
 

 

 

Characterizing Antibody Escape Variants in the Respiratory Syncytial Virus Fusion 

Glycoprotein 

 

 

A Thesis 

Presented in Partial Fulfillment of the Requirements for the 

Degree of Master of Science 

with a  

Major in Biology 

in the 

College of Graduate Studies 

University of Idaho 

by 

Laura E. Hutchison 

 

 

 

Major Professor: Tanya Miura, Ph.D. 

Committee Members: Paul Rowley, Ph.D.; Jill Johnson, Ph.D.;  

Daniel Weinreich, Ph.D. 

Department Administrator: James Nagler, Ph.D. 

 

 

August 2021 

 

  



ii 
 

 

Authorization to Submit Thesis 

This thesis of Laura E. Hutchison submitted for the degree of Master of Science with 

a Major in Biology and titled “Characterizing Antibody Escape Variants in the 

Respiratory Syncytial Virus Fusion Glycoprotein,” has been reviewed in final form. 

Permission, as indicated by the signatures and dates below, is now granted to submit 

final copies to the College of Graduate Studies for approval. 

 

Major Professor:     _______________________ Date: ______________ 

      Tanya Miura, Ph.D. 

 

Committee Members:    _______________________ Date: ______________ 

       Paul Rowley, Ph.D.  

 

       _______________________ Date: ______________ 

       Jill Johnson, Ph.D.  

     

       _______________________ Date: ______________ 

        Daniel Weinreich, Ph.D. 

 

Department Administrator:   _______________________ Date: ______________ 

                   James Nagler, Ph.D. 

 

 

 

 

  



iii 
 

 

Abstract 

Monoclonal antibodies (mAbs) are becoming more commonly used as 

prophylactics or therapeutics for viral infections. While the binding specificity of the 

mAb may provide adequate protection against the wild-type virus, natural selection 

will favor viral genomes that acquire mutations leading to amino acid changes in viral 

proteins where mAbs normally bind. This results in a phenomenon known as 

antibody escape. This thesis project focuses on the mAb D25 and its interaction with 

the respiratory syncytial virus (RSV) fusion glycoprotein (F). F mediates viral entry 

into host cells and fusion between neighboring cells, while D25 neutralizes the ability 

of F to function in entry kinetics. However, F readily mutates to evade the neutralizing 

effects of mAbs including D25, resulting in variants that lead to antibody escape. A 

D25 mutational library encompassing 30 sites within the D25 binding epitope of F 

was built with the help of molecular modeling. We developed a high-throughput 

pipeline to screen these variants for antibody escape using methodologies such as 

deep mutational scanning and retroviral gene expression systems. Several individual 

variants within the D25 library were also assessed for antibody binding differences 

using flow cytometry and in-cell ELISA. Along with molecular modeling predictions of 

F mutations that give rise to antibody escape, our lab previously identified three 

mutations via deep sequencing after several passages of RSV in HEp-2 cells with 

varying concentrations of the D25 mAb. These mutations, Q202R, N208Y, and 

N208K were identified, where N208Y and N208K were both predicted by molecular 

modeling. This project allows for the identification and characterization of potential 

escape mutations in F by screening all potential amino acid variants at the 30 sites 

within the D25 binding epitope. We can use our findings to assist in viral variant 

surveillance for RSV, first using a broad deep mutational scanning – based screen to 

find potential escape mutants and then by validating those findings using individual-

based binding assays. 
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CHAPTER 1: LITERATURE REVIEW 

RSV Characteristics 

Respiratory syncytial virus (RSV) is a member of the Pneumoviridae family 

and Orthopneumovirus genus. It has a negative sense, single stranded RNA 

genome, and is enveloped by a lipid bilayer that it derives from host cells and uses to 

aid in membrane fusion processes in early stages of infection. There are two known 

subtypes of RSV (A and B) that tend to co-circulate together during the same RSV 

season. The RSV season typically peaks between mid-December to late February 

(1). Researchers have shown differing results among disease severity when 

comparing the two subtypes, but many studies provide evidence that subtype A 

infections cause more severe disease (2-4).  

RSV particles are known to exist in both spherical and filamentous forms, but it 

is unknown whether spherical or filamentous is more common or causes more severe 

disease in infected individuals. Contained within the RSV particles, whether spherical 

or filamentous, is the RNA genome that is surrounded by nucleoprotein for protection 

against detection and RNA degradation within the host cell environment. 

Phosphoprotein and an associated RNA-dependent RNA polymerase make up part 

of the genome-nucleoprotein complex within the core of the virus particles. 

Phosphoprotein helps to link the RNA polymerase to the genome-nucleoprotein 

complex and aids in replication and transcription by interaction with various other 

proteins (5). The role of the RNA polymerase is to replicate the RNA genome to be 

packaged into new budding virions as well as participate in 5’ capping and cap 

methylation of mRNAs (6). These proteins associated with the RNA genome are 

encased in a mesh of matrix protein that serves as a primary capsid structure for the 

RSV particles. Matrix protein is involved in viral assembly and budding. It is also 

found to localize to the host cell nucleus during early infection stages to play a role in 

inhibiting transcription processes of the cell (7-9).  

Surrounding the virion is a lipid bilayer that is studded with three different 

glycoproteins: the small hydrophobic protein (SH), the attachment glycoprotein (G), 

and the fusion glycoprotein (F). SH is thought to act as a viroporin, allowing transport 
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of ions in and out of the viral capsid. The precise role of these ion channels in the 

context of viruses is not fully understood and holds true in the case of the SH protein 

of RSV (10, 11). The G protein exists as both a transmembrane protein involved in 

attaching virions to host cells via receptor interactions and as a secreted protein that 

is known to act as an antigenic decoy to thwart the host immune system (12-14). F 

mediates fusion between the viral lipid bilayer and the lipid bilayer of host cells and 

functions to fuse nearby cells together when expressed on infected cells, forming 

large syncytia in vitro (15, 16). This protein is a type I transmembrane fusion protein 

that is synthesized as a precursor called F0 that is approximately 574 amino acids in 

length. A proteolytic cleavage event takes place within the Golgi apparatus, where full 

length F is cleaved by furin-like proteases of the host to yield two subunits called F1 

and F2. These subunits are linked by two disulfide bonds to make the heterodimeric 

protomer of F. Three of these protomers come together to form the fusion protein 

trimer that is present on the surface of the virion. The F protein sequence is highly 

conserved between the different RSV subtypes, which is important to consider when 

designing vaccines, therapeutics, and prophylactics.  

RSV Replication Cycle 

 RSV particles need to initially attach to a host cell before proceeding with 

downstream infection steps. Both F and G glycoproteins are known to interact with 

host cell surface proteins that aid in attachment. G has been shown to bind many 

different proteins on the surface of cells, including glycosaminoglycans as well as 

heparin sulfate proteoglycans through the heparin-binding domain of G (17, 18). 

Heparin sulfate proteoglycans are not found on the surface of ciliated human airway 

epithelial cells though, the primary cell type that RSV infects (16, 19). This indicates 

that these interactions could be an in vitro artifact. G has also been shown to interact 

with CX3C chemokine receptor 1 that is expressed on the surface of ciliated 

bronchial epithelial cells (20-22). Though the G protein is not required for cellular 

attachment in vitro, studies have demonstrated that the interaction between G and 

CX3C chemokine receptor 1 are important for downstream signaling resulting from 

host cell receptor interactions, leading to the chemotaxis of immune cells (20-22).  



3 
 

 

The F protein plays a role in attachment of the virus particles to host cells, 

since variants of RSV that do not have G or SH proteins are still able to enter and 

infect cells in vitro (23). F has been shown to interact with many different cellular 

receptors, including intercellular adhesion molecule 1, epidermal growth factor 

receptor, and nucleolin (24-26). A study from 2011 demonstrated F binding to 

nucleolin and this interaction aiding in cellular attachment (26). Many other viruses 

are found to interact with nucleolin for cellular entry, such as parainfluenza virus 3, 

enterovirus 71, HIV-1, among others (27-29). In young children, cells of the alveoli in 

the lower respiratory tract are still growing and dividing, leading to higher nucleolin 

quantities on the cell surface. Nucleolin is also thought to interact with the G protein 

to promote infection. An increase in nucleolin on the cell surface can lead to a higher 

frequency of interactions between nucleolin and G. A recent study showed an 

induction of nucleolin expression upon interaction between G and CX3C chemokine 

receptor 1, indicating that G could be used for the facilitation of RSV attachment (30).  

Upon attachment to the surface of a cell, the membrane of RSV and 

membrane of the host cell must fuse to allow the nucleoprotein-coated RSV genome 

into the cell cytoplasm (figure 1). It is thought that RSV may not only fuse at the 

surface of the cell with the plasma membrane but may also be able to fuse with 

endosomes after utilizing micropinocytosis pathways (31). Another report showed 

that the first several fusion steps may involve docking of the particles at cholesterol-

rich domains in the plasma membrane, and the remaining fusion steps occur inside 

endocytic vesicles (32). In either case, the overall fusion steps remain the same, 

beginning first with a triggering event of F from its pre-fusion to an intermediate state, 

then to its post-fusion conformation. Prior to triggering and fusion, F exists as a 

metastable trimer on the surface of the virion. It is not entirely known what 

mechanism triggers F. One hypothesis is known as the ‘provocateur’ or ‘association 

model’, involving G triggering F by destabilization, after G has interacted with its cell 

surface receptor (33, 34). Another hypothesis is that there is a background of 

spontaneous conversion from pre-to-post fusion, leading to the triggering of F at the 

right place and time near the surface of a host cell. Since F is metastable and can 

convert to post-fusion spontaneously, it is possible that this type of triggering could 
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occur (35). During F triggering, heptad repeat A that contains the highly hydrophobic 

fusion peptide, extends out towards the host cell membrane (figure 1). The fusion 

peptide embeds itself into the lipid membrane of the cell, forming the intermediary 

structure of F. Heptad repeat B (HRB) then folds back onto heptad repeat A (HRA) 

and jackknifes around domains I and II to form a six-helix-bundle. Residues present 

within the heptad repeat motif allow for hydrophobic and charge-charge interactions 

leading to helix bundling. This bundling of motifs allows the membranes to come into 

close enough proximity that they can fuse together, leaving behind a fusion pore for 

the RSV genome to enter the cytoplasm of the cell (12, 36).  

Figure 1: F protein mechanism of action. Pre-fusion F exists as a metastable trimer on the surface of the virion. 
Upon triggering, the fusion peptides on the N-terminal ends of the monomers are released from the core of the 
protein and embed themselves in the host cell membrane. HRA and HRB associate to form the stable 6-helix 
bundle to fuse the viral and host cell membranes together. Figure adapted from McLellan et al. 2011 (36). 
 

After successful entry into the host cell cytoplasm, the RSV genome is utilized 

first as a template for transcribing mRNAs to be translated to viral proteins. These 

mRNAs are made using the virally encoded RNA-dependent RNA polymerase 

(RdRP) enzyme. Each mRNA is transcribed from an individual gene within the 

genome of RSV (37). RdRP binds the negative sense genome at the 3’ end and 

transcribes the RNA into positive sense mRNAs in a gradient fashion. Genes that are 

closest to the 3’ end are transcribed at a higher frequency than those genes closer to 

the 5’ end, because the proteins that these genes encode are needed in much higher 

amounts for packaging new budding virions as well as downregulating host immune 

responses. The RdRP is also used for replicating the negative sense genome into 
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positive sense anti-genomes to be used by the RdRP again to yield more negative 

sense genomes to be packaged. 

Clinical Significance of RSV Infection 

Acute lower respiratory tract infections (ALRIs) are considered the leading 

cause of death for infants across the globe. One virus that greatly contributes to the 

disease burden of ALRI is RSV. RSV was first discovered and isolated in the 1950’s. 

It is considered a common childhood infection, infecting approximately 98% of 

individuals by the age of three and it is the most common contributor to childhood 

ALRIs (38-40). Children who develop a more severe RSV infection at a young age 

are more likely to have asthma and wheezing later on in life, leading to potential 

health complications (41). Certain risk factors such as prematurity at birth, congenital 

heart disease, bronchopulmonary-related diseases, as well as other factors including 

crowded living conditions and malnutrition can all contribute to an infant being at 

higher risk of severe RSV infection (42). There are upwards of a million RSV cases 

per year worldwide including hundreds of thousands of deaths, and though RSV has 

been studied for over 50 years, there is no vaccine to prevent infection (43, 44). This 

can be attributed to many factors, including a lack of protection from natural RSV 

infection due to an induction of low-affinity neutralizing antibodies and a need for 

more knowledge surrounding this lack of protection among different populations 

including young children as well as the elderly (45, 46). The immature immune 

systems of infants under the age of 6 months may be a contributing factor for 

reduced immunity as well as maternal antibodies possibly playing a role in 

suppression of the immune response of the infant (39). In elderly populations, a 

process known as immune senescence is a confounding factor when designing and 

administering an RSV vaccine (47).  

Over the years, many different avenues have been explored in the process of 

developing prophylactic options, vaccines, and therapeutics. In the 1960’s, a 

formalin-inactivated subunit RSV vaccine was developed and administered to 

children. This vaccine caused enhanced respiratory disease upon infection by the 

induction of an incorrect T cell response leading to increased inflammation and 



6 
 

 

eosinophilia in the lungs (48, 49). After a re-evaluation of human sera from patients 

that received this vaccine, it was found that fusion inhibiting antibodies were not 

present. Instead, antibodies targeting non-neutralizing epitopes of F were found, 

which could have decreased the effectiveness of the vaccine, due to lack of 

neutralization by the antibodies (50).  

During the next several decades, only RSV intravenous immunoglobulin (RSV-

IVIG) and the monoclonal antibody (mAb) palivizumab (Synagis) developed in the 

1990’s have been licensed and administered to patients. Palivizumab is the only 

prophylactic option still used today but it has drawbacks and limitations: a high cost, a 

lack of broad protection for all infants, and the requirement for multiple intramuscular 

injections throughout the RSV season. Palivizumab is a humanized neutralizing 

antibody that targets the F protein to prevent membrane fusion in both RSV subtypes 

(51). This antibody was developed to eliminate the need for intravenous injection 

used with RSV-IVIG while better protecting infants and children with underlying 

cardiovascular diseases from severe infection from RSV. Subsequent studies 

showed that palivizumab greatly reduced hospitalizations related to RSV infection 

and was then approved by the FDA for at-risk children and infants and is still used 

today (52, 53).  

Work across the globe is being performed to develop and test new vaccine, 

therapeutic, and prophylactic candidates. These include vaccines such as live-

attenuated, vector-based, particle-based, and subunit vaccines as well as mAbs (46). 

