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Antibody affinity maturation is a process of mutating the variable region of antibody amino acid 

sequences to enhance antibody affinity. The process occurs in the lymph node germinal center, 

and the mutations are initiated by activation-induced cytidine deaminase to deaminate deoxy-

cytidines to deoxy-uracils in antibody variable region. Two main approaches are to assess 

antibody affinity maturation. Genomic approach is to confirm antibody DNA sequence mutations 

from germline sequences using B cell isolation technology. Serological approach assesses the 

strength of polyclonal antibodies in serum. Enzyme immunosorbent assay disrupted with 

chaotropic reagents is widely used. However, antibody kinetics parameters for evaluating 

antibody affinity maturation cannot be assessed. Dengue virus (DENV) and Zika virus (ZIKV) 

were classified as flavivirus and infected humans through mosquitoes. DENV has been one of 

the most significant pandemic flaviviridae viruses. An estimated 390 million infections occur 

annually, of which approximately 96 million are symptomatic, and 40,000 deaths occur globally. 

When ZIKV infects pregnant women, microcephaly or other developmental abnormalities have 

been shown to occur in fetuses and newborn babies. Antibody affinity maturation enhances 

antiviral functions, such as virus neutralization, antibody-mediated complement, and effector-

dependent cytotoxicity. However, few reports on antibody affinity maturation by flavivirus 

vaccine have been reported. Here, I reported elucidating antibody affinity maturations of 

flavivirus vaccines using genomic and serological approaches.  

Chapter 1:  

Eight novel rabbit monoclonal antibodies (mAbs) that bind to distinct ZIKV envelope protein 

epitopes were discovered. The majority of the mAbs were ZIKV-specific and targeted the lateral 
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ridge of the Envelope protein domain III, while mAb with the highest neutralizing activity, 

recognized a putative quaternary epitope spanning E protein domains I and III. One non-

neutralizing mAbs specifically recognized ZIKV precursor membrane protein (prM). 

Immunoglobulin variable region plays critical roles in binding to antigen surfaces and consists of 

two regions: complementarity-determining regions (CDR) that recognize antigen epitopes and 

canonical framework regions (FWR) scaffolded CDR structure. The variable region amino acid 

mutations, so-called somatic hypermutation (SHM), were analyzed by the international 

ImMunoGeneTics information system®. SHM were confirmed in antibody heavy and light 

chains. For five neutralizing anti-ZIKV mAbs, negative correlations were observed between 

heavy chain SHM, CDR, and FWR mutation rate and antibody binding parameters such as 

equilibrium dissociation constant (KD) and dissociation constant (kdis) of mAb binding to ZIKV 

virus-like particle (VLP). Reversion of FWR amino acids to the rabbit germline sequence 

decreased anti-ZIKV mAb binding activity of some mAbs. Thus, antibody affinity maturation, 

SHM, CDR, and FWR mutations contributed to the binding and function of these anti-ZIKV 

mAbs. 

Chapter 2:  

Antibody affinity maturation is a critical step in developing functional antiviral immunity. 

However, accurate measurement of affinity maturation of polyclonal serum antibody responses 

to particulate antigens such as virions is challenging. I developed a novel avidity assay 

employing BLI. DENV-VLP was verified using anti-DENV mAbs, antibody purification from 

human serum and avidity assay conditions were optimized. The optimized assay was used to 

assess avidity of antibody responses to a tetravalent dengue vaccine candidate (TAK-003) in 

children, adolescents, and adults during two phase 2 clinical trials conducted in dengue-endemic 
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regions. For baseline seronegative volunteers without DENV infection history, kdis decreased 

after one month of vaccinations and remained for one year post-vaccination. Thus, I concluded 

that DENV vaccinations stimulated antibody affinity maturation. Response, showing anti-DENV 

antibody concentration, and avidity index calculated by response/kdis, reflecting the strength of 

antibody, increased one month after vaccination and remained high through one-year post-

vaccination. For baseline seropositive volunteers with DENV infection history, kdis had 

decreased before vaccination due to prior infections and did not decrease further. However, 

response and avidity index increased after one month of vaccination and remained through one 

year. Neutralizing antibody titers and avidity index did not correlate overall. However, the 

correlation was observed in those subjects with lower kdis, the highest degree of antibody affinity 

maturation. Neutralizing antibodies might be selected during the affinity-maturation process; 

therefore, low kdis subjects showed a higher correlation. In conclusion, vaccination with TAK-

003 stimulates antibody affinity maturation and functional antibody responses, including 

neutralizing antibodies. 

