-agarose resin. IgGs were eluted from protein A by using 100 mM glycine buffer (pH 2.0). Fractions
were analyzed by SDS-PAGE, pooled, and concentrated by using Vivaspin 2 centrifugal concentrators.
Purified 1gG was further digested into Fab domains by papain digestion (Pierce Fab preparation kit), and
purified from Fc fragments and undigested IgG by gravity flow over protein A resin. Fractions were pooled

and analyzed by SDS-PAGE to assess purity.

2.2.2 Influenza virus purification

X31 (H3N2) influenza A virus grown in allantoic fluid of embryonated chicken eggs and purified by
density gradient centrifugation was purchased from Charles River Laboratories. Virus stocks (2 mg/ml)
were centrifuged at 2,320 relative centrifugal force (rcf) at 4°C for 5 min to remove residual egg protein
contaminants. Virus in the supernatant was pelleted by centrifugation at 25,000 rcf for 60 min at 4°C and
resuspended in HEPES-buffered saline (HBS) (pH 7.5) (150 mM NaCl, 50 mM citrate, 10 mM HEPES, 0.02%
NaNj3). For influenza virus used in fluorescence assays, the supernatant containing the virus was mixed
with lipophilic tracer dye Vybrant DiD (1,1'-dioctadecyl-3,3,3',3'-tetramethyl-indodicarbocyanine,4-
chlorobenzenesulfonate salt) cell-labeling solution (Invitrogen) at a final dye concentration of 2.5% (vol/vol)

for 60 min at 37°C prior to the final centrifugation.

2.2.3 HA quantitation

The concentration of trimeric HA in influenza virus stocks was determined by Western blot analysis
using bromelain-released HA ectodomain (BHA) as a protein standard. X31 virus and known quantities of
BHA (quantified by the A280) were run on NuPAGE 4% to 12% Bis-Tris gels and subsequently transferred

to Immobilon-P polyvinylidene difluoride (PVDF) membranes (Millipore). After transfer, membranes were
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blocked with 5% nonfat dry milk buffered in Tris-buffered saline (TBS) (pH 7.2)-150 mM NaCl-0.1% Tween
20 (TBST). Anti-HA-tagged antibody (Millipore) was diluted in blocking buffer at a 1:2,000 dilution and
incubated with membranes for 1 h at room temperature. After incubation with primary antibody, membranes
were washed with TBST. After washing, horseradish peroxidase (HRP)-conjugated protein G was diluted
in blocking buffer at a 1:5,000 dilution and incubated with membranes for 1 h. Membranes were washed
with TBS and developed by using enhanced chemiluminescence (ECL) detection methods. The band
density for HA was measured and the concentration was calculated by using ImageJ software for gel

analysis (21).

2.2.4 Antibody-mediated neutralization of virus measured by a TCID50 assay

X31 (H3N2) influenza A virus mixed with either IgG at a 1:1 molar ratio or Fab at a 2:1 molar ratio
to the HA trimer presented on the surface of the virus was incubated for 10 min at 37°C. The use of a 2:1
(Fab/HA) ratio offers a better comparison in our assay by accounting for the bivalent presentation of Fab
on IgG and the number of potential interactions with the antigen. Samples of influenza virus without antibody
were treated identically as a control. Neutralization was measured by a TCID50 assay in a 96-well-plate
format. In the initial well of a column, 10 pl of the sample was added to 90 ul of influenza growth medium
(IGM) (20 ml bovine serum albumin [BSA], 5 ml penicillin-streptomycin, 500 ul of 100 mg/ml CaCl,, 50 ul
fetal bovine serum [FBS], and up to 500 ml of Opti-MEM). The total amount of HA from the virus in each
initial well was 14.4 pug. The sample was then serially diluted 1:10 down the column of the plate. A 50 pl
volume of 105 MDCK-SIAT1-TMPRSS2 cells/ml (referred to as “MDCK cells”) was added to each well.
Four columns were used per sample in each replicate. Plates were incubated at 37°C and scored for
cytopathic effects at 72 h post-infection. Viral titers were calculated by Reed-Muench analysis implemented
by the Python script at https://github.com/jbloom/reedmuenchcalculator. A total of 4 to 5 replicates for each

sample was used for the statistical calculation of P values between groups by analysis of variance (ANOVA).

2.2.5 Dynamic light scattering

Dynamic light scattering measurements were performed by using a Dynapro Nanostar instrument
(Wyatt Technologies, Santa Barbara, CA). IgG or Fab was titrated into purified X31 influenza virus at the

desired molar ratios of Ab to HA prior to addition to a low-volume quartz cuvette. For DLS measurements,
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the HA concentration was kept constant at 100 ug/ml. Concentrations of polyclonal Ab in serum in response
to infection are estimated to be on the order of 1 mg/ml (22); however, concentrations of monoclonal Ab
are not easily quantified. Therefore, concentrations of IgG ranging from 0.1 to 100 pug/ml, consistent with
quantities used in previous neutralization assays, were examined (23, 24). Measurements were taken over
the course of an hour at 25°C, and the mean estimated radius at each time point was calculated from 10

individual measurements.

2.2.6 Liposome preparation

Liposomes composed of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) lipid and 25%
cholesterol (molar ratio to DOPC), and decorated with 5% ganglioside (molar ratio), aNeu5Ac(2-
3)bDGalp(1-3)bDGalNAc(1-4)[aNeu5Ac(2-3)IbDGalp(1-4)bDGlcp(1-1)Cer (gD1a), serving as a sialic acid
receptor for the HA glycoprotein, were prepared by lipid extrusion, according to a previously described
protocol (5). DOPC, cholesterol, and gD1a were combined from chloroform stock solutions and dried under
nitrogen gas. The lipid films were resuspended in buffer containing 25 mM SRB dye, 150 mM NaCl, 10 mM
HEPES, 50 mM sodium citrate (pH 7.5), and 0.02% NaNj. After 10 freeze-thaw cycles in liquid nitrogen,
liposomes were extruded 29 times through a 100-nm polycarbonate membrane (Avanti Polar Lipids).
Extruded liposomes were passed over a PD-10 desalting column (GE Healthcare) and stored in pH 7.5
HEPES-citrate buffer. DLS was used to measure the average diameter and polydispersity of the liposomes

at room temperature. The liposome diameter ranged from 165 nm to 182 nm, with low polydispersity.

2.2.7 Biolayer interferometry

Binding kinetics of HC19 and FI6v3 IgGs and Fabs with trimeric BHA were determined by using
BLI on an Octet Red system (FortéBio). Hydrated anti-human Fab-CH1 biosensors were immobilized for 4
min with purified IgG or Fab diluted to 10 ug/ml in phosphate-buffered saline (PBS) (pH 7.4) supplemented
with 1% BSA, 0.03% Tween 20, and 0.02% NaNj;. After reaching a stable baseline, antibody-immobilized
tips were moved to wells containing a 2-fold dilution series of trimeric BHA to monitor association for 4 min.
Tips were moved back to wells containing buffer to monitor dissociation for 8 min. Kinetic data were

analyzed by using FortéBio Data Analysis 7.0 software. Average measurements from reference wells were
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subtracted, and data were processed by Savitzky-Golay filtering prior to fitting using a 1:1 binding model.

Reported values are averages of data from experiments repeated in triplicate.

2.2.8 Fluorescence spectroscopy

For fluorescence-monitored membrane fusion assays, DiD-labeled virus was incubated with IgG or
Fab at 22°C for 30 min to allow complexes to form. The virus-antibody mixture was then added to an excess
volume of liposomes that encapsulate SRB and transferred to a 40-ul fluorescence microcuvette. The
reaction mixture was incubated at neutral pH at 37°C for 10 min to allow liposomes and the virus to reach
a stable baseline. We have observed from our recently reported studies that pH 5.25 irreversibly triggers
HA and provides optimal dequenching profiles in fluorescence fusion assays; therefore, fusion of the virus
and liposomes was initiated by decreasing the pH to 5.25 by the addition of buffer containing 150 mM NaCl,
10 mM HEPES, 50 mM sodium citrate (pH 3.0), and 0.02% NaNj; (5, 6, 14). Measurements were collected
on a Varian Cary Eclipse spectrophotometer using excitation/emission wavelength pairings of 644/655 nm
for DiD and 565/586 nm for SRB, with 2.5-nm slit widths, at 37°C.

Once the target lipid becomes perturbed by insertion of the fusion peptide, leakage of SRB from
the hydrophilic compartment of the liposome relieves fluorescence quenching. Lipid mixing occurs as the
virus and liposome fuse, and DiD dye diffuses through a larger membrane, where fluorescence
dequenching is monitored. Fluorescence dequenching of SRB and DiD was normalized by using the
formula [F) — Fo)l/[Fmax) = Fo)], Where F(q) is the fluorescence reading prior to acidification and Fmax) is the
fluorescence reading after complete dequenching by the addition of Triton X-100 detergent to a final

concentration of 1%.

2.2.9 Negative-stain electron microscopy of influenza virus

The HA concentration in spin-purified X31 influenza virus was determined by Western blot analysis.
X31 influenza virus at 100 ug/ml (HA) was adsorbed onto glow-discharged C-Flat, 300-mesh, Cu grids
(Electron Microscopy Sciences) and stained by using methylamine tungstate (Nano-W; Nanoprobes). Grids
were imaged on a Tecnai T12 electron microscope operating at 120 keV and equipped with a 4k-by-4k
charge-coupled-device (CCD) camera at a magnification of x42,000, corresponding to a pixel size of 2.60

A per pixel.
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2.2.10 Negative-stain electron microscopy of the Fab:BHA complex

The ability of Fab to stabilize prefusion BHA under fusion-activating conditions was assessed by
performing reference-free 2D classification of the Fab:BHA complex under neutral and acidic pH conditions
using the EMAN 2.1 image processing suite (25). In short, a 3-pl aliquot of the Fab:BHA complex at pH 7.4,
or with the pH adjusted to 5.25 for 10 min, was applied to glow-discharged C-Flat, 300-mesh, Cu grids
(Electron Microscopy Sciences) and stained by using Nano-W. Data were collected by using a Tecnai T12
transmission electron microscope operating at 120 keV. Images were taken by using a Gatan 4k-by-4k
CCD camera at a magnification of either x67,000 or x52,000 and a defocus range of -3 to -1 ym,
corresponding to a pixel size of 1.60 A or 2.07 A per pixel, respectively. Particles were selected by using
interactive particle picking from ~100 micrographs. Particle stacks of ~8,000 particles were created and
subjected to reference-free 2D classification and clustering to generate 50 2D classes. Representative class

averages for each sample were chosen for clarity.

2.2.11 Cryo-EM and tomography processing

Purified virus, 10-nm colloidal gold beads (Electron Microscopy Sciences), and purified IgG were
combined at the desired ratios of Ab to HA. The combined solution was incubated at room temperature for
5 min prior to addition to glow-discharged holey carbon-coated grids (C-flat, 200 mesh; Electron Microscopy
Sciences) and plunge- frozen in liquid ethane by using a Vitrobot Mark IV specimen preparation unit (FEI
Co.).

Vitrified grids were imaged at 200 keV in an FEI Tecnai F20 transmission electron microscope
equipped with a 4k-by-4k CCD camera at a nominal magnification of x50,000 (and binned by a factor of 2,
yielding a pixel size of 4.4 A per pixel) or a Gatan K2 Summit direct detector in counting mode at a calibrated
magnification of x11,500, corresponding to a pixel size of 3.2 A per pixel. Images were acquired at a 3-ym
defocus, and specimens were tilted in 2° increments from 58° to -58° by using the Leginon software
package (26). The total electron dose for the entire tilt series was estimated to be ~80 electrons/A?. The K2
image frames were aligned prior to tomographic reconstruction (27). Tomograms were reconstructed by
using the weighted back-projection method in the IMOD software package (28) and denoised as previously

described (5).
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2.3 Results

2.3.1 Binding affinities of IgG and Fab for soluble bromelain-released HA

The affinity of bromelain-released HA (BHA) for HC19 and FI6v3 (IgG and the respective Fab) was
determined by using biolayer interferometry (BLI) (Fig. 2.2). For BLI data collection, assays using anti-
human Fab-CH1 biosensors were used to capture both IgG and isolated Fabs in our study. Anti-human Fc
biosensors capturing IgG were also tested, yielding rates of association (k,,) similar to those for isolated
Fab; however, rates of dissociation (kg;s) for IgG could not be accurately determined. We chose to use the
anti-human Fab-CH1 biosensors as the common means of capturing both Fab and IgG in order to make
the experiments and observed binding kinetics as comparable as possible.

BHA binds HC19 IgG and isolated Fab with nanomolar affinities (3.25 nM and 1.13 nM,
respectively). The variance in the affinities between HC19 IgG and Fab is attributed to an accelerated ks
for IgG (Fig. 2.2B). ko, values were similar for both HC19 IgG and Fab, and no avidity effects were detected
for captured IgG when loading densities of 3 pg/ml, 5 yg/ml, and 10 pg/ml were compared. For FI6v3, the
kon and kgs of BHA were similar and yielded only a modest difference in the Kp (equilibrium dissociation
constant) values (Fig. 2.2B). Overall, BLI shows that digestion of IgG into monovalent Fab does not impact
the antibody paratope. The Fabs bind with affinities similar to those of full-length 1gG, suggesting that any
differences between IgG and Fab in subsequent experiments are due to the effects of bivalent Fab

presentation by IgG and not a change in the Fab domain's capacity to bind HA.

2.3.2 Inhibition of HA-mediated membrane disruption and fusion activities by IqG and Fab

Fluorescence spectroscopy was used to monitor HA-mediated fusion between influenza virus and
liposomes, and to compare the inhibitory effects of IgG and Fab fragments, targeting two distinct epitopes
on HA. DiD (1,1'-dioctadecyl-3,3,3',3'-tetramethyl-indodicarbocyanine,4-chlorobenzenesulfonate salt)-
labeled virus was preincubated with IgG or Fab at the desired Ab/HA ratios prior to the addition of
sulforhodamine B (SRB)-encapsulating liposomes. Following the mixing of these components, the solution
was acidified to trigger HA activation. The fluorescence assay enables us to monitor two stages of HA

activity: (i) fusion peptide insertion into the target liposomal membrane, which leads to leakage and
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fluorescence dequenching of the encapsulated SRB dye, and (ii) lipid mixing of the merged membranes
that occurs during fusion pore formation, reported by DiD dequenching (5, 6).

