
 

 

ABSTRACT 

GRAHAM, STEPHEN DUANE. Defining a Novel Immunogenic Zika Virus Epitope through 

Mapping a Neutralizing Monoclonal Antibody. (Under the direction of Drs. Aravinda de Silva 

and Alena Markmann).  

 

Zika virus (ZIKV) is a positive-stranded RNA flavivirus that can cause serious disease in 

humans. Through its transmission by Aedes mosquitoes, it can infect humans and cause severe 

symptoms including Guillain-Barré syndrome, a neurological disorder where the body’s immune 

system attacks its own nervous system, and severe congenital birth defects. After the ZIKV 

outbreak in 2015, the hundreds of thousands of human infections demonstrated the importance of 

developing better vaccines, treatments, and diagnostics to be prepared for future outbreaks. Upon 

infection, a vital component in the human immune system’s clearance of ZIKV is the humoral 

antibody response. Antibodies that can bind and neutralize the virus target specific epitopes on 

the viral envelope protein. Through mapping the targeted epitopes of neutralizing antibodies on 

the envelope of ZIKV, we can understand which regions are important for neutralization. In this 

study, a potently neutralizing monoclonal antibody, B11F, was isolated from a ZIKV patient and 

characterized to map the binding site on the viral envelope protein. The antibody bound to a 

quaternary structural epitope that included residues on domains I and III of the envelope protein. 

The results from this study, which increase our understanding of how ZIKV infection is cleared, 

can be used to guide the development of vaccines and diagnostics. 
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CHAPTER 1: Introduction 

1.1 Zika Virus Background 

Zika virus (ZIKV) is part of the Flavivirus genus of the Flaviviridae family, which includes 

other human pathogens such as dengue virus, Japanese encephalitis virus, yellow fever virus, and 

West Nile virus (1). ZIKV has a positive stranded RNA genome that is 11 kb long that is inside 

the enveloped virion. ZIKV has vector-borne transmission through Aedes aegypti mosquitos but 

can also spread by blood-borne transmission (2), sexual transmission, (3), and mother-to-fetus 

transmission (4, 5).  

ZIKV was first isolated in 1947 in a rheses macaque in the Zika Forest in Uganda. It has 

since been identified in an outbreak in Micronesia in 2007 (6, 7) and has continued to spread via 

Aedes mosquitos (8) to cause outbreaks in French Polynesia in 2013-2014 (9), and Brazil in 2015 

(10). The most recent outbreak in Brazil was the largest recorded outbreak of ZIKV, causing 

hundreds of thousands of people to get infected (11).  

Twenty percent of people infected with ZIKV develop febrile illness (12) and other 

symptoms including headache, myalgia, conjunctivitis, vomiting, fatigue, nausea, and rash (13). 

In more rare but severe cases, ZIKV infects cells in the central nervous system (14) to cause 

serious disease including Guillain-Barré syndrome (a severe neurological disorder where the 

body’s immune system attacks its own nervous system (15)) and congenital microcephaly (16, 

17). It is difficult to diagnose ZIKV infection, as it shares mosquito vectors with dengue and 

chikungunya viruses, which also cause similar symptoms (18, 19). Although there is only one 

serotype of ZIKV, cases involving co-infection of ZIKV with other viruses adds to the 

complications of diagnostics (20). Reverse transcription polymerase chain reaction (RT-PCR) is 

a laboratory experiment used to detect viral RNA from human samples (1). However, if the 
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infection is cleared and there is no viral RNA in the sample, the test will be negative. Therefore, 

a useful diagnostic for surveillance is using testing serology. Serological diagnostics include 

enzyme-linked immunosorbent assay (ELISA) and neutralization testing (1). ELISA testing 

involves screening serum for antibodies binding to viral antigens, indicating that the body’s 

immune system has been exposed to the virus and has generated antibodies against the virus. 

Neutralization testing involves incubating serum with cells infected by the virus to determine if 

the serum can neutralize the virus with its antibodies. These tests are critical for surveillance and 

diagnosis after the viral infection has been cleared from the body.  

The development of a ZIKV vaccine is needed to provide protection against infection (21). 