To summarize the thesis, antibody affinity maturation process by flavivirus vaccinations was 

elucidated from DNA mutations to serum antibody affinity. High CDR mutations were observed 

for anti-ZIKV mAbs and correlated with antibody affinity parameters, KD, and kdis. A novel 

avidity assay to assess kdis values from human serum was developed, and a significant decrease 

in kdis was observed from DENV vaccination volunteers. The correlation of avidity index and 

neutralizing titer was found in high affinity matured subjects. Finally, I conclude that antibody 

affinity maturation is essential for protection from virus infection.  
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The history of humanity is a battle against microbes, the first endemic of which was reported in 

430 BC. A plague that struck the City of Athens reported smallpox and typhus based on the 

symptoms. Most of the population was infected, and 75,000 - 100,000 people died, which is 25% 

of the city’s population [1]. Yersinia pestis is a Gram-negative bacterium that causes plaques. 

Plague was a pandemic in European countries in the 6th century, with millions of deaths and 

three pandemics in the region [2]. Cholera is an acute, often fatal gastrointestinal tract disease 

caused by Vibrio cholerae. Six pandemics occurred in Asia in the 19th and 20th centuries [3]. 

Influenza was also a pandemic in Russia in 1889-1894 [4] and Spain in 1918 [5]. In 2020, 

coronavirus disease 2019 (COVID-19) became a worldwide pandemic from Wuhan, China [6]. 

The World Health Organization (WHO) reported 774 million cases and 7 million deaths as of 7 

January 2024 (WHO COVID-19 Dashboard, https://covid19.who.int/).  

Hygiene control is a critical factor for preventing infectious disease outbreaks. Essential 

elements include clean water supply, sanitation, hand washing, and safe food treatment [7]. 

Vaccines are also known to prevent these diseases and are preparations for stimulating an 

immune response against diseases. Edward Jenner discovered the first concept of smallpox in 

1796 and immunized cowpox. He found that the milkmaids exposed to cowpox exhibited similar 

symptoms to smallpox but were not infected with smallpox. Finally, he was inspired to inoculate 

an 8-year-old boy with cowpox, confirming protection against smallpox [8, 9]. Vaccines for 

typhoid [10], rabies [11], and diphtheria [12] were developed in the 19th century. Numerous 

vaccines were developed in the 20th century, such as vaccines for influenza [13], yellow fever 

[14], pertussis (whooping cough) [15], polio [16], hepatitis B [17], measles mumps and rubella 

(MMR vaccine) [18], pneumococcal pneumonia [19], Haemophilus influenzae type b (Hib) [20], 

https://covid19.who.int/
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and rotavirus [21]. Early-developed vaccines were live attenuated or inactivated viruses and 

toxoid vaccines. However, since recombinant DNA technologies were developed in 1972 [22], 

recombinant subunit polysaccharides and conjugation vaccines have been developed to reduce 

side effects and improve efficacy. The human papillomavirus vaccine, recombinant subunits 

form, was approved in 2006 to treat cervical cancer [23], and the first COVID-19 vaccine was 

developed using messenger RNA (mRNA) technology only one year after the first case was 

confirmed [24, 25].  

Vaccination has successfully prevented numerous types of childhood-related infections and 

saved millions of lives [26]. More than 20 million morbidities were reported in the 20th century 

in the United States, including measles, mumps, pertussis, polio, rubella, and smallpox [27]. 

However, vaccination reduced the number of infected cases by >90%, and smallpox, diphtheria, 

and polio were eradicated in the US in 2006 [28]. Smallpox began the inoculation of cowpox in 

1796 by Edward Jenner [29] and continued vaccination worldwide. The last such case was 

reported in Somalia in 1977. WHO declared that smallpox was eradicated in 1980 [30]. 

Moreover, this was the first virus to be eradicated worldwide. 

Antibody function is widely known as neutralizing viruses in the plasma and preventing viral 

infection. The five primary classes of immunoglobin (Ig) are IgG, IgM, IgA, IgD, and IgE. 

Furthermore, the functions of the classes differ [31]. IgA protects the intestines against enteric 

toxins and pathogenic microorganisms [32]. IgE is critical for allergic inflammatory processes 

such as rhinitis [33]. The function of IgD is not clear; it is expressed on the B-cell surface, 

regulates the activation of foreign antigens, and is depressed to autoantigens with IgM [34]. IgM 

and IgG circulate in the blood and play essential roles in protecting against toxins, bacteria, and 

viral infections. 