Increasing molar fractions of IgG and Fab relative to a constant amount of HA led to the increased
inhibition of HA activities. Comparison of fusion peptide disruption of target membranes, monitored by SRB
dequenching for HA1 head domain-targeting HC19 IgG and Fab, demonstrated that bivalent IgGs were
more potent in their ability to reduce apparent HA activity than were monovalent Fabs, where levels of
activity were only modestly diminished relative to those of the control (Fig. 2.3A). At the highest
concentration of full-length IgG or Fab, SRB leakage was reduced by ~75% for IgG, compared to only ~20%
inhibition for Fabs. A substantially smaller difference between IgG- and Fab-mediated inhibition was
observed for the lipid-mixing stage of HA-mediated membrane fusion, which was inhibited to similar extents
for both intact IgG and Fab (~85% and 74% for IgG and Fab, respectively) (Fig. 2.3B). Thus, it appears that
intact HC19 IgG could effectively inhibit both an early stage of fusion peptide-induced membrane disruption
and the later stage of lipid mixing of HA-mediated membrane fusion, while the Fab fragment was effective
only in inhibiting lipid mixing, while permitting significant fusion peptide interactions with and disruption of
membranes.

For the stem-targeting broadly neutralizing antibody (bnAb) FI6v3, the Fab fragment showed a
significantly reduced ability to inhibit fusion peptide-induced membrane disruption, monitored by SRB
dequenching, compared to IgG, even at concentrations approaching saturation, ~40% and ~70%,
respectively (Fig. 2.3C). Late-stage lipid mixing, as indicated by DiD dequenching, was potently inhibited
by intact FI6v3 IgG, while surprisingly, FI6v3 Fab was far less effective in inhibiting membrane fusion, even
at concentrations approaching equivalence with the binding sites on HA, 90% versus 50%, respectively
(Fig. 2.3D). The presentation of the Fab domains in the context of intact, bivalent IgG thus appears to play

a prominent role in the stem-targeted antibody's ability to arrest HA-mediated membrane fusion activity.

2.3.3 Neutralization of influenza virus by bivalent IgG versus monovalent Fab

The inhibitory activity of HC19 and FI6v3 (both IgG and Fab) on influenza virus infection was
evaluated by measuring the 50% tissue culture infective dose (TCID50) of X31 influenza virus. We

hypothesized that neutralization would follow a profile similar to that for fluorescence fusion assays. A molar
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ratio of 1:1 (IgG/HA) was chosen, where HA would not be completely inhibited and a degree of fusion
activity would remain. In the case of Fabs, the concentration was selected to include the equivalent number
of Fab copies as present in IgG (two Fab copies per IgG copy); thus, the molar concentration of Fab was
2-fold higher than that of IgG.

Both HC19 and FI6v3 intact IgGs displayed strong neutralizing activity against X31 influenza virus,
where 70% and >95% neutralizations were achieved, respectively (Fig. 2.4). FI6v3 was more efficient at
inhibiting virus infectivity, even at an IgG/HA trimer ratio of only 1:1, suggesting that stem-directed
antibodies require an occupancy of only a fraction of the binding sites to achieve potent neutralization.
Antibodies such as HC19 that target the RBD may require a higher occupancy of binding sites to achieve
levels of neutralization similar to those of FI6v3.

HC19 1gG and Fab exhibited differences in the extents of neutralization that paralleled the trends
in the inhibition of HA function observed in fluorescence fusion assays. HC19 IgG neutralized 70% of virus
infectivity, compared to only 40% neutralization by an equivalent number of monovalent Fabs. Even larger
differences in neutralization between IgG and Fab were observed for the stem-directed antibody FI6v3.
More than 95% neutralization efficacy against X31 influenza virus was observed for FI6v3 IgG; however,
no significant neutralization by Fab was detected. Overall, bivalent interactions by IgG appear to play a

pivotal role in the antibody's ability to effectively neutralize influenza virus and prevent infection of cells.

2.3.4 Imaging of Fab:BHA complexes under neutral and acidic pH using negative-stain EM

Negative-stain transmission electron microscopy (EM) imaging was performed on Fab:BHA
complexes at pH 7.5 and 5.25 to assess the impact that Fab binding may have on BHA'’s ability to undergo
the acidic-pH-triggered conformational changes that are required to mediate fusion. Class averages of
~8,000 BHA trimers at pH 7.5 exhibit the characteristic prefusion “peanut-shaped” structure that is observed
on the surface of virus particles (Fig. 2.5A). After adjusting the pH to 5.25 for 10 min, BHA aggregates into
rosettes commonly observed in solubilized fusion glycoproteins due to the formation of the stable postfusion
helical bundle with tightly clustered fusion peptides (29-31).

Imaging of HC19 Fab bound to BHA showed classes of particles where Fab density could be

observed projecting from the receptor binding domain on HA1 (Fig. 2.5B). The HC19 Fab:BHA complex at
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pH 7.5 displays a prefusion organization for the spike that was similar to that observed with BHA alone.
After HC19 Fab and BHA were complexed for 1 h, the pH was adjusted to pH 5.25 for 10 min prior to grid
preparation and imaging. Classification of particles shows that the acidified complex retains an organization
similar to that of the neutral-pH complex, indicating that the binding of HC19 to BHA stabilizes the trimer in
a state that is similar to that of the prefusion form, in which the HA spike remains largely intact (Fig. 2.5B).
A modest narrowing of the base of the BHA stem is observed under acidic conditions with HC19 bound,
which would be consistent with previous low-resolution imaging of HA-intermediate states on the surface
of intact influenza virions, which suggested that the fusion peptide-associated regions were released from
the main stem body and otherwise maintained an intact prefusion-like HA spike under activation conditions
(32).

For FI6v3 Fab, density in the negative-stain EM images could be observed projecting from the HA2
fusion domain, consistent with the reported Fab-HA structure (13). Under neutral conditions, the BHA trimer
remained in its prefusion form. The proposed mechanism of action for stem-directed antibodies is to prevent
HA from undergoing critical changes necessary for fusion, and indeed, after exposure to acidic pH, the
Fab:BHA complex, at the level of resolution afforded by negative-stain EM, appeared to maintain the

prefusion organization (Fig. 2.5C).

2.3.5 Assessment of the ability of nAb to mediate particle aggregation by dynamic light scattering

and negative-stain EM

We hypothesized that an epitope's position on the HA spike could impact the ability of IgG to
mediate interparticle aggregation. To test for interparticle aggregation, we used dynamic light scattering
(DLS) to measure the time-dependent aggregation of influenza virus across various IgG/HA trimer molar
ratios. We first examined if antibodies bound to the HC19 epitope at the RBD on the membrane-distal end
of HA could mediate the cross-linking of HA on separate virus particles. DLS detected HC19-mediated
aggregate formation at IgG/HA ratios of >1:3 (Fig. 2.6A). Over the final 30 min, at this relatively low IgG/HA
ratio, a modest 11% % 1% increase in the average particle radius was detected. This finding indicates that
only a fraction of sites needs to be bound for aggregate formation to start to occur. Increasing the

concentration of HC19 further promoted aggregation, with an increase in the average measured particle
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radius of 88% * 6% relative to the control at IgG/HA ratios of 2:1. Aggregates showed a high degree of
polydispersity, with a particle distribution ranging from 100 nm to 1 ym. Negative-stain imaging further
illustrated the IgG-mediated aggregation of virus with increasing concentrations of HC19 (Fig. 2.6B).
Interestingly, the particle size appeared to slightly decrease when approaching a 3:1 ratio (averaged radius

of ~170 nm). Such a reduction in aggregation may be due to a further coating of the viral surface where Ab

competes for available HA molecules (33).

To investigate if aggregation was due to IgG bivalency, parallel experiments using HC19 digested
into monovalent Fab fragments were carried out. HC19 Fab binding to HA on the surface of the virus had
a negligible impact on the size of scattering populations, with only a 4% + 2% increase across all ratios,
which is likely the result of the bound Fab extending from the tops of HA trimers (Fig. 2.6C). The HC19 Fab
data support the conclusion that aggregation by IgG is attributed to bivalent interactions in the intact HC19
antibody.

To test the dependency of the epitope location on the ability of IgG to aggregate the virus, we
performed parallel experiments using FI6v3, a stem-directed bnAb. Both FI6v3 IgG and FI6v3 Fab failed to
produce an increase in the particle radius as measured by DLS (Fig. 2.7A and C). Negative-stain EM
micrographs of FI6v3 bound to X31 influenza virus particles appear monodispersed across a range of IgG
concentrations (Fig. 2.7B). These data suggest that the aggregation of influenza virus is dependent not only

on bivalent interactions but also on the epitope targeted by IgG.

2.3.6 HC19 IgG cross-linking of HA spikes imaged by cryo-ET

From the negative-stain EM data, we observed an extensive aggregation of influenza virus by HC19
but were unable to resolve the 3-dimensional organization of IgG bound to HA trimers. To overcome this
limitation, we used cryo-electron tomography (cryo-ET) to characterize IgG-virus interactions under more
native conditions. Cryo-ET has been instrumental in the visualization of enveloped viruses that exhibit a
pleomorphic structure and are unsuitable for traditional single-particle techniques, with the resolution being
sufficient to distinguish different forms of viral surface glycoproteins alone and in complex with antibody

Fabs (3, 5, 6, 34-36).
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Tomographic analysis of HC19 associated with X31 virus demonstrated the antibody's ability to
cross-link HA spikes within a given particle as well as to aggregate multiple particles by cross-linking HA
spikes on separate viruses. Analysis of ~20 tomograms revealed that the cross-linking of adjacent HA on a
single virion appeared to be the dominant binding mode at lower concentrations of HC19 (IgG/HA ratio of
1:6), and the observed densities linking HA spikes were consistent with our negative-stain two-dimensional
(2D) classification of HC19 bound to BHA (Fig. 2.5 and 2.8A and B). Both the cross-linking of adjacent HA
molecules and aggregation of the virus were observed in ~30 tomograms of samples collected at IgG/HA
ratios of 1:3. Density for lipid and protein components across the interface of two viruses can be assigned
from a radial density plot in which the complete HA density measures ~14 nm across and is consistent with
known crystal structures (Fig. 2.8C) (37). The density between the two particles shown in Fig. 2.8C is
consistent with 2 Fab layers with a thickness of ~7 nm, with the Fc fragment likely being localized in an
adjacent x-y plane at a different z height.

Further increasing the HC19/HA ratio to 1:2 (~15 tomograms) led to extensive aggregation and
coating of exposed HA by HC19 (Fig. 2.8D and E). At this HC19/HA ratio, clear imaging of virus bound by
saturating amounts of IgG was not possible; due to the larger aggregates, the ice layer was too thick to
provide sufficient beam penetration, resulting in poor image contrast.

In contrast to the high levels of HC19-induced influenza virus aggregation that were observed,
FI6v3-bound viruses imaged by cryo-ET were largely monodispersed, as sampled across ~10 tomograms.
This is consistent with the observations by negative-stain EM and provides support for the hypothesis that
the Ab-mediated aggregation of virus is heavily dependent upon the epitope location. The positioning of
lobes of extra density that we attribute to antibody bound to an HA spike by the Fab domain is consistent
with known cocrystal structures of FI6v3 Fabs bound to isolated HA trimers (13). Imaging of FI6v3-
complexed virus at an IgG/HA ratio of 1:2 revealed regions where the organization of HA appears disrupted,
with dense arrays of HA spikes that are normally observed on the viral surface no longer being apparent. It
appears that the binding of IgG to the HA stem may cause this reorganization of HA by displacing the trimer

spikes (Fig. 2.9).
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2.4 Discussion

HA-mediated virus entry begins with receptor binding and ends with the merging of virus and host
membranes that is driven by the fusion protein carrying out a sequence of dynamic conformational changes.
For at least some influenza virus strains, including X31 H3N2 Aichi, this sequence of HA reorganization
commences with fusion peptide release, only later to be followed by HA1 receptor binding subunit
dissociation and large-scale HA2 fusion subunit refolding to the postfusion state (14, 32, 38). Binding of
nAbs to HA is thought to interrupt various steps in the sequence of events that HA must traverse to carry
out membrane fusion. From recent studies of whole viruses undergoing fusion, it has been possible to
determine that as HA refolds, the viral and host membranes are drawn into tightly localized close apposition
through the action of a set of several HA spikes (5, 6, 39, 40). These localized dimples transition to
encompass increasingly large areas of virus and host membranes that are in direct contact (6). The
formation of these tightly docked virus-target membrane intermediate states requires HA spikes to exhibit
a degree of lateral mobility, as the fusion proteins are displaced from the membrane contact zones and
instead are observed in partially refolded hairpin configurations at the periphery of membrane contact zones.
Crystal structures of Fab bound to soluble antigen have been used to infer the stage at which the antibody
is inhibiting the activity of HA; however, to understand the mechanism of inhibition, it is necessary to
characterize the direct functional consequences of binding in the context of intact IgG, which can exhibit
bivalent interactions and cross-linking of antigen copies on the virus surface. Here we sought to examine
how intact, neutralizing antibodies targeting distinct epitopes on HA in the context of whole virus particles
could interfere with the fusion protein's function and sequence of events that lead to virus entry.

