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Abstract

Respiratory syncytial virus (RSV) is an important pathogen that causes severe lower
respiratory infections in young infants, the immunocompromised, and the elderly. There are
no vaccines or targeted anti-viral drugs for active RSV infection and only supportive care for
hospitalized patients. The only approved treatment by the FDA is the prophylactic monoclonal
antibody, palivizumab, given exclusively to high-risk infants during cold and flu season. The
consequence of using monoclonal antibodies to prevent or treat viral infection is that it puts
selective pressure on a specific epitope, which can result in a phenomenon called antibody
escape. Current identification of antibody escape variants relies on patient samples or passage
experiments. In this project, we aimed to use molecular modeling to identify antibody escape
variants. We used molecular modeling to predict single mutations in RSV fusion glycoprotein
(F protein) that would disrupt the binding of the palivizumab derivative, motavizumab, but not
disrupt the folding of the F protein monomer. We accurately predicted eight F protein variants
that propagated new virus. Six of our eight mutations were identified as monoclonal antibody
resistant mutants (MARMSs) that had reduced neutralization and binding by motavizumab.
Surface plasmon resonance revealed a reduced on-rate for motavizumab for K272E, L258K,
and S275H. We then examined the evolutionary pathway of RSV F protein using passage and
fitness experiments to understand the likelihood and relevance of our predicted MARMs. We
directed the evolution of RSV and derived a novel escape variant from passage experiments.
This study empirically tested and validated the accuracy of our molecular modeling approach.
We accurately predicted viral resistance to a monoclonal antibody and established a

methodology that can be used to monitor the emergence of resistant viruses.
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CHAPTER 1
Introduction

1.1 Respiratory Syncytial Virus

Human respiratory syncytial virus (RSV) is an enveloped single-stranded negative
sense RNA virus of the Pneumoviridae family and consists of two subtypes, A and B. Both
subtypes are present during RSV season, although RSV A is more prevalent and causes more
severe symptoms (1-6). RSV was first discovered in chimpanzees in 1956 and later isolated
from infants in 1957 (7, 8). The dominant circulating strain of RSV A is ONI1, identified in
Ontario, Canada, in 2006 (9). However, the predominant strain used in laboratory settings and
for drug and vaccine development is RSV A2, first described in 1961(10). RSV particles have
been observed in three morphologies: spherical, asymmetric, and filamentous, but a study has
demonstrated that the filamentous morphology is the most infectious (11) (Figure 1A). The
genome contains ten genes that encode eleven proteins, including surface proteins (fusion
glycoprotein (F protein), small hydrophobic (SH) protein, and attachment (G) protein),
structural proteins (matrix (M) protein and nucleoprotein (N)), proteins for genome replication
(polymerase (L), phosphoprotein (P), M2 proteins 1 and 2 (M2-1 and M2-2)), and immune
evasion proteins (nonstructural proteins 1 and 2 (NS1 and NS2)) (12) (Figure 1B).

RSV infects at the apical cell surface of the airway epithelium (13). The G and F
proteins are involved in the attachment and entry of the virion into the host cell. The attachment
receptor for G protein has been identified as CX3CRI1 in primary airway human epithelium
cells and heparan sulfate in immortalized cell lines (14—17). After the G protein attaches to its
cell receptor, the F protein mediates fusion of the viral membrane with the host cell membrane.
The F protein receptor in vivo is thought to be nucleolin (18-20) with multiple co-receptor
candidates, including TLR-4 (21, 22), EGRF (23), ICAM-1 (24), IGRF-1 (25), and collectins
(26). In cell culture, F protein has been associated with heparan sulfate (27). G and SH proteins
are not required for cell entry in vitro (28, 29). However, virus produced in primary bronchial
epithelial cultures has a larger G protein and demonstrated reduced infection in immortalized
cell lines (30). It could be that the findings of the in vitro studies were just artifacts of cell
culture, given that the cell receptors are not the same and that the virus produced from primary

cells was less infectious in cell culture. After the viral and host membrane fuse, the helical
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Figure 1. Filamentous morphology of respiratory syncytial virus and diagram of the genome.

(4) The fusion glycoprotein (F protein), attachment (G), and small hydrophobic (SH) proteins are located
on the surface of the virus. RSV is an enveloped virus with a membrane that has a layer of matrix (M) protein
and interacts with M2-1 protein. The negative sense RNA genome is encased in nucleoprotein (N protein).
The large polymerase (L protein) and phosphoprotein (P protein) are associated with the N protein. (B) The
RSV genome contains 10 genes coding for 11 proteins. The M2 gene encodes for two proteins, M2-1 and
M?2-2. The genes are ordered from most transcribed to least transcribed. Cartoon image generated in
Biorender.

ribonucleoprotein complex enters the cell cytoplasm. Transcription and replication occur in
viral inclusion bodies in the cell cytoplasm (31-33)

RSV has an RNA-dependent RNA polymerase, L protein, with no proofreading
capabilities that allow for replication errors and generation of single nucleotide polymorphisms
(SNP) with an estimated substitution rate between 5.27 x 10~ and 3.382 x 1073 (34, 35). L
protein transcribes viral mRNA, intermediate positive sense RNA for genome replication, and
negative genome copies (31). Genes closer to the 3’ end—essential for viral assembly and host
immune regulation—are transcribed at a higher rate than the genes at the 5’ end. M2-1 is an
essential elongation factor needed to produce complete viral genomes (36, 37), and M2-2

induces the change from transcription to replication of the genome (38). Viral assembly occurs
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Figure 2. RSV F protein in pre-fusion and post-fusion conformation.

The F protein consists of three monomers shown in molecular surfaces (blue and white) and ribbon structure
(grey). The protein mediates fusion between the virus and host cell membranes. (A) Pre-fusion F protein
(PDB ID: 4ZYP). (B) Post-fusion F protein (PDB ID:3RRT).

at or near the plasma membrane (11, 39). F protein associates with cholesterol-rich lipid rafts
in the cell membrane and starts recruiting M protein that then starts filament formation by
actin-dependent outward membrane deformation (40—43). The viruses bud and detach from
the cell membrane.
1.2 Viral Fusion Proteins and RSV Fusion Glycoprotein

Class I fusion proteins are non-covalently linked homotrimer proteins made up
primarily of a-helices with the fusion peptide held within the interface of the homotrimers and
can be triggered by low pH or interaction with host cell receptors (44, 45). In contrast, class II
fusion proteins are composed mainly of B-sheets and rearrange from an inactive homodimer to
a fusion-active homotrimer in low pH conditions (45, 46). The fusion peptide in class II fusion
proteins is masked in the trimer interface after reassembly from the dimer. In class I fusion

proteins, the fusion peptide is located near the N-terminus in the primary sequence, and in class
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Figure 3. RSV F protein mediates the fusion between viral and host membrane.

F protein exists in a metastable state and is triggered by an unknown mechanism. The fusion peptide is
inserted into the host membrane by the assembly of pre-heptad A (pre-HRA) into heptad repeat A (HRA).
The protein jackknifes and heptad repeat B (HRB) and HRA are brought together to form a six-helix bundle
that brings the host and viral membranes in contact with each other. Diagram based on McLellan et al.

(2013) (47).

II, the fusion peptide is located internally within the protein sequence rather than near the N-
or C-terminus (45). Class I and II fusion proteins are found on the surface of the virus, but
class I are perpendicular to the virus surface and class II are parallel (45). After fusion, both
class I and II form a trimer of hairpins, except that class I forms a six-helix bundle and class II
forms stacks of B-sheets(45). The F protein is a class I fusion glycoprotein synthesized as a
574 amino acid precursor, Fo (Figure 2) (48, 49). The trimeric F protein is assembled as three
Fo monomers and trafficked through the Golgi, where the monomers are activated by a furin-
like host protease (50, 51). The Fo monomer is cleaved twice, resulting in Fi, F», and pep27,
and F; and F» are covalently linked by two disulfide bonds (52, 53). Pep27 disassociates from
Fi and F, after cleavage (54). The F; subunit contains one glycosylation site essential for
membrane fusion (55).

F protein exists in a metastable state, and the trigger from pre- to post-fusion for F
protein remains unknown. However, it is known to be pH independent and insensitive to
lysosome acidification (56, 57). One proposed mechanism is that the basal conversion rate
between pre and post-fusion F is sufficient for infection once the virus is brought close to the
cell surface by attachment of G or F protein (40, 57). The provocateur model has also been
proposed where the binding of G protein causes a conformational change that allows for
association with F protein and subsequent triggering from prefusion to post-fusion (58). RSV

may fuse directly at the plasma membrane or through micropinocytosis, followed by fusion in



endosomes (59, 60). Each F monomer consists of a fusion peptide, pre-heptad repeat A (pre-
HRA), heptad repeat B (HRB), and transmembrane domain from C-terminus to N-terminus
(Figure 3) (47, 48). Once F protein is triggered, PHRA refolds into a single long heptad repeat
A (HRA) and inserts the fusion peptide into the host membrane (Figure 3)(47). The HRA from
each monomer trimerize with each other, and the protein folds in half where the HRA and HRB
interlock to form a 6-helix bundle (Figure 3)(47, 61). The folding of the protein brings the host
cell and viral membranes together to allow for fusion (Figure 3).

The RSV F gene is conserved across A and B subtypes with 90% amino acid sequence
identities, including the conservation of some antigenic sites (47, 62). The high conservation
of the F gene, the role of F protein in cell entry, and the response of the host immune system
to F protein make it an ideal candidate for anti-viral treatments (3, 47, 62—-65).

1.3 RSV Demographics and Immunity

Nearly every child is infected with RSV by age 2 (66), and it is a leading cause of infant
death in developing nations (67). RSV is also an important pathogen in the elderly and adults
with comorbidities such as chronic obstructive pulmonary disease and is estimated to cause
11,000-17,000 deaths annually in the USA (68-70). Historically the RSV peak season was
from mid-October through April (66, 71, 72). However, the coronavirus disease 2019
(COVID-19) pandemic restrictions may have shifted the seasonality of the infection, with some
studies reporting peak infection during the summer months of 2021 (73, 74). RSV causes acute
lower respiratory infections in infants, and infants who develop severe RSV infections are
more likely to develop asthma later in life (75, 76). The risk factors for severe RSV infection
include age (0-5 months), low birth weight, premature birth, underlying cardiovascular and
respiratory disorders specific to the perinatal period, congenital malformation of the heart or
the great vessels, congenital defect originating in the perinatal period, neurological disorders,
blood disease, and liver disease (77). Another risk factor for infants is the high surface area-
to-volume ratio of the lungs. Human babies are born with nearly all their airways and alveoli
(78), meaning the bronchiole lumen is narrower than in adults and more prone to airway
obstruction (79).

RSV infection does not imbue long-term immunity, and reinfection throughout life is
common (80, 81). RSV infection results in an innate and adaptive immune response that can

be highly inflammatory but does not lead to long-term immunity. Innate immune cells such as



neutrophils, basophils, eosinophils, and mast cells have all been found to respond to initial
infection with RSV, but the cell population primarily consists of neutrophils (82, 83). F protein
has been found to bind TLR4 and induce NETosis, a phenomenon where neutrophils expel
chromatin and granular contents into the extracellular space to trap pathogens, which has
downstream proinflammatory effects (84). The binding of TLR4 also creates a feedback loop
because it induces IL-8 upregulation, which recruits more neutrophils and may contribute to
cell pathology (85). The adaptive immune response to RSV is often described as type 1 helper
(Th1) cell or type 2 helper (Th2) cell responses. Thl cells defend against intracellular
pathogens, and Th2 cells defend against extracellular parasites. A Thl response would be the
ideal response by the immune system as RSV is an intracellular pathogen, but the response to
natural infection is often the Th2 cell response. G protein has been shown to induce a Th2
immune cell response rather than a Th1 immune cell response (86, 87). The bias towards a Th2
response from RSV is also enhanced in the elderly population due to immunosenescence (88).
Neutralizing IgG antibodies for F and G proteins have been documented in infants and increase
between the acute and convalescent phases after initial infection with RSV (89). IgA antibodies
have been associated with patients who developed bronchiolitis and later development of
allergic sensitization (90). The immune responses to RSV create a challenge for generating
effective treatments and vaccines for at-risk populations that vary by age and immune

responsces.

1.4 RSV Vaccines and Treatments

There are currently no vaccines for RSV or targeted treatments for active RSV
infections. The first vaccine for RSV was attempted in the 1960s using formalin-inactivated
RSV paired with an alum adjuvant and resulted in enhanced disease and two infant deaths upon
natural infection by the virus (91-93). Severe eosinophilia was found in the lungs of the infants
who died and eosinophils were found in the blood of the hospitalized vaccine recipients (92—
94). Mouse studies found that the formalin-inactivated vaccine caused an inflammatory Th-2
immune response and eosinophilia (95, 96). Later studies found that the antibodies produced
by the vaccine were non-neutralizing for the F protein and that it is most likely because
formalin converts pre-fusion F protein to the post-fusion conformation (97, 98). Many vaccine
strategies have been attempted in the following years targeting different populations.

Currently, there are clinical trials for vaccines using F protein subunit, live attenuated virus,



RSV F nanoparticles, and vector-based approaches (99, 100). The target population for these
vaccines are infants >6 months old and adults >60 years old, but a vaccine for herd immunity
would also be beneficial. One approach to protect infants who cannot be vaccinated due to age
is maternal vaccination because it takes advantage of transplacental antibody transfer and
antibody transfer during breastfeeding (100). There are many promising vaccine candidates on
the horizon, and the development of a vaccine for RSV would help mitigate a world health
problem.

Children hospitalized with RSV infection are treated with supportive care such as high
flow nasal cannula (HFNC) therapy with oxygen or Heliox (101-108). HFNC therapy is non-
invasive, easy to administer, and well tolerated by infants. Heliox is a mixture of helium and
oxygen that has been shown to facilitate gas flow in high-resistance airways (108). While
mortality from RSV is relatively low in developed nations, it remains high in developing
nations where access to health care may be limited (109, 110).

Small molecule drugs have been important in fighting other respiratory viruses such as
influenza virus (111) and can potentially become a vital tool for the medical community to
combat RSV infection. One small molecule drug used to treat RSV infection is ribavirin, a
ribonucleic analog of guanosine that causes chain termination in RNA synthesis (112-116).
However, ribavirin has been used with limited success since the 1980s and has mainly been
discontinued for treatment except in specific critical patient populations (117). A new small
molecule drug, rilematovir (JNJ-53718678), binds F protein and is currently in phase 2 clinical
trials (118, 119). Other small molecule drugs are in development and clinical testing that target
nucleoprotein (120, 121) and the viral RNA polymerase (122). The development of drugs
specific for RSV infection is critical as there are currently no targeted treatments for active
RSV infection.

Antibodies have been used to prevent RSV infection. The first antibody treatment for
the prevention of RSV infection in premature infants and immunodeficient individuals was
RespiGam (RSV-IVIG) (123, 124). RSV-IVIG was made by pooling the plasma of people with
high circulating levels of neutralizing antibodies against RSV. RSV-IG was withdrawn from
the market when the monoclonal antibody (mAb) palivizumab (Medlmmune, USA) was
approved (12). Palivizumab is given prophylactically to preterm and high-risk infants during
RSV season. A new monoclonal antibody, MEDI8897 (nirsevimab), has been developed for



the prophylaxis of RSV and is currently in clinical trials (125, 126). Antibodies have been the

best weapon in the fight against RSV since an effective vaccine has not been developed.

1.5 Monoclonal Antibodies

mAbs are a potent tool against viral pathogens because of the ability to target specific
neutralizing epitopes. The use of mAbs for the prevention and treatment of viral infections has
increased in the past few years. Palivizumab was the first mAb approved by the FDA to prevent
a viral infection (127). Two additional mAb have received FDA approval since 2018,
Trogarzo®, a mAb treatment for drug-resistant human immunodeficiency virus (HIV-1)
infection (128), and Inmazeb™, a mAb treatment for Ebola virus (EBOV) infection (129).
mAbs have also been critical in fighting severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) during the COVID-19 pandemic. The FDA has granted emergency use
authorization for several mAb treatments for COVID-19 (130-132). The mAb, m102.4,
previously used in compassionate cases for Hendra and Nipah virus infections, has completed
phase 1 clinical trials in Australia (133). Additional mAbs are in development for other viral
pathogens, including influenza and herpes simplex virus (134-136).