One promising candidate is DS-Cav1, a subunit vaccine that aims to elicit an 

antibody response against pre-fusion F. DS-Cav1 was developed using structure-

based design techniques, involving the stabilization of the F trimer using various 

mutations and stabilization domains to maintain antigenic site Ø for natural antibody 

production (54). Six different structures were designed with a stable antigenic site Ø 

and tested for eliciting neutralizing titers in mice and non-human primates, where the 

DS-Cav1 structure performed best (54). DS-Cav1 was then studied using human 

serum in 2019 to detect vaccine-induced neutralizing activity (55). In both RSV-A and 

RSV-B subtypes, neutralization was found to be robust, demonstrating the 

conservation between F across subtypes (55). A phase I clinical trial report released 
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in April of 2021 demonstrated that DS-Cav1 was tolerated well by adults and showed 

an increase in F specific antibodies in serum and neutralizing activity that was 

sustained for 44 weeks post injection (56).  

Ideally, a vaccine candidate would be able to protect not just at-risk infants, 

but all infants and young children as well as older adults and keep person-to-person 

transmission minimal (57). There is also discussion about the immunization of 

pregnant mothers to protect their children from RSV infection after birth. Designing a 

vaccine to target all these demographic groups effectively is extremely difficult, and 

why it is essential that work continues to be performed in the laboratory setting.  

RSV Therapeutics 

 The availability of therapeutics as well as vaccination or prophylactic options to 

protect individuals from RSV infection is important to consider. In some cases, 

antiviral drugs, therapeutic antibodies, or small molecule inhibitors may be utilized in 

conjunction with prophylactics to better control the onset of severe disease in certain 

individuals. Ribavirin was used as the first RSV therapeutic drug and remains the 

only FDA-approved therapy available for RSV infection. Ribavirin is a nucleoside 

analog that inhibits the activity of the highly conserved viral RdRP, and is 

administered as an aerosol that upon inhalation reaches the lower respiratory tract in 

infected individuals (58). This drug has shown activity against other RNA viruses as 

well, including Zika virus and hepatitis C virus (59, 60). Ribavirin has shown some 

clinical benefit in controlled studies, especially in adults, but has also been found to 

be potentially toxic for those administering the drug or others exposed to it during 

treatment (61, 62). Since 2006, use of ribavirin is not generally recommended due to 

lack of pediatric efficacy studies and potential toxicity, but is still used for patients that 

are immune compromised to try and prevent infection from reaching the lower 

respiratory tract (63-65). Thus, there is still a need for drugs that are more effective at 

treating RSV infections in children and adults with compromised immune systems as 

well as healthy children and older adults who suffer from severe disease.  

 Other RSV antiviral therapies come into play at multiple stages of the lifecycle 

of RSV, including viral attachment, during viral fusion and uncoating processes, and 
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mRNA synthesis as is the case for ribavirin (66). Several therapeutic antibody drug 

candidates in development include RI-001 and RI-002, REGN2222, ALX-0171, and 

the mAb 131-2G (66). All these antibodies, apart from RI-001 and RI-002, bind either 

the F or G protein to hinder attachment and fusion processes in an infected 

individual. RI-001 and RI-002 are polyclonal antibody pools containing high amounts 

of RSV-neutralizing antibodies. There are many other types of therapeutic candidates 

in the pipeline for clinical use, such as small molecules, nucleoprotein inhibitors and 

nucleoside analogs (66). Many of these candidates are still in need of further studies 

to prove antiviral activity and safety in their target population.  

The D25 Monoclonal Antibody  

The human antibody D25 targets pre-fusion specific F with high neutralizing 

capabilities (67, 68). This antibody was discovered through RSV specific memory B 

cells from a healthy donor. Memory B cells were transduced with genes aiding in 

proliferation and antibody production (Bcl-xL and Bcl-6). After two weeks of culturing 

the cells, the secreted monoclonal antibodies were harvested and subjected to 

microneutralization assays to test for resistance to neutralization. Four of the highest 

neutralizing monoclonal antibodies were then characterized as D25, AM14, AM16, 

and AM23 (67). In 2013, the D25 binding site was discovered and described in detail 

after its co-crystal structure was solved (69).  

D25 binds antigenic site Ø of the pre-fusion F protein located on the apex of 

the protein furthest from the viral membrane (figure 2). In 2013, it was shown that 

D25 and other site Ø binding antibodies were able to block fusion when added after 

viral attachment (69). This site is not as conserved as other binding sites within the F 

protein, suggesting that it could contribute to subtype-specific immunity (70). Site Ø is 

only present on pre-fusion F and undergoes major conformational changes during F 

triggering (figure 2). It was then demonstrated that D25 bound to pre-fusion F 

stabilizes F in the pre-fusion state (69). Though there are few changes in the 

secondary structure of F between the pre-and-post fusion conformations, significant 

changes are found within the tertiary structure. The change in tertiary structure 

demonstrates D25’s ability to bind pre-fusion F but not post-fusion F. It is thought that 
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because site Ø is located on the apex of the F trimer that antibodies can more easily 

access the site, possibly explaining why most naturally induced antibodies found in 

human sera are against pre-fusion F.  

A derivative of D25 called MEDI-8897 (nirsevimab) is currently in later stages 

of clinical trials for prophylactic use in preventing RSV infection (71-73). MEDI-8897 

was developed by mutating the complementarity-determining regions (CDR) of the 

D25 mAb until improved neutralization activity was demonstrated (71). In 2017, over 

1500 mAb variants were tested until MEDI-8897 was selected and the co-crystal 

structure of MEDI-8897 bound to F was subsequently solved (PDB code 5UDC). 

MEDI-8897 had 5 amino acid substitutions in CDRs and 4 germline reversions within 

the heavy chain sequence. MEDI-8897 was shown to be 4 times more potent at 

neutralizing RSV than D25 based on microneutralization assays. It is suspected that 

the difference in potency between D25 and MEDI-8897 involves amino acid 

interactions of the antibodies with the F2 subunit of the F trimer since both D25 and 

MEDI-8897 interact with F residues at sites 200, 201, 208, and 209 (71). Many of the 

altered residues in MEDI-8897 are in or near CDRH1 and CDRH3, leading to an 

increase in the negative charge of the CDRH1 (71). This CDRH1 is near the 

positively charged lysine of site 68 in F2, promoting charge-charge interactions. A 

mutation in the CDRH3 again creates a negative charge that participates in a salt 

bridge with a lysine at site 65 in the F2 subunit (71).  

To extend the half-life of the antibody, 3 amino acid mutations were made in 

the fragment crystallizable (Fc) region of the antibody allowing for 2-4-fold increase in 

the half-life of the mAb in healthy adults and cynomolgus monkeys (74). Due to 

similarities in binding between MEDI-8897 and D25, it is important to study potential 

escape mutations in D25 that could also escape MEDI-8897. Characterizing variants 

that show significant escape from D25 could lead to improvements in the design of 

MEDI-8897 to better protect individuals from severe disease.   
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Figure 2: Pre-and post-fusion forms of F and corresponding antibody binding sites coloring the space-filling 
diagrams. Palivizumab binds site II of pre-and post-fusion F, while D25 and MEDI-8897 bind site Ø. Site Ø is a 
pre-fusion specific antibody binding site, meaning that it is present on pre-fusion F only. Image adapted from 
Rossey et al. 2017 (75). 

 

Use of Monoclonal Antibodies 

Monoclonal antibodies are becoming increasingly more common as either a 

therapeutic or a prophylactic for treating or preventing viral infections, respectively 

(76-78). There are many mAbs in development and clinical trials currently underway 

for several viruses, including RSV, Ebola virus, influenza virus, human HIV-1 and 

more (79-83). MAbs can bind antigens potently and specifically, and there are many 

ways to generate mAbs for various kinds of viruses. These include CHO-S cell-based 

antibody expression, single-memory B cells, and antibody secreting plasma B cells 

(84). FreestyleTM CHO-S® (Gibco) cell-based antibody expression has been used in 

the Miura lab to generate anti-F antibodies such as D25 and 101-F. CHO-S cells are 

transfected with heavy and light chain antibody plasmids to generate the heavy and 

light chain proteins. The heavy and light chains then associate to form the mature 

antibody and are secreted from the cells where they can be harvested and purified.  

MAbs are often initially made by humans who were naturally infected with a 

virus and those antibodies are further optimized to improve stability and half-life (78). 

These mAbs can potentially be used for prevention or treatment in the incredibly 

young, the elderly, and immune compromised who are unable to receive vaccines. A 
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major drawback to using mAbs is the potential for the phenomenon known as 

antibody escape, discussed in more detail in the next section. Antibody escape can 

render the antibody therapy or prophylactic ineffective due to mutations in the 

antibody binding site. This can lead to the neutralization of the virus by sterically 

hindering viral-host cell protein interactions that typically lead to fusion and 

subsequent uncoating of the virus genome.  

In the context of RSV, the use of antibodies as both a prophylactic and 

treatment option began in the mid 1980’s. Researchers at this time discovered that 

the administration of IVIG, containing a high titer of anti-RSV antibodies, greatly 

decreased recovery time after infection with RSV in one infant. IVIG was also found 

to reduce viral replication in both a cotton rat and non-human primate model when 

used as a therapeutic, and when given prophylactically prevented the virus from 

causing lung pathology in the cotton rats (85-87). The development of a more specific 

and potent neutralizing antibody to RSV was thought to be the next best way to 

improve upon the use of IVIG. These neutralizing monoclonal antibodies would then 

be developed, leading to several prophylactic and therapeutic mAb developments 

over the next several decades (51, 72, 83, 88-93).    

MAbs are developed to target the F protein of RSV, which makes an excellent 

target for mAbs mainly because antibodies found to clear RSV during natural 

infection are primarily anti-F antibodies (94, 95). F also maintains a highly conserved 

protein sequence between the two different subtypes of the virus, A and B, roughly 

95% (88, 96-99). It is also a promising target because of its primary function of 

mediating viral membrane fusion with host cell lipid bilayers and is essential for the 

first steps of viral infection (69, 100). The binding of mAbs to F can prevent 

membrane fusion and cell-to-cell spread via syncytia formation, thus neutralizing the 

virus. As mentioned in the clinical significance section, palivizumab is the only mAb 

for the prevention of RSV infection (46). Palivizumab is a humanized mAb given to at-

risk infants and young children via intramuscular injection several times during the 

typical cold and flu season as a prophylactic to prevent the onset of RSV infection. 

The mAb functions by targeting antigenic site II of the F protein (figure 2), preventing 

genome entry by inhibiting conformational changes required to induce fusion during 
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infection (101, 102). As mentioned previously, palivizumab has been shown to be 

somewhat effective as a prophylactic but is not the most cost-effective option and is 

only approved for at-risk infants with underlying conditions especially affecting the 

heart and lungs (91, 103). Another antibody called motavizumab (MEDI-524), is an 

affinity-optimized mAb that also binds site II of the F protein as it is derived from 

palivizumab. Motavizumab was developed by evaluating different affinity-optimized 

variants from palivizumab in cotton rats for their inhibition of RSV replication as a 

prophylactic (104). The most potent antibody, later named motavizumab, initially 

showed promising results in studies focused on its potency for neutralization and 

binding specificity to F in vitro, neutralizing F 20-fold better than palivizumab and a 

binding improvement of 70-fold (104). Though initially promising, motavizumab was 

turned down because it did not demonstrate enough improved efficacy over 

palivizumab in phase II and III clinical trials. Clinical trial results from 2010 however, 

demonstrate that motavizumab as a prophylactic for high-risk children yielded 

approximately the same rates of hospitalizations as children given palivizumab, and 

motavizumab decreased medically attended RSV lower tract infections by 50% (105). 

These reasons, among others, is why it is imperative to continue exploring other 

more protective, potent, and cost-efficient immunoprophylaxis options that protect a 

broad group of individuals (106).  

As mentioned previously, a more recent mAb of interest for the prevention of 

RSV infection is MEDI-8897 or nirsevimab, that has a longer half-life in serum than 

D25 due to modifications in its Fc region (82). Nirsevimab would only need to be 

administered to patients once at the beginning of their first cold and flu season and 

would be a more broad-reaching mAb for most infants and children instead of only at-

risk groups. This mAb is currently in phase III of clinical trials after showing success 

in earlier phases (107). It has been shown to neutralize several RSV A and B strains 

at a higher potency than that of palivizumab and reduces viral load in the lungs of 

cotton rats more effectively than palivizumab (72, 82). 
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Antibody Escape 

The phenomenon known as antibody escape is an extremely important caveat 

to consider when designing mAbs that target viruses (108, 109). This is especially 

true for RNA viruses, that have a high genomic mutation rate. The use of mAbs that 

bind a specific epitope on a viral protein can create a selective pressure that drives 

the evolution of escape variants in the population (110-112). The presence of clinical 

escape variants can render mAbs ineffective as a treatment or prophylactic, therefore 

a greater understanding of all the possible escape mutations within virus systems is 

crucial. A greater understanding of possible escape mutations can assist in the 

process of optimizing clinically used mAbs for a broader protection against escaping 

viruses. Antibody escape is typically studied by first allowing the wild-type virus of 

interest to replicate in cell culture in the presence of neutralizing antibody. This 

generates antibody-resistant mutants in the population that can be further isolated. 

Once these mutants have been isolated and sequenced, they can then be used in 

several different assays to analyze neutralization by antibodies, viral growth kinetics, 

and antibody binding. Antibody neutralization assays can involve a TCID50 assay 

(tissue culture infectious dose 50) to first quantify infectious virus, then determine 

how much antibody is required to effectively neutralize the infecting virus in vitro 

(113). TCID50 assay materials and methods can be found on page 54. There are 

multiple other ways to assess antibody neutralization, including serum virus 

neutralization assays (SVN) and pseudotyped virus-based assays (114-116). SVN 

assays use serially diluted serum that contains neutralizing antibodies and virus that 

is added to the serum to test for neutralization. Cells are then added to the serum 

and virus mixture and assessed for cytopathic effect. A pseudotyped virus-based 

neutralization assay was developed in 2020 to quantify SARS-CoV-2 neutralizing 

antibody. In this study, the researchers used VSV-G pseudotyped virus packaging 

system with a luciferase reporter gene and the spike protein from SARS-CoV-2 (116). 

When neutralizing antibodies are present, the amount of chemiluminescence activity 

is diminished and subsequently detected.  

The gold standard method to approach neutralization assays, however, are 

plaque reduction neutralization tests (PRNTs) (117). The basis of this assay is to mix 
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virus with antibody, allowing any neutralization to occur. The virus is then added to 

cells in vitro and the wells are overlayed with a viscous media. Plaque formation, or 

regions of viral replication leading to the destruction of cells, is then detected by 

dyeing the wells with a vital dye such as crystal violet. If there are plaques present 

within the well, that indicates that the virus is not being neutralized by the antibody. 