13 
 

Vaccines are administered through various routes, including oral, intranasal, subcutaneous (SC), 

and intramuscular (IM) [35]. Most vaccine programs were immunized via SC or IM 

administration, and multiple doses are often required to enhance vaccine immunity [36-38]. 

Dendritic cells (DC) are specialized antigen-presenting cells that are abundant in peripheral 

tissues such as the skin and function as immune sentinels [39]. Vaccine antigens are internalized 

into DC through endocytic processes such as receptor-mediated endocytosis, phagocytosis, and 

macropinocytosis [40]. First, vaccine antigens are decomposed into peptides and displayed on 

the major histocompatibility complex (MHC) [41]. Next, DC migrates to secondary lymphoid 

organs in the lymph nodes, spleen, and tonsils, where the peptide/MHC complex in DC activates 

naïve B cells through the B cell receptor [42]. These activated B cells are converted to short-

lived plasma cells and secrete IgM for >one month [43]. The cells are then moved to the lymph 

node germinal center (GC), where the class switches from IgM to IgG, and antibody affinity 

maturation is initiated [44]. A booster vaccine dose, typically injected 2 - 6 weeks after the first 

dose, also activates B cells [45, 46]. GC has been separated into two zones based on histological 

staining: dark and light zones [47]. The dark zone undergoes affinity maturation induced by 

somatic hypermutations (SHM). The light zone is where B cells differentiate, activating the 

affinity-matured B cells through follicular helper T cells, thereby inducing apoptosis of non-

affinity mature B cells and differentiation into memory B cells and long-lived secreted plasma 

cells [48].  

Antibody affinity maturation is the process through which antibodies gain increased affinity, 

avidity, and anti-pathogen activity and is the result of SHM of immunoglobulin genes in B cells 

coupled with selection for antigen binding [49]. The mutation process is initiated by activation-

induced cytidine deaminase (AID), which promotes isotype switching from IgM to IgG by 
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deaminating deoxycytidines within immunoglobulin genes [50], resulting in SHM and class-

switch recombination [51]. AID belongs to the apolipoprotein B mRNA-editing enzyme, a 

catalytic polypeptide family of cytidine deaminases, and can deaminate deoxy-cytidines to 

deoxy-uracils in vitro on both single-strand DNA (ssDNA) substrates and ssDNA generated by 

the formation of RNA-DNA hybrids [52]. Amino acid mutations are more frequently observed in 

the complementarity-determining regions (CDR) recognized for antigens in the Ig variable 

region, but lower mutation ratios are observed in the framework region (FWR) located between 

CDRs. DNA sequences that enhance the deamination of AIDs, referred to as AID overlapping 

hotspot motifs, WGCW (W=A/T) and AGCT [53], and polymerase eta hotspots (WA/TW) [54] 

have been reported, and these motif sequences frequently occur in the CDR1 and 2 regions [53, 

54].  

Neutralizing antibody titers is a standard protective immunity measure [55, 56]. However, 

neutralizing antibody titers do not always correlate with vaccine effectiveness. Increasing 

evidence suggests that additional aspects of antiviral immune responses may be critical for 

disease outcomes. Recent studies have focused on the protective effect of antibody-mediated 

complement and effector-dependent cytotoxicity on flaviviruses [57-60]. Antibody affinity 

maturation leads to higher antibody affinity, which optimizes antiviral functions, including virus 

neutralization [61], antibody-mediated complements and effector-dependent cytotoxicity [57, 

62]. This high-affinity matured antibody protects from infection and severe symptoms of the 

virus [63-66]. 

Two main approaches are used to assess antibody affinity maturation: genomic and serological 

approaches. Genomic approaches have been used to confirm antibody DNA sequence mutations 

in germline sequences. Isolation of B cells is essential for analyzing antibody DNA sequences. 
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Monoclonal antibodies were generated using hybridoma technology [67, 68]. This technology 

was used with mouse B cells immunized Balb/c mice with P3X63Ag8U.1 or Sp2/0-Ag 1410 

myeloma cells. The genomes of these myelomas lack the hypoxanthine-guanine 

phosphoribosyltransferase (HGPRT) gene, which is required for nucleotide synthesis. A fused 

cell referred to as a hybridoma, which harbors HGPRT from B cells, was selected on 

hypoxanthine-aminopterin-thymidine (HAT) medium to block de novo synthesis or salvage 

nucleotide synthesis pathways. Unfused myeloma cells do not grow in HAT medium, and 

unfused B cells die after several days [69]. These established hybridoma cell lines secrete 

antibodies and select clones using various methods, such as enzyme-linked immunosorbent assay 

(ELISA) for vaccine antigens [70], flow cytometry of virus-infected cells, and antibody 

neutralizing assay using virus [71] and reporter virus-like particles [72]. Rabbit monoclonal 

technology was developed using fusion myeloma, 240E-W, and modified cell lines [73]. Human 

hybridoma technology is not commonly applied because no versatile cell lines are available [74]. 