There are many ways to develop mAb that target proteins of interest. Rapid
identification of neutralizing mAb has been critical in the COVID-19 pandemic, and one study
used fluorescent activated cell sorting (FACS) to identify B cells from COVID-19 survivors
that bound to a fluorescent spike protein, and the immunoglobulin G (IgG) gene was subcloned
for expression of the mAbs of interest (137). FACS can also be used to find B cells of interest,
and the B cells can be cloned or immortalized for mAb production (138). Another method for
mAb identification is phage-displayed antibody libraries where mAb are isolated and cloned
from immunized or infected animals or humans, displayed on filamentous phage, and the
library is exposed to the antigen of interest (138). Phage that binds the antigen of interest are
eluted and sequenced. mAbs have become an integral part of medicine to prevent and treat
viral infections.

1.6 Palivizumab and Motavizumab

Palivizumab is a prophylactic mAb given to high-risk infants during peak cold and flu
season to prevent RSV infection. As mentioned earlier, palivizumab is currently the only
preventative treatment for RSV with FDA approval. Palivizumab targets the site II epitope of

F protein (Figure 4) and prevents viral entry by inhibiting intermediary conformational changes



to the post-fusion conformation (139, 140). MEDI-493, which would become palivizumab,
started as the murine mAb, MAb 1129. MAb 1129 was humanized by de novo assembly using
polymerase chain reaction and mutagenesis of the variable light (VL) and variable heavy (VH)
genes (63, 141). The VL and VH genes were subcloned into cDNA expressing human C-kappa
and C-gamma-1 constant domains, respectively. Initial testing showed that the humanized
mAb had similar neutralization capabilities as the murine mAb, had higher neutralization
capabilities than RSV-IVIG, and prevented viral replication in cotton rats treated with the
mAb (141). The guidance for palivizumab prophylaxis was last updated in 2014 by the
American Academy of Pediatrics (AAP) and recommends administration in the first year of
life to premature infants born at <29 weeks gestation, preterm infants with chronic lung

disease, infants with hemodynamically significant heart disease, and in infants in the second

Viral Membrane

Figure 4. Site 11 epitope on F protein.

The site 11 epitope is highlighted in pink on (A) pre-fusion F protein (PDB ID: 4ZYP) and (B) post-fusion F
protein (PDB ID:3RRT). The epitope is present in both conformations of the F protein and consists of
residues 255-277.
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year of life who required at least 28 days of supplemental oxygen and ongoing medical
intervention (142). In addition, the AAP also recommended remaining on the administration
schedule during cold and flu season despite the shift in seasonality of RSV cases in 2021 (143).

Attempts were made to improve palivizumab's affinity and neutralization. A correction
to the light chain was the first alteration, reverting four amino acids to the murine MAb 1129
sequence because errors were introduced during the humanization process (144). Further
humanization was attempted by amino acid substitutions in the light chain and heavy chain in
the palivizumab derivative 493L1FR. These mutations were made to reduce the possibility of
immunogenicity. Affinity maturation was performed using a library of every possible amino
acid change at the six CDR regions, and 493L1FR Fab variants were screened by a filter-based
capture lift method and semi-quantitative enzyme-linked immunosorbent assay (ELISA). A
later study further developed 493L1FR into the mAb MEDI-524 (motavizumab) (145). In this
study, the authors adapted 493L1FR with an S29R mutation, and it was found to be fourfold
more potent than palivizumab. The resulting mAb, motavizumab, had thirteen mutations from
palivizumab: six CDR changes and one framework change back to the murine CDRI1 in the
heavy chain, and the light chain contained five CDR changes and one framework change back
to the murine CDR1. Motavizumab was found to have improved binding kinetics with a 70-
fold greater binding avidity to RSV F protein, a six-fold faster on-rate, and an 11-fold slower
off rate. It had a 20-fold more potent half-maximal inhibitory concentration (ICso) and reduced
viral lung titer in cotton rats compared to palivizumab. Motavizumab appeared to be a great
candidate for the prophylaxis of RSV infection.

The structure of motavizumab and a peptide epitope was solved first and suggested that
direct contact between hydrophobic residues of the F protein and motavizumab was
responsible for the increased affinity (64). The next structure to be solved was the post-fusion
conformation of F protein and motavizumab, which revealed that the binding epitope site II
remained in the post-fusion F protein structure and that it was possible that motavizumab could
neutralize late in the entry process (146). The structure of prefusion F protein and motavizumab
and mAb AM14 was the next to be solved (Figure 5) (147). This study used a previously
crystallized F protein, DS-Cavl1, that was locked into prefusion conformation by a mutating
S190F and V207L to fill a hydrophobic cavity and a disulfide bond introduced at residues
S155C and S290C (148).
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Figure 5. Interaction between F protein site Il epitope (pink) and motavizumab (dark blue) (PDB ID:
4ZYP).

Motavizumab was subjected to clinical trials to test for safety and efficacy compared
to palivizumab. In a randomized, double-blind, multinational, phase 3 trial, 6635 preterm
infants that were less than six months or were less than 24 months with chronic lung disease
of prematurity received either palivizumab or motavizumab once a month for five months
(149). The motavizumab recipients had a 26% reduction in hospitalization compared to the
palivizumab recipients. There was also a 50% reduction in medically attended respiratory tract
infections in the infants who received motavizumab. Adverse events between motavizumab
and palivizumab were not significant and mild. Another study was conducted in patients with
congenital heart disease that were less than 24 months and received either motavizumab or
palivizumab once a month for five months (150). Adverse events were reported in 93% of
recipients, and 50% reported severe adverse events. Of the severe events reported, 19.3% of
motavizumab and 16.2% of palivizumab recipients reported skin events. This study found that
rates of hospitalization were similar between the two groups. A phase 3, randomized, double-
blind placebo trial in healthy Native American infants demonstrated an 87% reduction in
hospitalization for RSV infection in the group that received motavizumab compared to
placebo. This study also found adverse reactions in the arm of the motavizumab recipients.
The FDA ultimately rejected the license for motavizumab in August 2010, given concerns
about the lack of greater efficacy of motavizumab in humans and increased adverse reactions

in the above studies (142).
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1.7 Antibody Escape

The caveat of using a mAb that targets a particular epitope is the tendency to select for
antibody escape. Antibody escape is a phenomenon where viral proteins evolve to disrupt
antibody binding. The COVID-19 pandemic has increased the concern over antibody escape
given the loss of effectiveness of some of the mAb treatments with the emergence of the Delta
and Omicron variants (151, 152). RNA viruses are prone to mutations with between 107¢ and
10~* substitutions per nucleotide site per cell infection and a negative correlation between
genome size and rates of mutations, where higher rates of mutations are observed in smaller
genomes (153). Part of the high mutation rate among RNA viruses can be accounted for by the
RNA-dependent RNA polymerase (RdRp) that lacks proofreading capability, except for
viruses in the Nidovirales family that have larger genomes and require RdRp with proofreading
capability (154). Antibody escape has been observed in several viruses, including EBOV,
influenza virus, HIV-1, and measles virus (155-158).

Antibody escape has been studied extensively in RSV. The first study to look at
monoclonal antibody resistant mutants (MARMSs) used RSV A2 virus and mouse mAbs,
including palivizumab precursor MAb 1129 (63). The study was conducted to map out and
better understand the neutralizing epitopes of the F protein. Passage experiments with different
mAbs were performed, and cross-neutralization studies were used to construct an operational
map of the F protein epitopes. Subsequent studies used the same technique to identify
additional antigenic sites and revealed a serine mutation at position 275 to phenylalanine
(S275F)(Table 1)(159, 160). Additional studies have directly looked for palivizumab and
motavizumab MARMs. One study used passage experiments where RSV A2 was propagated
in HEp-2 cells in increasing concentrations of palivizumab (161). The MARM identified was
a mutation from lysine to methionine at position 272 (K272M) (Table 1) and showed resistance
to palivizumab prophylaxis in cotton rats. In follow-up studies by the same group, isolation of
additional MARMs from passage experiments included lysine to glutamine at position 272
(K272Q) and asparagine to isoleucine at residue 268 (N268I)(Table 1)(162, 163). It was found
that N268I was partially neutralized in microneutralization assays but was eliminated by
palivizumab prophylaxis in cotton rats. It was also found that K272M had similar fitness to the
wild type (WT) RSV A2 parent strain. Samples collected from an infant that received

palivizumab prophylaxis and had breakthrough infection revealed a change from lysine to
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glutamic acid at residue (K272E) and a different variant with a change from asparagine to
tyrosine at residue 276 (N276Y)(Table 1)(164).

A 2011 study examined MARMs derived from passage experiments and patients
receiving palivizumab or motavizumab (165). The passage studies confirmed K272M and
K272Q as palivizumab MARM, and two new mutations were identified: lysine to threonine
(K272T) and asparagine (K272N)(Table 1). The only escape variant identified in passage
experiments for motavizumab was K272E. Analysis of patient samples found palivizumab
MARMSs including K272E, K272Q; MAb 1129 MARM S275F, and a novel palivizumab
MARM at position 275 from serine to leucine (S275L)(Table 1). K272E and S275L were both
found in the motavizumab-treated patients. However, S275L was found to be neutralized by
motavizumab in neutralization assays. In another study examining patients that had
breakthrough RSV infection after palivizumab prophylaxis found a MARM with a mutation
from asparagine to aspartic acid (N262D)(Table 1)(166). A study examining the binding
kinetics of MARM F proteins and palivizumab identified additional variants: asparagine to
tyrosine at residue 262 (N262Y), asparagine to serine (N2628S), and lysine to tyrosine at residue
272 (K272Y)(Table 1)(167). This study found that the binding on-rate was reduced for most
mutants and appeared to be the escape mechanism. In surveys of infants hospitalized for RSV
infection, N276S was the most common palivizumab MARM observed (Table 1)(168, 169).
In addition, MARMs have been identified for nirsevimab through passage experiments, but
none of the variants have been observed in circulating populations of RSV (170).

Multiple MARMs have been observed for palivizumab, while only one MARM has
been observed for motavizumab. The current methodology for MARM discovery involves
sequencing samples taken from patients or serially passaging virus with the antibody of interest
to select for evolved mutations. One weakness of these methodologies is that it only identifies
potential MARM s, and the variant would still require testing for neutralization in vitro and in
vivo. This also presents a challenge because MARM discovery relies on detecting escape
mutations already circulating in a population. Passage experiments are biased and can only
detect mutations that can arise over a limited replication time in cell culture. The ability to
predict escape variants and create a watch list of potential MARMs that could emerge would

be a significant advancement.



Table 1. All MARMs identified for palivizumab and motavizumab.
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MARM Antibody Source Citation
Beeler JA et al. 1989
S275F MADb 1129, Passage experiments, Lopez JA et al. 1998
Palivizumab Patient samples Crowe JE et al. 1998
Zhu Q et al. 2011
. Passage experiments, Zhao X et al. 2004
K272M Palivizumab Tested in rats Zhao Q. etal. 2011
Passace experiments Zhao X et al. 2004
K272Q Palivizumab SSTget © dpe te * Zhao X etal. 2006
ested mrats Zhao Q. et al. 2011
K272E Palivizumab, Patient samples, Adams O et al. 2010
Motavizumab Passage experiments Zhu Q et al. 2011
N276Y Palivizumab Patient samples Adams O et al. 2010
K272T Palivizumab Patient samples Zhu Q et al. 2011
K272N Palivizumab Patient samples Zhu Q et al. 2011
S275L* Palivizumab Patient samples Zhu Q et al. 2011
N262D Palivizumab Patient samples Zhu Q et al. 2012
N262Y Palivizumab Patient samples Bates et al. 2014
N262S Palivizumab Patient samples Bates et al. 2014
K272Y Palivizumab Patient samples Bates et al. 2014
N276S Palivizumab Patient samples Hashimoto et al. 2017

Chen et al. 2018

*S275L was found in motavizumab treated patient samples but was neutralized by motavizumab in assays.
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1.8 Molecular Modeling

Molecular modeling uses theoretical and computational methods to model the behavior
of molecules. The advancement of computational methodologies and crystallography of 3D
protein structures has allowed for the development of multiple molecular modeling
methodologies. The RCSB Protein Data Bank (PDB) is a repository for 3D structures of
macromolecules such as proteins and nucleic acids (171). The creation of this database has
allowed for easy access to protein structures and is essential for modeling. Quantum mechanics
(QM) methods study reactions in large molecular systems (172). QM is useful for modeling
transition rates and reaction intermediates for systems like enzymes and substrates and
comparing different spectroscopic data. Molecular docking is also a powerful tool in molecular
modeling that is important in structure-based drug discovery. Multiple studies have used
molecular docking to screen for compounds for SARS-CoV-2 and human targets to inhibit
viral activity (173—175). Molecular dynamics (MD) is vital for understanding the structure and
function of proteins and is used in molecular docking. One of the first studies to examine MD
of a biological macromolecule explored bovine pancreatic trypsin inhibitor and solving the
potential energy functions of the motion of atoms (176). This study helped elucidate the
physiological function of the inhibitor.

Molecular modeling has been used to explain disruptions in antibody binding in
influenza virus (177-179). Single-point amino acid changes were made using PyMol or
Schrodinger and demonstrated the mAb and proteins clashing at the residues of interest.
Several studies have used MD and molecular modeling to predict MARM for SARS-CoV-2
spike protein (180-182). These studies could predict mutations in the RBD that disrupted
binding of neutralizing mAb, but empirical research was not performed to test the accuracy of
the predictions. Previous studies have used MD and molecular modeling on four mAbs for the
glycoprotein (G protein) of EBOV and created a watch list of potential MARMs (183, 184).
Both studies performed MD on the EBOV G protein and mAbs and analyzed the simulations
using FoldX software to calculate the change in free energy between the WT G protein and the
potential mutants for the stability of folding and disruption of binding (185, 186). The group
could accurately predict mutations previously seen in humans or were experimentally known

to reduce mAb efficacy. The ability to predict antibody escape would expedite MARM
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identification by eliminating the reliance on patient samples, surveillance studies, and passage
experiments.
1.9 Reverse Genetics Infectious Clone System for RNA Viruses

Reverse genetics infectious clones are essential for studying RNA viruses in the
laboratory setting. The system works by creating a virus (infectious clone) from a full-length
viral genome from cDNA. A reverse genetics system allows for manipulation of the viral
genome and has been used to study viral genes and attempt to attenuate viruses for vaccine use
(187-190). The first reverse genetics system for a mammalian RNA virus was used to generate
poliovirus from cDNA in 1981 (191). Positive-sense RNA viruses such as poliovirus were
easier to generate since once the cDNA viral genome is transcribed to RNA, it is a messenger
RNA that can immediately begin translation by host ribosomes. Negative sense RNA viruses,
however, are not infectious as the negative-sense genome is complementary to messenger RNA
(192). For a negative-sense RNA reverse genetics system to be infectious, it requires RdRp
and the creation of ribonucleoprotein complexes to prevent host immune detection of double-
stranded RNA (192). The first successful infectious negative-sense RNA virus cloned from
cDNA was rabies virus in 1994 (193). This study utilized a plasmid containing the cDNA viral
genome co-transfected with helper plasmids containing the viral genes necessary for creating
the ribonucleoprotein complex (nucleoprotein and phosphoprotein) and RdRp polymerase. The
plasmids were generated with a T7 RNA polymerase promoter, and the T7 polymerase was
expressed by recombinant vaccinia virus. The T7 RNA polymerase was essential for
generating RNA from the cDNA genome and helper plasmids. This study opened the gates for
the generation of many reverse genetics systems for negative-sense RNA viruses, including
RSV, Sendai virus, vesicular stomatitis virus, measles virus, human parainfluenza virus,
bovine RSV, Newcastle disease virus, canine distemper virus, and EBOV (187, 194-201).

RSV reverse genetics systems require the proteins to create the ribonucleic protein
complex, RdRp, and transcription elongation factor M2-1 protein for effective generation of
the virus (187, 202). One of the first systems used also require coinfection with the recombinant
vaccinia virus containing the T7 polymerase (187). A cell line containing a gentamicin-
resistant plasmid with the T7 polymerase was later established and eliminated the need for the
recombinant vaccinia virus (198). Hotard et al. established a stabilized RSV reverse genetics

system that could be altered by recombination-mediated mutagenesis (203). The genome and
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the helper plasmids were human codon-optimized which helped with the expression of the
virus. This study used the A2 strain and F gene from line 19 for the viral genome, and it was
cloned as three segments into the bacterial artificial chromosome (BAC) pKBS2 to generate
the plasmid pSynkRSV-linel9F. The low-copy BAC plasmid was used to help stabilize the
cDNA genome. In addition, to create a reporter virus, the far-red fluorescent protein
monomeric Katusha 2 (mKate2) was added in the first gene position of the genome (204). The
authors also created a variant with a luciferase reporter gene. The mKate2 and luciferase
reporter gene variants replicated without growth restriction in vitro and in vivo. In a follow-up
paper from Meng et al., the authors created pSynk-A2 (205). pSynk-A2 was created by
removing the line 19 F gene flanked by Sac-II and Sal-I restriction sites in the BAC and
subcloning a synthetic F gene from the A2 strain. The A2 F gene was added because the authors
were attenuating RSV for potential live vaccine use. The 19F gene had been associated with
enhanced viral loads, mucus, and airway dysfunction in mice (206). The authors also created
strains with codon deoptimized immune suppressive proteins, NS1 and NS2, to attenuate the
virus (205).