The receptor binding subunit HA1 is highly immunodominant and often elicits subtype-specific Abs;
however, neutralizing Abs with cross-reactivity against various HA subtypes, such as S139/1 and 5J8, have
been detected (41, 42). Anti-HA1 Abs often block receptor binding and can prevent virus release from
infected cells (43). A correlation between binding affinity and neutralization potency is commonly observed
for Abs targeting the RBD, where bivalent interactions are thought to enhance antibody avidity (41, 42, 44).
In instances where individual monovalent binding by Fab to HA across subtypes is weak, it has been
proposed that bivalent binding by IgG may result in increased avidity, leading to broader antibody

specificities and enhanced cross-subtype neutralization (41). The first nAb that we examined, HC19, has
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an epitope that overlaps the receptor binding site of HA1. The intraparticle spike cross-linking that we
observed by cryo-ET, particularly at lower IgG/HA ratios, is consistent with this antibody exhibiting avid,
bivalent binding. The 50% inhibitory concentration (ICsy) for HC19 IgG (~10 nM) in previously reported
plaque reduction assays was 3 orders of magnitude lower than that observed for the respective Fab
fragment, underscoring the greater potency of bivalent IgG (11). While we did not observe as dramatic an
effect, we found that HC19 Fab was indeed significantly less effective than IgG in neutralizing virus, and
data from fluorescence assays of the inhibition of HA-mediated fusion were in excellent agreement with the
infectivity results. These results support the role of antibody bivalency in enhancing the activity of HC19.
Bivalent interactions of such antibodies may also result in the cross-linking of antigenic sites on
separate particles, potentially expanding the modes of Ab-mediated neutralization by aggregating virions
together. The angle at which the Fab arm binds to the HA spike, as seen in a previously reported crystal
structure, is consistent with the Fab arms in intact IgG being able to reach adjacent trimers within a virus
particle as well as bridge separate particles (10, 11). The binding angle and the specific epitope position on
HA, even for antibodies targeting the HA1 subunit, are key determining factors of an antibody's ability to
induce virus aggregation. It has been shown, for example, that HA1-directed nAbs 3F5 and 7B2 also form
clusters of aggregated influenza virus particles (16), while nAbs targeting the hinge region of HA1, which is
lower on the spike, orient the IgG molecule more in plane with the virus surface and have activity that is
less dependent on antibody bivalency and spike cross-linking that could produce virus aggregation (23, 45).
When antibodies such as HC19 that target the receptor binding site produce large particle
aggregates, numerous HAs that are not necessarily bound by an antibody are likely inaccessible due to
their burial in the aggregates. In our DLS and EM studies, we observed that the degree of aggregation was
largely dependent on the IgG concentration and that aggregates began to form rapidly even before the first
measurement time point. Aggregates were detected at lower concentrations of HC19 IgG (1:3 ratio of
IgG/HA), and the particle radius continued to increase until the Ab approached saturation of binding sites.
At a 3:1 IgG/HA ratio, the average particle radius began to decrease, perhaps due to the saturation of the
epitopes on the surface of individual virus particles. These data indicate that, in agreement with data from

previous studies, aggregation occurs over a relatively narrow range of IgG/HA ratios (46-48).
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Once the virus is aggregated into a large bolus, questions regarding the effect on infectivity remain.
One possible outcome is the internalization of aggregates through an alternate, clathrin-independent
pathway, giving rise to the delivery of a large quantity of virus into cells (49, 50). Previous studies on
influenza virus suggest that aggregation may in some instances enhance infection rather than neutralize
the virus through the delivery of a higher viral load to permissive cells (51, 52). Alternatively, aggregated
virus could be degraded through phagocytosis by the use of Fc effector functions (53, 54). Indeed, the role
of Ab-mediated aggregation further complicates mechanisms of neutralization of virus and may depend on
the viral system being studied. For example, the IgG-induced aggregation of nonenveloped, icosahedral
picornaviruses has been shown to contribute to Ab-mediated neutralization (55, 56). Aggregation of HIV-1
by dimeric IgA (tetravalent Fab presentation) is thought to inhibit movement across mucosal surfaces (57).
In the present study, we observed enhanced neutralization by IgG compared to that by Fab at
concentrations of IgG where extensive aggregation of influenza virus by the HA1-targeting HC19 nAb
occurred. This suggests that the ability of IgG to aggregate virus can increase the efficacy of antibodies in
inhibiting influenza virus infection. From our comparison of HC19 IgG and Fab activities with the
complementary assays that we employed, we find that particle aggregation and interspike cross-linking
modestly enhanced the activity of this nAb relative to the Fab fragment.

Additionally, in a previously unanticipated role, we found that HC19 and likely similar antibodies
that bind to the HA1 receptor binding subunit also appear to be able to inhibit later stages of HA's
conformational change that are required for lipid mixing. The fusion inhibition data shown in Fig. 2.3 suggest
that HC19 may bind to the HA trimer in such a fashion that the fusion peptides can still be released and
then bind to and perturb the target membrane; however, lipid mixing was dramatically inhibited, even by
Fab alone. We note that these data are consistent with an HA fusion activation pathway where the fusion
peptide can be released prior to HA1 dissociation without requiring full HA spike reorganization (14, 38, 58).
Another HA1-targeted nAb, HC63, was previously shown to inhibit HA activation; however, in that case, the
antibody itself bridges two HA1 subunits of the same trimer, preventing their dissociation (9, 12). For HC19,
Fab interacts with a single protomer (10), and hence, we infer that it acts by stabilizing the subunit's
conformation and indirectly, the HA1-HA1 “cage” that prevents the full refolding of the HA2 subunit. In

support of this model, negative-stain EM analysis of the soluble bromelain-released HA trimer bound by
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HC19 Fab and exposed to acidic pH indicated that the trimeric spike overall remained intact. It thus appears
that the gross refolding of HA, required for the merging of the two membranes, is prevented when HC19
Fab was bound, although the fusion peptide appears to be deployed and able to disrupt membranes (Fig.
2.3 and 2.5). Alternatively, it is conceivable that with Fab bound to the HC19 epitope at the apex of the
spike, the fusion machinery may be sterically blocked from drawing the two membranes into close enough
proximity to fuse, despite allowing fusion peptide insertion into the target membrane. In total, the multiple
mechanisms by which HC19 perturbs HA function, including blocking receptor binding, cross-linking HA
spikes, aggregating particles, and inhibiting the conformational changes leading to membrane merging, are
likely responsible for the reduction in infectivity observed in our neutralization assays (Fig. 2.4).

Whereas the effect of antibody bivalency in HC19 was measurable but relatively modest, in the
case of FI6v3, IgG and Fab exhibited dramatic differences in their abilities to arrest the fusion process as
well as neutralize virus and inhibit infection. We observed that fusion peptide-induced SRB dequenching
and lipid mixing were far more potently inhibited by intact FI6v3 IgG than by Fabs. While it was tempting to
speculate that differences in binding affinities could be the cause of this variation, BLI measurements of
IgG and Fab bound to BHA, in the cases of both HC19 and FI6v3, yielded similar Kps, suggesting that these
differences are instead due to the ability of IgG to form bivalent interactions. The highest levels of FI6v3
inhibition were observed for a range of IgG/HA ratios similar to those reported previously for other stem-
directed antibodies, CR8020 and CR6261 (19). Our data are consistent with results from a single-particle
fluorescence microscopy study of fusion inhibition, which suggested that bivalent IgG targeting the stems
can disrupt networks of HA spikes that must work together for productive fusion to occur. Previous work
showed that fusion requires the engagement of HA with a minimum of 3 to 5 neighboring spikes (5, 39, 40).
In addition, in that fluorescence study, the authors deduced that ~60% occupancy by stem-directed
antibodies was required to inhibit fusion (19). That level of bound antibody is roughly consistent with ratios
of IgG/HA spike (between 0.5:1 and 1:1) where we observed both potent inhibition of HA function and
neutralization of virus infectivity. If bivalent IgG is cross-linking adjacent HA spikes on a virion, this would
result in tightly bound networks of HA that have constrained lateral mobility. 1I9G displayed potent
neutralizing activity with a 95% reduction in infectivity when bound at an IgG/HA ratio of 1:1. At this same

ratio, Fab was unable to inhibit the virus, further suggesting that the ability of IgG to bind bivalently to HA is
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critical for FI6v3 and likely other stem-directed antibodies. Indeed, a significant decrease in fusion activity,
as measured by fluorescence spectroscopy, materialized only once the Fab/HA ratio was 3:1. We postulate
that complete saturation of the available binding sites on the trimeric HA spike may be necessary for Fab
to have an inhibitory effect on the fusion protein's function. This may suggest that the three HA2 subunits
per trimer are not cooperatively coupled to each other. In terms of using stem-targeting nAbs or engineered
binders as entry-inhibiting antiviral agents, the relatively low potency of FI6v3 Fab may hint that high
concentrations of inhibitors will be necessary for the compounds to be effective.

Why was FI6v3 IgG so effective when Fab was not? Our recent cryo-electron tomography studies
depicting the interplay of HA and membrane remodeling during fusion indicate that shortly after initial
contact and HA-induced dimple formation on the target membrane, large spans of the target and virus
membranes are drawn into direct apposition (6). HA becomes excluded from these regions and must be
laterally displaced to the periphery of the membrane contact zone. IgG bound to two HA spikes and, on a
broader scale, cross-linking many spikes into a network, would prevent such displacement from occurring.
Additionally, a cross-linked network of HA may act at an even earlier stage to prevent sufficient numbers of
activated HA trimers from being recruited to the fusion site in order to produce the proper sequence of
membrane docking and remodeling that can lead to fusion.

While bivalent interspike cross-linking by FI6v3 IgG within a given virus particle appears to be
critical for its activity, in contrast to HC19, neither FI6v3 IgG nor Fab was able to aggregate virus. Stem-
directed Abs such as FI6v3 must diffuse through a dense array of HA spikes on the surface of influenza
virus, and the location of this epitope further down the HA stem prevents the Ab from being able to reach
across to bridge two epitope sites on separate particles. Previous studies examined the HA distribution on
the virus and inferred the accessibility of the HA2 stem epitope to antibodies (59) but did not actually
examine whole virus complexed with antibody. Another cryo-electron tomography study previously
examined a stem-targeting bnAb, C179, bound to H1N1 influenza virus virions, but focused on the averaged
structure of the trimer-antibody complex, which primarily revealed the orientation of one Fab domain
projecting from the prefusion trimer (17). In that study, Harris et al. also observed that the distribution of
trimers on virions was able to accommodate up to 75% antibody occupancy of HA. We note that for FI6V3,

consistent with the findings of the study on C179, we also did not observe significant density for the Fc
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domain in an orientation where it would be accessible or extend beyond the HA arrays. We speculate that
this may indicate that the Fc-mediated effects associated with stem-targeting nAbs such as FI6v3 may be
targeting HA on the surface of infected cells, where the HA density may be lower, rather than on free virus
(53, 54).

In conclusion, we observed that the Ab-mediated inhibition of HA function occurs by multiple
complementary mechanisms, and is largely dependent on the specific epitope that is targeted and on the
bivalent nature of IgG molecules. We have shown that the ability of nAbs to aggregate influenza virus
particles enhances the inhibition of HA at an early stage of fusion peptide-induced membrane disruption
through the occlusion of infectious virions, even at concentrations well below antigen saturation.
Surprisingly, for HC19, binding to HA also inhibited HA function at the lipid-mixing stage of the fusion
pathway by preventing the refolding of HA through the stabilization of the trimer under fusion-activating
conditions. Epitopes further down the HA stem do not exhibit cross-linking across separate particles, but
the findings here support a model of neutralization where bivalent binding to a sufficient amount of antigen
is needed to disrupt the cooperative network of HA required for fusion. The epitope that is targeted
influences the type of bivalent interactions that can take place between HA and the virus and should be

considered when developing a general model of Ab-mediated neutralization.
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Viral Membrane

Figure 2.1: Cryo-electron tomography used to visualize the high density of HA on the viral surface. (A) An
8.0-nm computational slice through X31 influenza virus imaged by cryo-ET, with an individual HA trimer
highlighted (yellow box). (B) Structural features of HA modeled in an expanded view of the highlighted
trimer in panel A, with a single HA monomer consisting of the receptor binding domain (HA1) and the fusion
domain (HA2) shown in a ribbon diagram (PDB accession number 4FNK). Epitopes for HC19 (PDB
accession number 2VIR) and FI6v3 (PDB accession number 3ZTJ) are highlighted using the respective

crystal structures. Bar = 25 nm.
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Figure 2.2: Affinities of IgG and Fab measured by using biolayer interferometry. (A) Binding sensorgrams
show binding of BHA to immobilized HC19 IgG (blue), HC19 Fab (green), FI6v3 IgG (red), and FI6v3 Fab
(orange). (B) Association and dissociation constants yield similar Kps between HC19 IgG and Fab and
between FI6v3 IgG and Fab. Values shown are the averages and standard deviations of data from

experiments repeated in triplicates.
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Figure 2.3: Fluorescence fusion assay monitors antibody-mediated inhibition of HA function by tracking
dequenching of the fluorescent dyes SRB, indicating membrane disruption, and DiD, indicating lipid mixing.
Plotted are the inhibitory effects of IgG and Fab. The dashed line is a normalized version of the Fab
inhibition data and represents inhibition at an equivalent number of Fab arms compared to IgG (1 Fab =
0.5 IgG). (A) HC19 inhibition of membrane disruption is enhanced through bivalent interactions between
IgG and HA on X31 virus, even at subsaturating concentrations, where aggregation was observed by DLS.
Fab binding has little impact on membrane disruption inhibition. (B) Extents of inhibition of lipid mixing by
IgG and Fab are similar, suggesting that bivalency may not play a large role in fusion inhibition for HC19.
(C) Membrane disruption is more potently inhibited by FI6v3 IgG than by monovalent Fab. (D) Inhibition of
lipid mixing by FI6v3 IgG is greater than that by Fab, suggesting that cross-linking of neighboring trimers is

important for HA inhibition.
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Figure 2.4: Neutralization assay measuring TCID50. Antibody-mediated neutralization of influenza virus
was evaluated by measuring the TCID50 of influenza virus. IgGs for both FI6v3 and HC19 displayed
stronger neutralization than did the respective Fabs. While HC19 Fab could neutralize virus to some degree,