However, through recent advancements in single-cell sorting technology using flow cytometry 

[75] and nanofluidic chip nanopens, such as Beacons® Optofluidic System [76], and single-cell 

polymerase chain reaction (PCR) techniques [77], human antibodies have been identified. RNA 

was extracted from the cell lines, and antibody sequences were read using Sanger sequencing 

[78]. However, owing to advancements in next-generation sequencing technology, genome-wide 

antibody sequence analysis has been used to evaluate antibody affinity maturation [79]. An 

intensive Ig gene allele database is essential for analyzing antibody affinity maturation. The 

international ImMunoGeneTics (IMGT) information system® is the complete database of all Ig 

allele sequences [80]. 
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Moreover, The international ImMunoGeneTics information system®/ V-query and 

standardization (IMGT/V-Quest) is a database that determines the Ig allele, CDR, FWR, DNA 

and amino acid mutations, SHM ratio, and antibody affinity maturation [81]. The next step is 

how to assess the antibody functions for affinity maturation. ELISA is widely used to evaluate 

antibody strength, and the beads-based multiplex assay, Luminex®, has recently been developed 

to assess multiple antigens [82]. However, these assay results show “static states” of antibody 

binding as the reaction requires multiple hours to complete, and the antibody binds to the 

equilibrium state. The evaluation of “dynamic states” is critical for antibody affinity 

measurement. Surface plasmon resonance (SPR) and bio-layer interferometry (BLI) techniques 

are used to assess the “dynamic states” of antibody binding and are widely used for monoclonal 

antibody affinity evaluation [83-85]. This method monitors antibody association and dissociation 

from the antigen in a time-dependent manner and calculates the association constant, ka, and the 

dissociation constant, kdis. The equilibrium dissociation constant KD is calculated through kdis/ka, 

a parameter widely used to evaluate antibody affinity.  

Serological approaches have been widely used to assess polyclonal antibodies elicited by vaccine 

immunization. ELISA for vaccine antigens [70], neutralizing assays using viruses [71], reporter 

virus-like particle application [72], and complement-fixing antibody assays [57] are commonly 

used as serological approaches and to evaluate vaccine efficacy. Recently, a new technology for 

evaluating antibody affinity maturation from serum was developed using the de novo tandem 

mass spectrometry antibody sequencing technique [86]. However, this technology can only be 

applied to dominant antibodies and does not analyze all antibodies elicited by immunization. 

Conventionally, ELISA with chaotropic reagents (8 M urea or 1 M NaSCN) is used to evaluate 

the strength of the antibody, which is referred to as avidity. Although these methods have high 
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throughput, they are imprecise [65, 87]. One limitation of the ELISA avidity assay is that it 

evaluates the static state, not the dynamic state, of antibody binding. The dissociation constant, 

kdis, is a critical parameter of antibody affinity maturation but cannot be measured using this 

assay. Recently, SPR and BLI have been used to measure dynamic states, and kdis has been used 

to evaluate antibody avidity and affinity maturation. [88-91].  

 

Flaviviridae belongs to a family of positive-sense enveloped single-stranded RNA viruses. 

Yellow fever (YF) [92], Dengue virus (DENV) [93], Japanese encephalitis virus (JEV) [94], 

West Nile virus [95], and Zika virus (ZIKV) [96] are famous for mosquito-transmitted viruses. 