Other reverse genetics systems exist for RSV, including a green fluorescent protein
reporter virus based on a B strain of RSV isolated from a patient (207) and a strain based on
the RSV Long strain (208). A study from 2021 created a reverse genetics system from
contemporary isolates of RSV A and B strains (209). Their system also used the BAC backbone
for genome stability, and they created reporter viruses with dTomato red fluorescent protein
and green fluorescent protein. In our studies, we utilized pSynk-A2 as it was amenable to site-
directed mutagenesis for the F gene, the A2 F gene was used to generate the crystal structure
of motavizumab and F protein and contained the reporter gene for mKate2 to track infection

and use in assays.

1.10 RNA Virus Evolution and Population Genetics

RNA viruses are inherently genetically diverse. Furthermore, many characteristics
contribute to the high genetic variability: (a) Large population sizes. Populations can be as
large as 10'? in an infected organism, and an infectious particle can generate 100,000 copies
on average (210) (b) High replication rates. The average eclipse phase for RNA viruses is 2-5
hours (211) (c) Small genomes. The average genome size for RNA viruses is 3-20 kb (210)
(d) High mutation rate. Most RNA viruses have a high mutation rate due to the RNA-dependent
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RNA polymerase lacking proofreading capability (212). RNA viruses have the highest
mutation rate among organisms, with approximately one mutation per genome per replication
cycle (213, 214). Genome size and mutation are related because a high mutation rate is
expected to limit genome size (215). A mutation rate that exceeds the maximum mutation rate
tolerable for a given genome size, the error threshold, would lead to too many errors in the
genome, and the virus would go extinct. RNA viruses with a high mutation rate close to the
error threshold could also produce mutations that could benefit the viral population and its
ability to adapt.

Quasispecies has been used to describe the distribution of mutants in the viral
population. Eigen and Schuster initially coined the term to describe simple replicons at the
population level (216). Quasispecies are a steady-state mutant distribution dominated by a
master sequence with the highest replication rate among the variants of the population
spectrum. The viral quasispecies theory is defined as a population of closely related viral
genomes that are continually evolving, competing with variants within the population, and has
a distribution of the fittest variants in a given environment (217). The inherent diversity of viral
quasispecies could permit rapid adaptation to new environments and the evolution of resistance
to anti-viral drugs (218-220).

While genetic diversity is vital for the adaptation of RNA viruses, population size is
equally important. Population size influences evolution in that the survival or elimination of a
variant in a population is proportional to the population size (221-223). Rotem et al. found that
viral diversity in an evolution study with murine norovirus was proportional to the size of the
viral population (224). If the population evolved in a bottlenecked population size of about 100
virions, the fitness of the population was low. However, the fitness increased if the population
evolved at about 10® virions. Similarly, studies using vesicular stomatitis virus found that the
transmission population size needed to maintain the fitness of the virus was dependent on its
initial fitness (225, 226). A virus with low fitness required a smaller transfer population to
maintain the same fitness as opposed to a virus with high fitness that required a larger transfer
population to remain as fit. Genetic bottlenecks are probably a common occurrence for RNA
viruses in the transmission between hosts and new species and the invasion of new tissues
(218). If viral population sizes decrease, the relative fitness of the quasispecies also decreases,

and the outcome of the frequency and the fate of the mutations will rely on genetic drift (215,
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227). Population size impacts the heterogeneity of a population and can impact the
evolutionary outcome.

Clonal interference is a common phenomenon in asexual populations where beneficial
mutations will compete until fixation (228). Gerrish and Lenski modeled the trajectory of
beneficial mutations with clonal interference as a contributing factor (228). The authors found
that (a) the likelihood of a beneficial mutation becoming fixed in a population decreases both
with population size and mutation rate. (b) As the rate of mutation or population size increases,
so do adaptive mutations that result in a gain of fitness. (c) The rate of adaptation is an
increasing but slowing function of both population size and mutation rate. (d) There is an
abundance of beneficial mutations that do not achieve fixation because of the abundance of
beneficial mutations. (e) There is a "leap-frog" effect in that the most common genotype may
be less closely related to the preceding genotype than an earlier one. Clonal interference occurs
in RNA virus populations. Miralles et al. used mAb-resistant and non-resistant vesicular
stomatitis viruses and a mAb as the selective environment to examine clonal interference in
viral evolution (229). The authors found that as population size increases, there was a shorter
waiting time for the appearance of multiple beneficial mutations. In addition, they found that
there was a limit to the rate of adaptations to become fixed in a viral population imposed by
clonal interference. Other studies have shown that clonal interference can prevent a more fit
mutant from becoming fixed in a population and that a more fit variant must overcome a
population threshold to be competitive (230). Clonal interference is an important factor to

consider when examining viral evolution and populations.
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CHAPTER 2

Materials and Methods

2.1 In silico predictions of MARMSs using MDS+FoldX approach

To predict RSV F protein escape mutations against motavizumab mAb, we applied our
approach from previous studies that combines classical molecular dynamics simulations
(MDS) and FoldX software (MDS+FoldX) (183, 184). To designate a mutation as an escape
mutation it requires: 1) disrupt binding to a mAb, and 2) leave the F protein monomer stable
thus allowing it to fold and assemble. It is thus necessary to determine how amino acid
mutations alter stabilities (AAG values) for F protein monomer folding (AAGr,z) and binding
to motavizumab (AAGgiu). Therefore, we used our MDS+FoldX approach to estimate the
folding stability of F protein monomer and F protein trimer/motavizumab complex binding
affinities due to all possible single mutations.
2.2 Structure preparation

The X-ray crystal structure of RSV F glycoprotein bound to motavizumab was
downloaded from Protein Data Bank (PDB ID:4ZYP). The 3D coordinates file was first
modified to remove all but F protein trimer and three copies of heavy and light chains of
motavizumab bound to each F protein monomer (147). The MODELLER software was then
used to alter engineered residues and build the missing residues in all the chains (231). Missing
amino acid residues 96 to 137 in F protein monomer represent liberated glycopeptide because
of proteolysis by furin like proteases. These residues were ignored in our simulations.
2.3 Molecular dynamics simulations

F protein monomer and F protein trimer/motavizumab complex structures were used
as starting structures for MDS. Similar MDS protocol was applied as reported in our previous
studies for both the structures (183, 184). Briefly, the AMBER99SB*-ILDNP forcefield and
the GROMACS 5.1.2 software package were used for generating topology files and
performing simulation (232, 233). The final production simulation was run for 50 ns and
snapshots were saved every 1 ns resulting in 50 snapshots for the F protein monomer and F

protein trimer/motavizumab complex.
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2.4 FoldX

FoldX software was used to analyze MDS snapshots of F protein monomer to estimate
AAGroq and F protein trimer/motavizumab snapshots were used to estimate AAGginq for all
possible mutations at each site in F protein. Our FoldX analysis protocol involved processing
each snapshot six times in succession using RepairPDB command to energy minimize the
snapshot, BuildModel command to generate all possible 19 single mutations at each site in F
protein, and then the folding (AGr.g) and binding affinity (AGgine) Were estimated using
Stability and AnalyseComplex commands, respectively. Both folding and binding AAG values
for each mutation was calculated by taking a difference between mutated and WT AGro and
AGgina values. For each mutation, we then averaged AAGr.is and AAGging values across all
individual snapshot estimates. To estimate AAGgins values for all possible 19 mutations at each
amino acid site of F protein, we performed 1,276,800 FoldX calculations (448 F protein
residues X 19 possible mutations at each site x 50 MD snapshots x 3 copies of F
protein/motavizumab). Similarly, to estimate AAGro.s values for all possible 19 mutations at
each amino acid site of F protein monomer we performed 425,600 FoldX calculations (448 F
protein residues x 19 possible mutations at each site x 50 MD snapshots). Averaging estimates
across all individual snapshots ultimately resulted in 8493 AAGr,s and AAGgina values for all
possible mutations of F protein (see Supplementary Material).
2.5 Cell Lines

HEp-2 cells (ATCC CCL 23) were maintained in minimal essential media (MEM) with
Earle’s salts, 10% fetal bovine serum (FBS), 1% MEM non-essential amino acids, 1%
penicillin-streptomycin-amphotericin (PSF), and 5 mM L-glutamine. BHK-21 BSR-T7/5
(198) were supplied by Dr. Ursula Buchholz (NIH) and maintained in Glasgow’s MEM
supplemented with 10% FBS, 2% MEM amino acids, 2 mM L-glutamine, and 1% PSF. BSR-
T7/5 were passaged every other passage with 1 mg/mL geneticin to maintain the T7
polymerase-expressing plasmid. HEK 293 A cells were supplied by Dr. Elizabeth Fortunato
(University of Idaho) and were maintained in Dulbecco’s Modified Eagle’s media with 10%
FBS, 1% penicillin and streptomycin, and 2 mM L-glutamine. All cells were incubated at 37°C
and 5% COs. FreeStyle™ CHO-S™ Cells (Invitrogen) were maintained in FreeStyle™
CHO™ Expression Medium with 8 mM L-glutamine and incubated shaking at 37°C and 8%
COz.
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2.6 Plasmid Preparation and Viral Propagation

Bacterial artificial chromosome (BAC) containing the antigenomic cDNA of RSV-A2
mKate2 and four RSV helper plasmids (human codon bias optimized N,P,L, M2-1) were
provided by Dr. Martin Moore (Emory University). RSV BAC and helper plasmids (WT) were
transfected into BSRT7 BHK-21 cells (234). Media and cells were harvested, flash frozen in
liquid nitrogen, rapid thawed in 37°C water bath, sonicated in an ice water bath 3 times at 30%,
and centrifuged at 800xg for 5 minutes at 4°C. Supernatant media was harvested, flash frozen
and stored at -80°C. A working stock of the WT virus was generated by infecting HEp-2 cells
for 1-hour rocking at 37°C and 5% CO,, adding complete media, monitoring cells for
fluorescence and cytopathic effect (CPE), and was harvested as described above when
fluorescence was detected throughout the flask.

The F gene was subcloned from RSV BAC into pBluescript SK + using Sacll and Sall
restrictions sites. Site-directed mutagenesis to generate the variants of interest was performed
by Bioinnovatise Inc. Variant F genes were cloned back into genomic RSV BAC and
transfected into BSRT7 BHK-21 cells as described above. The K272M and N262K variants
were created by site-directed mutagenesis in pBluescript SK + using primers designed in
NEBaseChanger™ (Table 2). Briefly, the pBluescript + F gene underwent PCR using Phusion
Master Mix (New England BioLabs Inc.(NEB)) followed by Dpnl treatment overnight at 37°C.
The PCR product was then treated with polynucleotide kinase at 37°C for 30 minutes and
deactivated at 65°C for 10 minutes. PCR cleanup was performed using PureLink™ PCR
Purification Kit (Invitrogen) and ligation was performed overnight with T4 ligase at 4°C.
Topl0 E. coli cells were transformed with 2 pL of ligation product. F gene sequence was
confirmed using Elim T7 Forward, Elim T3, and FwtA2seqR1(K272M) or Mota Amp Seql R
(N262K) (Table 2). The F gene was subcloned using Sacll and Sal I restriction sites back into
pSynk and transformed into 10-beta E. coli (NEB). Colonies were picked and F gene was
sequence confirmed using RSV F 5°, RSV F 3, and FwtA2seqR1(K272M) or Mota Amp Seq1
R (N262K) (Table 2).

The pSynk mutant plasmids were purified using NucleoBond ® BAC 100 (Macherey-
Nagel). Virus stocks were generated as described above. Each mutant was plaque purified from

HEp-2 cells (235) and confirmed with Sanger sequencing. Working stocks of the mutant F
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gene viruses were propagated as described above. All viruses were titrated by 50% tissue
culture infectious dose (TCIDso) on HEp-2 cells.
2.7 Tissue Culture Infectious Dose (TCIDso)

HEp-2 cells were seeded at 1x10%*cells/well in a 96-well flat bottom plate the day prior
to the assay. Cells were washed in warm Earle’s MEM prior to infection. 135 uL (full log) or
130 pL (half log) of Earle’s MEM to was added to all wells of a 96-well U-bottom plate. For
a full log dilution, 15 uL of virus was added to 3 wells per replicate and for a half log dilution,
60 uL of virus was added to 3 wells per replicate. A negative control well and 2 positive control
wells were included per plate. The virus was mixed and transferred down the plate by 15 puL
(full log) or 60 pL (half log). The wash MEM was aspirated from the cells and 100 uL of
diluted virus was transferred. The virus was rocked and incubated for 1 hour at 37°C and 5%
CO:. Following the incubation, 100 uL of MEM was added to plate and fluorescent cells and
cytopathic effect was monitored by fluorescent microscopy over five days. TCIDso was
calculated using the Reed and Muench method (236) in a Microsoft Excel calculator created
by Dr. Brett D. Lindenbach (Yale University).

2.8 Antibodies

Motavizumab and 101F antibodies and plasmids to produce these antibodies were
provided by Dr. Jason McLellan (University of Texas, Austin) (64, 237). Plasmids expressing
the heavy and light chains were co-transfected into FreeStyle™ CHO-S™ cells (Invitrogen) in
serum free FreeStyle™ CHO™ Expression medium. Cell medium was harvested 6-8 days
post-transfection and concentrated using a Vivaflow 200. The concentrated medium was
purified using a HiTrap protein A column (GE Healthcare) as previously described (64, 237)
and dialyzed into PBS. Antibodies were stored at -20°C.

2.9 Growth Curves

HEp-2 cells were infected at a multiplicity of infection (MOI) of 0.1 in MEM. Cells
were rocked for 1 hour at 37°C and 5% COs». Cells were washed twice with PBS and the second
wash was saved as the zero-hour time point. Complete media was added after aspiration of the
PBS. Cell media was sampled at 6, 9, 12, 15, 18, 24, 36, and 48 hours. Viral titers were
performed by TCIDs assay on HEp-2 cells.
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2.10 Microneutralization Assay

Assay was performed as previously described (238). Motavizumab was serially diluted
two-fold starting at 10000 ng/mL and ending at 156.5 ng/mL in a 96-well U bottom plate.
Variants were incubated with antibody for 1 hour prior to infecting HEp-2 cells at an MOI of
1. Cells were incubated at 37°C and 5% CO- and harvested 18 hours post infection. Cells were
washed in PBS for 10 minutes rocking 37°C and 5% CO2, PBS was aspirated and trypsin was
applied to lift cells. HEp-2 CMEM was added and cells were mixed gently to break up clumps.
Cells were spun down at 200xg for 2 minutes 4°C. The media was aspirated, and the cells were
resuspended 1% formaldehyde in PBS and incubated at 4°C for 20 minutes in the dark. Cells
were spun down again as previously described and washed in FACS buffer (1% BSA and 0.1%
sodium azide in PBS) and spun down again. Cells were resuspended in FACS buffer and
counted via flow cytometry using a Beckman Coulter Cytoflex-S. mKate2 expression was
monitored in the ECD channel. The gain settings for forward scatter (FSC) and side scatter
(SSC) were 350, and ECD was 110. The threshold was set to 1000000 for height. The initial
cell population was gated from FSC vs SSC. Data was analyzed using CytExpert software
2.4.0.28. Inhibition curves and ICso values were calculated using GraphPad Prism v.9.
2.11 F gene and Sequencing

RNA was isolated from virus stocks using Quick-RNA Viral Kit (Zymo Research).
Viral cDNA was generated using SuperScript™ IV VILO™ Master Mix (Thermo Fisher
Scientific). The F gene was PCR amplified using F 5 and 3’ Primers (Table 2) and Phusion
Master Mix (NEB). Sanger sequencing was performed by Elim Biosciences.
2.12 F Gene Library and Expression Vector