Few or no plaques in the well indicates that the antibody is neutralizing the virus. This 

type of assay can involve the screening of different viral mutants but can also be 

somewhat labor intensive and low throughput. This aspect of PRNTs can make it 

difficult to screen large variant libraries for resistance to neutralization by antibodies 

(118). It should also be noted that not all viruses form plaques, making this assay 

difficult for assessing neutralization using those viruses (119). 

 Viral growth kinetics are also analyzed to determine if the escape mutants 

replicate as effectively as the wild-type virus in vitro. Viral titers can be determined by 

use of TCID50 or plaque assay and compared between different viral variants (120, 

121). Many studies also incorporate a competitive replication assay, involving the 

infection of cells with wild-type virus and escape mutants simultaneously, sequencing 

the released virus to determine the variants present, then measuring the relative 

amounts of virus using qRT-PCR. Sequence analysis can then be used on the wild-

type and escape mutant-containing viruses to distinguish between variants. This 

method yields relative replication rates of the different variants as well as the 

reference wild-type virus within the same culture (122). Antibody binding kinetics are 

typically analyzed in these studies because it is important to know that the 

relationship between antibody binding and susceptibility to neutralization is positively 

linear. As neutralization susceptibility increases, antibody binding also increases, 

indicating that viral variants that are less susceptible also bind antibody at a lower 

strength (121). These kinds of experiments help indicate that the variants of interest 

are indeed escaping antibody neutralization.  

This traditional workflow of studying antibody escape is somewhat incomplete. 

The selection steps that initially establish variants within the population in the 

presence of antibody also create a strong bias that can lead to overwhelming the 

population with only those prevalent escape variants. This results in only a small 
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fraction of the potential escape mutations being identified and further studied; thus, 

these experiments are not as completely thorough as they could be (109).  

Antibody escape has been well-studied using many virus models, including 

RSV, rabies virus, influenza virus, Ebola virus, dengue virus, and Zika virus among 

others (113, 123-130). Even more recently, antibody escape has been studied in the 

context of the current SARS-CoV-2 pandemic (131, 132). Studying antibody escape 

in the context of RSV is important when creating a watchlist of potential escape 

mutations that could become prevalent clinically. Antibody escape studies can help 

researchers better design prophylactics or treatment options for infected individuals 

before antibody-resistant variants arise.  

With palivizumab being used clinically for the prevention of RSV infection in at-

risk infants and children since 1998, studies began to focus on potential clinical 

palivizumab escape mutations that could be a cause for concern in RSV-infected 

patients. Before palivizumab was introduced clinically, research groups were already 

studying anti-F antibody escape. The murine parent of palivizumab, mAb 1129, was 

being studied along with other mAbs to find antigenic sites on F to elucidate antibody 

escape variants at certain neutralizing epitopes. The escape mutants of interest in 

this study were not neutralized by any of the mAbs in antigenic site A, where mAb 

1129 binds (99). An amino acid change at position 275 from a serine to 

phenylalanine was found in F due to selection with mAb 1129, indicating that this 

antibody escape mutation arose in vitro in a critical antibody binding and fusion-

mediating region of F (133). A research group in 2004, led by Xiadong Zhao, showed 

resistance to palivizumab in RSV mutants using in vitro as well as in vivo 

methodologies. In cell culture, RSV strain A1 was propagated in the presence of 

palivizumab for several passages. The researchers picked viral plaques and 

performed nucleotide sequencing. Several mutations were found within the F gene, 

including a change from alanine to threonine at amino acid site 828 as well as a 

change at site 272 from lysine to methionine (134). In 2008, nasal wash samples 

from infants infected with RSV and developed lower respiratory tract infections (LRTI) 

who were also given palivizumab showed a mutation in F at amino acid 272. The 

amino acid change at this site was from a lysine (K) to a glutamate (E) (135). These 
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data sparked an interest in many research groups to identify potential escape 

variants in RSV. A research group from MedImmune in 2011 generated several 

palivizumab and motavizumab escape mutants in vitro and obtained clinical samples 

from a phase three clinical trial to study the resistance to antibody in these mutants. It 

was found that the in vitro selected RSV variants were mutated at the same 272 

amino acid site that was observed in the 2008 study. The wild-type lysine was found 

to have mutated to several other amino acids including glutamate. This K272E 

mutant, among others at this position as well as position 275, was also observed in 

the patient samples analyzed by the research group. Further experimentation 

demonstrated that all the mutants were palivizumab resistant but only K272E was 

also motavizumab-resistant (136). The Miura lab has also recently demonstrated 

motavizumab resistance in RSV, and evolutionary experiments have also shown the 

K272E mutant sweeping through the viral population. Further experimentation 

assessing binding kinetics by surface plasmon resonance (SPR) have been 

performed comparing wild-type F binding to motavizumab to several F protein 

mutants, including K272E. In cell-ELISA experiments have also shown differences in 

binding to motavizumab across several mutants. Overall, much work has been done 

studying antibody escape in F over the last several decades (137-141). 

Recent research published in 2018 found nirsevimab escape variants at site 

N208 and N67 in RSV subtype A and at sites N208, N201 and K68 in RSV subtype B 

(121). The escape variants found at each of these sites in subtype A and B are 

located at the same position. The subtype A variants on their own showed some 

resistance to nirsevimab neutralization, but not nearly as significant as the variants in 

subtype B. When N208Y and N67I were present together, the neutralizing 

concentration increased dramatically. Based on the crystal structure of F, the 

researchers cannot find an obvious explanation as to why the changes in these 

amino acid sites cause disruptions in antibody binding. Asparagine being a polar 

residue could be involved in hydrogen bonding interactions with other polar residues 

in site Ø of F. It is unclear why this change on its own causes such a dramatic 

difference in binding in RSV subtype B but not RSV subtype A without the secondary 

mutation at site N67.   
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Deep Mutational Scanning  

Traditional methods of studying the function of specific amino acid residues 

within a mutational library framework typically include the use of methodologies such 

as site directed mutagenesis, alanine scanning, scanning saturation mutagenesis, 

and iterative saturation mutagenesis (142-147). These methods provide some 

information regarding important residues within a protein but are limited in their ability 

to explore each individual amino acid change or multiple amino acid changes at 

once. Alanine-scanning, for example, replaces amino acids of interest with the small, 

non-polar alanine residue. This technique only permits the study of a small sample of 

possible escape mutations. This method takes a certain number of amino acids in a 

viral protein and mutates those amino acids individually to alanine using SDM and 

determines the phenotypic outcome (142). For certain experimental designs, 

changing a few amino acids to alanine to better understand the impact of those 

residues is acceptable when working with a few amino acid sites. When projects 

expand beyond evaluation of just a few residues, methods such as alanine scanning 

do not give the coverage needed for assessing every amino acid site within a protein. 

It can also be difficult using methods such as PCR-based site-directed mutagenesis 

(SDM) to generate all mutants of interest due to the length of time it takes to generate 

all mutants and a potential bias towards the sites being targeted for mutagenesis 

(148). In some cases, researchers may be interested in studying all amino acid 

mutations within a specific protein site in an unbiased manner. Techniques such as 

SDM and alanine scanning fall short in their ability to provide such comprehensive 

sets of data in a relatively short amount of time.  

Within the last decade, researchers have developed high-throughput assays 

that allow the expression and screening of large variant libraries. One of the first 

technologies developed was termed deep mutational scanning (DMS), which has 

been successfully used to study the effects of mutations at all or nearly all sites within 

a protein of interest (149-151). Many research groups have utilized DMS to study 

antibody escape in the context of several different viruses, including Zika virus, 

influenza virus, and HIV (129, 152, 153). Before using a technology like DMS, large 

variant libraries must first be generated. These libraries can be developed in several 
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ways, including error-prone PCR, Kunkel mutagenesis, EMPIRIC (extremely 

methodical and parallel investigation of randomized individual codons), POPCode, or 

commercially available mutagenesis by gene synthesis (151, 154-157). These 

methodologies have been reviewed elsewhere (158).  

After generating the library, the next step is selecting an expression approach. 

There are several ways that can be used to express a mutational library, including 

viral gene delivery and expression systems, yeast display, and phage display (150, 

152, 159-162). Other assays can be used to express a library of variants such as 

phage or yeast displays. These types of assays can be used to study protein variants 

of interest by displaying the protein on the surface of a phage or yeast cell that 

contains the corresponding gene (158). Another technique, called the landing pad 

system, may also be used to express mutational libraries in vitro (163-167). This 

system site-specific recombinase enzymes, where a landing pad vector containing a 

recombination site along with a selectable marker is integrated into the genome. A 

recombinase enzyme that matches the site can then recombine the gene of interest 

into that specific site (163). In studies using viral expression systems, the goal is to 

individually express hundreds or sometimes thousands of variants of interest from the 

library so each can be individually assessed for expression or antibody binding 

without an excess of time and materials. Retroviral gene expression systems can be 

utilized for optimal expression and analysis of mutational libraries. An expression 

system using a murine leukemia virus (MLV) packaging backbone for example, 

allows for the expression of variants in cell culture by utilizing the reverse 

transcription and integration activity of these viruses. Genes of interest that are 

packaged into a retroviral particle can then be recombined into the genomes of cells, 

where they are subsequently expressed.  

Selection or screening the expressed variants from the library is the final 

portion of DMS studies. As with the expression portion of this pipeline, there are 

multiple ways to screen library variants. Depending on the model used to scan the 

protein of interest, selection can take place using ligand binding, growth rate, or small 

molecule binding among other methods (168). For example, a study from 2012 

involving influenza inhibitors used yeast display selection by expressing their 
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hemagglutinin libraries of interest on the surface of yeast, and selected beneficial 

mutations based on binding to HA1-2 (169). A study from 2011 used the abundance 

or growth rate of heat shock protein 90 (Hsp90) mutants displayed in yeast to screen 

their libraries. Deep sequencing was used to analyze the abundance of the Hsp90 

mutants (151). A technique that is often used for selection and assessment of 

variants from a mutational library expressed on the surface of cells is fluorescence 

activated cell sorting, or FACS (164, 170-172). This type of method can sort protein-

expressing cells based on their binding to fluorescently labeled antibodies of interest. 

FACS can be used as an initial screening to assess binding differences across library 

variants in a relatively short amount of time. Since this technique involves cell sorting, 

it leads right into the process of DNA extraction and generation of amplicons for deep 

sequencing.  

Overall, DMS coupled with an effective selection and sequencing technique 

can provide a powerful pipeline, allowing the assessment and characterization of 

large variant libraries as compared to more traditional methods. The ways in which 

libraries are generated, expressed, and screened are continually evolving and are 

flexible enough to provide researchers with a unique tool to suit the needs of their 

protein library studies.  
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CHAPTER 2: BUILDING A D25 MUTATIONAL LIBRARY FOR HIGH-
THROUGHPUT SCREENING OF ANTIBODY ESCAPE 

Introduction 

Building the D25 Mutational Library  

The F protein of RSV undergoes dramatic evolutionary pressures to maintain 

fitness over the course of its lifecycle. It is important to elucidate amino acid residues 

of interest that when mutated, disrupt antibody binding in the context of antibody 

escape (109, 121, 129, 173). In silico approaches to model D25 - F interactions can 

be used for the identification of residues that are involved in intermolecular 

interactions between the proteins. Once these residues have been identified, 

mutations can be made at the selected amino acid sites to further identify specific 

variants that affect binding interactions. For this study, F residues within 5 angstroms 

of D25 antibody residues were chosen to build the D25 mutational library. Thirty sites 

were selected for this library, and to assess mutational changes at each of these 

sites, all 19 amino acid mutations were made at each of the 30 sites. This resulted in 

570 total variants in the library that we aim to assess using well-established high-

throughput techniques: DMS and FACS. We ultimately aim to compare our results 

from the DMS-based library screen to molecular modeling predictions to validate our 

in silico estimation capabilities.  

DMS as a High-Throughput Method for Studying Antibody Escape  

There are many ways to study the effect that amino acid substitution mutations 

have on a protein’s ability to be expressed and function properly. DMS, as described 

in chapter 1, has been used successfully in demonstrating the ability to assess 

thousands of mutations within a protein in a relatively short period of time (129, 152, 

168, 174-176). Traditionally, when studying protein genotype-to-phenotype 

relationships, there are limitations to the number of mutants that researchers can 

study. Being able to evaluate every possible mutation at every single site within a 

protein, as with DMS, can provide valuable information that may lead to discovery of 

unique intermolecular interactions between residues as well as fitness effects (177).  
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Our objective is to elucidate amino acid residues in F that when mutated alter 

interactions with the D25 mAb, leading to antibody escape. Using DMS as a tool to 

assist in our assessment of ~570 variants, we aim to effectively screen our D25 

library for antibody escape variants in a high-throughput manner. A DMS-based 

approach has been coupled with a Murine Leukemia Virus (MLV) based gene 

expression system and FACS to sort and screen F variants for antibody escape. It is 

predicted that this pipeline will allow us to successfully identify potential escape 

variants by evaluating the enrichment of mutants in different sorted populations. We 

can then assess those variants that are potentially escaping D25 binding on an 

individual basis to characterize them further. DMS has proved successful in past 

studies assessing libraries containing thousands of variants, and thus we predict that 

this workflow will be effective. The developed pipeline in this project will allow us to 

potentially screen the D25 library variants in a relatively straightforward and efficient 

manner and allow us to compare these empirical results to D25 escape mutants 

predicted by molecular modeling.  

Moloney Murine Leukemia Virus (MLV) Gene Expression System to 
Screen for Potential Antibody Escape Mutations 

Different virus systems can be used to express genes of interest in vitro with 

relative ease using compatible plasmids and simple transfection procedures. Several 

different systems may be used to best suit an experimental design, such as 

retroviruses, adenoviruses, or lentiviruses (160, 162, 178). Retroviruses are often 

used so that a gene of interest is incorporated into the genome of a given cell in cell 

culture. Once inserted into the genome, that gene expresses the protein of interest, 

and can be detected in downstream applications (159). In the context of this project, 

the F variants from the D25 library are cloned into the expression plasmid and 

transfected into cells along with a gag-pol encoding packaging plasmid and a 

vesicular stomatitis virus glycoprotein (VSV-G) envelope plasmid. VSV-G is 

commonly used to extend cellular tropism of these expression systems in cell culture 

(161). After transfection, the virus particles used to package the individual F-variant 

expression plasmids (pLPCX-F) are harvested from the spent media. These particles 
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can then be added to cells for transduction, where VSV-G mediates fusion of the 

particle with a host cell, and a pLPCX-F variant plasmid is released into the 

cytoplasm. The F variant gene is then translocated to the nucleus where it is 

incorporated into the genome of the cell, where the variant can be expressed upon 

activation of the CMV promoter within the expression system. Using this kind of 

system allows us to analyze variants in a high-throughput manner without having to 

perform individual transfections with all 570 variants in the library. We are also able to 

control the number of integrations into the genome of the host by testing several 

different volumes of virus and measuring median fluorescence intensity (MFI), 

correlating that to the percent of cells transduced. This way, we can make sure there 

is only one variant gene from the library being incorporated into a host cell genome.  