Currently, there is no licensed or available vaccine for ZIKV. Multiple different types of ZIKV 

vaccines are being developed, including vaccines made from: viral nucleic acid, viral DNA, viral 

mRNA, live-attenuated virus, and virus like particles (VLPs) (21). Challenges to ZIKV vaccine 

development include the dynamic of mother-to-fetus viral transmission, the potential of severe 

neurological disease, and the similarity of ZIKV to dengue virus, which could cause 

enhancement of disease in future infections (22, 23).  

As vaccines are being tested, therapeutic antibody treatments are an option to help prevent 

infection (24). Therapeutic treatments involve passive immunity, where neutralizing ZIKV 

antibodies are injected into people to help prevent ZIKV infection. This prophylactic treatment 

can accelerate viral clearance, reduce disease severity, and has shown to decrease mother-to-

fetus transmission of ZIKV in mice with the potential to do the same in humans (25).  
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1.2 Overview 

In humans, infection with one flavivirus is known to induce lifelong immune protection.  

A major component in the long-term protective immune response are antibodies that can 

efficiently neutralize the virus (26). These neutralizing antibodies are produced and maintained 

in the serum by plasma cells and memory B cells that circulate in the blood stream upon re-

activation by antigen. Recent studies have mapped specific epitopes on dengue and other 

flaviviruses recognized by human neutralizing antibodies (27). This information has been useful 

for guiding the development and evaluation of dengue vaccines (28, 29). The goal of this project 

is to further define viral epitopes recognized by neutralizing antibodies that develop in people 

exposed to natural ZIKV infections. 

 

1.3 ZIKV Structure 

The positive-sense RNA genome of ZIKV is composed of three structural and seven non-

structural proteins (30) (Figure 1). The non-structural proteins (NS1-5) are involved in viral 

replication, and interestingly, NS1 functions in both replication and viral immune evasion upon 

secretion from the cell (31). The three ZIKV structural proteins are the capsid, pre-membrane, 

and envelope proteins. The capsid protein has icosahedral symmetry and surrounds the ZIKV 

genome (30). As the virus is replicating and being formed in the cell, the low pH in the trans-

Golgi network causes cleavage of the pre-membrane protein in two Pr and M proteins by a host 

protease, called furin (32). This reorganization of the pre-membrane protein causes the formation 

of envelope homodimers to form on the surface of the virion, which matures the virus and 

induces exocytosis (30). 
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Figure 1: ZIKV genome and virion containing structural and non-structural components. The 

immature virion containing PrM is shown in the bottom left, and the mature virion that has 

undergone furin cleavage is shown on the bottom right. Image taken from Abrams R. P. M. 

et. al. Neurotherapeutics 2017 (33).  
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 The envelope (E) protein is the dominant flaviviral antigen and is presented as an outer 

shell of 90 E-protein homodimers, where each dimer is composed of two identical monomers. 

Each of the 180 E-monomers are made up of three domains: domain I (EDI), II (EDII), and III 

(EDIII), with EDII and EDIII connecting via a fusion loop in the E-protein (34).  

 

1.4 Antibody Response to ZIKV 

 During ZIKV infection, two types of antibodies can be developed: virus type-specific 

(TS) and pan-flavivirus cross-reactive (CR) antibodies (35). CR antibodies are made due to the 

similarity of E-protein between ZIKV and other flaviviruses. The dengue virus E-protein shares 

58% homology with the ZIKV E-protein (36, 37). CR antibodies add difficulty to serologically-

based diagnostic assays.  CR antibodies are, often, poorly neutralizing and wane sooner (35) than 

TS antibodies (27). TS antibodies strongly neutralize the infecting virus and contribute to long-

term protection.    

