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CHAPTER I

INTRODUCTION

Thesis overview

This dissertation documents my body of work seeking to characterize the human antibody
response to viral infections caused by henipaviruses or flaviviruses. The goal of this work was to
provide basic knowledge regarding adaptive immune responses to highly pathogenic viruses,
develop therapeutic monoclonal antibody candidates to target said viruses, inform design of
rational next-generation vaccines, and establish principles for development of antibody cocktails
with synergistic potency. I have divided this dissertation into six (VI) chapters. I have attempted
to order chapters based on my intellectual contributions, starting with largely collaborative
efforts, and ending with projects completely conceived by me under the mentorship of Dr.

Crowe.

In Chapter I, I provide a broad overview of human antibodies, and how these molecules have
been used as therapeutics to combat viral infections in the past. This is followed by a more
detailed description of the two viral families I will be discussing in subsequent chapters,
Paramyxoviridae and Flaviviridae. Each of these sections will be concluded by a discussion of
what is known regarding vaccines and therapeutics against these viruses, and will highlight gaps
of knowledge in the field that are addressed in the following three chapters. Chapters 1I-V
encompass my primary research efforts in the areas introduced in Chapter I. Chapter II is an

overview of the preliminary isolation and characterization efforts undertaken to discover human



monoclonal antibodies against the henipavirus receptor binding protein. I built numerous
technical tools to assess antibodies that had been structurally characterized by Jinhui Dong. I
used ELISA, flow cytometry, and BLI to further characterize these antibodies to assess the
mechanisms used by HENV-26 and HENV-32, helping to establish structure-function
relationships to the crystallographic reconstructions of these antibodies in complex with antigen.
The data in this chapter set the stage for the bulk of my thesis work, informing the sites of

neutralization vulnerability targeted by human mAbs to this henipavirus glycoprotein.

In chapter 111, I expand upon the knowledge gained through the highly collaborative work
discussed in chapter II to develop next-generation, rationally selected antibody cocktails. Here, I
characterize a large panel of mAbs targeting the henipavirus receptor binding protein for binding
and neutralization. I first comprehensively categorize and map the six distinct antigenic sites
bound by this large panel of antibodies. I then show that two distinct classes of antibodies,
termed “receptor-blocking” and “receptor-enhanced,” function via distinct molecular mechanism
and protect hamsters from Nipah Bangladesh challenge. I further highlight the ability of these
mAbs to function synergistically, and provide data to support this concept both in vitro and in
vivo. This chapter concludes with a vignette describing bispecific antibodies bearing the antigen
binding properties of both “receptor-blocking” and “receptor-enhanced” mAbs, with data
suggesting these may also be viable therapeutic candidates. Chapter IV is the third and final
chapter on my human henipavirus immunity work. Here, I introduce the targeted discovery
approach used to isolate a human monoclonal antibody targeting a previously undescribed
antigenic site on the henipavirus receptor binding protein. I define this antibody’s ability to bind

only to a full-length construct of receptor binding protein (RBP), differentiating it from



antibodies described in Chapter III. I then highlight in vitro and in vivo activity studies that show
this antibody, HENV-270, is able to neutralize virus and protect hamsters from Nipah
Bangladesh challenge. I end Chapter IV with structure-function studies of HENV-270, which
suggest this mAb recognizes the C-terminus of the RBP stalk domain and may function by

preventing RBP from interacting with the fusion (F) glycoprotein.

Chapter V describes my body of work on characterization of human antibodies targeting the
yellow fever virus (YFV) envelope (E) protein. I describe the discovery campaign I undertook to
isolate rare human antibodies from subjects inoculated with the live-attenuated YFV vaccine. |
then focus on one antibody, YFV-136, which I find to be highly potent against YFV-17D
vaccine strain. I use a mechanistic neutralization assay to show that YFV-136 neutralizes
primarily at a pre-attachment step in the viral replication cycle. I show, using escape mutation
analysis, competition binding studies, and HDX-MS that this mAb binds a complex antigenic
site encompassing domains I and II. Antibodies targeting this site have been previously
described, suggesting an immunodominant site of recognition by neutralizing and protective
mAbs. I finish this chapter with in vivo studies performed by collaborators in hamsters and

humanized mice, which show YFV-136 may be a viable therapeutic candidate.

Finally, Chapter IV is a discussion of the broader implications of this work, and where I hope my
colleagues take this project in future studies. First, I lay out broad conclusions of my studies, and
attempt to draw on broader themes learned through my studies. Next, I attempt to make clear the
caveats of my studies, and then delve into where I believe this project could be taken in future

studies. I will conclude with a discussion on the implications of this work, and how the data I



have accrued can further vaccine and therapeutic development, not just in the
henipavirus/flavivirus fields, but across viruses generally. Overall, I believe my work has
thoroughly characterized the humoral response to the henipavirus RBP, provided candidate
therapeutics against henipaviruses and YFV poised for evaluation in the clinic, and elucidated
novel sites of vulnerability on RBP and E that can be reverse engineered to produce rational,

targeted vaccines should a henipavirus or flavivirus emerge in an epidemic or pandemic setting.

Part I: Antibodies

Overview of antibody origin, structure, and function
The human immune response is divided into two broad systems: innate and adaptive immunity
(Flajnik and Kasahara 2010). The innate immune system is responsible for immediately
responding to microbial insults in a manner that is not entirely specific to the microbe itself. Innate
defenses are diverse in repertoire, including physical barrier functions, antimicrobial peptides,
complement systems, and responses by phagocytic cells that can clear infections and begin healing
affected areas after the insult is cleared (Janeway and Medzhitov 2002). In contrast, the adaptive
arm of the human immune system is considered to be pathogen specific, inducing “immune
memory” to pathogens in order to respond to infection by the same pathogen in the future.
Adaptive immunity is further divided into cellular and humoral arms. T and B cells, respectively,
are responsible for each of these responses, though they are intimately linked throughout the
response to an infection. B cells are lymphocytes that mature in the bone marrow to display a
membrane bound immunoglobulin known as a B cell receptor (BCR). B cells, and the molecules

they display and secrete, will be the focus of this section of the introduction.



The antibody is the functional effector of the humoral immune system. Antibodies can either be
secreted or bound to the B cell membrane, in which they are referred to as BCRs. Structurally, the
antibody is a dimer of heterodimers assembled into a Y-shaped molecule (Figure 1-1). This can
further be divided into disulfide linked heavy and light chains, with each chain being divided into
variable and constant regions. The heavy and light chain variable regions, or VH and VL, are
responsible for binding to antigen. Heavy and light together form the two functional regions of an
antibody, Fab (fragment antigen binding) and Fc (fragment crystallizable). The Fab contains both
VH and VL (as well as the constant light (CL) constant heavy 1 (CH1) domains), making it the
region that is most involved in antigen binding. Both VH and VL can be broken into 4 highly
conserved framework regions (FR) and 3 highly variable complementarity determining regions
(CDR). CDR loops, especially the heavy chain CDR3 (HCDR3), make up the majority of antigen

contact residues.

While binding alone can provide an antibody its function (such as preventing a virus from
attaching to a cell, or occluding the enzymatic function of a toxin), Fc is responsible for
endowing the antibody molecule with effector functions. These include, but are not limited to,
complement deposition, antibody dependent cell-mediated cytotoxicity, and antibody dependent
cell-mediated phagocytosis (Lazar, Dang et al. 2006). The Fc domain function is primarily
dependent upon the antibody isotype and subtype. Antibodies are divided into 5 isotypes: IgA,
IgD, IgE, IgG, and IgM (Schroeder and Cavacini 2010). IgD is thought to be largely membrane
bound, is found only on naive B cells, and has unknown function. IgM forms a pentameric or

hexameric structure when secreted, as the Fc region binds to another protein known as J chain.



IgM antibodies are generally elicited early in infection, have sequences that largely mirror
germline, and have exquisite ability to carry out complement deposition. IgE is induced by a
Type II allergic immune response, and binds to either parasitic or non-pathogenic insults
(allergens). Binding by IgE to antigen ultimately results in activation of mast cells, basophils,
and eosinophils via Fce receptors. This binding event induces degranulation of leukocytes,
resulting in a release of pro-inflammatory molecules responsible for symptoms of allergic
reaction. IgA can be secreted as both monomer and J-chain linked dimer, and is a major effector
of the mucosal immune system (Boyaka 2017). Mucosa secrete massive amounts of IgA, with as
much as 60 mg per kg body weight produced per day (de Sousa-Pereira and Woof 2019). Finally,
IgG is the primary isotype of antibodies in circulation, and is the primary contributor to the
humoral response to viral and bacterial infections. Work in this thesis focuses on antibodies of

IgG isotype.

Antibody diversity is the result of three principles: combinatorial diversity, junctional diversity,
and somatic hypermutation. These principles work to drive antibody specificity to distinct antigens
over time to maximize effectiveness. While T cell receptors also derive heterogeneity via
combinatorial and junctional diversity, somatic hypermutation is a unique feature of BCR/antibody
diversity. Combinatorial diversity results from the combination of genes that make up the heavy
and light chain of the antibody. The heavy and light chain loci are formed by combinations of V,
D and J genes (or V and J only for kappa and lambda loci for light chains). (Brack, Hirama et al.
1978, Schatz, Oettinger et al. 1989). This combination involves the random combination of one of
each V, (D), and J genes that make up the variable regions of the antibody, respectively (Matsuda,

Ishii et al. 1998). As this occurs on both heavy and light chains, pairings of different heavy and



light chains result in another source of antibody diversity. During recombination, random
insertions and deletions of nucleotides at the junctions between the V, D, and J genes results in a
second source of diversity, being junctional diversity (Jeske, Jarvis et al. 1984). Combinatorial and
junctional diversity allow for mature, naive B cells, which will display IgM and IgD on the cell
surface, to recognize almost unlimited antigens. Upon binding of cognate antigen, typically within
secondary lymphoid tissues where cells have the opportunity to sample antigen displayed by
subcapsular macrophages and follicular dendritic cells, B cells can enter germinal centers in the
lymph node to undergo affinity maturation via somatic hypermutation (Junt, Moseman et al. 2007).
During affinity maturation, random mutations are introduced into the heavy and light chain loci,
many of which are focused on the CDRs (Schramm and Douek 2018). Concurrently, B cells will
undergo isotype switching (also known as class switch recombination), where the constant domain
of IgM is changed out for IgG or IgA (or in the case of allergy, IgE) (Stavnezer, Guikema et al.
2008). The isotype fate of a B cell is in part dependent upon the tissue localization of the germinal
center reaction. Mucosa associated lymphoid tissue (MALT), for example, has a higher propensity
for producing IgA-secreting B cells due to the importance of IgA in mucosal immunity (Boyaka

2017).
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Figure 1-1: Structural and genetic features of antibodies. A) Structure of the full IgG polyprotein. B) Zoomed in
image of the scFv region, with heavy and light chain CDR loops highlighted. C) Heavy and light chain gene loci, with
VDJ and C regions for heavy chain, VJ and C regions for light chain. This figure was generated using Biorender.

During the course of an immune response, affinity matured, class-switched B cells will have a
variety of potential fates (Hammarlund, Thomas et al. 2017). First, B cells can take on a
plasmablast phenotype, a CD19+CD20- (CD = cluster of differentiation) cell type that lacks
surface immunoglobulin and is optimized for massive secretion of antibody to respond to a
primary infection. As the infection is resolved, a subset of B cells will become CD19" memory B
cells. These are characterized by primarily membrane-bound IgG that can be easily stimulated
upon re-exposure to infection. More recently, a third B cell compartment known has long lived
plasma cells (LLPCs) has been studied and appreciated. These are cells characterized by

CD19 CD27'CD38" that secrete exceptionally high affinity antibodies that traffic to the bone
marrow following infection (Mei, Wirries et al. 2015). LLPCs are the primary source of

antibodies in the serum, as peripheral memory B cells have a low capacity for Ig secretion. Upon



re-exposure to antigen, memory B cells can re-enter germinal centers, undergo affinity
maturation, and take on any of the three fates described here. Together, these B cell subsets make
up the B2 compartment. A distinct compartment of B cells, known as B1 cells, are derived from
the fetal liver to produce an innate-like immune response, but will not be discussed further
(Hardy and Hayakawa 2015). It is also worth noting the plasticity in B cell phenotypes. Surface
markers for each type described here are done so as generalities, as unique subsets with distinct

markers have been described.
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Figure 1-2: B cell development pathway. Top: B cell development, beginning from pre B cell in bone marrow to
peripheral memory and long lived plasma cells. Bottom: Germinal center reaction and resulting mature B cell
populations. Adapted from “B cell maturation antigen during plasma cell” by Biorender.com (2021). Retrieved from
https://app.biorender.com/biorender-templates

History of isolation and use of antibodies as antiviral therapy
Prior to the development of technologies for isolating polyclonal and monoclonal antibodies,
there existed a long history of using both human and animal sera or plasma as therapy for
infectious diseases. This began roughly 120 years ago, when horses were vaccinated with
bacterial antigens in order to harvest serum as a treatment option during severe infections

(Casadevall and Scharff 1994). Treatment regimens often required the intravenous dosing of



large volumes of serum from organisms that resolved infection with ill-defined composition.
While these therapies were actually considered largely successful, there were problems with
maintenance of animal sources of serum, lot to lot variability, and moderate to severe side effects
due to byproduct ingredients. As a result, new methods of harnessing the treatment efficacy of
serum therapy in a scalable, safe manner were explored. This first required a technique that
would allow for continuous culture of B cells, a feat that had eluded researchers to date. Crucial
studies by Kohler and Milstein in the 1970s resulted in the development of what is now known
as “hybridoma technology,” and it is these studies that formed the basis for the technology used
in this dissertation (Kohler and Milstein 1975). This involves the immortalization of murine (and
now human) B cells by fusion with a multiple myeloma cell line after initial immortalization of
B cells using Epstein-Barr virus (EBV). This allows for continuous culture, screening, and
production of antibodies from the initial B cell population. This technology has previously been
used to develop antibodies used in the clinic for both infectious and non-infectious indications,
such as the murine anti-CD3 antibody used to prevent transplant rejections, and Palivizumab for
prophylaxis of neonates against respiratory syncytial virus (RSV) (Casadevall, Dadachova et al.
2004). Multiple iterations of hybridoma technology can be found throughout the literature, with

numerous antibodies of murine and human origin isolated against infectious disease targets.

Antibody isolation technology from hybridoma cell lines has rapidly developed over the previous
decade. Specifically, newer methods have advantages in both speed and throughput. For
example, bulk isolation of B cells from human or animal origin, followed by fluorescence
activated cell sorting of antigen-specific cells, has allowed for isolation of thousands of

antibodies against a particular target in a short period of time. Speed has been further increased
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by coupling of single-cell isolation pipelines to next-generation sequencing technologies, in
which paired heavy and light chain sequences from sorted antibodies can be analyzed and
expressed in micro-scale for pre-clinical studies. Recent Defense Advanced Research Projects
Agency (DARPA)-funded studies have highlighted the utility of this platform (Gilchuk,
Bombardi et al. 2020). Similarly, libraries of phage, yeast, or mammalian cells displaying human
antibody libraries can be screened to identify antibodies against specific antigen targets using
similar technologies, and have been implemented by both academic and industry groups with
great success (McCafferty, Griffiths et al. 1990, Boder and Wittrup 1997, Bowers, Horlick et al.
2011). Finally, newer frontiers of single cell technology and microfluidics have provided new
ways for screening and isolating candidate antibodies for the purposes of therapeutic

development (Leung, Klaus et al. 2016).

As far as antibodies approved for use in humans to combat viral diseases, the list is fairly limited
in comparison to other diseases, with the majority of the field growth occurring recently due to a
viral pandemic. The most widely used of the list is Palivizumab (Johnson, Oliver et al. 1997).
This mAb, developed by Medlmmune (now AstraZeneca), is used prophylactically in cases of
premature birth to prevent infection by respiratory syncytial virus (RSV) (Wu, Pfarr et al. 2008).
As RSV is the leading cause of hospitalizations in children, this antibody addressed a severely
unmet medical need (Goldstein, Fergie et al. 2021). Despite this, Palivizumab is only moderately
potent in its neutralization of RSV, requiring massive doses for protection, which in turn is
prohibitively expensive in many cases. This limitation is driving the clinical development of next
generation antibodies targeting RSV (Wu, Pfarr et al. 2007). More recently, Ansuvimab

produced by Ridgeback Biotherapeutics and a Regeneron antibody cocktail were approved for
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the treatment of disease caused by Ebola Zaire (Pascal, Dudgeon et al. 2018, Mulangu, Dodd et
al. 2019). Finally, numerous mAbs, both as monotherapy and cocktail, have entered the clinic for
the treatment of COVID-19. Examples include Eli Lilly’s Bamlanivimab and Regeneron’s
casirivimab/imdevimab cocktail, though both are currently only being used under Emergency
Use Authorization (EUA) and are not yet formally approved for use by the Federal Drug

Administration (FDA) (Hansen, Baum et al. 2020, Chen, Nirula et al. 2021).

Functional mechanisms used by antiviral antibodies
Viral pathogens are infectious virion particles made up of genetic information surrounded by a
protein coat and host-derived plasma membrane (if enveloped) that can contain surface
glycoproteins. Productive infection of host cells by a virus hinges upon viral attachment to a
cognate receptor and/or set of attachment factors. Intuitively, antibodies can function by
inhibiting this attachment step. Antibodies that function in this manner have the added benefit of
targeting a region of a viral glycoprotein that likely necessitates some level of functional
conservation derived from the amino acid level. Antibody binding to conserved residues will
inhibit receptor interactions preventing viral infection and is therefore a valuable quality for
therapeutic molecules. Examples of successful antibody-mediated receptor blocking include CD4
binding blockade of HIV, NPC1 blockade of Ebolavirus, ACE2 blockade of SARS/SARS-CoV-
2, DPP4 blockade of MERS, among others (Lynch, Tran et al. 2012, Yu, Zhang et al. 2015,
Gilchuk, Kuzmina et al. 2018, Rappazzo, Tse et al. 2021). For viruses where a bona fide receptor
has not been defined, such as flaviviruses, pre- versus post-attachment neutralization assays can
define antibodies for their ability to prevent attachment of virus to host cells (Vogt, Dowd et al.

2011, Qiu, Lei et al. 2018).
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Upon attachment to a host cell, a virion must fuse viral and host membranes to allow for ejection
of the viral genome into the host cell. This either occurs at the cell membrane independently of
pH, or within the low pH endosome in a pH-dependent fashion. In either case, this process
involves a conformational rearrangement of one or more viral glycoproteins to facilitate the
energetic merging of viral and host membranes. Once fused, the viral genome is able to access
the host cytosol. Direct conformational “locking” of a fusion glycoprotein is one way this is
achieved (Kaufmann, Vogt et al. 2010, Fibriansah, Ibarra et al. 2015, Hellert, Buchrieser et al.
2020). Antibodies targeting paramyxovirus and pneumovirus F proteins have been shown to
function by this method (McLellan, Chen et al. 2013). This is also a postulated mechanism for

anti-flavivirus mAbs isolated against viruses including Zika (Zhang, Kostyuchenko et al. 2016).

Beyond interruption of receptor binding and membrane fusion, it has recently been appreciated
that antibodies can potentiate structural rearrangements to a viral glycoprotein that have
functional consequences. First, this “triggering” event can lead to a premature rearrangement of a
viral glycoprotein, rendering virus unable to productively enter host cells. An example of this
type of activity can be found in the coronavirus field, where antibodies targeting sarbecovirus
spike (S) glycoproteins can induce shedding of a protein subdomain, and can subsequently
trigger S to rearrange into a post-fusion conformation in the absence of receptor (Walls, Xiong et
al. 2020, Wec, Wrapp et al. 2020). This concept is also applicable to human parainfluenza
viruses (PIV), where premature triggering of F renders virus unable to infect cells (Bottom-
Tanzer, Rybkina et al. 2019). The induction of allosteric changes to a viral glycoprotein can also

have consequences in the context of antibody cocktails. For instance, antibodies targeting the
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filovirus GP have been shown to induce allosteric changes and lead to more robust binding by a
second antibody to an occult epitope (Howell, Brannan et al. 2017, Gilchuk, Murin et al. 2020).
This leads in to the concept of synergy: two antibodies in a cocktail having activity that exceeds
that of the individual antibody at the same concentration. Synergistic pairs of antibodies have
been described for a number of viral targets such as HIV, coronaviruses, filoviruses, and others,
though in many cases the basis for this synergy is unknown (Zhong, Haynes et al. 2009,
Miglietta, Pastori et al. 2014, Gilchuk, Murin et al. 2020). It is likely that allosteric potentiation
serves as a basis of synergy observed in many of these cocktails. Even in the absence of
synergistic activity, antibodies have been shown to function by causing structural changes to
viral glycoproteins that disrupt the protein’s function. A recent example of this function can be
found in the influenza field, with multiple groups discovering antibodies to an antigenic site at
the trimer interface (Lee, Boutz et al. 2016, Bajic, Maron et al. 2019, Bangaru, Lang et al. 2019).
These mAbs bind to a hidden site that is hidden within the trimeric structure of influenza HA.
Electron microscopy studies show that these antibodies disassociate HA trimers, suggesting
antibodies to this site function by disrupting virion-bound HA, likely preventing it from

functioning in attachment and/or fusion.

Many enveloped viruses are assembled at and bud from the host cell plasma membrane. During
this process, viral glycoproteins are inserted into the host membrane, and are displayed to the
extracellular milieu during the budding process. Antibodies that target these proteins have the
ability to arrest the process of budding, preventing virions from being fully released from the
host cell. This concept is well-described in the influenza field, where inhibition of neuraminidase

can prevent cleavage of sialic acid, leaving budding virions “stuck” within the host cell (Gilchuk,
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Bangaru et al. 2019, Stadlbauer, Zhu et al. 2019). This has been described for other viral
pathogens as well, though is likely not thoroughly characterized due to the inability of traditional
neutralization assays to capture the activity of these mAbs (Kajihara, Marzi et al. 2012, Jin,

Galaz-Montoya et al. 2018).

While this dissertation focuses on antibodies with in vivo virus neutralization functions, the Fc
domain has the ability to confer activity to both neutralizing and non-neutralizing antibodies. As
described for antibodies that inhibit egress, antibody binding to cell surface displayed viral
antigens can recruit cellular effectors to infected cells. Effector cells can then recognize the Fc
region of the antibody via Fc receptors, resulting in killing of the infected cells (Chung,
Nybakken et al. 2006). Although the functions described above account for most antiviral
antibodies isolated to date, viral infections have the ability to induce antibodies with atypical
functions. In the case of non-enveloped viruses, antibodies may target incoming virions for
proteasomal degradation in a TRIM-21 dependent manner, a function that has been seen in anti-
bacterial antibodies as well (Foss, Bottermann et al. 2019, Velayutham, Kumar et al. 2019). It is
important to note that antibodies may function by two or more of the above mechanisms
simultaneous. It is likely that, in the context of a polyclonal response to a viral infection,
antibodies with diverse functions work in concert to mediate clearance of virus and ultimately

protection from disease.

Mechanisms of evasion from antibody-mediated immunity

RNA viruses have the intrinsic ability to introduce amino acid substitutions into viral

glycoproteins by way of error prone RNA-dependent RNA polymerase (RdRp) complexes
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(Smith 2017). The error-prone nature of RdRp typically results in the propagation of diverse
viral populations in the context of an infections, sometimes referred to as viral quasispecies or
viral swarms (Andino and Domingo 2015). Occasionally, amino acid substitutions in viral
glycoproteins can decrease the binding of antibodies without incurring a fitness cost on the virus.
As this allows the virus to propagate unimpeded by an antibody response, viruses that bear these
substitutions will gain a survival advantage and become dominant. The consequences of viral
escape can apply to both the natural immune response to the virus or therapeutics used to combat
infection. Escape from antibody-mediated neutralization can be readily shown in vitro for
numerous potent antibody therapeutic candidates targeting diverse RNA viruses (Greaney, Starr
et al. 2021). Recent studies in immunocompromised patients chronically infected with SARS-
CoV-2 have definitively shown selection of viral populations that escape from antibodies in vivo
(Starr, Greaney et al. 2021). In these studies, though, the use of antibody cocktails curtailed the

possibility of complete failure of the therapy.

Viruses have also evolved other mechanisms to evade humoral immune responses. Numerous
viruses, perhaps most notably HIV, use glycans to “shield” vulnerable sites on the viral
glycoprotein provide a barrier to antibody-mediated neutralization by specific subsets of
antibodies (Fenouillet, Gluckman et al. 1994). It is likely that glycans play a role in shielding
henipaviruses from humoral immunity, as studies showing removal of glycans on RBP render
henipaviruses more susceptible to neutralization by polyclonal preparations. Decoy proteins are
employed by numerous viruses to misdirect immune responses to non-productive antigens.
Examples of this include secreted versions of the RSV attachment glycoprotein (sG) and secreted

filovirus glycoprotein (sGP) (Bukreyev, Yang et al. 2008, de La Vega, Wong et al. 2015).
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Finally, and perhaps the most sophisticated example, is the ability of poxviruses, whose massive
genomes encode for hundreds of proteins, to produce cytokine receptor decoys in order to
completely misdirect the antiviral immune response (Pontejo, Alejo et al. 2015, Hernaez and
Alcami 2018).

Part II: Henipaviruses

Introduction to the Henipavirus genus
Viruses classified by the International Committee on Taxonomy of Viruses (ICTV) in the genus
Henipavirus (subfamily orthoparamyxovirinae, family Paramyxoviridae, order
Mononegavirales) are a recently discovered class of viruses, which include the two human
pathogens, Hendra (Guirakhoo, Pugachev et al. 2002) and Nipah (NiV) (Rima, Balkema-
Buschmann et al. 2019). Henipaviruses are pleomorphic, enveloped viruses with a single
stranded RNA genome of negative polarity (Chua, Wong et al. 2007). In comparison to other
genera within the Paramyxoviridae family, henipaviruses have an exceptionally large genome,
with an average size of ~18 kilobases. As with all paramyxoviruses, the henipavirus genus
follows the rule of six, in which the number of nucleotides in the viral genome is always a
multiple of six, to allow for nucleoprotein binding (Egelman, Wu et al. 1989). The exceptional
size of the henipavirus genus is primarily the result of the presence of large 5’ and 3’
untranslated regions (UTRs) flanking each of protein-coding regions of the genome (Wang, Yu
et al. 2000). The RNA genome contains six genes encoding up to nine proteins, depending on
RNA editing sites and alternate open reading frames within the phosphoprotein (P) gene (Figure
1-2). Like other paramyxoviruses, the viral envelope contains two distinct glycoproteins: the

receptor binding protein (RBP) and fusion protein (F). Following translation and genome
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replication, the RBP and F are trafficked to the host cell surface. F is recycled through
endosomes, allowing for cleavage by cathepsin L into the mature fusion protein, which is again
trafficked to the cell surface (Pager and Dutch 2005, Pager, Craft et al. 2006). These solvent-
exposed proteins are also the primary targets of the humoral immune system, and are the focus of
vaccine and antibody therapeutic development (reviewed extensively in (Amaya and Broder

2020)).

The henipavirus RBP is a type II integral membrane protein, meaning it contains a single-pass
transmembrane domain with a solvent-exposed C-terminus. In its entirety, it contains a
cytoplasmic tail, short transmembrane helix, alpha-helical stalk, and six-bladed beta-propeller
head domain (Yuan, Swanson et al. 2011). The head domain contains the receptor-binding
domain. HeV and NiV RBPs both use the host cells receptors ephrin-B2 and ephrin-B3
(Bonaparte, Dimitrov et al. 2005, Negrete, Levroney et al. 2005, Negrete, Wolf et al. 2006, Xu,
Broder et al. 2012). This family of membrane-bound receptor tyrosine kinases are expressed
throughout the vascular endothelium and the central nervous system (CNS), with ephrin-B3
especially concentrated in the CNS (Benson, Romero et al. 2005). While both viral attachment
proteins are able to use both receptors, there is a great deal of controversy regarding differential
affinities between HeV and NiV RBP. The current paradigm is that HeV and NiV can both use
ephrin-B2, but NiV has a higher affinity for ephrin-B3 than HeV (Negrete, Chu et al. 2007).
Unsurprisingly, as is discussed later in this introduction, this receptor tropism drives the severe

disease caused in humans by HeV and NiV.
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Upon binding by HeV or NiV to its cognate receptor, a conformational cascade occurs in the
quaternary structure of RBP, which in turn triggers cell fusion by F. This triggering event allows
F to undergo a conformational rearrangement from pre-fusion to post-fusion. The post-fusion
conformation involves a six-helix bundle (6HB) and an exposed fusion peptide (Xu, Chan et al.
2015). This fusion peptide inserts into the host membrane, ultimately allowing for fusion of viral
and host membranes, and ejection of the henipavirus RNA genome into the host cytosol in a pH-
independent manner. The “triggering” of F by RBP has been explained by two prevailing
models: the clamp model, and the provocateur model. In the clamp model, which has been
extensively studies in the case of Measles virus, RBP and F are pre-associated, and receptor
binding breaks up this complex, therefore “unclamping” F to allow it to undergo structural
rearrangements (Plemper, Hammond et al. 2002). Recent work, though, suggests the provocateur
model more likely explains henipavirus fusion. In the provocateur, RBP and F are adjacent to
each other in the viral membrane. Upon receptor binding, RBP associates with F, “provoking” it
to change to its post-fusion conformation (Chan, Lu et al. 2012, Liu, Stone et al. 2013). This
triggering likely occurs when the RBP head domains move from a “heads down” to “heads up”
conformation, which exposes a region of the stalk domain critical for interacting with F. The
RBP and F proteins of HeV and NiV share roughly 83% and 89% amino acid sequence

similarity, respectively (Steffen, Xu et al. 2012).

While RPB and F proteins are primarily responsible for productive infection of host cells and are
the targets of the human humoral immune response, other non-structural proteins contribute to
infection in other important ways. C, V, and W proteins, which are products of the P protein

gene (C from an alternate reading frame, V and W from RNA editing) function as innate immune
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antagonists (Rodriguez, Wang et al. 2003, Uchida, Horie et al. 2018, Tsimbalyuk, Cross et al.
2020). Specifically, these proteins can bind to members of the STAT family of ISG transcription
factors, sequestering them into high molecular weight complexes in the cytoplasm, and
preventing translocation to the nucleus. The V protein appears to be especially important for the
pathology induced by henipaviruses, as NiV unable to produce V is non-lethal in a hamster

model of infection (Yoneda, Guillaume et al. 2010).
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Figure 1-3: Henipavirus genome organization and glycoprotein structure. a) Spherical representation of a
henipavirus virion (left). A linear representation of the henipavirus negative sense RNA genome, with structural and
non-structural protein genes annotated (Colling, Lunt et al.). b) Dimeric HeV-sG (RBP) bound to Fab from
neutralizing antibody m102.3 (left). Homotetrameric modeled representation of HeV-RBP (middle). Tetrameric HeV-
F bound to fab from protective antibody 5B3 (Colling, Lunt et al.). Figure reproduced with permission (Rightslink
license ID 1110536-1) as in (Amaya and Broder 2020).
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Henipavirus history and epidemiology
In 1994, HeV, initially named “equine morbillivirus,” and subsequently named after the place of
its discovery in Hendra, Australia, was the first discovered henipavirus (Murray, Rogers et al.
1995). The first outbreak of HeV began as an unidentified respiratory and encephalitic syndrome
in horses, which was subsequently transmitted to two humans who came into contact with the
infected horses. Cultured virus from infected horses and human kidney post-mortem confirmed
an etiologic agent that appeared related to known morbilliviruses (Selvey, Wells et al. 1995). In
1995, a third human case arose in a sugar cane farmer in Mackay, which was unfortunately fatal.
In this case, however, this appeared to be a recurrence incident, where encephalitis and death
occurred long after exposure (Murray 1996, O'Sullivan, Allworth et al. 1997). This clinical
manifestation suggested a process similar to subacute sclerosing panencephalitis (SSPE), a
phenomenon recognized in survivors of measles virus infection (Tan, Goh et al. 2002).
Serological surveillance confirmed that Pteropus species of bats, colloquially known as flying
foxes, were the reservoir species for HeV (Young, Halpin et al. 1996). Since its discovery, HeV
has only caused seven human cases, although four of these have been fatal, and almost annual
equine cases occur in eastern regions of Australia. Despite annual occurrences of HeV disease,
infection is typically isolated to one or a few horses, suggesting HeV transmission between

horses is also inefficient (Middleton 2014).