Overall, the goals of this chapter are to establish a D25 library based on in 

silico molecular modeling approaches, utilize an expression system to express F 

variants on the surface of cells in a high-throughput manner, and to screen the D25 

mutational library for potential escape mutations. To do this, we used an MLV-based 

expression system to express F, and FACS to screen the variants and sort them into 

different populations in preparation for deep sequencing. We aim to establish a 

pipeline using these techniques that can be used to screen this D25 library as well as 

other large variant libraries of interest. Our hope is that this pipeline can be used in 

the future to identify D25 antibody escape variants and the results may be compared 

to molecular modeling predictions for validation of the modeling. 
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Materials and Methods 

Design of the F Protein D25 Library using Molecular Modeling 

The F protein D25 library was designed in collaboration with the University of 

Idaho’s Institute for Modeling Collaboration and Innovation (IMCI) and by Dr. Jagdish 

Patel. Modeling studies paired with molecular dynamics simulations aimed to identify 

potential interacting amino acids between F and the D25 mAb. To address these 

interactions, the modelers used the F – D25 co-crystal structure (PDB code 4JHW) to 

identify residues of F that came within 5 angstroms of the D25 mAb, indicating 

interaction sites (69). These residues, when mutated, were estimated to disrupt 

amino acid interactions. These amino acid residues within site Ø of F are highlighted 

in red in figure 3 below. The chosen sites for the library were S62, N63, I64, K65, 

K66, N67, K68, C69, G71, T72, D73, A74, L83, N197, Y198, I199, D200, K201, 

Q202, L203, L204, P205, I206, V207, N208, K209, Q210, S211, C212, N216 (figure 

3). Figure 7 shows the linear F gene and the location of all 30 sites in red.  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: D25-F co-crystal structure (D25-cyan and magenta) interacting with residues within the site Ø epitope 
on F (gray monomer). Red highlighted residues indicate those residues of F that come within 5 angstroms of 
D25).  
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Cloning Linear F Variants into Expression Vectors 

The F protein D25 library was designed by Dr. Tanya Miura and Dr. Paul 

Rowley, and subsequently purchased through Twist BiosciencesTM as linear F-gene 

variants pooled by amino acid site. Thirty sites within the D25 epitope on F were used 

to construct the library, where every amino acid was mutated to all other amino acids. 

The library was based upon a plasmid called pHRSVFoptA2, which is codon-

optimized for expression in mammalian cells. The F gene in this system does not 

contain any cryptic splice sites or polyadenylation sites and includes restriction sites 

for ease of mutagenesis studies (141, 179, 180). We maintained the use of the 

optimized codons when designing the mutant library to include only one codon per 

amino acid residue. Each linear segment of DNA was designed to be flanked by 

recombination sites, attB1 and attB2 which are compatible with the Gateway 

CloningTM system (181). The pooled F gene segments for each site were first cloned 

into the pDONR-221 entry vector using the following reaction: 

25 ng F DNA 
150 ng pDONR-221 
4.5 µL TE buffer 
2 µL of BP Clonase II enzyme  
Room temperature incubation, overnight 

One µL of proteinase K was added to the reaction and incubated for 10 

minutes at 37°C. Once cloned into pDONR-221, variants were transformed into 

transformation-competent Top 10 or 10ß E. coli and used for cloning reactions into 

either the MLV compatible transfer plasmid pLPCX-dest or the mammalian 

expression vector pcDNA3.1-GW using the following reaction: 

100 ng pDONR-221 DNA 
100 ng pcDNA3.1-GW or pLPCX-dest DNA  
1 µL of TE buffer 
0.5 µL LR clonase II enzyme  
Room temperature incubation, overnight  

After incubation at room temperature overnight, 0.25 µL of proteinase K was 

added to the reaction for an incubation at 37°C for 10 minutes. These clones were 
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then transformed into E coli as described above. Variants were stored at -80°C by 

site as a pool by making glycerol stocks in Top10 E. coli and referred to as pLPCX-F 

or pcDNA3.1-F variants. To generate the MLV-based library vector delivery particles, 

each glycerol stock of the pLPCX-F variants was used to inoculate 5 mL of lysogeny 

broth (LB) containing ampicillin for selection. Each culture was incubated at 37°C 

while shaking overnight (~18 hours). DNA was then extracted from the cultured E. 

coli using a Zymo ResearchTM plasmid DNA mini-prep kit. After determining the 

concentration of each plasmid pool, equal amounts based on plasmid concentration 

were added to one large, pooled prep to ideally represent all variants present within 

the D25 library at each site. This procedure was performed twice for technical 

replicates, and each large library pool was then used during HEK-293T transfections 

as the transfer plasmid (figure 4). 

Producing MLV Expression System Particles 

After the transfer plasmid pools were made, we transfected HEK-293T cells in 

100 mm dishes to generate the MLV particles using Lipofectamine3000 reagents and 

protocol from Thermo Fisher ScientificTM. Packaging and envelope plasmids pMD-

gagpol and pMD-VSVG, respectively, along with MLV production protocol 

optimizations were generously shared with us by Dr. Lee Fortunato at the University 

of Idaho. Equal amounts (0.4 µg) of pLPCX-F, pMD-gagpol, and pMD-VSVG were 

used for this transfection. The plasmid-lipofectamine complex was gently dripped 

onto the cells for even distribution, and the dish was incubated at 37°C for 24 hours 

(figure 4). At 24 hours post-transfection, the spent media was syringe-filtered using a 

0.45 µm filter and aliquoted into cryovials for flash freezing and storage in -80°C. Six 

mL of fresh Dulbecco’s Modified Eagle’s Media (DMEM) was gently added to the 

cells and the plate was further incubated in 37°C for another 24 hours. At the 48-hour 

timepoint, the media was again syringe-filtered, aliquoted into cryovials and flash 

frozen for -80ºC storage. Three different MLV stocks were generated, including a 

wild-type control (MLV-WTF) and two library stocks (MLV-Lib 1 and MLV-Lib 2).  
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Flow Cytometry Optimization for Transduced Cell Sorting  

 HEK-293A cells were first seeded at 1.5x105 cells/well in a 12 well plate and 

left to adhere overnight at 37°C. To transduce the wells, different volumes of MLV 

virus stocks were added to their respective wells with 8 µL/mL of polybrene in a final 

volume of 3 mL. The volumes of virus included 1 mL, 500 µL, 250 µL, and 125 µL. 

The cells were incubated with virus for 48 hours at 37°C, until prepared for flow 

cytometry. Cells were first lifted with accutase, counted, and aliquoted into a round 

bottom 96 well plate (~3x105 cells/sample). The cells were then blocked in 10% fetal 

bovine serum (FBS) in FACS buffer (FCSB) for 30 minutes. An Alexa FlourTM 594 

antibody labeling kit from Invitrogen was used to conjugate motavizumab (used as an 

expression control). Motavizumab-594 was then incubated with the cells for 30 

minutes in the dark at final a concentration of 2 µg/mL. Cells were fixed in 1% 

formaldehyde, resuspended in FCSB, and brought to the CytoFlexTM flow cytometer 

for analysis. Un-transduced cells were used as a negative control to assist in the 

gating strategy on motavizumab positive versus negative cells.  

MLV D25 Library Transductions, Cell Sorting, and DNA Extractions 

MLV transductions were performed using HEK-293A cells that were seeded in 

100 mm dishes. MLV-Lib 1 and MLV-Lib 2 were gently added (3.33 mL) to their 

respective dishes while swirling along with 6 µL of polybrene and 3.7 mL of DMEM 

for a final volume of ~6 mL. The dishes were then incubated at 37°C for 48 hours, for 

F to be expressed on the surface of the cells. Previous optimization experiments 

were performed to determine the volume of virus needed when transducing cells in 

the dishes to prevent multiple different F variants on the surface of individual cells. 

The prevention of superinfection at this step is critical for elucidating potential escape 

variants during the cell sorting screen. At 48 hours post-transduction, the cells were 

prepared for FACS performed at Washington State University in Pullman, WA with 

the assistance of Melissa Oatley using a Sony Biotechnology SY3200 FACS 

machine. The cells were first gently washed with pre-warmed PBS and then lifted 

with accutase. The plate was incubated for approximately 1 minute at 37°C to assist 

in detaching the cells from the plate. Pre-warmed PBS (0.5 mL) was then added to 
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the plate and the cells were mixed with a serological pipette. The cells were counted 

(~1x106 cells/mL) and aliquoted into samples needed for sorting. This experiment 

included an HIV-Ace2 transduced negative control as well as wild-type MLV-F as a 

positive control. Cells transduced with MLV-library were dual stained with 

motavizumab and D25 directly conjugated to Alexa-Fluor 594 and Alexa-Fluor 488, 

respectively. Motavizumab was used as an expression control, since all D25 variants 

should be detected by motavizumab but not D25 in the case of potential escape. 

Motavizumab-594 was used at a final concentration of 1 µg/mL and D25-488 was 

used at a final concentration of 10 µg/mL. After staining, the cells were then strained 

using a 40 µm mini cell strainer to remove clumps of cells. Cell populations stained 

with motavizumab or D25 only were used as controls to set up appropriate gating for 

the sorted populations (figures 5 and 13, B). Cells were first sorted on their 

motavizumab positivity, then those motavizumab positive cells were sorted based on 

differences in D25 intensity. Post-sort confirmation of the four different sorted 

populations (figure 6) was performed by running sorted cells back through the sorter 

to confirm that they had been sorted into the proper bins (figure 13, C). After sorting 

and running post-sort confirmations, the cells were taken back to the University of 

Idaho, where DNA extractions were performed using a QiagenTM DNeasy Blood and 

Tissue kit. The DNA was successfully extracted, and the concentrations for each 

sorted sample were determined using the University of Idaho Qubit2.0 in the 

University of Idaho IBEST Genomics Resources Core.  
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Figure 5: FACS gating scheme to sort on motavizumab positive cells. Motavizumab-594 used as an expression 
control to distinguish F-expressing cells versus non-expressing cells. Mota-594 positive cells were then gated on 
D25-488 dot plots gated with three bins: D25 (-), D25 (low), and D25 (high). 

 

Sequencing PCR Optimization and Pipeline 

We aimed to sequence the sorted cells from FACS as well as the MLV-library 

stocks used to transduce the cells and the pLPCX library plasmid pools packaged 

into the MLV-library particles (figure 6, top panel). The generation of amplicons for 

deep sequencing follows the pipeline shown in figure 6, bottom panel. After 

quantification of the DNA, the first round of PCR was performed to isolate and amplify 

the region of F we are interested in for deep sequencing. Figure 7 shows the forward 

and reverse primer set locations on the F gene in orange and blue, respectively. This 

figure also shows the location of all 30 amino acid sites in red that make up the D25 

library. These sites correspond to the red highlighted sites in figure 3. The primers 

used for this first round included 7 forward and 7 reverse primers pooled together 

based on the primers shown in figure 7 below. The tagged primer sequences are 

found in table 1 where the tags are highlighted in red. These primer sets were pooled 

together and the universal CS1 and CS2 tags were added to the amplified products. 

These universal tags were designed with spacer sequences and used for recognition 

and binding by the primers used in the second round of PCR.  
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Figure 6: Amplicon generation for pLPCX-F library plasmid pools, RNA converted to cDNA from MLV library 
stocks, and FACS sorted cells using motavizumab and D25 antibodies. Amplicon generation pipeline describing 
the necessary steps for preparing samples for deep sequencing. 

 

 

 

Phusion polymerase from New England Biosciences was used for these PCR 

reactions. The thermocycling conditions used for the first round of PCR are listed 

below along with the non-CS-tagged primer sequences and CS-tagged primer 

sequences (table 1) for the first round PCR optimization to amplify the F region of 

interest. 

 

Figure 7: Visual representation of the F gene (gray) and the D25 library sites highlighted in red. The D25 
library sites along with their location in base pairs on the F map are listed below the figure. The D25 variant 
primer (blue) was used previously for confirmation of mutants using Sanger sequencing. The orange block 
illustrates the sequencing primer designed specifically for deep sequencing of the library-infected sorted cells.  
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Table 1: CS-tagged primers used to amplify region of F of interest for deep sequencing 

 
After this first round PCR, the products were run on a 1.5% agarose gel for 

analysis to confirm correct amplification size. These tagged products were then used 

in a second round of PCR to add unique barcode sequences to each of the tagged 

products to be identifiable during deep sequencing. The barcodes were added by 

using barcode-adapted primers in a second PCR reaction that added the unique 

barcode sequence onto the ends of the CS1 or CS2 tags on the amplified products 

from PCR 1. Taq polymerase from NEB was used for the second round PCR, adding 

the barcode-flanked adaptor sequences to the ends of the products from PCR 1. See 

the thermocycling conditions below for the PCR 2 reaction.  
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A bioanalyzer system was then used to assess the quality of the samples and 

size-based beads were used to clean up the PCR products in preparation for 

sequencing. The last step of this pipeline involves the actual sequencing of the 

amplicons by Illumina NGS (next generation sequencing), where the sequencing 

reads are then analyzed for determination of the enrichment of variants within the 

different populations of interest (figure 6).  
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Results 

Twist Library Breadth of Coverage 

We assessed the D25 library for variant coverage to determine whether this 

pipeline for library generation is an efficient method or not. D25 sites were cloned into 

the donor plasmid pDONR-221 and subsequently into the expression plasmid 

pcDNA3.1-GW using Gateway CloningTM technology as described in the methods 

section. Upon receiving the library, Twist Biosciences provided an excel file 

containing sequencing data for each pool. For example, site N208 had a total variant 

read count of 4355 compared to that of most other sites that averaged around 5000 

total read counts. This total variant read count is a pooling of all the individual 

mutations for each site and their overall proportions within each pool. To separate out 

individual variants, we plated 75 µL of transformed E. coli onto an agar LB ampicillin 

plate. After a 24-hour incubation at 37°C, either 48 or 96 individual colonies were 

picked and plated onto a gridded LB ampicillin plate and grown up overnight at 37°C. 