Previous ZIKV antibody studies have shown that antibodies that are able to efficiently 

neutralize the virus target EDI and EDII (38, 25). Other studies have shown that antibodies 

targeting EDIII are both strongly neutralizing and specific to ZIKV (39-42) and can provide 

long-term protection against ZIKV (29). The immunogenic epitopes on E-protein of these 

antibodies identify regions targeted for neutralization of the virus. These targeted regions of 

neutralizing antibodies can be identified and used to design recombinant proteins and viruses to 

develop ZIKV-specific vaccines and diagnostic assays.  
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1.5 Current State of TS ZIKV Antibodies 

There are currently twelve human TS ZIKV-neutralizing antibodies that are memory B 

cell-derived, and target: EDIII, EDI and EDII, EDII, and EDII across the dimer (Figure 2) (25, 

38, 43). Here we introduce a novel human antibody, B11F, a TS and neutralizing antibody 

isolated from an individual with a natural primary ZIKV infection. Studying B11F and learning 

its target site adds to the map of immunogenic epitopes of ZIKV E-protein. Our studies have 

indicated that B11F targets a quaternary epitope on EDI and EDIII regions of the ZIKV E-

protein, with a similar but not exact epitope of another human antibody we previously described 

(A9E) (38). The EDI and EDIII quaternary epitope that B11F binds to represents a new 

protective target from the memory B cell repertoire in humans after natural ZIKV infection. 

 

 

 

Figure 2: Zika envelope protein dimer as a ribbon image. Each of the three monomeric domains 

are labelled as Domain I, Domain II, and Domain III (in red). The binding regions of currently 

mapped Zika type-specific neutralizing antibodies are highlighted with black circles.  
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CHAPTER 2: Antibody B11F Binding to ZIKV 

 

 B11F antibody was obtained from a donor, DT 172 (recruited through the Arbovirus 

Traveler Study at UNC), who had been exposed to a primary ZIKV infection. Serum from DT 

172 was positive for both binding and neutralization of ZIKV. Peripheral blood mononuclear 

cells (PBMCs) isolated from DT 172 were sent to Dr. Sean Diehl’s laboratory at the University 

of Vermont for B-cell sorting and immortalization. After 6XL retrovirus immortalization and B-

cell sorting (44), a well (in a 96-well plate) containing 50 B-cells tested positive for binding and 

neutralizing ZIKV. These 50 B-cells were grown and expanded in other wells, and 180 of these 

B-cells were single-cell sorted and supernatants from these cells were screened for binding to 

ZIKV and dengue viruses. From the screen, three monoclonal B-cells that tested positive to 

ZIKV were able to be isolated, and the sequences were determined. Antibody B11F was one of 

these and its sequence is listed in Table 1. The sequence results identified that it has a lambda 

light chain and that it is an IgG1 subclass antibody. The heavy and light chains of this B11F were 

cloned into a mammalian expression vector for transient transfection and further testing in our 

lab at UNC. The heavy chain CDRH3 and light chain CDRL3 regions contain amino acids that 

specifically bind to ZIKV. 

 

         Table 1: Sequencing Results for B11F. 

Sequence Result Isotype Light chain CDRH3 CDRL3 

B11F IgG1 λ AISLYYDISTGDNYYWYMDV SSYRSGSTLGV 
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 Upon receiving B11F, its sequence was confirmed, and the antibody was expressed and 

affinity purified. Running an SDS-PAGE gel under reducing conditions resulted in the antibody 

heavy-chain band at 50 kDa and the light chain band near 25 kDa (Figure 3). Antibody 1M7 

(46), a commonly used pan-flavivirus monoclonal antibody used in the lab, was used as a 

positive control. It is important to note that both heavy and light chain gel bands can vary in size 

between antibodies due to amino acid differences. 

 

  

Figure 3: SDS-PAGE of B11F. After transient transfection in human embryonic kidney 

cells and affinity purification. 5ug of antibody protein was loaded onto the gel after 

undergoing reducing conditions. The heavy-chain part of the antibodies corresponds to 

the bands near 50 kDa, and the light-chain part of the antibodies correspond to the bands 

near 25 kDa. 

 

 

ELISA binding experiments using pan-flavivirus mouse monoclonal antibody 4G2 for 

capturing virus and antigen, and B11F as a primary antibody resulted in strong binding to ZIKV 

whole virion and a protein containing 80% of the envelope protein with a histidine tag (ZVrecE) 

which exists in solution in equilibrium between monomer and dimer form (45). B11F did not 
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bind to ZIKV E domain subunit protein antigens EDI and EDIII, or dengue virus (Figure 4). This 

binding data confirms that B11F is type-specific to ZIKV and likely targets a quaternary epitope 

on the envelope of ZIKV, as it did not individually bind EDI or EDIII subunit antigens. 