These viruses cause widespread morbidity and mortality worldwide [97]. Most common signs 

and symptoms of these viral infections include skin rash, fever, arthralgia, myalgia, headache, 

retro-orbital pain, and conjunctivitis. YF is endemic to Africa and South America, whereas JE is 

endemic to South and Southeast Asia. Viral vaccines for both these diseases were developed in 

the 1930s and are widely distributed [92]. However, 200,000 cases and 30,000 deaths caused by 

YF and JE are still reported annually, and 100,308 cases and 25,125 deaths are estimated to 

occur annually in 2105 [98, 99]. ZIKV does not cause severe symptoms. However, when 

pregnant women are infected, microcephaly or other developmental abnormalities have been 

shown to occur in fetuses and newborn babies [100]. DENV has been one of the most significant 

pandemic Flaviviridae viruses affecting South Asia and Latin America. An estimated 390 million 

infections occur annually, of which approximately 96 million are symptomatic [101], and 40,000 

deaths occur globally [102]. Two DENV vaccines, Dengvaxia®  and Qdenga® (TAK003) [103], 

have been approved with the aim of eradicating the disease. 
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Antibody affinity maturation after flavivirus vaccine immunization plays a vital role in 

protection against viruses. However, few reports on the antibody affinity maturation of the 

flavivirus vaccine have been published using genetic and serological approaches. In this thesis, 

the antibody affinity maturation of flavivirus vaccination was elucidated. In the first chapter of 

this text, I elucidate antibody affinity maturation using genetic approaches, focusing on affinity 

maturation at the molecular level for mutations in the antibody variable regions. Monoclonal 

antibodies (mAbs) were discovered from ZIKV vaccine candidate-immunized rabbits and 

characterized through binding epitopes, binding, and neutralizing activity. Finally, I determined 

correlations between SHM, CDR mutations, and the kinetic parameters of anti-ZIKV 

neutralizing mAbs, such as KD and kdis. The second chapter focuses on assessing antibody 

affinity maturation using serological approaches. I focused on dynamic kinetic assays to 

overcome the disadvantages of ELISA avidity assays. Collectively, I developed a novel anti-

DENV avidity assay platform using BLI and DENV-VLPs to measure the dissociation constant, 

kdis, which is a critical parameter of antibody affinity maturation. The assay was optimized for 

human DENV vaccine-immunized serum and the avidity of DENV phase 2 vaccinated 

volunteers was measured.  
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Chapter 1 Somatic Hypermutation and Framework Mutations of Variable 

Region Contribute to Anti-Zika Virus-Specific Monoclonal Antibody Binding 

and Function. 
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Abstract  

Zika virus (ZIKV) is a global public health concern due to its ability to cause congenital Zika 

syndrome and the lack of approved vaccine, therapeutic, or other control measures. I discovered 

eight novel rabbit monoclonal antibodies (mAbs) that bind to distinct ZIKV envelope protein 

epitopes. The majority of the mAbs were ZIKV-specific and targeted the lateral ridge of the 

envelope (E) protein domain III, while the mAb with the highest neutralizing activity recognized 

a putative quaternary epitope spanning E protein domains I and III. One of the non-neutralizing 

mAbs specifically recognized ZIKV precursor membrane protein (prM). Somatic hypermutation 

of immunoglobin variable regions increases antibody affinity maturation and triggers antibody 

class switching. Negative correlations were observed between the somatic hypermutation rate of 

the immunoglobin heavy chain variable region and antibody binding parameters such as 

equilibrium dissociation constant, dissociation constant, and half-maximal effective 

concentration value of mAb binding to ZIKV virus-like particles. Complementarity-determining 

regions recognize the antigen epitopes and are scaffolded by canonical framework regions. 

Reversion of framework region amino acids to the rabbit germline sequence decreased anti-

ZIKV mAb binding activity of some mAbs. Thus, antibody affinity maturation, including 

somatic hypermutation and framework region mutations, contributed to the binding and function 

of these anti-ZIKV mAbs.  
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Introduction 

Zika virus (ZIKV) is a flavivirus that is transmitted to humans through mosquitoes [104] and can 

also be transmitted between humans through sexual contact [105] and vertically through 

pregnancy [106]. ZIKV was initially identified in Africa in 1947 [107]. Epidemics were reported 

in Micronesia in 2007 [108] and French Polynesia in 2013-14, with the virus subsequently 

spreading to other countries in Oceania [109, 110]. While most ZIKV infections cause mild 

disease, in 2015, ZIKV spread rapidly in the Americas and caused clusters of microcephaly and 

other congenital malformations in infants born to women infected during pregnancy [100]. 

Infection has been associated with microcephaly and other developmental abnormalities in 

fetuses and newborn babies [111] and Guillain Barre syndrome, brain ischemia, myelitis, and 

meningoencephalitis in adults  [100, 112]. In February 2016, the World Health Organization 

(WHO) declared ZIKV a Public Health Emergency of International Concern [100, 113, 114]. 