In late 1998, the second name giving virus of the henipavirus genus, Nipah, was described after
an outbreak of encephalitis among pig farmers in Malaysia, as well as abbatoir (slaughterhouse)
workers in Singapore (Chua, Goh et al. 1999, Paton, Leo et al. 1999). Initially thought to be

Japanese encephalitis, this larger outbreak infected more than 250 people, and resulted in over
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100 deaths. Virus isolated from the cerebrospinal fluid of infected humans confirmed a Hendra-
like virus was the causative agent (Chua, Goh et al. 1999). Subsequently, this virus was named
Nipah after the Malaysian village where it was first described. As with HeV, NiV is reservoired
in flying foxes, and in the Malaysia outbreak, was transmitted to humans through infected pigs.
Unlike humans, pigs presented with a mild respiratory disease, though massive numbers of pigs
were culled to contain the virus. Since 1999, outbreaks of a genetically distinct strain of NiV
have been described in Bangladesh, and more recently, in Kerala, India (Arunkumar, Chandni et
al. 2019). This strain, termed NiV Bangladesh, differs by <10% at the nucleotide level, but is
characterized by much higher mortality (>90% case fatality ratio, respiratory and neurological
manifestations, and human to human transmission (Lo, Lowe et al. 2012, Mire, Satterficld et al.
2016). Spillover by NiV Bangladesh differs from NiV Malaysia, primarily infecting humans

after consumption of date palm sap contaminated with bat excreta (Luby, Rahman et al. 2006).

While HeV and NiV are the only two henipaviruses confirmed to cause disease in humans, three
other henipaviruses have been described to varying degrees: Cedar virus (CedV), Ghana virus
(GhV), and Mojiang virus (MojV). The most thoroughly described of the three (and the only
henipavirus of these three that was actually isolated), CedV, was isolated from Pteropus bats in
Australia (Marsh, de Jong et al. 2012). Despite using ephrin-B2 as a host cell receptor (along
with A type receptors, and not ephrin-B3), CedV is non-pathogenic in mammals, and is currently
being studied as a potential henipavirus vaccine vector (Laing, Navaratnarajah et al. 2019).
Ghana virus, which also utilizes ephrin-B2, was sequenced from bats in Ghana, and its
pathogenic potential is currently unknown (Voigt, Hoffmann et al. 2019). Finally, Mojiang virus

was identified from sequencing of rat feces (Wu, Yang et al. 2014). While it has been implicated
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in the death of two miners in Southern China due to atypical pneumonia, MojV was neither
isolated nor sequenced from these human subjects. The lack of viral isolates or sequences from
these miners calls into question whether or not MojV is pathogenic to humans. MojV has been
characterized to use a divergent receptor from other identified henipaviruses, though the exact

identity of the receptor is unknown (Rissanen, Ahmed et al. 2017).

Despite the henipavirus genus only having five official members, it is likely there are many
henipavirus-like pathogens that have yet to be described. Human serological studies in
Cameroon and Trinidad have identified humans and bats with neutralizing antibody titers against
Nipah virus (Pernet, Schneider et al. 2014, Schulz, Seifert et al. 2020). In the case of humans
surveyed in Cameroon, contact with butchered bats appears to correlate with seropositivity,
suggesting that these undescribed viruses are harbored in bat populations. Recently, sero-
surveillance of bats in Bangladesh has shown that henipaviruses are far more widespread than
previously thought, with Malaysia-like strains isolated from Bangladesh (Epstein, Anthony et al.
2020). These studies have raised concerns that henipaviruses may pose a significant global

public health threat, either via pandemic spread or bioterror events (Luby 2013).

Henipavirus disease in humans
While studies on henipavirus transmission are still lacking, infections are thought to occur via
the oronasal route (Goh, Tan et al. 2000). This concept has been exemplified by the ability of
NiV Bangladesh to more efficiently transmit between humans. The higher rate of human-to-
human transmission is likely a result of NiV Bangladesh causing more respiratory illness

(Hossain, Gurley et al. 2008). For both HeV and NiV, symptom onset typically begins at one to
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two weeks post-infection. Disease progression occurs rapidly, with fever, chills, headache,
myalgia, and confusion typically leading to hospitalization on average three days after disease
onset. Disease then typically progresses to severe respiratory and/or encephalitic syndromes,
followed by death around day nine. Pathologies are the result of systemic vasculitis, with an
emphasis on pulmonary and CNS vasculature, leading to ischemia and thrombosis in affected
areas (Goh, Tan et al. 2000). For those who survive the disease, which can be as low as 10% of
those infected in some outbreaks, late-onset encephalitis can occur several years after infection,
though the mechanism of this delayed disease is currently unknown (Tan, Goh et al. 2002).
Recent studies, though, have shown that non-human primate survivors of NiV infection have
detectable viral antigen in the brain long after infection, suggesting a lasting CNS reservoir may

exist for henipaviruses (Johnston, Briese et al. 2015, Liu, Coffin et al. 2019).

Human adaptive immune responses to henipavirus infection
The adaptive immune response to henipaviruses has been largely unstudied. Because of the high
mortality rate of HeV and NiV, the immune response is thought to be insufficient in most cases.
Two surviving patients from the 2018 NiV outbreak in Kerala were enrolled in a longitudinal
study to assess cellular and humoral immunity. In both patients, large expansions of CD8+ T
cells were observed, and these cells expressed markers indicative of acute effector functions.
Importantly, both patients developed detectable NiV-specific IgM and IgG 8 days post-infection,
suggesting humans elicit humoral responses to henipaviruses (Arunkumar, Devadiga et al. 2019).
The HeV and NiV glycoproteins, RBP and F, are the major proteins targeted by neutralizing
antibodies. In animal models of infection, serum neutralizing antibodies have been shown to be a

correlate of protection, as passive therapy using immune serum can fully protect against infection
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(Guillaume, Contamin et al. 2004). Concurrently, multiple vaccine trials in animal models have
been done with the goal of eliciting neutralizing antibodies, many of which have been successful
(recent examples include (Loomis, Stewart-Jones et al. 2020, Geisbert, Bobb et al. 2021).
Animal models of henipavirus disease
For study of antivirals and vaccines in vivo, there are currently three popular models; Syrian
golden hamsters, ferrets, and the gold standard is the African Green Monkey. Each of these
models allows for productive infection of animals without genetic manipulation, while also
largely recapitulating henipavirus disease seen in humans. Mice, however, have traditionally not
been used as a model of henipavirus infection, as many studies have shown them to be
completely refractory to disease. This is likely due to the inability of HeV and NiV to antagonize
the murine innate immune system. One study, however, did show the ability of HeV to
productively infect aged mice, though this model has not been widely adopted (Dups, Middleton
et al. 2012). While there is ongoing work developing models of henipavirus infection using
transgenic mouse models, as well as studies in livestock (horses, pigs, etc.), this discussion will
focus primarily on the established models listed above in the context of NiV (though all are also

models of HeV).

The hamster model of NiV is the primary small animal model used to assess therapeutic and
vaccines. This model, developed in 2003 at the Pasteur Institute, mirrors human disease, with
viral antigen being detected in multiple organ systems upon intranasal or intraperitoneal
inoculation (Wong, Grosjean et al. 2003). This model has been used to test numerous vaccine
candidates, as well as passive serum transfer studies (Guillaume, Contamin et al. 2004,

Guillaume, Contamin et al. 2006). Follow-up studies on this model have determined that the
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route of inoculation, as well as dose of infection, determine disease outcome. Higher dose
inoculation leads to a primarily respiratory presentation of disease, whereas low dose induces
central nervous system pathologies later in the course of infection (Rockx, Brining et al. 2011).
Despite the caveat of this dose-dependence on disease outcome, hamsters are still considered a

premier small animal model of infection.

Ferrets have been used as a model of numerous viral infections, as clinical presentation in ferrets
mimics disease in humans for many pathogens. The University of Texas Medical Branch
(UTMB) developed a ferret model of N1V that more fully recapitulates the pathological changes
seen in humans than hamsters. In this model, both respiratory and neurological disease develop
concurrently within six to ten days post-inoculation (Bossart, Zhu et al. 2009). This is similar to
the incubation period observed in humans. This model has been used to test vaccine and
therapeutic candidates, including human antibodies (Bossart, Zhu et al. 2009, Dong, Cross et al.
2020, Mire, Chan et al. 2020). We use this model of Nipah Bangladesh to assess the therapeutic

potential of antibodies discussed in chapter II.

The gold standard model for NiV disease (and Hendra) is the African Green monkey (AGM)
(Geisbert, Daddario-DiCaprio et al. 2010). This model was initially developed using NiV
Malaysia and has been shown to largely recapitulate human disease. AGMs have been
particularly useful for dissecting the pathogenic differences between NiV Malaysia and NiV
Bangladesh. In follow-up studies by the group who developed the model, NIV Bangladesh was
shown to be more highly pathogenic in AGMs, with more severe viremia and time to death

observed. Consequently, the therapeutic window for previously described antibody therapeutics
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was found to be shorter in AGMs inoculated with NiV Bangladesh (Mire, Satterfield et al. 2016).
This was a crucial finding, as most studies done previously used NiV Malaysia, further
displaying the utility of the AGM model of NiV.

Therapeutic monoclonal antibodies targeting henipaviruses
As highlighted above, the paradigm of passive immunization using monoclonal antibodies
(mAbs) for combating infectious disease has shown to be efficacious for a variety of
microorganisms, including a number of RNA viruses. To date, very few studies have sought to
define the human humoral immune response to HeV or NiV infection. Multiple studies have
used mouse hybridoma technology to isolate monoclonal antibodies. These mAbs target the
fusion glycoproteins of HeV and/or NiV, and display in vitro neutralization capacity (Avanzato,
Oguntuyo et al. 2019, Dang, Chan et al. 2019). Most excitingly, phage display technology has
yielded a monoclonal antibody, designated m102.4, targeting RBP of both HeV and NiV viruses,
that is able to fully protect multiple animal models, including the model of henipavirus infection
that most closely mirrors human infection, the AGM (Zhu, Dimitrov et al. 2006, Zhu, Bossart et
al. 2008, Bossart, Geisbert et al. 2011). While these studies have yielded exciting results, these
antibodies do not represent the true human immune response to infection, and the technologies
used to isolate these mAbs have many drawbacks. Murine antibodies lack the antibody diversity
observed in humans, while phage display technology uses random heavy and light chain
pairings, leading to pairings that may otherwise have been eliminated during a natural human
immune response. Also, naive human Ig libraries tend to be limited in diversity. Studies
presented in this dissertation address these drawbacks by performing discovery of fully human

monoclonal antibodies in the context of a naturally immune individual.

27



Part II1: Yellow fever virus

Introduction to the Flavivirus genus
The Flavivirus genus, classified within the Flaviviridae family along with Hepacivirus and
Pestisvirus genera (as well as a number of currently unassigned viruses), is a diverse genus of
enveloped, positive-sense single stranded RNA (+ssRNA) viruses (Simmonds, Becher et al.
2017). Flaviviruses encompass many of the most common human arboviral pathogens, including
West Nile virus (WNV), Dengue virus (DENV), Japanese encephalitis virus (JEV), among many
others transmitted by either mosquitoes or ticks. The name-giving virus of the Flaviviridae
family (flavus being Latin for “yellow”) is yellow fever virus (YFV). Yellow fever virus
represents a complicated juxtaposition of vaccine success long before the age of rational vaccine
design, while also still being responsible for enormous human disease burdens in South America
and Sub-Saharan Africa. Recent estimates suggest as many as 60,000 people a year succumb to

YFV infection (2010).

The RNA genome of flaviviruses encodes for three structural and seven non-structural proteins
(Pierson and Diamond 2020). Envelope (E) and pre-Membrane/Membrane (prM) are solvent
exposed, membrane anchored proteins that mediate attachment, fusion, entry, and maturation of
viral particles throughout the virus replication cycle (Rey, Heinz et al. 1995, Smit, Moesker et al.
2011, Rey, Stiasny et al. 2017). These proteins, as well as the non-structural protein 1 (NS1) are
the primary targets of function humoral immune responses (Muller and Young 2013, Slon
Campos, Mongkolsapaya et al. 2018, Reyes-Sandoval and Ludert 2019). The E protein is a class

IT fusion protein containing three distinct domains. Domain III (DIII) is the putative receptor
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binding domain responsible for attachment to host cells, and is linked to Domain II (DII) via
Domain I (DI) (Crill and Roehrig 2001). DII contains the hydrophobic fusion loop (FL), which
inserts into host endosomal membranes during viral fusion (Allison, Schalich et al. 2001). While
the flavivirus receptors/attachment factors are poorly defined, heparin sodium sulfate, lectins,
and other membrane bound sugars are thought to participate in attachment (Chen, Maguire et al.

1997, Tassaneetrithep, Burgess et al. 2003).

Upon attachment by E to its undefined attachment factor, viral particles are brought into host
cells via clatherin-mediated endocytosis or micropinocytosis (Hackett and Cherry 2018). In the
low pH environment of late endosomes, protonation of histidine residues on E induces a massive
conformational rearrangement of E proteins, which under neutral pH, lie flat 90 anti-parallel
dimers on the viral surface with (pseudo) 3-fold icosahedral symmetry (Kuhn, Zhang et al.
2002). During rearrangement, these dimers reassemble into trimeric spikes, where FL is solvent
exposed, allowing for insertion into the endosomal membrane (Chao, Klein et al. 2014). This is
proceeded by fusion of viral and host membranes, ejection of the RNA genome into the host
cytoplasm, and direct translation and replication of the positive sense RNA genome. Replication
occurs in “replication factories” formed from endoplasmic reticulum membranes. In these RFs,
immature virions are assembled, where heterotrimers of prM and E form “spiky” particles
(Prasad, Miller et al. 2017). As virions traverse the golgi apparatus, prM is cleaved by the host
protease furin, but the pr peptide remains bound to the FL to prevent premature fusion (Elshuber,
Allison et al. 2003). At this stage, E proteins arrange into the herringbone pattern of 90 anti-
parallel dimers. Upon virus release into the extracellular milieu, pr is liberated, resulting in

mature particles that can productively infect host cells. The process of prM cleavage is
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inefficient, though, particularly for certain viruses in the DENV serogroup. This results in mosaic
viruses bearing both mature and immature regions (Junjhon, Edwards et al. 2010). This has
serious implications in the host humoral response to some flaviviruses, though YFV is thought to
mature more efficiently (Junjhon, Lausumpao et al. 2008). With this general background of

flaviviruses, the remainder of this introduction will focus specifically on YFV.
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Figure 1-4: Flavivirus replication cycle. Figure replicated with permission (Rightslink license ID 1110536-2)
from(Pierson and Diamond 2020). Upon attachment to a diverse set of attachment factors, virus enters cells via
clatherin-mediated endocytosis. The low pH environment of the endosome allows for fusion to occur. Positive sense
RNA genomes are used directly for translation of structural and non-structural proteins and serve as a template for
genome replication in assembly factories that bud off the endoplasmic reticulum lumen. Immature virions traverse
through the golgi apparatus, where furin cleaves the pr peptide from prM. Upon release, pr is fully liberated from viral
particles to render virions infectious.

Yellow fever virus history
Recorded human infections by YFV are thought to be traced as far back as 1495 (Chippaux and
Chippaux 2018). The first officially documented cases, though, occurred approximately 200
years later in the Caribbean islands Barbados and St. Kitts. From here, outbreaks were seeded in
North America. In 1793, a massive outbreak of YFV occurred in Philadelphia, Pennsylvania,
resulting in nearly 10% of the city’s population being killed by the virus (Currie 1803).Other
outbreaks plagues the American south later in the 17" century, resulting in hundreds of
thousands of cases and tens of thousands of deaths (Jennings 1878). This massive public health
concern led to the formation of a commission to understand the origins of the virus, which found
that mosquitoes appeared to be the source (Reed, Carroll et al. 1900). Later studies confirmed
that YFV, which was initially thought to be caused by a bacterial agent (later characterized as a
“filterable agent™), uses Aedes spp. mosquitoes as vectors for transmission (Bauer and Hudson

1928).

Initial attempts at a YFV vaccine were made under the assumption that disease was of bacterial
etiology. It wasn’t until the 1920°s when Max Theiler serially passaged virus isolated from an
infected patient (now known as the Asibi strain) in murine tissues that a potential vaccine came
to the foreground (Theiler and Smith 1937). In these studies, Theiler noted that, while virus had
the increased ability to infect murine CNS tissues (neurotropism), the viscerotropism of YFV

substantially decreased. This attenuated YFV strain, while representing a major step towards a
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vaccine, still held concerns for severe adverse events, specifically neurological disease. To this
end, Theiler and colleagues devised a scheme for further attenuation. To achieve this, the Asibi
strain was passaged 176 times in chick embryos, with 100 of these passages being done
specifically in isolated nervous tissues (Theiler and Smith 1937). Incredibly, other groups were
unable to replicate this, meaning this new, avirulent strain of YFV arose by chance mutations.
This strain was given the name 17D. YFV-17D vaccine strain is still used today, and is
considered one of the great accomplishments in vaccinology though the molecular determinants
of YFV-17D’s attenuated virulence is still unknown (Norrby 2007). A number of amino acid
substitutions in the E protein, as well as mutations to the gene encoding the RNA-dependent
RNA polymerase, are thought to play a role, though no mechanistic studies have been published
to date (Davis, Beck et al. 2019). This is potentially due to the inability of YFV-17D to generate

genetic diversity, though further studies are warranted.

Despite massive vaccination campaigns and vector control having eradicated YFV from the
United States, YFV is still a massive global public health threat. For example, ongoing
epidemics continually occur in regions of Brazil and Sub-Saharan Africa (Kraemer, Faria et al.
2017, Cunha, Tubaki et al. 2020). In Brazil, urban cycles, where Aedes aegyptii mosquitoes
transmit virus between people (as opposed to the sylvatic cycle, where virus is maintained in
non-human primate populations by transmission via Aedes albopictus mosquitoes), have
encroached into massive populations centers such as Sao Paolo (Cunha, Tubaki et al. 2020).
While vaccination campaigns are being waged in these regions, global shortages of YFV-17D
have become a concern due to the inefficient methods of propagating virus in chicken embryos

(Gershman, Angelo et al. 2017). Fractional doses, which appear promising, have been used in
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these scenarios though there is not a full understanding of the implications of not using a full

dosing regimen (Wu, Peak et al. 2016, Juan-Giner, Kimathi et al. 2021).

Humoral response and therapeutic antibodies against YFV
To date, a comprehensive understanding of the antigenic landscape of YFV in the context of
natural infection is poorly understood. Studies have focused primarily on two viral
glycoproteins: E and NS1. As with all flaviviruses, YFV E is the primary target of the humoral
response, and antibodies to this protein are primarily responsible for virus neutralization (Daffis,
Kontermann et al. 2005). Almost all studies looking at the human humoral response have been
done using YFV-17D-vaccinated subjects, with only limited published data discussing these
responses in the setting of natural infection. That being said, studies of vaccinated individuals

have shed light on some principles of antibody recognition of YFV antigens.

There are limited studies of monoclonal antibodies as therapeutics against YFV in the literature.
2C9-clgG was originally isolated from mice and chimerized into a human IgG backbone. This
mAb, which binds DII on YFV E, has shown efficacy in hamster and mouse models of infection,
though studies to further characterize the mechanism of action of 2C9 are not described in the
literature. Further studies of 2C9 sought to develop a second antibody in order to create a
cocktail containing 2C9 that is refractory to mutational escape. This resulted in 864-clgG, which
binds DIII on YFV E, a known site of neutralization vulnerability. Despite this, 864-cIgG did not
abrogate disease in a mouse model of disease caused by YFV-17D (Thibodeaux, Garbino et al.
2012, Julander, Thibodeaux et al. 2014, Calvert, Dixon et al. 2016). A second antibody, termed

2A10G6, has been described for its ability to neutralize diverse flaviviruses, including YFV
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(Deng, Dai et al. 2011). This mAb recognizes a fusion loop-proximal epitope and protects
animals from Dengue and West Nile virus infection, though studies have not been done using
YFV in vivo. The most recent, and perhaps most well characterized mAb, is SA. This mAb was
isolated by panning a phage display library constructed from the repertoires of two individuals
who recovered from natural YFV infection (Daffis, Kontermann et al. 2005). This antibody was
later characterized for its ability to potently neutralize virus in vitro and protect mice from both
vaccine and virulent strains of YFV. In this same study, SA was determined to bind DII on YFV
E and function at both a pre- and post-attachment step. A full structural characterization was
performed on 5A in complex with YFV E in both pre and post fusion states (Lu, Xiao et al.

2019).

Perhaps the most comprehensive analysis of the humoral response to YFV was a longitudinal
analysis of circulating memory B cells and plasmablasts in two human recipients of YFV-17D
(Wec, Haslwanter et al. 2020). These donors were sampled at numerous time points over the
course of a year post-inoculation. While this study gives a thorough description of the
immunological characteristics of YFV-specific B cells following vaccination, it also further
characterizes epitopes recognized by antibodies produced by these cell populations. For one,
antibodies targeting DIII on YFV E appear to be rare. This is a critical finding due to the fact that
antibodies against this domain are traditionally thought to be the most potently neutralizing
against diverse flaviviruses. As expected, a majority of the isolated mAbs recognize the fusion
loop epitope. In both donors, though, 5A-like antibodies made up the majority of neutralizers,
with 90% of mAbs from this group showing neutralizing activity against YFV-17D. Many of

these antibodies, from both donors, use a common heavy and light chain pairing, VH4-4/VL1-
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51. Wec and colleagues outline the potential for a “public clonotype” response against the SA
epitope elicited by highly abundant germline VH and VL genes. While this publication does not
detail the therapeutic activity of any antibodies in this large panel (>700), the extreme potency

outlined by some mAbs here suggests they may be suitable for clinical development.

While E is the primary determinant of the humoral response to infection, NS1 appears to be an
important target of antibodies in the context of flavivirus infection. NS1 is a multifunctional
protein, serving as a component of the flavivirus replication complex, while also appearing to be
involved in the pathogenesis. In one study, NS1 proteins from various flaviviruses were shown to
disrupt cell layers that correspond to the tropism of said viruses (i.e. WNV, an encephalitic
flavivirus, disrupted blood-brain barrier, Zika virus (ZIKV) disrupted the fetal/placental
interface, DENV disrupted vascular endothelium, etc.) (Puerta-Guardo, Glasner et al. 2019).
Antibodies of murine and human origin have been shown to provide protection against infection
from ZIKV, WNV, DENV, and YFV in animal models of infection (Chung, Nybakken et al.
2006, Wessel, Kose et al. 2020, Modhiran, Song et al. 2021). Interestingly, NS1 appears to be
displayed on the surface of infected cells as a dimer (whereas secreted NS1 is thought to be
hexameric) (Akey, Brown et al. 2014, Edeling, Diamond et al. 2014). Most protective antibodies
are thought to function in an Fc-dependent function by clearing infected cells, though Fc-
independent anti-NS1 antibodies have been discovered (Yu, Liu et al. 2021). These Fc-
independent mAbs likely function by blocking the activities of secreted NS1 or by preventing the
ability of NS1 to bind back to the surface of infected cells. Despite the knowledge gained from
these studies of the mAb response to YFV, work still needs to be done to fully define the most

effective approach for treatment of this infection. While human antibodies targeting YFV NSI
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are of interest to the field, and may offer a therapeutic avenue to combat YFV, the work in

chapter V will focus of antibodies against YFV E.
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CHAPTER II

STRUCTURAL AND MECHANISTIC INSIGHTS INTO TWO SITES ON THE
HENIPAVIRUS RECEPTOR BINDING PROTEIN TARGETED BY PROTECTIVE HUMAN

MONOCLONAL ANTIBODIES

This chapter is an adaptation of the following published manuscript:

Dong J*, Cross RW*, Doyle MP*, et al. Potent henipavirus neutralization by antibodies
recognizing diverse sites on Hendra and Nipah virus receptor binding protein. Cell 2020; 183,
1536-1550. (*contributed equally).

Contributions: Nurgun Kose and Jarrod Mousa isolated antibodies. Jinhui Dong performed x-ray
crystallography. Robert Cross performed BSL-4 in vitro and in vivo studies. I performed binding

assays, receptor-blocking assays, kinetics, and oligomer disruption assays. Jinhui, James Crowe,
and I wrote the manuscript.

INTRODUCTION

Hendra virus (Guirakhoo, Pugachev et al.) and Nipah virus (NiV), belonging to the Henipavirus
genus in the Paramyxoviridae family, are zoonotic pathogens that cause severe viral disease in
humans characterized by serious respiratory illness and encephalitis with high mortality
(Weatherman, Feldmann et al. 2018). Fruit bats of the Pteropus genus are natural reservoirs of
both HeV and NiV, and the viruses are understood to have co-evolved with these bats (Halpin,
Hyatt et al. 2011, Vidgen, de Jong et al. 2015). Transmission of HeV to humans can occur
indirectly from fruit bats following direct human contact with infected horses (Murray, Selleck et
al. 1995, Selvey, Wells et al. 1995, Field 2016). Transmission of NiV to humans may occur
directly from fruit bats, infected pigs, or from infected humans (Clayton, Middleton et al. 2012,

Weatherman, Feldmann et al. 2018). There are two distinct major strains of NiV, designated NiV

37



Malaysia (NiVM) and NiV Bangladesh (NiVg) (Lo, Lowe et al. 2012). NiVg may be more
pathogenic than NiV, as suggested by differences in mortality rates and transmission patterns
(Gurley, Montgomery et al. 2007, Homaira, Rahman et al. 2010, Mire, Satterfield et al. 2016).
Recently, 20 new species of viruses in the Henipavirus genus, including Ghana virus (GH-M74a
henipavirus) and Cedar virus, were identified in bats in Africa (Drexler, Corman et al. 2012) or
Australia (Marsh, de Jong et al. 2012). In 2014, a novel henipavirus-like virus, designated
Mojiang virus, whose genes have high nucleotide sequence identities to those of the known
henipaviruses, was found in yellow-breasted rats (Rattus flavipectus) in China after miners in the
region succumbed to irregular pneumonia with unknown etiology (Wu, Yang et al. 2014). These
viruses have high potential to cause significant human epidemics following their spillover from
wildlife reservoirs to humans and domestic animals due to their wide host tropism and high
pathogenicity (Smith and Wang 2013). Henipavirus spillovers are appreciated to be increasing in
frequency and distribution due to changes in wild reservoir species distribution and food sources
(such as due to changing climate and human related habitat losses) resulting in increased contact
with human populations and agriculture (Plowright, Eby et al. 2015, Walsh, Wiethoelter et al.
2017, Kessler, Becker et al. 2018, Martin, Yanez-Arenas et al. 2018). Furthermore, human-to-
human transmission of NiV in India and Bangladesh shows that a large human outbreak is
possible (Chadha, Comer et al. 2006, Gurley, Montgomery et al. 2007). There is also concern
about the potential to weaponize henipaviruses (Luby 2013). There are no licensed human

vaccines or antiviral treatments for HeV or NiV infections (Broder, Xu et al. 2013).

The two henipavirus surface proteins, RBP and F, mediate viral entry by viral attachment to cells
and fusion between the viral envelope and host cell membrane (Aguilar and lorio 2012). HeV or

NiV first attach to host cells by binding to the receptors ephrin-B2 or ephrin-B3 using the viral
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receptor binding proteins HeV-RBP or NiV-RBP (Bonaparte, Dimitrov et al. 2005, Negrete,
Levroney et al. 2005, Negrete, Wolf et al. 2006). Like other members in the
Orthoparamyxovirinae subfamily, henipavirus attachment proteins are required to enable fusion
proteins to function in fusion, and conformational changes of the attachment proteins caused by
receptor binding activate F proteins to undergo the transition from the pre-fusion to the post-
fusion form in order to complete the fusion process (Bossart, Fusco et al. 2013, Jardetzky and

Lamb 2014, Wong, Young et al. 2017).

HeV-RBP and NiV-RBP proteins consist of an N-terminal cytoplasmic tail, a single
transmembrane helix, a stalk region, and a globular C-terminal receptor binding domain (RBD)
with a 6-bladed propeller fold. The two RBPs have about 80% amino acid sequence identity to
each other, but < 30% amino acid sequence identity to the other henipaviruses. In
paramyxoviruses, the ectodomains of the RBPs typically assemble into homotetramers (Bose,
Jardetzky et al. 2015). The RBP stalk regions form a parallel four helix bundle, while the head
domains are organized into a tetramer of two separate dimers (Yuan, Thompson et al. 2005,
Yuan, Leser et al. 2008, Bose, Welch et al. 2011, Yuan, Swanson et al. 2011, Welch, Yuan et al.
2013). In contrast, although isolated head domains of paramyxovirus RBPs can be expressed as
monomers in solution, these proteins can dimerize in crystalline phase with the same or similar
dimeric interfaces as seen in the naturally occurring ectodomains (Crennell, Takimoto et al.
2000, Lawrence, Borg et al. 2004, Santiago, Celma et al. 2010). Similarly, the RBP ectodomain
or the full-length HeV-RBP and NiV-RBP form tetramers in solution by forming disulfide bonds
in the stem region, and head domains are monomers in solution (Bowden, Crispin et al. 2010,
Maar, Harmon et al. 2012). A negative-stain EM study of NiV-RBP ectodomain showed that the

protein assembles into an asymmetric tetramer, with a dimer of head domains at its apex and two

39



monomeric head domains on sides of a central stalk (Wong, Young et al. 2017). In the crystalline
state, isolated HeV-RBP head domains can form dimers with a conserved dimeric interface, as
occurs with other paramyxovirus RBPs (Bowden, Crispin et al. 2010). In summary,
henipaviruses possess quaternary structures of RBPs in which the stem regions form a major
homo-tetrameric interface, while the head domains can associate as dimers or tetramers with a

very dynamic quaternary arrangement.

To date, naturally occurring human monoclonal antibodies (mAbs) for HeV or NiV isolated from
immune individuals have not been described. MAbs binding to HeV/NiV have been isolated by
phage display from a henipavirus-naive human Fab library (Zhu, Dimitrov et al. 2006). An
affinity-matured variant of one of those clones, designated m102.4, was converted to a
recombinant IgG1 form in which it exhibited neutralization of HeV and NiV (Zhu, Bossart et al.
2008) and protected animals after lethal NiV Malaysia challenge (Bossart, Zhu et al. 2009,
Rockx, Bossart et al. 2010, Bossart, Geisbert et al. 2011). Crystal structures of the HeV-RBP
head domain in complex with a derivative of the Fab m102.4 (designated m102.3) revealed that
binding of the mAb heavy chain complementarity determining region 3 (CDRH3) loop binds to
the receptor binding site on RBP for ephrin-B2/ephrin-B3 (Xu, Rockx et al. 2013). m102.4 was
well tolerated and exhibited linear pharmacokinetics in a recent Phase 1 human trail and has been
used on compassionate grounds in the post-exposure therapy of 14 humans following high-risk
HeV exposures since 2010, highlighting the benefit and practicality of mA postexposure therapy

(Playford, Munro et al. 2020).

The demonstrated activity of the m102.4 antibody represents an important conceptual advance.

However, the treatment failure of m102.4 in a day 5 and 7 treatment regimen of NiVp in African
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green monkeys (Mire, Satterfield et al. 2016) suggests a more potent antibody regimen may of
benefit. Second, cocktails of human mAbs that recognize diverse sites on viral glycoproteins and
neutralize by differing mechanisms may be desirable for therapeutic development for RNA
viruses that easily escape virus neutralization. Third, it is preferable in human therapeutic
antibody development to use naturally occurring human mAbs from immune donors that possess

naturally paired heavy and light chains and naturally occurring somatic mutations.