 

 

         

Figure 4: B11F antigen binding profile. A) 4G2 capture ELISA. B11F binds ZIKV but not 

WHO reference dengue virus serotypes 1-4. B) Anti-MBP capture ELISA (EDI and EDIII have 

MBP tag). B11F does not bind EDI or EDIII subunit antigens but does bind ZVrecE antigen. 

Absorbance values represent the average of duplicate wells, experimental results observed at 

least twice. 

 

 

 

Given that B11F was able to bind ZVrecE, a titratration experiment was performed with 

ZVrecE protein to compare the binding of B11F with other previously-characterized ZIKV 

neutralizing monoclonal antibodies at UNC: A9E and G9E. This experiment showed similar 

binding characteristics between B11F and other characterized ZIKV monoclonal antibodies 

during titration at 1000ng, 100ng, and 10ng of antibody per well (Figure 5). 

A B 
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Figure 5: ZIKV monoclonal antibodies titrated against ZVrecE. Antibodies A9E, G9E, and 1M7 

are previously characterized antibodies with known binding to ZVrecE. Absorbance values 

represent the average of duplicate wells, experimental results observed at least twice. 

 

 

 

ZVrecE exists in solution in both monomer and dimer conformations (45), B11F was 

tested for binding against both ZVrecE monomer (monomer/dimer equilibrium, majority in 

monomer) and ZVrecE dimer (a cysteine-linked antigen locked in the dimer conformation) (45). 

ZVrecE monomer and dimer antigens are both 6X histidine tagged and were captured for ELISA 

with a mouse anti-histidine monoclonal antibody. Binding results between monomer and dimer 

identified that B11F binds stronger to the ZVrecE dimer than to the monomer (Figure 6). For this 

experiment, 1M7 (a monomer-specific binding monoclonal antibody targeting the fusion-loop 

(46)) and EDE C10 (a dimer-specific binding monoclonal antibody (47)) and were used as 
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positive controls, and 2D22 (a dengue serotype 2 dimer-specific monoclonal antibody (48)) was 

used a negative control. 

 

 

Figure 6: Monoclonal antibody binding to ZVrecE monomer and dimer antigens. Absorbance 

values represent the average of duplicate wells. The background absorbance for these ELISAs is 

at 0.1, experimental results observed at least twice.  

 

 

B11F showed strong ZIKV binding by ELISA, with similar binding titers to other 

strongly neutralizing characterized monoclonal antibodies. To understand B11F neutralization 

potency, a focus reduction neutralization test (FRNT) using Vero-81 cell culture and the 

H/PF/2013 ZIKV strain was performed. Antibodies are gauged for neutralizing strength by 

determining the concentration of antibody at which half of the virus is neutralized, known as the 
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EC50 value. Antibodies with neutralization EC50 titers of 15 ng/mL or less are typically 

characterized as strongly neutralizing. Neutralization data identified B11F as a strongly 

neutralizing antibody to ZIKV, with an EC50 value of 5 ng/ml, which is a similar titer to G9E 

and about one log lower in neutralizing titer than A9E. 

These binding and neutralization results indicate that B11F binds ZIKV in a quaternary 

manner on ZIKV E-protein and strongly neutralizes the virus. For the neutralization assay, it is 

important to note that FRNT EC50 values can slightly vary between different assays even with 

the same experimental setup. 