FI6v3 Fab did not exhibit a significant ability to neutralize the virus (*, P > 0.05; **, P < 0.01).
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Figure 2.5: Negative-stain EM and 2D classification of Fab:BHA complexes under neutral and acidic
conditions reveal structural similarities. (A) Electron micrographs and representative class averages of BHA
at pH 7.5 and BHA that has been acidified for 10 min at pH 5.25. In response to acidic pH, BHA refolds into
a postfusion conformation, forming small aggregates (rosettes) that are not amenable to 2D classification.
(B) BHA bound by HC19 Fab at pH 7.5 maintains the prefusion form of the BHA trimer. After acidification
for 10 min at pH 5.25, HC19 Fab appears to stabilize the BHA timer in a structure similar to that at neutral
pH. (C) Both BHA bound by FI6v3 Fab at pH 7.5 and the Fab:BHA complex acidified for 10 min at pH 5.25

stabilize the BHA trimer and prevent refolding into a postfusion form. Bar = 20 nm.
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Figure 2.6: Dynamic light scattering monitors the time- and concentration-dependent aggregation of
influenza virus X31 by HC19 IgG. (A) As the ratio of IgG/HA increases, HC19 aggregates virus particles,
with peak aggregation occurring at 2:1 ratios. (B) Negative-stain micrographs further illustrate the extent of
aggregation as the ratio of IgG/HA increases. (C) Digestion of IgG into monovalent Fab arms fails to
aggregate influenza virus X31, emphasizing the complex binding that occurs between bivalent IgG and HA

presented on the virus surface. Bar = 200 nm.
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Figure 2.7: Dynamic light scattering does not detect aggregate formation of influenza virus X31 in the
presence of IgG or Fab from stem-directed antibody FI6v3. (A) IgG incubated with influenza virus X31 at
various ratios had no effect on particle radius in solution. (B) Negative-stain micrographs of influenza virus
across various ratios of IgG/HA appear monodispersed, demonstrating the inability of FI6v3 to form bivalent
interactions across multiple virus particles. (C) Similar to 1gG, FI6v3 Fab fails to aggregate influenza virus

X31. Bar =200 nm.
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Figure 2.8: HC19 IgG-mediated cross-linking of HA on the surface of intact X31 influenza occurs between
adjacent antigens on single particles and between antigens on separate particles, causing aggregation to
occur. (A and B) A 4.4-nm-thick computational slice through HC19 IgG-complexed virus at a ratio of 1:6
(lgG/HA). Black arrowheads point toward IgG-cross-linked HA trimers on the surface of individual particles,
and expanded views of these interactions are shown in the insets. (C) A 4.4-nm-thick computational slice
through HC19 IgG-complexed virus at a ratio of 1:3 (IgG/HA). The radial density average at the interface
between two virus particles was measured so that the distribution of lipid and protein components could be
assigned. The blue box indicates the measured area used for the radial density plot. (D and E)
Computational slices (8.0 nm thick) through HC19 IgG-complexed virus at a ratio of 1:2 (IgG/HA) illustrating

extensive aggregation that occurs. Bar = 25 nm.
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Figure 2.9: FI6v3 bound to X31 may disrupt the dense network of HA on the surface of the virus. Shown is
a 6.4-nm-thick computational slice of FI6v3 bound to X31 at a ratio of 1:2 (IgG/HA). Black arrowheads point

toward FI6v3 IgG-bound HA. Additional density ~6 nm above the viral membrane corresponds to FI6v3

bound to the stem region of HA2. FI6v3 fails to aggregate X31 due to the epitope's location further down

the HA stem. The IgG-virus mixture was incubated for 30 min prior to vitrification. Bar = 25 nm.
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Chapter 3. Infant-derived neutralizing antibody targets HIV-1 envelope at conserved glycans using

significant variable light chain contacts

*The following chapter was conducted in collaboration with the lab of Julie Overbaugh at Fred Hutchinson

Cancer Research Institute, Seattle, WA

3.1 Introduction

An effective vaccine against HIV-1 will require elicitation of broadly neutralizing antibodies (bnAbs)
capable of blocking entry of a range of antigenically diverse HIV-1 isolates. The entry of HIV-1 into host
immune cells is facilitated by the HIV-1 envelope glycoprotein (Env), which is a heavily glycosylated trimer
composed of three identical copies of non-covalently associated heterodimers. Each heterodimer consists
of a receptor binding domain, gp120, which recognizes CD4 receptors on the surface of T-cells, and a
fusion subunit, gp41, that mediates fusion of the viral and host membrane (1-4). Furthermore, Env is the
sole virally encoded antigen on the surface of the virus and the major target of neutralizing antibodies.

Once infected with HIV-1, a majority of individuals develop antibodies capable of binding Env;
however, only a fraction of those antibodies is able to block viral entry and often only target the infecting
strain (5-7). Immune pressure generated by this early response drives the evolution of HIV-1, which results
in the emergence of resistant HIV-1 isolates (8-10). Studies of chronically infected adults have revealed
that a subset of individuals are able to develop broadly neutralizing antibodies (bnAbs) that potently
neutralize a range of HIV-1 isolates, and successful isolation of such antibodies has inspired efforts towards
characterizing the interactions between Env and bnAbs (11-13). Improved methods in single-particle cryo-
electron microscopy have resulted in numerous high resolution structures that have identified neutralization
sensitive epitopes targeted by bnAbs, namely the V1/V2 apex, V3-glycan, CD4 binding site, gp120-gp41
interface, and the membrane-proximal external region (14-19). Identifying these sites of vulnerability
provide optimism that a suitable immunogen can be designed to elicit a similar response; however, eliciting
a bnAb response by immunization is complicated by the unusual properties of adult-derived HIV-1 bnAbs

that reflect long-term affinity maturation including extensive somatic hypermutation (SHM) and rare
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insertions and deletions (indels). Both SHM and indels are suggested to be important for neutralization
breadth (20-23).

Until recently, the ability of HIV-1 infected infants to elicit a neutralizing antibody response against
the virus has been unknown. It has now been observed that antibody responses generated in HIV-1-
infected infants potently neutralize a diverse panel of HIV-1 isolates and target similar epitopes on the Env
glycoprotein as in adults (24, 25). BF520.1 is a bnAb isolated from a HIV-1 infected infant that contributed
to plasma breadth within the first year of infection (26). The infant’s unique ability to generate a rapid
response may suggest that bnAbs responsible for breadth have distinct features relative to adult HIV-1-
specific bnAbs such as lower somatic hypermutation. Indeed, BF520.1 developed rapidly, exhibited low
levels of SHM (6%) and neutralized 58% of isolates tested. While adult HIV-1 bnAbs have been extensively
characterized, high resolution information of the interactions between infant bnAbs and the epitope targeted
on Env is not known (24).

This chapter is focused on the providing the first structural study of infant derived HIV-1 bnAb,
BF520.1, in complex with a soluble envelope construct. Single-particle electron microscopy supports
studies suggesting that infant-derived antibodies target similar epitopes as adult-derived bnAbs. BF520.1,
in particular, targets the V3-glycan supersite, which is a highly immunogenic epitope commonly targeted by
bnAbs in adults. While many functional studies focus on the contribution of the variable heavy chain (VH)
on heterologous neutralization, we find that light chain variable loops, namely CDRL1 plays a significant
role in broad neutralization by BF520.1. While the CDRH3 loop may contribute to binding, the lack of
mutations suggests a minor role in neutralization. Overall, the identification of a rapidly developed, infant
bnAb with low SHM is encouraging for vaccine development and immunization strategies that aim to elicit

bnAbs without the requirement for a long-term maturation pathway.

3.2 Materials and Methods

3.2.1 SOSIP production and purification

The most promising native-like (NL) structures have been obtained by engineering trimer-stabilizing
mutations, termed SOSIP, into truncated Env sequences (1). BG505.SOSIP.T332N trimers were

synthesized using a previously established protocol (2). In brief, following production in 293F cells, soluble
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envelope oligomers were separated from the extracellular milieu using Galanthus nivalis lectin (Vector
Labs). This mixture was then subjected to DEAE cation exchange chromatography, and trimer was resolved
from aberrantly disulfide-bonded dimer and gp140 monomer, using hydrophobic interaction
chromatography and preparative-grade size-exclusion chromatography. Purity was assessed by SDS-
PAGE, BN-PAGE, and dynamic light scattering, and found to be >95% native-like trimer. Presence of

native-like SOSIP trimer was further confirmed by negative-stain electron microscopy.

3.2.2 Fab preparation

Fab fragments were generated from 2.0 mg of IgG antibody using a papain digestion kit (Pierce).
The Fab fragments were separated from Fc fragments and undigested IgG by gravity flow using a Protein

A column (Pierce). Purity and size of Fab fragments was confirmed by SDS-PAGE.

3.2.3 Negative-stain electron microscopy epitope mapping

A 3-ml aliquot of BG505.W6.C2.T332N-BF520.1 complex, diluted to 20 ug/ml in PBS, was applied
for 60 s to glow discharged C-Flat, 300 mesh, Cu grids (Electron Microscopy Sciences) and stained for an
additional 60 s using Nano-W (Nanoprobes). Data were collected using a FEI Tecnai T12 transmission
electron microscope operating at 120 keV. Images were taken using a Gatan 4 k x 4 k charge-coupled
device (CCD) at a magnification of 52,000 and defocus range of 0.5-3.0 ym corresponding to a pixel size
of 2.07 A. Single-particle reconstruction was performed using EMANZ2.1 image processing suite (3). In short,
particles were selected using interactive particle picking from 392 micrographs. A 2x binned, phase-flipped,
CTF-corrected stack of 35,914 particles were created and subjected to reference free 2D classification and
clustering to generate 200 2D classes. Classes containing free BF520.1-Fab or sub-stoichiometric
populations were omitted, and the remaining 26,013 particles were reclassified to generate 150 2D classes.
Again, classes containing sub-stoichiometric and free BF520.1-Fab populations were removed, and a 2x
binned particle stack containing 18,325 particles was used for 3D refinement using the coordinates from
the PDB: 5ACO cryo-EM structure of BG505 SOSIP.664 HIV-1 Env trimer bound by PGT128 Fab (4). The
model was low-pass filtered to 60 A and used as an initial model for refinement with C3 symmetry imposed.
Notably, the 5ACO coordinates only include the Fv and not the constant region of the PGT128 Fab; thus,

the density we observe for the complete Fab emerged in the course of the reconstruction. The BG505
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SOSIP-664 HIV-1 trimer (PDB: 4ZMJ) (5) and PGT128-Fab crystal structure (PDB: 3TV3) (6) were docked
into the negative-stained 3D map using UCSF Chimera package from the Computer Graphics Laboratory,

University of California, San Francisco (7).

3.2.4 Sample preparation for cryo-electron microscopy

Purified BG505.SOSIP.T332N trimers were mixed with 4-fold molar excess BF520.1 Fab and
diluted to 0.4 mg/mL in PBS or PBS supplemented with 70 uM n-Dodecyl--D-Maltoside (DDM). The mixture
incubated for 1 h at room temperature prior to vitrification. A 3.0 uL aliquot was applied at 4°C and 100%
humidity to glow-discharged C-Flat 1.2/1.3 4C holey carbon-coated grids (Electron Microscopy Sciences),
blotted, and immediately plunge frozen in liquid ethane using a Vitrobot Mark IV specimen preparation unit

(FEI Co.).

3.2.5 Cryo-EM data collection

Vitrified grids were imaged using an FEI Titan Krios operating at 300 keV and equipped with a
Gatan K2 summit direct detector device. Micrographs were collected at 130,000x%, corresponding to a pixel
size of 0.55 A/pixel in super resolution mode. Each image received a dose rate of ~ 8 e”/pix/s with 200 ms
exposure per frame and an estimated defocus ranging from 1.0 - 3.5 ym. Data were collected in three
separate sessions, resulting in a total of 3454 images using EPU (908 micrographs) (FEI) software and

Leginon (2546 micrographs) automated data collection software (8).

3.2.6 Cryo-EM data processing

Frame alignment and CTF estimation were carried out independently for data collected using EPU
and data collected using Leginon software. Frame alignment and dose-weighting were completed using
MotionCor2 (9), and CTF estimation was performed using CTFFIND4 (10). Relion 2.1 (11) was utilized for
further processing and 3D refinement. Approximately 1,000 particles were manually selected and subjected
to 2D classification to build templates for automated particle picking. A total of 559,022 particles was
selected and binned to 8.8 A/pixel for expeditious processing. The binned particle stack was subjected to
2D classification where 116,972 were selected for 3D refinement. This particle stack was re-extracted as a

4x binned stack (pixel size 2.2 A/pix). Approximately 32,000 particles were chosen for 3D classification and
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a subset of ~9,000 particles was selected to build a low-resolution 3D model, resulting in a 9.02 A map.
This model was low-pass filtered to 60 A, and refinement was performed on the full stack of 116,972
particles in Relion 2.1 with C3 symmetry imposed. Map sharpening and post processing in Relion yielded

a 4.8 A structure using the “gold-standard” FSC cutoff of 0.143.

3.2.7 Model Building

The atomic model was generated by first fitting the BG505.SOSIP.T332N trimer from the
BG505:PGT128 cryo-EM structure (PDB ID: 5ACO) with glycans temporarily removed into the generated
4.8 A map using the fitmap command in UCSF Chimera (7). Overall, docking of the BG505 structure showed
a good quality fit, resulting in a correlation score of 0.8602. No further modification to the protein structure
was performed. Both glycans at positions N332 and N301 were manually placed into their corresponding
densities in the 4.8 A map.

The BF520.1 variable heavy and light chains were submitted as a single polypeptide sequence to
MUIti-Sources ThreadER (MUSTER) Online to predict the structure of BF520.1(12). The structure template
used for structure determination was a single chain variant of anti-gp120 antibody, b12 (PDB ID:3JUY) (13).
Using Chimera’s fitmap command, the BG505.SOSIP.T332N trimer and the BF520.1 variable domain were

sequentially docked into the 4.8 A map.