Here, we report the identification and characterization of naturally occurring human mAbs
against HeV and NiV isolated directly from an immune human individual. We determined the
crystal structures of the HeV-RBP head domain in complex with the two most potent
neutralizing cross-reactive human mAbs, HENV-26 and HENV-32. The structures suggest that
the two mAbs neutralize these viruses by very different molecular mechanisms. These antibodies
could be developed as promising mAb prophylactic or therapeutic molecules, and the protective
epitopes defined by recognition of these human antibodies informs rational vaccine development

and testing for these lethal viruses.
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RESULTS

Isolation of human mAbs

To generate human cell lines secreting human mAbs to HeV, we obtained peripheral blood
mononuclear cells from an individual in Australia with occupation-related exposure to the equine
HeV-RBP subunit vaccine (Equivac®). At the time of study, the individual had a serum 50%
virus neutralization titer of 1:40, 1:16 or <1:4 for HeV, NiVmor NiVg, respectively. We
transformed B cells in the blood sample with Epstein-Barr virus, as described in the
Experimental Procedures section. We screened supernatants from EBV-transformed B cell lines
for binding to HeV-RBP and NiV-RBP head domain proteins and fused the resulting B cell lines

to make hybridomas secreting 10 different fully human naturally occurring mAbs.

Binding activity of human mAbs to HeV-RBP head domain in ELISA
In order to determine the breadth of mAb binding, we screened the mAbs in ELISA for binding
to recombinant RBP head domain proteins from multiple henipaviruses: HeV, NiVy [strain
Malaysia], or NiVp [strain Bangladesh] (Bowden, Aricescu et al. 2008). Determination of half
maximal effective concentration (ECso) for binding of each mAb against the autologous HeV-
RBP or heterologous NiV-RBP head domain proteins revealed that most of the clones bound at
very low concentrations (Table 2-1, Figure 2-1A). Four of the HeV-reactive clones also cross-

reacted with NiVg-RBP head domain.

Neutralizing activity of human mAbs
To evaluate the inhibitory activity of the isolated mAbs, we tested the mAbs in an in vitro

neutralization assay using HeV. All 10 of the HeV-RBP-reactive mAbs neutralized HeV, with
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half-maximal inhibitory concentration (ICso) values < 0.92 ng/mL (Table 2-1, Figure 2-1B).
Several mAbs displayed high neutralizing potency (ICso values < 0.1 pg/mL; Table 2-1). The
ELISA binding results discussed above suggested that cross-reactive mAbs in our panel might
possess neutralizing activity to multiple henipaviruses. To test this hypothesis, we screened the
mAbs in NiV and NiVu neutralization assays and found that 4 of the 10 mAbs also neutralized
both of the heterologous NiVwm and NiV3 strains (Table 1). Five of the 6 remaining mAbs
neutralized HeV well but neutralized NiV only incompletely, and one mAb (HENV-43) did not
neutralize NiV (Table 2-1). In parallel, we tested the m102.4 antibody for comparative purposes
and found the ICso values to be 257 ng/mL (Guirakhoo, Pugachev et al.), 20 ng/mL (NiVwm) or 49

ng/mL (NiVg).
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Binding to RBP Head Domain from Neutralization of Indicated Virus
Indicated Virus in ELISA

Competition- ECsp Values™” in pg/mL ICs0 Values® in pg/mL ICqo Values"” in pg/mL

Binding (Area under the Curve) (Area under the Curve) (Max % Inhibition)

Group Clone HeV NiVg NiVys HeV NiVg NiVyg HeV NiVg NiVys

A HENV-1 0.19(3.27) >" (0.61) > (0.67) 0.63 (187) > (7.98) > (22.6) 1.70(100) > (32.7) > (34.9)

B HENV-32  0.36(3.71) 0.96 (6.6) 0.42 (8.0) 0.27 (198) 0.38(194) 0.31(201) 1.26(100) 1.14(100) 2.15(7100)

HENV-21 0.42(3.30) 2.44(5.5) 0.87(7.2) 1.94(133) 1.91(140) 2.01(129) 5.54(100) 4.09(100) 8.44 (92.4)
HENV-10  0.21(5.49) > (0.63) > (0.76) 0.62(181) 1.07(140) 0.22(152) 1.71(100) 9.42(96.3) 1.44(84.2)

B/C HENV-2  0.13(5.81) 0.51(64) 0.28(9.0) 0.78(166) 1.39(143) 0.75(186) 2.57 (100) 4.88(95.8) 2.67 (100)
c HENV-9  060(3.19) > (0.57) 075(4.2) 037(195) >(11.9) 893(69.2) 1.88(100) >(352) > (61.5)
HENV-43  0.86(6.87) > (0.59) 1.49(1.4) 061(178) >(9.2) > (45.2) 2.39(100) >(40.0)  >(51.9)
D HENV-18° 0.21(5.80) > (0.56) > (0.60) 0.38(211) >(5.7) > (51.1) 1.16(100) >(31.4) > (50.8)
HENV-19° 0.25(3.69) >(0.52) > (0.61) 0.35(209) >(7.2) 8.08(43.1) 0.89(100) >(33.9)  >(49.2)
E HENV-26  0.14(5.39) 0.09(10.5) 0.07 (11.0) 0.07 (281) 0.03(289) 0.040(293) 0.19(100) 0.12(100) 0.11(100)

Table 2-1: Binding and neutralization characteristics of 10 human mAbs. Experiments were conducted with two
or three biological replicates, each with two technical replicates, with consistent results. Binding data from one
representative experiment are shown, with neutralization data combined from three independent experiments.
*Competition-binding group, as determined by data in Figure 1.°50% maximal effective concentration. ©50% maximal
inhibitory concentration. “The ‘“>>* symbol indicates half-maximal binding or neutralization is not achieved below
the highest concentration tested: 20 mg/mL for HeV RBP binding, 50mg/mL for NiVm or NiVs binding, or 50 mg/mL
for neutralization of each of the three viruses. ®After all functional studies were completed, antibody variable gene
sequencing later revealed the independently derived clones HENV-18 and -19 shared identical antibody variable gene
sequences.

Second mAb applied

First mAb applied

Figure 2-1: Competition binding of 10 human mAbs. Numbers in boxes are the percentage binding signal of the
second mAb applied after binding of the first mAb, compared with binding signal of the second mAb alone. The
antibodies were defined as competing antibodies if the first antibody reduced binding of the second antibody by more
than 70 percent. The antibodies were defined as non-competing antibodies if the first antibody reduced binding of the
second antibody by less than 40 percent. Binding signals 40 to 70% were considered intermediate competition (grey
boxes with black numbers). Inferred competition-binding groups A to E (designated in order left to right and top to
bottom) are indicated with colored boxes, A) red, B) green, C) blue, D) purple, E) yellow.
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Binding activity of human mAbs to HeV, NiVy, or NiVe RBPs on the surface of
mammalian cells

The antibody discovery experiments and the ELISAs above were conducted with recombinant
soluble forms of henipavirus RBP head domains. We next sought to determine the binding
capacity of the most potent mAbs, HENV-26 and HENV-32, to full-length RBPs expressed on
the surface of mammalian cells. We transfected 3 x 107 cells with cDNAs encoding the full-
length HeV, NiVy, or NiVe RBP, allowed the cells to express the proteins, and then incubated
the transfected cells with mAbs and tested for cell surface binding by flow cytometric detection.
The results showed that these antibodies bound to the authentic full-length RBPs at low
concentrations (Figure 2-2A). The ECso values for binding of HENV-26 or HENV-32 ranged
from 325 to 343 ng/mL or 680 to 836 ng/mL respectively for binding to HeV, NiVy, or NiVg.
We tested kinetics of binding of these antibodies to RBPs on a biosensor to determine affinity
(Figure 2-2B). The Kp for HENV-26 was 2.9, 2.2 or 1.0 nM and for HENV-32 was 2.1, 2.2, or

2.8 nM for HeV, NiV, or NiVp, respectively.
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A Binding assays of HENV-26 or HENV-32 to full-length HeV-RBP or NiV-RBPs detected by flow cytometric
analysis.
HENV-26 HENV-32

1,500 400 4

300 4

1,000
200 4
500
100 4
EC,, = 325 ng/mL. EC,, = 680 ng/mL

800 600

600+

4004
400
2004
2004
EC,, = 326 ng/mL EC,, = 760 ng/mL

400 400~

300 4 300

Mean fluorescence intensity (thousands)

200 + 2004

1004
EC,, = 326 ng/mL

EC,, = 836 ng/mL

45 -0 05 00 05 10 -5 -0 05 00 05 10

[mAb]
(log,, [Mg/mL)

- HeV-RBP  —#- NiVy-RBP  —o— NiVy-RBP —®- Untransfected

B Kinetics of binding of HENV-26 or HENV-32 to full-length HeV-RBP or NiV-RBPs in biolayer
interferometry to determine affinity of binding.

HENV-26 HENV-32
0.47 :
K,=2.9nM K,=2.1nM
0.3 1
0.24
HeV-RBP o
0.0+
Concentration (nM)
“ K,=2.2nM T K,=2.2nM J
023 — 100
— 50
NiVm-RBP £ o2 — =
— 125
0.1 — 63
— 34
0.0+
0.4
K, =1.0nM K,=2.8nM
03
- 0.24
NiVe-RBP
04
S/ ]
o 500 1,000 1,500 500 1,000 1,500

time (s)

Figure 2-2: Binding to cell surface displayed antigen and kinetics. A) Binding to cells transfected with HeV-RBP
(red), NiVmM-RBP (blue), NiVs-RBP (green), or un-transfected (black) cells was analyzed using an Intellicyt iQue
instrument. Values are expressed as mean fluorescence intensity (MFI) of PE-conjugated secondary antibody signal
and were plotted in GraphPad to interpolate ECso values by non-linear regression analysis. Serial dilutions of HENV-
26 or HENV-32 were performed in triplicate, with data representative of three independent assays shown. Error bars
indicate SEM. B. Binding kinetics of Fab fragments corresponding to HENV-26 and HENV-32 were performed on
an Octet RED instrument (FortéBio). Recombinant histidine-tagged RBP head domain was immobilized to HISIK
biosensor tips (FortéBio) at 10 pg/mL in kinetics buffer. After a brief baseline step, serial dilutions of HENV-26 or
HENV-32 Fab starting at 200 nM then were associated to coated biosensor tips, followed by a dissociation step in 1x
kinetics buffer. Curve-fitting was performed to extrapolate equilibrium dissociation constant values.
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Major antigenic sites recognized by human mAbs
To determine whether Abs from distinct binding groups targeted different antigenic regions on
the HeV-RBP surface, we performed a quantitative competition-binding assay using a real-time
biosensor. We tested all mAbs in a tandem blocking assay in which HeV-RBP was attached to
the biosensor. The data suggest that mAbs in this panel form at least 5 major competition-
binding groups, consistent with recognition of 5 different antigenic regions on the HeV-RBP
head domain (Figure 2-1). The potently neutralizing mAbs HENV-26 and HENV-32 segregated
into different competition-binding groups. Interestingly, mAb HENV-2 competed with 5 other
mAbs, suggesting that it may bind to overlapping regions from 2 or 3 antigenic sites, though this

is likely an experimental artifact often seen in biolayer interferometry competition studies.

Competition-binding studies with the ephrin-B2 receptor

Henipaviruses use the human ephrin-B2 protein as a receptor for attachment and entry
(Bonaparte, Dimitrov et al. 2005, Negrete, Levroney et al. 2005). We sought to determine if any
of the anti-HeV-RBP mAbs neutralized virus by blocking virus attachment to ephrin-B2. We
competed recombinant ephrin-B2 protein with mAbs or buffer for binding to biosensor tips
coated with HeV-RBP head domain. MAb HENV-26 reciprocally competed with ephrin-B2 for
binding to HeV-RBP, while mAbs HENV-19 and HENV-32 did not (Figure 2-3A), suggesting
that HENV-26 neutralizes by binding to the receptor binding site on HeV-RBP. MAb HENV-26
also competed with ephrin-B2 for binding to full-length HeV-RBP expressed on the surface of

293F cells (Figure 2-3B).
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Figure 2-3: Antibody competition with host receptor ephrin-B2. A) Numbers in boxes are the percentage binding
signal of the second protein applied after binding of the first protein, compared with binding signal of the second
protein alone. The proteins were defined as competing if the first protein reduced binding of the second protein by
more than 70 percent. The proteins were defined as non-competing if the first protein reduced binding of the second
protein by less than 40 percent. B) 293F cells were transfected to display the full-length HeV-RBP protein on the cell
surface. Cells were incubated with soluble ephrinB2 protein or FACS buffer, then HENV-26 labeled with AlexaFluor-
647 was added to cells and incubated. Cells then were washed and analyzed using an Intellicyt iQue flow cytometry
instrument. Binding of HENV-26 in the presence or absence of ephrinB2 was expressed as mean fluorescence intensity
(MFI).

Crystal structures of HENV-26 and HENV-32 in complex with HeV-RBP or NiV-RBP
proteins

Next, we determined the structure of antigen-antibody complexes for two mAbs using
crystallography. We selected the two most potent and cross-reactive mAbs from the panel,
HENV-26 and HENV-32, for crystallographic studies and first determined their heavy and light
chain variable gene sequences. HENV-26 Fab complexed with HeV-RBP head domain was
crystallized in spacegroup P3,2, and the crystal structures were solved at 2.60 A (Figure 2-4A).
Overlays of the epitope on the surface of HeV-RBP recognized by HENV-26 with that of the
ephrin-B2 receptor binding site shows that the antibody epitopes overlap greatly with the

receptor binding site, consistent with the competition-binding experiments. Therefore, HENV-26
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neutralizes HeV (as well as NiV) via competitive inhibition of viral attachment to the viral

receptor.

It was apparent from the competition-binding studies with HENV-26 or with ephrin-B2 shown
above that the potent neutralizing mAb HENV-32 bound to an antigenic site distinct from the
receptor binding domain epitope recognized by HENV-26. Therefore, we next determined the
structure of Ab-Ag complexes for HENV-32 with HeV-RBP using crystallography. The structure
revealed the molecular details of HENV-32 binding to an epitope distinct from that of HENV-26.
HENV-32 in complex with HeV-RBP head domain crystallized in spacegroup C2 with a
resolution of 2.0 A (Figure 2-4A). Based on previous studies, these structural data suggest
HENV-32 recognizes an antigenic site that lies at the putative dimeric interface of HeV-RBP
(Figure 2-4B). This led to the hypothesis that HENV-32 may function by disrupting the dimeric
and/or tetrameric structure of HeV-RBP, rendering virus afusogenic. I purified the full
ectodomain of HeV-RBP by affinity chromatography, followed by size exclusion in an attempt
to fully isolate monomeric, dimeric, and tetrameric species of RBP. Each of the fractions
corresponding to different oligomeric states was incubated with HENV-26 or HENV-32 Fab and
analyzed by non-reducing SDS-PAGE. I observed no change in the presence of dimeric or
tetrameric species after incubation with HENV-26 or HENV-32, suggesting disruption of

oligomers is not the mechanism by which HENV-32 neutralizes HeV and NiV (Figure 2-4C).
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Figure 2-4: Structural insights into HENV-26 and HENV-32 function. A) Superimposition of the crystal structures
of HeV-RBP head domain in complex with HENV-26 or HENV-32. HeV-RBP head domain in the HeV-RBP/HENV-
26 complex is colored in green, and that in the HeV-RBP/HENV-32 in light blue. The HENV-26 heavy chain is
colored in cyan, HENV-26 light chain in yellow, HENV-32 heavy chain in orange, and HENV-32 light chain in
salmon. The CDRs of both mAbs and the individual blades of the HeV-RBP head domain are labeled. Regions in the
HeV-RBP head domain with large structural differences between structures are indicated within broken red lines. B)
Superimposition of HeV-RBP structures in the HENV-32/HeV-RBP complex and ephrinB2/HeV-RBP complex. The
HeV-RBP structure in the HENV-32/HeV-RBP complex is shown in light blue, and HeV-RBP in the ephrinB2/HeV-
RBP complex in yellow. EphrinB2 in the complex is shown in gray. The overlay suggests that the conformation of
HeV-RBP B6/S2-S3 and B5/S4- B6/S1 loops in the HENV-32/HeV-RBP complex causes potential steric clashes
between the loops and the ephrinB2 G-H loop. The potential steric clashes between the HENV-32 bound HeV-RBP
structure and ephrinB2 G-H loop are represented with broken red lines, and the residues with potential steric clashes
are shown in stick, and corresponding residues of the ephrinB2 bound HeV-RBP structure are shown as line
representation. C) Lack of dimer disruption mediated by HENV-26 or HENV-32. HeV-RBP full ectodomain was
expressed in Expi293F cells and purified sequentially by HisTrap affinity chromatography followed by size exclusion
chromatography (SEC). Size exclusion peaks corresponding to dimeric (SEC peak #2) or tetrameric (SEC peak #1)
species were each incubated with HENV-26 or HENV-32 Fab for 1 h at room temperature. Each preparation was then
analyzed by 4%—12% Bis-Tris SDS-PAGE using SimplyBlue SafeStain Coomassie G-250 stain.
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Lack of cross-reactivity with RBPs from Cedar virus or Ghanaian bat henipavirus
We also examined whether or not HENV-26 of HENV-32 could recognize more distantly related
henipaviruses including Cedar virus (CedV) and Ghanaian bat henipavirus (GhV). The RBP of
the more distantly related henipavirus Mojiang virus was not tested as it is more divergent in
sequence, is antigenically distinct, and lacks an ephrin-B2/B3 binding domain (Rissanen, Ahmed
et al. 2017). The HENV mAbs did not bind to recombinant forms of RBPs from CedV or GhV in
ELISA, whereas CedV- or GhV-specific control antibodies did bind (Figure 2-5A). There are
numerous differences in the epitopes when RBP sequence alignments between HeV/NiV and
CedV or GhV are compared that suggest why the antibodies do not recognize CedV or GhV

(Figure 2-5B).
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Figure 2-5: Cross-reactivity to divergent henipaviruses. A) CedV-RBP or GhV-RBP ELISA. Binding of HENV-
26 or HENV-32 was tested in ELISA using recombinant CedV-RBP head domain or GhV-RBP full ectodomain.
MAbs to CedV-RBP (14F3) or GhV-RBP (10D5) were used as controls. B) Epitope mapping of RBP head domains
of HeV, NiVwm, and NiVs. The RBP amino acid sequences of the three viruses were aligned with MUSCLE (1), and
the figure was made with sequence alignment editor, ALINE (2). For comparison, the sequences of Cedar virus RBP
(CedV-RBP) and Ghana virus RBP (GhV-RBP) also are shown.
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Post-exposure efficacy of human mAbs in a ferret model of henipavirus infection

To determine the therapeutic activity of these cross-neutralizing Abs, we tested two antibodies in
ferrets. We focused on potent cross-reactive antibodies for challenge with NiVg. We selected the
two mAbs HENV-26 and HENV-32, because they bound non-overlapping antigenic regions in the
competition-binding experiments and structural studies. Female ferrets (~3-5 months old) received
15 mg/kg of antibody by the intraperitoneal route on days 3 and 5 (for a total of 30 mg/kg
cumulative dose) after intranasal inoculation with 5,000 PFU of NiVg. The serum 50% virus
neutralizing titers for NiVg for ferrets treated with HENV-26 were 1:369 (day 5) and 1:765 (day
7), while the titers for ferrets treated with HENV-32 were 1: 135 (day 5) and 1:132 (day 7). HENV-
26 and HENV-32 each reduced disease and protected ferrets from death when delivered 3 and 5
days after virus challenge (Figure 2-6A,B). All untreated control animals exhibited a clinical
course and pathology consistent with previous reports of henipavirus infection in ferrets including:
pulmonary complications, lymphopenia, neutrophilia, thrombocytopenia, and hypoalbuminemia
(Mire, Versteeg et al. 2013). Circulating viral genomes were detected beginning on day 5, with a
mean value of 5.64 (+/- 0.26 SD) logio genomes/g tissue (Figure 2-6C). Viral genomes were
detected in all tissues tested (Figure 2-6D), and infectious virus was detected at low levels in
spleen, kidney, adrenal glands, lung (data not shown). These data suggest HENV-26 and HENV-

32 may be therapeutic candidates for treatment of Nipah Bangladesh disease (Figure 6C).
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Figure 2-6: Ferret Nipah Bangladesh challenge studies. A) Kaplan-Meier survival curve of ferrets infected with
NiVs. B) Clinical scores of ferrets infected with NiVs. Dotted line represents the threshold for euthanasia criteria. C)
Circulating viral genomes from ferrets infected with NiVe. D) Viral genomes present in select tissues at study
endpoints.

DISCUSSION

We obtained the first panel of naturally occurring human mAbs from a human individual immune
to HeV and found mAbs that were potently neutralizing, including 4 that exhibited breadth of
recognition for the major strains of NiV. The two most potent, cross-reactive mAbs, HENV-26
and HENV-32, afforded post-exposure protection against the notably more pathogenic Bangladesh

strain of NiV in an animal model (Clayton, Middleton et al. 2012, Lo, Lowe et al. 2012, Mire,
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Satterfield et al. 2016). There is no FDA-approved HeV or NiV vaccine or effective treatment for
these viruses, and NiV can be transmitted person to person. These two mAbs could be considered
lead candidates for prophylaxis or therapy of HeV or NiV infections. HENV-26 directly competes
with ephrin-B2 for RBP binding, while HENV-32 does not, and crystal structures revealed very
distinct antigenic sites. The two mAbs do not compete with each other for HeV/NiV binding, and
they neutralize the viruses by very different mechanisms. Therefore, a combination prevention or
treatment formulation combining these two mAbs could be considered. MAb combinations may
be desirable for treatment of RNA virus infections to prevent virus escape and may produce

cooperative effects.

The cross-reactivity of the antibodies we isolated for recognition and neutralization of HeV, NiVu
and NiVs, and protection against those viruses, is desirable since it is plausible that a single
regimen of monotherapy or a cocktail of these antibodies could prevent or treat each of the three
viruses. We tested for breadth of binding for other more distantly related henipaviruses but did not
detect cross-reactivity to other viruses. This finding was not surprising, since the RBPs of NiV and
HeV have been reported to elicit only a limited cross-reactive antibody response, and cross-
protection between Mojiang virus or Ghana virus, and the highly pathogenic henipaviruses was

not detected (Li, Li et al. 2020).

To explore structural mechanisms of binding and neutralization of the two mAbs, we solved the
crystal structures of the mAbs in complex with HeV-RBP and/or NiV-RBP head domains. HENV-
26 targets the central cavity and top loops of mainly blade 4, 5, and 6 of the propeller-fold of HeV-

RBP and NiV-RBP head domains, overlapping the ephrin-B2/B3 binding sites, thus directly
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competing with ephrin-B2/B3 for RBP binding. Therefore, HENV-26 neutralizes HeV or NiV by
blocking the receptor binding site of the viruses, thus protecting animals against viral infection by
inhibition of viral entry. The major interacting residues of RBPs are conserved between HeV-RBP
and NiV-RBP (Figure S4D), making the mAb cross reactive to both viruses. All of the HENV-26
CDRs participate in the formation of the Ab-Ag interface, in contrast to the interaction mode of

the previously described phage display library derived antibody m102.3 (Xu, Rockx et al. 2013).

In contrast, HENV-32 binding causes conformational changes at the B5S4/B6S1 loop and
B6S4/81S1 loops. If HENV-32 bound HeV-RBP is superimposed onto ephrin-B2-bound HeV-
RBP, the conformational changes at these two loops result in steric clashes between the ephrin-B2
G-H loop and residues in these loops of HeV-RBP (Figure S5C). We considered whether HENV-
32 could compete with the binding of ephrin-B2 via an allosteric effect. However, we did not
observe competition between HENV-32 and ephrin-B2 for HeV-RBP binding in a BLI assay
(Figure S3A). Therefore, the binding of HENV-32 to the putative dimeric interface of RBP head
domains likely neutralizes HeV or NiV by altering dynamic features of the surface protein on
virions. There is extensive literature defining the dimeric architecture of the RBP (Bowden, Crispin
et al. 2010), which forms a functional tetrameric unit when two disulfide-linked dimers associate
(Bossart, Crameri et al. 2005, Negrete, Chu et al. 2007, Bowden, Aricescu et al. 2008), and a
disulfide bond in the stalk stabilizes the tetramer (Maar, Harmon et al. 2012). The henipavirus RBP
interacts with host cellular B class ephrins, triggering conformational alterations in RBP that lead
to the activation of the F glycoprotein, which facilitates the membrane fusion process (Steffen, Xu

et al. 2012, Bradel-Tretheway, Zamora et al. 2019, Navaratnarajah, Generous et al. 2020).
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Possibly, HENV-32 binding causes rearrangement of the quaternary structure of the RBPs in the
head domains in such a way that the orientation of the receptor-binding sites of the RBPs are no
longer suitable for receptor binding, preventing viral attachment to cells. However, we found that
a soluble recombinant form of ephrin-B2 can bind in the presence of HENV-32. Another
possibility is that HENV-32 interferes with the activation of HeV/NiV fusion proteins by RBPs,
in a mechanism suggest by previous studies of a rabbit antibody with inhibitory activity that likely
binds near the epitope recognized by the human mAb HENV-32 (Aguilar, Ataman et al. 2009).
The rearrangement of quaternary structure caused by HENV-32 binding also might make the
activation residues in the stem regions of the RBPs inaccessible to the fusion proteins, thus

inhibiting viral entry to cells. Further studies are needed to clarify these possibilities.

The solved crystal structures of these Ab-Ag complexes also inform opportunities for future
rational antibody engineering efforts to improve binding affinities of the mAbs. HENV-26 CDRH1
residue R31 makes only loose van der Waals interactions with HeV-RBP V502 or NiV-RBP
residues 1502 and P403. Insertions and mutations at R31 position might enhance binding. As
mentioned above, there are significant rearrangements of polar interactions between the HENV-
26/HeV-RBP and HENV-26/NiV-RBP complexes at the interface between CDRL1 and RBP
region D555 — Q559. This finding suggests that CDRL1 may be a malleable region for
improvement of binding. HENV-32 CDRL3 residue N93 interacts with a hydrophobic patch on
HeV-RBP (comprising residues P200, L.202, and F593) and with the mainchain carbonyl oxygen
atom of residue P200 via an H-bond. It could be interesting to examine the effects of mutations of
CDRL3 residue N93 to aliphatic residues (valine, leucine, or isoleucine) on binding affinity,

because the mutation might improve the hydrophobic effect between N93 and the hydrophobic
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patch but lose a H-bond between Ab and Ag.

Vaccine development for NiV is a high priority for many recommending bodies. The epitopes
recognized by these broad and potent antibodies could be used in structure-based reverse
vaccinology design programs to design new vaccine candidates. Thus, the studies provide
important new conceptual data on henipavirus immunity, but there are significant limitations of
these studies. First, the mAbs in this study were isolated from a single human immune individual,
and it is uncertain how generalizable these findings would be in a population. Second, the studies
focus on antibodies to RBP, since the individual studied had exposure to a vaccine RBP and we
screened for antibodies reacting to the RBP head domain; from these studies we cannot determine
the role for antibodies to the RBP stem, potential complex quaternary epitopes at the head/stem
interface, or fusion protein in immunity to henipaviruses and more antigenic sites are possible.
Third, there may be a role for non-neutralizing antibodies to henipaviruses, but we did not explore
that mode of immunity here. These limitations point to the need for additional in-depth studies of

this type for immunity to henipaviruses.
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METHODS

Expression and purification of HeV and NiV attachment glycoproteins

The DNA segments correspondent to the head domain of HeV-RBP (residues 185 — 604), head
domain of NiVm-RBP (residues 183 — 602) (Bowden et al., 2008), and head domain of NiVg-
RBP (residues 185 — 602) were sequenced optimized for expression, synthesized, and cloned into
the pcDNA3.1 (+) (HeV and NiVwu) or pcDNA3.1 (+)-C-6His (NiVg) expression DNA plasmid
downstream of the signal peptide from the pHLsec vector
(MGILPSPGMPALLSLVSLLSVLLMGCVA) or osteonectin
(MRAWIFFLLCLAGRALA)(GenScript). A TEV protease cleavage site and a His-tag also were
incorporated at the C-terminus of HeV and NiVwu constructs to facilitate protein purification.
Expi293F cells were transfected transiently with plasmids encoding HeV-RBP, NiVu-RBP, or
NiVg-RBP head domains, and culture supernatants were harvested after 6 to 7 days. The head
domains were purified from the supernatants by nickel affinity chromatography with HisTrap
Excel columns (GE Healthcare Life Sciences). For protein production used in crystallization
trials, 5 uM kifunensine was included in the culture medium to produce the head domains with
high mannose glycans. The high mannose glycoproteins subsequently were treated with
endoglycosidase F1 (Millipore) to obtain homogeneously deglycosylated HeV-RBP or NiVu-

RBP head domains (Bowden et al., 2008).

PBMC isolation and hybridoma generation
The study was approved by the Vanderbilt University Medical Center Institutional Review Board.
Peripheral blood was collected at Vanderbilt after written informed consent from a healthy donor

with prior history of inadvertent inoculation with recombinant HeV-RBP in an equine HeV

58



vaccine. PBMCs from the donor were isolated by density gradient separation on Ficoll,
cryopreserved and stored in the vapor phase of liquid nitrogen until use. Generation of human
hybridoma cell lines secreting human mAbs was performed as described previously (Smith, Zhou
et al. 2012). Briefly, human B cells in the PBMC suspension were immortalized by transformation
with EBV in the presence of CpG10103, cyclosporin A, and a Chk2 inhibitor and plated in 384-
well culture plates. On day 7 to 10 after EBV transformation, the supernatants from transformed
B cells were used to screen for the presence of antibodies binding to recombinant HeV-RBP head
domain in ELISA. Cells from the wells containing B cells secreting HeV-RBP-reactive antibodies
were fused with HMMAZ2.5 myeloma cells using a BTX ECM 2001 electro cell manipulator by an
electrofusion method (Yu, McGraw et al. 2008). After fusion, human hybridomas were selected in
medium with HAT solution containing ouabain. The hybridomas were cloned by flow cytometric
sorting of single cells into 384-well plates and then expanded in culture. Particular clones for
downstream studies were selected by choosing the clone for each independently derived

hybridoma line that exhibited the highest level of IgG secretion.

Production of IgG for mAbs from hybridoma cells

The selected cloned cell lines secreting mAbs were grown initially in hybridoma growth medium
(ClonaCell-HY medium E from STEMCELL Technologies, 03805) and then switched to serum-
free medium (GIBCO Hybridoma-SFM, Invitrogen, 12045084) for antibody expression and
purification. Cloned hybridoma cells were expanded sequentially to 225 c¢cm? flasks for mAb
production. The supernatants from hybridoma cultures were filtered with 0.45 pm pore diameter
filter flasks, and then the IgG from the hybridoma cell line supernatants was purified by affinity

chromatography using protein G columns (GE Life Sciences, Protein G HP Columns). Purified
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IgG generated from hybridomas was used for all ECso and ICso studies, competition-binding
studies, HDX-MS studies, and animal studies. To generate the corresponding fragment antigen-
binding (Fab) fragments for crystallization trials, papain digestion of purified mAb IgG was
performed using the Pierce Fab Preparation Kit (ThermoFisher Scientific). The resulting Fabs were
purified from the digestions by affinity chromatography by coupling a protein G affinity column

and an anti-human CH1 column (GE Healthcare Life Sciences).

Characterization of antibody isotype, subclass, and variable genes

The isotype and subclass of secreted antibodies were determined by ELISA. Antibody heavy and
light chain variable region genes were sequenced from antigen-specific hybridoma lines that had
been cloned biologically using flow cytometric single cell sorting. Briefly, total RNA was
extracted using the RNeasy Mini kit (Qiagen, 74106) and reverse-transcriptase PCR (RT-PCR)
amplification of the antibody gene cDNAs was performed using the PrimeScript One Step RT-
PCR kit (Clontech, RR0O55A) according to the manufacturer’s protocols with gene-specific primers
as previously described. PCR products were purified using Agencourt AMPure XP magnetic beads
(Beckman Coulter) and sequenced directly using an ABI3700 automated DNA sequencer without
cloning. The identities of gene segments and mutations from germlines were determined by
alignment using ImMunoGeneTics database (Brochet, Lefranc et al. 2008, Giudicelli and Lefranc

2011).