 

 

Figure 7: Percent neutralization of ZIKV by B11F, A9E, and G9E. Each value is the average of 

duplicate wells for each antibody. 50% neutralization occurred at concentrations of 5 ng/mL for 

B11F, 11 ng/mL for G9E, and 1 ng/mL for A9E, experimental results observed at least twice.  
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Chapter 3: Epitope Mapping the B11F Binding Site 

 

 Another way to characterize the binding site of a monoclonal antibody is by performing 

blockade of binding (BOB) ELISA. BOB ELISA is a useful tool to determine if a monoclonal 

antibody targets a similar epitope as another characterized monoclonal antibody. The BOB 

ELISA was performed with B11F along with a panel of fourteen ZIKV binding monoclonal 

antibodies. The ELISA format has mouse monoclonal antibody 4G2 as the capture antibody and 

an alkaline phosphatase conjugated B11F monoclonal antibody for the secondary probe. The 

primary (competing) monoclonal antibody was added to the virus before adding the B11F 

conjugated to alkaline phosphatase to see if it inhibited the binding of B11F. BOB ELISA results 

showed that B11F was blocked by antibody A9E, suggesting that it targets a similar region on 

ZIKV E as A9E. Previous work has shown that A9E targets both EDI and EDIII of ZIKV E-

protein (38). Interestingly, A9E blocked B11F binding to ZIKV greater than B11F blocked itself, 

suggesting that A9E may have a higher affinity to ZIKV than B11F (Figure 8).  
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Figure 8: Blockade of binding ELISA results. Binding of monoclonal antibodies to ZIKV 

virions is shown. B11F is the conjugated/labeled antibody, the competing antibody is listed on 

the right with the indicated color in the graph. Absorbance values represent the average of 

duplicate wells, experimental results observed at least twice. 

 

Observing that B11F targets a similar region to A9E, an ELISA was performed using 

ZIKV that had been grown in the presence of A9E and had been mutated to escape binding and 

neutralization by A9E (38). Interestingly, B11F was able to bind to the A9E escape mutant virus 

along with the wild-type virus (Figure 9).  
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Figure 9: ELISA using wild-type ZIKV and the A9E escape mutant virus as the antigen. 

Background absorbance is at 0.1. Absorbance values represent the average of duplicate wells. 

 

 To determine where on the ZIKV E-protein B11F is binding, we passaged ZIKV in the 

presence of the Ab to generate an antibody escape mutant virus. To perform this, wild-type 

ZIKV (H/PF/2013) was incubated with B11F at different multiplications of its EC50. After a 3-

day passage, the concentration was increased to determine if the virus was still able to grow in 

the presence of B11F. After 3 passages, we observed better growth of the virus in the presence of 

the antibody, suggesting the enrichment of a mutant that was resistant to B11F binding and 

neutralization. Next, RNA was isolated from the WT and Ab escape mutant viruses and 

sequenced to identify the location of mutations. Interestingly, a mutation was observed at E-

protein position 345 (Met → Ile), which is a buried residue in the core of EDIII. This suggests 

that a mutation in the core of EDIII can change the binding sites on the E-protein surface. 
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Next, a FRNT neutralization assay was performed to confirm that the ZIKV mutant 

sequenced was resistant to neutralization by B11F. As predicted B11F is not able to neutralize 

the mutant virus, while monoclonal antibodies G9E and A9E that have distinct epitopes centered 

on EDII and EDI efficiently neutralized the mutant virus (Figure 10). 

 

 

Figure 10: Preliminary FRNT percent neutralization of antibodies with the B11F escape mutant 

virus. Percent neutralization is the average of duplicate wells for each antibody. 
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Chapter 4: Discussion 

 

 We have identified a novel binding region on the ZIKV E-protein targeted by a human 

neutralizing antibody. Binding and neutralization assays identified that B11F targets a complex 

epitope on the EDI and EDIII regions on the E-protein, indicating the presence of an 

immunogenic epitopes in these domains. Discovering this immunogenic binding site adds to our 

knowledge of important targets on E-protein for vaccine development.  

 When screening B11F for binding to ZIKV and E-protein antigens, it was interesting to 

note that B11F would not bind to EDI or EDIII antigens alone. Although further experimentation 

has suggested that B11F targets those domains, this data indicates that the binding footprint of 

B11F is complex and quaternary, needing both EDI and EDIII regions to be intact for binding. 

This conclusion was further supported by the ZVrecE monomer and dimer ELISAs, identifying 

that B11F binds stronger to the cysteine-linked dimer as opposed to the monomer antigen.  