The number of ZIKV patients subsequently declined [115]. However, ZIKV circulation has also 

been detected in numerous Asian and African countries [116], including India [117], Thailand 

[118], Malaysia [119], Myanmar [120], Angola [116], Kenya [121], Mali [122], and Ethiopia 

[123], thus the virus still poses a public health threat [115]. No vaccines or therapeutics are 

available to prevent or treat ZIKV infection or disease. 

 

ZIKV is a positive-stranded RNA virus closely related to other flaviviruses. The viral genome is 

translated into a single polyprotein post-translationally cleaved by cellular and viral proteases 

into three structural proteins: capsid, precursor membrane (prM), and envelope (E), and seven 

nonstructural proteins. ZIKV E protein is the primary immunological determinant for inducing 
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neutralizing antibodies and consists of three domains: a central β-barrel domain (domain I), an 

extended finger-like dimerization domain (domain II), and an immunoglobulin-like segment 

(domain III) [124]. The distal end of DII contains the fusion loop (FL), a hydrophobic sequence 

that inserts into the host cell endosomal membrane during pH-dependent conformational changes 

that drive fusion of the viral and cellular membrane. In immature virions, ZIKV E protein forms 

a complex with the prM protein, which is cleaved in the trans-Golgi network, facilitating E 

protein rearrangement during virion maturation [125].  

 

The human antibody repertoire is highly diverse due to the ability to randomly assemble variable 

(V), diversity (D), and joining (J) segments of immunoglobulin genes in B cells [126] during 

antibody affinity maturation. Antibody affinity maturation functions to increase antibody affinity 

and specificity, generating antibodies capable of effective antiviral activity [79]. Affinity 

maturation is initiated by AID, which promotes isotype switching by deaminating deoxycytidines 

within immunoglobulin genes, leading to SHM and class switch recombination [51]. 

Immunoglobulin binding affinity and specificity are determined by the amino acids in the CDR, 

which generally form contacts with the antigen. Immunoglobulins contain six CDRs, three on the 

heavy chain and three on the light chain. The CDRs undergo a high degree of somatic mutation 

during antibody affinity maturation. Among CDRs, the heavy chain CDR3 (CDRH3), selected 

from the D allele, contains the highest degree of diversity in sequence and length [127, 128]. The 

framework region (FWR) sequences, located between CDRs, form β barrel frameworks to 

stabilize the structure of the CDRs [51, 129, 130]. While the FWR sequences are generally less 

tolerant of mutations, recently, the accumulation of FWR mutations in anti-human 

immunodeficiency virus (HIV) antibodies was found to increase the breadth and potency of 
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neutralizing antibodies, suggesting that the FWR can also contribute to antibody function [131-

133].  

Rabbit and human antibodies have similar features not shared by mouse antibodies in terms of B-

cell ontogeny and diversity of antibody repertoire [134, 135]. From these diverse repertoires, 

rabbit mAbs possess features such as high specificity [136], high affinity [137], and CDR3 

regions that are similar in length to human CDR3s [138]. 

Here, I describe ZIKV-specific mAbs isolated after the vaccination of rabbits with a combination 

of a purified inactivated Zika vaccine (PIZV) candidate and ZIKV Virus-Like Particles (ZIKV-

VLPs). The results demonstrate that both SHM and FWR mutations of anti-ZIKV mAbs 

contribute to antibody affinity, specificity, and functionality.  

 

Materials and Methods 

Ethics 
 

All procedures were conducted in compliance with the U.S. Department of Agriculture’s Animal 

Welfare Act (9 CFR Parts 1, 2, and 3); the Guide for the Care and Use of Laboratory Animals 

(Institute of Laboratory Animal Resources, National Academy Press, Washington, D.C., 2011); 

and the National Institutes of Health, Office of Laboratory Animal Welfare. Whenever possible, 

procedures in this study were designed to avoid or minimize discomfort, distress, and pain to 

animals. The animal immunization experiment protocols were approved by the International 

Animal Care & Use Committee (IACUC) committee at LabCorp (Denver, PA, USA). 
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Antigens and other reagents 
 

ZIKV (Strain: PRVABC59, Centers for Disease Control and Prevention (CDC), Fort Collins, 

USA) was grown in Vero cells, harvested, purified, and formalin-inactivated. These purified 

inactivated Zika virus (PIZV) were formulated with aluminum hydroxide. DENV-1 VLP 

(Nauru/Western Pacific/1974), DENV-2 VLP (Thailand/16681/84), DENV-3 VLP (Sri Lanka 

D3/H/IMTSSA-SRI/2000/1266), DENV-4 VLP (Dominica/814669/1981), ZIKV-VLP 

(Suriname Z1106033), and ZIKV E protein (Suriname Z1106033) were purchased from The 

Native Antigen Company (Oxford, UK). DENV-1 (Nauru/Western Pacific/1974), DENV-2 

(Thailand/16681/84), DENV-3 (CH53489), and DENV-4 (TVP/360) inactivated viruses were 

obtained from Microbix Biosystems (Mississauga, ON, Canada). Anti-Flavivirus group antigen-

antibody clone D1-4G2-4-15 (4G2) [139] was obtained from Absolute Antibodies (Oxford, UK). 