Determination of half maximal effective concentration (ECs) for binding

To determine ECso concentrations for binding, we performed ELISA using 384-well plates that

were coated overnight at 4°C with 2 pg/mL of a recombinant form of soluble head domain of HeV-
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RBP or NiV-RBP protein. The plates were blocked for 1 hour with 2% non-fat dry milk and 2%
goat serum in PBS-T. After washing the plates 4 times with PBS-T, primary mAbs or hybridoma
cell culture supernatants were applied to wells, and the plates were incubated at room temperature
for 1 hour. Alkaline phosphatase-conjugated secondary antibodies (goat anti-human IgG Fc,
Meridian Life Science), with a dilution of 1:4,000 in blocking solution, were placed into each well
following plate wash with PBS-T. After 1-hour incubation, the plates were washed 4 times with
PBS-T, and substrate solution (1 mg/mL pNPP disodium salt hexahydrate, Sigma) was added to
each well. The plates were incubated at room temperature for approximately 30 min before reading
the optical density at 405 nm with a Biotek plate reader. To obtain half maximal effective
concentration (ECso) values of human mAbs binding to HeV-RBP or NiV-RBP, ELISA
experiments were performed with purified antibodies in three-fold serial dilutions, starting at 20
pg/mL for HeV, and 50 pg/mL for NiVm-RBP or NiVe-RBP, and ECso values were estimated by
a sigmoidal dose-response nonlinear curve fitting procedure with Prism software (GraphPad).
Each dilution was performed in quadruplicate, and the experiment was conducted twice

independently.

Kp determination by bio-layer interferometry (BLI)

Kinetic assays with BLI were performed on an Octet RED biosensor instrument (Pall FortéBio,
Menlo Park). Recombinant histidine-tagged RBP (head domain) was immobilized to HIS1K
biosensor tips (FortéBio) at 10 pg/mL in proprietary kinetics buffer (FortéBio). After a brief
baseline step, serial dilutions of HENV-26 or HENV-32 Fab starting at 200 nM then were
associated to coated biosensor tips for 300 seconds, followed by a 900 second dissociation step in

10x kinetics buffer. Data Analysis HT 11.0.2 software was used for curve-fitting to extrapolate
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equilibrium dissociation constant values. Association and dissociation steps were aligned to
reference wells to account for dissociation of antigen from the biosensor tip. Global fitting using

a 1:1 model with Savitzky-Golay filtering was used to fit curves.

Biolayer interferometry (BLI) to determine competition-binding groups

Competition-binding experiments were performed on the Octet RED biosensor, as described
previously (Flyak, Ilinykh et al. 2015). In brief, HeV-RBP or NiV-RBP with a C-terminal His-tag
at 20 pg/mL was loaded onto Ni-NTA coated biosensor tips for 2 min. After 1 min wash in a
kinetic buffer (1% BSA, 0.002% Tween 20 in PBS), the biosensor tips were dipped into the first
antibody solution at a concentration of 50 pg/mL for 5 min, and then biosensors were switched
into a second antibody solution at a concentration of 50 pg/mL for 5 min. The ratio of the maximal
signal from the seconding antibody after the first antibody binding to the maximal signal of the

second antibody tested alone was calculated and expressed as a percentage.

Biolayer interferometry to test for mAb blocking of HeV-RBP protein binding to the host
receptor ephrin-B2

The human antibodies also were used in competition binding with a recombinant form of the host
receptor ephrin-B2 to determine if the mechanism of neutralization was blockade of receptor
binding. The studies were performed using BLI on an Octet RED instrument. Streptavidin (SA)
sensor tips were coated in 5 pg/mL biotinylated, recombinant HeV-RBP head domain protein
diluted in proprietary Kinetics Buffer 10X (Pall FortéBio) for 30 seconds. Following a brief
baseline step, 25 pg/mL HENV-26, HENV-32, or soluble ephrin-B2 in buffer was associated to

the coated sensor tips for 100 seconds. Tips then were dipped into wells containing a second
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antibody or ephrin-B2. The data were analyzed using FortéBio software, with percentage binding
determined by comparing the maximal binding signal of the second protein associated to that of

the same protein associated alone.

Cell-surface display flow cytometric assay to test for mAb blocking of HeV-RBP protein
binding to the host receptor ephrin-B2

A suspension of 293F cells was transfected with cDNA encoding the full length HeV-RBP protein
using PEI for 72 hours. Transfected cells were harvested and plated in V-bottom 96-well plates at
50,000 cells/well. After a wash step, cells were incubated with 50 pg/mL soluble ephrin-B2 protein
or FACS buffer for 30 minutes. Without washing, 2 pg/mL HENV-26 labeled with AlexaFluor-
647 (Invitrogen) was added to cells and incubated for 30 minutes. Cells then were washed and
analyzed using an Intellicyt iQue flow cytometry instrument. Binding of HENV-26 in the presence

or absence of ephrin-B2 was expressed as mean fluorescence intensity (MFI).

Crystallization and structural determination of antibody-antigen complexes

Purified Fabs were mixed with deglycosylated HeV-RBP or NiV-RBP head domain in a molar
ratio of 1:1, and the mixtures were purified further by size-exclusion chromatography with a
Superdex-200 HiLoad column (GE Healthcare Life Sciences) to obtain antibody-antigen
complexes. The complexes were concentrated to about 10 mg/mL and subjected to crystallization
trials. HeV-RBP head domain in complex with the Fab HENV-26 was crystallized in 30% MPD,
0.1 imidazole pH 6.5, 0.2 M ammonium sulfate, and 10% PEG 3350, and NiV-RBP head domain
in complex with the Fab HENV-26 was in 1.0 M sodium malonate pH 7.0, 0.1 M Bis-Tris propane

pH 7.0. Protein crystals were flash-frozen in liquid nitrogen after a quick soaking in the
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corresponding cryo-protection solutions (same as the crystallization solution for HeV-
RBP/HENV26 complex, the solution of 25% sodium malonate pH 7.0 and 0.1 M Bis-Tris propane
pH 7.0 for NiV-RBP/HENV-26 complex). Diffraction data were collected at the beamline 21-ID-
G at the Advanced Photon Source. The diffraction data were processed with XDS (Kabsch 2010)
and CCP4 suite (Winn, Ballard et al. 2011). The crystal structures were solved by molecular
replacement using the structure of the head domain of HeV-RBP or NiV-RBP in human ephrin-
B2-HeV-RBP or ephrin-B2-NiV-RBP complex (PDB ID 2VSK and 2VSM) and Fab structure of
MR78 (PDB ID 5JRP) with the program Phaser (McCoy, Grosse-Kunstleve et al. 2007).The
structure was refined and rebuilt manually with Phenix (Adams, Afonine et al. 2010) and Coot
(Emsley and Cowtan 2004), respectively. The models have been deposited into the Protein Data

Bank. PyMOL software (Schrodinger 2015) was used to make all of the structural figures.

CedV-RBP and GhV-RBP ELISA

Constructs for CedV-RBP head domain and GhV-RBP full ectodomain were transfected
transiently into Expi293F cells using ExpiFectamine transfection reagents (ThermoFisher). Cell
supernatants were harvested 7 days post-transfection. CedV-RBP head domain was purified using
HisTrap affinity chromatography as described above for HeV-RBP and NiV-RBP head domains
(SigmaAldrich). Full-length ectodomain GhV-RBP containing a GCN tetramerization domain was
purified using S-protein agarose (EMD Millipore). To test HENV-26 and HENV-32 for binding
to CedV-RBP and GhV-RBP, 384-well plates were coated with 5 pg/mL CedV-RBP head domain
or cell supernatant from GhV-RBP transfected cells and incubated overnight at 4°C. The following
day, plates were blocked with DPBS-T containing 2% milk and 1% goat serum at room

temperature for 1 hour. After a wash step, 3-fold serial dilutions of HENV-26, HENV-32, or
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control mAbs for CedV (14F3) or GhV (10D5) kindly provided by Christopher Broder were added
to plates and incubated for 1 hour at room temperature. Secondary antibody (goat anti-human IgG-
HRP for HENV-26 and HENV-32, goat anti-mouse human adsorbed Ig-HRP for controls) diluted
1:1,000 in DBPS-T containing 1% milk and 1% goat serum were added to plates. TMB substrate
was used to develop plates, and the reaction was quenched using 1N HCI 10-15 minutes later.
Absorbance at 450 nm was read using a Biotek plate reader, and binding curves were generated

using non-linear regression analysis in GraphPad Prism software.

HeV and NiV viruses

Nipah virus number 1999011924 was obtained from a patient from the 1999 outbreak in Malaysia.
The passage 3 (P3) virus stock of NiVM we used for used for neutralization assays is known to
have an N277K polymorphism in the RBP (Mire, Satterfield et al. 2016). The isolate of NiVp was
200401066 and was obtained from a fatal human case during the outbreak in Rajbari, Bangladesh
in 2004 and passaged on Vero E6 cell monolayer cultures twice, making this a passage 2 virus.
Hendra virus was obtained from a patient from the 1994 outbreak in Australia. All viruses were
kindly provided by Dr. Thomas Ksiazek, UTMB. Each virus was propagated on Vero E6 cells in
Eagle’s minimal essential medium supplemented with 10% fetal calf serum. The NiVy, NiVp and
HeV challenge virus stocks were assessed for the presence of endotoxin using The Endosafe-
Portable Test System (PTS) (Charles River Laboratories, Wilmington, MA). Each virus
preparation was diluted 1:10 in Limulus Amebocyte Lysate (LAL) Reagent Water per the
manufacturer’s instructions, and endotoxin levels were tested in LAL Endosafe-PTS cartridges as
directed by the manufacturer. Each preparation was found to be below detectable limits, whereas

positive controls showed that the tests were valid. All experiments involving infectious
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henipaviruses were carried out at the UTMB Galveston National Laboratory under biosafety level

4 conditions.

Neutralization assays

The virus neutralizing activity concentrations were determined for NiVwm, NiVg, and HeV using a
plaque reduction assay. Briefly, antibodies were diluted serially two-fold from 50 pg/mL to
extinction and incubated with a target of ~100 plaque-forming units (pfu) of NiVm, NiVs, or
HeV for 45 min at 37 °C. Virus and antibody mixtures then were added to individual wells of
six-well plates of Vero76 cells. Plates were stained with neutral red two days after infection, and
plaques were counted 24 h after staining. Neutralization potency was calculated based on pfu for
each virus in the well without antibody. The neutralization experiments were performed in
triplicate, with independent virus preparations and duplicate readings for each replicate. Mean
half-maximal inhibitory concentrations were calculated as previously described (Ferrara and

Temperton 2018).

Protection study in ferrets

The animal studies were performed at the Galveston National Laboratory, University of Texas
Medical Branch at Galveston (UTMB) and were approved by the UTMB Institutional Animal
Care and Use Committee (IACUC). This facility is fully accredited by the Association for
Assessment and Accreditation of Laboratory Animal Care International. Thirteen female ferrets
weighing 0.75—1 kg were housed socially and placed into cohorts for treatment or no treatment.
For virus challenge and procedures, animals were anesthetized by isoflurane inhalation. Animals

were inoculated intranasally (i.n.) with ~5 x 10° plaque-forming units (pfu) of NiVg in 0.5 mL
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Dulbecco’s minimal essential medium (Sigma-Aldrich, St. Louis, MO) on day 0. After
challenge, ferrets in the treated cohorts were given mAb HENV-26 or HENV-32 by
intraperitoneal (i.p.) injection on day 3 and 5 after challenge at a 15 mg/kg dose, a dosage lower
than that used in prior studies in ferrets and nonhuman primates with an antiviral mAb (Bossart,
Zhu et al. 2009, Bossart, Geisbert et al. 2011, Geisbert, Mire et al. 2014, Mire, Satterfield et al.
2016, Mire, Chan et al. 2019). Animals were anesthetized for clinical examination including
body weight, temperature, respiration quality, and blood collection on days 0, 3, 5, 7, 10, 14, and
28 after challenge. Before and after challenge, animals were assessed daily for clinical score on a
scale of 0 of 12 for clinical observations based on coat appearance, body weight loss, social
behavior, and provoked behavior; animals scoring 9 or greater were euthanized per the
established UTMB IACUC protocol. The remaining subjects were euthanized at the study

endpoint on day 28 after challenge.

Specimen collection and processing in NiV- and HeV-infected ferrets

On sampling days, blood was collected and placed in MiniCollect EDTA tubes (Greiner Bio-
One, Monroe, NC) for virus load and hematology analysis or MiniCollect serum tubes (Greiner
Bio-One) for clinical chemistry analysis. Necropsy was performed on all ferrets, and tissues
sampled included lungs, liver, spleen, kidney, adrenal gland, pancreas, and brain (frontal cortex).
Ten percent tissue homogenates of liver, spleen, kidney, adrenal gland, and brain were used for

virus load analysis.

Measurement of infectious virus load in ferret tissues
Virus titration was performed by plaque assay with Vero cells from all tissue homogenates (10%

w/v). In brief, increasing 10-fold dilutions of the samples were adsorbed to Vero cell monolayers
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in duplicate wells (200 pL); the limit of detection was 25 pfu/mL for whole blood and 250

pfu/gram for tissue.

RNA isolation from ferret tissues

Immediately following sampling, 100 pL of blood was added to 600 pL of AVL viral lysis buffer
(Qiagen) for RNA extraction. For tissues, approximately 100 mg was stored in 1 ml RNAlater
(Qiagen) for 7 days to stabilize RNA. RNAlater was completely removed, and tissues were
homogenized in 600 uL RLT buffer (Qiagen) in a 2-mL cryovial using a tissue lyser (Qiagen)
and ceramic beads. The tissues sampled included cerebral spinal cord, brain stem, brain (frontal
cortex), lung (left upper and left lower), spleen, and liver. All blood samples were inactivated in
AVL viral lysis buffer, and tissue samples were homogenized and inactivated in RLT buffer
prior to removal from the BSL-4 laboratory. Subsequently, RNA was isolated from blood using
the QIAamp viral RNA kit (Qiagen), and from tissues using the RNeasy Mini Kit (Qiagen)

according to the manufacturer’s instructions supplied with each kit.

Detection of viral genomes in ferret samples

RNA was isolated from blood or tissues and analyzed using primers/probe targeting the
nucleoprotein (N) gene and intergenic region between N and phosphoprotein (P) of NiV for
quantitative real-time PCR (qQRT-PCR), with the probe used here being 6-carboxyfluorescein
(6FAM)-5" CGT CAC ACA TCA GCT CTG ACA A 3'-6 carboxytetramethylrhodamine
(TAMRA) (Life Technologies, Carlsbad, CA). NiV RNA was detected using the CFX96
detection system (Bio-Rad) in One-step probe qRT-PCR kits (Qiagen) with the following cycle
conditions: 50°C for 10 minutes, 95°C for 10 seconds, and 40 cycles of 95°C for 10 seconds and

57°C for 30 seconds. Threshold cycle (C7) values representing NiV genomes were analyzed with
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CFX Manager Software, and data are shown as genome equivalents (GEq). To create the GEq
standard, RNA from NiV challenge stocks was extracted and the number of NiV genomes was

calculated using Avogadro’s number and the molecular weight of the NiV genome.
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CHAPTER III

FUNCTIONAL COOPERATIVITY MEDIATED BY RATIONALLY SELECTED
COMBINATIONS OF HUMAN MONOCLONAL ANTIBODIES TARGETING THE

HENIPAVIRUS RECEPTOR BINDING PROTEIN

This chapter is an adaptation of the following submitted manuscript:

Doyle MP et al. Functional cooperativity mediated by rationally selected cocktails of human
monoclonal antibodies targeting the henipavirus receptor binding protein. In review at Cel/
Reports.

Contributions: Nurgun Kose and I isolated antibodies. I performed binding assays, mechanistic
assays, and all neutralization assays using VSV or rCedV viruses. I performed protein purification
for structural studies. Elad Binshtein performed EM studies. Robert Cross performed BSL-4 in

vitro and in vivo studies. Brandyn West and Zachary Bornholdt (Mapp Biopharmaceutical)
generated bispecific antibodies. James Crowe and I wrote the manuscript.

INTRODUCTION

Hendra virus (Guirakhoo, Pugachev et al.) and Nipah virus (Ni1V), the prototypic henipaviruses,
are emerging zoonotic paramyxoviruses known to cause severe disease in humans and diverse
other mammalian orders. Multiple species of Pteropid bats (flying foxes) act as reservoir hosts
for these negative-sense, single-stranded RNA viruses in the Paramyxoviridae family with which
they are understood to have co-evolved (Halpin, Young et al. 2000, Chua, Koh et al. 2002,
Halpin, Hyatt et al. 2011, Vidgen, de Jong et al. 2015). HeV is transmitted from flying foxes to
horses and from horses to in-contact humans causing severe respiratory and/or encephalitic
disease mediated by endothelial vasculitis in both (Murray, Rogers et al. 1995, Escaffre,

Borisevich et al. 2013, Field 2016). HeV was identified in 1994, having caused the death of 14 of
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21 infected horses and one of two infected humans in Queensland, Australia (Murray, Selleck et
al. 1995, Selvey, Wells et al. 1995). Spillover has occurred sporadically with some seasonal and
climatic trend since, causing disease in 105 horses and seven humans, with high case fatality
rates (Queensland Government 2020). NiV, which was discovered four years after HeV when
hundreds of pig handlers fell ill with encephalitic disease (Chua, Goh et al. 1999), has continued
to cause sporadic outbreaks in Bangladesh and India (Arunkumar, Chandni et al. 2019, Soman
Pillai, Krishna et al. 2020). More direct routes of infection, including human-to-human
transmission, and mortality rates approaching 100%, have been observed during recent NiV
outbreaks (Chadha, Comer et al. 2006, Gurley, Montgomery et al. 2007, Clayton, Middleton et
al. 2012). Anthropogenic and climatic influences on flying foxes are affecting their roosting,
feeding and migration habits as well as their susceptibility to heat-stress, disease and injury
(Plowright, Eby et al. 2015, Kessler, Becker et al. 2018). These factors together with their
resultant increase in intermediate host contact (humans and domestic animals) are associated
with increasing geographic range and frequency of henipavirus disease spillover (Walsh,
Wiethoelter et al. 2017, Martin, Yanez-Arenas et al. 2018). While HeV and NiV outbreaks
historically have been confined geographically to Australia and Southeast Asia, respectively, risk
of pandemic spread of these highly pathogenic agents related to regional and global population
densities and difficulty avoiding international transmission via infected travelers has been
highlighted by recent experience with SARS-CoV-2 (Morens and Fauci 2020). Such
consideration prompted the World Health Organization (WHO) to designate henipavirus
infections as priority diseases requiring extensive and immediate research and development
(Sweileh 2017). The risk of global health crisis associated with henipaviruses is exacerbated by

the lack of licensed antiviral drugs or vaccines for HNV and a dearth of knowledge of the human
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immune response to these viruses (Escaffre, Borisevich et al. 2013, Gomez Roman, Wang et al.

2020).

Passive immune transfer studies in both hamsters and ferrets have provided evidence that
neutralizing antibodies are a correlate of immunoprotection from henipaviruses (Guillaume,
Contamin et al. 2004, Guillaume, Contamin et al. 2006, Bossart, Zhu et al. 2009). These data
have been corroborated in multiple studies by investigators using murine, rabbit, or human
antibody discovery technologies to isolate potently neutralizing antibodies to HeV and/or NiV
(Zhu, Dimitrov et al. 2006, Aguilar, Ataman et al. 2009, Mire, Chan et al. 2020). One of these
studies used phage display technology to isolate a human monoclonal antibody (humAb),
designated m102.4 (Zhu, Bossart et al. 2008). This mAb potently neutralizes both HeV and NiV
in vitro and protects against infection and disease in experimental henipavirus challenge models
using ferrets or non-human primates (Bossart, Geisbert et al. 2011, Geisbert, Mire et al. 2014,
Mire, Satterfield et al. 2016). More recently, two human mAbs, HENV-26 and HENV-32, were
shown to neutralize HeV and NiV by distinct mechanisms and protect from NiV Bangladesh
(NiVp) strain challenge in a ferret model (Dong, Cross et al. 2020). While these studies have laid
a foundation for our understanding of how to target henipaviruses therapeutically, many
questions remain regarding the antigenicity of the attachment glycoprotein, and whether escape

mutations from these mAbs can develop in vivo.

Here, we isolated humAbs from circulating B cells of an individual with occupation-related

exposure to the equine HeV vaccine (Equivac® HeV) (Middleton, Pallister et al. 2014). Members

of this large panel of antibodies target diverse antigenic sites, many of which are sites of
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vulnerability for neutralization for at least one virus. In particular, two functional classes of
antibodies that we have termed “receptor-blocking” or “receptor-enhanced” neutralized HeV and
NiV in vitro by distinct molecular mechanisms and provided protection when used as
monotherapy against lethal challenge in hamsters with the highly virulent NiVp strain.
Antibodies recognizing these sites cooperate for binding to the henipavirus RBP glycoprotein
that mediates attachment (formerly designated the G or glycosylated attachment protein, but
recently renamed by the International Committee on Taxonomy of Viruses) (Rima, Balkema-
Buschmann et al. 2019). These mAbs also synergize for neutralization Cedar virus chimeras
displaying the RBP and F proteins of HeV (as well as NiV, data not shown). Cocktails of
antibodies from these groups show superior therapeutic efficacy in hamsters, while bispecific
antibodies bearing antigen binding fragments from both mAbs also show therapeutic benefit. In
this model, “receptor-blocking” mAbs induce conformational changes to the RBP that better
expose the “receptor-enhanced” antigenic site. These results suggest these mAbs could be used
in a cocktail therapeutic approach to achieve synergistic neutralizing potency against henipavirus

infections.

RESULTS

Cross-reactive, neutralizing antibodies target two distinct antigenic sites on HNV-RBP
Peripheral blood mononuclear cells (PBMCs) from an Australian veterinarian with occupation-
related exposure to HeV-RBP (Equivac® HeV) were tested for secretion of antibodies binding to
recombinant forms of the NiV attachment (RBP) glycoproteins for NiVs, the NiV Malaysian
strain (NiVwm), or HeV. In total, we isolated 41 distinct new mAbs that bind henipavirus RBPs. In

order to group this large panel of mAbs rationally into those that recognized similar antigenic
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sites, we used a surface plasmon resonance platform to bin antibodies based on the antigenic

sites they recognized on recombinant protein comprising the HeV-RBP head domain. This

method immobilizes a first antibody on the surface of a gold-coated sensor-chip that captures

soluble antigen, and then assesses the ability of a second antibody to bind to the captured

antigen. The resulting data showed that mAbs binding to HeV-RBP recognized at least 6 distinct

major antigenic sites, designated A-F (Figure 2-1).
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Figure 3-1: Surface plasmon resonance competition-binding of human antibodies against HeV-RBP. A first
antibody was applied to a gold-coated sensorchip, and recombinant HeV-RBP head domain was associated to the
coupled antibody. A second antibody was applied to the sensorchip to determine binding to RBP. Black boxes
indicated a pairwise interaction in which the binding of the second antibody is blocked by the first. White indicates
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both antibodies could bind simultaneously. Gray indicates an intermediate competition phenotype. The matrix was
assembled using the Carterra Epitope software.

In tandem, we used hydrogen-deuterium exchange mass spectrometry (HDX-MS) to map the
antigenic sites of representative antibodies from each group (Figure 2-2), along with binding and

neutralization assays to determine cross-reactivity and functional activity (Figure 2-3).
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Figure 3-2: Hydrogen-deuterium exchange mass spectrometry profiles for representative mAbs. Decrease (blue)
or increase (red) in deuterium exchange on HeV-RBP in the presence of antibody is mapped onto the crystal structure
of HeV-RBP (PDB 6CMG). Structures are positioned in 3 orientations, with the top structure noting the ephrin-B2
binding site in yellow.
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Antibodies belonging to groups A and C cross-reacted with HeV, NiVuy, and NiVe-RBP, and
neutralized the corresponding viral strains. Group A, specifically, includes the control mAb
m102.4, which has been thoroughly characterized for its ability to block viral attachment to the
host cell receptors ephrin-B2 and ephrin-B3, and potently neutralize both HeV and NiV(Xu,
Rockx et al. 2013, 2020) (Xu, Rockx et al. 2013). As expected, a representative group A mAb
HENV-98 caused a decrease in deuterium exchange in a region of the HeV-RBP that
corresponds to the receptor-binding site. All group A mAbs also neutralized HeV, NiVy, and
NiVs strains in vitro. Notably, HENV-117 displayed exceptional potency, with half maximal
inhibitory concentration (ICso) values of 14, 8, or 15 ng/mL against HeV, NiVy, or NiVs,
respectively. To date, this is the most broad and potent neutralizing mAb targeting HeV and NiV

ever described, suggesting it may possess superior therapeutic activity.
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Figure 3-3: Summary of panel binding and neutralization profiles A) Half maximal binding (blue) or
neutralization (green) concentrations for antibodies against recombinant proteins or live HeV or NiV, respectively. B)
Neutralization curve plots for representative antibodies against HeV, NiV Malaysia, or NiV Bangladesh viruses.
Representative ECso values for binding from 3 independent experiments are shown. ICso values for neutralization are
from a single independent experiment due to limitations of BSL-4 resources.

Group D represents a second class of mAbs that cross-neutralize HeV, NiVy, and NiVs, albeit
with roughly 10-fold less potency than group A. The group D representative mAb HENV-107
mapped to a distinct site on the HeV-RPB head domain spanning the 31 and B6 propeller blades.
This region of the head domain likely lies at the interface between protomers within the dimer-
of-dimers structure of the HeV-RBP tetramer, suggesting a semi-cryptic site of vulnerability on
RBP (Lee and Ataman 2011). This region has been postulated to be important in fusion
triggering, as point mutations made to this region render F unable to complete its fusion cascade

(Aguilar, Ataman et al. 2009, Liu, Stone et al. 2013).
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While mAbs in group C display limited cross-neutralization of HeV and NiV, groups B and E
contain mAbs that only neutralize HeV with appreciable potency. Group F mAbs are weakly
neutralizing or non-neutralizing and appear to target an antigenic site that lies on the RBP face
opposite the receptor-binding domain. This epitope is likely in a site that is poorly accessible in
the membrane-anchored form of RBP, lending to the poor neutralizing activity observed for
these mAbs. Overall, we discovered and mapped cross-reactive, neutralizing mAbs targeting two

distinct major antigenic sites that likely use distinct mechanisms to achieve virus neutralization.

Neutralizing mAbs either compete with, or are enhanced by, ephrin-B2 binding to HeV-RBP.
With the knowledge that group A mAbs map to the receptor-binding domain of HeV-RBP, we
sought to determine if these antibodies could block binding of soluble ephrin-B2 to cell surface-
displayed HeV-RBP. 293F cells were transiently transfected with a cDNA construct encoding
full-length HeV-RBP (head, stalk, transmembrane, and cytoplasmic domains) and incubated for
72 hours. These cells then were incubated with saturating concentrations of recombinant, soluble
ephrin-B2, followed by addition of anti-RBP mAbs at a concentration of 2 pg/mL to assess the
ability of antibodies to bind RPB in its receptor-bound state. Cells were analyzed by flow
cytometry, comparing antibody binding in the presence or absence of ephrin-B2 (Figure 2-4).
Antibodies in group A displayed a substantial decrease in binding in the presence of ephrin-B2,
supporting the hypothesis that mAbs from this group potently neutralize by blocking binding of
virus to host cells. This receptor-blocking phenotype is reflected in the activity of the control

mAb m102.4, which also displayed decreased signal when associated to receptor-bound RBP.
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We also assessed antibodies from all other epitope binning groups for their ability to bind RBP in
the presence of ephrin-B2. Antibodies from group F did not bind to surface-displayed HeV-RBP,
further suggesting these antibodies cannot access this antigenic site when RBP is in its
tetrameric, membrane-anchored form. Group B, C, and E mAbs bound to HeV-RBP with equal
signal in the presence or absence of ephrin-B2. Surprisingly, cross-reactive and neutralizing
antibodies in group E displayed a “receptor-enhanced” phenotype, in which binding was
increased in the presence of ephrin-B2. As HDX experiments suggested this antigenic site lies at
the putative interface between protomers within the HeV-RBP dimer, it is likely that receptor
binding alters the conformation of HeV-RBP, better exposing this epitope and increasing binding
by mAbs to this site. In summary, cross-reactive and neutralizing mAbs displayed either
“receptor-blocking” or “receptor-enhanced” phenotypes, suggesting distinct neutralization

mechanisms used by antibodies targeting distinct sites.
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Figure 3-4: Antibody binding to cell-surface-displayed HeV-RBP when ephrin-B2 is bound. Cells transiently
transfected with a cDNA encoding the full-length HeV-RBP were incubated with a saturating concentration of
recombinantly expressed ephrin-B2. Without washing, cells were incubated with 2 ug/mL antibody, and binding was
compared to binding of antibodies in the absence of ephrin-B2. The mAb m102.4 served as a control for receptor
competition. Pooled data from 3 independent experiments are shown.
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Negative stain electron microscopy (nsEM) elucidates structural determinants of
recognition by receptor-blocking and receptor-enhanced mAbs.

To gain insight into the structural determinants of recognition by “receptor-blocking” and
“receptor-enhanced” mAbs, we performed nsEM on HeV-RBP complexed with representative
Fabs based on the sequence of HENV-117 (blocking) or HENV-103 (enhanced). Initial studies
with HeV-RBP ectodomain (head and stalk domains) purified by size exclusion chromatography
showed substantial structural heterogeneity of both dimeric and tetrameric complexes (elaborated
upon in Chapter IV). In order to generate more structurally homogeneous antigen suitable for 3D
reconstruction, we purified HeV-RBP by gradient fixation ultracentrifugation using a 10 to 30%
glycerol gradient containing a linear 0 to 0.1% glutaraldehyde gradient. This method achieved
highly pure material, appropriate separation of monomeric, dimeric, and tetrameric species, and
structural homogeneity induced by mild glutaraldehyde fixation. Dimeric HeV-RPB was

complexed with a molar excess of HENV-117 and HENV-103 and assessed using nsEM.