 The BOB ELISA assay helped to further map the binding site of B11F on ZIKV E-

protein. Antibody A9E blocked the binding of B11F, indicating that B11F’s targeted binding 

region is similar to that of A9E, which is across the EDI and EDIII domains (38). Interestingly, 

A9E blocked B11F binding more than B11F blocked itself during this assay given the titration 

curve. This result suggests that B11F has a lower affinity to ZIKV than A9E. Once B11F is 

conjugated to alkaline phosphatase and added to the plate, it may dissociate from ZIKV and 

allow a non-alkaline phosphatase conjugated B11F antibody to bind instead. With less alkaline 

phosphatase conjugated B11F bound to ZIKV, the 405 nano-meter absorbance signal would 

decrease after the addition of alkaline phosphatase substrate. However, in competition with the 

A9E antibody, the titration curve/optical density is higher than that of B11F which suggests that 
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A9E is not dissociating with the virus as often as B11F may be. Despite the apparent differences 

in the binding affinities and dissociation constants between A9E and B11F with ZIKV, it is 

important to note that both antibodies strongly neutralize ZIKV with potent EC50 values.  

 To hone-in even further on B11F’s binding site on ZIKV E-protein, the escape mutant 

experiment identified a residue that ZIKV could mutate to prevent neutralization by B11F. After 

observing that ZIKV had developed the ability to grow in the presence of high concentrations of 

B11F by qPCR and the presence of cytopathic effects, RNA was isolated to sequence the 

mutated virus. After sequencing the DNA of this escape mutant, it was interesting to observe that 

ZIKV mutated a residue in the core of EDIII: a methionine to isoleucine change in the amino 

acid residue at position 345. Although this mutation is not located on the surface of ZIKV E-

protein, the methionine to isoleucine mutation (Figure 10) appears to change the topography of 

the surface of E-protein enough to allow the virus to escape binding and neutralization by B11F. 

The binding site of B11F on the surface of E-protein can be further explored by performing 

alanine scanning and other structure-analysis experimentation. 

 In conclusion, characterizing the binding site of B11F has indicated a novel immunogenic 

epitope in a similar region as antibody A9E: a quaternary binding site in the EDI and EDIII 

regions. The ELISA data of B11F with the A9E escape mutant virus (38) resulted in B11F being 

able to bind the virus that escaped A9E, suggesting that B11F targets different epitopes in the 

EDI and EDIII regions than A9E. Given the known amino acid residue escape mutations for both 

B11F and A9E, a model can be generated to hypothesize the binding site of B11F on the E-

protein (Figure 11). This novel binding site is an important immunogenic epitope on the ZIKV 

E-protein that can be utilized for ZIKV vaccine design. The strong neutralization titer of B11F 
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also indicates its potential as a therapeutic antibody for treatment of ZIKV infected individuals or 

as a prophylactic during an outbreak. 

 

 

Figure 11: Hypothesized binding sites for B11F. ZIKV E-protein dimer with 

hypothesized B11F binding site on ZIKV E-protein is circled in black. The A9E escape 

mutations (38) are labeled green, and the B11F escape mutation is labeled red. Figure 

generated using PyMOL iZ3D. 
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Chapter 5: Methods 

 

Human subjects and biospecimen collection 

 Whole blood donations were obtained from travelers with self-reported risk for arboviral 

infection through the UNC Arboviral Traveler Study. Plasma was isolated from whole blood by 

centrifugation and analyzed by virus-capture ELISA assay for binding to ZIKV and DENV 1-4 

viruses. If antibody binding to any virus is observed, the neutralization titer was determined via 

FRNT50 neutralization. Plasma with 4-fold higher neutralization titers to one DENV serotype or 

ZIKV than all other titers was characterized as a primary infection (38). Previously characterized 

flaviviral positive serum samples were used as controls for the ELISA and neutralization 

experiments.  

 

Viruses and Cells 

 ZIKV strain H/PF/2013 was obtained from the U.S. Centers for Disease Control and 

Prevention (49). DENV WHO reference strains DENV1 West Pac 74, DENV2 S16803, DENV3 

CH54389, and DENV4 TVP-376 were initially obtained from Robert Putnak (Walter Reed Army 

Institute of Research, Silver Spring, Maryland, USA). For cell culture-based experiments and 

maintaining virus stocks, Vero (Cercopithecus aethiops) cells (ATCC CCL-81) were used (38). 