The F gene variant library was generated by Twist Bioscience, based on the codon-
optimized F expressing plasmid, pHRSVFoptA2, provided by Dr. Mark Peeples (The Ohio
State University)(187, 239). Each amino acid change at 17 residues within 5 angstroms of the
motavizumab binding site, based on the co-crystal structure (237), were incorporated into the
variant library and designed to be flanked by recombination sites, attB1 and attB2, which are
compatible with the Gateway Cloning™ system (240). The pooled F gene segments (25 ng)
were cloned into pDONR-221 (150 ng) using a BP Clonase II enzyme reaction (2 pL of
enzyme, 4.5 uL TE buffer) overnight at room temperature. Following overnight incubation,

the reaction was treated with proteinase K (1 pL) for 10 minutes at 37°C. pDONR-221 + F
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gene pools were transformed into 10-beta E. coli and plasmids were purified using DNA mini-
prep kit (Zymo). The pDONR-221 + F gene variants (200 ng) were then cloned into
mammalian expression vector pcDNA3.1-GW (200 ng) by LR Clonase II enzyme reaction (0.5
puL enzyme, 1 uL TE buffer) at room temperature overnight followed by proteinase K treatment
as described above. pcDNA3.1-GW + F gene plasmids were transformed into 10-beta E. coli.
Bacterial stocks were plated on LB-ampicillin plates and colonies were picked and Sanger
sequence confirmed for each variant. Plasmids for transfection were generated using
PureLink™ HiPure Plasmid Midiprep Kit (Invitrogen).
2.13 Flow cytometry

HEK 293A cells were transiently transfected with pcDNA3.1-F plasmid variants or
pcDNA3.1 as an empty vector control using Lipofectamine 3000™ reagents (Invitrogen). For
the transient transfection, HEK 293 A cells were seeded at 6.5x10° cells/well in a 96-well plate
one day prior to transfection. 190 ng of plasmid/well and 0.4 puL/well of P3000 were diluted in
a final volume of 5 uL/well of Opti-MEM™ in an Eppendorf tube. In a separate Eppendorf
tube, 0.3 pL/well of Lipofectamine 3000 was diluted in a final volume of 5 puL/well of Opti-
MEMT™™, The tubes were combined and mixed by flicking the tube and allowed to incubate for
15 minutes. The media was aspirated from the cells and 10 pL of transfection mixture was
added to the well and an additional 15 pL of Opti-MEM™ was added to help cover the cells.
After 6 hours cell media was added to variants L258E, L258K, L258V, K272E, K272G, and
K272R to increase protein expression. After 24 hours cells were lifted using Accutase
(Innovative Cell Technologies, Inc.) and washed in PBS. Motavizumab and 101F were
conjugated using Alexa Fluor 488 and 594 Antibody Labeling Kits (Invitrogen). Cells were
stained with 1 pg/mL of Alexa Fluor 488 conjugated motavizumab and 0.7 pg/mL of Alexa
Fluor 594 conjugated 101F antibody. Flow cytometry was performed using a Beckman Coulter
Cytoflex-S. Alexa Fluor 488 was monitored in the FITC channel and Alexa Fluor 594 was
monitored in the ECD channel. The gain settings for forward scatter (FSC) and side scatter
(SSC) were 350, ECD was 110, and FITC was 2. The threshold was set to 1000000 for height.
The initial cell population was gated from FSC vs SSC. Data was analyzed using CytExpert
software 2.4.0.28.
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2.14 Viral Purification

WT, L258K, K272E, and S275H clonal virus stocks were used to infect HEp-2 cells.
Uninfected HEp-2 cells were included as a control. Cells and supernatant media were harvested
when mKate2 fluorescence was observed throughout cell culture flasks with fluorescence
microscopy. Harvested cells and media were flash frozen in liquid nitrogen and rapidly thawed
in 37°C water bath. The cells and media were then sonicated in ice water bath at 30% for 30
seconds three times. Cell debris was pelleted at 800xg supernatant medium was removed and
centrifuged again. The supernatant medium was loaded into Ultra-Clear 1 x 3.5 in.
ultracentrifuge tubes (Beckman Coulter) with a 15% sucrose cushion in 10 mM Tris—HCI, pH
7.5, 100 mM MgSO4 and 0.25 M sucrose. Samples were spun at 20000xg for 2 hours at 4°C
and pellets were resuspended in PBS. F protein concentration was determined using RSV-F
ELISA Kit (SinoBiological).
2.15 Surface Plasmon Resonance

All SPR experiments were performed on a Nicoya OpenSPR™ Rev 3 one channel and
Protein A Sensors Kit (Nicoya) was used to attach 30 pg/mL of motavizumab in PBS to the
chip. Purified virions at concentrations 40 nM, 20 nM, 10 nM, and 5 nM were allowed to
associate for 5 minutes at 20 pL./minute and disassociate for 5 minutes at 20 pL/minute. Chips
were regenerated between runs with 10 mM glycine pH 3 and motavizumab was reattached.
All kinetics analysis was performed in TraceDrawer 1.9.
2.16 PyMol Modeling

The X-ray crystal structure of RSV F glycoprotein bound to motavizumab was
downloaded from Protein Data Bank (PDB ID:4ZYP). The structure was loaded into PyMol
(version 2.1.1). Residues within 4 A of residues of interest were identified using the around
function. Mutations were made using the mutagenesis function. Measurements between
residues were calculated using the measurement function.
2.17 Passage Experiments

HEp-2 cells were infected at a MOI of 0.03 with WT virus and transferred to fresh
HEp-2 cells once mKate2 fluorescence was observed by fluorescence microscopy throughout
the flask for a total of five times to make control passage 5 virus (Cp5). ImL of Cp5 was
allowed to infect HEp-2 cells at a MOI of 0.03 before 4 mL of media containing 0.625ug/mL

of motavizumab was added, bringing the concentration to 0.5 pg/mL of motavizumab. Cells
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were monitored for fluorescence and CPE. Once mKate2 fluorescence was observed
throughout the flask, virus was harvested and passaged by adding 1 mL of passaged virus to
fresh HEp-2 cells, rocking for 1 hour, and then adding 4 mL of media containing 0.625 pg/mL
of motavizumab for a total of five times. The F gene was amplified as described above and
next-generation sequencing was performed on an Illumina MiSeq by University of Idaho
Institute for Interdisciplinary Data Sciences Genomics and Bioinformatics Resources Core.
2.18 Bioinformatics Analysis

The reads were first mapped against the F gene sequence from pSynk-A2 using bowtie2
v 2.3.4.1 with “-local” parameter (241). The BAM file was further analyzed using SAMtools
v1.5 to confirm the depth of the mapping across the F gene (242). Variants were called using
BCFtools (243).
2.19 Selection Coefficient Calculation

Selection coefficients were calculated by adapting the enrichment score calculation
by dividing by the units of time between two sample. The enrichment score is the log ratio of
the variant frequency relative to wild type frequency in the same time point (244).

C.
log, (—CC” ) — log, (C 2.0 )
L = wt,t wt,0
t T,

¢y 18 the count of the variant in the population at the final time point and ¢y is the count of
the WT population at the final time point. ¢, is the count of the variant at the initial time
point point and cy;0 is the count of WT in the population at the initial time point. Base-2 was
used to represent doublings per hour. 7. represents total elapsed hours between passages.
2.20 Relative Fitness Assay

HEp-2 cells were seeded at 7.5x10° cells/well in a 6-well dish the day before the assay.
Cells were counted and an equal MOI (0.05) of variant virus and WT virus were incubated
with 0.25 pg/mL of motavizumab 30 minutes prior to infection of HEp-2 cells. Virus was
removed and cells were washed twice with PBS before adding new media with or without a
final concentration of 0.25 pg/mL motavizumab and incubated at 37°C and 5% COa.
Supernatant media was harvested at 48 hours, diluted 1:10 and allowed to infect new cells with
or without motavizumab for a total of three passages. Viral RNA was extracted from the media

and the F gene was amplified as previously described. A sequencing library was created for
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each replicate. The motavizumab binding epitope of the F gene was PCR amplified using
Phusion Master Mix (NEB) with Mota Amp Seql F and R primers (Table 2). A second round
of PCR was used to attach CS-Tags (Table 2) to the amplified motavizumab binding epitope
PCR products. A third round of PCR was performed to add on unique barcode adaptors to each
sample for identification during analysis. The University of Idaho Institute for Interdisciplinary
Data Sciences Genomics and Bioinformatics Resources Core performed next-generation
sequencing on an [llumina MiSeq and sequence analysis. The reads were mapped back to the
F gene and the number variants at each amino acid residue were identified for the F gene
section that was surveyed.
2.21 Motavizumab Fitness Assay

Virus variants (MOI=0.1) were incubated with 0.25 pg/mL of motavizumab prior to
infection HEp-2 cells. Virus was allowed to infect for one hour before removal and cells were
washed twice with PBS and media with motavizumab at a final concentration of 0.25 pg/mL
was added. A control without antibody was also performed. Supernatant media was harvested

at 48 hours and titrated using TCIDso.
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Table 2. Primers for sequencing, site-directed mutagenesis, and creation of F gene next-generation

sequencing library.

Primer Name

Sequence (5’-3°)

K272M F

K272M R

N262K F

N262K R
RSVF5’

RSV F 3’

Elim T7 F

Elim T3
FwtA2seqR1
Mota Amp Seql F
Mota Amp Seql R

TGATCAGAAAatgTTAATGTCCAAC
TTTGTTATAGGCATATCATTG
GTCATTAATCaaaGATATGCCTATAAC
AATAATTCACTATTAGTTAACATGTAAG
GCAAGGATTCCTTCGTGAC
CACACCACGCCAGTAG
AATACGACTCACTATAGGG
AATTAACCCTCACTAAAGGG
GTGGTAATTGTACTACATATGC
GAGATCACCAGGGAATTTAGTG
CTTTACATGTTTCAGCTTGTGG

Forward Name

Forward Sequence with CS-Tag in Red (5’-3°)

CS1-Mota_Primerl1-for
CS1-Mota_Primer2-for
CS1-Mota_Primer2-for
CS1-Mota_Primer4-for
CS1-Mota_Primer5-for
CS1-Mota_Primer6-for
CS1-Mota_Primer7-for

ACACTGACGACATGGTTCTACAGAGATCACCAGGGAATTTAGTG
ACACTGACGACATGGTTCTACACGAGATCACCAGGGAATTTAGTG
ACACTGACGACATGGTTCTACATCGAGATCACCAGGGAATTTAGTG
ACACTGACGACATGGTTCTACAATCGAGATCACCAGGGAATTTAGTG
ACACTGACGACATGGTTCTACAGATCGAGATCACCAGGGAATTTAGTG
ACACTGACGACATGGTTCTACACGATCGAGATCACCAGGGAATTTAGTG
ACACTGACGACATGGTTCTACATCGATCGAGATCACCAGGGAATTTAGTG

Reverse Name

Reverse Sequence with CS-Tag in Red (5°-3”)

CS2-Mota_Primerl-rev
CS2-Mota_Primer2-rev
CS2-Mota_Primer3-rev
CS2-Mota_Primer4-rev
CS2-Mota_Primer5-rev
CS2-Mota_Primer6-rev
CS2-Mota_Primer7-rev

TACGGTAGCAGAGACTTGGTCTCTTTACATGTTTCAGCTTGTGG
TACGGTAGCAGAGACTTGGTCTTCTTTACATGTTTCAGCTTGTGG
TACGGTAGCAGAGACTTGGTCTATCTTTACATGTTTCAGCTTGTGG
TACGGTAGCAGAGACTTGGTCTGATCTTTACATGTTTCAGCTTGTGG
TACGGTAGCAGAGACTTGGTCTCGATCTTTACATGTTTCAGCTTGTGG
TACGGTAGCAGAGACTTGGTCTTCGATCTTTACATGTTTCAGCTTGTGG
TACGGTAGCAGAGACTTGGTCTATCGATCTTTACATGTTTCAGCTTGTGG

Lower case letters indicate codon mutation different from A2 F gene sequence
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CHAPTER 3

Molecular Modeling Identifies Novel Escape Variants in Respiratory
Syncytial Virus Fusion Glycoprotein

3.1 Overview

Monoclonal antibodies (mAbs) are increasingly used to prevent and treat viral
infections in humans. The first mAb approved for the prophylaxis of viral infection was
palivizumab in 1998 (127). Since then, additional mAbs have been approved for the treatment
of drug-resistant human immunodeficiency virus 1 (HIV-1) and the treatment of Ebola virus
(EBOV) infection (128, 129). There have also been several mAb treatments granted FDA
emergency use authorization for severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) during the coronavirus disease 2019 (COVID-19) pandemic (130—-132). mAbs are a
very powerful tool because of the ability to target specific neutralizing epitopes on viral
pathogens.

The downside of using a targeted therapy such as mAbs is the increased selective
pressure on viral pathogens. RNA viruses and retroviruses are prone to mutations given the
high error rate of the RNA-dependent RNA polymerase and reverse transcriptase, respectively
(153). The combination of a high error rate and selective pressure will likely result in a
phenomenon known as antibody escape, where mutations occur in the binding epitope on the
viral protein that allows the virus to evade neutralization by mAb. Monoclonal antibody
resistant mutants (MARMs) can be identified by sequencing patient samples or by serially
passaging the virus in the presence of mAb in cell culture or animal models. The downside of
sequencing patient samples is that the MARM identified are already circulating in the
population. Passage experiments are biased given the limitation of replication cycles in cell
culture. The ability to predict amino acid changes that disrupt the binding of mAb to viral
proteins would be beneficial to predict what variants might be seen circulating in the
population and potentially adapt current therapies if the MARMs become dominant in the
population.

Previous studies have used protein biophysical modeling to predict disruptions between
the EBOV envelope glycoprotein (GP) and mAb KZ52 using the available co-crystal structure
(183). A follow-up study by the same group included additional mAbs Antibody 100, Antibody
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114, and 13F6-1-2 (184). The studies used molecular dynamic simulations and FoldX
(MDS+FoldX) to estimate the folding stability of GP and the binding disruption of the four
mAbs. This approach identified 127 mutations that predicted GP to fold correctly and disrupt
binding. Three potential MARMs that MDS+FoldX identified have been seen in experiments
and surveillance studies (245, 246). While some of the predicted MARM were confirmed by
other studies, the predictions could not be tested empirically to assess the accuracy.

RSV causes severe lower respiratory infections in infants, the elderly, and immune-
compromised people (12). There is no vaccine for RSV and the only targeted treatment
approved by the FDA is the prophylactic mAb, palivizumab, which targets the fusion
glycoprotein (F protein). F protein has been the target of treatments and vaccines because it
facilitates entry of the virus into the host cell, it is highly antigenic, and there is conservation
of multiple antigenic sites across RSV strains (3, 47, 62, 63, 65, 148). MARMs for palivizumab
have been identified from cell culture, animal models, and clinical samples (Table 3) (159—
167, 247-249). No co-crystal structure exists for palivizumab and F protein, but there is a
crystal structure between a derivative of palivizumab, motavizumab, and F protein (147).
Motavizumab binds the same epitope as palivizumab and differs by only 13 amino acids from
palivizumab: three residues were changed to hydrophobic residues that cause direct interaction
between the mAb and F protein (64). While motavizumab is not used in clinical settings, it is
still of interest given that it binds the same site as palivizumab and does have a known MARM,

K272E (Table 3) (165).

Table 3. Known RSV MARM for palivizumab and motavizumab.
Monoclonal Antibody Known MARM

Palivizumab S275F, K272M°, K272Q° K272E, N276Y, K272T°,
K272N°, S275L°, N262Y, N262S, K272Y, N276S

Motavizumab K272E

“Indicates palivizumab MARM neutralized by motavizumab, other variants were not tested
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In this study, we examined if MDS+FoldX could predict single amino acid changes
that disrupt the binding of motavizumab but do not disrupt the folding of F protein. We
generated predicted MARM in an infectious recombinant clonal virus and tested the variants
for fitness, neutralization by motavizumab, and mAb binding of eight predicted MARM
variants. This approach confirmed that MDS+FoldX could accurately predict K272E as a
MARM and identified five novel variants.

3.3 Results

3.3.1 MDS+FoldX predicted amino acid residues of interest in the F protein monomer
and motavizumab interaction.

MDS+FoldX was used to predict single amino acid residue changes that would cause
disruption of binding of motavizumab and still allow for the correct folding of the monomer.
All 19 amino acid changes were performed for all 448 amino acids for F protein monomer
folding (AAGrois) and its binding to motavizumab (AAGgin) (Figure 6). Based on the previous
EBOV studies, mutations for AAGros values less than 2 kcal/mol are not predicted to affect F
protein stability and are likely to arise under selective pressure (183, 184). Of the 8493 modeled
residues, 5716 mutations were predicted to fold correctly (Figure 6A). Since the EBOV GP
and mAb were unable to be empirically tested, it was never determined if there was any
significance to an increase in AAGging value. Therefore, we selected eight mutations along the
AAGsina x-axis at approximately 0.5 kcal/mol that also encompassed the residues of interest
while not overlapping with already known palivizumab MARMSs (Figure 6B, Table 4).
Interestingly, only 81 mutations met the criteria of a AAGr,e <2 kcal/mol and a AAGBging>0.5
kcal/mol (Figure 6A). K272E was included in the selection as a positive control as the known
MARM (165).