Both HENV-103 and HENV-117 bind simultaneously to the HeV-RBP, further confirming these
mAbs recognize distinct antigenic sites (Figure 2-5A). By docking the crystal model of the head
domain bound the ephrin-B2 receptor to the EM map, we observed that HENV-117 mimics the
binding position of the receptor, confirming its ability to block receptor attachment (Figure 2-
5B). This mAb represents a next-generation version of HENV-26, which showed a similar
receptor blocking phenotype, albeit with decreased potency in comparison. Conversely, HENV-
103 approaches the HeV-RBP perpendicular to the receptor binding domain at the putative
interface between protomers within the RBP (Figure 2-5C). This antigenic site overlaps with

previous published mAbs, including HENV-32, though appears to have a different angle of
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approach with more contacts to beta propeller 1. Furthermore, modeling suggests that HENV-
117 uses a long CDRH3 loop, binding to RBP in a manner similar to the GH loop of ephrin-B2.
In summary, HENV-103 and HENV-117 map to distinct antigenic sites by negative stain EM,
with HENV-117 mimicking ephrin-B2 binding, while HENV-103 binds at the putative dimeric

interface.
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HeV-RBP

Figure 3-5: Negative stain electron microscopy of Fab-antigen co-complexes A) Three-dimensional reconstruction
from negative stain electron microscopy of dimeric HeV-RBP full ectodomain bound to HENV-103 Fab and HENV-
117-Fab. The EM map is shown in gray, the Fabs are in purple and green, and the RBP head domain is colored by f3-
propeller. 2D classes are shown, with box size of 128 at A/pix of 3.5. B) The RBP head domain with a model of
HENV-117 scFv (Playford, Munro et al.) overlapping with ephrin-B2 receptor electron density (dot surface PRB:
9PDL). C) The RBP head domain with a model of HENV-103 Fv (blue) from top (right, looking down on ephrin-B2
binding face) and side (left) view. Black line denoted the putative dimeric interface.
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Antibodies provide therapeutic protection in a highly stringent model of Nipah Bangladesh
virus challenge in Syrian golden hamsters.
Previous studies of murine and human mAbs targeting HeV and/or NiV suggested passive
immunization as a potential strategy for therapeutic intervention. To assess therapeutic activity
of antibodies in this large panel, we chose 5 candidate mAbs representing groups A (receptor-
blocking HENV-98, HENV-100, HENV-117) and D (receptor-enhanced HENV-58, HENV-103)
to test in a highly stringent NiVg challenge model in hamsters (Wong, Grosjean et al. 2003).
Disease in this model follows a two-stage disease pattern with differing sequelae: an acute
respiratory distress syndrome (ARDS)-like respiratory tract component starting at day 3 to 4, and
an encephalitic component beginning at days 8 to 12. On day 0, Syrian golden hamsters were
challenged intranasally with 5 x 10 PFU NiVg. The following day, hamsters were administered
a 10 mg/kg dose of antibody by the IP route and monitored for 28 days after challenge. While the
hamster administered a vehicle control solution succumbed at day 3, as much as 60% survival
was achieved in animals administered either “receptor-blocking” or “receptor-enhanced” mAbs.
(Figure 2-6). The two most protective mAbs from each class were HENV-117 and HENV-103,
for which surviving animals in each treatment group were able to maintain body weight
throughout the study (Figure 2-6). HENV-117 and HENV-103 were also the two most potent
mAbs from groups A and D, suggesting in vitro potency by antibodies targeting these sites
correlates with in vivo efficacy. In summary, receptor-blocking and receptor-enhanced mAbs
protect hamsters from NiVp challenge, with HENV-117 and HENV-103 representing the most

promising candidates targeting two distinct antigenic sites.
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Figure 3-6. Therapeutic protection by antibodies in a hamster model of Nipah Bangladesh. Survival curves (left)
and weight maintenance (Colling, Lunt et al.) for hamsters treated with 10 mg/kg antibody (n=5 per group) 24 hours
post-inoculation with 5 x 10°® PFU NiV Bangladesh by the intranasal route. An untreated control animal (n=1)
succumbed to infection 3 days post-inoculation. All weight maintenance charts include control animal in black. Two
historical controls are plotted on survival curves and pooled with the experimental control to perform statistical
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HENV-117 and HENV-103 cooperate for binding to HNV-RBP and reveal synergistic virus
neutralization activity.
RNA viruses, including HeV and NiV, use error-prone RNA-dependent RNA polymerase
(RdRP) complexes to achieve genome replication (Welch, Tilston et al. 2020). While generation
of errors can lead to non-viable genomes in some cases, this process also affords viruses the
ability to escape from small and large molecule antivirals by introducing amino acid
substitutions in the sites recognized by these molecules (Borisevich, Lee et al. 2016). This escape
pattern is of concern and has been observed in both in vitro and in vivo studies of diverse RNA
viruses, showing that antibody monotherapy approaches against viral pathogens may be
susceptible to failure. In order to combat escape, cocktails of antibodies targeting the same or
differing antigenic sites offer a higher threshold of protection, with escape becoming statistically
highly unlikely. Concurrently, studies of antibody cocktails against Ebola virus, HIV, and more
recently SARS-CoV-2, show the potential for synergistic activity by neutralizing antibodies, in
which one antibody potentiates the activity of another (Miglietta, Pastori et al. 2014, Howell,
Brannan et al. 2017, Zost, Gilchuk et al. 2020). With this goal in mind, we sought to determine
whether “receptor-blocking” and “receptor-enhanced” mAbs cooperatively bind to and neutralize
henipaviruses. We hypothesized that “receptor-blocking” mAbs would mimic the structural
rearrangements in HeV-RBP by ephrin-B2, better exposing the “receptor-enhanced” epitope,
allowing for synergistic neutralization by combinations of these antibodies. We chose the most

potent and protective candidates from each class, HENV-103 and HENV-117, for these studies.

We first tested the ability of HENV-117 to enhance the binding of HENV-103 to cell-surface

displayed RBP. Using the surface-display system, we incubated HeV-RBP-transfected cells in
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saturating concentrations of mAbs that block ephrin-B2 binding. Without washing, we then
added serial dilutions of HENV-103 chemically labeled with an Alexa Fluor-647 tag. Cells then
were analyzed by flow cytometry to determine if HENV-103 showed increased binding signal
across a dilution series in the presence of “receptor-blocking” mAbs. When cells were incubated
with HENV-103 only, half maximal binding was achieved at 5,289 ng/mL. When cells were first
incubated with saturating concentrations of HENV-117, the ECso of HENV-103 shifted to 350
ng/mL, representing an increase in binding activity of approximately 15-fold (Figure 2-7A).
Notably, this cooperativity is unidirectional, as HENV-103 did not increase the binding of
HENV-117 (Figure 2-7A). This cooperative phenotype also depends on HENV-117, with
increasing HENV-117 concentrations showing increased binding by a constant concentration of
HENV-103 (Figure 2-7B). These data suggest that antibodies that bind the ephrin-B2 binding
site on HeV-RBP, such as HENV-117, mimic the conformational changes induced by ephrin-B2

binding, making a semi-cryptic epitope recognized by HENV-103 more accessible.

In order to determine whether this cooperative binding phenotype is recapitulated functionally,
we performed neutralization tests using solutions containing antibody pairs to measure
synergistic neutralization potential. In order to perform these multiple comparison neutralization
assays quantitatively in BSL-2 facilities, we used a non-pathogenic henipavirus chimerized with
the HeV or NiVg glycoproteins. In this system, recombinant Cedar virus (rCedV) was engineered
genetically to express the RPB and F from HeV or NiVs, as well as a GFP reporter. The resulting
rescued, recombinant, chimeric viruses were termed rCedV-NiVg or rCedV-HeV. Here, we used
a matrix approach to test antibody pairs for neutralization synergy, in which serial dilutions of

HENV-117 and HENV-103 were mixed together in a pairwise matrix, followed by incubation
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with rCedV-HeV. Virus/mAb mixtures then were added to Vero E6 cell monolayer cultures in
96-well plates. At approximately 22 hours after inoculating cells with virus/antibody mixtures,
plates were fixed and GFP+ foci were quantified to enumerate antibody neutralization values. To
calculate synergy, neutralization matrix data were uploaded to the open source program
“SynergyFinder,” and synergy scores were calculated using the zero interactions potency (ZIP)
model (Ianevski, He et al. 2020). A score >10 suggests synergistic activity. We observed that
HENV-103 and HENV-117 gave an overall ZIP score of 13.1, with select physiologically
achievable cocktail concentrations achieving synergy scores >20 (Figure 2-7C). (Mire, Geisbert
et al. 2019). These data together with binding studies show that antibodies from these classes
cooperate for binding to RBP and synergistically neutralize chimeric and pseudotyped viruses
bearing RBP and F proteins from HeV or NiVs, suggesting they will likely function to

synergistically neutralize pathogenic henipaviruses.
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Figure 3-7: Cooperativity in binding and synergy in neutralization by HENV-103 and HENV-117. A)
Cooperative binding by HENV-103 and HENV-117 to cell-surface-displayed HeV-RBP. Cells expressing HeV-RBP
were incubated with unlabeled HENV-103 or HENV-117, followed by addition of a dilution series of Alexa Fluor
647 (AF647) -labeled HENV-103 or HENV-117. Cells were analyzed by flow cytometry and gated for AF647-
positive cells. Data were pooled from 3 independent experiments. B) Dependence of HENV-117 effective
concentration on HENV-103 binding enhancement. Cells were incubated with varying concentrations of unlabeled
HENV-117, followed by incubation with AF647-labeled HENV-103 at 0.5 pg/mL, with enhancement calculated by
comparing AF647+ cells to HENV-103 binding to HeV-RBP in the absence of HENV-117. Representative data
from 3 independent experiments are shown. C) Synergistic neutralization of rCedV-HeV by HENV-103 and HENV-
117 combinations. Neutralization values at each matrix concentration (top) and calculated synergy scores (bottom)
are shown. Serial dilutions of HENV-103 and HENV-117 were mixed with 4,000 PFU rCedV-HeV-GFP for 2
hours, followed by addition to Vero E6 cell monolayers in 96 well plates. Formalin fixed cells were imaged using a
CTL S6 analyzer to count GFP+ cells. Neutralization was calculated by comparing treatment to virus-only control
wells. Values were imported into SynergyFinder using a Zero Interactions Potency (ZIP) statistical model. Delta
scores >10 indicate likely synergy. Two independent experiments were performed, with data from a single
representative experiment shown.

88



Antibody cocktails and derivative bispecific mAbs provide improved therapeutic activity in
hamsters.
Synergy observed in vitro by HENV-103 and HENV-117 against VSV-NiVg and rCedV-NiVg
suggested the potential for in vivo synergistic protection from NiVg infection. To assess this
possibility, we took two separate approaches. In the first approach, we tested HENV-103 and
HENV-117 as a cocktail therapy in Syrian golden hamsters. Previously, animals were treated
with 10 mg/kg for each individual mAb. In this study, animals were treated with 5 mg/kg
HENV-103 and 5 mg/kg HENV-117 at 24 hours after intranasal inoculation with NiVg. Using
monotherapy, we found that 3 of 5 animals treated with either HENV-103 or HENV-117
survived throughout the study. However, when given in combination, all animals survived and
maintained/gained weight for 28 days after infection (Figure 5B). These data show that HENV-
103 and HENV-117 provide synergistic protection in hamsters when administered together 24

hours after infection with NiVg.

The second approach used two bispecific antibody platforms. The dual variable domain (DVD)
construct bears two heavy and light chain variable domains in each “arm,” with the domains
most Fc-distal corresponding to HENV-117 (Wu, Ying et al. 2007). A similar construct, termed
Bis4Ab, differs from DVD in that the Fc-distal HENV-117 component contains a full Fab
fragment, whereas the HENV-103 contains only heavy and light chain variable domains in a Fc-
proximal scFv format (Thanabalasuriar, Surewaard et al. 2017, Dimasi, Fleming et al. 2019). We
first tested these constructs in vitro against VSV-NiVg and found that both DVD and Bis4Ab
constructs strongly neutralized VSV-NiVg with similar potency (Figure SA). We again tested

these in the Syrian golden hamster model of NiVg infection and found that in the DVD group,
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4/5 hamster survived, while protection in the Bis4Ab group mirrored that of monotherapy, with
3/5 hamsters surviving. These data suggest that there may be added complexity to using
bispecific antibody platforms (whether or not both antigen binding fragments can engage antigen
simultaneously, serum half-life in rodents, etc.) and that combined administration of HENV-103
and HENV-117 provides superior in vivo protection in comparison to monotherapy. This feature

is complemented by the added benefit of further protection from escape mutation.
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Figure 3-8: Therapeutic protection by antibody cocktails and corresponding bispecific antibodies A)
Neutralization of VSV-NiVs by bispecific antibodies in comparison to equimolar antibody cocktail. Representative
data from two independent experiments is shown, each performed in technical triplicate. B) Syrian golden hamster
challenge studies with HENV-103 and HENV-117 cocktail or corresponding bispecific antibodies. Challenge
studies were performed as described above. P values represent statistical significance as determined by Mantel-Cox

log rank test. N=5 animals were included in all groups, with control animals treated with PBS at 24 hours post-
inoculation.
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DISCUSSION

Recent epidemics of Ebola, 2009 HINT1 influenza, and SARS-CoV-2 viruses highlight the need
for the development of countermeasures against emerging viruses with pandemic potential
before their occurrence. Pathogenic henipaviruses, particularly NiV, are emerging and highly
pathogenic agents with confirmed human-to-human transmission for which licensed treatments
or vaccines for human use do not yet (Amaya and Broder 2020). In this study, we isolated a
panel of mAbs specific for the henipavirus RBP glycoprotein from an individual with prior
occupation-related exposure to equine HeV-RBP subunit vaccine. Competition-binding and
HDX-MS studies identified at least six distinct antigenic sites recognized by these mAbs. Flow
cytometric studies with surface-displayed HeV-RBP showed that potently neutralizing, cross-
reactive antibodies either a) blocked HeV-RBP binding to ephrin-B2, or b) showed enhanced
binding in the presence of ephrin-B2. Antibodies that block receptor binding also induced the
“receptor-enhanced” phenotype, showing that antibodies to these two classes cooperate for
binding to HNV-RBP. In addition, these mAbs also showed synergy in neutralization of rCedV-
HeV particles. As monotherapy, “receptor-blocking” and “receptor-enhanced” antibodies
provided modest protection in a stringent, highly lethal NiVg challenge model in Syrian golden
hamsters. In combination, these antibodies provided complete therapeutic protection in the same

model of infection.

A significant concern when using antibodies as therapeutics against emerging infectious diseases

due to RNA viruses is the potential for viral ‘mutational escape’ within an infected host or

immune evasion by divergent viral variants. Escape from antibody-mediated neutralization has
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been documented even with ultrapotent mAbs targeting conserved epitopes on viral
glycoproteins (Greaney, Starr et al. 2020). Using a cocktail of mAbs provides resistance against
escape, with the potential added benefit of synergistic antiviral potency, allowing for lower
dosing. The potential for spillover of divergent variants of bat-borne paramyxoviruses
(henipaviruses and rubulaviruses) is consistent with the inherent propensity of RNA viruses for
rapid evolution. Furthermore, flying foxes serve as ideal reservoir hosts because of their dense
community roosting patterns and relative resistance to paramyxoviral disease (Baker, Todd et al.
2012, Drexler, Corman et al. 2012, Sasaki, Setiyono et al. 2012, Barr, Smith et al. 2015, Luis,
O'Shea et al. 2015, Vidgen, de Jong et al. 2015, Peel, Wells et al. 2019). The discovery of
protective antibodies highlighted here, specifically HENV-103 and HENV-117, offer the
opportunity to construct a cocktail of antibodies with most-desired protective properties
including against mutation escape and spillover variant viruses. Concurrently, a bispecific
antibody with activity of both HENV-103 and HENV-117 is an attractive therapeutic option that
endows a single therapeutic molecule with the synergistic potency of two individual mAbs.
While we showed that two antibodies targeting RBP offer a synergistic benefit, the possibility
exists that having antibodies targeting both RBP and F may provide also be of benefit. Recently,
highly potent and protective anti-F antibodies have been described and may offer an ideal partner
to HENV-103, HENV-117, or both as a triple antibody cocktail (Dang, Chan et al. 2019, Mire,

Chan et al. 2020).

As with other paramyxoviruses, humans likely elicit highly functional antibodies against the
henipavirus F glycoprotein (Merz, Scheid et al. 1980). This concept is highlighted by

palivizumab, an anti-F antibody used as a prophylaxis for premature infants to protect from
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infection by respiratory syncytial virus (Meissner, Welliver et al. 1999). Although, as highlighted
above, protective anti-F mAbs have been isolated, these have been uniformly of murine origin.
The full antigenic landscape of the henipavirus F protein may suggest new sites of vulnerability
to neutralization by mAbs and could guide the rational design of henipavirus vaccines. This
opportunity is especially important considering the geographical range of henipaviruses, and the
fact that a previously undescribed virus from this genus may emerge to cause a pandemic.
Having knowledge of the determinants of neutralization for both RBP and F will allow for quick
mobilization of platform technologies to develop vaccines, similar to what we have seen in the

response to the SARS-CoV-2 pandemic (Zost, Gilchuk et al. 2020).

Wild-type mice are understood to be refractory to infection with henipaviruses. On the contrary,
the Syrian golden hamster model of henipavirus infection has been demonstrated to recapitulate
the most salient features of human disease, including the biphasic pulmonary disease followed by
catastrophic neurological events (Rockx, Brining et al. 2011), making it an ideal model to screen
vaccines and therapeutics. However, hamsters require an orders of magnitude higher challenge
dose in order to achieve lethal disease compared to ferrets or African Green monkeys (AGM).
This requirement likely contributes to a much faster disease progression and a conceivably
shorter therapeutic window. Ferrets, and optimally, AGM are likely superior animal models to
further preclinical development of these promising antibody candidates. This possibility is
especially true of the AGM model of NiVp infection, in which the therapeutic window for use of
antibody therapies (treatment at days 3 to 5) is shorter than that of HeV and NiVy (treatment at

days 5 to 7) (Mire, Satterfield et al. 2016). Studies in these models might further elucidate if
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HENV-103 and HENV-117 are improved compared to previously described antibodies

(Playford, Munro et al. 2020).

Here, and in previous studies, functional anti-henipavirus RBP-specific mAbs from multiple
species have been isolated. These antibodies uniformly recognize the head domain of RBP,
suggesting this region is likely the most immunogenic domain of the RBP. Multiple studies
interrogating the function of RBP, and its role in triggering the F protein to undergo significant
conformational rearrangements, have pointed to the RBP stalk domain as playing a significant
role in viral fusogenicity. Specifically, Aguilar ef al. have shown that the C-terminal portion of
the NiV stalk domain can trigger fusion of membranes in the absence of a head domain (Liu,
Stone et al. 2013). While it is likely that the stalk domain, which is partially obstructed by the
head domain, is immunogenically subdominant, it is possible that rare, circulating memory B
cells harboring antibodies targeting this domain exist. Future studies interrogating the antibody
response to these viruses also may shed light on the role of mAbs targeting the stalk domain of
HNV-RBP, and whether these antibodies have the potential to prevent viral and host membrane

fusion.
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METHODS

Generation of humAbs

Peripheral blood mononuclear cells (PBMCs) from a human subject were isolated from whole
blood and transformed using Epstein-Barr virus (EBV), as previously described (Crowe 2017).
Briefly, transformed B cells were expanded and co-cultured with irradiated human PBMCs in
96-well plates. Cell supernatants were screened by ELISA using recombinant HeV-RBP or NiV-
RBP head domain proteins. Wells with positive reactivity then were fused to a human-mouse
heteromyeloma cell line (HMMA 2.5) and plated by limiting dilution in 384-well plates. The
resulting hybridomas were cloned as single cells by fluorescence-activated cell sorting (FACS)
to produce clonal hybridoma cell lines. These clonal hybridoma cells were cultured in T-225
flasks containing serum-free medium, and mAb was purified from spent medium by affinity
chromatography on an AKTA™ pure Fast Protein Liquid Chromatography (FPLC) instrument

(GE Healthcare).

Generation of bispecific mAbs

Bispecific mAbs that combined the antigen binding domains of HENV-117 and HENV-103 into
a single molecule were designed, expressed, and purified as follows. The heavy chain of the
HENV-117-103 DVD combines the heavy chain variable domains of first HENV-117, then
HENV-103, each separated by a flexible linker, and then followed by the IgG1 human constant
heavy chain domains. Similarly, the light chain of the HENV-117-103 DVD includes the light
chain variable domains of both HENV-117 and HENV-103, separated by a flexible linker and

then followed by a single human kappa light chain constant domain which naturally pairs with
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the corresponding DVD heavy chain. The HENV-117-103 Bis4Ab was constructed by inserting
a HENV-103 single-chain variable fragment (scFv) between CH1 and CH: of the HENV-117
heavy chain. The HENV-103 scFv in the bis4Ab format contains a poly glycine-serine linker
between its variable domains, and the scFv unit is also flanked by poly glycine-serine linkers.
The modified heavy chain is then paired with the standard HENV-117 light chain for expression
and purification (Dimasi, Fleming et al. 2019). The heavy and light chains of the HENV-117-103
DVD and the HENV-117-103 Bis4Ab were cloned into pcDNA3 expression vectors. For each of
the bispecific mAbs, the corresponding heavy and light chain plasmids were chemically co-
transfected into ExpiCHO cells (Gibco) and transiently expressed for 9 days. The supernatant
was then clarified by centrifugation and filtration, prior to loading onto a MabSelect SuRe
Protein A (GE Healthcare) affinity chromatography column using an AKTA™ Fast Protein
Liquid Chromatography (FPLC) instrument (GE Healthcare). The column was washed with 1X
PBS, and the mAbs were eluted with IgG Elution Buffer (Pierce). Following neutralization with
1 M Tris pH 8.0 to pH ~7, the eluates were concentrated to 5 mg/ml in an Amicon 30K MWCO

centrifugal filter (Millipore), and then sterile-filtered using a 0.22 pM syringe filter (Millex-GP).

HeV and NiV viruses

NiV number 1999011924 was obtained from a patient from the 1999 outbreak in Malaysia. The
isolate of NiVp used was 200401066 and was obtained from a fatal human case during the outbreak
in Rajbari, Bangladesh in 2004 and passaged on Vero E6 cell monolayer cultures three times. HeV
was obtained from a patient from the 1994 outbreak in Australia. All viruses were kindly provided
by Dr. Thomas Ksiazek, UTMB. Each virus was propagated on Vero E6 cells in Eagle’s minimal

essential medium supplemented with 10% fetal calf serum. The NiVym, NiVp and HeV challenge
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virus stocks were assessed for the presence of endotoxin using The Endosafe-Portable Test System
(PTS) (Charles River Laboratories, Wilmington, MA). Each virus preparation was diluted 1:10 in
Limulus Amebocyte Lysate (LAL) Reagent Water per the manufacturer’s instructions, and
endotoxin levels were tested in LAL Endosafe-PTS cartridges as directed by the manufacturer.
Each preparation was found to be below detectable limits, whereas positive controls showed that
the tests were valid. All experiments involving infectious henipaviruses were carried out at the

UTMB Galveston National Laboratory under biosafety level 4 conditions.

Neutralization assays

The virus neutralizing activity concentrations were determined for NiVm, NiVg, and HeV using a
plaque reduction assay. Briefly, antibodies were diluted two-fold from 100 pg/mL to extinction
and incubated with a target of ~100 plaque-forming units (pfu) of NiVm, NiVg, or HeV for

45 min at 37 °C. Virus and antibody mixtures then were added to individual wells of six-well
plates of Vero 76 cell monolayer cultures. Plates were fixed and stained with neutral red two
days after infection, and plaques were counted 24 h after staining. Neutralization potency was
calculated based on pfu for each virus in the well without antibody. The neutralization
experiments were performed in triplicate, with independent virus preparations and duplicate
readings for each replicate. Mean half-maximal inhibitory concentration (ICso) values were

calculated as previously described (Ferrara and Temperton 2018).
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Surface plasmon resonance (SPR) epitope binning

A continuous flow micro-spotter (CFM) instrument (Carterra) was used to generate antibody-
coated SPR sensor chips (Xantec) (Abdiche, Miles et al. 2014). Briefly, mAbs were diluted to 10
pg/mL in sodium acetate pH 4.5 in a 96-well round bottom plate. A mirroring 96-well plate
containing activation buffer (EDC and sulfo-NHS in 10 mM MES pH 5.5) was used first to
activate the gold-plated surface of the sensor chip, followed by association of antibodies. The
coated chip then was moved to an IBIS-MX96 microarray-based surface plasmon resonance
imager (Carterra), where it was quenched with 1 M ethanolamine to prevent further coupling of
proteins. To bin antibodies, 100 mM HeV-RBP head domain was flowed over the coated sensor
chip. One-by-one, antibodies diluted to 10 ng/mL were tested for their ability to associate with
antigen captured on the sensor chip. Carterra Epitope software was used to analyze data and

construct competition-binding grids.

Hydrogen-deuterium exchange mass spectrometry (HDX-MS) of Fab-HeV-RBP complexes
HDX-MS was performed as previously reported (Bennett, Bombardi et al. 2019). Briefly,
antigen (HeV-RBP) and selected mAbs were prepared individually or in complex at a protein-
concentration of 10 pmol/pL in 1x PBS pH 7.4 and incubated for 2 h at 0 °C. Deuterium labeling
was performed by a 20-fold dilution of 3 pL sample in PBS pH 7.4 in D,O and incubation at 20
°C for 0's, 100 s, and 1,000 s. The reaction was quenched by a 2-fold dilution in 1x PBS, 4 M
guanidinium/HCI, 100 mM tris(2-carboxyethyl)phosphine to a final pH of 2.3 at 0 °C. Samples
were injected immediately into a nano-ACQUITY UPLC system controlled by an HDX manager
(Waters Corporation, Milford, MA, USA). Online pepsin digestion was performed at 15 °C,

10,000 psi at a flow of 100 pL/min of 0.1% formic acid in H>O using an immobilized-pepsin
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column. A Waters VanGuard™ BEH C18 1.7 um guard column was used to trap peptides at 0
°C for 6 min before separation on a Waters ACQUITY UPLC BEH C18 1.7 pm, 1 mm % 100
mm column at a flow of 40 uL/min at 0 °C with a 6 min gradient of 5 to 35% acetonitrile, 0.1%
formic acid in H2O. UPLC effluent was directed into a Waters Xevo G2-XS with electrospray
ionization and lock-mass acquisition (human Glu-1-Fibrinopeptide B peptide, m/z=785.8427) for
peptide analysis in MSE-mode. The capillary was set to 2.8 kV, source-temperature to 80 °C,
desolvation temperature to 175 °C, desolvation gas to 400 L/h and the instrument was scanned
over a m/z-range of 50 to 2000. All experiments were carried out in triplicate. Data analysis was
accomplished using Waters ProteinLynx Global Server 3.0.3 software (non-specific protease,
min fragment ion matches per peptide of three, FDR 4% and oxidation of methionine as a
variable modification) for peptide identification and DynamX 3.0 software (minimum intensity
of 500, minimum products 3, minimum products per amino acid 0.3 and a mass error < 15 ppm)

for deuterium uptake calculations. Results are reported as an average of triplicate analyses.

Generation of VSV pseudotyped viruses bearing NiVp glycoproteins

Recombinant VSVs containing genomic inserts for expression of NiVg G and F proteins were
kindly provided by Chad Mire and generated as previously described (Mire, Geisbert et al.
2019). Stocks of each rVSV were propagated and titrated on VSV-G transfected BHK-21 (WI-
2), with viral titers determined by counting GFP+ cells using a CTL S6 Analyzer instrument
(company/). To generate virus bearing both G and F glycoproteins, cells were inoculated with
each VSV at MOI=5 and incubated for 48 hours. Cell supernatants were clarified by

centrifugation. Resulting VSV-NiVg was titrated on Vero cell monolayers using an
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xCELLigence instrument to determine the lowest virus concentration that would induce CPE as

measured by cell impedance.

Cooperative binding of antibodies to antigen displayed on the surface of cells

A construct containing cDNA encoding full-length HeV-RBP protein was transfected using
polyethylenimine into 293F cells, and cells were cultured at 37 °C in 5% CO- for 3 days. Cells
subsequently were plated at 50,000 cells/well in V-bottom 96-well plates, washed, and incubated
with either 20 pug/mL primary mAb in 30 pL or FACS buffer alone for 30 minutes at 4 °C.
Without washing, 30 uL serially diluted mAb labeled with Alexa Fluor 647 dye (ThermoFisher)
was added to wells and incubated for 30 minutes at 4 °C. Cells were washed and resuspended in
FACS buffer and analyzed using an iQue Plus flow cytometer (Intellicyt). Dead cells were

excluded from analysis by fluorescent staining with 4',6-diamidino-2-phenylindole (DAPI).

Negative stain electron microscopy

For electron microscopy imaging of HeV-RBP protein and Fabs complex, we expressed the
HeV-RBP full ectodomain (head domain with intact stalk domain) with a C-terminal
polyhistidine tag. Expressed protein was isolated by metal affinity chromatography on HisTrap
Excel columns (GE Healthcare), followed by GraFix methods using a 10% to 30% glycerol
gradient and 0 to 0.1% glutaraldehyde gradient (Stark 2010). Glutaraldehyde was quenched with
1 M Tris-Cl after fractionation. 200 pL fractions were analyzed by SDS-PAGE, with fractions
corresponding to monomeric, dimeric, and tetrameric species pooled. Protein was then buffer
exchanged into 50 mM Tris-Cl pH 7.5 containing 140 mM NaCl. Fabs corresponding to HENV-

103 and HENV-117 were expressed and purified as previously described. Protein complexes

100



were generated by incubation of HeV-RBPe, dimer and the two Fab in a 1:5:5 molar ratio
overnight at 4 °C. Approximately 3 pL of the sample at ~10 to 15 pg/mL was applied to a glow-
discharged grid with continuous carbon film on 400 square mesh copper electron microscopy
grids (Electron Microscopy Sciences). Grids were stained with 0.75% uranyl formate (Ohi, Li et
al. 2004). Images were recorded on a Gatan US4000 4k x 4k CCD camera using an FEI TF20
(TFS) transmission electron microscope operated at 200 keV and control with SerialEM. All
images were taken at 62,000x magnification with a pixel size of 1.757 A per pixel in low-dose
mode at a defocus of 1.5 to 1.8 um. The total dose for the micrographs was ~35 e— per A2 Image
processing was performed using the cryoSPARC software package. Images were imported, CTF-
estimated and particles were picked automatically. The particles were extracted with a box size
of 256 pixels and binned to 128 pixels (pixel size of 3.514 A/pix) and 2D class averages were
performed to achieve clean datasets. Classes were further classified (2D) to separated different
complex variant and classes having the 2 Fab on one RBP domain were selected. Ab-initio was
used to generate initial 3D volume that was further refined with a mask over one RBP-Fabs
complex. The final refine volume has a resolution of ~15A. Model docking to the EM map was
done in Chimera (Pettersen, Goddard et al. 2004). For the RBP head domain PDB: 6PDL was
used and for the Fab PDB:12ES or the prediction model of the Fv that was generated by
SADbPred tool was used (Dunbar, Krawczyk et al. 2016). The 3D EM map has been deposited

into EMDB (EMDB XXX). Chimera software was used to make all structural figures.

Neutralization synergy of rCedV chimeric viruses

Recombinant Cedar virus (rCedV) chimeras displaying RBP and F proteins of HeV or NiVg

were generated and validated as described elsewhere. Black-walled 96-well plates (Corning Life
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Sciences; NY, USA) were coated with 20,000 cells/well Vero E6 cells in DMEM + 10% Cosmic
calf serum and incubated overnight. Approximately 24 hours later, HENV-103 and HENV-117
were diluted to indicated concentrations and incubated 1:1 with 4,000 PFU/well rCedV-HeV-
GFP or rCedV-NiV-GFP and incubated for 2 hours at 37 °C. Following incubation, 90 pL
virus/antibody mixtures were added to aspirated cell monolayers and were incubated at 37 °C for
22 hours. Medium containing virus/antibody mixtures was aspirated, and cells were fixed with
100 pL/well 4% formalin for 20 minutes at room temperature. After aspiration, cell monolayers
were gently washed 4x with DI water. Formalin-fixed plates were then scanned using the CTL
S6 analyzer (Cellular Technology Limited; OH, USA). Fluorescent foci were counted using the
CTL Basic Count™ feature and S6 software. Percent neutralization was calculated by
normalizing counts to a virus only control. Matrices were then imported into SynergyFinder and

analyzed as described before.

Antibody therapy in Syrian golden hamster model of Nipah Bangladesh

3-to-5 week-old Syrian golden hamsters were inoculated with 5 x 10° PFU Nipah Bangladesh
(passage 3) via the intranasal route. At 24 hours post challenge, 5 animals per group were treated
with 10 mg/kg antibody by intraperitoneal administration. Animals were monitored for 28 days
for changes in weight, temperature, and clinical appearance. Animals were humanely euthanized
at the experimental endpoint. A single untreated animal served as a control in each study

highlighted.
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CHAPTER IV

A NOVEL SITE OF NEUTRALIZATION VULNERABILITY ON THE STALK DOMAIN OF
THE HENIPAVIRUS RECEPTOR BINDING PROTEIN

Contributions: Nurgun Kose and I isolated HENV-270. I performed binding assays, mechanistic

assays, alanine scanning mutagenesis, and protein purification for HeV-RBP. Robert Cross

performed BSL-4 in vitro and in vivo studies. VU Mass Spectrometry core peformed HDX-MS
studies. Elad Binshtein performed EM studies.