These colonies were then transferred to a deep well 96 well plate containing 1 mL of 

LB ampicillin broth. Cultures were grown overnight at 37°C shaking, then put through 

a PromegaTM 96 well Wizard Purification System to extract plasmid DNA from all 

colonies. The plasmid DNA was then sequenced to determine which variants were 

successfully isolated using this procedure. Sixteen of the 48 colonies screened from 

site N208 were wild-type and the remaining were other variants of interest or 

contained a failed sequence. Several variants that we isolated from site N208 were 

predicted by Twist to have an exceptionally low occurrence in the pool. This is 

demonstrated by figure 8 below, where expected proportions for variants at sites 208 

or 201 are shown in purple and what we observed for the actual proportion for those 

variants are shown in blue. This was found to be a typical occurrence when 

compared to other library sites, except for site I206 (data not shown). This site had 50 

wild-type sequences out of 96 total screened colonies, but even though over half of 

the isolated variants were wild-type, we were still able to separate out 11 of the 19 

variants for this site. Q202 isolated variants (data not shown) had a large breadth of 

coverage, where only 4 of the 19 variants were missing after assessing the variant 
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pool, and of those only 9 were wild-type sequence. Overall, we predict that there will 

be varied efficiencies when isolating variants from different sites within our D25 

library. 

 

 

 
Figure 8: Representative sites N208 and K201 with their expected versus actual proportion of amino acid variants 
from the Twist D25 library. Expected proportions were provided by Twist via read counts for each mutant within 
the pool for each site. Actual proportions were calculated based upon the results from isolating individual mutants 
from sites N208 and K201 variant pools.  
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Optimizing MLV Expression System Transduction Efficiencies 

We first optimized antibody staining procedures for detection of F by flow 

cytometry by determining the amount of virus particles that would yield enough F 

expression to detect, but not superinfect the cells. A key element of the design of this 

experiment was to express one unique F variant on the surface of each cell. The 

addition of too much virus could potentially result in multiple variant integration events 

into the cellular genome. This could result in the expression of multiple F variants on 

the surface of the cell, leading to confounding results when assessing antibody 

binding and sorting cells based on the interaction between different mutants and 

D25. To ensure expression of only one variant per cell, we tested several different 

volumes of virus on HEK-293A cells to analyze the change in percent positive cells 

along with the MFI of those positive stained cells. We were trying to identify a volume 

that gave us enough positive cells to effectively sort but also maintain a steady MFI to 

indicate the prevention of multiple integration events. Several volumes of wild-type, 

library-1, and library-2 MLV expression stocks were tested, from 125 µL per well of a 

6 well plate to 1 mL (figures 9 and 10). Figure 9 shows the motavizumab (ECD) 

percent positive for the wild-type, library-1 and library-2 MLV-transduced cells on 

motavizumab positive histograms in red compared to un-transduced cells in gray. 

Figure 10 plots the data from figure 9 as volume of virus stock vs MFI for the wild-

type, library-1, and library-2 MLV stocks along with the same percent positive values 

found in figure 9. Based on these data, we decided to use 500 µL of virus stock, due 

to the relatively high positivity rate (~32-42%) as well as the plateau of MFI shown by 

all three virus stocks tested. The increase from 500 µL to 1 mL of virus stock 

demonstrated an increase in MFI, suggesting multiple integration events of F 

variants.  
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Figure 10: Median fluorescent intensity of ECD-A channel (motavizumab-594) of wild-type, library-1, and 
library-2 transduced cells for each volume of virus stock used. As the volume of virus stock increased, the 
percentage of motavizumab (ECD) positive cells also increased as well as the median ECD-A as indicated by 
the percentages above the points on the graphs. An increase in the MFI of the ECD-A channel suggests 
multiple F integration events. The squares surrounding the percentages on each graph indicate the chosen 
volume (500 µL) of MLV stock for later experiments. 
 

Figure 9: Optimization of the volume of virus to use for library sorting experiments using wild-type F and 
two individually prepped libraries. ECD-A vs count plots indicating the intensities of cells that are 
motavizumab positive. Gray indicates un-transduced cells while red indicates transduced cells, both 
stained with mota-594. The percentage shown on each plot is the percent motavizumab (ECD) positive 
cells in the transduced cells.   
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Flow Cytometry Sorting Optimization Experiments 

After the appropriate virus volume was determined, we moved forward with the 

library transductions in HEK-293A cells in preparation for cell sorting and DNA 

extraction. We wanted to first dual stain cells that had been transduced with the MLV-

library and wild-type stocks as well as an HIV-Ace 2 transduced population as a 

negative control. The HIV-Ace 2 transduced cells did not express F but had 

undergone a similar treatment in terms of the transduction procedure. The left-hand 

panel of figure 11 shows HEK-293A cells transduced by the HIV-Ace 2 control, MLV 

wild-type, or MLV-library and their corresponding percent motavizumab or D25 

positive. Using the MLV wild-type and HIV-Ace 2 controls, we were able to draw 

gates to indicate where the positive and negative populations were on the graphs. 

These gates were carried over to the MLV library transduced samples to identify 

percent positivity. For the HIV-Ace 2 transduced cells, we do not expect to see any 

positivity for either D25 or motavizumab, and that is what we observe. In the wild-type 

transduced population, we do expect to see both motavizumab and D25 positivity at 

approximately the same percentage. In the wild-type sample, we see similar 

percentages, 23% positive for D25 and 33% positive for motavizumab. This could be 

partially attributed to D25’s pre-fusion F specific binding, causing a slight decrease in 

percent positivity compared to motavizumab’s pre- and post-fusion binding specificity. 

In the library samples, the motavizumab positive percentages should be 

approximately equal to that of wild-type, roughly 33%. We see this pattern for both 

library-transduced samples, although library 1 had a slightly lowered percentage than 

that of library 2, at about 24%. One encouraging observation we made about these 

data is that the D25 percentage in the library populations decreased compared to 

that of wild-type, from 23% to 13% and 17% for libraries 1 and 2, respectively (figure 

11). This is expected because there should be potential D25 escape variants within 

those populations. We then analyzed the percentage of motavizumab positive cells 

that were also D25 positive in the wild-type and library – transduced cells. To do this, 

we plotted the motavizumab (ECD) positive populations on their corresponding D25 

(FITC) dot plots. In the wild-type population, we expect to see approximately 100% of 

cells that are positive for motavizumab are also positive for D25 binding indicative of 
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no escape. Our results show ~71% of motavizumab positive cells are also D25 

positive, which is slightly lower than we had anticipated, but reflects the reduced 

binding of D25 to wild-type F-expressing cells (figure 11). For the library samples the 

percentage dropped even further, which can be expected since many of the variants 

that are motavizumab positive may indeed not be D25 positive, indicating antibody 

escape. These results were very consistent between the two MLV library – 

transduced populations. 

 

 

Figure 11: D25 and motavizumab binding percentages as shown by flow cytometry density dot plots. FITC and 
ECD gating was set by using MLV WT-F as a positive control and HIV Ace-2 as a negative control. Motavizumab 
was used as an expression control for this experiment (A). Dot plots in red are motavizumab positive cells gated 
on D25 (FITC) dot plots (B). 
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After performing these experiments, we observed slight differences in D25 

(FITC) intensity along the x-axis of the plots shown in figure 11. We could see that 

the number of cells that were farther to the right on the D25 dot plots, corresponding 

to high FITC intensity, differed between the wild-type and the library samples. Due to 

the differences in FITC intensity, we decided to break the population up into four 

smaller bins and analyze any differences in percentage across the bins. The results 

shown for this analysis are in figure 12, demonstrating the grouping of different 

populations across the D25 dot plots. This type of approach would ideally be mirrored 

during the actual sorting of these cells, collecting samples that differ in their D25 

intensity but are all motavizumab positive. Overall, there are fewer cells in the high 

D25 bin (P4) for the library populations compared to wild-type, as well as more D25 

negative cells (figure 12). Table 2 summarizes the percentages found in each bin for 

wild-type, libraries 1 and 2, and the Ace-2 control. This experiment helped plan for 

setting gate thresholds when performing the actual sorting experiment at WSU.  

 

Figure 12: Plots from 11 were grouped into corresponding bins according to their FITC intensity. Cells were dual-
stained with mota-594 and D25-488. Populations from left to right indicate cells that are D25 negative (P1), D25 
low binding (P2), D25 medium binding (P3), and D25 high binding (P4). These bins were used as a guide for 
future cell sorting gate set-up. 
 

Table 2: Summary of percentages in each bin from figure 8 above 
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MLV Library – Transduced Cell Sorting Using FACS 

Library-transduced HEK-293A cells were subjected to screening by flow 

cytometry to sort cells into separate populations based on differences in D25 binding. 

Gates were drawn to capture the varying D25 (FITC) intensity of cells that were all 

motavizumab (ECD) positive, as described previously with optimization experiments. 

A representative set of plots is shown in figure 13 below for the first set of sorted cells 

that had been transduced with MLV library 1. Figure 13, A shows unstained HEK-

293A cells as a negative control. As expected, there are no D25 or motavizumab 

positive cells in this sample. Figure 13, B shows a D25 negative sample versus D25 

positive sample, and a motavizumab negative sample versus a motavizumab positive 

sample. Motavizumab positive cells were then grouped according to D25 intensity, 

and the different bins can be shown in A-C. After sorting the cells into their respective 

bins, some of the samples were run through the sorter again to confirm their location 

within the correct bin. This data is shown in the top panel of figure 13, C, where the 

motavizumab negative cells are not present on the D25 dot plot as expected. 

Motavizumab positive cells that had a low D25 intensity are shown in middle panel of 

figure 13, C, and these cells are found in the correct bin. Motavizumab positive and 

D25 negative cells are shown in the bottom panel of figure 13, C, appearing in the 

left-most bin as predicted. Motavizumab positive and D25 high cells are not shown, 

as data was not collected for these samples due to a low number of cells being 

sorted into that population.  
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Figure 13: Representative data collection for sorted cells on the first of two runs with D25 library 1 – transduced 
cells. A demonstrates an unstained control (HEK-293A cells only), B shows single stained controls to help set up 
location of sorting bins, and C is a set of plots confirming correctly sorted cells post-sort. 
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DNA Extractions and PCR Optimizations for Illumina Sequencing 

Sorted cells were brought back to the University of Idaho and DNA extractions 

were performed to isolate the DNA from the cells for generating amplicons for deep 

sequencing. For optimizations, DNA from MLV wild-type F – transduced cells were 

used as a positive control along with DNA from un-transduced cells as a negative 

control. Once the DNA was extracted, the samples were taken to the University of 

Idaho IBEST Genomics Resources core for Qubit quantification (table 3). Samples 

named A and B refer to the first and second replicates sorted from libraries 1 and 2, 

respectively. The sample names listed in the sorted bins column correspond to the 

P1-P4 populations (left to right in each graph) from figure 12. 

 

Table 3: MLV library 1 and 2 extracted DNA concentrations post-cell sorting 

 

 

Concentrations were not exceptionally high for any of the sorted samples but 

after amplification using PCR, the 1:64 dilutions of the wild-type template amplified to 

show a visible band on an agarose gel (figure 14, lanes 10-17). Several different 

combinations of primers were used when testing the wild-type DNA for amplification 

in preparation for sequencing. The primer combination seen in wells 8, 17, and 26 
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gave bands that amplified the sequence of the F gene we wanted without any extra 

bands indicating non-specific interactions. This combination also did not give a band 

in the negative control well (number 26) using un-transfected cellular DNA extracts as 

the template. This primer set was then tagged with CS1/CS2 universal tags to 

generate amplicons for sequencing. To test these tagged primers, a master mix of all 

7 forward primers and all 7 reverse primers from table 1 were made and used in the 

PCR reaction set up.  

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 
Figure 14: Sequencing PCR optimization using different combinations of primer sets (D25seqF1/R1, 
D25varF1/R1, LentiFF1/R1). The combination we chose based on these results was D25seqF1 and D25varR1, 
shown in sample wells 8, 17, and 26 and gives expected band size of 648 bp. 
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After the tagged primer PCR conditions were optimized, we set up PCR 

reactions with all the library sorted samples from all three replicates and ran the 

products on a 1.5% agarose gel. The results of the first round PCR are shown in 

figure 15, A and B below, where all but two samples showed a band at the proper 

size. Bands were displayed at different intensities presumably because there are 

differing amounts of F extracted from the different populations. Cell populations that 

were not detected by motavizumab or D25 most likely do not express F protein at all 

or high enough quantities to be detected, so those populations may be expected to 

have low yield. We are not only interested in the mutants that are sorted from the 

FACS experiments, but also in the pLPCX transfer plasmid pools that went into 

making the MLV library stocks for transduction as well as the MLV library stocks 

themselves. Sequencing the pLPCX plasmid pools as well as the MLV library stocks 

would yield information about the cloning efficiency of the D25 library into pLPCX as 

well as the efficiency of pLPCX getting successfully packaged into the MLV particles. 

Figure 15, C and D highlights the amplified PCR products from running the pLPCX 

library pools using this PCR set up as well as cDNA made from RNA extracts of the 

MLV library stocks. As expected, the pLPCX library pools yield bands and the 

expected size as well as the MLV RNA – derived cDNA. Reactions where no reverse 

transcriptase enzyme was added (No RT) were included as controls to confirm that 

the visualized bands were indeed from the extracted RNA. No bands are present in 

the no RT control samples, indicating that we successfully extracted the RNA from 

the MLV library stocks and converted that to cDNA. 

Library sorted samples 
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Figure 15: A and B show library sorted samples run on a 1.5% agarose gel using the CS1/CS2 primer mix. All but 
two library samples amplified enough to show a band at the proper size (~675 bp). Diluted (1:500) pLPCX library 
pool dilutions using the tagged primer mix (15, C). PCR products from the cDNA template made from RNA 
extracts of the MLV library stocks using SuperScript IV VILO reverse transcriptase kit (15, D). 
 

PCR products from the first round of amplification using CS1/CS2 tagged 

primers were run in a second round of PCR to add unique barcode adaptors to the 

products. Figure 16 shows the library sorted samples, pLPCX pools 1 and 2, and 

MLV library stocks 1 and 2 second round PCR amplifications on a 1.5% agarose gel. 

The numbers below the samples indicate the samples’ ranking based on band 

intensity. To pool approximately the same amount of DNA from each sample, the 
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bands were assigned these ranks to compensate for the relative amount of DNA for 

each product (positive and negative pool key, figure 16). A higher rank indicates a 

smaller volume in µL added when pooling all samples together for sequencing, and a 

lower rank indicates a larger volume added. Samples without a visible band were 

pooled separately into the negative pool (see table to the right of figure 16).  