3.3.2 The eight variants replicated and exhibited reduced growth kinetics.

To assess if the AAGros values less than 2 kcal/mol did not disrupt F protein
function, we tested the growth kinetics of the eight selected variants. The variants were
generated using site-directed mutagenesis and subcloned into a mKate2 recombinant RSV
infectious clone (234). HEp-2 cells were infected at a multiplicity of infection (MOI) of 0.1,
and supernatant media was collected over 48 hours and titrated by TCIDso assay. All eight

mutations propagated new virus (Figure 7). There was a delay of growth for both L258K and
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Figure 6. Molecular modeling of F protein and motavizumab interaction.
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AAGg,,y <0.5 keal/mol: 5,635

Selected for Testing: 8

(4) Sankey diagram of MDS+FoldX modeling predictions filtering. Of the 8493 total residues modeled, only
81 F protein variants were predicted to fold correctly (A4Groa <2 kcal/mol) and potentially disrupt binding
(A4Gging >0.5 kcal/mol). We selected 8 variants to test. (B) Plot of MD+FoldX predictions of AAGroa and
AAGBina of all possible mutations in F with eight selected variants. (C) F protein trimer (dark gray) monomer
(light blue ribbon) with motavizumab (dark blue ribbon) structure with interacting residues of interest: L258
(pink), N262 (teal), K272 (lavender), S275 (purple), and N276 (blue).

Table 4. AAGFo and AAGpina values and standard deviations of eight selected variants.

Mutation  AAGging SD of AAG Foa SD of

Bind Fold
N276G 0.50 0.59 0.32 0.43
L258K 1.02 0.52 0.37 0.53
L258E 1.59 0.48 0.96 0.29
K272E 2.09 0.98 -0.28 0.59
N262D 2.56 1.11 0.48 0.67
N262Y 2.90 3.61 -0.58 0.73
S275R 3.79 2.76 -0.87 0.90
S275H 5.56 3.82 1.24 1.45
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Figure 7. All eight variants demonstrated ability to replicate and propagate new virus.

HEp-2 cells were infected with 0.1 MOI of variant or WT virus and supernatant media were collected over
time. Virus was titrated by TCIDsg assay on HEp-2 cells. Three independent experiments were performed
and error bars indicate SEM. *p <0.05; **p<0.005; ***p<0.001.

L258E, with virus remaining undetectable until 15 and 18 hours, respectively. L258K, L258E,
N262D, and N262Y had significantly reduced viral titers in an unpaired t-test compared to the
wild type (WT) virus over the 48 hours. S275H and S275R had similar growth to WT, with
significant reductions in titers at 6, 24, and 36-hour time points. K272E had reduced viral titers
at all time points, and N276G had a growth pattern similar to WT with a significant reduction
in viral titers at 6, 15, and 36-hour time points. The eight variants could replicate and support
that the AAGroua value less than 2 kcal/mol was an appropriate limit for selecting mutants. All
eight variants had some deficit in growth when compared to WT.
3.3.3 Decreased neutralization by motavizumab was observed in six variants.

All eight variants were able to replicate, so the next step was to test the neutralization
of the variants by motavizumab. Microneutralization assays were used to test for
neutralization. Briefly, virus variants at an MOI of 1 were incubated in a 2-fold serial dilution

of motavizumab for one hour before infection of HEp-2 cells, and mKate2-expressing cells
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Figure 8. Microneutralization assay revealed reduced neutralization by motavizumab for six of the eight
variants.

Motavizumab was serially diluted two-fold (10000 ng/mL-156 ng/mL) and incubated with variants prior to
infection of HEp-2 cells at an MOI of 1. mKate2-positive cells were counted by flow cytometry at 18 hours
post infection. Error bars indicate SEM of three independent experiments.

Table 5. Motavizumab ICsg values for selected variants and fold change compared to WT.

Variant WT L258E L258K N262D N262Y K272E S275H S275R  N276G

ICo 1 2904 1101 1890 1081 2235 >10000 3966 1633 7564
(ng/mL)
Fold i 3.8 6.5 3.7 0.8 ] 137 56 2.6
change

were counted by flow cytometry after 18 hours. Six of the variants displayed a reduction in
neutralization by motavizumab (Figure 8). The known MARM, K272E, was not completely
neutralized at the highest concentration of mAb used (10 pg/mL). Zhu et al. determined that
the ICso for K272E was 30.04 + 611.35 pg/mL (165). N262Y and N276G were similar in
neutralization compared to WT (Figure 8). Variants L258E and N262D were greater than 3-
fold in ICso compared to WT (Figure 8, Table 5). S275H, S275R, K272E, and L258K all had
a greater than 5-fold increase in ICso (Figure 8, Table 5). We confirmed that MDS-FoldX
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predicted K272E as a MARM and identified five novel MARM that have not been previously
identified.
3.3.4 Flow cytometry confirmed reduced binding of motavizumab to identified MARM:s.
The binding of motavizumab to F protein was assessed using flow cytometry. This
assay used a plasmid that expressed F protein that was transiently transfected in HEK 293 A
cells (Figure 9). We tested the six variants that demonstrated reduced neutralization (L258E,
L258K, K272E, S275H, S275R, and N276G) and some additional variants based on the
modeling (L258V, K272G, K272R, and S275A). The additional variants had AAGgin values
close to 0 kcal/mol except for K272G (1.86 kcal/mol), which has a value close to K272E (2.09
kcal/mol). The values closer to 0 kcal/mol were expected to have similar binding to WT. We
used the mAb 101F that binds a unique antigenic epitope from motavizumab to measure F
protein expression (Figure 9) (237). 101F was conjugated with Alexa Fluor 594 (101F-594),
and motavizumab was conjugated with Alexa Fluor 488 (motavizumab-488) (Figure 9). Cells
were gated on 101F-594 positive cells, and the median fluorescent intensity of Alexa Fluor
488 of the 101F-594 positive cells was used to indicate motavizumab binding. A reduction in
motavizumab-488 fluorescence intensity in relation to 101-594 fluorescent intensity was
observed in the peak shifts for L258E, L258K, K272E, K272G, S275H, and S275R (Figure
10A). Cells that expressed F protein were gated based on the 101F-594 positive population,

A B C

& P _ &
\\ Motavizumab-488 \\
101F-594

101F-594

WT Escape Variant

Figure 9. Cartoon diagram of F protein detection using flow cytometry.

(4) HEK 2934 cells were transiently transfected with an expression vector with F protein (green). (B) F
protein (green) was detected with two fluorescent antibodies. 101F-594 is a monoclonal antibody that binds
a unique epitope from motavizumab and was used to measure F protein expression on the cell surface. The
WT F protein is expected to bind both 101F-594 and motavizumab-488 as there is no disruption of binding
in the site 11 epitope. (B) Escape variant F proteins (blue) should have reduced or absence of motavizumab-
488 binding and will have reduced median fluorescent intensity compared to WT. Diagram created using
Biorender.
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and the percentage of motavizumab-488 (Figure 10B) was analyzed for median fluorescent
intensity (MFI). There was a significant reduction in MFI for L258E, L258K, K272E, S275H,
and S275R compared to WT (Figure 10C), which suggests a reduction in binding of
motavizumab. Some reduction of MFI was observed in L258V, N276G, and K272G but were
not statistically significant when compared to WT. Variants K272R and S275A had MFI values
similar to WT, which was expected given that the AAGsinq values were close to 0 kcal/mol.
The variants with decreased neutralization (Figure 8) also demonstrated reduced binding of
motavizumab (Figure 10C). The coefficient of correlation (R=0.7) demonstrated a correlation
between AAGsin values and motavizumab binding (MFI), and the slope was significant
(p=0.025). The coefficient of determination (R? = 0.49) indicated a moderate fit of the data
line to the data points (Figure 10D). We calculated the p-value for the coefficient of
determination by randomizing the data set one hundred times and calculating the coefficient
of determination of each data set. The resulting p-value (p=0.05) indicated that the coefficient
of determination was significant. As a control, AAGr.is was compared to MFI of motavizumab-
488 as no correlation between the values was expected, and none was observed (R=0.06, R? =
0.002) (Figure 10E). The p-value for the coefficient of determination was calculated as above
for AAGroiaand MFI-488 and was not significant (p=0.90).

3.3.5 Reduced on-rate of motavizumab is the mechanism of escape.

Binding kinetics of motavizumab and purified virion were measured using surface
plasmon resonance (SPR). We evaluated the binding kinetics of motavizumab for K272E,
L258K, and S275H based on the increase of ICso compared to WT. There was a significant
reduction of on-rate (ka) for all three variants (Figure 11A, Table 6). No significant difference
between the variants and WT was observed for off-rate (kq) (Figure 11B, Table 6). A reduction
in equilibrium disassociation constant (KD) for K272E and S275H indicated lower affinity
between those variants and motavizumab compared to WT (Figure 11C, Table 6). Because of
the limited data points, a simple linear regression was used to fit lines for AAGgins and binding
kinetics values. We observed an inverse correlation between AAGging and on-rate (R=0.92, R?
=0.84, slope p=0.0005); as AAGsiw increased, the on-rate decreased (Figure 11E). No
correlation was observed between AAGging and off-rate (R=0.37, R? = 0.14, slope p=0.32)
(Figure 11F). There was a linear correlation between KD and AAGging (R=0.87, R? = 0.76,

slope p=0.002); as AAGginsincreased, KD also increased (Figure 11G). Reduced association
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Figure 10. Flow cytometry revealed reduced binding of motavizumab for some variants.

HEK 2934 cells were transiently transfected with variant F protein-expressing plasmids or an empty vector
control (pcDNA3.1) and dual stained with motavizumab-488 and 101F-594. (A) Representative histograms
of 101F-594 and motavizumab-488 positive cells. Cells right of red line are positive. The cells were gated
on 101-594 positive cells and the median fluorescent intensity (MFI) of the (B) motavizumab-488 positive
cells was measured. (C) MFI of motavizumab-488 positive cells on 101F-594-gated cell population. Error
bars indicate SEM of three replicate experiments. (D) Graph of AAGgina vs. MFI of motavizumab-488
demonstrated linear inverse correlation between MFI and AAGsina. (E) Graph of AAGrowa vs. MFI of
motavizumab-488 demonstrated no correlation between the values. Error bars indicate SEM of 3
independent experiments, *p <0.05.
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Figure 11. SPR revealed reduced on-rate as escape mechanism for variants.

(4) Representative SPR curves of the MARMs and motavizumab. Purified virions were flowed over
motavizumab at 40 nM, 20 nM, 10 nM, and 5 nM and (B) on-rate, (C) off-rate, and (D) affinity measurements
were calculated. Three independent experiments were carried out for each variant, *p <0.05; **p<0.005.
Graphs of (E) on-rate, (F) off-rate, and (G) affinity and AAGgina. Graphs of (H) on-rate, (1) off-rate, and (J)
affinity and AAGroia.
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Table 6. Binding kinetics of selected variants to motavizumab.

Variant K2 ™Msh Fold ka(sh) Fold KD (M) Fold
(x 10% change’ (x 10 change’ (x 101 change’
WT 60.1 - 4.64 - 9.2 -
L258K 22.6 2.7 2.14 2.2 9.56 +1.0
K272E 17.0 3.5 2.32 2.0 13.5 +1.5
S275H 9.8 -6.1 3.14 -1.5 30.1 +3.3

#Fold change values were calculated by dividing the WT value by the variant value for fold
decreases (—) and dividing the value of the variant by the WT for fold increases (+).

with motavizumab is the mechanism of escape for all three variants, and S275H and K272E
demonstrated a lower affinity for motavizumab. We also compared AAGroi to the kinetics
values as a negative control as we do not expect to see a correlation between the values. There
was no correlation between on-rate (R=0.59, R? = 0.35, slope p=.09) (Figure 11H), off-rate
(R=0.30, R? = 0.09, slope p=0.43) (Figure 11I), and KD (R=0.62, R? = 0.39, slope p=0.07)
(Figure 117J).

3.4 Discussion

We used MDS+FoldX to predict the disruption of the binding of motavizumab to F
protein. All eight of our selected variants could replicate and propagate new virus. Reduced
neutralization was observed in six of the selected variants, and the six variants also
demonstrated reduced binding of motavizumab via flow cytometry. Binding kinetics suggested
that a reduced on-rate was the escape mechanism for the variants tested. K272E and S275H
demonstrated a significant increase in KD compared to WT, which indicates a reduction of
affinity for motavizumab. We empirically tested and validated the accuracy of MDS+FoldX
and found that six of the eight selected variants demonstrated reduced neutralization and
binding by motavizumab.

Multiple MARMs have been identified for palivizumab, and K272E was previously the
only known escape variant for motavizumab (159-167, 247-249). This study utilized the co-
crystal structure of F protein and motavizumab to predict novel MARM. The escape
mechanism of K272E has been studied previously using purified F protein and palivizumab

and found that the binding on-rate was significantly reduced (167). We replicated the previous
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study's findings and determined that the reduced on-rate was also the mechanism of escape for
the variants tested. In previous studies, antibody association rates have also been correlated
with viral neutralization (144).

We examined the known escape MARM s for palivizumab (159-167, 247-249) and the
modeling values for motavizumab (Table 7). The palivizumab MARMs had a AAGro below
2 kcal/mol and are expected to fold correctly. K272M, S275L, and N276Y had AAGginq values
below 0.5 kcal/mol. Previous studies have demonstrated that S275L and K272M are
palivizumab MARMs, but not motavizumab MARMs (165). MDS+FoldX accurately
predicted palivizumab mutants that could fold correctly. The difference in AAGgina values was
expected because there are differences in the antigen binding site of motavizumab and
palivizumab. A future study may want to confirm if the palivizumab MARMSs that were not
tested for motavizumab neutralization are MARMSs for motavizumab and test the accuracy of

our modeling.

Table 7. Motavizumab and F protein AAGr,u and AAGpina values and standard deviations for known
palivizumab MARMs

Mutation AAG,, . SDofBind AAG, .,  SD of Fold

N262Y 2.90 3.61 -0.58 0.73
N262S 0.89 0.95 0.01 0.51
K272E 2.09 0.98 -0.28 0.59

K27oM’ -0.29 0.76 -0.41 0.54
K272N° 1.58 0.98 0.36 0.55
K272Q° 0.77 0.81 0.06 0.57
K272T 1.15 0.92 0.50 0.65
K272Y 0.67 1.49 -0.19 0.57
S275F 3.38 2.60 0.36 1.62
$275L.° 0.45 1.38 -1.41 0.89
N276S 0.59 0.63 0.21 0.31
N276Y 0.05 0.73 -0.09 0.44

®Indicates palivizumab MARM neutralized by motavizumab, other variants
were not tested
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Figure 12. Interaction between motavizumab and WT or non-MARM F protein variants.

In PyMol, residues (yellow) on motavizumab (dark blue) within 4 A of residues of interest (262 teal, 276:
cyan) on F protein (light blue) were identified. N262 forms hydrogen bonds with D54 and K56 on
motavizumab. Y262 could have hydrophobic interaction with Y52 on motavizumab or there could be a
cation- winteraction between the Y262 and K56. N276 does not interact with motavizumab, but S275(purple)
forms a hydrogen bond with the carbonyl oxygen on 197 (red). G276 would allow for more flexibility in the
protein and may cause S275(purple) to interact with F98.

N262Y did not demonstrate resistance to motavizumab. The structure of N262 and
Y262 may explain the increased neutralization of N262Y (Figure 12). N262 forms a hydrogen
bond with D54 and K56 on motavizumab (64). Y262 could have a hydrophobic interaction
with Y52 on motavizumab or form a cation-n interaction with K56. Both interactions could
explain a higher affinity and the lower neutralization concentration of motavizumab that we
observed. When we look at the modeling values for N262Y (2.90 kcal/mol), we expect to see
a disruption of binding since the other six variants that had reduced neutralization had AAGgina.
values >1.0 kcal/mol. However, the standard deviation (3.61) indicates that the variation
around the mean is large. Interestingly, the other aromatic residues modeled at 262 also have

AAGgina values >1.0 kcal/mol and large standard deviations (N262F: AAGgina: 1.12 SD: 2.93,
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N262W: 2.07 SD: 3.61). Future studies could examine if the other aromatic residues are
MARMs and if the modeling needs to be adjusted for aromatic residues. N276G did have some
reduced neutralization compared to WT, with a 2.8-fold change in ICso. N276 does not interact
with motavizumab, and S275 forms a hydrogen bond with the carbonyl oxygen on 197 on
motavizumab (64). The change of N276 to glycine would allow for more flexibility in the
protein and may permit the interaction between S275 and F98. The S275 OH may weakly repel
the hydrophobic F98 and cause a reduction in binding. The AAGgix« value for N276G was 0.5
kcal/mol, and it could be that <0.5 kcal/mol will not disrupt binding. A future study could
investigate more variants with a AAGgixs value above, at, or below 0.5 kcal/mol to define the
exact threshold value for disruption of binding.