 

Rabbit immunization and spleen cell preparation 
 

Two New Zealand White female rabbits (LabCorp, Denver, PA, USA) were immunized 

intramuscularly (IM) with 5 µg of PIZV plus aluminum hydroxide on days 0, 14, 28, 56, and 95. 

Both rabbits were boosted IM with five µg ZIKV-VLP in Freund’s incomplete adjuvant on Day 

109, followed by an intravenous injection of 5 µg ZIKV-VLP on Day 130. Splenocytes from 

rabbits were isolated four days after the final boost. The spleen cells were dispersed, and red cell 

lysis. The cells were frozen in a freezing medium (90% fetal bovine serum and 10% dimethyl 

sulfoxide) in liquid nitrogen. 

  

Anti-ZIKV mAb hybridoma generation and clone selection 
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Eight hundred million rabbit splenocytes were fused with 400 million fusion partner cells (240E-

W2 cells) [140] and plated into eighty 96-well plates. The hybridomas were cultured at 37oC, 5% 

CO2. After 14 days, 7,680 multiclonal supernatants were screened by enzyme-linked 

immunosorbent assay (ELISA) using ZIKV-VLP and ZIKV E Protein. 384 clones were positive 

for ZIKV-VLP alone, and 19 positive multi clones were selected by both ZIKV-VLP and E 

protein positive. These multi clones were subcloned by limit dilution, and 155 sub mono clones 

were determined by mAb production, ZIKV neutralizing activity, ELISA, against DENV1-4 

inactivated virus, ZIKV-VLP, and ZIKV E protein, and kdis ranking against ZIKV-VLP using 

Octet-96 Red (Sartorius, Fremont, CA, USA). I selected fourteen clones with high antibody 

expression for further characterization, nine with neutralizing activity, and five without 

neutralizing activity.  

 

DNA sequence analysis of anti-ZIKV mAbs  
 

Hybridoma cells were collected and lysed for poly(A) + mRNA isolation using Poly(A) + RNA 

isolation kit. RT-PCR reactions were conducted using RNA products and then synthesized 

cDNA. First, the rabbit IgG variable region of heavy chain and full-length light chain were 

individually PCR amplified using gene-specific primers. Following gel purification of PCR 

products, the entire light chain fragment was cloned into a mammalian light chain expression 

vector. Next, the heavy chain variable fragment was fused with a rabbit heavy chain constant 

region expression vectors. 
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Anti-ZIKV mAb expression and purification 
 

To express recombinant rabbit monoclonal antibodies (RabMAb®), the light and heavy chain 

mammalian expression plasmids were co-transfected into exponentially growing 293-6E cells 

using lipid-mediated transfection reagent [141]. The serum-free culture supernatant was 

harvested five days after transfection by centrifugation. The harvested culture medium was 

centrifuged to remove cell debris, and the clear supernatant containing secreted monoclonal 

antibodies was purified through MabSelect SuRe protein A column chromatography (Cytiva, 

Marlborough, MA, USA). The eluted antibody was dialyzed in phosphate-buffered saline (PBS) 

buffer, sterile filtered, and adjusted to pH 7.4. 

 

Antibody expression and purification of anti-ZIKV allele reverted mAbs 
 

The light and heavy chain of rabbit mAb mammalian expression plasmids were co-transfected 

into Expi 293 cells systems (Thermo Fisher, Waltham, MA, USA) [142], and the transfected 

medium was harvested five days after transfection with centrifuging. Monoclonal antibodies 

were purified through rProtein A Sepharose (Cytiva, Marlborough, MA, USA). The eluted 

antibody was exchanged to Dulbecco's phosphate-buffered saline, D-PBS (Gibco, Waltham, 

MA, USA), using Amicon Ultra (Merck Millipore, Burlington, MA, USA).  