Vero cells were grown at 37°C and 5% CO2 in DMEM media supplemented with 5% fetal 

bovine plasma and L-glutamine. Virus stocks were titrated on Vero cells by plaque assay or 

focus-forming assay. All studies were conducted under biosafety level 2 containment. (38) 
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Memory B cell immortalization and sorting 

 The B11F monoclonal antibody was generated from donor DT 172, using the 6XL 

method of memory B cell immortalization (50) by Sean Diehl and Huy Tu at the University of 

Vermont. Briefly, PBMCs from donor DT 172 underwent CD22+ magnetic purification followed 

by flow cytometric sorting for CD19+CD27+IgM- class switched monoclonal B cells. These 

sorted monoclonal B cells were then transduced with the 6XL retrovirus and activated by 

incubation with CD40L expressing cells as well as human interleukin 21 to support antibody 

secretion and B cell proliferation (51). 6XL transduced monoclonal B cells then underwent flow 

cytometric sorting by green fluorescence protein expression as a marker of transduction, into 

polyclonal cultures at 50 green fluorescence protein + cells per well on a 96-well plate using a 

BD FACSAria III using the “single cell sort mask” mode.  

 

Memory B cell screening and monoclonal antibody generation 

 Polyclonal MBC cultures were screened by ELISA for binding to both DENV 1-4 and 

ZIKV. Cultures that were ZIKV positive were single-cell sorted on a BD FACSAria III, grown 

with CD40L and IL-21, and then screened as above after 4 weeks. Positive monoclonal cultures 

were further screened by FRNT50 neutralization in Vero cells at 1:2 and 1:8 dilutions. Positive 

monoclonal cultures underwent RNA isolation and nested PCR for human IGH and IGL genes, 

followed by sequencing using previously described primers (52). Sequences analyzed by 

IgBLAST (https://www.ncbi.nlm.nih.gov/igblast/) and compared to germline to determine 

variable heavy and light chain usage, V-(D)-J gene usage, CDR3 sequence, rate of somatic 

hypermutation and IgG isotype. The heavy chain and light chain sequences were then cloned into 

mammalian expression vectors. 
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 Upon receiving the heavy and light chain plasmids in our lab at UNC, they were verified 

by sequencing and transformed into DH5alpha cells (NEB). The transformed cells were grown 

and the plasmid was purified by midiprep  (Macherey-Nagel) The purified plasmid DNA (both 

heavy and light chain) was transfected into a 30mL culture of HEK Expi293 cells at 3x106 viable 

cells/mL (Thermo Scientific Expi293). 1µg of both heavy chain and light chain DNA was per 

1mL of cell culture (30µg each for the 30mL culture). Harvesting the culture after 5 days, the 

supernatant was affinity-purified with pre-equilibrated (1X PBS) mAb SelectSure resin in a 

gravity column.  The column was washed with 1X PBS and eluted with 300mM sodium citrate 

pH=3.0, in to six 475μL fraction tubes. containing 25μL of 1M Tris pH=8.0. 

 

Capture ELISA 

 Monoclonal antibody binding to ZIKV, DENV, and subunit envelope antigens was 

determined by capture ELISA (16). A 96-well plate was coated with murine antibody 4G2 for 

ZIKV and DENV whole virus antigens, anti-MBP monoclonal antibody (ProteinTech) for ZEDI 

and ZEDIII antigens (53), or anti-His (Invitrogen) for recombinant ZVrecE80 antigen, in 0.1M 

carbonate buffer pH 9.6. Plates were coated for 1 hour at 37°C, then washed with 1X TBS + 

0.2% tween buffer using a plate washer (BioTek). 3% non-fat milk (in 1XTBS + 0.05% tween 

buffer) was used to block the plate. Antigens were added as follows: ZIKV (H/PF/2013) diluted 

1:1 )), ZEDI (200ng per well,), ZEDIII (200ng per well), ZVrecE (200ng per well), were diluted 

in blocking buffer and added to the plate for B11F and control monoclonal antibodies were 

added to the plate100ng per well (diluted in blocking buffer).  Binding of primary monoclonal 

antibody was probed by alkaline phosphatase conjugated goat anti-human IgG (Sigma)diluted 

1:2500 in blocking buffer /. Each incubation step was done for 1 hour at 37°C. AP substrate was 
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added to develop the plate and absorbance was measured at 405nm using a plate reader 

(BioTek).  