3.3 Results

3.3.1 Epitope specificity of BF520.1

During the course of our study, collaborators determined that infant cross-clade bnAb, BF520.1,
exhibits a similar neutralization profile to the PGT-class of bnAbs, which are adult-derived antibodies
targeting the N332 glycan in variable loop 3 region (V3) (Figure 1) (14-16). This observation prompted
examination on the effect of the N332 glycan on BF520.1 neutralization that revealed that removal of the
N332 glycan disrupted the neutralization for two viruses tested (93- and 5-fold increase in IC5g) (Figure 2A
and B). A similar observation was detected for a prototype N332-directed bnAb, PGT128 (32-and 17-fold
increase 1C5). Addition of the N332 glycan to an infant, clade A heterologous virus BG505.W6.C2 resulted

in increased neutralization sensitivity (17-fold decrease ICsp) (17). These data suggest that BF520.1 likely
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targets a similar site on Env as N332-dependent adult nAbs such as 2G12 and the PGT class of adult
bnAbs (6, 15, 18, 19).

Single-particle negative-stain electron microscopy (EM) analysis of Fab from the BF520.1 bnAb
complexed with BG505.SOSIP.T332N trimers, which encodes N332 and is structurally similar to Env on
virus particles, confirmed that the antibody targets the base of the V3 loop (Figure 2C) (1). BF520.1 and
PGT128 appear to dock to the trimer at the base of V3 with an overlapping footprint and to be oriented
relative to the trimer with a similar angle of approach (4, 6). The BF520.1 Fab, however, is slightly twisted

and docked more closely to the gp120 core than PGT128 (Figure 3.3).

3.3.2 Increasing heterologous neutralization by the maturing BF520.1 heavy chain

The ontogeny of BF520.1 was determined by collaborators using next generation sequencing (NGS)
of the infant’s B cell repertoire on an available post-infection sample. Using two replicates of the NGS data,
the most probable routes of development for the BF520.1 variable heavy chain (VK) and variable light chain
(VK) were selected, and lineage intermediates were synthesized for further study. The synthesized
antibodies were tested for HIV neutralizing activity against a panel of heterologous viruses that were
selected from both the original virus panel used to describe infant plasma neutralization breadth (20) and
the standardized “global panel” (21) based on their ability to be neutralized by the mature BF520.1 antibody
with an ICsp <20 pg ml™ (16). The inferred naive mAb derived by pairing the inferred naive VH and VK did
not demonstrate neutralizing activity against any virus tested (Figure 3.4A). To identify the VH substitutions
that were important for neutralization breadth, the naive VH and VH lineage intermediates (Int1-6yy) were
paired with the mature VK and tested for neutralizing activity. In contrast to the lack of neutralization by the
naive mAb, the naive VH paired with the mature VK (naiveyymature\x) demonstrated cross-clade tier 2
neutralizing activity (Figure 3.4A). The Int1yymatureyx mAb had comparable activity to the naiveyymatureyk
mADb, suggesting that the CDRH2 G57D substitution in this Int1yy did not confer increased neutralizing
activity (Figure 3.4 A and B). Increased neutralization breadth was observed for Int2yy specifically by a
Y32N substitution, and further cross-clade breadth and potency was observed in Int3yy with FR2 M341 and
CDRH3 F114L substitutions (Figure 3.4 A and B). Addition of N52A in the CDRH2 of Int4,y, gained breadth

and potency comparable to the mature mAb BF520.1 (Figure 3.4 A and B). Overall, these data demonstrate
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increasing heterologous neutralizing activity along the maturation pathway, and show that the heavy chain
CDRH1 Y32N and CDHR2 N52A substitutions are important for the neutralization breadth of the mature

BF520.1.

3.3.3 Contribution of kappa light chain maturation towards HIV neutralization breadth

Given the surprising finding that the naive VH paired with the mature VK (naiveyymaturey)
demonstrated cross-clade tier 2 HIV neutralizing activity and the naive mAb did not (Figure 3.4 A),
collaborators examined the evolution of VK in relation to neutralization breadth. In contrast to the
heterologous neutralizing activity seen for the naiveyymatureyx mAb, the matureyynaiveyx mAb neutralized
only tier 1A SF162 variant, but not tier 2 viruses, suggesting that maturation in VK is necessary for BF520.1
heterologous neutralization breadth (Figure 3.5 A).

To identify which mutations in VK contributed to increased neutralizing activity, VK lineage
intermediates (Int1-7,k) were paired with the mature VH and tested for cross-clade tier 2 neutralizing activity.
Overall, VK lineage intermediates demonstrated increasing breadth with maturation (Figure 3.5 A and B).
A dramatic jump in neutralization breadth was demonstrated by Int2\, which contains CDRL1 S30A and
FR3 S67F substitutions. A further increase in potency and breadth was also observed by substitutions in
Int3yk (CDRL1 S28N and CDRL2 T53S). Importantly, IntSyx (CDRL1 S31Y and CDRL2 G50E) neutralized
all viruses that were neutralized by BF520.1 and Int6yx (FR2 L33F) reached comparable potency as the
mature antibody (Figure 3.5 A and B). In contrast to CDRL1, the BF520.1 VK does not contain CDRL3
mutations based on the inferred naive sequence, which suggest that kappa chain mutations in and around

the CDRL1 are important for BF520.1 heterologous neutralization breadth.

3.3.4 Cryo-EM structure of the BG505.SOSIP trimer in complex with BF520.1 Fab

Single particle cryo-electron microscopy was used to gain structural insight into the interaction of
BF520.1 Fab and BG505.SOSIP trimer, which is a clade A transmitted envelope variant from a Kenyan
infant, who was in the same cohort as BF520 (17, 22). The resulting 4.8 A map (Figure 3.6 and Figure 3.7)
revealed features consistent with the resolution estimate including helices, beta-sheet structure as well as
bulky densities for glycans that protrude from glycosylation sites, including N332 and N301, which are

critical features for BF520.1 activity (Figure 3.7).
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The positioning of the CDRH loops in our structural model indicates that they make multiple
contacts with both protein and N-linked glycans (Figure 3.6 B). The CDRH1 loop is in close proximity to the
base of the gp120 V3-loop, with N32 oriented towards the conserved GDIR sequence, consistent with
increased neutralization observed when asparagine is introduced at position 32 on the CDRH1 loop (Y32N
substitution). Adjacent residues of CDRH1 as well as the CDRH2 loop are located proximal to the N301
glycan. It is unclear if residue 52 (N52A substitution) in CDRH2 mediates direct contact between either the
GDIR sequence or N301 glycan; however, it is plausible that substitution for alanine could influence loop
positioning such that residues H54 and S55 would interact with the N301 glycan. The relative orientation of
the CDRH3 loop suggests it may interact with the V3 GDIR sequence as well as the N332 glycan, though
given variability in CDRH3 positioning between homology models, the contacts are less certain for this loop.

The structure of the Env trimer in complex with BF520.1 supports a role for the BF520.1 VK in
neutralization through extensive contacts between the CDRL1 loop and the N332 glycan. Based upon the
BF520.1 homology model, N28, A30, and Y31, which were implicated in nAb breadth are positioned directly
adjacent to the N332 glycan (Figure 3.6 C), although we cannot unambiguously identify the position of
specific residues. L33F and G50E mutations contributed to increased potency, but from the structure, it is
unclear whether these residues could directly contact the N332 glycan or protein surface (23, 24); they may
instead alter local paratope structure in a more indirect fashion. The position of CDRL3 loop suggests it
likely does not interact with the BG505 trimer or key glycans, which may explain why it does not contain

mutations that contribute to BF520.1 breadth.

3.4 Discussion

The V3 loop region is centered around the conserved N332 glycan, contains highly immunogenic
features, and plays an essential role in HIV-1 infectivity. Indeed, antibodies against the V3-region are
induced in majority of human subjects following HIV infection or after vaccination with HIV gp120 vaccines,
and many are capable of blocking entry (25-27). V3 targeting bnAbs isolated from additional HIV-1 infected
donors can adopt a variety of Env-binding orientations and display a diverse set of interactions with
surrounding glycans, including glycans at positions N301, and combinations of glycans at N137/N156/N301,

and N386/N392 (18, 28). Common features for V3-targeting bnAbs are high degrees of somatic
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hypermutation (SHM), and long CDRH3 loops that are suggested to penetrate the gp120 glycan shield to
contact conserved peptide sequences at the base of V3, namely the GpIRY sequence (4, 6, 29).

While adult-derived bnAbs have been extensively characterized, bnAbs derived from HIV-1 infants
have only recently been studied. BF520.1, which was isolated from an HIV-1 infected infant, developed
more rapidly than adult V3-bnAbs, and achieved broad and potent capability with as little as 3.0% SHM
(2.4% VH and 3.7% VK SHM). This is in contrast to known adult V3-glycan bnAbs, which required rare
mutation events to occur (30, 31) and/or higher levels of SHM (32) compared to BF520.1 (33). Here, we
have shown that BF520.1 targets the V3 region of HIV-1 Env similar to known adult bnAb PGT128. Initial
epitope mapping revealed a similar binding orientation as PGT128, although slightly more twisted and more
closely bound to the Env surface. Neutralization of HIV-1 isolates and related mutants lacking N332 further
support a critical role of the N332 glycan in the epitope targeted by BF520.1.

Mutations important for increasing BF520.1 functional activity were primarily found in the heavy
chain CDRH2 and light chain CDRL1, with little-to-no contribution from the CDRH3 and CDRL3. The cryo-
EM structural model indicated that CDRH2 and CDRL1 residues appear to contribute to the BF520.1
paratope by mediating contacts with the conserved V3-glycan site, namely the archetypal features of V3-
targeting bnAbs: GDIR sequence and glycans at position 301 and 332 (34). The Y32N substitution offered
increased neutralization potency and the relative orientation of N32 in our structural model suggests
interactions with the GDIR motif. The interactions of the alanine substitution at position 54 could not be
confidently determined, but the exchange of a charged asparagine for alanine may affect the CDRL2 loop
positioning and allow interactions between adjacent residues and the N301 glycan. In contrast to the
position of CDRL3, located too distant to make meaningful contacts with the trimer, the structure suggests
that CDRH3 may interact with both the V3 GDIR sequence and N332 glycan. This mode of binding by
CDRH3 has been observed for the PGT-class of antibodies, namely PGT128.

The crystal structure of PGT128 in complex with gp120 identified the GDIR motif and glycans at
positions N332 and N301 as the primary contacts defining the PGT128 epitope (35). The CDRH3 loop,
which is highly mutated in PGT128, is suggested to penetrate the glycan shield in order to contact both the

GDIR motif and N332 glycan. Our structural model similarly indicates potential CDRH3 contacts against
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the GDIR motif and N332 glycan; however, it is unclear if the lack of mutations during maturation suggest
a minor role in neutralization breadth or if the naive CDRH3 sequence is optimally suited for binding.

With few exceptions (31), functional studies have largely focused on the contribution of VH to
heterologous neutralizing activity (30, 32), despite previous structural studies showing that adult-derived
V3-glycan bnAb light chains contact the N332 glycan and conserved GDIR motif (36, 37). For PGT128,
less certainty exists about the contribution of the light chain, which is recessed relative to the heavy chain
and has been suggested to either allow contacts with high mannose glycans at N137/N156, or to avoid
making contacts altogether (35). In contrast, the slight rotation of BF520.1 relative to PGT128 places the
CDRL1 loop in closer proximity to the N332 glycan. Each of the three substitutions in CDRL1 (N28, A30
and Y31) are situated to make meaningful contacts with N332, which supports increasing breadth and
potency along the VK maturation pathway. Significant CDRL contacts are not unique to BF520.1 and have
been observed in other V3 targeted antibody lineages such as PGT122, PGT124 and BG18 (37-39). For
each of the three, the central feature of the epitope is contacts between CDRH3 and glycan N332, but it
should be noted that the binding angle of these antibodies are substantially higher, which allows light chain
contacts with additional glycans and the V1 loop region towards the trimer apex (37, 38). The PGT122
CDRL1 and L3 loops bind the GDIR motif while CDRL3 binds the N137 glycan in the V1 (39). The primary
glycan targeted by PGT124 is the N332 glycan, which makes contacts using both CDRL2 and a long
HCDRS3 (37). In contrast, the BG18 light chain only contacts V1 (38). While each of these antibodies bind
to their epitope, in part, using CDRL contacts, the major determinant of neutralization breadth has been
focused on the extensively maturated CDRH loops, leaving the contribution of light chain development
largely unexplored. Our data, combined with the molecular interactions described for several V3 targeted
bnAbs further underscores the diversity in which different antibody lineages target a similar epitope and
highlights the importance of considering both the heavy and light chain in the development of HIV-specific

bnAbs.
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Figure 3.1: Neutralization by BF520.1 against a global panel of tier 2 viruses reveal similarities to adult
bnAbs targeting V3 glycans. mAb ICs, values are an average of two to three independent experiments
performed in duplicate. First-generation bnAbs are indicated in gray. This work was performed and kindly

provided by Cassie Simonich at Fred Hutchinson Cancer Research Center, Seattle, WA. Figured adapted

from (16).
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Figure 3.2 N332 glycan is important for binding and neutralization by BF520.1. (A and B) mAb
neutralization of Q23.17 and DU156.12 wild-type viruses and relative mutant viruses lacking the N332
glycan, as well as BG505.W6.C2 and a mutant virus with N332 (T332N) suggest a role of glycans in binding
by BF520.1. PGT128 and VRCO1 are positive and negative controls, respectively. Viruses lacking N332
are indicated by dashed lines. (C) Negative-stain EM of the BG505.SOSIP.T332N trimer in complex with
BF520.1 Fab indicates that the V3 region of HIV-1 Env is targeted by BF520.1. Neutralization data (Panel
A and B) were performed and kindly provided by Cassie Simonich at Fred Hutchinson Cancer Research