INTRODUCTION

Hendra virus (Guirakhoo, Pugachev et al.) and Nipah virus (NiV) of the genus Henipavirus are
high consequence pathogens recently appreciated for their ability to cause severe disease in
humans. NiV has caused sporadic outbreaks of respiratory and neurological disease resulting in
fatality rates as high as 90% (Spiropoulou 2019). Documented human-to-human transmission has
occurred in recent outbreaks in geographically new regions of India, and there is a new
appreciation for the widespread shedding of virus by Pteropus species bats (Arunkumar,
Chandni et al. 2019). These concerns have prompted the World Health Organization to prioritize
henipaviruses as an epidemic threat in the R&D Blueprint, a tool that distinguishes which
diseases pose the greatest public health risk due to their epidemic potential and the insufficient
availability of countermeasures (Sweileh 2017). Despite this designation, only a limited number
of therapeutic candidate molecules have progressed into clinical trials, and approved vaccines are
not available for widespread vaccination campaigns. A more thorough understanding of the
human immune responses to these viruses and more advanced development of candidate

therapeutics and vaccines is needed.
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Henipavirus is a genus of enveloped, negative-sense single-stranded RNA viruses in the family
Paramyxoviridae, subtamily Orthomyxovirinae. The genomes of HeV and NiV encode for six
structural proteins: RdRp (L), nucleoprotein (N), phosphoprotein (P), matrix protein (M),
receptor binding protein (RBP; formerly designated G, for glycosylated), and the fusion protein
(F) (Rima, Balkema-Buschmann et al. 2019). The P gene, via RNA editing and an alternate
reading frame, also codes for the IFN-antagonizing V, W, and C proteins (Satterfield, Cross et al.
2015). The two membrane-bound proteins responsible for attachment and entry into host cells
are RBP and F. RBP, as suggested by the name, mediates attachment to the host cell receptors
ephrin-B2 and ephrin-B3 (Xu, Broder et al. 2012). These receptor tyrosine kinases are widely
expressed in the vascular endothelium, and ephrin-B3 is abundant in the central nervous system
(Benson, Romero et al. 2005). Upon attachment to one of these ephrin receptors, conformational
rearrangements, thought to include the flexing of head domains into a “heads up” position,
expose the C-terminal region of the alpha-helical stalk domain (Liu, Stone et al. 2013). This
domain acts to trigger the class I fusion protein F, provoking it to undergo massive structural
changes from a pre-fusion to post-fusion conformation (Xu, Chan et al. 2015). This
conformational cascade exposes the hydrophobic fusion peptide, which inserts into the host cell

membrane creating a pore through which the RNA genome enters the host cell.

With the exception of internal targets for small-molecule inhibitors including nucleoside analogs,
the primary druggable targets of henipaviruses are RBP and F (Lo, Feldmann et al. 2019).
Antibody therapeutic and vaccine discovery efforts have focused on these two membrane-

anchored glycoproteins, as these are also the primary targets of the human humoral response to
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infection. Two of the most promising vaccine candidates for henipaviruses are composed of
soluble, recombinant RBP or F proteins (Loomis, Stewart-Jones et al. 2020, Geisbert, Bobb et al.
2021). The RBP candidate vaccine has begun testing in phase I clinical trials and is used on a
regular basis as an equine vaccine in Australia . Antibody discovery campaigns by multiple
groups have resulted in candidate therapeutic antibodies targeting either RBP or F. The
antibodies 5B3 and mab66, for example, both target the pre-fusion conformation of F and have
shown efficacy in animal models of NiV infection (Avanzato, Oguntuyo et al. 2019, Dang, Chan
et al. 2019). The mAbs for which protective capacity are best demonstrated, however, are those
targeting RBP. A humanized murine monoclonal antibody designated m102.4 blocks receptor
binding, has shown efficacy in several animal models of HeV or NiV infection, and has been
used on an emergency use basis in multiple human subjects with high risk for developing
henipavirus disease (Zhu, Bossart et al. 2008, Bossart, Geisbert et al. 2011, Geisbert, Mire et al.
2014). In previous chapters, I described work characterizing antibodies that primarily target the

head domain, with humoral immunity to the stalk domain still to be investigated.

While studies to date have provided numerous vaccine and therapeutic candidates and have
identified several sites of vulnerability for neutralization on both F and RBP, much is still
unknown about the full antigenic landscape of RBP. All antibodies discovered against RBP to
date target structures on the immunodominant head domain formed within a single RBP
protomer. The discovery of mAbs recognizing quaternary epitopes spanning multiple head
domains or mAbs targeting the stalk domain has not been reported, but such responses likely
occur given the discovery of such antibodies in many other virus systems. To address this gap in

knowledge, we used a differential antigen screening approach to discover antibodies targeting
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the stalk domain using B cells from a human subject with prior occupation-related exposure to
the HeV equine vaccine. One mAb we identified, termed HENV-270, binds only to the full-
length RBP ectodomain, without detectable reactivity to the head domain. HENV-270 cross-
reacts with the RBP of HeV and RBP of both NiV Malaysia (NiVum) and NiV Bangladesh (NiVg)

lineages and mediated a therapeutic effect in a hamster model of NiVg infection.

We sought to characterize the full-length ectodomain of HeV-RBP in complex with HENV-270,
because this mAb recognized a previously uncharacterized antigenic site that required the
presence of the stalk domain for binding. We used a gradient fixation (GraFix) purification
scheme to separate HeV-RBP into monomeric, dimeric, or tetrameric species and to limit
conformational flexibility of the stalk domain. By negative stain electron microscopy, we solved
the structure of HeV-RPB bound to both HENV-270 and ephrin-B2. The structure of the
complex revealed a novel site of vulnerability to HENV-270 distal from the receptor binding
domain involving stalk domain. Hydrogen deuterium exchange mass spectrometry (HDX-MS)
studies indicated an HENV-270 may sterically block regions of the stalk domain distal from the
HENV-270 antigenic site. Alanine scanning mutagenesis revealed residues L181 and G183 as
critical residues for binding by HENV-270. These residues are located at the C-terminus of the
stalk domain, a region that has been implicated in triggering the structural rearrangements of F
that are required for fusion of virus and host membranes. These studies provide a full structure of
the HeV-RBP ectodomain, reveal a novel site of neutralization vulnerability on the stalk domain,

and describe a novel therapeutic antibody candidate against henipavirus disease.
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RESULTS

Isolation of HENV-270, a fully human monoclonal antibody that targets an epitope not
presented on the HeV-RBP head domain

To date, all reported mAbs isolated against the henipavirus RBP target the globular 6-bladed beta
propeller head domain. Recently, synergistic pairs of antibodies targeting the head domain were
isolated from a human subject exposed to the HeV equine vaccine Equivac. This subunit vaccine
contains the fully oligomeric ectodomain of the RBP including both head and stalk domains. We
reasoned that, while previous studies have suggested the stalk is a subdominant domain for
human B cell responses, this individual may have generated antibodies targeting this domain in
the vaccine antigen. The rationale for seeking such antibodies is that antibodies against this
region might reduce viral fusogenicity by preventing RBP from triggering F conformational
changes needed for virus-cell membrane fusion. Thus, we sought to isolate mAbs targeting the

stalk domain for further studies.

We used a previously described human B cell hybridoma method to isolate mAbs from this
human subject with henipavirus immunity (Dong, Cross et al. 2020). To preferentially isolate B
cells secreting mAbs targeting novel epitopes not presented on the globular head domain, we
used a differential antigen ELISA screening strategy. We screened EBV-transformed B-cell
supernatants by ELISA against recombinant, soluble head domain or full ectodomain proteins of
HeV-RBP, and pursued isolation of antibody clones that only showed reactivity to the full
ectodomain construct. As expected, circulating memory B cells secreting mAbs with these

characteristics were rare. We isolated one mAb, HENV-270 that showed robust binding to the
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HeV-RBP full ectodomain but did not exhibit detectable binding to head domains from the HeV

or NiV-RBPs (Figure 4-1A). Using a cell-surface-display receptor competition assay, we found

that HENV-270 did not block ephrin-B2, nor was mAb binding enhanced by ephrin-B2, further

differentiating this clone phenotypically from previously isolated mAbs (Figure 4-1B).
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Figure 4-1: Binding and neutralization characteristics of HENV-270 A) Binding of HENV-270 to Hendra RBP
full ectodomain (orange), Hendra RBP head domain (red), Nipah Malaysia head domain (light blue), or Nipah
Bangladesh head domain (dark blue). B) Competition binding to Hendra RBP full ectodomain as assessed by biolayer
interferometry. Sensortips were coated in HeV-RBP, with a “first mAb” allowed to bind to antigen. A “second mAb”
was then assessed for its ability to bind in the presence of the first antibody. C) Neutralization of HeV, NiVm, or NiVs
by HENV-270 as assessed by plaque reduction neutralization test (PRNT). D) Binding of HENV-270 to cell surface
displayed HeV-RBP in the presence of host receptor ephrin-B2. Binding is presented as a percentage of residual

binding when compared to HENV-270 binding in the absence of ephrin-B2.
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We next sought to assess the ability of HENV-270 to neutralize HeV, NiVy, and NiVg. In
biosafety level 4 conditions, we assessed neutralization potency of HENV-270 against the same
three viruses by plaque reduction neutralization tests. While HENV-270 neutralized HeV or
NiVw viruses with half maximal inhibitory concentration (ICso) values of 870 or 153 ng/mL,

respectively, this mAb was less potent against NiVp, with an ICso of 11 pg/mL.

Therapeutic activity of HENV-270 in a stringent hamster model of NiVg challenge
The Syrian golden hamster model of NiVg disease represents a highly stringent, small animal
model suitable for assessing therapeutic efficacy of small or large molecule drug candidates.
Previously, both monotherapy and cocktail/bispecific mAb administration have shown
therapeutic benefit at 24 hours after inoculation with a lethal inoculum of NiVg. We used this
model to assess the therapeutic potential of HENV-270. Five hamsters were inoculated
intranasally with 5 x 10° plaque forming units of NiVg. Twenty-four hours after inoculation,
animals were administered 10 mg/kg HENV-270 by the i.p. route and monitored for 28 days for
changes in weight, temperature, and clinical signs of disease. An untreated hamster served as a
contemporary control and 2 historical controls were included in the analysis. As expected, the
control animal developed respiratory disease and was euthanized on day +3. All animals in the
HENV-270 treatment group survived the first phase of disease and did not develop signs of
respiratory disease. Two animals succumbed to disease due to neurological disease during the
second phase of disease, while three animals survived the course of the study and
maintained/gained weight throughout. Despite the lack of in vitro potency against NiVs, the
survival benefit afforded by HENV-270 in vivo is comparable to that of the most potent anti-

RBP antibodies described to date, including HENV-117, which has an ICso value below 20
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ng/mL, nearly 500-fold more potent than HENV-270. These studies highlighted an apparent
discrepancy between the in vitro neutralizing activity and in vivo efficacy for anti-henipavirus
antibodies, and identified a new therapeutic candidate antibody against HeV and NiV directed to

a new antigenic site.
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Figure 4-2: Therapeutic protection of NiV-challenged hamsters by HENV-270. Six Syrian golden hamsters were
challenged with 5 x 10° PFU NiVs and treated with 10 mg/kg HENV-270 (or n=1 untreated) 24 hours after inoculation.
Two historical controls were pooled with the experimental control to perform statistical analysis using Log-Rank
Mantel-Cox test.

Structural characterization of HeV-RBP complexed with HENV-270 and ephrin-B2 defines
a complex antigenic site encompassing the stalk domain C-terminus

To date, all high-resolution structural characterization of the henipavirus RPB has only

elucidated atomic-level structures of the globular head domain. Because HENV-270 requires the

intact stalk domain in order to bind at detectable levels, we expressed the full-length ectodomain

(head domain +stalk) to use in structural studies. We first employed hydrogen-deuterium

exchange mass spectrometry (HDX-MS) studies to identify, at peptide resolution, the region on

HeV-RBP bound by HENV-270. We observed nearly identical HDX profiles across two
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biological replicates, with a representative map shown (Figure 4-##). The decrease in deuterium
exchange observed between residues 30-40 is likely an artifact due to this region of the protein
being truncated from the construct used in these studies. As expected based on HENV-270 only
showing detectable binding to a construct bearing the stalk domain, we saw a consistent decrease
in deuterium exchange in the presence of HENV-270 spanning residues 75-140. This region
represents the membrane-proximal portion of the stalk domain, further suggesting HENV-270
binds to the stalk domain of HeV-RBP. Interestingly, we also observed modest decreases in
deuterium exchange in multiple regions of the head domain, though these were less pronounced
in magnitude. These HDX-MS data suggested HENV-270 binds to the stalk domain. This region
has been validated for its functional importance in henipavirus fusion, further suggesting this
mAb may function by abrogating the “provocateur” model of henipavirus fusion, wherein fusion
inhibition can be accomplished if the C-terminal stalk domain is prevented from interacting with
F (Liu, Stone et al. 2013). Interestingly, HENV-270 may also induce some allosteric
rearrangements to the RBP head domain, potentially also paying a role in the function of HENV-

270.
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Figure 4-3: Hydrogen-deuterium exchange mass spectrometry (HDX-MS) on HeV-RBP in complex with
HENV-270. The full length sequence of HeV-RBP is shown with HDX properties at 1min, 10 min, and 60 min
quenches. Blue indicates peptides on RBP that show a decrease in deuterium exchange in the presence of HENV-270.
Red indicates an increase in deuterium exchange. Data are representative of two independent experiments.
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To better define the antigenic site recognized by HENV-270, we used cryo-electron microscopy
(cryoEM) on the full ectodomain construct of HeV-RBP in complex with HENV-270. RBP
exhibits structural heterogeneity, and multiple oligomeric species were present after nickel
affinity purification of purified recombinant protein that was not resolved by size exclusion
chromatography. Therefore, we used gradient fixation to produce RBP suitable for higher
resolution structural studies. The full ectodomain of HeV-RBP was overexpressed in Expi293F
cells and subsequently purified by Ni-NTA affinity chromatography. At this stage, HeV-RBP
was present as species corresponding in apparent molecular weight to soluble monomers, dimers,
or tetramers, which re-assembled/disassembled after separation by size-exclusion
chromatography. Soluble protein was applied to a 10 to 30% glycerol gradient containing a 0 to
0.1% gradient of the mild fixative glutaraldehyde. A series of 200 uL fractions was taken after
ultracentrifugation, quenched with 1M Tris-HCI pH 7.5; after analysis by non-reducing SDS-
PAGE, monomeric, dimeric, or tetrameric fractions were pooled (Figure 4-4A,B). Negative-
stain EM verified the oligomeric state of each fraction, which was maintained over time without

the need for further purification steps (Figure 4-4C).
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A. Gradient fixation by ultracentrifugation B. Fractionation, analysis by non-reducing
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Figure 4-4: Gradient fixation (GraFix) purification of HeV-RBP. A) Schematic for generation of glycerol
gradients containing 0-0.1% glutaraldehyde. Protein is overlaid on this gradient and ultracentrifuged to disperse
monomeric, dimeric, and tetrameric HeV-RBP species. B) Non-reducing SDS-PAGE analysis of 200 pL fractions
generated by GraFix. Higher molecular weight complexes migrated to higher glycerol and glutaraldehyde
concentrations. C) 2D class averages from negative stain electron microscopy performed on fractions corresponding
to monomer, dimer, and tetramer HeV-RBP.

To limit complexity, we used monomeric HeV-RBP to create Fab-antigen complexes for
cryoEM. We also included soluble, recombinant ephrin-B2 in these complexes to spatially
evaluate binding by HENV-270 in relation to receptor binding and increase the complex size and
stability. While cryoEM studies are ongoing, we were able to obtain a low-resolution 3D
reconstruction using negative stain electron microscopy (Figure 4-5). Because of the
conformational flexibility of the stalk domain, coupled to the low resolution provided by this

technique, only the head domain of RBP was able to be visualized. Fitting of the crystal structure
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of the head domain of HeV-RBP bound to ephrin-B2 showed that HENV-270 Fab binds distal to
the receptor binding site, further suggesting HENV-270 does not function by blocking receptor
attachment. While only low-resolution reconstruction was obtained, these studies further
determined that HENV-270 binds to a novel antigenic site that is distinct from antibodies

previously described to be protective in vivo.

Figure 4-5: Negative stain electron microscopy of HENV-270 bound to receptor-bound HeV-RBP. A) 3D
reconstruction of HeV-RBP (blue) bound to HENV-270 Fab (green) and soluble ephrin-B2 (red). B) 2D class averages
built from 28,276 particles used for 3D reconstruction in A).
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Alanine scanning mutagenesis defined stalk residues L181 and G183 on HeV-RBP as
critical for binding by HENV-270

To determine which residues in the HeV-RBP:HENV-270 interface are most crucial for binding,
we used a cell-surface-display method to screen a scanning alanine mutagenesis library of HeV-
RBP constructs. Starting at residue 70 (so as to avoid including the transmembrane or
cytoplasmic domains), we changed every residue, one by one, to alanine (or serine if already
alanine), and assessed binding of HENV-270 to that variant expressed on the surface of
transfected cells. HENV-26 and HENV-32, two mAbs previously characterized for their ability
to bind distinct sites on RBP, were used as controls to assure folding and expression of variant
RBPs. Across the library, binding by HENV-270 and a cocktail of HENV-26 and -32 correlated
strongly. Residues L.181 and G183 were bound by the control at levels >70% of binding to WT
HeV-RBP, while binding by HENV-270 Fab showed <20% binding to each of the variants.
Binding to G183 by HENV-270, specifically, was completely ablated by the alanine substitution.
The variant proteins maintained levels of cell-surface expression similar to that of the WT RBP.
These substitutions, which can be caused by single nucleotide mutations in henipavirus genome,
suggest escape from antibody binding at this position is feasible. Overall, the structure-function
analysis determined L181 and G183 in the C-terminus of the HeV-RBP stalk to be critical for

binding by HENV-270.

116



A. Summary of alanine substitutions B. Residues mapped onto
resulting in loss of binding HeV-RBP
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Figure 4-6: Scanning alanine mutagenesis to determine residues critical for binding by HENV-270 Fab. A)
Binding by HENV-270 Fab (y-axis) or control cocktail (x-axis) relative to binding of each to WT protein. Residues
were considered critical for HENV-270 binding when binding by HENV-270 was <20% binding to WT but >70%
binding of control relative to WT. B) Critical residues (red spheres) mapped onto HeV-RBP head domain crystal
structure. Top view is looking down on ephrin-B2 binding face, bottom view is looking at side of head domain, with
ephrin-B2 binding face on top.

DISCUSSION

HeV and NiV are highly lethal pathogens primed for transmission across human populations.
Despite the WHO designating these as priority pathogens, vaccines and therapeutics have not
been fully approved for human use to date. Concurrently, structural information regarding the

full-length RBP, and the antigenic landscape in the full-length surface protein has been lacking.
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We used a differential screen to isolate a human mAb HENV-270 that preferentially binds to the
full ectodomain of RBP. This mAb, while showing limited potency in vitro, potently protects
hamsters from NiVp challenge. A gradient fixation purification method allowed for
determination of the first high-resolution structure of full-length HeV-RBP and did so in a
complex with ephrin-B2 and the HENV-270 mAb. These structural studies elucidated a novel
antigenic site of neutralization vulnerability on the C-terminus of the RPB stalk domain. This
region is implicated in the fusion triggering capability of RBP, suggesting HENV-270 functions
by blocking this triggering mechanism directly. Structure-function studies found L181 and G183
to be a critical residue for binding by HENV-270.

HENV-270 is the first monoclonal antibody, of human or animal origin, that targets the stalk
domain of a paramyxovirus attachment glycoprotein. Because previous studies have implicated
this region as being important for the fusion triggering of F, HENV-270 provides a crucial
reagent for further assessment of the fusogenic properties of the RBP stalk domains of HeV and
NiV. While studies to date are lacking, it is likely that emerging henipaviruses, such as Cedar
and Ghana viruses, utilize a similar strategy for fusion triggering after attachment to cognate host
cell receptors. This may provide a general mechanism for therapeutically targeting
henipaviruses. The limited size and secondary structure of this region may be amenable to
targeting by broadly reactive small molecule or peptide inhibitors. Future studies should assess

this possibility, as well as the possibility for HENV-270 to cross-react to these emergent viruses.
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METHODS

Generation of humAb HENV-270

HENV-270 was generated using a hybridoma protocol largely described previously (Dong, Cross
et al. 2020). Approximately 6 million peripheral blood mononuclear cells (PBMCs) isolated from
a human subject by leukapheresis were transformed with Epstein-Barr virus (EBV) and
stimulated for lymphoblastoid cell line (LCL) proliferation using CpG DNA oligo, Chk2
inhibitor, and cyclosporine. Cells were plated in 384-well plates and cultured for 7 days prior to
expansion onto irradiated feeder layers of human PBMCs (Nashville Red Cross). Cell
supernatants were screened 3 to 5 days after expansion for binding to antigen by ELISA. Wells
secreting antibody that showed detectable binding to HeV-RBP full ectodomain, but no
detectable binding to HeV-RBP head domain, were fused to the multiple myeloma
heterohybridoma cell line HMMA 2.5 by a previously described electrofusion technique (Yu,
McGraw et al. 2008). Fused cells were plated in selection medium containing hypoxanthine,
aminopterin, and thymidine in 384-well plates and incubated for 14 days, with cells being fed
with Medium E (STEMCELL) on day 7. Supernatants then were screened again for binding, and
positively reactive wells were expanded to 48-well plates. After another round of ELISA
screening, positively reactive hybridomas were cloned via fluorescence activated cell sorting into
384-well plates. Cloned hybridomas were expanded for production of IgG and subsequent
purification directly from hybridoma cell supernatants or were subjected to 5" and/or 3’ rapid
amplification of cDNA ends (RACE) sequencing to identify paired heavy and light chain
sequences. For recombinant, large-scale IgG protein expression, oligos encoding the heavy and

light chain genes of HENV-270 were cloned into IgG expression vectors by Twist Biosciences.
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ELISA screening of LCL and hybridoma supernatants

Recombinant HeV-RBP head domain or HeV-RBP full ectodomain was associated to 384-well
ELISA plates at 1-2 pg/mL overnight at 4°C. Plates were aspirated and blocked with 2% milk +
1% goat serum in DPBS-T for 1 h at room temperature. After washing plates 3x with DPBS-T,
25 uL/well LCL supernatants were added to plates and incubated for 1 h at room temperature.
Plates were washed again 3x, and alkaline phosphatase (AP) conjugated goat-anti human IgG
secondary antibody diluted 1:4,000 in 1% milk + 1% goat serum in DPBS-T was added to plates
and incubated for 1 h at room temperature. After a final wash step, AP substrate buffer was used
to develop plates for 30 to 45 minutes at room temperature. Plates were read at 405 nm on a

Biotek plate reader to identify wells for positive reactivity to selected antigens.

ELISA binding to determine half-maximal binding concentrations

ELISA binding experiments were performed as previously described (synergy paper citation).
Briefly, 384-well plates were coated with 25 pL/well recombinant protein at 2 pg/mL
corresponding to HeV-RBP full ectodomain, HeV-RBP head domain, NiVy-RBP head domain,
or NiVg-RBP head domain. Plates were incubated overnight at 4°C. After aspiration, plates were
blocked with 25 pL/well 2% milk, 1% goat serum in DPBS-T for 1 hour at room temperature.
After washing 3x with DBPS-T, serial dilutions of mAbs at 25 pL/well were added to plates and
incubated for 1 hour at room temperature. After washing, 25 pL/well 1% milk, 1% goat serum in
DPBS-T containing a 1:1000 dilution of goat anti-human IgG-AP was added to plates and again
incubated for 1 hour at room temperature. Plates were developed using AP substrate tablets

dissolved at 1 tablet per 5 mL buffer for 30-45 minutes. Absorbance at 405 nm was determined
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using a BioTek plate reader. Standard curves using non-linear regression were generated in

GraphPad prism to interpolate ECso values.

Ephrin-B2 blockade assay

Receptor blocking assays were performed exactly as previously described in chapter III. 293F
cells were transiently transfected with cDNA encoding the full length HeV-RBP and incubated
for 72 hours prior to use. After filtering cell suspensions to prevent clumping, 50,000 cells/well
were added to 96-well V-bottom plates and washed with 100 uL/well FACS buffer (DPBS
containing 2.5% FBS, I mM EDTA). Cells were centrifuged and aspirated prior to addition of 50
pg/mL recombinant, soluble ephrin-B2 at 30 uL/well and incubated for 30 minutes at 4C. Cells
were again washed with 100 pL/well FACS buffer. 30 pL/well HENV-270, HENV-103, or
HENV-117 was then added to wells at 2 pg/mL and incubated for 30 minutes at 4C. After
washing, 30 uL/well FACS buffer containing goat anti-human IgG-PE diluted 1:1000 was added
to cells and incubated for 30 minutes at 4C. After a final wash step, FACS containing 1:1000
DAPI was added to cells, which were then analyzed by an Intellicyt iQue benchtop flow
cytometer. Cells were first gated for viability. Mean fluorescence intensity (MFI) of antibody
binding in the presence of ephrin-B2 was compared to the absence of ephrin-B2 in triplicate and

expressed percent binding.

Biolayer interferometry (BLI) competition binding to HeV-RBP
Competition binding to HeV-RBP was performed on an Octet Red 96 instrument. Ni-NTA
sensortips were first equilibrated in 1x kinetics buffer (Pall) for 10 minutes. Tips were then

immersed in wells containing 25 pg/mL HeV-RBP full ectodomain in 1x kinetics buffer for 60
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seconds to allow for association of his-tagged protein. After a brief baseline step, a first antibody
was associated to the sensortips at 5 ug/mL for 300 seconds. This step was immediately followed
by immersion into a second antibody for 180 seconds. A control tip that only associated a second
antibody was used to determine maximal binding of each mAb. These data were analyzed by

Octet Data Analysis software to build a competition matrix.

Plaque reduction neutralization tests against HeV, NiVm, and NiVg

Virus neutralization assays were performed in biosafety level 4 facilities with all proper
precautions taken. Antibodies were serially diluted 2-fold starting at 100 pg/mL and incubated
with approximately 100 plaque forming units (PFU) or HeV, NiVu, or NiVg and incubated for
45 minutes at 37C prior to being added to Vero E6 cell monolayers. 48 hours after inoculation,
cells were fixed and stained with neutral red, with plaques counted 24 hours after
fixation/staining. Plaque counts were normalized to a virus only control to enumerate percent
neutralization for each treatment. Data were input into GraphPad prism and analyzed by non-
linear regression to derive half maximal inhibitory concentration (ICso). Assays were performed

in technical duplicate.

Syrian golden hamster Nipah Bangladesh challenge studies

The Syrian golden hamster model of Nipah Bangladesh infection has been described elsewhere
and used to assess therapeutic efficacy of human monoclonal antibodies in previous studies.
Briefly, 3-5 week old animals were inoculated by the intranasal route with 5 x 10° plaque
forming units NiVg (day 0). 24 hours later (day 1), animals were either treated with 10 mg/kg

HENV-270 by the intraperitoneal route or left untreated. Animals were monitored for 28 days for
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changes in weight, temperature, disease state, and survival. Animals displaying signs of severe
disease were humanely euthanized, as were animals that survived through the study endpoint.
Survival and weight change data were analyzed in GraphPad Prism, with survival data
statistically analyzed using the Log-Rank Mantel-Cox test to compare treatment group with

pooled experimental and historical (2 animals) controls.

Hydrogen-deuterium exchange mass spectrometry (HDX-MS) on HeV-RBP when bound to
HENV-270

Proteins were prepared at a final concentration of 15 pmol/pl. Labeling occurred in PBS (pH 7.4)
in D20 at 20°C for 10, 60, 600 and 3600s . The reaction was quenched with a solution
containing PBS, 4 M guanidinium-HCI, and 500 mM tris(2-carboxyethyl)phosphine to pH 2.4 at
0°C. Samples were injected into a nano-Acquity ultraperformance liquid chromatography
(UPLC) system with HDX technology. Digestion was performed at 15°C with a flow rate of 150
ul/min of 0.1% formic acid using a pepsin column. Peptides were simultaneously trapped at 0°C
on a VanGuard ethylene bridged hybrid (BEH) C18 1.7-um column. Peptides were separated on
an Acquity UPLC BEH C18 1.7-um, I-mm by 100-mm column; eluted using 5 to 35%
acetonitrile and 0.1% formic acid in H2O; and analyzed using a Xevo G2-XS mass spectrometer
in MSE mode. Peptides were identified using Waters ProteinLynx global server 3.0.3, and then
analyzed in Waters DynamX 3.0 implementing a score cut-off of 7.5, the peptide must be present
in at least 2 files and have at least 0.2 products per amino acid. The relative deuterium uptake
for each peptide was calculated by comparing the centroids of the mass envelopes of the
deuterated samples versus the un-deuterated controls . Results were averaged across triplicate

analyses, at a given time point, and the standard deviation was determined.
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Scanning alanine mutagenesis of HeV-RBP

An alanine scanning mutagenesis library based on the full length sequence of HeV-RBP was
constructed by Twist biosciences. Excluding the cytoplasmic and transmembrane domains
(starting at residue 70), each amino acid was substituted for alanine, or if already alanine,
substituted for serine, one-by-one. Each sequence-verified construct was delivered in 96-well
plate format. Plasmid was prepared and purified as previously described, with all final
concentrations normalized to 100 ng/uL using a Biomek liquid handling instrument.
Transfections were performed using the ExpiFectamine reagent. Briefly, 5 uLL WT or alanine-
substituted HeV-RBP plasmid corresponding to 500 ng cDNA was incubated with 26 uL Opti-
MEM containing the ExpiFectamine reagent in sterile, deep-well 96-well plates for 15 minutes at
room temperature. After incubation, 450 puL expi293F cells diluted to 2.5 x 10° cells/mL were
added to wells and incubated for approximately 24 hours at 37C, shaking at 900 RPM in a plate
shaker. The next day, 15 pL/well were aspirated (corresponding to ~50,000 cells) from plates
and added to V-bottom 96-well plates. Alongside, a 96-well plate with untransfected cells was
harvested at 50,000 cells/well. Plates were washed 1x with FACS buffer (DPBS, 1 mM EDTA,
2.5% FBS) and centrifuged at 2000 RPM for 2 minutes. After aspiration, 30 uL/well HENV-270
Fab or a cocktail of HENV-26 and HENV-32 (to control for protein expression and folding) at 2
pg/mL was added to pelleted cells and incubated for 30 minutes at 4C. Cells were washed with
FACS buffer, centrifuged, aspirated, and then incubated with 30 pL/well FACS containing
1:1000 dilution of goat anti-human IgG-PE for 30 minutes at 4C. Cells were then washed 2x
with FACS buffer prior to addition of 30 uL/well FACS containing DAPI. Stained cells were
analyzed on an Intellicyt iQue instrument. Dead cells were excluded by DAPI (VL-1 channel)

and gated on PE+ cells (BL-2 channel) to assess binding by HENV-270 Fab or the cocktail
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control. Percent binding was calculated for both HENV-270 Fab and control by comparing
binding to alanine substituted constructs to pooled binding to WT constructs (6 separate WT
constructs were used, each in triplicate). Residues were determined to be critical for HENV-270
Fab binding when binding by HENV-270 Fab was <20% binding to WT, while binding by the
control cocktail was >70% binding to WT. Untransfected cells were used as a control for

background binding, with % PE+ from each used as a background subtraction.

Negative Stain electron microscopy

For electron microscopy imaging of HeV-RBPcc, protein, Fab and ephrinB2 complex, we
expressed the HeV-RBP full ectodomain with His tag. Expressed protein was isolated by metal
affinity chromatography on HisTrap Excel columns (GE Healthcare), followed by GraFix using
a 10% to 30% glycerol gradient and 0 to 0.1% glutaraldehyde gradient. Fractions (200 puL) were
buffer exchange and concentrated. HENV-270 Fab was express recombinantly and purified by
HisTrap Excel affinity chromatography columns (GE Healthcare). Complexes were generated by
incubation of HeV-RBPec, monomer, HENV-270 Fab, and ephrin-B2 in a 1:2:2 molar ratio
overnight at 4°C. Approximately 3 pL of complex at concentrations of ~10—15 pg/mL was
applied to a glow-discharged grid with continuous carbon film on 400 square mesh copper
electron microscopy grids (Electron Microscopy Sciences). The grids were stained with 0.75%
uranyl formate. Images were recorded on a Gatan US4000 4kx4k CCD camera using an FEI
TF20 (TFS) transmission electron microscope operated at 200 keV and control with SerialEM.
All images were taken at 50,000x magnification with a pixel size of 2.18 A per pixel in low-dose
mode at a defocus of 1.5-1.8 um. The total dose for the micrographs was around 20 e—per A2.