 

 

 
 
Figure 16: Second round PCR 1.5% agarose gel with all library sorted samples, pLPCX pools, and MLV library 
cDNA stocks with proper product length (~795 bp). Samples with bands were ranked 1-5 depending on band 
intensity and aliquoted into the positive pool based on the chart above, and 5 µL of samples without bands were 
aliquoted into the negative pool for deep sequencing. 
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Discussion and Future Directions 

The use of retroviral gene expression systems can assist in the throughput of 

screening mutational libraries without increasing time and materials. This was 

demonstrated by our use of the MLV expression system, where we incorporated D25 

library variants into the genomes of HEK-293A cells by relatively simple transfection 

and transduction procedures. Using individual plasmid-based transfections to screen 

hundreds of mutants in a mutational library is not feasible, which is why systems are 

needed that can introduce the library into downstream expression systems all in one 

go. We chose a retroviral vector system to utilize the genomic recombination 

machinery that is already a part of the MLV system. By trading out the MLV genome 

for our library variants when making the viral particles, the variants could be 

recombined into the genome of the host cell and expressed without induction.  

Based on the rationale of the project, there are other types of viral vector delivery 

methods available for expressing mutation libraries into cells. Adeno-associated 

viruses (AAV) and HIV-1 are examples of other viral vectors that can be used to 

deliver genes into cells. In both systems, the viral genome is delivered into the cells 

of the host as with the MLV system (182, 183). AAV vectors have also been used for 

treatment of disease by replacement of downregulated or deleted genes in humans 

(184, 185). Including the pLPCX library plasmid pools as well as the MLV library 

stock cDNA in the deep sequencing as control populations will allow us to determine 

the efficiency of this type of method. We will be able to evaluate how many variants 

were successfully cloned into the pLPCX vector, and if there was any bias during the 

packaging of those vectors into the MLV-based particles. This information will be 

valuable moving forward when this kind of pipeline is repeated.    

Optimization experiments from this chapter demonstrate unequal binding of 

motavizumab and D25 antibodies to wild-type F- expressing cells. When HEK-293A 

cells were transfected with wild-type pcDNA3.1-F, 33% of the cells were 

motavizumab positive while only 23% percent were D25 positive. This is a 10% 

decrease in percent positivity from motavizumab to D25, when only wild-type is being 

expressed on the surface of the cells. Since F is thought to spontaneously trigger to 
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post-fusion F, enhanced by the use of formaldehyde for fixing, this could explain why 

we see the decrease in percent positivity (186). As previously discussed, D25 only 

binds pre-fusion F, thus is there is a decrease in pre-fusion F on the cell surface, 

there will be a subsequent decrease in D25 binding. Though we observed a 

consistent decrease in D25 binding using flow cytometry, we were still able to detect 

trends in binding differences between the wild-type MLV-transduced cells and the 

library MLV-transduced cells.  

Studies using DMS to evaluate antibody escape have shown great promise for 

use as an effective scan of large mutant libraries. As mentioned in chapter 1, a study 

in 2019 used DMS to study how mutations in the envelope protein of Zika virus affect 

antibody escape (129). This study was able to first confirm structure-function 

relationships in the E protein based on the different mutational tolerance levels of 

amino acids. They were able to validate antibody escape mutants from their DMS 

screen by performing neutralization assays on selected mutants. Using DMS, these 

researchers were able to ultimately develop a sequence-function map that introduces 

novel information about mutationally-tolerant and intolerant amino acids as well as 

characterize mutations that may lead to antibody escape. Two other papers 

published by the same laboratory in early 2021 demonstrate a similar pipeline for 

studying antibody escape in the context of SARS-CoV-2 (131, 132). One study 

focused primarily on residues within the spike receptor-binding domain and used 10 

mAbs, some individually and some in a cocktail, to screen for potential escape 

mutations. Interestingly, they found that antibodies that bind the same epitope tend to 

have different escape mutations (131). The second study identified a single amino 

acid mutation that escaped the antibody cocktail REGN10933 and REGN10987, 

E406W. This mutation was found to escape both antibodies in neutralization assays 

(132).  

Data from this current study will ultimately be used to compare to the molecular 

modeling results, to verify that predicting escape mutations using in silico methods 

are valid or lead to the discussion of changes that could be made to improve the 

modeling predictions. We are currently waiting on the deep sequencing analysis of 

these samples to be completed. Once the deep sequencing analysis has been 
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performed, the IBEST GRC will then analyze the F variants and determine the 

population they came from based on their unique barcode identifier sequence that 

was added during PCR 2. After we know which variants are present in which 

populations, we can then determine escape versus non-escape variants and how 

molecular modeling predictions compare to our findings. With this type of 

experimental design, we do not expect to see only binary responses from the 

sequencing data. It would not be surprising to observe the same variant in the D25 

low population and the D25 high population within the same dataset. There may also 

be variants present that are D25 – as well as D25 low at the same time. The gating 

strategy used for sorting these populations of cells is somewhat ambiguous, where 

cells that are just to the right or left of a gate may be sorted to either bin. For this 

reason, further analysis of these mutants must follow these experiments and use 

individual binding assays. Overall, this DMS-based approach will assist in validation 

and/or refinement of the molecular modeling prediction pipeline for the future.  

 
Figure 17: Flowchart describing necessary steps for analysis of deep sequencing results. When the F variants are 
sequenced, they will then be analyzed by the IBEST GRC and sorted based upon their unique barcode 
sequences to determine which population they initially came from. These results will then be compared to 
molecular modeling predictions.  
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CHAPTER 3: AN INDIVIDUALIZED APPROACH TO ANALYZE 
BINDING DIFFERENCES AMONG MODELED RESIDUES WITHIN 

THE D25 EPITOPE OF F 

Introduction 

Overview of Studying Viral Escape 

Studying viral escape in the presence of antibody in vitro is commonly used for 

many viral systems, including RSV. Typically, these studies consist of infection with a 

virus in the presence of an antibody that when resistant mutations in the virus occur 

randomly, the antibody applies a pressure that selects for resistant variants in the 

population. Ideally, the amount of antibody used is at a concentration that allows for 

evolutionary selection to occur without abolishing virus or ending the experiment with 

the dominant viral phenotype being wild-type. After preliminary studies confirm the 

amount of virus to be used for cultivating escape mutations, researchers will infect 

cells and monitor them for cytopathic effect, indicating adequate infection. The virus 

is then harvested and can be used to re-infect a new flask of cells. These studies will 

often include sequencing at each re-infection (passaging) step to identify when 

specific escape variants showed up in the population over time. Passaging the virus 

will continue for several passages, where the media harvests from each passage will 

be sequenced for escape variants. Deep sequencing, as opposed to Sanger 

sequencing, shows not only the predominant mutants present at the end of the 

experiment but also identifies mutations with smaller frequencies that are still relevant 

within the viral population. Once these variants are identified, studies will then 

typically assess these variants on a more individualized basis in terms of their growth 

kinetics, antibody binding, and antibody neutralization (121, 134). We aim to compare 

results of previously performed viral escape experiments identifying predominant 

RSV escape variants in the presence of D25 to individual mutants selected for D25 

binding analysis based on molecular modeling estimations. Individual binding 

analysis of mutants will allow us to validate not only the molecular modeling used to 

build the D25 library, but also variants that screened positive for antibody escape in 

the DMS-based approach in chapter 2.  
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Dot Blot, Flow Cytometry, and In-cell ELISA to Assess D25 Binding 

 Techniques such as biolayer interferometry (BLI) or surface plasmon 

resonance (SPR) are important assays to consider when assessing ligand binding, 

especially when attempting to identify small changes in binding across between 

protein variants (187-191). These types of techniques are not ideal for the 

assessment of many protein variants, however, due to the labor-intensive steps 

required to purify and analyze samples (192). Purified protein or virus particles are 

also necessary to gather binding data using these methods and this can prove to be 

a time-consuming and difficult process to optimize (193, 194). That is where 

techniques such as western or dot blotting, flow cytometry, or in-cell ELISA’s are 

useful when assessing mutants of interest in a relatively short amount of time and are 

techniques that we utilized within this chapter. Dot blotting may be used to determine 

the expression levels of a protein of interest and this expression can be compared 

across different mutants using densitometry analysis (195). Dot blotting has been 

used by the Miura lab as a more high-throughput version of western blotting, where 

as many as 96 mutants may be blotted onto a nitrocellulose membrane at once 

without running SDS-PAGE prior to blotting. Primary antibodies used for the 

detection of the protein of interest do not always bind efficiently, resulting in a lack of 

signal on the membrane. This is what we observed in the case of the D25 mAb 

(figure 26). This can make assessment of mutants difficult or impossible when using 

certain antibodies.  

 Flow cytometry is another method that can be used for assessing antibody 

binding to protein variants. This technique may utilize a primary and secondary 

antibody combination or a fluor-conjugated primary antibody only and can detect 

changes in antibody binding based upon the fluorescent signal captured by the flow 

cytometer. Flow cytometry, like dot blotting, can assess many variants in a 96 well 

plate format, making it relatively high throughput (196, 197). The Miura lab has 

demonstrated the use of flow cytometry to detect changes in antibody binding based 

upon the percent positivity and the MFI of each sample that gives information about 

the intensity of the signal for the samples. Some antibodies such as D25 and 

motavizumab do not bind surface proteins equally based on conformation, therefore 
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challenges may arise when using multiple different antibodies to detect expression 

and escape when antibodies only bind conformation-specific epitopes.  

 In-cell ELISA’s may be used to express protein variants of interest on the 

surface of cells in a 96 well plate format and detect binding using antibodies. The 

secondary antibody used for our purposes is conjugated with a horseradish 

peroxidase (HRP) enzyme that reacts with 3,3’,5,5’-Tetramethylbenzidine (TMB) 

substrate that is put into the wells after incubation with secondary antibody. This 

reaction turns the wells from clear to colored due to the chromogen formed during the 

enzymatic reaction with the substrate. Cells can be transfected with protein-encoding 

plasmid variants to express those variants on the cell surface. HEK-293A cells used 

for our experiments express protein robustly but do not adhere well to the surface of 

the plate, causing cell lifting during incubation and washing steps. We have found 

that using formaldehyde for adhering the cells to the wells can cause conformational 

changes to surface proteins and antibodies that are conformation-specific can no 

longer bind.   

  Taking each of the drawbacks into consideration when performing these 

assays, we predict that the flow cytometry and in-cell ELISA approaches will allow us 

to assess individual potential escape mutations for their differences in D25 binding, 

while using motavizumab as an expression control antibody. Using these approaches 

will allow us to validate the DMS screen and molecular modeling by testing mutants 

that are both predicted to escape and not escape D25 binding. We also predict that 

we will observe escape using flow cytometry or in-cell ELISA for those mutants that 

escaped D25 in the evolution experiments performed by Frankie Scholz. Validating 

those escape variants from the evolution experiments will be important for 

demonstrating the effectiveness of the assays used for an individual approach to 

evaluate D25 binding differences.  

  



53 
 

 

Materials and Methods 

Previous Viral Evolution Studies 

Frankie Scholz performed these evolution experiments using an RSV 

infectious clone system developed by Dr. Martin Moore at Emory University (198). 

The infectious clone system was used in the Miura lab following this reverse genetics 

system by transfecting cells with a BAC vector containing the A2line19F RSV 

genome (pSynk) along with several helper plasmids to help build the rest of the virion 

(198). pSynk also contains a fluorescent marker monomeric Katushka 2 (mKate2), 

that fluoresces red to indicate infection in cell culture and can be visualized with 

fluorescence microscopy. The RSV infectious clone was first passaged in HEp-2 cells 

to assist the virus with obtaining background variation before beginning the passages 

in the presence of D25 mAb. This pre-passaged infectious clone was then added to 

fresh HEp-2 cells in the presence of D25 at a concentration of 0.16 µg/mL (low). This 

passaging scheme was continued every 3-5 days based on visualization of red cells 

(mKate2 expression indicating RSV infection) over the course of 5 passages at the 

low D25 concentration. Once the 5 passages were complete, the D25 concentration 

was increased to 2.5 µg/mL (high) for 5 subsequent passages. This protocol was 

replicated three times, although one replicate was not able to survive the high 

concentration of D25 during those passages. RNA was then extracted from the 

released rRSV particles in the harvested supernatant media from each passage and 

converted to cDNA using reverse transcription-PCR (RT-PCR) in preparation for 

deep sequencing as well as Sanger sequencing. Deep sequencing was used to 

target the F gene to identify the variants present in each passage and at what 

frequencies those variants were present.  

Dominant Escape Variants Assessed for Differences in Growth and 
Antibody Neutralization  

Upon completion of Frankie’s F protein evolution experiments, we wanted to 

characterize the mutants from those experiments in terms of their growth kinetics and 

sensitivity to D25 neutralization compared to wild-type virus. These experiments were 

performed by Kevin Hutchison at the University of Idaho. Site-directed mutagenesis 
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(SDM) was first used to make the mutations in F within a vector called pBlueScript 

KS(+) (pBKST). The mutants were then excised by restriction digest and 

subsequently cloned into pSynk to be compatible with the infectious clone system. 

Mutagenesis in pSynk is not possible due to its large size (~16000 bp), so pBSKT is 

used as an intermediary plasmid for SDM. After the mutants are cloned into pSynk, a 

transfection into BSR-T7/5 cells was performed using pSynk and four helper 

plasmids. This transfection generates the infectious clone containing the mutants of 

interest from the evolution experiments. The pSynk RSV system has been utilized 

successfully for making other mutant RSV infectious clones for testing antibody 

binding and comparing growth kinetics across different mutants in the motavizumab 

binding site.  

Growth Kinetics and Neutralization Assays Performed on Variants 
Identified from Evolution Experiments 

Growth kinetics experiments using TCID50 assays were first performed to 

compare growth rates between the mutants identified during the evolution 

experiments performed by Frankie Scholz. HEp-2 cells were seeded at 7.5x104 

cells/well in a 24 well plate. Virus was put onto cells (150 µL) using an MOI of 0.1 

TCID50/cell and incubated with cells while rocking for 1 hour. The virus was then 

aspirated, and the cells were washed 3 times, the first wash was kept for a zero-hour 

timepoint. Media was then added back onto wells and incubated for timepoints. 

Media was collected at each timepoint, centrifuged, and the supernatant media was 

collected and flash frozen. After all samples were collected, TCID50 assays were 

performed using the previously collected supernatant on freshly seeded HEp-2 cells.  