Center, Seattle, WA. Figure adapted from (16).
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Figure 3.3: EM of BF520.1 Fab Complexed with BG505.SOSIP.T332N related to Figure 3.2 (A) Negative-
stain image of BG505:BF520.1-Fab complex (scale bar = 20 nm). (B) Reference free 2D class averages
showing both top and side views of BG505 SOSIP:BF520.1-Fab complex. (C) Fourier-shell correlation (FSC)
curve for the BF520.1-BG505 SOSIP trimer negative-stain EM reconstruction obtained by ‘gold standard’
refinement in EMAN2.1. (D) Surface rendering of BG505 SOSIP:BF520.1-Fab negative-stain EM map,
lowpass-filtered to 20 A compared with BG505 SOSIP:PGT128 cryo-EM map (cyan; emd_3121), also low-
pass filtered to 20 A. While epitopes for both antibodies are similar, BF520.1 appears to bind at a slightly

different angle of approach relative to PGT128.
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Figure 3.4: Neutralization of panel viruses by BF520.1 inferred VH lineage intermediates. (A) The top rows
of the table (VH and VK) show the origin of the antibody chain sequence used indicated by Int#,4. These
were paired with the indicated kappa chain; in most cases, the mature kappa chain (maturey). The panel
of viruses are shown to the left with the tier, clade and name indicated. 1Cs, values (ug ml'1) represent an
average of two to three independent experiments performed in duplicate. ICsy values are color-coded with
darker shades, indicating more potent neutralization. Grey indicates that 50% neutralization was not
achieved at the highest mAb concentration tested. (B) Amino acid alignment of BF520.1 naive, inferred
lineage intermediates, and mature heavy chain sequences. Data was collected and kindly provided by

Cassie Simonich at Fred Hutchinson Cancer Research Center, Seattle, WA. Unpublished data.
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A BF520.1 lineage kappa chain intermediates

VH naive vy mature vy
Tier Clade VK naiveyyx naive yx Int1y Int2y Int3 vk Int4 v Int5 Int6 vk Int7 vk mature yx
1A B SF162 >20
1B Q23.17 >20
A | BG505.W6M.C2_T332 >20
398F1 >20
B X2278 >20
TRO.11 >20
BC BJOX002000 >20
2 CH119 >20
CE1176 >20
QC406.F3 >20
Cc CE0217 >20
DU156.12 >20
DU422.1 >20
SIvV. >20
B BF520.1 lightchain
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Figure 3.5: Neutralization of panel viruses by BF520.1 inferred VK lineage intermediates. (A) Layout is as
described for Figure 3.3. (B) Amino acid alignment of BF520.1 naive, inferred lineage intermediates and
mature kappa chain sequences. Data was collected and kindly provided by Cassie Simonich at Fred

Hutchinson Cancer Research Center, Seattle, WA. Unpublished data.
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Figure 3.6: Cryo-EM reconstruction and model of the BG505.SOSIP.T332N trimer in complex with BF520.1
Fab. (A) Side (above) and top (below) views of the cryo-EM reconstruction and structural model. A single
monomer consisting of gp120 (orange) and gp41 (dark cyan), and the BF520.1-Fv variable heavy chain
(dark blue) and variable light chain (aquamarine) are highlighted. Glycans removed for clarity. The
BG505.SOSIP trimer structure 5ACO.pdb docked into the new EM density map with a correlation score of
0.8602 (4). A global search yielded a preferred placement of the BF520.1 Fv model into the Fab density
with a correlation score of 0.8513 (Supplementary Figure 5g). (B) Expanded view of the VH domain and

gp120. Shown are the conserved gp120 GDIR sequence (purple), glycans N332 and N301, and CDRH
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loops (green). Mutations that confer potent neutralization (red) are indicated. (C) Expanded view of the VL
domain and the N332 glycan. CDRL loops (yellow) and mutations that conferred potent neutralization (red)

are highlighted.
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Figure 3.7: Data collection and refinement of BG505.SOSIP.T332N in complex with BF520.1 Fab. (A) A
sample, frame aligned, micrograph illustrating particle density and distribution. (B) Angular distribution plot
generated in Relion/2.1. (C) Local resolution analysis of the 4.8 A cryo-EM reconstruction. The color key
shown below indicates local resolution in A. (D) Fourier-shell correlation curves for correlation corrected
(black), unmasked (green), masked (blue) and phase randomized (red). Dashed line represents the “gold-
standard” FSC cutoff of 0.143. (E and F) Densities corresponding to N332 and N301 glycans and
positioning of glycans into the cryo-EM density. (G) Correlation scores of the top fits for the BF520.1 Fab
structure into the cryo-EM map. Scores were generated by Chimera UCSF fitmap command utilizing a
global search. (H) Positioning of gp41 HR2 a-helix into the cryo-EM density. (I) Best fit of BF520.1 homology
model determined in (H). Shown are the variable light chain (left) and variable heavy chain (right). (J)

Positioning of the g41 HR1 a-helix (left) and the gp120 a1 helix into the cryo-EM density.
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Chapter 4. Evolution of an infant-derived HIV-1 neutralizing antibody suggests early targeting of a

conserved glycan

*The following chapter was conducted in collaboration with the lab of Julie Overbaugh
at Fred Hutchinson Cancer Research Institute, Seattle, WA.

4.1 Introduction

The HIV-1 Envelope glycoprotein (Env) mediates entry into host immune cells through a series of
receptor-driven conformational changes that lead to fusion of the viral and host membranes. Env is a heavily
glycosylated trimer that is composed of three identical copies of non-covalently associated heterodimers.
Each heterodimer consists of a receptor binding domain, gp120, which recognizes CD4 receptors on the
surface of T-cells, and a fusion subunit, gp41, that mediates fusion (1-4). As the sole virally encoded antigen
on the surface of HIV-1, Env is also the major target of neutralizing antibodies.

Once infected with HIV-1, an immune response is raised against the Env glycoprotein. A fraction
of the antibodies generated by the initial response can block entry of the virus; in most cases, they are only
capable of neutralizing the infecting virus strain (5-7). What soon follows is the rapid evolution of HIV-1 and
proliferation of neutralization escape variants that leaves the immune system to battle immense antigenic
diversity (8-10). In a subset of individuals, however, the neutralizing antibody response expands and
develops broadly neutralizing antibodies (bnAbs) capable of neutralizing a diverse range of HIV-1 isolates
(11-13). Improvements in the isolation of such antibodies and methods to determine their germline
sequences have given rise to optimism that a more complete understanding of the characteristics and
evolution of naturally occurring bnAbs may provide insight for the design of vaccine immunogens and
immunization strategies that are capable of eliciting a similarly broad response.

Extensive research and available structures of various bnAbs in complex with soluble Env
constructs has brought to light neutralizing epitopes that are commonly targeted in chronically infected
individuals. These include the V1/V2 apex, CD4 binding site, gp120/gp41 interface and the V3-glycan
region Figure (4.1) (13-19). Despite significant progress in characterizing the development of bnAbs in
adults, the unusual properties of these antibodies present a set of challenges in eliciting a similar response

by immunization (20-23). One such challenge is that most adult bnAbs take years to develop because of
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continuous viral escape and antibody maturation often resulting in extensive somatic hypermutation (SHM)
(21, 23-30). Additionally, many inferred germline precursors of bnAbs lack detectable binding to
recombinant HIV envelope, and thus require the design of germline-targeting immunogens to help guide a
broad and potent antibody response through vaccination (20, 22-24, 31, 32).

Recent studies have revealed that infants and children develop bnAb responses at least as, if not
more, commonly than adults, and that they do so rapidly within 1-2 years post-infection (33-35). Initial
characterization of an HIV-1 infected infant exhibiting a cross-clade neutralizing antibody response led to
the isolation of BF520.1 that, in contrast to most bnAbs from HIV-1 infected adults, has limited SHM
(VH=6.6%, VK=5% nt) (36). In the previous chapter, a functional and structural approach was used to
identify key determinants of neutralization by BF520.1 by focusing on VH and VK development during
lineage maturation. The data revealed that the BF520.1 epitope is largely focused on the N332 glycan and
several potential contacts between CDRH loops and GDIR sequence, as well as N301 glycan. Furthermore,
maturation of the variable kappa chain (VK), specifically in the CDRL1 loop, had an early and dramatic
contribution to neutralization breadth through extensive interaction with the N332 glycan.

Here, we begin to explore the evolutionary pathway of the BF520.1 antibody lineage to identify the
effect of early somatic mutations on neutralization of HIV-1 and how they impact epitope recognition.
Int2yuInt2yx and Int4yyintdyx are both early antibody lineage intermediates that bridge antibody
development from a weakly neutralizing Ab (Int2y4Int2yk) to an intermediate exhibiting heterologous breadth
(Int4yyintdyk) that is similar to breadth achieved by mature BF520.1. Epitope mapping by negative-stain
electron microscopy was consistent with Int4yuInt4\« recognizing the BF520.1 epitope with no detectable
change in angle of approach. Ongoing single-particle cryo-EM analysis will provide higher resolution detail
to illustrate how antibody-Env contacts evolved over the course of affinity maturation. Int2y4Int2yk
possessed tier 1A neutralizing activity following just two amino acid substitutions in VH and three in VK
relative to the inferred unmutated common ancestor (germline) sequence, but in contrast to Int4yyintdyk
and BF5201, it bound relatively weakly to SOSIP trimer. We infer that the early mutations in VK, as early
as Int2y4Int2\k, may anchor early intermediates toward the N332 glycan, allowing further focusing of

mutations that increase affinity. A better understanding of the immunologic basis for generating bnAbs and
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their development during maturation holds promise of strategies to guide immunogen design aimed at

focusing the immune response towards eliciting advantageous antibodies.

4.2 Materials and Methods

4.2.1 SOSIP production and purification

The most promising native-like (NL) structures have been obtained by engineering trimer-stabilizing
mutations, termed SOSIP, into truncated Env sequences (37). BG505.SOSIP.T332N trimers were
synthesized using a previously established protocol (38). In brief, following production in 293F cells, soluble
envelope oligomers were separated from the extracellular milieu using Galanthus nivalis lectin (Vector
Labs). This mixture was then subjected to DEAE cation exchange chromatography, and trimer was resolved
from aberrantly disulfide-bonded dimer and gp140 monomer, using hydrophobic interaction
chromatography and preparative-grade size-exclusion chromatography. Purity was assessed by
SDSPAGE, BN-PAGE, and dynamic light scattering, and found to be >95% native-like trimer. Presence of

native-like SOSIP trimer was further confirmed by negative-stain electron microscopy.

4.2.2 Fab purification

Fab fragments were generated from 2.0 mg of IgG antibody using a papain digestion kit (Pierce),
and separated from Fc fragments and undigested IgG by gravity flow using a Protein A column (Pierce).

Purity and size of Fab fragments were confirmed by SDS-PAGE.

4.2.3 Biolayer interferometry

Binding kinetics of BF520.1, Int4yyInt4yk, and Int2y4Int2yx Fabs with BG505.SOSIP.T332N were
determined by using BLI on an Octet Red system (FortéBio). Hydrated anti-human Fab-CH1 biosensors
were immobilized for 4 min with purified IgG or Fab diluted to 10 ug/ml in phosphate-buffered saline (PBS)
(pH 7.4) supplemented with 1% BSA, 0.03% Tween 20, and 0.02% NaNj;. After reaching a stable baseline,
antibody-immobilized tips were moved to wells containing a 2-fold dilution series of BG505.SOSIP.T332N
to monitor association for 4 min. Tips were moved back to wells containing buffer to monitor dissociation

for 4 min. Kinetic data were analyzed by using FortéBio Data Analysis 7.0 software. Average measurements
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from reference wells were subtracted, and data were processed by Savitzky-Golay filtering prior to fitting

using a 1:1 binding model. Reported values are averages of data from experiments repeated in triplicate.

4.2.4 Negative-stain electron microscopy

Negative-stain EM was used to observe binding of Int2y4Int2yx and Int4yuintdyk to
BG505.SOSIP.T332N, and to generate epitope maps to compare binding orientations with the previously
solved mature epitope (36). A 3-ul aliquot of the Fab:SOSIP trimer complex was applied to glow-discharged
C-Flat, 300-mesh, Cu grids (Electron Microscopy Sciences) and stained by using Nano-W. Data were
collected by using a Tecnai T12 transmission electron microscope operating at 120 keV. Images were taken
by using a Gatan 4k-by-4k CCD camera at a magnification of 67,000 and a defocus range of -3 to -1 ym,
corresponding to a pixel size of 1.6 A/pixel. Particles were selected by using interactive particle picking from
~120 micrographs using EMAN2.1 image processing suite (39). Particle stacks of ~8,000 particles were
created and subjected to reference-free 2D classification and clustering to generate 100 2D classes.
Representative class averages for each sample were chosen for clarity. The BF520.1 negative-stain map

was lowpass filtered to 60 A and used as an initial model for refinement of the Int4yyInt4,x:SOSIP complex.

4.2.5 Sample preparation for cryo-electron microscopy

Purified BG505.SOSIP.T332N trimers were mixed with 4-fold molar excess Int4ynInt4yx Fab and
diluted to 0.47 mg/mL in PBS supplemented with 60 uM n-Dodecyl-3-D-Maltoside (DDM). The mixture
incubated for 2 hours at room temperature prior to vitrification. A 3.0 pyL aliquot was applied at 4°C and 100%
humidity to glow-discharged C-Flat 1.2/1.3 4C holey carbon-coated grids (Electron Microscopy Sciences),
blotted, and immediately plunge frozen in liquid ethane by using a Vitrobot Mark IV specimen preparation

unit (FEI Co.).

4.2.6 Cryo-EM data collection

Vitrified grids were imaged using an FEI Titan Krios operating at 300 keV and equipped with a
Gatan K2 summit direct detector device. Micrographs were collected at 105,000%, corresponding to a pixel

size of 1.35 A/pixel in counting mode. Each image received a dose rate of ~ 8 e /pix/s with 200 ms exposure
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per frame, and an estimated defocus ranging from 1.0 - 3.5 ym. Data were collected in three separate

sessions, resulting in a total of 4044 images using Leginon (40) automated data collection software.