Image processing was performed using the cryoSPARC software package. Images were
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imported, CTF-estimated and particles were picked automatically. The particles were extracted
with a box size of 256 pixels and binned to 128 pixels (pixel size of 4.36 A/pix) and 2D class
averages were performed to get clean data set. Acceptable classes with both the Fab and the
receptor were further classified (2D) to separate full complex giving 28276 particles. Ab-initio
was used to generate initial 3D volume that was farther refined. The final refine volume have
resolution of ~14A. Model docking to the EM map was done in Chimera. For the ephrin-B2-
RBP domain complex PDB: 6PDL was used and for the Fab PDB:12ES8 or prediction model of
the Fv that generate by SAbPred tool was used. Chimera software was used to make all the

structural figures.
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CHAPTER V

A HUMAN MONOCLONAL ANTIBODY TARGETING THE YELLOW FEVER VIRUS
ENVELOPE PROTEIN DOMAIN 11 POTENTLY NEUTRALIZES AT A PRE-
ATTACHMENT STEP AND PROVIDES THERAPEUTIC PROTECTION IN HAMSTERS
Contributions: Nurgun Kose, Joe Genualdi, and I isolated antibodies. Joe Genualdi and I
performed binding assays. I performed neutralization, pre vs. post attachment, competition

binding, and escape mutant studies. Justin Julander (Utah State University) performed hamster
challenge studies. VU Mass Spectrometry core performed HDX-MS studies.

INTRODUCTION

Yellow fever virus (YFV), the name-giving member of the family Flaviviridae, is a historically
important human pathogen of global public health concern. Yellow fever disease has been
known in the New World since the 1600’s, and YFV was first identified in 1927 (Bauer and
Hudson 1928). The virus has caused numerous outbreaks of human disease throughout the
world. According to the World Health Organization, 47 countries in Africa and Central and
South America have regions that are endemic for yellow fever, and the burden of yellow fever
disease during 2019 was as high as 109,000 severe cases and 51,000 deaths (Gaythorpe, Hamlet
et al. 2021). While only a small proportion of infected individuals will develop severe disease,
those who do face hemorrhagic disease and multiorgan failure, with mortality rates approaching
50% (Monath and Vasconcelos 2015). Non-human primates serve as the primary reservoir for
YFV, with Aedes albopictus mosquitoes propagating viral spread in these populations in what is
known as the sylvatic cycle. Occasionally, Aedes aegyptii mosquitoes serve as vectors, and can

begin to circulate virus in human populations, known as the urban cycle (Douam and Ploss
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2018). With infections becoming more frequent in major urban centers like Sao Paolo and Rio de
Janeiro, there is concern of more severe YFV epidemics and pandemics (Cunha, Tubaki et al.

2020).

YFV is a small, enveloped virus harboring a positive-sense, single-stranded RNA genome . The
YFV genome is translated as a single polyprotein, which is post-translationally cleaved into 3
structural (pr/M, E, C) and 7 non-structural (NS1, NS2a, NS2b, NS3, NS4a, NS4b, NS5) proteins
by a combination of host and viral proteins (Chambers, Hahn et al. 1990). The envelope (E)
protein is the primary surface-exposed protein on mature particles and is the primary protective
target of the humoral immune system (Daffis, Kontermann et al. 2005). E protein comprises
three distinct domains, domain I (DI), domain II (DII), and domain III (DIII). DII contains a
number of immunodominant epitopes, including the fusion loop (FL), which is responsible for
fusion of viral and host membranes in the late endosome. DII and DIII are bridged by DI.
Domain III on E contains the putative cellular attachment domain. While a number of attachment
factors have been postulated, specific viral receptors have not yet been identified. Virus enters
host cells via receptor-mediated endocytosis, where the low pH of late endosomes triggers major
conformational changes to the E protein. These changes expose the FL, which inserts into the
endosomal membrane, allowing ejection of the RNA genome into the host cytoplasm for direct
translation and replication. While E protein is the major target of neutralizing antibodies, the pre-
membrane (prM) and nonstructural 1 (NS1) proteins also can elicit protective antibodies. With
antibodies to prM, however, the risk of antibody-dependent enhancement of infection by

otherwise poorly infectious immature virions is a concern (Smith, Nivarthi et al. 2016).
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While the YFV vaccine is considered one of the most successful live-attenuated vaccines to date,
the durability of immunity induced by vaccination may be somewhat limited. Also, challenges in
the sustainability of manufacturing and distribution have sometimes limited it effectiveness as a
public health tool. Shortages of vaccines based on YFV-17D (and related strains) have plagued
countries with endemic YFV circulation. Fractional dosing has been explored in outbreak
settings when vaccine supply is insufficient, but there are conflicting reports on the effectiveness
of this strategy. YFV vaccine shortages stem principally from the limitations inherent in the
legacy methods of vaccine strain propagation still being used. When outbreaks do occur in the
setting of vaccine insufficiency, specific licensed antiviral treatments targeting YFV are not
available. A number of trials using small molecule inhibitors including ribavirin have been

unsuccessful.

Recently, highly potent monoclonal antibodies (mAbs) to a number of viral targets have shown
efficacy as potential treatments of highly pathogenic agents, including other flaviviruses . A
number of antibodies targeting both E and NS1 of YFV have been described. A mAb in
designated AS was identified using phage display technology and showed efficacy in an
immunodeficient YFV-17D challenge model. While this antibody is interesting mechanistically,
as it neutralized virus in vitro at multiple stages in the YFV replication cycle, fully human mAbs
with native heavy and light chain pairing are preferred for use in human therapy. Here, we
isolated a panel of fully human mAbs targeting E protein in order to identify candidate
therapeutic antibodies. Competition-binding studies mapped these antibodies to diverse antigenic
sites, one of which elicits antibodies that neutralize YFV. In vitro studies of the mechanism of

neutralization showed that YFV-136 functions at a pre-attachment step by binding to DII on
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YFV-E. Further, escape mutant generation revealed a critical residue on DII that, when
substituted from histidine to tyrosine, allows for viral escape from YFV-136 neutralization.
Hydrogen-deuterium exchange mass spectrometry (HDX-MS) suggested involvement of DI in
antibody binding, potentially via allosteric rearrangements of E within the dimeric, virion-bound
architecture. Passive transfer of this mAb protected Syrian golden hamsters in a therapeutic
challenge setting, as well as immunocompetent mice from lethal YFV challenge. These studies
identified a potently neutralizing monoclonal antibody targeting YFV and pave the way for

further development of mAb YFV-136 as a candidate therapeutic antibody.

RESULTS

Isolation of monoclonal antibodies from YFV vaccinees
Peripheral blood mononuclear cells (PBMCs) from subjects who received the YFV vaccine
previously were transformed in vitro with Epstein-Barr virus (EBV) to screen for YFV-reactive
antibodies secreted by transformed memory B cells. We screened cell supernatants for binding to
recombinant YFV E protein by ELISA and/or binding to YFV-infected cells by flow cytometry.
Cells secreting YFV-reactive antibodies were fused to a myeloma partner to generate hybridoma
lines, which were subsequently cloned by fluorescence activated cell sorting (FACS). Antibody
was purified from serum-free supernatants by affinity chromatography. Using these methods, we
isolated 15 monoclonal antibodies from YFV-immune subjects. These antibodies bound to
recombinant E protein by ELISA with varying half maximal effective concentrations (ECso) for

binding ranging from 29-15600 ng/mL.
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Figure 5-1: Binding and neutralization by humAbs against YFV-E. A) Half maximal effecting binding
concentrations for 15 mAbs (YFV-59.2 later found to share identical sequence to YFV-59) Values are representative
of three independent experiments. C) Neutralization profiles of the two neutralizing mAbs YFV-121 and YFV-136
against YFV-17D.

Neutralization of vaccine and WT YFV strains by mAbs targeting YFV E protein
All antibodies isolated were tested for their ability to neutralize YFV-17D in a focus reduction
neutralization test (FRNT). While most antibodies were completely non-functional against YFV-
17D, two mAbs from this panel showed varying ability to neutralize virus. YFV-121 was
moderately neutralizing, with half maximal inhibitory concentration of 202 ng/mL (Figure 5-1).
However, YFV-136 showed exceptional potency, with an ICso below 10 ng/mL. The potency of
YFV-136 represents one of the most potent mAbs against YFV ever isolated, prompting us to
pursue this mAb for further studies. We next tested YFV-136 for its ability to neutralize diverse

YFV strains in BSL-3 conditions.
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Competition-binding reveals antibodies target diverse antigenic sites on the E protein
In order to group antibodies based on the major antigenic sites recognized, we used a high-
throughput biolayer interferometry instrument (Octet HTX) to perform competition binding
(Figure 5-2). In this platform, antigen is loaded onto a biosensor tip, with two antibodies
sequentially flowed over the tip. If mAbs do recognize non-overlapping antigenic sites, both
antibodies are able to associate to the coated sensors when applied in sequence. If binding of the
first antibody applied to the antigen-coated sensor reduces or prevents binding of the second
antibody, this finding indicates that the pair of mAbs bind to the same or an overlapping
antigenic site. We included the previously described pan-flavivirus reactive mouse mAb 4G2
targeting the fusion loop (FL) for comparative purposes. The human antibodies appeared to
recognize five major antigenic sites. One group of mAbs, including YFV-39, -40, and -146,
competed for binding with 4G2, indicating that these mAbs target the FL epitope on YFV E. The
neutralizing mAbs YFV-121 and -136 grouped together, indicating these mAbs target an
overlapping antigenic site of neutralization vulnerability on YFV E. Interestingly, YFV-65 also
competed for binding to E with YFV-121 and YFV-136, despite the fact that it did not neutralize
YFV-17D when tested at concentrations as high as 10 pg/mL. These data suggest there are
multiple antigenic sites on YFV E, with at least one site being a target of potently neutralizing

antibodies.
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Figure 5-2: Competition binding of mAbs to YFV-E. YFV-E was immobilized to a biolayer interferometry
sensortip, with a first antibody associated to antigen. A second antibody was then assessed for its ability to bind in the
presence of the first antibody. Each box represents a pairwise event of two mAbs interacting with antigen. Antibodies
were clustered based on their competition profiles.

YFV-136 neutralizes YFV-17D virus at a pre-attachment step
Neutralizing antibodies can target major stages in the viral replication cycle, including, but not

limited to, attachment, entry, and egress. Antibodies targeting YFV and other flaviviruses
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typically function at one or more of these replication steps. To determine the mechanism of
action for the most potently neutralizing antibody, YFV-136, we performed pre- and post-
attachment neutralization assays (Figure 5-3). In the pre-attachment variation, virus and
antibody were pre-mixed prior to addition to Vero cell culture monolayers. In the post-
attachment assay, first virus was incubated on cells to allow attachment, the excess, unbound
virus was washed away and subsequently antibody was added. YFV-136 and YFV-121
neutralized prior to virus attachment to cells, but both showed substantial loss in potency when
added to cells after virus had attached. These data suggest that antibodies YFV-121 and YFV-

136 function primarily at a pre-attachment step, likely blocking the ability of virus to bind to host

cells.
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Figure 5-3: Pre vs. post attachment neutralization of YFV-17D by YFV-136. Virus was either pre-incubated with
antibody (solid curve) or first added to cells, followed by incubation of pre-inoculated cells with antibody. Cells were
kept cold to prevent internalization of virus.
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YFV-136 escape mutation studies identify a substitution at H67 that abrogates
neutralization capacity

In order to identify mutations in the YFV envelope protein that allow escape from YFV-136
neutralization, we used a real-time cell analysis (RTCA) assay that has previously been utilized
to evaluate SARS-CoV-2 antibody escape mutations in high throughput fashion. This system
monitors cytopathic effect over time, which in turn allows for identification of escape viruses by
observation of late CPE after incubating virus with antibody. For these studies, in 16 wells in a
96 well plate, YFV-17D was incubated with 5 pg/mL YFV-136. In 13/16 wells, complete
neutralization and maintenance of cell monolayer integrity was observed throughout the study.
However, 3/16 wells showed a late CPE phenotype, suggesting selection of YFV-17D variants
that subvert YFV-136 neutralization (Figure 5-4). Supernatants from these wells were harvested
and again incubated with 5 pg/mL YFV-136 on the RTCA instrument to confirm escape. In this
second round, CPE developed rapidly, similar to a virus-only control, confirming selection of a

population of virus that is refractory to YFV-136 neutralization.

Confirmation of viral escape using RTCA was followed by outgrowth of virus in the presence of
10 pg/mL YFV-136 to provide further purifying selection. Viral RNA was then isolated, and
prM and E genes amplified and sequenced. In all 3 escape viruses, a single histidine to tyrosine
substitution at position 67 on DII of YFV E was selected. This residue in the b-strand is
absolutely conserved across all YFV genotypes, suggesting this escape phenotype would likely
be recapitulated in fully virulent YFV strains. Interestingly, DENV serotypes 1-4 contain an N-
linked glycan at this site, which may partially explain why this mAb is not cross-reactive across

flaviviruses. While this residue lies within the antigenic site recognized by the previously
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described mAb 5A, our mechanistic studies that suggest function at a pre-attachment step
suggest these mAbs bind to distinct epitopes within DII that are, at least partially, responsible for
attachment to host cells. Overall, escape mutation studies identified a key residue in DII
responsible for escape from YFV-136, suggesting this mAb functions by binding an epitope

including H67 on DIL
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Figure 5-4: Generation of YFV-17D mutants that escape neutralization by YFV-136. A) xCELLigence cell index
plots of wells treated with YFV-136, virus only, or an untreated control. * indicates wells with escape virus as
determined by a late cytopathic effect (CPE) phenotype. # indicates the well from which a control virus was sequenced
to control for mutations that arise during cell culture passage. B) Amino acid substitution present in all 3 escape viruses
mapped onto envelope protein structure. Blue is DIII, yellow DII, and red DI (PDB ID: 6IW5).
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HDX-MS studies suggest YFV-136 engages an antigenic site that includes DII
Escape mutant studies suggested YFV-136 binds to an antigenic site that is proximal to the
fusion loop on DII. This site has previously been described as being targeted by monoclonal
antibodies with neutralization functions. We next sought to determine the extent to which YFV-
136 bears similarity to these previously described mAbs, and if perhaps the exceptional potency
of this mAb could be explained by structural determinants of recognition of YFV. We used
hydrogen-deuterium exchange mass spectrometry (HDX-MS) to map, at peptide resolution,
regions of YFV-E that may be occluded during binding by YFV-136. At all quench times tested,
YFV-136 induced a decrease in deuterium exchange in a region on E spanning residues 21-31
(Figure 5-5). Interestingly, while this region is proximal to the putative binding site of YFV-136,
it is putatively not solvent exposed. This could suggest that YFV-136 is inducing allosteric
rearrangements to YFV E that further bury this region within the dimeric architecture of YFV E,

and may inform the mechanism by which this antibody functions.

Figure 5-5: Hydrogen-deuterium exchange mass spectrometry mapping of YFV-136 antigenic site. The crystal
structure of YFV E (PDB as above) with domain I in red, II in yellow, III in blue. Peptides showing a decrease in
deuterium exchange in the presence of YFV-136 are colored in cyan. Green spheres indicate the location of the YFV-
136 escape mutant amino acid substitution for reference.
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YFV-136 protects hamsters from lethal YFV challenge
Because YFV-136 is the most potently neutralizing antibody in this panel, we chose to study its
activity in vivo. We first assessed this mAb in a therapeutic model of YFV in Syrian golden
hamsters. Animals were administered a 6 x LD50s0 dose of YFV Jimenez strain by the
intraperitoneal route. At 3 days post infection, 10 animals were treated with 50 mg/kg YFV-136,
and 15 animals with 20 mg//kg of control antibody DENV-2D22. Whereas 12/15 animals in the
control group succumbed to infection, all animals in the YFV-136 group survived thee 21 day
study (Figure 5-6). Animals treated with YFV-136 briefly showed weight loss after antibody
treatment, but quickly recovered and continued to gain weight throughout the course of the
study. Viremia was assessed in all animals at day 6 post inoculation. While 2D22 treated animals
showed substantial viremia, animals treated with YFV-136 showed a significant reduction in
peripheral virus titers. Finally, we assessed the ability of YFV-136 to prevent YFV-induced liver

damage by measuring serum alanine aminotransferase (ALT).
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Figure 5-6: Syrian golden hamster challenge studies to assess YFV-136 therapeutic efficacy. A) Kaplan-Meier
survival curve of animals treated with 50 mg/kg YFV-136 3 days post inoculation with YFV (strain Jimenez).
Statistical analysis was performed using a Log-Rank Mantel-Cox test. B) Weight maintenance. C) Serum virus titers
assessed at 6 days post inoculation. D) Serum alanine aminotransferase assesses at 6 days post inoculation as a proxy
for liver function. Statistical analyses of C) and D) were performed using a one-way ANOVA with Dunnett’s multiple

comparisons test.
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DISCUSSION

Yellow fever virus is a re-emerging arbovirus with larger epidemic potential. While a highly
efficacious vaccine is available for human use, safety and manufacturing concerns warrant new
vaccine and therapeutic development. Here, we use a highly validated hybridoma method to
isolate a panel of monoclonal antibodies that target the primary target of anti-YFV functional
humoral immunity, the envelope glycoprotein. Two mAbs, YFV-121 and YFV-136, show
neutralization activity against YFV-17D, with YFV-136 showing exceptional potency with ICsg
< 10 ng/mL. This mAb also neutralizes fully virulent strains of YFV. Both neutralizing mAbs
bind to overlapping antigenic sites as determined by competition binding, suggesting a single site
of neutralization vulnerability represented within this panel of antibodies. Escape mutant studies
identified H67 on DII as a critical residue for this antibody’s function, which I show to occur at a
pre-attachment step using a pre vs. post attachment neutralization assay. Finally, this mAb is
highly efficacious in a therapeutic model of YFV in Syrian golden hamsters, suggesting YFV-
136 warrants further development as a therapeutic monoclonal antibody for use in humans.

The antigenic site recognized by YFV-136, which lies proximal to the fusion loop (FL) on
domain II, has been previously implicated in its importance for humoral immunity generated by
YFV-17D vaccination (Wec, Haslwanter et al. 2020). Concurrently, mAbs in this study show a
propensity for VH4-4/VL1-51 pairings of heavy and light chain genes, suggesting a public
clonotype is elicited by YFV-17D vaccination. We complement these findings, as YFV-136 also
uses this pairing. Because these were the only neutralizing mAbs we were able to isolate from
these donors, it is possible that the efficacy of YFV-17D largely hinges on its ability to elicit

antibodies to this site.
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To date, very few studies probing the humoral immune response to yellow fever virus have
utilized survivors of natural infection. Most studies, while extremely important, have only
focused on vaccinees. The frequency, potency, and sites recognized by the humoral response
elicited by vaccination vs. natural infection is an outstanding question in the field. Future studies
seeking to isolate therapeutic antibody candidates from survivors have the potential to discover
antibodies to sites that are not immunodominant in the context of vaccination. Concurrently,
more potent mAbs to similar sites might be found. As with all flaviviruses, it is likely that
antibodies targeting domain III have exceptional potency both in vitro and in vivo. A
considerable problem with these mAbs is that they are elicited at low levels despite their obvious
potential as therapeutics. With our panel of vaccinee PBMCs, this may be overcome using single
cell approached, specifically employing recombinant YFV EDIII as bait to discover these
antibodies.

Escape mutation and structural studies here suggest that, while YFV-136 has the ability to bind
to recombinant, monomeric protein, it may have the ability to interact with both E protomers
within the dimeric, membrane bound structure of YFV-E. This is suggested by the fact that the
single escape mutant isolated showed an amino acid substitution in DII, while HDX consistently
displayed a decrease in deuterium exchange in DI. It is most likely that critical contacts are
focused on the H67 region of DII, but that interactions with DI in the adjacent E protein are
possible in the context of binding to whole YFV virions. It is possible that these interactions
across adjacent E proteins is what differentiates YFV-136 from YFV-121, a less potent antibody
that we show to bind to a similar/overlapping antigenic site. Higher resolution structural studies
are warranted in order to parse out these interactions, as well as identify other critical residues

that are critical for binding by YFV-136.
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METHODS

Generation of human monoclonal antibodies

Peripheral blood mononuclear cells (PBMCs) from human subjects previously vaccinated with
YFV-17D (or variant strains) were isolated from whole blood and transformed using Epstein-
Barr virus (EBV), as previously described . Briefly, transformed B cells were expanded and co-
cultured with irradiated human PBMCs in 96-well plates. Cell supernatants were screened by
ELISA using recombinant YFV E protein (Meridian Life Sciences). Wells with positive
reactivity then were fused to a human-mouse myeloma cell line (HMMA 2.5) and plated by
limiting dilution in 384-well plates. The resulting hybridomas were cloned by fluorescence-
activated cell sorting (FACS) to produce clonal hybridoma cell lines. These clonal hybridoma
cells were cultured in T-225 flasks containing serum-free medium, and mAb was purified from
spent medium by affinity chromatography on an AKTA™ pure Fast Protein Liquid

Chromatography (FPLC) instrument (GE Healthcare).

ELISA binding of mAbs to YFV E

384 well plates were coated with 2 pg/mL YFV E protein (Meridian) at 25 pL/well and
incubated overnight at 4°C. Plates then were washed and blocked using Dulbecco's phosphate-
buffered saline with Tween 20 (DPBS-T) containing 2% milk and 1% goat serum for 1 hour at
room temperature. Following a wash step, serial dilutions of antibody in DPBS were added to
plates and incubated for 1 hour at room temperature. To detect antibody, alkaline phosphatase
conjugated goat-anti human IgG diluted 1:4,000 in DPBS-T containing 1% milk and 1% goat

serum was added to plates for 1 hour at room temperature and developed using AP substrate
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tablets diluted in 1 M Tris, 0.3 mM magnesium chloride. Plates were developed in the dark for 1
hour and read on a BioTek plate reader at 405 nm. Binding curves were interpolated in Prism

software (GraphPad) using a non-linear regression analysis.

YFV-17D focus reduction neutralization test (FRNT)

A focus reduction neutralization test was performed as previously described with minor
amendments. Briefly, 96-well plates were seeded with Vero cells at 2.5 x 10* cells/well and
incubated overnight. The following day, serial dilutions of antibody were mixed with 10> FFU
YFV-17D and incubated at 37°C for 1 hour. 30 pL/well of virus/antibody mixture then was
added to Vero cell culture monolayers and incubated at 37°C for 1 hour. Without washing, 110
uL per well of overlay containing a 1:1 mixture of 2.4% methylcellulose and 2x Dulbecco's
Modified Eagle Medium (DMEM) with 4% FBS was added to plates, which then were incubated
for 72 hours at 37°C in 5% COs. To stain foci of virus infection, cells were fixed with 1%
paraformaldehyde for 1 hour at room temperature, washed, and permeabilized using
permeabilization buffer (0.1% saponin, 0.1% BSA in DPBS) for 10 minutes. Cells then were
stained with 1 pg/mL pan-flavivirus murine mAb 4G2 in permeabilization buffer for 1 hour at
room temperature. After two washes, goat anti-mouse IgG- horseradish peroxidase (Southern
Biotech) diluted 1:1,000 in permeabilization buffer was added to cells and incubated for 1 hour
at room temperature. Foci were developed using TrueBlue peroxidase and counted using a spot
counter instrument (ImmunoSpot; CTL). Foci counts were normalized to that of a virus-only
control, and neutralization curves were interpolated in Prism software using a non-linear

regression analysis.

143



Pre- and post-attachment neutralization of YFV-17D

Pre- and post-attachment neutralization assays were performed as previously described
(Williamson, Gilliland et al. 2020). For pre-attachment studies, 600 FFU YFV-17D was mixed
with serial dilutions of antibody for 1 hour at 37°C. Cells and virus/mAb mixtures were then pre-
chilled for 15 minutes prior to addition of mixtures to cell monolayers for 1 hour at 4°C. Cells
then were washed and incubated with pre-warmed DMEM for 15 minutes prior to addition of
methylcellulose overlay containing DMEM, as described previously. For post-attachment
studies, cell monolayers first were incubated with virus for 1 hour at 4°C. Cells then were
washed and incubated with serial dilutions of antibody for 1 hour at 4°C. Excess antibody then
was washed off, and cells were incubated for 15 minutes at 37°C with DMEM prior to addition
of overlay. Foci were enumerated as described for the focus reduction neutralization test

described above.

Biolayer interferometry competition-binding assay

Competition-binding studies were performed using a biolayer interferometry instrument
(ForteBio HTX BLI). HIS1K sensortips were pre-incubated in kinetics buffer (Pall) for 10
minutes. After a 60 sec baseline step, his-tagged YFV E protein (Meridian) was associated to the
tips at 5 pug/mL for 60 seconds. Readings again were set to baseline for 60 seconds, followed by
association of the first antibody at 25 pg/mL for 600 seconds to achieve complete saturation. Tip
readings again were baselined and then tips dipped into wells containing a second antibody at 25
pg/mL for 180 seconds. Data then was analyzed using ForteBio data analysis software. All steps
were normalized to a buffer-only control, and antibodies were grouped using a Pearson

correlation statistical analysis.
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Generation and analysis of YFV-17D escape mutations

In a U-bottom 96 well plate, 25 pL YFV-136 at 5 ng/mL was pre-mixed with 25 uLL YFV-17D
(Breit, Wolvers-Tettero et al.) diluted 1:10 (~5000 FFU) in DMEM without FBS and incubated
for 1 hour at 37C. This was done in 16 separate wells within the 96 well plate. Virus was also
mixed with DMEM alone and passaged throughout the study to control for substitutions that
arise from cell culture adaptation. 50 pL virus/antibody mixture and controls were added to Huh
7.5 cell monolayers in 96-well ePlates (Agilent) and incubated for 1 hour at 37C. 100 uL. DMEM
containing 5% FBS was then added to each well, plates placed back on the xCELLigence
instrument, and cell monolayers were monitored for delayed CPE. Cell supernatants in wells
with a delayed CPE phenotype, as well as a virus only control, were subjected to a repeat of this
assay to confirm viral escape.

Once escape was confirmed, 6-well plates containing confluent Huh7.5 cell monolayers were
inoculated with 100 pL/well escape virus or a virus control in the presence of 10 pg/mL YFV-
136 for outgrowth of escape virus. Virus was harvested from 6-well plates, and RNA isolated
using Qiagen virus RNA isolation kit. E and prM genes from isolated RNA were reverse
transcribed to cDNA and PCR amplified using primers flanking the prM and E genes (One-step
RT-PCR kit). Genes were then sequenced by Genewiz using overlapping primers that give
coverage across prM and E. The control virus sequence was aligned to the 17D reference

sequence to confirm no mutations resulted from adaptation to cell culture.

Hydrogen-deuterium exchange mass spectrometry on YFV-E bound by YFV-136
Proteins were prepared at a final concentration of 15 pmol/ul. Labeling occurred in PBS (pH 7.4)

in D20 at 20°C for 10, 100, 1000 and 5000s. The reaction was quenched with a solution
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containing PBS, 4 M guanidinium-HCl, and 500 mM tris(2-carboxyethyl)phosphine to pH 2.4 at
0°C. Samples were injected into a nano-Acquity ultraperformance liquid chromatography
(UPLC) system with HDX technology. Digestion was performed at 15°C with a flow rate of 150
ul/min of 0.1% formic acid using a pepsin column. Peptides were simultaneously trapped at 0°C
on a VanGuard ethylene bridged hybrid (BEH) C18 1.7-um column. Peptides were separated on
an Acquity UPLC BEH C18 1.7-um, I-mm by 100-mm column; eluted using 5 to 35%
acetonitrile and 0.1% formic acid in H2O; and analyzed using a Xevo G2-XS mass spectrometer
in MSE mode. Peptides were identified using Waters ProteinLynx global server 3.0.3, and then
analyzed in Waters DynamX 3.0 implementing a score cut-off of 7.5, the peptide must be present
in at least 2 files and have at least 0.2 products per amino acid. The relative deuterium uptake
for each peptide was calculated by comparing the centroids of the mass envelopes of the
deuterated samples versus the un-deuterated controls. Results were averaged across triplicate

analyses, at a given time point, and the standard deviation was determined.

Syrian golden hamster YFV Jimenez challenge studies

The Syrian golden hamster model used for these studies has been previously described. 30
female Syrian golden hamsters (LVG/Lak strain) supplied by Charles River were used. Hamsters
were block-randomized by weight to experimental groups and individually marked with ear tags.
For challenge studies, hamsters were challenged at day 0 with 200 CCIDso hamster-adapted YFV
Jimenez strain by bilateral i.p. injections in a total of 0.2 mL. At 3 days post-virus inoculation,
hamsters were dosed at 50 mg/kg rYFV-136 (1 mL total volume) or 10 mg/kg rDENV-2D22

control and monitored for weight loss and clinical manifestations for 21 days. Blood samples
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were taken at days 4 and 6 to assess viremia and ALT. Any surviving animals were humanely

euthanized at the experimental endpoint.

Measurement of serum aminotransferase

ALT (SGPT) reagent (Teco Diagnostics, Anaheim, CA) was used, and the protocol was altered
for use in 96-well plates. Briefly, 50 ul aminotransferase substrate was placed in each well of a
96-well plate, and 15 pl of sample was added at timed intervals. The samples were incubated at
37°C, after which 50 pl color reagent was added to each sample and incubated for 10 min as
above. A volume of 200 pl of color developer was next added to each well and incubated for 5
min. The plate was then read on a spectrophotometer, and aminotransferase concentrations were

determined per manufacturer’s instructions.

CCIDso assays to assess viral burdens

Virus titer was quantified using an infectious cell culture assay where a specific volume of either
tissue homogenate or serum was added to the first tube of a series of dilution tubes. Serial
dilutions were made and added to Vero cells. Ten days later cytopathic effect (CPE) was used to
identify the endpoint of infection. Four replicates were used to calculate the 50% cell culture

infectious doses (CCID50) per mL of plasma or gram of tissues.
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CHAPTER VI

SUMMARY AND FUTURE DIRECTIONS

Thesis Summary
Henipaviruses and flaviviruses represent some of the most important global public health threats.
Hendra and Nipah viruses pose a pandemic threat, with high mortality, human to human
transmission, and bioterror potential prompting the World Health Organization to designate them
as priority pathogens. Flaviviruses threaten a large percentage of the global population with
infection via mosquito vectors. YFV, specifically, is largely considered one of the most
impressive vaccine successes of modern medicine, but has re-emerged in South America and
Sub-Saharan Africa This poses a massive threat to some of the most densely populated cities on
the planet. Neutralizing antibodies are considered a correlate of protection against both
flaviviruses and henipaviruses. Specifically, the RBP of henipaviruses and E protein of YFV are
targeted by antibodies shown to offer protection in numerous animal models. To this end, I

sought to characterize the human antibody response to these understudied pathogens.

First, I undertook a large antibody discovery campaign using a human subject with occupation-
related exposure to the HeV equine vaccine. Serology suggested this donor mounted a robust
humoral response to the HeV receptor binding protein. I used hybridoma technology to isolate 43
monoclonal antibodies against RBP and I characterized these antibodies for their ability to bind
recombinant HeV and NiV virus antigens. Two groups of antibodies, as determined by SPR

competition binding studies and HDX, bound to two distinct antigenic sites on RBP and
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neutralized HeV and NiV isolates. The most potent antibodies functioned by blocking
attachment of RBP to ephrin-B2, one of the host cell receptors used by henipaviruses. The
second group of cross-neutralizing antibodies, which were on average less potent, displayed a
“receptor-enhanced” phenotype, in which binding by ephrin-B2 resulted in better binding by
these antibodies. Representative mAbs from each group afforded protection as monotherapy in a
highly stringent model of NiV in hamsters. I down-selected the most promising mAbs from
each group: HENV-117 from the receptor blocking group, HENV-103 from the receptor
enhanced group. Just as ephrin-B2 enhanced binding by HENV-103, HENV-117 enhanced
HENV-103 binding. Functionally, these mAbs synergized for neutralization of VSV-NiVp and
chimeric Cedar viruses. As combination therapy, HENV-103 and HENV-117 afforded superior
protection over monotherapy in hamsters. Bispecific antibodies with HENV-103 and HENV-117
antigen binding fragments also afforded protection in this model. This work described a basis for
synergy in neutralization and protection by human antibodies targeting distinct antigenic sites on

the henipavirus receptor binding protein.