The correlation between MFI and AAGgin« demonstrated a linear relationship. The p-
value for the coefficient of determination (p=0.05) was significant. However, only ten variants
were tested, and future studies should test more mutations to examine the accuracy of this
correlation. As mentioned above, there could be a threshold for AAGgins and that beyond a
certain value of kcal/mol, there is disruption of binding, but it is not directly correlated to the
kcal/mol value. We also examined the correlation between the binding kinetics values and
AAGgina. A correlation between on-rate and AAGging Was observed, and no correlation was
observed between off-rate and AAGgine. There was a correlation between KD and AAGgina.
While there was a correlation between on-rate and KD, only three variants were tested, and
more would need to be tested to confirm the accuracy. We also compared the AAGr,.i values
as a negative control and found no correlation with on-rate, off-rate, and KD. The binding
kinetics experiments highlight the difficulty of testing protein-protein interactions empirically
in a high throughput methodology and the further need to validate the modeling predictions
empirically.

Previously, the only known escape variant for motavizumab from clinical trials and
passage experiments was K272E. Our study found five variants that had reduced neutralization
to motavizumab and some with better growth kinetics than K272E. A future study could
examine the emergence of K272E as the dominant mutation despite having poor replication
compared to other MARMs found in this study. This study would also help determine the
relevance of the predicted mutants and their likelihood of arising. Testing more variants at each

predicted site would also help refine the modeling, and testing mutations outside of the direct
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binding site may also reveal escape variants, as seen in other viral fusion proteins (180). In
addition, testing other mAbs such as nirsevimab and other viral pathogens that use mAbs such
as SARS-CoV-2 would help refine the modeling and test the accuracy of the predictions.

MDS+FoldX predicted MARMs in RSV F protein and could expedite the identification
of MARMs in other viruses. Biophysical modeling has the potential for other applications,
such as designing and optimizing the development of mAb. The ability to identifty MARMs
before the emergence of the variant in human population could allow for the development of
treatments for novel variants.
3.4.1 Limitations of This Study

MDS+FoldX predicted MARMSs, but a drawback of this methodology is that it requires
a crystal structure of the proteins of interest. We used the motavizumab-F protein structure for
our study as there is no structure for palivizumab and F protein. Cryo-EM has expedited the
process of solving structures, and many of the mAbs in development for medical use have
crystal structures available (148, 250). Another limitation of co-crystal structures is that the
viral proteins used in laboratory settings often may not reflect the current viral population. The
current circulating strain of RSV is ON1, and the prototypic lab strain is based on the A2 strain
(9, 10). The F protein used in the co-crystal structure is DS-Cavl, based on the A2 strain, and
has additional mutations to keep it locked in pre-fusion conformation (237). Future studies
should examine current circulating strains to test the clinical relevance of the predictions, and
contemporary isolates of RSV have been created using the same reverse genetics systems used
in these experiments (209). MDS+FoldX is also limited because it can only calculate single-
point mutations. While all identified mutations for palivizumab and motavizumab have been
single-point mutations, some MARMs identified for nirsevimab have two mutations that allow
the virus to escape neutralization (170). Future studies may be able to predict double mutations
as advancements are made in biophysical modeling.

This experiment was limited by our inferences about the AAGging and AAGroia values.
We biased our experiment by assuming that proteins >2 kcal/mol AAGr,.z would not fold
correctly. Variants with a AAGr,z>2 kcal/mol should have been included as controls in our
experiment to confirm that the threshold was accurate. The flow cytometry assay was the only
assay to include variants with AAGging values <0.5 kcal/mol. While the data supported that a

AAGsing near 0 would behave like WT in an ideal experiment, we should have tested more
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variants to confirm our assumptions. Developing a high-throughput methodology for assessing
binding and folding would have been beneficial. An expression vector containing the F gene
with mutations to lock the protein in pre-fusion conformation would have been useful for
assessing the binding of motavizumab. Cells could be transiently transfected and assessed for
F protein expression and binding through an enzyme-linked immunosorbent assay (ELISA) or
flow cytometry. While we did perform a similar assay with the flow cytometry experiment, the
F protein was able to transition from pre-fusion to post-fusion conformation, and motavizumab
binds both conformations. It would have been more accurate to the modeling to assess binding
to the pre-fusion conformation only. We only assessed viral titers over time as a measure of F
protein function. A cell fusion assay using an expression plasmid with F protein and tracking
the rate of syncytia formation and the size of syncytia would have been useful to assess AAGrou
as a function of F protein function. Another limitation of this study was that we focused
exclusively on the F protein and how it related to the modeling. We did not consider epistasis
in the viral genome that could be affecting viral fitness. Whole genome sequencing would have

highlighted changes in other viral genes that may also affect viral fitness.
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CHAPTER 4

Respiratory Syncytial Virus Fusion Glycoprotein Evolution is Constrained
by Codons and Loss of Fitness Mutations

4.1 Overview

Monoclonal antibodies (mAbs) are important for preventing and treating viral diseases.
The emergence of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and the
coronavirus disease 2019 (COVID-19) pandemic has resulted in FDA emergency authorization
use for multiple mAb therapies (131, 132, 251, 252). The FDA has approved mAbs for Ebola
virus (EBOV) (129) and drug-resistant human immunodeficiency virus 1 (HIV-1) (128), and
there are ongoing clinical trials for mAbs against EBOV and HIV-1 (253-256). Additional
mADb treatments are in development for other viral pathogens, including herpes simplex virus
1 and 2 (135, 136, 257) and a mAD cocktail for rabies virus prophylaxis (258, 259). In 1998,
the first mAb approved by the FDA for the prophylaxis of viral infection was palivizumab,
which targets respiratory syncytial virus (RSV) fusion glycoprotein (F protein) (260).

RSV A2 was first discovered in children in 1961 (10) and is a prototypic strain still
used in research labs. The dominant circulating strain of RSV is ON1, which was first
discovered in Ontario, Canada, in 2012 (9). While there is variation between strains, many of
the antigenic sites targeted by antibodies on the F protein remain conserved (3, 47, 62, 63, 65,
148). The murine mAb that would be engineered to become palivizumab was created by
exposing mice to the RSV A2 strain, and hybridoma cells were produced to make mAbs (63).
Further engineering of palivizumab resulted in the mAb motavizumab that targeted the same
epitope as palivizumab and had a higher affinity for F protein (145). The advantage of a mAb
is that it can target a particular neutralizing epitope. However, it is also a downfall in that the
continuous targeting of a specific epitope places selective pressure on the virus to evolve into
monoclonal antibody resistant mutants (MARMSs). Resistance to palivizumab has been
observed in clinical studies, empirical experiments, and surveillance studies (161-169, 247,
249,261, 262). Many factors drive the evolution of RNA viruses. A high natural error rate per
genome due to the RNA-dependent RNA polymerase is common in RNA viruses, including
RSV (34, 35, 263). Selective pressure by host antibodies will also guide the evolution of

viruses and has been observed in the antigenic changes of influenza A virus (IAV) over two
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flu seasons (155, 264). While laboratory strains of viruses are valuable and essential tools for
research labs, there are limitations in applying discoveries to the possible evolution outcomes
in circulating viral populations.

Studies described in Chapter 3 found that molecular modeling could accurately predict
the disruption of motavizumab binding to RSV F protein in empirical experiments. We used
FoldX software combined with molecular dynamics simulations (MDS+FoldX) to estimate F
protein's folding stabilities and the F protein-motavizumab interaction. Multiple MARMs exist
for the motavizumab precursor, palivizumab, and nirsevimab, a mAb for RSV currently in
clinical studies (151-159, 189, 191, 204, 205). Previous experiments have found one MARM
for motavizumab: lysine to glutamic acid at residue 272 (K272E) (165). We confirmed that
our modeling accurately predicted K272E as a MARM and found that six of the eight selected
variants we tested demonstrated at least some resistance to neutralization by motavizumab
(Chapter 3). In addition, we examined the fitness of the variants over time in the absence of
motavizumab. We found that all eight variants had at least some deficiency in replication when
compared to the wild type virus (Chapter 3). While growth curves can measure viral titers at
fixed points in time, the assay is limited in that it is not sensitive enough to identify minor
differences in viral titer, viral entry, and release of the virus, which could impact the success
of the virus in the presence of other variants (265). Relative fitness assays have been used to
examine vesicular stomatitis virus variants in populations and discern the fitness of MARMs
in the presence of an antibody (266). This assay examines the relative fitness of variants by
infecting a variant and a standard competitor wild type virus simultaneously in the presence or
absence of mAb. Since no other MARMs have been identified for motavizumab from passage
studies, we explored if the relative fitness of the variants and the genetic background of the
virus would affect the likelihood of the appearance of predicted MARMs.

In this study, we passaged recombinant RSV A2 (WT) with motavizumab to select for
MARMs. We examined the relative fitness of K272E and two of our previously identified
MARMSs with the highest fold-change in half-maximal inhibitory concentration (ICso), L258K
and S275H, to WT virus in the presence of motavizumab. Finally, we tested if the evolution
pathway of the F protein under motavizumab selection could be altered by changing the codon

of K272 to methionine to prevent the mutation to lysine. We found that the altered codon
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changed the evolutionary direction of the virus and that codons are a likely predictor of whether

a mutation will occur in relation to molecular modeling predictions.

4.3 Results

4.3.1 K272E was the only motavizumab MARM that arose during selective passage
experiments.

We first examined if any other MARM for motavizumab would arise in passage
experiments since a previous study had only found K272E (165). We started by passaging 0.03
multiplicity of infection WT with a subinhibitory concentration of motavizumab (0.25 pg/mL)
for passage 1. In subsequent passages, supernatant media from the previous passage was
diluted 1:10 and allowed to infect new cells in the presence of motavizumab. At passage five,
Sanger sequencing of the F gene revealed only K272E (AAG—GAG). We hypothesized that
other mutations could be present before K272E dominated the population at earlier passages.
Next-generation sequencing (NGS) was used to sequence the F gene from passages 1 and 2
and passage 5 from a control virus passaged without motavizumab. We chose to sequence the
F gene and not the entire genome because we were only interested in F protein variants as it
related to our modeling.

Passage 1 had 352,197 reads that could be mapped back to the F gene, and passage 2
had 341,374 reads. The control passage had 347,268 reads mapped back to the F gene. Control
passage 5 was used to establish the background mutation rate, and there were no single
nucleotide polymorphisms (SNP) above 1% difference from the WT F gene (Figure 13). No
SNP above 1% was present in passage 1 with motavizumab (Figure 13). Passage two had a
synonymous mutation at L273 and K272E emerged as the only non-synonymous SNP (Figure
13, Table 8). K272E went from a very low frequency in passage 1 (0.1%) to detectable in
passage 2 (6.6%). The selection coefficient for K272E was 0.128 between passage 1 and
passage 2, which implies that the K272E mutation was beneficial under selective conditions.
4.3.2 Relative fitness of MARMS varied in the presence and absence of motavizumab.

Our previous study identified MARMs for motavizumab utilizing molecular modeling
and empirical experiments. Since no other MARM besides K272E has been identified from
passage experiments, we tested two of our identified MARMSs with the highest fold-change in
ICs0 (L258K and S275H) and K272E against WT to test the relative fitness of the variants with
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Figure 13. Next-generation sequencing revealed K272F as an emerging variant in early passages of WT

virus with motavizumab.

Passage experiments were performed with motavizumab (0.25 mg/mL), and a control virus was passaged
five times in the absence of mAb. Next-generation sequencing was performed on the F gene, and SNP
frequency was calculated at each nucleotide. No SNP above 1% (denoted by the red line) for control passage

5 or passage 1, and K272F and L273L arose in passage 2.

Table 8. Mutations present in passage 2 of WT passaged with motavizumab.

Nucleotide = Amino Acid Percent of
Residue Change Change Mutation population
K272 AAG—-GAG E Nonsynonymous 6.6

L273 TTA—-CTA L Synonymous 3.2
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and without motavizumab. WT and MARM viruses were incubated at an equal concentration
with 0.25 pg/mL motavizumab prior to infection, and the virus was allowed to infect HEp-2
cells for one hour. The concentration of motavizumab was selected because it is the ICso of
WT, and anything higher may have been too inhibitory for WT virus. Media containing
motavizumab was added following washing of the cells. Passages were performed every 48
hours for three passages for three independent replicates. A control experiment was run
concurrently with no mAb. NGS was performed on the part of the F gene that encompassed
the site II epitope because we were interested in tracking the mutants of interest in the site II
epitope.

WT became dominant in the untreated replicates (Figure 14A, C, and E). Interestingly,
in K272E+WT replicate passage 1, a MARM we identified in a previous study, L258E,
emerged from the WT background but disappeared by the second passage (Figure 14A).
K272E remained in the population for all three replicates of WT+K272E without motavizumab
but did not maintain a dominant presence and the population size by read count was consistent
through the passages (Figure 14A, Table 9). There were also minor variants present (Table 10).
The selection coefficients for all three replicates were negative for K272E by the third passage
and indicated that the variant is selected against in the absence of motavizumab (Table 11). In
the K272E+WT+mAb replicates, K272E became the dominant variant by passage three for all
three replicates, and there were also minor variants present (Figure 14B, Table 10). In replicate
2, there was a decrease of K272E, but the population became predominantly K272E by the
third passage. The drop in K272E also correlated with a drop in read counts in replicate 2
passage 2 and a drop in selection coefficient for K272E (Tables 9 and 11). The selection
coefficients for K272E in the K272E+WT+mAb experiments were greater than zero except
for replicate 2 passage 2 implying that K272E was beneficial under motavizumab selection
(Table 11). K272E was the dominant mutation and has increased fitness in the presence of
motavizumab compared to WT.

L258K maintained a minor presence in the WT+L258K untreated passages for all three
replicates and was selected against in the absence of motavizumab (Figure 14C, Table 12).
Replicate 2 passage 3 was the only non-motavizumab passage with other variants (Figure 14C,
Table 10). The selection coefficients were negative except for replicate 1 passage 3, which

implied that L258K was selected against in the absence of motavizumab. In the L258K+WT+
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Figure 14. Viral populations revealed a loss of dominance in non-selective conditions for all MARMs

and variable persistence in the population in motavizumab conditions.

Equal proportions of WT and a MARM were incubated in the presence and absence of motavizumab prior
to infection. The virus was allowed to infect for one hour before rinsing twice with PBS and replacing media
with or without motavizumab. The virus was passaged every 48 hours for three passages. K272E and WT
(A and B), L258K and WT (B and C), and S275 and WT (E and F) were tested, and a segment of the F gene

containing the site Il epitope was sequenced using next-generation sequencing.



Table 9. Number of next-generation sequence reads from relative fitness assays.