 

Neutralization assay 

 Neutralization titers were determined by 96-well microFRNT as described previously 

(38). Briefly, Serial dilutions (1:4) of monoclonal antibody were mixed with 50-100 focus-

forming units of virus 2% FBS media. The virus-antibody mixtures were incubated for 1 hour at 

37°C and then transferred to a monolayer of Vero cells for infection for 40 hours with ZIKV 

(H/PF/2013). Cells were then fixed and permeabilized. Infected cells were stained with primary 

antibodies 4G2 (ATCC, HB-114) and 2H2 for a 1 hour at 37°C, washed and then incubated with 

horseradish peroxidase-conjugated goat anti-mouse secondary antibody (KPL) for 1 hour at 

37°C. Foci were visualized with 50 µL of True Blue (KPL) and counted using a CTL ELISPOT 

reader. Cells-only and ZIKV + cells control wells were added to the plate. 

 

BOB Assay 

 BOB was performed as previously described (38). Briefly, a 96-well plate was coated 

with 4G2, 100ng/well, and the plate was blocked with 3% non-fat milk diluted in 1X TBS + 

0.05% tween. ZIKV was diluted 1:1 in blocking buffer and added to the plate. Monoclonal 

antibodies were serially diluted 1:4 in blocking buffer, and added to the plate, starting at 

100ng/well.  B11F was conjugated with alkaline phosphatase (Abcam) and added to the plate. 

Alkaline phosphatase substrate was added and the 405nm absorbance was measured (BioTek). 
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Escape Mutant Selection and Sequencing 

 ZIKV/PF/2013 (MOI = 0.01) was incubated with different concentrations of the 

FRNT50-neutralization determined EC50 of B11F for 1 hour at 37°C. The virus-antibody 

mixture was added (2 mL) to Vero cells in a 6-well plate (Greiner). After infecting the cells for 1 

hour at 37°C, the supernatant was discarded and 1mL 2% FCS media (Gibco) + 1mL B11F 

diluted in 2% FCS was added to the plate. Wild-type ZIKV (H/PF/2013) was passaged as a 

control in media alone alongside virus undergoing B11F selection. 150μL aliquots were taken at 

a 3-hour baseline, and at 24, 48, and 72 hours after infection for quantitative RT-PCR, and 

cytopathic effects were observed under a microscope for each timepoint. Three days after 

infection, 1 mL of the supernatant was passaged to a new plate of Vero cells + 1 mL 2% FCS 

media. RNA was isolated from the cell culture supernatants and converted to cDNA. The E gene 

of stock, passaged WT and escape mutants were sequenced via RT-PCR using ZIKV primers 

that cover the E protein. The PCR product was run on a 2% agarose gel, gel extracted and 

purified (Zymogen). The purified DNA product was submitted for sequencing. The WT ZIKV 

(H/PF/2013), passaged WT, and escape mutants were aligned via (SnapGene). Mutations were 

observed using PyMOL.  
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Appendix A 

Abbreviations: 

            ZIKV: Zika virus  

RT-PCR: reverse transcription-polymerase chain reaction 

ELISA: enzyme-linked immunosorbent assay 

VLP: Virus-like particle 

NS1-5: ZIKV non-structural proteins 1-5 

E: envelope protein 

EDI: envelope protein domain I 

EDII: envelope protein domain II 

EDIII: envelope protein domain III 

 TS: type-specific 

CR: cross-reactive 

PBMCs: peripheral blood mononuclear cells 

ZVrecE: antigen containing 80% of Zika virus envelope protein 

FRNT: focus reduction neutralization test 

BOB: blockade of binding 

 