Fusion mechanics of paramyxoviruses is a subject of much controversy. Henipaviruses are
thought to abide by a “provocateur” model, in which binding to ephrin-B2 or ephrin-B3 by RPB
“provokes” the class I fusion protein F to under structural rearrangements that allow for fusion of
viral and host membranes. The stalk region of RBP, specifically, is thought to play a direct role
in this fusion mechanism. This suggests that a potential mechanism for antibody-mediated
neutralization could be direct blockade of this region on RBP. To isolate mAbs that may target
this region, I used a differential screening campaign to select for B cells secreting mAbs that

only bind to the full length ectodomain of RBP. While antibodies with this binding pattern were
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rare, | isolated an antibody termed HENV-270 that displayed cross-reactivity to only full length
RBP. Further binding studies suggest this antibody recognizes a novel antigenic site distinct from
antibodies described in chapter II, as well as in the literature. This antibody, while poorly
neutralizing in vitro, protected hamsters from NiVg challenge. CryoEM of HENV-270
complexed with HeV-RBP showed this mAb to bind a region distal to the ephrin-B2 binding site.
Alanine mutagenesis identified two critical residues in the C-terminus of the RBP stalk domain,
L181 and G183, that when substituted for alanine abrogates binding by HENV-270. This region,
and these residues specifically, has been implicated in the fusogenicity of henipaviruses, further

suggesting HENV-270 functions by blocking RBP triggering of F directly.

Viruses within the flavivirus genus represent a massive global public health burden, with a
majority of the world’s population living in a region with at least one endemic flavivirus. YFV is
a re-emerging flavivirus with a high case fatality ratio that is spread via Aedes spp. mosquitoes.
While there is an efficacious vaccine for YFV, large populations of unvaccinated people, as well
as a lack of a therapeutics to treat YFV disease, make this a pathogen that requires development
of novel treatment and vaccine options. To this end, I isolated a panel of monoclonal antibodies
targeting the YFV envelope protein from a panel of YFV vaccine subjects. While most mAbs
displayed poor neutralization profiles, YFV-136 was highly potent against both vaccine and fully
virulent strains. Epitope mapping and escape mutagenesis studies discovered a critical residue,
H67, on domain II of YFV-E that is critical for binding. Mechanistic studies suggested YFV-136
functions primarily at a pre-attachment step. Finally, this mAb showed therapeutic efficacy in

hamsters and a novel murine model of YFV infection. These studies outlined a mechanism of
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neutralization used by a human antibody elicited by YFV vaccination and provided a potential

therapeutic candidate to be used in humans suffering from YFV infection.

Caveats

Antibody source
My work spanning both henipaviruses and YFV discuss the isolation of antibodies from subjects
with vaccine-elicited immunity. In the case of the anti-henipavirus work, these mAbs were
elicited by an unapproved vaccine antigen originally intended for use in equine populations.
While the lack of approval is a caveat to the work described in this document, the ability of this
vaccine to elicit a robust humoral response in a human subject bodes well for future vaccine
studies using RBP as a candidate antigen. YFV, on the other hand, is a well-validated vaccine
that has been used in millions of humans. In both cases, it is possible (and absolutely certain in
the case of the henipavirus work) that natural infection elicits a humoral response that a) is more
potent, b) targets different antigenic sites, and c) targets different viral proteins. Point c) is of
specific interest, as anti-F immunity is completely absent in the henipavirus-immune subject
panned in this study. With studies showing antibodies targeting HeV-F and NiV-F being highly
functional both in vitro and in vivo, it is imperative that future studies analyze responses in

human subjects with natural immunity against both surface glycoproteins.

Screening biases in antibody discovery

All antibody isolation campaigns performed in pursuit of my thesis aims were done so using

hybridoma technology. Biases were mitigated in the case of YFV by using numerous screening
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techniques on the front end, including binding assays against recombinant protein and infected
cells, as well as virus neutralization assays. The small size of this antibody panel was simply a
matter of low circulating memory B cell frequencies in this donor. The anti-henipavirus mAbs,
however, were isolated using an ELISA screen for binding to recombinantly-produced antigens.
It is highly likely that using other techniques would yield diverse antibodies against sites not
properly presented on antigen bound to ELISA plates. Using antigen-specific B cell sorting, for
instance, may have yielded antibodies that could assemble complex quaternary epitopes on the
BCR. Additionally, the source of B cells likely introduced bias into my screening approach. The
approach used to isolate mAbs throughout this thesis only allowed for isolation of circulating
memory B cells that were permissible to EBV infection. This leaves out two crucial B cell
compartments: circulating plasmablasts and long-lived plasma cells (LLPCs). This is especially
important considering that the majority of serum antibodies are derived from LLPCs, as memory
B cells do not actively secrete large amounts of antibody. Recent work from Adimab has
highlighted the concept that LLPCs, on average, display higher levels of somatic hypermutation,
suggesting antibodies derived from this compartment may display superior antiviral potency
(Shehata, Maurer et al. 2019). This cellular compartment may represent a rich source of
therapeutic monoclonal antibodies. While extraction of bone marrow is invasive and will likely
be more difficult to obtain than PBMC samples, it behooves investigators studying henipavirus

and flavivirus humoral responses to tap into this largely untouched resource.

Model systems: pseudotyped and chimeric viruses

Front end screening approaches for neutralization potency of antibodies in this thesis used bona

fide virus, whether it be HeV, NiV, or YFV. That being said, for chapters II and III, all synergy
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studies were done using either pseudotyped VSV or chimeric CedV. While the CedV chimeras
likely represent a biologically similar system to pathogenic henipaviruses, the system has not
been fully validated for its ability to recapitulate packaging of HeV or NiV RBP and F into
virions in a similar fashion. Concurrently, the morphology of CedV virions is largely unknown.
These are important considerations when thinking about stoichiometry of antibody binding and
occupancy needed to achieve virus neutralization (Pierson, Xu et al. 2007). In the case of the
pseudotyped NiVg-VSV studies, this system is only able to undergo one round of replication and
requires the combination of two viral genomes with each bearing a distinct glycoprotein of NiVp.
No data on synergistic neutralization of bona fide henipaviruses was shown here, a caveat that

must be addressed in future studies in order to claim synergistic neutralization of HeV and NiV.

Hamster models of NiVpand YFV
Numerous animal models for evaluating small molecule and biologic therapeutics exist for HeV,
NiV, and YFV. The studies detailed in this document all utilized the hamster model of infection.
The hamster model of NiVg does not fully recapitulate the human condition. While humans can
experience both respiratory and neurological disease manifestations simultaneously, Syrian
golden hamsters display disparate disease courses depending on the dose and route of
inoculation. The massive inoculum used for these studies led to rapid respiratory disease, with
surviving animals experiencing neurological disease in a separate, later phase of disease. The
implications of this distinct disease course on antibody therapy are unknown. Therefore, future
work must address these concerns by using animal models that better recapitulate henipavirus
disease, such as ferrets and/or AGMs. A different set of concerns plague the Syrian golden

hamster model of YFV. Unlike henipaviruses, YFV induces a disease state in hamsters that
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largely mirrors the human condition, including viscerotropic disease with liver damage. This is a
far more tractable model than the murine model, which requires a complete ablation of interferon

signaling, either by genetic knockout or antibody blockade.

Future Directions

Part I: Future directions for chapters II - IV

Human antibodies elicited by natural infection
As highlighted in the “caveats” section, these studies describe antibodies isolated from a human
with exposure to a HeV equine vaccine. One open question relates to the human humoral
response to the henipavirus F protein. It is likely that natural infection (or vaccination for that
matter, though no F-based vaccines have entered trials for henipaviruses) would elicit highly
functional antibodies against F, as well as antibodies against RBP that bind to novel sites only
presented when RBP is particle-bound. Throughout my graduate studies, we made attempts to
acquire human PBMCs from a survivor of Hendra virus infection in Australia, but numerous
complications, coupled to the COVID-19 pandemic, prevented us from getting these precious
samples. We have also made strides in finding few survivors of NiV but have not been able to

finalize details.
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Allosteric alterations of RBP that allow for synergy
Studies herein and by others have shown with high confidence that binding by ephrin-B2
induced conformational rearrangements to RBP that are required for the fusogenic activity of F.
Despite these findings, there is almost no high-resolution structural information that informs the
precise structural rearrangements by RBP following receptor binding. While these studies were
not meant to unravel basic mechanisms of paramyxovirus fusion, these antibodies may provide a
useful tool in probing this question. One tool that could be employed to better address these
questions is cryo-electron tomography using the chimeric CedV constructs described in my
synergy studies. This would have the potential to address numerous gaps in knowledge. First, it
would allow us to show that the viral morphology and glycoprotein packaging of these chimerae
mirrors that of HeV and NiV, further validating these viruses as a model to be used in future
studies. Second, it would allow for elucidation of basic mechanisms of henipavirus fusion by
capturing the native glycoproteins in a membrane-bound state within a viral membrane. I would
hypothesize we would see RBP in close proximity to both pre- and post-fusion F, and that those
in close contact with post-fusion F would be in a “heads-up” conformation with the C-terminus
of the stalk domain exposed. In the presence of HENV-270, this region would be sterically
hindered from interacting with F, leaving the F proteins in close proximity in the pre-fusion

conformation.

Contribution of Fc effector functions to in vivo efficacy
Because antibodies are bifunctional molecules, Fc effector functions may play a crucial role in
antibody-mediated protection from henipaviruses. Because henipaviruses bud from the host cell

plasma membrane, it is possible that opsonization of infected cells by these antibodies is one
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mechanism by which they can mediate protection. Conversely, antibody-dependent
enhancement, a phenomenon observed in the clinic for DENV infection, may play a role in the
pathogenesis of henipaviruses. Both possibilities must be explored in order to progress these
molecules into the clinic. In our bispecific antibody studies in vivo, we did evaluate whether
enhanced Fc effector function, by way of removal of the fucose moiety on the Fc glycans
(afucosylation), augmented or diminished therapeutic efficacy. In both instances, no change in
protection was observed. While this suggests that Fc effector functions play a minimal role, it is
still possible that complete loss of these effector functions may impact the therapeutic efficacy,
especially in the case of the monoclonal antibodies. Multiple antibody platforms with amino acid
substitutions in the Fc domain have been developed to abrogate binding of antibodies to Fc
gamma receptors. In order to best assess the contribution of Fc effector functions to in vivo
protection, HENV-103, HENV-117, and HENV-270 should be chimerized into an Fc backbone
bearing the LALA-PG amino acid substitutions (Lo, Kim et al. 2017). We would then need to
test WT and LALA-PG antibodies in a side-by-side study in hamsters, or better yet, a larger
animal model of infection. These studies would inform how our mAbs could be formulated for

use in humans.

Antibody cocktails directed against RBP and F
Human subject limitations, described above, forced these studies to narrow in on therapeutic
antibodies targeting RBP. These antibodies, while potent and protective, target only one out of
two potential targets of antibody therapeutics for henipaviruses. Recent studies by multiple
groups have described potent, cross-reactive mAbs with therapeutic potential against HeV and

NiV F. With this in mind, it is appropriate to assess the efficacy of RBP + F antibody cocktails
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both in vitro and in vivo. These antibodies would use vastly differing mechanisms to achieve
neutralization, making them likely to display synergistic potency in vitro. As with HENV-103
and HENV-117, future studies could use chimeric CedV, VSV, or WT virus to assess synergy of
one of these two mAbs with an anti-F mAb in a matrix approach, followed by validation in the
hamster model of NiVg. Excitingly, this approach does not have to be limited to a two-antibody
cocktail. In fact, in the case of Ebolavirus infection, cocktails containing three or more antibodies
show excellent activity in symptomatic humans. This opens up the potential to test a three-
antibody cocktail containing HENV-103, HENV-117, and a potent, cross-reactive F mAb. This
approach would vastly decrease the likelihood that escape mutants would be generated with the

added benefit of synergistic potency.

Cross-reactivity to other emerging henipaviruses
Antibodies in these studies, specifically those with therapeutic potential, were assessed for their
ability to bind and neutralize multiple distinct henipavirus species. Because these viruses share
roughly 83% amino acid identity in RBP, the presence of cross-reactive mAbs is far from
surprising. While it is important for mAbs to be efficacious against both HeV and NiV isolates,
future studies need to take this a step further. Over the last decade, novel paramyxoviruses that
share the receptor tropism of HeV and NiV have been isolated from animal reservoirs, namely
bat populations. Concurrently, serological studies in Sub-Saharan Africa have found humans
with NiV seropositivity, though this has largely come in the absence of clinical disease (Pernet,
Schneider et al. 2014). These studies have eerie similarity to CoV studies in the 2010’s, which
found bats harboring novel CoVs with the ability to target human ACE2 and replicate in human

airway epithelial cells. As we know, this was followed by a pandemic of a similar virus, SARS-
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CoV-2, resulting in millions of deaths worldwide. Moving forward, it behooves us to identify
pan-henipavirus antibodies that are functional against not only HeV and NiV, but also these
emergent henipaviruses that have not yet been confirmed to cause disease in humans. In our
previous studies describing HENV-26 and HENV-32, I showed that these antibodies, which bind
to conserved regions of RBP, do not cross-react with CedV or Ghana virus (GhV), two bat-borne
henipaviruses which have confirmed tropism for ephrin-B2. Despite this, we have a few options

for pursuing broadly reactive, pan-henipavirus mAbs.

Non-human primate studies to benchmark the HENV-103 and HENV-117 cocktail against
standard of care options
Our small animal model studies suggest that HENV-103 and HENV-117, when given as a
cocktail, may represent the most potent therapeutic option for prophylaxis or treatment of
henipavirus diseases. Unfortunately, the studies highlighted here did not properly compare this
cocktail with the antibody currently farthest along in the development pipeline, m102.4. Not only
has m102.4 been shown to be protective in numerous animal models including non-human
primates but it has been established as tolerable in a phase I clinical trial. Because of this, the
development of the HENV-103 and HENV-117 cocktail rests on the ability to show that its
efficacy and potency exceeds that of m102.4. While we are convinced the potency of this
cocktail in vitro far exceeds that of m102.4, it is imperative that directly compare both treatment
options side-by-side. To do this, we can use the African Green monkey model of NiVp disease.
As discussed previously, m102.4 treatment failed to rescue animals when given at days 5 and 7
post inoculation. Using this exact model, we can administer m102.4, HENV-103 and HENV-117

cocktail, or an isotype control to animals 5 and 7 days after inoculation with NiVg (via
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intratracheal route). We would expect all animals treated with m102.4 or an isotype control to
succumb to infection. If HENV-103 and HENV-117 can rescue animals this late in disease, we
will be able to confidently say that our antibody cocktail represents the next generation of
biologics against these viruses and is worthy of further clinical development. Even if the efficacy
of our cocktail is the same as m102.4, the benefit of a cocktail in preventing escape mutations

makes it an attractive therapeutic candidate.

Part II: Future directions for chapter V

Antibody-dependent enhancement (ADE) potential of YFV-136
The absolute conservation of the fusion loop epitope of the flavivirus E protein has driven
concerns for antibody dependent enhancement (ADE). In this scenario, infection by one
flavivirus leads to the generation of antibodies against FLE, a site that has proven to be
immunodominant in prior studies. In a subsequent infection, a recall response is dominated by
FLE antibodies, which generally bind with high affinity, but are poorly neutralizing (Rogers,
Goodwin et al. 2017). This allows for uptake of these immune complexes into FcgR-bearing
cells, and ultimately allowing for replication and propagation of virus in these cell types. This
concept has been well-described in the case of DENV infection, where infection by one serotype
correlates with severe disease after infection with a different serotype (Dejnirattisai,
Jumnainsong et al. 2010). This has led to the essential failure of the Sanofi vaccine, in which
immune-naive children showed clear clinical worsening of disease after being infected after
vaccination (Wilder-Smith, Flasche et al. 2019). Concerns for ADE were exacerbated after the

2016 Zika epidemic, where multiple in vitro studies have shown that sera raised against DENV
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can enhance ZIKV infection (Dejnirattisai, Supasa et al. 2016, Bardina, Bunduc et al. 2017,
Brown, Singh et al. 2019). While this has not yet been borne out in the clinic, concerns remain

that ADE could potentially be a problem across the viral family.

To flesh out whether YFV antibodies can enhance other flaviviruses, or vice versa, large scale
epidemiological studies are likely to be needed. Looking at the propensity for severe disease in
persons with a confirmed previous infection with an orthologous flavivirus might suggest
whether severe disease correlates with previous sero-status. An obvious, easily achievable future
study could assess the ability of FLE mAbs isolated in this study to mediate DENV ADE in
vitro. To do so, immune complexes could be incubated with K562 or U937 (monocyte lines
bearing Fcg receptors) cells and assessed by flow cytometry. These cells are otherwise refractory
to infection by DENV, but antibodies able to mediate ADE will allow for infection. To date, few
studies have assessed ADE in the context of YFV infection (Barrett and Gould 1986, Gould and
Buckley 1989). If FLE mAbs in this study can be shown to mediate ADE in vitro, in vivo studies
should be performed to confirm this phenotype in a murine model of infection. If confirmed, this
may inform further clinical studies that will assess whether YFV vaccination is recommended for

those living in areas where other flaviviruses are endemic.

Genetic analysis of survivors vs. vaccinees to assess YFV-136-like antibody repertoire
frequency
My work regarding YFV-136 confirmed previous studies that suggested antibodies with the
VH4-4/VL1-51 heavy and light chain pairings are enriched in the context of YFV-17D

vaccination, and that these antibodies target a similar antigenic site on DII. One possible
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explanation for the widespread success of this vaccine is the ability for it to elicit a public
clonotype that contributes to the majority of the function seen in serum antibody responses to
YFV. This possibility leads to two distinct but connected questions. First, what percentage of the
serum neutralizing antibody response is made up by antibodies that target this antigenic site? To
address this, serum depletion studies should be done to selectively deplete antibodies that target
the YFV-136 antigenic site. This approach has been previously used by our collaborators to
probe the antibody response to sequential infections by Dengue virus (Patel, Longo et al. 2017).
If we observe a massive loss of neutralization activity after depletion of these antibodies, this
would indicate that this site is absolutely critical for the efficacy of the YFV-17D vaccine.
Follow-up studies should also do this in the context of convalescent survivors of YFV infection

to assess the contribution of this antigenic site during natural infection.

A second component of studying the contribution of YFV-136-like antibodies would be a large-
scale genetic analysis of YFV-17D vaccinees. Recent studies by our lab and others have taken
massive sequencing datasets to dissect differences and similarities of human antibody responses
across a population (Briney, Inderbitzin et al. 2019, Soto, Bombardi et al. 2019). These tools
have been deployed to assess responses to specific pathogens, and to determine if certain
antibodies are elicited across a population (Setliff, McDonnell et al. 2018). In the context of this
project, a cohort of YFV-17D vaccinees could be sampled for memory B cells, which would then
be subjected to next generation single cell sequencing. This would allow us to see whether this
VH4-4/VL1-51 is enriched after vaccination. Concurrently, we would also be able to perform
lineage analysis to find antibody sequences that have undergone further somatic hypermutation,

potentially making them even more potent than YFV-136. In a reciprocal approach, we could
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express the germline revertant of YFV-136, where we remove any amino acid substitutions
introduced by somatic hypermutation. If this antibody, termed an unmutated common ancestor
(Edupuganti, Mgodi et al.), displays potent activity against YFV in vitro, this would further
suggest that eliciting germline encoded antibodies against the YFV-136 antigenic site that are

highly functional could explain the successes of YFV-17D.

Part III: Future directions for antiviral antibody discovery

New high-throughput approaches for rapidly identifying optimal antibody cocktails
In the past decade, high-throughput antibody discovery platforms have been built to allow for
rapid identification of lead candidates against both self and non-self targets. Companies and
academic institutions alike have mobilized these platforms during the SARS-CoV-2 pandemic
with marked success. In my project, and many others seeking to discover antiviral antibodies, a
cocktail approach has been taken for reasons described throughout this dissertation. The process
of discovering antibody cocktails with desirable properties (synergistic activity, refractory to
escape, etc.) can be laborious and time consuming, requiring numerous virological and
biochemical assays that must be performed after discovery has already been completed. While
this approach has yielded tremendously powerful cocktail therapeutic candidates, front-end
approaches for identifying antibody pairs on the front end of the discovery process could move

provide a massive boon to the field of antiviral antibody discovery.

Achieving this platform development is likely to be convoluted, requiring the multiplexing of

numerous, diverse technologies coupled to computational tools that may or may not be available.
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One approach could be to incorporate a display technology, such as the once described by the
Bloom laboratory, to build in a mutational screening step. In this scenario, antibodies would be
discovered against a target antigen using antigen specific B cell sorting followed by single cell
RNA sequencing. All sequences corresponding to a binding antibody could be expressed in
microscale, with each mAb incubated with the display library bearing a full mutagenesis library
of the target of interest. In this scenario, each antibody would have an escape mutation profile.
One could imagine this dataset could be computationally analyzed for antibody pairs with
orthogonal escape profiles. This rich dataset could be coupled to functional data, such as
neutralization or ability to block antigen-ligand interactions and it could be used to properly
choose the most promising pairs on the front end. While we might be years away from any sort
of implementation of such technological streamlining, it is exciting to imagine the potential of

such a discovery effort.

Leveraging principles of antibody-mediated virus neutralization to design better vaccines
While antibodies certainly have the potential to serve an important role in mitigating disease
caused by viral infections, vaccines are ultimately needed to completely stop a pathogenic virus
from spreading through a population. Historically, vaccine discovery has been done almost
completely empirically without an understanding of principles that guide vaccine efficacy.
Yellow fever is a perfect example, where to this day, we lack an understanding of why the
vaccine strain is attenuated or why it is so efficacious. Only recently have we begun to tap into
our knowledge of how the humoral arm of the immune system combats viral infections to
rationally develop vaccines. For example, respiratory syncytial virus (RSV) and SARS-CoV-2,

have type I fusion glycoproteins that contain almost all protective antigenic sites in the pre-
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fusion conformation (McLellan, Chen et al. 2013, McLellan, Chen et al. 2013, Hsieh, Goldsmith
et al. 2020). Numerous groups have now used stabilizing amino acid substitutions, such as
disulfide bridges, cavity filling substitutions, and flexible region stabilizing substitutions to
preferentially lock these proteins into the pre-fusion conformation (Crank, Ruckwardt et al.
2019). While these represent critical leaps in terms of developing vaccinees, we are beginning to

develop capabilities to take this a step further.

An approach that could be universally applied to almost any viral target would be scaffolding the
minimal portions of a viral glycoprotein that are responsible for eliciting potent and protective
antibodies. This concept weds principles of antibody-based neutralization, antigen design, and
computational methods and has been applied to vaccine development for numerous pathogens
with varying degrees of success (Correia, Ban et al. 2010, Ofek, Guenaga et al. 2010, Correia,
Bates et al. 2014). For both flaviviruses and henipaviruses, where we have discovered sites of
vulnerability (specifically a site on YFV that appears to elicit a public antibody response), we
could use these methods to scaffold the epitopes of our most potently neutralizing antibodies. In
one scenario, we could even take the epitopes of HENV-103 and HENV-117 and scaffold these
onto a single immunogen. This has the potential to elicit only potently neutralizing antibodies
that we have validated functionally, while also a) safeguarding against mutational escape and b)
providing the added bonus of synergy. Taking it one step further, we may be able to generate
pan-henipavirus immunogens to safeguard against emergent viruses within this family.
Incorporation of technology such as COBRA, which uses computational methods to generate
influenza vaccine candidates that a elicit broadly protective humoral response, is one possibility

(Crevar, Carter et al. 2015). My hope is that the data outlined in this dissertation, specifically the
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knowledge about the sites of vulnerability I have highlighted, form a foundation for these future

studies.

Rethinking how we construct antiviral antibody cocktails
Traditionally, and with sound reasoning, antiviral cocktails have been constructed using
antibodies that target distinct, non-overlapping antigenic sites. This has been done to ensure
simultaneous engagement by each member of the cocktail. The rationale can be described as
two-fold: prevention of mutational escape, and potential for synergistic potency. While it is
likely that this approach is viable in most situations, recent work in SARS-CoV-2 has shown that
we can, perhaps, be more thoughtful in our approach. Jesse Bloom’s group, using a yeast display
system, showed that highly potent antibodies against overlapping antigenic sites may compete
for binding, but have completely orthogonal escape profiles (Starr, Greaney et al. 2021).
Excitingly, when antibodies such as these are combined in vitro, escape from neutralization is
completely abrogated. In a follow up study, this technology was applied to antibodies from
Regeneron and Eli Lilly that are currently in the clinic. The results for Regeneron’s product, a
cocktail of two mAbs against different sites on the receptor binding domain of spike, highlighted
that even this approach may result in mutational escape. In this case, an amino acid substitution

at a site distal from either antibody binding site resulted in escape.

Moving forward, technology that comprehensively maps all possible amino acid substitutions
should be applied to all antiviral antibodies moving into the clinic. Secondarily, the idea of
synergy, while tempting, should take a back seat to concerns of mutational escape. Our studies,

while compelling in correlating in vitro and in vivo synergy, represent a small portion of studies
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that have been able to show this phenotype. Instead, a focus on prevention of mutational escape
should be prioritized. The Bloom group’s high throughput mapping technology, as mentioned
above, may represent a platform for assessing escape profiles very early in the discovery process
for numerous viral (and potentially bacterial) targets. This will assure that all lead candidates are

validated for their ability to prevent escape, likely preventing massive clinical failures.

Is antibody therapy a viable option for viral diseases dominated by immune-mediated
pathologies in poorly-accessible tissue compartments?

The SARS-CoV-2 pandemic has been a significant opportunity to showcase how monoclonal
antibodies can be used as a frontline treatment for people experiencing symptoms induced by a
pandemic virus. Some of the largest pharmaceutical companies mobilized their platforms to
develop antibodies targeting the spike protein of SARS-CoV-2, which were quickly moved into
the clinic for trials in subjects experiencing severe COVID-19. While it is difficult to draw
conclusions on the usefulness of antibody treatments for henipavirus disease from SARS-CoV-2,
there might be some lessons to be learned. First, in the case of immune-mediated pathology
(such as acute respiratory distress syndrome, a pathological process sometimes shared between
COVID-19 and disease caused by Nipah virus), antibody treatment late in infection appeared to
be ineffective. Eli Lilly, a company with one of the leading mAb treatment candidates for
COVID-19, halted their phase 3 trial that focused on severe, hospitalized patients due to its clear
ineffectiveness. Small molecule antivirals have also suffered a similar fate in late stage trials.
More hopeful were the trials looking at ambulatory patients with mild COVID-19 symptoms. In
these patients, rates of hospitalization were decreased when antibody therapy was administered

early in infection.
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A second obstacle that antibody therapy must overcome is the blood-brain barrier (BBB).
Because the majority of subjects with Hendra or Nipah virus infection present with neurological
symptoms, it is likely an antibody therapy will need to directly access this immune-privileged
site. To date, a few strategies to achieve this CNS bioavailability have been tried with varying
results. The most direct method used in the clinic is direct administration into CNS
compartments such as the cerebrospinal fluid, or directly into CNS tumors in the case of cancer.
Perhaps one of the most intriguing avenues for CNS delivery is the “trojan horse” approach.
Here, antibodies are coupled to a protein or molecule that can hijack host transport systems at the
BBB to allow for active transport. Potential receptors that could be used include transferrin
receptor (Tfr), human insulin receptor (HIR), and other mono- and bi-directional transporters
(Skarlatos, Yoshikawa et al. 1995). A receptor-specific antibody could also be used, which
negates the need for use of a substrate specific for these receptors (for example, a bispecific
antibody with both pathogen and receptor binding capabilities). The “trojan horse” approach has
previously been used to deliver antiviral antibodies to the appropriate site, but the BBB is still a
matter requiring further work (Wec, Nyakatura et al. 2016). Finally, alternatives to full length
antibodies have been explored. One example is single chain antibody technology. Sometimes
referred to as “nanobodies,” these small proteins have the ability to cross the BBB, and
numerous studies have highlighted their efficacy in treatment of infectious and non-infectious
indications (Muruganandam, Tanha et al. 2002, Rossey, Gilman et al. 2017, Huo, Le Bas et al.

2020).
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Antibody delivery platforms — cutting costs, decreasing dose, extending half-life
Let’s assume antibodies can be used to treat Hendra and Nipah virus disease long after the onset
of symptoms. This would mean antibody therapy would likely be the preferred standard of care
for patients experiencing severe disease. As it currently stands, a single infusion of antibody is
likely to cost thousands of dollars. For example, use of Synagis in premature infants to prevent
RSV can result in an out-of-pocket cost from thousands to tens of thousands of dollars depending
on insurance coverage. At this price point, treatment would likely be prohibitively expensive for
widespread use of antibody against Hendra or Nipah virus. A number of technologies have been
developed that may be able to reduce the costs associated with production of antibody

therapeutics on a massive scale.

First, and perhaps most obvious now that we have experienced the COVID pandemic, is nucleic
acid technology. Companies have begun using RNA and DNA platforms for delivery of not only
vaccine antigens, but also antibody therapeutics. For example, Moderna has mobilized their
RNA technology for delivery of a monoclonal antibody targeting Chikungunya virus (CHIKV)
(Kose, Fox et al. 2019). This molecule, termed mRNA-1944, has been shown to be safe and
tolerated in a Phase 1 clinical trial, and has shown promising potency in pre-clinical studies.
DNA delivery has also been explored for antibody delivery. AstraZeneca and the Wistar Institute
have collaborated to move MEDI3902, and anti-bacterial bispecific antibody, into a DNA
delivery vector, and have shown this to be a successful approach in animal models of infection
(Patel, DiGiandomenico et al. 2017). Viral vectors, such as Ad5 or adeno-associated virus

(AAV), have also been used to deliver a nucleic acid payload encoding antibody heavy and light
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chain genes. RSV and HIV, for example, have been targeted in pre-clinical studies using this

approach with promising efficacy (Skaricic, Traube et al. 2008, Balazs, Chen et al. 2011).

These platforms offer a promising alternative to recombinant antibody therapy for both pre- and
post-exposure administration of HENV-103/HENV-117 cocktails. The complication with using
an antibody cocktail in the context of these platforms is the potential for heavy and light chain
mispairing. That being said, this can be circumvented in a few ways. For one, each antibody can
be delivered to distal sites, making it less likely that pairings will be mismatched. A second
approach would be to genetically fuse heavy and light chains such that the entire antibody is
expressed as a single polypeptide. This can be achieved by removing the CHI and CL domains
and directly fusing the VH and VL to the Fc domain. This is known as scFv-Fc (Bujak, Matasci
et al. 2014). This platform offers some advantages in expressibility profiles, and has already been
considered for therapeutic use (Sokolowska-Wedzina, Chodaczek et al. 2017). Finally, a re-
exploration of bispecific modalities may be needed to assure that the potency of HENV-103 and
HENV-117 would be maintained within a single molecule. While our studies have not shown a
superior profile to the antibody cocktail, other bispecific arrangements may offer the opportunity

to achieve the potency of the mAb combo (Thanabalasuriar, Scott et al. 2019).

To decrease the need for multiple doses of antibody, increasing potency and half-life will work
to achieve both goals. The lead candidates described herein, while already exceptionally potent
against their respective viruses, could be further engineered using in vitro affinity maturation
approaches to boost potency. This would allow for a lower dose to achieve the same potency,

inherently cutting costs. While in vitro affinity maturation has the potential to introduce non-
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native amino acid sequences that are potentially immunogenic, engineered mAbs targeting
SARS-CoV-2 have shown to avoid these pitfalls while displaying superior breadth and potency
(Rappazzo, Tse et al. 2021). Concomitantly, increasing half-life will negate the need for a multi-
dose regimen, again helping to massively decrease the cost of treatment. As with abrogation of
Fc effector functions, multiple groups have introduced amino acid substitutions into Fc that
increase FcRn affinity, thus increasing in vivo half-life. The most well-established platform,
YTE, is already being considered for the next generation of RSV immunoprophylaxis by
AstraZeneca (Zhu, McLellan et al. 2017). Recently, the Georgiou group has published has
developed the DHS-IgG backbone, which is shown to be optimized for half-life extension
without compromising other Fc effector mechanisms (Lee, Kang et al. 2019). Taken together, the
technologies highlighted here have the potential to make these antibodies widely available for
use in the event of a YFV or henipavirus epidemic or pandemic, affording us a valuable resource

to treat and protect people in rapid fashion.
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