Replicate Passage 1 Passage 2 Passage 3
K272E + WT 1 31671 16845 24622
K272E + WT 2 21172 10789 16134
K272E + WT 3 17018 24432 22093
K272E + WT + mAb 1 18579 18653 27020
K272E + WT + mAb 2 32242 1014 3714
K272E + WT + mAb 3 33648 15182 18208
L258K + WT 1 16504 13067 8922
L258K + WT 2 19553 6043 8323
L258K + WT 3 18920 31870 15827
L258K + WT + mAb 1 7403 1684 9325
L258K + WT + mAb 2 4513 2109 2374
L258K + WT + mAb 3 15323 4 3563
S275H+ WT 1 12191 14009 6297
S275H + WT 2 10846 6266 2512
S275H + WT 3 15389 8865 15026
S275H + WT + mAb 1 19384 3336 2455
S275H + WT + mAb 2 12033 4414 717
S275H + WT + mAb 3 18409 2360 4411
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Table 10. Minor variants <3% of the population present in the relative fitness assays

Viruses Replicate Passage Variants

WT + K272E 1 3 N268K/K272E, N268H, T335A
WT + K272E 2 1 D269N

WT + K272E 2 2 E294K, L316P

WT + K272E + Motavizumab 1 1 K272E/%37321E’ /;(321221]?’/C343G,
WT + K272E + Motavizumab 1 2 T244V/K272E

WT + K272E + Motavizumab 1 2 K272E/D344N,

WT + K272E + Motavizumab 2 1 K272E/D338N, K272E/D263Y
WT + K272E + Motavizumab 2 2 D310Y, G307C

WT + K272E + Motavizumab 3 2 K272E/N325D

WT + K272E + Motavizumab 3 3 K272E/E294K

WT + L258K + Motavizumab 2 3 S248R

WT + L258K + Motavizumab 1 1 L258K/V281A

WT + L258K + Motavizumab 1 3 K27%/];2D3281§2’7g%5/%%/7]£{581(’
WT + L258K + Motavizumab 3 1 V296F, E256STOP, L258K/S319F
WT + L258K + Motavizumab 3 3 G347R, V278A, M289L
WT + S275H 1 1 G242C, L260F/S275H

WT + S275H 1 2 T253T/N262S, S275H/C333R
WT + S275H 2 1 A298V

WT + S275H 3 1 G329W, S275H/1280K
WT + S275H 3 3 SZ75H/CP3345?:11;:’I§227826RC, K272E,
WT + S275H + Motavizumab 1 1 Y299S

WT + S275H + Motavizumab 1 3 K272E/C333R

WT + S275H + Motavizumab 3 1 SZ7SHN24(7312’7%2K7 2R/S275H,
WT + S275H + Motavizumab 3 2 A241V/K272E, T323A
WT + S275H + Motavizumab 3 3 L258K/Q270R

Bolded residue changes indicate a AAGBgina>0.5 kcal/mo
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Table 11. Selection coefficients for K272E in relative fitness assays treated with and without
motavizumab.

Replicate Passage K272E
K272E + WT 1 1 -0.082
K272E+ WT 1 2 0.051
K272E+ WT 1 3 -0.027
K272E + WT 2 1 -0.004
K272E + WT 2 2 0.003
K272E + WT 2 3 -0.071
K272E + WT 3 1 -0.014
K272E + WT 3 2 -0.024
K272E + WT 3 3 -0.034
K272E+ WT +mAb 1 1 0.063
K272E+ WT +mAb 1 2 0.058
K272E+ WT +mAb 1 3 0.007
K272E + WT + mAb 2 1 0.061
K272E + WT + mAb 2 2 -0.149
K272E + WT + mAb 2 3 0.582
K272E + WT + mAb 3 1 0.072
K272E + WT + mAb 3 2 0.046

K272E + WT + mAb 3 3 0.072
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mAb passages, L258K was a major variant for the first passage for replicates 1 and 3, was
undetected in passage 2, and returned as a minor variant in passage 3 (Figure 14D). The loss
of L258K in replicates 1 and 3 passage 2 also correlated to a decrease in reads (Figure 14,
Table 9). Replicate 2 lost L258K by passage 2, and WT became dominant (Figure 14D). K272E
emerged by passage 3 for replicates 1 and 3, and other minor variants were present in the
L258K replicate 1 and replicate 3 motavizumab treated passages (Figure 14D, Table 10). The
selection coefficients for L258K under motavizumab in passage 1 for all three replicates were
greater than zero, which implied that the mutation was beneficial (Table 12). However, in
subsequent passages for replicates 1 and 2 the selection coefficients were negative suggesting
that the mutation is deleterious in the presence of motavizumab. The selection coefficient for
replicate 3 passage 3 was positive, but this also correlated to a reduction in reads in passage 2
to an increase in reads in passage 3 (Tables 9 and 12). The selection coefficients for K272E in
the L258K+WT+mAb were positive, indicating it was a beneficial mutation under
motavizumab selection (Table 12). L258K was less fit than WT in the presence of
motavizumab.

S275H remained in two of the three S275H+WT replicates, but WT remained dominant
(Figure 14E). Replicate 2 passage 3 only had WT present, but there was a reduction in reads
(Figure 14E, Table 9). Other variants were present in all three replicates of the untreated S275H
(Figure 14E, Table 10). S275H was selected against in passage 1 for all three S275H+WT
replicates (Table 13). It was selected against in passage 2 for replicates 1 and 3, but selected
for in replicate 2 which correlated with a drop in reads (Tables 9 and 13). The selection
coefficients S275H were positive for replicate 1 and 3 passage 3 and negative for replicate 2
passage 3 (Table 13). S275H does not appear to be a beneficial mutation in the absence of
motavizumab. All three S275H+WT+mAb passages had the emergence of K272E by the third
passage and a double mutant, A271V/K272E, in replicate 3 passage 2 (Figure 14F). S275H
was the MARM selected for two passages in replicates 1 and 3, but K272E became the selected
variant in replicate 1 and WT in replicate 3 by passage 3 (Figure 14E). S275P became the
dominant variant in replicate 2 passage 2 but was undetectable by passage 3 (Figure 14F). The
loss of S275P also correlated with a reduction in the number of reads (Figure 14F, Table 9).
Remarkably, S275P was not a predicted MARM identified in the modeling parameters of

Chapter 3 since it was not predicted to fold correctly and was not predicted to disrupt binding
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Table 12. Selection coefficients for L258K and K272E in relative fitness assays treated with and without
motavizumab.

Replicate Passage  L258K K272E
L258K + WT 1 1 -0.029 0
L258K+ WT 1 2 -0.006 0
L258K+ WT 1 3 0.003 0
L258K + WT 2 1 -0.025 0
L258K + WT 2 2 -0.010 0
L258K + WT 2 3 -0.031 0
L258K+ WT 3 1 -0.024 0
L258K+ WT 3 2 -0.001 0
L258K+ WT 3 3 -0.003 0
L258K+WT+mAb | 1 0.015 0.428
L258K+WT+mAb | 2 -0.462 0.108
L258K+WT+mAb 1 3 0.356 0
L258K+ WT +mAb 2 1 -0.028 0
L258K+ WT +mAb 2 2 -0.432 0
L258K+ WT +mAb 2 3 -0.007 0
L258K+WT +mAb3 1 0.004 0
L258K+WT +mAb3 2 -0.087 0

L258K+WT +mAb 3 3 0.031 0.036
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Table 13. Selection coefficients for S275H, K272E, and S275P in relative fitness assays treated with and
without motavizumab.

Replicate Passage S275H K272E S275P
S275H+ WT 1 1 -1.420 0.000 0.000
S275H+ WT 1 2 -0.001 0.000 0.000
S275H+ WT 1 3 0.001 0.000 0.000
S275H+ WT 2 1 -0.755 0.000 0.000
S275H+ WT 2 2 0.001 0.000 0.000
S275H+ WT 2 3 -0.456 0.000 0.000
S275H+ WT 3 1 -1.193 0.000 0.000
S275H+ WT 3 2 -0.018 0.000 0.000
S275H+ WT 3 3 0.015 0.000 0.000
S275H+ WT + mAb 1 1 0.977 0.000 0.000
S275H+ WT + mAb 1 2 -0.012 0.000 0.000
S275H+ WT + mAb 1 3 -0.285 0.494 0.000
S275H+ WT + mAb 2 1 2.038 0.000 0.000
S275H + WT + mAb 2 2 -0.319 0.000 1.069
S275H + WT + mAb 2 3 0.000 0.494 -0.900
S275H+ WT + mAb 3 1 0.864 0.000 0.000
S275H + WT + mAb 3 2 -0.015 0.000 0.000

S275H + WT + mAb 3 3 -0.279 0.393 0.000
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Figure 15. Viral titers at 48 hours in the presence and absence of motavizumab.

WT or variant RSV was incubated with 0.25 ug/mL of motavizumab for 30 minutes prior to infecting HEp-
2 cells. The virus was allowed to infect for one hour, removed, washed twice with PBS, and media with or
without motavizumab was added. Supernatant media was harvested at 48 hours and titrated by TCIDs
assay. Three independent experiments were carried out. *p <0.05; **p<0.005.

of motavizumab. Other variants were present in all three motavizumab treated replicates (Table
10). S275H was initially a beneficial mutation in the first passage for all three
S275H+WT+mAB replicates (Table 13). By passage 2, the selection coefficient was negative
for all three replicates, which also correlated with a drop in read count (Tables 9 and 13). S275P
emerged in replicate 2 of S275H+WT+mAb passage 2 and was a beneficial mutation but was
a deleterious mutation in passage 3, which also correlated with a decrease in reads (Tables 9
and 13). The selection coefficient for K272E in passage 3 for all three replicates was positive,
indicating the mutation was beneficial under selection (Table 13). S275H was not a beneficial
mutation in the presence of motavizumab by passage 3 (Table 13). S275H was selected for
initially, but K272E was the more beneficial mutation in the presence of motavizumab.

We examined the number of transversions and transitions for the segment of the F gene
we surveyed for all the replicates and passages and found that there were 44 transitions, 32
transversions, and 1 transition/transversion.

L258K did not sustain a dominant presence in the motavizumab passages, and K272E
emerged in two of the three replicates. K272E is a more fit MARM than L258K in the presence
of motavizumab because it has a larger ICso and greater loss of binding in kinetics studies (165,
167, Chapter 3). L258K also has delayed detection of virus when compared to WT and K272E

and reduced viral titers over time compared to WT in the absence of motavizumab (Chapter
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3). To assess fitness under selective pressure, we compared viral titers at 48 hours between the
variants and WT in the presence and absence of motavizumab. The virus was incubated with
or without motavizumab for one hour before infection, and viral titers were measured 48 hours
post infection. There was no significant difference in viral titers between WT and L258K in
the presence of mAb, but there was a significant difference between WT and S275H and WT
and K272E (Figure 15). The lack of difference in viral titers between WT and L258K and the
selection coefficients of L258K in the motavizumab relative fitness assays indicate it is
unlikely to arise during motavizumab selection.

4.3.3 Substitution of lysine with methionine at residue 272 allowed a novel MARM to
emerge.

K272E was the dominant mutation in passage experiments and emerged in the relative
fitness assays under selective pressure by motavizumab. We hypothesized that codons were
biasing the evolution of K272 to glutamic acid (Figure 16). The lysine codon at K272 is AAG
in the WT recombinant virus and only requires one nucleotide change to mutate to glutamic
acid (GAG). In contrast, L258K, L258E, S275H, and S275R require at least two nucleotide
changes to get to the resistant mutation (Figure 16A). N262D only requires one nucleotide
change like K272E (Figure 16A). Our next hypothesis was that changing the codon to another
amino acid would change the evolution pathway and allow other MARMs to emerge. A
synonymous mutation at K272 would not remedy the bias as both codons for lysine
(AAA/AAQG) are one step mutations to either of the glutamic acid codons (GAA/GAG). We
needed to identify a mutation with a similar growth fitness to WT and was also neutralized by
motavizumab, which would require two mutations to change to glutamic acid. A previous study
identified palivizumab MARMs with a similar growth pattern to the parental strain but were
not motavizumab MARMSs (165). We selected K272M (AAG—ATG) as the mutant to test
because it would require two nucleotide changes to evolve to E272 and may remove the bias
towards K272E and allow for other MARMs to emerge (Figure 16A).

We analyzed fitness and neutralization by motavizumab after engineering K272M into
rRSV (Figure 16B and C). There were no significant differences between the growth of K272M
and WT viruses. There was a difference in ICso values between WT and K272M, where
K272M was neutralized at a lower concentration of motavizumab (Figure 16C). After

confirming that K272M had a similar fitness in growth as WT, we passaged the virus five times
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Figure 16. Replication of K272M was similar to WT and was neutralized by motavizumab.

(4) Diagram of F gene and codons at the sites of interest. Arrows indicate mutations from the current codon
to variant codon for identified MARMs. (B) Growth curve of WT and K272M. No significant difference was
observed between the viral titers of WT and K272M. (C) Neutralization curve for WT and K272M. K272M
and WT were fully neutralized by motavizumab (10ug/mL). All experiments represent three independent

replicates.
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Figure 17. Passage experiments revealed novel MARM with growth similar to WT.

(A) Passage 5 for all lines was tested for neutralization by motavizumab by incubating the virus with a 2-
fold serial dilution of motavizumab one hour prior to infection, and cells were counted by flow cytometry at
18 hours post infection. Replicates B + Motavizumab (Mota) and C + Mota were not neutralized at the
maximum concentration of motavizumab (10ug/mL). A + Mota was neutralized similar to WT. (B) Growth
curves of viral variants. The isolated K272M/N262K variant had similar viral titers over time compared to
WT. (C) Neutralization assays were performed as described above for all variants. K272M/N262K was not
neutralized at the highest concentration of motavizumab used (10ug/mL) and N262K was inhibited at a
lower concentration of motavizumab than WT. Three independent replicates were carried out for all
experiments except the growth curve for N262K, which had two replicate experiments.

Table 14. Mutations present in K272M passage experiments with and without motavizumab.

Virus Line Mutation
A M272K
B N262K
C N262K

Control A No change

Control B No change

Control C No change
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in the presence of 0.25 pg/mL of motavizumab in triplicate. Passage 5 for all three replicates
(A, B, and C) was tested for neutralization and sequenced using the Sanger method (Figure 17,
Table 14). Replicate A had a neutralization pattern similar to WT and replicates B and C could
not be neutralized at the highest concentration of motavizumab (10 pg/mL) (Figure 17A). A
novel escape variant, K272M/N262K, was identified in replicates B and C. Replicate A had a
reversion of M272K back to the WT codon. When K272M was passaged five times without
motavizumab (Controls A, B, and C), no mutations occurred, and the virus retained
neutralization by motavizumab (Figure 17A, Table 14).

We isolated the virus from B passage 3 by plaque purification and sequenced by Sanger
method to confirm K272M/N262K as the only mutations in the F gene and then tested for
growth and neutralization by motavizumab. K272M/N262K had no significant changes in
growth when compared to WT or K272M (Figure 17B and C). The ICso for K272M/N262K
could not be determined as it was not neutralized by the highest concentration of motavizumab
(10 pg/mL), similar to K272E (Chapter 3). Next, we created the single mutant, N262K, in
rRSV using site-directed mutagenesis and tested the growth of the variant and neutralization
by motavizumab. N262K had a growth pattern similar to WT (Figure 17B) and was more
neutralized by motavizumab than WT and thus is not a MARM unless it is in combination with

K272M (Figure 17C).

4.4 Discussion

K272E was the only MARM found in the passage experiments and was a beneficial
mutation in the presence of mAb. In addition, K272E evolved multiple times in the relative
fitness assay for the other variants. We determined that a codon can impact the evolutionary
pathway of the F protein for RSV. Changing K272 to methionine altered the trajectory of the
evolution of rRSV under motavizumab selection, which resulted in a novel MARM,
K272M/N262K. K272M/N262K had similar growth to WT and was not neutralized at the
highest concentration of antibody used. Codons and order of mutations are likely to impact
whether MARMs predicted by molecular modeling will appear under selective conditions.

K272E swept the population in the presence of motavizumab in the relative fitness
assay and evolved in the L258K and S275H motavizumab treated replicates. None of the three

variants maintained a significant presence in the population in the absence of motavizumab.
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Studies have found similar results that in the absence of mAb selective pressure MARMs were
unable to maintain a significant presence but became the dominant variant in the presence of
the antibody (165, 170, 224). Our previous experiments revealed a significant reduction in viral
titers over time by L258K compared to WT and an increase in ICso compared to WT (Chapter
3). In the relative fitness assay, L258K was not a more fit variant in the presence of
motavizumab, and K272E emerged in two replicates. A reasonable conclusion is that despite
L258K having an increase in ICso, it is not enough to overcome the deficiency in viral
replication and cannot maintain a presence in a population under selective pressure. S275H
was selected for in the relative fitness assay in the presence of motavizumab before the
emergence of K272E. A study found that RNA virus quasispecies populations can suppress
MARM variants that may be more fit unless the virus is seeded at a certain threshold to surpass
the rest of the population (230). This may explain why we do not see the emergence of S275H
in passage studies and loss of the variant in the relative fitness assays. A future study could
examine the relative fitness between S275H and K272E to elucidate the exact differences
between the fitness of the mutants.

The emergence of L258E in K272E+WT replicate 1 passage 1 was unexpected.
Contamination was ruled out as a cause for L258E as the same viral preparations were used
for all three experiments, and preparations for PCR were performed in a laboratory that does
not use RSV. It is possible that mutations could arise from PCR amplification of the F gene;
however, given the frequency versus the mutational rate of polymerase, it seemed unlikely.
We also only measured a small region of the F gene, so it is possible that other mutations could
have been occurring within the F gene or viral genome that allowed this mutation to appear.