4.3 Results

4.3.1 Cross-clade neutralization with limited SHM in lineage intermediates

To define the minimal combination of changes in VH and VK that are needed for breadth,
intermediates were paired together using percentage SHM to assign probable pairings. Tier 1A neutralizing
activity was observed following just two amino acid substitutions in VH (Int2,y) and three in VK (Int2yy) with
the additions of the VH Y32N and VK S30A being important for the neutralizing activity. Cross-clade
heterologous neutralization was achieved with the addition of the VH M34I1 and VK S28N in the Int3ynInt3yk
mAb, which had a total of four VH and five VK amino acid substitutions or 1.3% and 1.8% SHM at the
nucleotide level in VH and VK, respectively. Int4yy paired with Int4\k neutralized the majority of the viruses
(9/13; 69%) that are neutralized by mature BF520.1 with only 1.8 VH and 2.1% VK SHM. Further increased
neutralization was conferred by single additional substitutions in both VH and VK: N52A (Int4,y) and A25T
(Int4yk). The breadth of BF520.1 was reached with 1.8% VH and 3.4% VK SHM (2.5% overall SHM) for
Int4yuIntSyk. Finally, the Int5,4Int6yx mMAb reached the breadth and potency of mature BF520.1 with only
2.4% VH and 3.7% VK SHM (3.0% overall SHM) (Figure. 4.2). Int2ynInt2y« and Int4yyInt4yk represent two
key points along the developmental pathway of BF520.1. The earliest lineage time-point where
neutralization occurred was Tier 1A neutralization by Int2y4Int2\« and represents an early intermediate that
closely resembles the germline antibody. A later intermediate, Int4yyInt4\k, neutralized the majority of
viruses neutralized by BF520.1. Although later lineage intermediates had comparable breadth and potency
as mature BF520.1, Int4yyIntd\k represents a clear transition in development from limited neutralization to
heterologous breadth. Therefore, intermediates Int2yyInt2yx Int4yyIntdyx were chosen for further

characterization.

4.3.2 Binding affinities of lineage intermediates for BG505.SOSIP

The affinity of Int2yyInt2k, Int4yyintdykx and BF520.1 for BG505.SOSIP.T332N was determined by
using biolayer interferometry (BLI). We chose to focus on antibody binding to the heterologous

BG505.SOSIP trimer based on the neutralization data, showing that BG505.T332N HIV-1 virus was
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resistant to neutralization by Int2,4Int2,« while being potently neutralized by Int4int4yx and BF520.1. This
suggests that mutations occurring after Invt2y4Int2yx may be critical for heterologous neutralization.
BF520.1 and lineage intermediate Int4Int4\k both bind BG505.SOSIP.T332N with reasonably high affinity;
however, the affinity of BF520.1 was approximately ~2.5-fold higher with a measured KD of 37.8 nM versus
92.8 nM for Int4yyIntd\k, respectively (Figure 4.3). Although the ko, of Int4yyInt4yx was ~2-fold faster than
BF520.1, the difference in kg is responsible for the difference in affinity (Figure 4.3). Int2,4Int2\x had a
lower affinity for BG505.SOSIP.T332N compared to both Int4yuInt4,«x and mature BF520.1, largely due to
the ~10-fold faster off-rate. Nevertheless, Int2y4Int2yk is, in fact, capable of binding Env, although
interactions may be more transient than later lineage intermediates. We note that global fitting was only
performed using two binding curves; however, triplicate measurements exhibited a low standard deviation
(Figure 4.3). Overall, BLI data suggests that the BF520.1 lineage establishes productive contacts towards
the V3 epitope at an early stage in maturation, and further development is largely focused on strengthening

contacts that result in higher affinity.

4.3.3 Imaging of intermediates bound to Env using negative-stain EM

Negative-stain transmission electron microscopy (EM) imaging was performed on lineage
intermediates Int4yuint4yx and Int2yxint2y« that were complexed with heterologous Env construct
BG505.SOSIP.T332N. With these low-resolution structures, we sought to determine whether any changes
in angle of approach by early intermediates take place over the course of affinity maturation as has been
observed for adult-derived V1/V2 apex targeting bnAb, PCT64 (41). Imaging of Int4yyInt4yk Fab bound to
BG505.SOSIP.T332N trimer showed 2D classes of particles where Fab density could be observed
projecting from the V3-glycan region of gp120 (Figure 4.4). Generating a 3-dimensional map revealed that
Int4yuInt4yk approaches the epitope in a similar manner and angle compared to the mature BF520.1 (Figure
4.4) (36). At the current resolution, we cannot detect any variation in interactions. The low binding affinity
of Int2ynInt2yx manifested itself in low levels of epitope saturation and a large population of unbound
BG505.SOSIP.T332N trimers during negative-stain imaging. It is likely that imaging of Int2y4Int2,x bound

to BG505.SOSIP.T332N will require glutaraldehyde fixation of the protein complex (42, 43). Therefore,
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without a sufficient quantity of Int2y4Int2yx bound to SOSIP trimer, we were unable to generate an epitope

map for comparison to Int4yyInt4x and BF520.1 (Figure 4.5).

4.4 Discussion

It is widely viewed that an effective vaccine against HIV-1 must elicit a broad and potent antibody
response to overcome the enormous global diversity among circulating strains (44, 45). Upon initial infection
with HIV-1, many individuals develop a neutralizing response against the autologous virus, and passive
administration of neutralizing antibodies has shown protection in animal models as well as reduced HIV-1
viremia in chronically infected adults (46-51). Moreover, a subset of individuals develops broadly
neutralizing antibodies capable of neutralizing a diverse set of HIV-1 isolates, providing hope that such
antibodies could be elicited through vaccination (11, 52-54). Despite significant efforts and the wealth of
data generated by numerous investigators, bnAbs have not been elicited by vaccination, and a preventative
vaccine against HIV-1 has yet to be developed.

bnAbs targeting the V3-glycan region exhibit some of the most broad and potent neutralization
profiles to date. The V3-glycan region is centered around the N332 glycan and plays a critical role in HIV-
1 entry and infection. Structural characterization of bnAbs targeting V3 has revealed that the N332 glycan
is a central feature in the V3 epitope, though antibodies may bind with a variety of orientations and angles
of approach (15, 55, 56). As a result, interactions with additional glycans, as well as regions of V1/V2 are
observed, depending on the specific bnAb and its orientation relative to Env.

A pervasive challenge in many adult-derived V3-targeting bnAbs is the extensive SHM, particularly
in the CDRH3 loop, that comes from several years of maturation in response to virus evolution. It is now
known that in several cases, infants possess a unique ability to elicit a neutralizing response against HIV-
1 more rapidly than observed in adults. BF520.1 is currently the best described infant bnAb and has only
6.6% SHM while exhibiting 59% neutralization against a global HIV-1 panel. How does BF520.1 develop
this capacity to neutralize with fairly minimal SHM? By tracing back to early stage antibody development,
we sought, in part, to address this question.

As described in the previous chapter, next generation sequencing by our collaborating labs

identified an inferred germline precursor and the likely developmental route towards the mature BF520.1
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bnAb. Cassie Simonich and Laura Noges synthesized intermediates using percentage SHM to assign
probable VH and VK pairings and tested the neutralizing ability of the paired intermediates from the inferred
germline precursor to mature BF520.1. Following just two VH and three VK substitutions, Int2,4Int2,kx was
able to neutralize a Tier 1A virus, and was unable to neutralize the heterologous BG505 isolate used for
structural characterization of mature BF520.1. Interestingly, Int4y4lnt4\k neutralized the maijority of viruses
that are neutralized by BF520.1 and did so with extremely low levels of SHM (1.8% VH and 2.1% VK).
Therefore, we chose these two lineage intermediates to study further to characterize the impact of early
mutations on binding and recognition of the heterologous BG505.SOSIP epitope. We observed a pattern
of increased affinity and a shift towards heterologous breadth between intermediates Int2,4Int2\x and
Int4yuintdyk. The developmental pathway of VK obtains mutations that appear to be focused on CDRL1 and
VK-framework regions. Specifically, during progression towards Int4yyint4\k, the only variable loop
containing substitutions is CDRL1, which was previously shown to extensively interact with the N332 glycan.

Germline antibodies have been described as conformationally dynamic, and it is commonly thought
that over the course of affinity maturation, the paratope becomes more rigid as the antibody focuses
towards its epitope (57-59). Several studies have challenged this held belief with observations that greater
plasticity can be observed in the mature antibody (60, 61). Nevertheless, mutations in the antibody
framework region can play a key role in antibody development. Indeed, framework mutations surrounding
CDRL1 in the BF520.1 lineage were shown in the previous chapter to increase neutralization potency. Our
current data is unable to describe the effect of framework mutations on paratope stability and must be
further explored using additional methodologies such as Hydrogen/Deuterium-exchange Mass
Spectrometry (HDX-MS) (62). As previously reported, the presence of the N332 glycan is critical for
BF520.1 binding and neutralization, and is the major feature of the targeted epitope (36). We speculate that
contacts between the CDRL1 loop and N332 glycan are established at an early stage of maturation and
may become stabilized by framework mutations around CDRL1, providing an anchor for the developmental
pathway of BF520.1 (Figure 4.6). However, high resolution structures of the BF520.1 lineage intermediates
in complex with SOSIP trimer, and a thorough analysis of interactions between the Ab lineage and SOSIPs
lacking N332 will be required to either support or refute these claims. To this end, single particle cryo-EM

data has been collected for the Int4yyInt4\k intermediate complexed to BG505.SOSIP trimer and is currently
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being processed and analyzed. Furthermore, a recent study of the evolution of V2-apex bnAb PC69
suggests that maturation in the angle of binding and alterations in glycan contact are additional evolutionary
mechanisms conferring breadth. Between the early and late antibody, the authors observed a steepening
of binding angle to accommodate glycan contacts. Epitope mapping of the Int4,yInt4\x intermediate
revealed an identical angle of approach to the mature BF520.1 further supporting our notion that the epitope
was established at an early stage of maturation. Overall, our data suggests that the rapid development of
BF520.1 is in part due to the ability of affinity maturation to establish CDRL1 contacts towards the N332
glycan at an early stage of development, allowing focusing of CDRH contacts with the conserved GDIR
sequence. Furthermore, because focused binding to a conserved epitope on Env is established early during

development, the BF520.1 lineage pathway may be considered an attractive template for vaccine design.
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Figure 4.1: High resolution structures have revealed commonly targeted epitopes of adult-derived, broadly
neutralizing antibodies. These epitopes include the V1/V2 apex region (red), V3-glycan region (blue), CD4
binding site (purple) and the gp120/gp41 interface (green). Shown for each epitope are prototype bnAbs

that have been structurally characterized in HIV-1 infected adults.
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BF520.1 lineage paired intermediates
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Figure 4.2: Neutralization of a panel of HIV-1 viruses by paired lineage intermediates. (A) BF520.1 lineage
maturation obtains broad neutralization at an early stage of development. The top rows indicate the
intermediate tested with %SHM shown below. The panel viruses are shown to the left with the tier, clade
and name indicated. 1Cs5, values (ug ml'1) represent an average of two to three independent experiments
performed in duplicate. ICsq values are color-coded with darker shades indicating more potent neutralization.
Grey indicates that 50% neutralization was not achieved at the highest mAb concentration tested. (B) Amino
acid alignment of BF520.1 naive, rationally inferred lineage intermediates, and mature heavy and light chain
sequences. Experiments were performed and kindly provided by Cassie Simonich and Laura Noges at Fred

Hutchinson Cancer Research Center, Seattle, WA.

95



Mature BF520.1
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Figure 4.3: Affinities of paired lineage intermediates measured by biolayer interferometry. Binding affinity
increases over the course of antibody maturation and is attributed to a decrease in kqis. Binding curves were
globally fit using a 1:1 binding model. For Int2y4Int2\x, two binding curves could be fit by truncating the time
of dissociation prior to falling below zero (dashed line). Values shown are the averages and standard

deviations of data from experiments repeated in triplicate.
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BF520.1 -EMD8168
Int4VHInt4VK

Figure 4.4: Negative-stain reconstruction of Int4y4Int4,«:BG505.SOSIP.T332N reveals similar angle of
approach as BF520.1. (A) Representative negative-stain electron micrograph of Int4yylnt4yk in complex
with BG505.SOSIP.T332N, illustrating particle dispersity and orientation of specimen across the carbon
support film. Below are 2D class averages composed of ~5,000 particles used for 3D refinement. (B)
Epitope map reveals that Int4yyInt4\k targets the V3 region. (C) Map comparison with BF520.1 (EMD 8168)

reveals a similar binding orientation and angle of approach.
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Figure 4.5: Int2,4Int2yx does not saturate binding sites by negative-stain EM. Raw micrograph of
Int2yyInt2yk Fab in complex with BG505.SOSIP.T332N trimer. The majority of the particles are unliganded
BG505.SOSIP trimer with a small population of Fab bound to trimer. Few instances of binding saturation

were observed and we were unable to generate a 3-dimensional map.
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Inferred Germline

Intzvln’[zvK

D

Figure 4.6: Early CDRL1 mutations are critical for neutralization by BF520.1. (A) The modeled structure of
the inferred germline Ab. Amino acids shown in gray are residues that are mutated during lineage
development. Amino acid substitutions occurring in CDRL1 (red) and the flanking framework regions (purple)
are shown for (B) Int2yxInt2yk, (C) Int4yyintdyk, and (D) mature BF520.1 sequences. The structure of the

Fab domain is based on the BF520.1 Fab model shown in figure 3.5.
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Chapter 5. Summary and Future Directions

The entry of enveloped viruses occurs through the attachment of viral glycoproteins to host-cell
receptors followed by fusion of viral and host-cell membranes. These glycoproteins not only serve a critical
role in infection but also represent a major target of neutralizing antibodies (nAbs). During natural infection,
nAbs play a key role in the immune response against enveloped viruses by binding to viral glycoproteins,
yet a major gap has existed in our understanding of the mechanisms by which nAbs act. The objective of
this dissertation was to shed light on antibody-mediated mechanisms of neutralization of enveloped viruses
and the ability of nAbs to inhibit viral glycoprotein function by examining two significant human pathogens,
influenza and HIV-1.