Neutralization assays were performed to determine the D25 neutralizing 

concentration for each mutant and if those values had any correlation with their 

overall fitness. HEp-2 cells were seeded at 5x104 cells/well the day before infection in 

a 96 well plate. The RSV infectious clone was diluted in minimal essential media 

(MEM) according to TCID50/mL values in table 5 below. A multiplicity of infection 

(MOI) of 2 was used for all mutants. Viral dilutions were incubated with D25 at 

varying concentrations from 10 µg/mL serially diluted to 0.15625 µg/mL for 1 hour at 
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37°C with 5% CO2. One hundred µL of virus plus antibody mixture was then added to 

the wells and incubated at 37°C with 5% CO2 for 18 hours. The wells were fixed in 

1% formaldehyde and flow cytometry was performed on the samples.  

Table 4: TCID50 values for each mutant used in growth kinetics and neutralization assays 

rRSV Mutant 

Titer 

(TCID50/mL) 

Q202R 1.78x106 

N208Y  5.62x106 

Q202R/N208Y 3.16x106 

 

Predicting D25 Escape Mutations for Individual Analysis 

As discussed in chapter 2, molecular modeling was used to predict mutations 

in the D25 binding site of F that reduce or abolish D25 binding. Previous work by Dr. 

Craig Miller and colleagues at the University of Idaho demonstrated the use of 

molecular modeling software to predict amino acid residues that when mutated may 

cause antibody binding disruption but still allow proper protein folding. The 

groundwork laid by Miller set ΔΔG boundaries for protein folding and antibody 

binding using bacteriophage capsid subunit interactions, and the same boundaries 

were used in work with the Ebola virus envelope glycoprotein (EBOV-GP) and its 

binding with the mAb KZ52 (124, 199). These boundaries are described as ΔΔG > 

2.0 kcal/mol for a disruption in antibody binding, and ΔΔG folding between -2.5 and 

2.5 kcal/mol. To create a watchlist of mutations, each possible amino acid making up 

the EBOV-GP was used to predict sites that disrupt binding to KZ52 but allow proper 

folding and trimerization of GP. This same pipeline was utilized when calculating 

ΔΔG values of folding and binding for this RSV project, where 100 ns molecular 

dynamics simulations were performed on the F monomer crystal structure to extract 

snapshots to be fed into the FoldX algorithm. FoldX was used to calculate ΔΔG of  
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folding (stability) for all possible 19 amino acid variants at each site. The 100 ns 

snapshots were averaged for each individual variants at each site. To address 

binding disruptions, the modelers then used the F-D25 co-crystal structure to run 100 

ns molecular dynamics simulations similar to the methods described above. The 

FoldX algorithm then calculated ΔΔG values of binding for all possible mutations in F 

to predict changes in D25 binding. Results for ΔΔG of folding and binding values of 

variants for all library sites are found in the top panel of figure 18 below. The bottom 

panel of figure 18 shows ΔΔG values for all D25 library variants in grey and highlights 

variants from sites N208 and K201 in red and purple, respectively. 

 
Figure 18: ΔΔG values of folding and binding for all variants at each amino acid site within the D25 epitope of F 
(open circles, top panel and gray dots, bottom panel). Open circles with higher ΔΔG of binding values are 
estimated to disrupt D25 binding. Red and purple dots on the bottom panel plots correspond to variants from site 
N208 and K201, respectively. Dotted lines indicate previously determined cut-off values for predicting a disruption 
in folding or binding (ΔΔG binding > 2.0 kcal/mol, ΔΔG folding between -2.5 and 2.5 kcal/mol). 
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Dot Blot to Analyze Mutant Expression 

 HEK-293T cells were seeded at 7.5x104 cells/well in a 96 well plate and 

incubated overnight at 37°C. Cells were transfected with pcDNA3.1 variant plasmids 

using Lipofectamine 3000TM reagents. Wild-type plasmid was used in this assay to 

test for D25 binding compared to the 101F antibody. Twenty-four hours after 

transfection, media was gently aspirated from the wells and 100 µL of pre-warmed 

PBS was added to each well to lift cells from plate. Cells were then transferred to a 

96 well U-bottom plate and pelleted by centrifugation at 600xg for 2 minutes. Cells 

were resuspended in 10% FBS in PBS and incubated on ice for 15 minutes. Cells 

were pelleted again as previously described, then samples were run through the dot 

blotter. Nitrocellulose membranes were first soaked in 1X TBS for 10 minutes and the 

dot blotter was assembled. Cell samples were added at 100 µL per well to each well 

of the dot blotter and vacuum was applied to run samples through the apparatus, 

leaving protein-expressing cells behind on the membranes. The membranes were 

then allowed to dry and blocked in 5% milk in TBST at room temperature for 1 hour. 

The membranes were then incubated overnight at 4°C with 50 ug/mL D25 or 101F in 

100 µL After the overnight incubation with primary antibody, the membranes were 

then rinsed 3-5X with 1X TBST and subsequently incubated with 1:1000 diluted 

secondary antibody (GαHu or GαMu HRP) for 1 hour at room temperature. The 

membranes were rinsed 3-5X with 1X TBST and used ThermoFisher PierceTM ECL 

Western Blotting Substrate kit to visualize the dots using a chemiluminescent imager.  

In-cell ELISA  

HEK-293A cells were seeded at a density of 3.25x105 cells/well in a 96 well 

plate. Cells were left to adhere and incubate at 37°C for approximately 24 hours. 

Cells were transfected with pcDNA3.1-F plasmid variants using Lipofectamine 

3000TM reagent. Forty-eight hours post-transfection, cells were fixed in 4% 

formaldehyde for 15 minutes in preparation for blocking and antibody incubation 

steps. The plate was then washed 3X with PBS and stored in PBS at 4°C. The 

following steps were adapted from an AbcamTM in-cell ELISA protocol. Cells were 

blocked in a 0.5% BSA in PBS solution for 2 hours at room temperature while 
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rocking. Diluted D25 or motavizumab was then added to the wells (10 µg/mL D25 

and 5 µg/mL motavizumab) and was incubated at 4°C overnight. The plate was then 

washed with 250 µL of wash buffer (0.05% tween in PBS) 3X, then incubated with 

diluted goat anti-human IgG conjugated with horseradish peroxidase (GαHu-HRP) 

secondary antibody for 2 hours at room temperature while rocking. After the 

secondary antibody incubation, wells were washed 4X with wash buffer to eliminate 

background binding and TMB substrate solution was added. Adding the TMB 

substrate solution to the wells with an abundance of D25 or motavizumab binding 

with GαHu-HRP secondary antibody binding resulted in a blue color in the well, while 

wells without sufficient binding maintained a clear color. Hydrochloric acid (HCl) was 

added to stop the reaction and the blue color turned yellow. The plate was then read 

by our plate reader, giving absorbance values at ~450 nm. Un-transfected cells that 

were not treated with either primary or secondary were used as a background for the 

reading, while pcDNA3.1-GW transfected cells that were stained with secondary only 

were used as a negative control.    
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Results 

Previous Evolution Experiments 

Evolution experiments were replicated 3 times and 2 of the 3 experiments 

were successful in allowing D25 resistant F variants to become present in the viral 

population. These experiments first used neutralization assays to compare resistance 

to D25 neutralization over the different passages from all three replicates (figure 19, 

A). In the first line, we see an increase in resistance to D25 neutralization to roughly 

20 µg/mL within the first 5 passages of 0.16 µg/mL D25 as shown by the red line. 

After 5 passages in the higher concentration of D25 (2.5 µg/mL), we see an even 

greater increase in resistance to D25 neutralization, at nearly 80 µg/mL. The second 

replicate from this study only continued through high passage one, and we do not 

see any resistance to D25 neutralization within the first 5 low passages of D25. The 

final replicate shows resistance to D25 neutralization only during the passages with 

2.5 µg/mL of D25, not during the early passages with low D25. This resistance is 

approximately 20 µg/mL and is shown by the purple line (figure 19, A).  

After RT-PCR was used to generate cDNA from the viral RNA extracts from 

each of the passages, Sanger sequencing was used initially to identify the dominant 

mutants within the population after passages with low and high concentrations of 

D25. To further identify mutations that occurred at lower frequencies, deep 

sequencing was used on the harvested virus stocks (low frequency mutations not 

shown). Several unique mutations were identified, some of which were predicted by 

our modeling team. In the first replicate, N208Y appeared after only a few passages 

in the low concentration of D25 followed by a secondary mutation, Q202R. Site N208 

was predicted to be a potential escape site due to its high ΔΔG of binding value with 

multiple variants at this site (figure 18, top panel). Figure 19, B shows the results from 

the deep sequencing for all 3 lines. The N208Y/Q202R mutant maintained a 

frequency of 100% after passage ~7. As stated previously, the second replicate for 

this experiment was only studied through the first high concentration of D25, beyond 

that passage no virus continued to replicate. Deep sequencing was still able to 

identify mutations that were present in the population, including N208Y (~8% 
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frequency) as well as K226R (~0.2% frequency). The final replicate identified another 

unique mutation at site 208, however instead of an asparagine to a tryptophan the 

mutant found encoded a lysine (N208K). This mutation, like the first replicate was the 

predominant mutation (figure 19, B).  

 
 
 
 

 
Figure 19: Lines 1 and 3 show resistance to D25 neutralization. There is an increase in resistance in line 1 after 
the first 5 passages in 0.16 µg/mL and continued to increase in resistance through the 5 passages in 2.5 µg/mL 
D25. Line 3 only showed resistance to D25 neutralization after passages in 2.5 µg/mL D25 (A). Deep sequencing 
elucidates dominant mutations that are providing resistance to neutralization by D25. A double mutant arose in 
line one, N208Y/Q202R, and another mutation at site N208 (N208K) arose in line three (B). These dominant 
mutations were also identified by Sanger sequencing. 
 

A 
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Growth Kinetics of Three Unique Mutants Identified by Evolution 
Experiments do not Show Significant Differences  

 Growth curves performed on N208Y, Q202R, and N208Y/Q202R double 

mutants that were present in high frequencies during evolution experiments showed 

slight differences between them over time, but not significantly different according to 

multiple unpaired t tests (figure 20). Though not significant, it appears that all three 

mutants had slightly slower growth compared to wild-type rRSV. The growth of 

N208Y appeared to be the most impacted at early timepoints, especially within the 

first 24 hours. Of all the mutants tested, Q202R had growth kinetics similar to wild-

type especially early during the time course. The double mutant seemed to be 

somewhere in between N208Y and Q202R, suggesting that the Q202R mutation 

might provide some benefit for growth that the N208Y mutation does not provide.  

 
Figure 20: Growth curves of N208Y, Q202R, and N208Y/Q202R mutants using a TCID50 assay. TCID50 values 
were calculated for each mutant at 12-, 18-, 24-, 36- and 72-hours post-infection in HEp-2 cells. 
 

Resistance to Neutralization by D25 

 Along with gaining information about the growth profiles of each of these 

mutants, we were also interested in their resistance to D25 neutralization using the 

infectious clone system. The results of these experiments show that there is 

significant resistance to D25 neutralization in the N208Y and double mutant, but not 
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in Q202R mutant alone (figure 21). There is a significant difference in resistance to 

neutralization for the N208Y mutant for all D25 concentrations except for the lowest 

concentration (0.156 µg/mL) and the highest concentration (10 µg/mL). The 

N208Y/Q202R double mutant also showed significant differences in resistance to 

neutralization every concentration except for the lowest concentration (0.156 µg/mL). 

These data provide validation that both the N208Y and the double mutant are 

resistant to D25 neutralization, with the N208Y single mutant showing greater 

resistance. From previous evolution experiment data, we would have expected the 

double mutant to have the greatest resistance to D25 neutralization, but we do not 

see this. Previous data demonstrated that upon the addition of the Q202R mutation 

to the N208Y mutation, there was an increase in resistance to neutralization by D25 

surpassing the single N208Y mutant. Previous neutralization experiments were not 

performed on clonal variants, which could impact the results as compared to the 

neutralization data using isolated variants. A potential hypothesis is that there could 

be a trade-off occurring, resulting in the double mutant being able to grow well with 

the addition of the Q202R mutation as indicated by figure 20 but does not prevent 

neutralization by D25 as well as the single mutant.  

 
Figure 21: N208Y, Q202R, and N208Y/Q202R mutants subjected to D25 neutralization assay showed differences 
in sensitivity to neutralization. Flow cytometry was used to quantify the relative infection percentage based on 
mKate positive cells at differing concentrations of D25 for each of the mutants of interest. Statistical analysis was 
performed using multiple unpaired t tests using GraphPad Prism. *, p <0.033; **, p<0.002; ***, p<0.001.  
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Consequences of N208 and Q202 Amino Acid Mutations by 
Molecular Modeling 

 Figure 22 below visualizes N208Y and Q202R mutants in the context of the F-

D25 co-crystal structure. The analysis of this mutagenesis was performed by Dr. 

Jagdish Patel, where it was determined that a change from asparagine (N) to a 

tyrosine (Y) at site 208 would prevent access to a small hydrophobic pocket in F by 

steric hindrance since Y maintains such a large and aromatic side chain. The change 

from glutamine (Q) to an arginine (R) at site 202 on F would abolish three hydrogen 

bonds between the D25 mAb and site Q202. Based on the molecular modeling data, 

we might expect the Q202R mutant on its own to provide more resistance to D25 

neutralization due to the abolishing of hydrogen bonds between that site and D25, 

but this is not what we observe (figure 22). It could be that the blocking of the 

hydrophobic pocket by N208Y may be more influential for D25 binding than the 

abolishing of hydrogen bonds at site Q202. This is something that could be tested in 

the future to determine whether hydrogen bonding at site Q202 is more important for 

D25 binding or if blocking the hydrophobic pocket at site N208 is more important.   

 

 
 
Figure 22: F-D25 co-crystal structure with N208Y and Q202R variants using VMD software. The change from 
asparagine (N) to tyrosine (Y) at site 208 prevents access to hydrophobic pocket on F due to steric hindrance. 
Changing glutamine (Q) to an arginine (R) abolishes hydrogen bonds between the Q202 residue and the D25 
mAb.  
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Flow Cytometry on Individual Mutants Show Slight Differences in 
D25 Binding  

 Several D25 mutants were transfected into cells and expressed on the cell 

surface for individual assessment of D25 binding differences using flow cytometry. 

Motavizumab was used as an expression control antibody to detect adequate 

expression of the mutants to confirm that a decrease in D25 signal was due to 

possible antibody escape. In the wild-type F – transfected cells, we can see a ~2:1 

binding efficiency in motavizumab and D25, respectively. Since D25 is conformation 

specific, some of the F proteins that are present on the surface of the cells may be 

triggered to its post-fusion conformation before or during the cell-preparation 

protocol. To help prevent F triggering, we fixed the cells with 1% formaldehyde after 

staining with D25 since it has been shown that formaldehyde fixing triggers F to post-

fusion (186).  The data presented in figure 23, B has been normalized to the percent 

of cells positive in the wild-type F-expressing population. We can then compare the 

differences in D25 or motavizumab binding across the mutants tested.   