The relative fitness assays only used one concentration of virus and motavizumab. The
study used a subinhibitory concentration of motavizumab for WT that allowed for WT to
remain in the population. If a higher concentration of motavizumab was used it might have
allowed S275H and L258K to outcompete WT. Future studies could address different
concentrations of motavizumab and the fitness outcomes for the variants and WT. In addition,
the concentration of virus and ratio of the viral population at the start of the experiment have
been shown to affect the outcome of the populations (265). Viral population size influences
viral evolution in that the survival or elimination of a variant in a population is proportional to

the population size (221). When population sizes are kept small, the fitness landscape remains
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flat, and when the population is large, there is an increase in the fitness landscape (224). This
was seen in the relative fitness assays, where when there was a drop in the number of reads,
there was also a loss of MARM variants (Figure 14B and D, Table 9). Future studies should
examine different concentrations and ratios of variants to examine how that affects the fitness
of the MARM variants. There was also the emergence of more variants in the relative fitness
assays than in the first passage experiment with just WT. One possible explanation is that the
genetic background was closer to being a quasispecies rather than a clonal background. A study
found that switching the low fidelity, viral RNA-dependent RNA polymerase (RdRp) for a
high fidelity polymerase in poliovirus allowed the virus to replicate like wild type poliovirus,
but it was unable to adapt to adverse conditions (267). The lack of genetic diversity resulting
from the typical errors of viral RdRp reduced the genetic diversity and was a detriment to the
viral population in the poliovirus study. An increase in genetic diversity in the viral population
could explain why we saw more variants in the relative fitness assays than in the passage
experiments. It has been hypothesized that viral quasispecies have many potentially beneficial
mutations at the population level that allow for a greater probability of adaptation (218-220).
We only surveyed the F gene and a section of the F gene for the passage experiments and
relative fitness assays. While our study focused on the modeling of the F protein and the
interaction with motavizumab, there is always the possibility of epistatic changes elsewhere in
the RSV genome that could affect viral fitness. Synergistic epistasis between different genes
has been observed in other viruses (268—271) and could account for fitness.

Evolution can be constrained by epistasis and specific mutations can rely on previous
mutations to be tolerated (272, 273). John Maynard Smith used a word model for
understanding protein evolution by converting WORD to GENE with only using valid words
in between: WORD—-WORE—GORE—GONE— GENE. The D must be changed to an E
before the W is changed to a G since GORD is not a valid word (274). The same applies to
protein evolution in that mutations must happen in a specific order for the protein to remain
functional. In the research by Gong et al., they determined that mutations in the nucleoprotein
of IAV must follow a particular trajectory to compensate for deleterious mutations (272).
Similarly, Harms and Thornton recreated the evolution of the specificity of glucocorticoid
receptor (273). The study focused on historical contingency of protein evolution and the order

of mutations. The authors found that permissive mutations were required before change of
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function mutations. Permissive mutations are mutations that allow for subsequent mutations to
be tolerated. The change of function mutations were contingent on the permissive mutations
and the authors found that permissive mutations were a rare occurrence. The emergence of
N262K only happened with the initial mutation of K272M. One possible explanation is that
the K272M was required as an epistatic change before the N262K mutation. This is further
reinforced by the evidence that N262K as a single mutation was not a MARM and was
neutralized at a lower concentration of motavizumab than WT.

The structure of the protein after the mutations also supports the requirement of
epistatic mutations. The WT and variant residues were modeled in PyMol and the interaction
with residues within 4 A were identified (Figure 18). In WT, K272 and an asparagine on the
antibody interact and H bonds form between N262 and the antibody (Figure 18B)(64). Non-
polar M272 interacts with aromatic rings on the antibody, which probably results in a more
stable interaction between the antibody and protein than lysine and the aromatic rings (Figure
18C). This interaction could account for the lower ICso for M272 because the antibody has a
higher affinity due to the interaction of the hydrophobic residues. N262K could interact with
tryptophan and form a cation-m interaction, which could account for a higher affinity and the
lower neutralization concentration of motavizumab (Figure 18D). An additional reason that
there is a lower neutralization concentration for N262K is that there are three lysines (K262,
K271, and K272) located in close proximity that could be interacting and the repulsion of the
positive charges could open the protein exposing hydrophobic residues on F protein allowing
for interaction with the hydrophobic residues on motavizumab (Figure 18D). K262/M272 can
come within 3.3 A of each other and the positive lysine could be attracted the methionine
(Figure 18E). This interaction could stabilize K262by keeping it from interacting with K271
and the positive charge of the K262 could repulse the aromatic rings on motavizumab (Figure
18E).

The evolution of K272 to glutamic acid has a gain of fitness in the presence of
motavizumab, and K272M has a loss of fitness (Figure 19). The pathway to get to
K272M/N262K first requires a loss of fitness but ultimately results in a gain of fitness over
K272E as K272M/N262K has no reduction in growth compared to WT and is not neutralized
by the highest concentration of motavizumab (Figures 17B and C). However, the likelihood of

the mutation of K272M as a permissive mutation is low given that it results in a loss of fitness
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Figure 18. Motavizumab interaction with F protein variants.

(4) F protein monomer (light blue) and motavizumab (dark blue) (PDB: 4ZYP). Residues within 4 A of 262
(gold side chains) and 272 (grey side chains) were identified in PyMol. K271 (orange) is within 4 A of 262
and 272 and residues on motavizumab within 4 A of 271 and 272 are colored red. Mutations were made
using the mutagenesis function. (B) WT F protein monomer and motavizumab. (C) M272 F protein monomer
and motavizumab. (D) K262 F protein monomer and motavizumab. (E) K262/M272 F protein monomer and
motavizumab. The black dotted line indicates 3.3 A between K262 and M272.
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in the presence of motavizumab and therefore makes the emergence of K272M/N262K
unlikely to occur. N262K is also not likely to arise under the selective pressure of motavizumab
as it also has a loss of fitness since it was more neutralized than WT (Figure 17C and Figure
19).

Our passage studies of WT resulted in the emergence of K272E as the only variant.
The M272 variant allowed for the emergence of N262K since it required two nucleotide
changes to mutate from lysine to glutamic acid. When we examine isolated strains from
surveillance studies in the past seven years (35, 209, 261, 275-282) and look at the codons at
our sites of interest for our previously identified MARMSs from Chapter 3, it only requires one
nucleotide change for the K272E, K272M, N262D, and N262K mutations and two nucleotide
changes for S275H, S275R, L258E, and L258K (Table 15). When we examine the rate of
transitions versus transversions in the relative fitness assay mutations in the F gene section we
surveyed, there are more transitions than transversions. This is consistent with previous data
that found more transitions in the RSV genomes of virus grown in HEp-2 cell culture (283).
Since transitions are more likely than transversions, it will also bias the evolution of the virus

and limit the possible codons. Direct mutations to the MARM codons would require at least

K272M/N262K
/ K272E
K272,
a| N262. .
g ’00‘ '0..
i ., A K272M
‘u N262K —p Gain of Fitness
=== |Loss of Fitness

Protein Evolutionary Path Through Time

Figure 19. Fitness diagram of K272 and N262 evolution.

K272F has a gain of fitness in the presence of motavizumab. N262K and K272M as single mutations have
a loss of fitness in the presence of motavizumab. The double mutant, K272M/N262K, had a gain of fitness
in the presence of motavizumab but required the loss of fitness of the K272M mutation first, which will be
unlikely to arise under selective pressure.
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Table 15. Codons of the variants found in surveillance studies and all possible codons for motavizumab
resistant variants identified in Chapter 3 and K272M passage study (MARM Codons).

L258 N262 K272 S275
Circulating TTG AAT AAG TCC
Strain TTA AAA TCA
Codons CTA
MARM E258 D262 E272 H275
Codons GAG(2) GAT(l) GAG(l) CAC(2)
GAA(2) GAC() GAA(l) CAT(3)
K258 K262 M272 R275
AAG(2) AAG(l)  ATG(D) CGC (2)
AAA (2)  AAA(D) CGA (2)
AGA (2)
CGG (3)
CGT (3)
AGG (3)

Numbers in parentheses indicate the number of nucleotide changes from the
circulating strain codon to the MARM codon.

Table 16. AAGginaand AAGFo1a values of potential intermediate mutations for L258E, L258K, S275H, and
S275R.

Codon AAGBina AAGFo
Mutation AAGging  Standard AAGprs  Standard
Change o . .
Deviation Deviation
L258M TTG—ATG 0.06 0.69 0.04 0.31
L2581 CTA—ATA 0.20 0.52 0.68 0.36
L258Q CTA—CAA 1.16 0.50 1.13 0.48
TTG—-GTG
L258V TTAGTA 0.25 0.56 1.63 0.47
TCC—CCC
S275P TCA—CCA 0.42 0.63 3.57 1.77
S275Y TCC—-TAC 3.98 3.11 0.33 1.33
S275T TCA—ACA -0.41 0.96 0.49 0.73

S275C TCC—-TGC 0.06 0.82 -0.20 0.61
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one transversion mutation for all L258 and S275 mutants. The codons limit the possibility of
these mutations; out of all six possible codons for serine, all require at least two nucleotide
changes to evolve to histidine, and the same is true for leucine to lysine. The likelihood of these
mutations naturally occurring is low and would probably require intermediate mutations to
other amino acids before this mutation could occur. Several mutations could be intermediate
mutations between the WT codon and the MARM codons for L258 and S275 (Table 16). All
the intermediates except S275P have a protein folding stability value (AAGr.z) below the 2
kcal/mol cutoff for protein folding and would likely be viable but may not be as fit as WT.
However, S275P is a viable mutant since it arose during the relative fitness assay and one
possible explanation is that the standard deviation for AAGr,.s (SD = 1.77) is high and there
was a large variance between the averages of the AAGro values at this site. The disruption of
binding values (AAGginq) for the intermediate mutations may also be MARMs since L258Q
and S275Y are greater than 1 kcal/mol (Table 16). Future studies should examine changing
codons to ones that may set up other variants to be advantageous to evolve. We are limited in
the tradeoff between residue changes and the replication efficiency of the virus, so some codon
changes may not be possible. A study that uses the currently circulating strains of RSV would
also be advantageous as it would be a closer reflection of the possible MARM that could arise,
and reverse genetics systems of contemporary isolates are available (273).

In our previous study, we estimated the effect of each possible mutation of RSV F
protein for all amino acid sites and 19 possible substitutions at each site for both F protein
monomer folding (AAGryq) and its binding with motavizumab (AAGging)(Chapter 3). We
determined that there was some correlation between AAGgine and loss of binding, where an
increase in AAGging correlated with an increase in loss of binding. The AAGgi.a values for
K272E, L258K, and S275H are 2.09, 1.02, and 5.56 kcal/mol, respectively. However, we did
not have N262K as a possible MARM as our minimal cutoff for AAGgine was 0.5 kcal/mol. As
a single mutation, the AAGsgin¢ for N262K is 0.35 kcal/mol, and the neutralization assay
revealed that it is more susceptible to motavizumab than WT. As noted above, the epistatic
order of mutations may also imbue stability changes to the protein that allows for the
emergence of N262K, and interactions between the M272 and K262 may be required for

escape.



70

The genetic landscape of an organism will direct evolution and determine the
phenotypic characteristics that allow for evolutionary success. The likelihood and relevance of
molecular modeling predictions will rely on the codons and number of nucleotide changes
required to achieve the mutation and epistatic mutations that may need to proceed with the
MARM mutation. The genetic background and epistatic mutations influence the evolution of

RSV F protein and impacts the emergence of MARMs.
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CHAPTER 5

Summary and Conclusions

Monoclonal antibody resistant mutants (MARMSs) previously relied on testing patient
samples, surveillance studies, or passage experiments. The potential MARMs identified in
patient studies and surveillance studies would also have to be tested for neutralization to
confirm if it is an escape variant. Passage experiments present a challenge as they are biased
toward mutations that can occur in a limited number of replication cycles. We confirmed that
biophysical modeling of proteins is an accurate methodology for identifying MARMs. This
study tested molecular modeling predictions of single-point mutations in the F protein that
allowed the escape from motavizumab. Molecular modeling accurately predicted mutations in
F protein that resulted in reduced neutralization and binding of motavizumab. We generated
eight mutations in a recombinant virus that were able to propagate new virus, albeit with some
deficiencies. Six of the eight mutations, including the known MARM K272E, demonstrated
reduced neutralization in microneutralization assays and flow cytometry. L258K, K272E, and
S275H all demonstrated a reduced on-rate in the SPR studies. Correlations were observed in
MFI and AAGsieand in the binding kinetics studies between on-rate, affinity and
AAGsina. However, more variants will have to be tested to confirm the accuracy and threshold
of AAGging, but overall, AAGgina appears to be an accurate indicator of reduced binding.

While we used MDS+FoldX to accurately predict mutations that escape motavizumab,
no other variant has been found as a MARM for motavizumab besides K272E. We wanted to
understand how to interpret our modeling results and the likelihood of our predicted variants
arising in viral populations. First, we examined if any other mutations were possible by
passaging our recombinant clonal virus in the presence of motavizumab. The only variant that
was present was K272E, even in early passages. Next, we examined the relative fitness
between wild type (WT) and our variants (K272E, L258K, S275H) to understand if the mutants
could establish themselves in a population. All three variants maintained a minor presence in
the absence of mAb. However, in the presence of mAb, K272E was the only virus to sweep
the population and arose in both the L258K and S275H motavizumab trials. L258K was the
least fit of the three variants and lost dominance in the presence of motavizumab. The

replication of L258K in the absence of motavizumab had a delay in the detection and reduced
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viral titers over time. In the presence of motavizumab, the viral titers of L258K were not
significantly different from that of WT. This suggests that the replication deficiency of L258K
cannot be overcome even when WT is disadvantaged in the presence of motavizumab. S275H
was initially selected for in the presence of motavizumab but could not compete with K272E
in later passages.

We altered the trajectory of the evolution of F protein by changing K272 to methionine
and found a novel MARM, K272M/N262K. Changing lysine (AAG) to methionine (ATG)
made it so it would take two nucleotide changes to evolve to glutamic acid (GAG). This put
all three variants at equal nucleotide changes to get to a mutant codon, S275H
(TCC—CAT/CAC) and L258K (TTG—AAA/AAG). The resulting mutation for two of our
replicates was N262K (AAT—AAA) while retaining the K272M mutation, which notably only
required one nucleotide change. It is possible that this mutation was the result of epistatic
control in that it could only happen because K272 was mutated to methionine first. This was
further supported by the single mutant N262K having increased neutralization by motavizumab
compared to WT, which indicates that the two mutations are required for antibody escape. We
have shown in the passage studies and the relative fitness assays that K272E is the most
beneficial first step mutation. K272M had a loss of fitness in the presence of motavizumab,
making it more unlikely that N262K will arise if the previous mutation is required. The codon
usage at our sites of interest appeared to impact the likelihood of our predicted mutations
occurring. While it would be interesting to examine if changing the codons at S275 and L258,
all possible codons for those amino acids would require at least two nucleotide changes to get
to that mutation. An intermediary mutation would likely have to precede the evolution of
L258K or S275H for those variants to take hold in a population. Future modeling work should
address currently circulating strains and the codons at the sites of interest to determine the
likelihood of the mutations.

MDS+FoldX can identify MARMs, but it is a limited system. While all eight selected
variants were able to propagate new virus, all had at least some deficiency in growth when
compared to WT. The AAGro value may not be the most accurate way to predict protein
function similar to WT. S275P had a AAGroa value >2 kcal/mol, yet it emerged during the
relative fitness experiments. More variants would have to be tested to confirm whether AAGrou

is an accurate measurement of protein function and if <2 kcal/mol is an accurate threshold for



73

protein folding. A future study could examine all variants with predicted AAGrou <4 kcal/mol
for F protein function to better understand AAGrois as an indicator of protein function. An
additional limitation of MDS+FoldX is that it can only model single mutations. While only
single mutation MARM s have been isolated from patients for palivizumab and motavizumab,
double mutant escape variants have been observed for nirsevimab in passage experiments.
Furthermore, Chapter 4 found that a permissive mutation was required for the emergence of a
novel MARM. MDS+FoldX cannot recreate a complex phenomenon like contingent evolution,
and further advancement in fast protein-protein modeling would be required to predict the
effects of more than one mutation. Our study demonstrated that MDS+FoldX could predict
escape variants and identified the limitations that need to be addressed to improve future
modeling predictions.

This project has demonstrated that molecular modeling is a powerful tool for examining
the interaction between biomolecules and predicting escape variants. The increased use of
mAbs for viral prophylaxis and infections will heighten the need for rapid identification of
potential escape variants, particularly in the case of SARS-CoV-2, HIV-1, and influenza virus
that have all demonstrated escape from targeted anti-viral drugs. Future studies should examine
other viral pathogens and mAbs to help further refine the MDS+FoldX approach and

understand the significance of our modeling predictions.
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