In Chapter 2, | described the impact of bivalency on the ability of IgG to arrest viral infectivity by
comparing the neutralization of virus by intact IgG and monovalent Fab domains. | observed that the Ab-
mediated inhibition of HA function occurs by multiple complementary mechanisms and is largely dependent
on the specific epitope that is targeted and on the bivalent nature of IgG molecules. Using cryo-electron
tomography (cryo-ET) in combination with biophysical assays, | revealed that the ability of nAbs to
aggregate influenza virus particles enhances the inhibition of HA at an early stage of fusion peptide-induced
membrane disruption through the occlusion of infectious virions, even at concentrations well below antigen
saturation. Unexpectedly, HC19, a nAb that targets the receptor binding site towards the distal end of HA
(1), also inhibited the ability of HA to undergo low pH-induced conformational changes that are necessary
for fusion to occur. Epitopes further down the HA stem do not exhibit cross-linking across separate particles;
however, bivalent interspike cross-linking by FI6v3 IgG within a given virus particle appeared to be critical
for its neutralizing activity. This chapter is one of few studies to date (2, 3) that structurally characterizes
the interactions between full-length IgG and whole virus, but this work is unique in that it provides functional
consequences for the complex interactions observed by cryo-ET. Furthermore, this study underscores the
necessity to consider bivalent interactions when developing a general model of antibody-mediated
neutralization.

In Chapter 3, | provide structural characterization of the first, and currently, the best described

broadly neutralizing antibody (bnAb) isolated from an HIV-1 infected infant (4). Until recently, the ability of
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infants to mount a neutralizing antibody response against HIV-1 was largely unknown (5). Therefore, earlier
research relied on characterization of bnAbs from chronically infected adults. Infant-derived bnAb, BF520.1,
is exceptional in that it developed within one year post-infection and did so with few mutations. This
contrasts with observations of adult-derived bnAbs, which generate after several years of extensive somatic
hypermutation (6-10). Prior to this study, it was unclear if infant-derived bnAbs target novel epitopes or
those similar to bnAbs isolated in adults. My work indicated that BF520.1 binds a familiar epitope that is
commonly targeted by adult bnAbs, namely, the V3-glycan region (11-13). Although the majority of bnAbs
characterized to date have focused on the contacts mediated by the antibody variable heavy chain, we
identified that maturation in the BF520.1 variable light chain was particularly important for HIV Env binding
and neutralization by making extensive contacts with the N332 glycan.

Chapter 4 expands on BF520.1 development by beginning to characterize early antibody lineage
intermediates. Int2y4Int2\« and Int4yyInt4\k are both early antibody lineage intermediates that bridge the
development from a weakly neutralizing Ab (Int2yxInt2yk), to an intermediate exhibiting heterologous
breadth (Int4yyInt4\x). Processing of cryo-EM data collected for Int4yuint4yk is currently on-going with a
goal of achieving high resolution structural information for comparison with the mature BF520.1 structure.

Overall, the results obtained during my studies suggest novel directions for future research, which
will ideally provide new insights into mechanisms of antibody mediated neutralization, and illuminate the

developmental pathway of BF520.1 which may be an attractive template for vaccine design against HIV-1.

5.1 High resolution characterization of the HA trimer stabilized by HC19 at neutral and low pH

Results in Chapter 2 suggest that neutralization by HC19 acts through multiple complementary
mechanisms by arresting HA function at two distinct stages of the fusion pathway. Although high resolution
structures of HC19 in complex with HA1 suggest that neutralization is achieved by blocking receptor
engagement (1), HC19 and likely similar antibodies that bind to HA1, appear to be able to inhibit later stages
of HA's conformational changes that are required for lipid mixing. HC19 binds to the HA trimer in such a
fashion that the fusion peptides can still be released, and then bind to and perturb the target membrane.
This data is consistent with an HA fusion activation pathway where the fusion peptide can be released prior

to HA1 dissociation without requiring full HA spike reorganization (14-16). Another HA1-targeted nAb, HCG3,
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was previously shown to inhibit HA activation; however, in that case, the antibody itself bridges two HA1
subunits of the same trimer, preventing their dissociation (17, 18). For HC19, Fab interacts with a single
protomer (1), and hence, | infer that it acts by stabilizing the subunit's conformation and indirectly, the HA1-
HA1 “cage” that prevents the full refolding of the HA2 subunit. Alternatively, it is conceivable that with Fab
bound to the HC19 epitope at the apex of the spike, the fusion machinery may be sterically blocked from
drawing the two membranes into close enough proximity to fuse, despite allowing fusion peptide insertion
into the target membrane.

Negative-stain EM analysis of the soluble bromelain-released HA trimer bound by HC19 Fab and
exposed to acidic pH indicated that the trimeric spike overall remained intact. A key piece of information
that remains unresolved are the interactions between HC19 and HA that mediates stabilization under acidic
conditions. A step to illuminate these interactions would be to solve the high resolution structure of HC19
bound to HA at low pH using cryo-EM single-particle techniques. While the HA1 trimeric interface should
remain largely intact, | anticipate a thinning of the HA stalk, which would indicate fusion peptide release or
relaxation within the HA2 subunit. A recent study used cryo-electron tomography and subtomogram
averaging techniques to observe the structure of HA under acidic conditions. Although they noted a thinning
of the HA stalk, the data lacked the resolution necessary to observe detailed structural information (19). It
is also possible that the structure of HA2 upon fusion-peptide release may be highly dynamic and thus limit
the achievable resolution within the HA2 domain by cryo-EM.

In combination with cryo-EM, it would be advantageous to use Hydrogen-Deuterium exchange
Mass Spectrometry (HDX-MS). HDX-MS probes the local structure of native proteins, providing a fingerprint
of structural dynamics with the resolution desired to provide a detailed fingerprint of ligand-induced
structural changes and isolate-specific differences in protein structure (14, 20-24). HDX-MS alone does not
provide three-dimensional structural information, but measures structural dynamics or flexibility of protein
segments as they exist under experimental conditions. In combination with structural information provided
by cryo-EM, HDX-MS would be a powerful method for characterizing structural alterations in HA2 that may
be too dynamic and flexible to characterize cryo-EM alone.

A research study from our lab probed the conformational dynamics of BHA at pH conditions

approaching fusion activation (14). Garcia and colleagues observed that regions in HA2 showed dynamic
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differences, with the N-terminal fusion peptide showing the greatest amount of solvent exposure in
response to pH. Additionally, HA1-HAZ2 interfacial peptides, specifically peptides spanning the HA1 hinge
domain, also exhibited more dynamic behavior at low pH. In contrast, the HA1 trimeric interface at pH 5.6
appeared to become more protected from solvent exposure compared to neutral pH. | hypothesize that
HC19 bound to BHA under fusion activating conditions will allow significant dynamic behavior of regions of
HA2, specifically the N-terminal fusion peptide. Furthermore, | predict that the HA1 hinge region resting
above HA2 would become stabilized by HC19, possibly restricting exposure of HA2’s B-loop. This would
further support a fusion activation pathway suggested by others, where fusion peptide release precedes
HA1 dissociation (14, 15, 19). Furthermore, in additional to blocking receptor binding, the restriction of HA2
rearrangement through stabilization of the HA1 trimeric interface, may be important considerations when

developing vaccination strategies or therapeutic intervention.

5.2 Cryo-EM reconstruction of BF520.1 lineage intermediates with BG505.SOSIP trimers

The focus of Chapter 2 was to render a structural model of BF520.1 in complex with heterologous
BG505.SOSIP trimer. In combination with the antibody’s developmental pathway, defined by collaborators,
we revealed that development of the variable light chain and specifically mutations in the CDRL1 loop were
important for the broad and potent neutralization observed by BF520.1. We also noted that the presence
of the N332 glycan is critical for BF520.1 binding and neutralization, and is the major feature of the targeted
epitope (4). One caveat in the proposed model is our assumption that the structure of BF520.1 Fab
generated by predictive software accurately reflects the native structure of BF520.1. Although overall fold
architecture of Fab is relatively invariant between antibodies, loop positioning between the generated
structures in our study, specifically for CDRH3, was highly variable. To address this concern, | will be
crystallizing BF520.1, as well as two lineage intermediates that were selected in Chapter 4 to obtain a more
accurate description of loop positioning. This will allow us to accurately assign loop positioning and better
attribute the interactions of CDRH3 with BG505.SOSIP trimer.

In our proposed model, the mutations observed in CDRL1 that occur early in development are
thought to make extensive contact with the N332 glycan, which may account for the measured binding of

early lineage intermediates to BG505.SOSIP trimers (see Chapter 4). However, high resolution structures
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of the BF520.1 lineage intermediates in complex with SOSIP trimer, and a thorough analysis of interactions
between the Ab lineage and SOSIPs lacking N332 will be required to either support or refute these claims.
To this end, a dataset of Int4ynIntdyk in complex with BG505.SOSIP trimer is currently being processed.
For Int2y4Int2\k, the lower binding affinity results in a large population of unbound trimers on electron
microscopy grids. To overcome heterogeneity in proteins and protein complexes, studies have often relied
on glutaraldehyde fixation to form more stable samples (25-28). | propose to chemically crosslink
Int2yuInt2yk to BG505.SOSIP to saturate binding sites, providing an appropriate sample condition for
structural determination by cryo-EM. On-going single-particle cryo-EM analysis will provide higher
resolution detail to illustrate how antibody-Env contacts evolved over the course of affinity maturation.
Additionally, our current data does not describe the effect of framework mutations on paratope
stability and must be further explored using additional methodologies such as HDX-MS (29). We have
speculated that contacts between the CDRL1 loop and N332 glycan are established at an early stage of
maturation, and may become stabilized by framework mutations around CDRL1, providing an anchor for
the developmental pathway of BF520.1. Alternatively, framework mutations may increase the Fab’s overall
flexibility to promote binding to a broad range of diverse HIV-1 isolates. Once x-ray crystal structures are
determined for BF520.1, Int4yyIntdyk and Int2yyint2yx, HDX-MS should be performed to monitor the

dynamic behavior of the Fab along the BF520.1 maturation pathway.

5.3 Co-evolution of BF520.1 development with autologous founder virus

Our current work has largely focused on characterizing the interactions between the BF520.1
antibody lineage and the heterologous HIV-1 isolate, BG505. Although BF520.1 has potent and broad
heterologous neutralization, it is not able to neutralize the autologous BF520 founder virus that initiated the
BF520.1 response, despite binding to BF520 trimer (4). Although BF520.1 does not neutralize the
transmitted autologous virus, recent data by collaborators show that BF520 variants isolated from 6 months
of age (M6) become sensitive to neutralization, which is ~2.2 months after infection was detected (4).
Similar to the mature mAb BF520.1, the early lineage intermediates were not able to neutralize the
transmitted autologous envelope. It remains unclear what differences exist between the BF520 founder

virus and the M6 variant. Therefore, it would also be of interest to use HDX-MS to parse out differences in
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the dynamic behavior of both the transmitted founder virus and M6 variant. Perhaps the BF520 founder
virus exhibits more dynamic behavior around the BF520.1 epitope and alters the presentation of glycan or
key residues that are contacted by CDR-loops. As BF520 evolves, the M6 variant may differ in the
accessibility of the epitope or changes in glycan positioning compared to the earlier variant.

In a recent study of the co-evolution of V1/V2 apex-targeting antibody and HIV-1, comparison of
complexes at early and late time points revealed that, within the antibody lineage, the CDRH3 loop rigidified,
and the bnAb angle of approach steepened as maturation progressed (30). The BF520.1 bnAb is well-
suited for a similar study. We have expressed and purified both the BF520 founder virus and BF520 M6
variant, providing early and late Env trimer constructs. Binding affinity of the BF520.1 lineage to both BF520
and the BF5201 M6 variant will be performed by BLI to monitor changes in binding affinity during
development. This data will help direct sample optimization for cryo-EM analysis, which may or may not
require glutaraldehyde fixation. Cryo-EM structures should be solved for the early and late intermediate, as
well as mature BF520.1 bound to the BF520 founder and M6 isolate. | aim to learn how BF520 Env structure,
which initiated BF520.1 development, remains resistant to neutralization despite binding to the mature
BF520.1. Furthermore, | hope to illuminate how evolution of BF520, often a method of viral escape, imparts
sensitivity to neutralization. We suggested in Chapter 3 that early mutations in CDRL1 made extensive
contacts with the N332 glycan. | hypothesize that early intermediates containing these mutations also bind
the N332 glycan of the BF520 founder virus. However, other features of the epitope are not optimally
presented, perhaps due to highly dynamic behavior, which prevents neutralization. Still, the weak binding
may help drive viral diversification. | predict that the M6 variant presents a more stable epitope to later
antibody intermediates that improves variable heavy chain contacts in addition to maintaining CDRL1-N332
glycan contacts, therefore, becoming sensitive to neutralization. High resolution structural information of
the co-evolutionary pathway between BF520.1 and virus will shed light on the complex interplay between
the antibody response and HIV-1, and may provide an exemplary model for the design of germline targeted

immunogens to direct a similar developmental pathway by vaccination strategies.
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5.4 Concluding remarks

Taken together, the results obtained during my studies have shown that using a combination of
biophysical and structural approaches can provide new insights into the mechanisms of antibody mediated
neutralization against viral glycoproteins. The importance of bivalent Fab presentation by full-length
antibodies likely applies to other viral pathogens where a high copy number of antigens exist on the viral
surface and allows for complex binding to occur. Furthermore, our work with BF520.1 characterizes the
unique ability of infants to respond against infection with HIV-1 without extensive affinity maturation
commonly observed in adults; characteristics that are highly desirable for vaccine development. Ultimately,
my work has unveiled complex ways that antibodies can neutralize virus and underscores the need for

continued exploration of the mechanisms by which they act.
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