These results show that there is a decrease in D25 binding for one of the 

mutants tested, N208E. The wild-type F – transfected cells showed approximately 

44% of cells positive for D25 binding, while the N208E mutant had 21% of cells 

positive for D25 binding (figure 23 A, B). This result makes sense in terms of the high 

ΔΔG of binding value for N208E, 4.41 kcal/mol (figure 23, B). Along with testing D25 

sites, we also tested one known motavizumab escape variant (K272E) and a 

proposed escape mutation found from work performed by Sierra Beach in the Miura 

lab (S275R). We included these mutants in this experiment to verify antibody binding 

by observing a decrease in motavizumab binding and a consistent D25 binding 

percentage. For these mutants, we used D25 as the expression control antibody and 

motavizumab to assess escape. From these results, we can see there was a 

decrease in motavizumab binding while the D25 signal stayed approximately at the 

level of wild-type.  
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Figure 23: Flow cytometry binding assay used to evaluate differences in binding across six different D25 mutants 
and two motavizumab escape mutants (S275R and K272E). FITC and ECD channels were used to identify D25 
and motavizumab percent of wild-type positivity, respectively (A). A summary of the results in figure 23, A 
displayed as a bar chart, comparing motavizumab and D25 expression normalized to the percent of wild-type F-
expressing cells that are positive for antibody binding (B). 

 

In-cell ELISA  

 This assay was optimized for use in this project to assess binding differences 

in individual mutants in another way that utilized transfected cells expressing F. To 

determine the concentrations of antibody to be used for this assay, we first fixed wild-

type F expressing cells with 4% formaldehyde and incubated the cells with different 

primary and secondary antibody concentrations. From these data, we decided to use 

10 µg/mL D25 antibody, 5 µg/mL motavizumab, and 1:250 dilution of the secondary 

antibody GαHu HRP (figure 24). This combination gave us enough detection of F 

while keeping the background minimal on un-transfected cells. As described 

previously with the flow cytometry binding assay, motavizumab was used as an 

expression control antibody to make sure a decrease in signal was due to potential 

antibody escape. Motavizumab could be utilized in this assay because it binds site II 

on F, a distinct site from the D25 binding site Ø.  
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Figure 24: Primary and secondary antibody concentration optimization experiments for in-cell ELISA. A range of 
10 µg/mL to 50 µg/mL of D25 and 5 µg/mL to 20 µg/mL of motavizumab was used on wild-type F transfected cells 
(filled bars) as well as un-transfected cells (-) to assess background (lined bars). Dilutions of secondary antibody 
at 1:250, 1:500, and 1:1000 were used on transfected and un-transfected cells as well. 
 

 The in-cell ELISA was then tested on the same panel of mutants as in the flow 

cytometry binding assay for comparison and includes N208Y, N208K, N208W, and 

N208V due to their interest from molecular modeling and appearance of N208Y and 

N208K in the evolution experiments. pcDNA3.1-GW (empty vector) – transfected 

cells were used as a negative control for this experiment. This experiment 

demonstrates effective measurement of mutant expression based on the 

motavizumab binding and changes in D25 binding depending on the mutant. 

Comparing these results to the predicted ΔΔG values as with the flow cytometry 

binding assay, we can observe some correlations (table 6). N208E was predicted to 

be disruptive to D25 binding and that is reflected in the ELISA data as it was with the 

flow cytometry binding assay. There is a trend towards a decrease in D25 binding 

compared to that of wild-type, while motavizumab expression signal remains 

consistent. K201D interestingly shows a higher percentage of D25 binding than 

motavizumab in the flow cytometry experiment, but a decrease in D25 binding 

compared to motavizumab binding in the ELISA is observed.  

Other mutants that were not predicted to escape D25 binding as estimated by 

molecular modeling still showed trends toward antibody escape. K201A for example, 

demonstrated a trend towards D25 escape in the in-cell ELISA context, even though 

the ΔΔG of binding value for this mutant is lower than 2.0 kcal/mol (figure 25, table 

6). The K201 mutation along with other mutants can be seen below in figure 25, 

relating the amino acid mutations back to F structure and D25 binding (table 6). A 
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similar conclusion can be drawn for several other mutants tested in this assay, 

including N208C, N208D, and K201C. In the context of the flow cytometry binding 

assay, none of these mutants showed any trends towards a decrease in D25 binding. 

Both N208Y and N208W have the highest ΔΔG of binding values in the entire library 

and show some trends towards a decrease in D25 binding (table 6). The overall 

expression for these mutants is decreased, so further work will need to be performed 

to increase their expression to more effectively assess D25 escape.  

Figure 27 models several mutants of interest including N208Y, N208E, K201A, 

and Q202R. N208E and K201A were both identified as potential escape mutations by 

either flow cytometry or in-cell ELISA (figures 23 and 25). The F monomer is 

represented by the light purple ribbon structure while the cyan and magenta ribbon 

structures represent the heavy and light chains of the D25 antibody. Red discs 

represent clashes with nearby structures upon mutating the wild-type amino acid to 

the indicated variant. The change from N208 to N208Y shows a drastic increase in 

clashing with nearby amino acids, further validating the disruptive properties of the 

tyrosine at site 208. The change from N208 to N208E shows a bit of clashing, but not 

to the extent of the N208Y mutant. The change from Q202 to Q202R does not show 

any clashing at all, validating our findings related to a lack of neutralization resistance 

activity with the Q202R mutant on its own. The K201A mutant interestingly shows 

clashing with nearby structures, even though it was not predicted by molecular 

modeling to disrupt antibody binding. K201A was found to be a possible escape 

mutant by in-cell ELISA and mutating to an alanine at this residue seems to cause 

structural disruption (figure 27). 
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Figure 25: Panel of mutants tested are the same as the flow cytometry binding assay plus more site N208 
mutants of interest. Binding is relative to wild-type for both D25 and motavizumab and this experiment was 
performed in technical triplicate. 
 

 

 

Table 5: Summary of predicted versus observed escape in N208 and K201 variants tested by flow cytometry and 
in-cell ELISA  
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Dot Blot with 101F and D25 mAbs Using Whole Cells Expressing F  

 As shown by figure 26 below, the 101F antibody worked very well for detecting 

wild-type F expression in this dot blot assay. The empty vector control, pcDNA3.1-

GW did not show expression on this blot as expected. D25 did not show any 

expression of wild-type F using this method. Since this assay did not work in the 

context of wild-type F, we did not proceed further with assessing mutants using this 

assay. F was most likely being triggered to post-fusion during one or more steps of 

the dot blotting procedure, resulting in D25 not being able to detect F. 

 

 

 
Figure 26: Two nitrocellulose membranes blotted with wild-type pcDNA3.1-F using a dot blotting apparatus. Each 
membrane was blocked and stained with either 101F or D25 and corresponding HRP-conjugated secondaries 
were used after primary antibody incubation. Chemiluminescent exposure revealed detection by 101F but not 
D25. 

 

 

     WT-F 

  pcDNA3.1-GW 
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Figure 27: PyMOL images demonstrating the wild-type amino acid and a variant from individual analysis at sites 
201, 202, and 208. Cyan and magenta indicate the heavy and light chains of the D25 mAb and light purple 
represents the F monomer. The wild-type amino acid is shown in the left-hand column and the variant (N208Y, 
N208E, Q202R, and K201A) is shown in the right-hand column of the figure. Clashes with the structure upon 
changes in amino acid are represented by red discs.  
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Discussion and Future Directions 

Testing individual variants for differences in D25 binding became a somewhat 

difficult task. Due to the conformation specificity of D25 binding, this posed some 

challenges for the design of binding assays that could detect enough binding in the 

wild-type -transfected samples to effectively compare to selected variants. In the 

context of both binding assays, we saw different results for the panel of mutants 

tested. The flow cytometry assay and in-cell ELISA assays both demonstrating 

differences in antibody binding but showed slightly different results. During flow 

cytometry preparation, the cells are subjected to fewer steps and manipulations 

before being analyzed on the cytometer. We are also measuring percent positive 

cells for this assay and using those percentages to compare variants. Using percent 

positivity makes this assay more binary in terms of whether a cell is positive or not for 

FITC or ECD. Compared to the ELISA, there is a broader range of positivity or 

negativity based on the amount of antibody binding and thus the color change 

measured in each well. One other difference between this assay and the in-cell 

ELISA is that each cell is analyzed individually and plotted using flow cytometry 

compared to the ELISA that is measuring the bulk sample in each well of the 96 well 

plate. In flow cytometry preparation, cells are fixed in 1% formaldehyde as the last 

step before analysis, allowing for as much pre-fusion specific F to be present for D25 

to bind. Compared to the ELISA, the cells undergo slightly harsher conditions with 

more rigorous washing and longer incubation steps at colder temperatures. We also 

must fix the cells as the first step of the assay to prevent cells from sloughing off the 

bottom of the wells (186). This could decrease the amount of pre-fusion F available 

for D25 to bind, contributing to inconsistent results.  

Other studies have had success in using D25 to detect F expression in the 

context of dot blotting. In a study from 2016, researchers wanted to better understand 

the effect of formalin and heat inactivation on the conformation of F (186). This study 

utilized dot blotting with motavizumab, AM14, D25, and 5C4 antibodies to detect both 

pre- and post-fusion F conformations. The DS-Cav1 construct was used in this study 

to provide the pre-fusion stable conformation of F to allow those pre-fusion specific 

antibodies (AM14, D25, and 5C4) to bind efficiently (186). Experiments where we 
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clone D25 library mutations in the DS-Cav1 construct could assist with the pre-fusion 

F conformation problems we have run into with dot blotting and our other binding 

assays. One study from 2012 successfully utilized in-cell ELISAs for the detection of 

different RSV proteins from infected cells (200). Our experiments did not use infected 

cells for our ELISAs, but this could be something to test in the future with mutants 

cloned into the RSV infectious clone system. Overall, preliminary data suggests that 

we can use molecular modeling to predict individual antibody escape variants in the 

D25 epitope of F. More repeats of these experiments are needed to better distinguish 

between true antibody escape and experimental background to elucidate if the 

modeling predictions are accurate.  
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Summary and Conclusions 

 The second chapter of this project was able to successfully develop a high-

throughput pipeline for screening D25 library mutants for antibody escape using 

molecular modeling, an MLV-based gene delivery system, FACS, and deep 

sequencing. Through our optimization studies, we were able to observe differences in 

D25 percent positivity between the wild-type MLV and library MLV – transduced cells 

by flow cytometry. These trends gave us confidence to proceed with establishing 

sorting bins for different populations of F-expressing cells to screen for potential D25 

escape mutants. Upon cell sorting, we were then able to successfully extract DNA 

from the different populations and generate amplicons for deep sequencing using two 

distinct rounds of PCR reactions. When analyzing the sequencing reads for the 

sorted populations, we expect to find our escape mutants in the motavizumab 

positive, D25 negative or low populations. These mutants should also be present in 

the MLV library and pLPCX-F plasmid pools. Though the libraries 1 and 2 were 

prepared separately, we would expect to see redundancy in the sorted mutants. 

Once the amplicons have been sequenced and analyzed, we would want to assess 

the variants found in each sorted population and compare that to molecular modeling 

predictions in terms of ΔΔG values of folding and binding. It would be important to 

Identify mutants that screened positive for antibody escape that were also predicted 

by molecular modeling to escape D25 for validation of the modeling. We could also 

identify mutants that did not express well on the surface of cells, based on their 

presence in the MLV library stocks and sorted into the motavizumab negative 

population. This information could be used to assist in the building of logo plots to 

summarize mutational tolerance at different sites within the D25 epitope of the F 

protein. Tolerance to mutations at different sites within F would be an important 

takeaway from this study to further understand sites of interest that could become 

prevalent clinically, in terms of escape.  

 Chapter 3 first examined previous viral evolution experiments using D25 to 

select for escape mutations in vitro. These experiments resulted in three major 

variants that reached nearly 100% frequency: N208Y, N208Y/Q202R, and N208K. 

Neutralization experiments demonstrated an increase in resistance to neutralization 
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by D25 for each of these mutants, especially the double N208Y/Q202R mutant. To 

address how these mutations affected viral growth, N208Y, Q202R, and the double 

mutant were recombined into the pSynk vector as part of the RSV infectious clone 

system. The mutant viruses were then assessed for growth, and these data 

demonstrated that there was no significant difference between any of the three 

variants. Neutralization data with these three mutants then showed some interesting 

results. The N208Y mutant was significantly more resistant to neutralization than 

wild-type RSV, as well as the N208Y/Q202R double mutant. The double mutant, 

however, was not nearly as resistant as the N208Y mutant on its own. Q202R did not 

show any significant difference in its resistance to neutralization by D25 compared to 

wild-type. We can hypothesize that the Q202R mutation provides some stability for 

better growth but maybe does not provide as much for the virus in terms of resistance 

to D25 neutralization. Further studies to examine this in more detail are needed in the 

future.  

We also wanted to assess several mutants for D25 binding in the context of a 

flow cytometry and ELISA binding assay and compare the results to molecular 

modeling predictions. Several variants were chosen for these assays from sites N208 

and K201. Both sites had variants predicted to escape D25 binding and predicted not 

to escape D25 binding to be used as a control. The flow cytometry binding assay 

showed a decrease D25 binding and consistent motavizumab binding for the mutant 

N208E. This mutant was predicted to escape D25 binding by molecular modeling. 

N208E was also shown to have decreased D25 binding in the ELISA format, along 

with other mutants such as N208C, N208D, and K201A. The flow cytometry and 

ELISA binding assays give slightly different results but could be used to confirm 

escape variants identified in the DMS pipeline from the second chapter. In the future 

after receiving deep sequencing results, we would like to run those possible escape 

mutations through these individual binding assays to confirm that they escape D25 

binding. It would also be interesting to recombine some of our variants of interest into 

the DS-Cav1 construct to be able to better assess D25 binding in this context. Using 

techniques such as biolayer interferometry (BLI) or surface plasmon resonance 
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(SPR) could be other techniques that would be useful in better understanding the 

binding kinetics of the proposed escape mutations found in the DMS screen. 

 Overall, this project has laid the groundwork necessary for assessing large 

variant libraries that yield valuable information regarding antibody escape and F 

mutant expression. This pipeline can be used in future projects with different 

antibodies of interest for F where hundreds of variants can be assessed in a relatively 

high-throughput manner. We have also tested many variations of flow cytometry and 

ELISA binding assays that can be further optimized and used for assessing more 

D25 variants or variants from different antibody libraries. There are more data to 

gather in the future related to this project in terms of possible escape mutations as 

well as answering questions about the use of molecular modeling to predict escape 

mutations in F.  
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