 

Allele analysis  
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Anti-ZIKV mAb allele and CDR3 regions were analyzed by IMGT/V-QUEST 

( http://www.imgt.org/IMGT_vquest/analysis) and NCBI IGBLAST 

(https://www.ncbi.nlm.nih.gov/igblast/). SMH rate, FWR mutation, and CDR mutation were 

calculated by mutated DNA and proteins in the variable region from the allele sequence.  

 

Neutralization assay  
 

A TCID50-based microneutralization test (MNT) was used for the virus-neutralizing activity of 

mAbs in 96-well plates. ZIKV (Strain: PRVABC59, CDC, Fort Collins, USA) grown in Vero 

cells was used as the challenge virus in the neutralization assay. First, hybridoma supernatants or 

diluted purified mAbs were incubated with 100 TCID50/well of ZIKV infectivity for 1.5 hours at 

37oC 5% CO2. Next, the ZIKV-mAb mixture was added to Vero cell monolayers in 96-well plates. 

The plates were incubated at 37oC 5% CO2 for five days, and the cytopathic effect was scored 

under light microscopy. Relative infectivity was plotted against mAb concentration, and IC50 

values were determined as described previously [143]. 

 

Western analysis  
 

Western blot analysis was conducted by a capillary-based electrophoresis system [144] (Wes, 

ProteinSimple, Santa Clara, CA, USA). In brief, 27 or 240 ng ZIKV-VLP were denatured at 70oC 

without reducing agent for 5 minutes, loaded on a Wes assay plate, and electrophoresed. Next, 10 

µg/mL of Anti-ZIKV mAb was charged, followed by Wes horseradish peroxidase-conjugated 

http://www.imgt.org/IMGT_vquest/analysis
https://www.ncbi.nlm.nih.gov/igblast/


28 
 

anti-rabbit secondary antibody. The sample run was analyzed by examining the 

electropherogram and digital gel image. 

 

Luminex assay  
 

The Luminex assay was conducted by FlexMap 3D (Luminex, Austin, TX, USA), and the 

conjugation of VLP was previously reported [57]. Briefly, 65 µg ZIKV and DENV-VLP were 

conjugated to 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride, (ECD)/ N-

hydroxy-sulfo-succinimide, (NHS) (Thermo Fisher, Waltham, MA, USA) activated 12.5 million 

MagPlex beads (Luminex, Austin, TX, USA) at 50 mM 2-(N-morpholino) ethane sulfonic acid 

buffer pH 7.0 or 6.0 for 120 minutes at room temperature. After conjugation, excess active 

residues were blocked by Sample buffer (1% bovine serum albumin (BSA) in Dulbecco's 

phosphate-buffered saline, D-PBS) overnight at 4oC. 10,000 ZIKV and DENV-VLP conjugated 

beads/mL and anti-ZIKV mAb were incubated at room temperature in sample buffer for 90 

minutes and washed with phosphate-buffered saline plus 0.05% Tween-20 (PBST). After 

washing, the beads were incubated at 10 µg/mL phycoerythrin-labeled anti-rabbit IgG (Thermo 

Fisher, Waltham, MA, USA) for 60 minutes. The beads were washed and mixed with sheath 

fluid (Luminex, Austin, TX, USA). The plates were measured fluorescence intensity by FlexMap 

3D. 

 

Equilibrium dissociation constant, KD, measurement 
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Antibody kinetic analyses were conducted by Octet HTX systems (Sartorius, Fremont, CA, 

USA). Briefly, 0.1 - 0.3 µg/ml anti-ZIKV mAb were conjugated to amine-reactive second-

generation biosensor (AR2G: Sartorius, Fremont, CA, USA) using EDC/ NHS at pH 4.0 or 5.0 

acetic buffer. 0.1 - 1.0 µg/mL ZIKV-VLP or 0.2 - 2.0 µg/ml ZIKV E protein in 1x kinetic buffer 

(Sartorius, Fremont, CA, USA) were associated with anti-ZIKV mAb for 900 seconds and 

dissociated for 1200 seconds. Kinetic parameters, antibody association constant (ka), and 

dissociation constant (kdis) were analyzed by Octet Data Analysis Software HT (ver. 11.1.2.48 

Sartorius, Fremont, CA, USA) with the Langmuir 1:1 binding model.  

 

Shotgun Mutagenesis Epitope Mapping 
 

Epitope mapping by shotgun mutagenesis alanine-scanning mutagenesis [145] was performed as 

described previously [146]. A ZIKV (strain; ZIKV SPH2015) prM/E alanine scanning mutation 

library was created, individually changing residues to alanine (or alanine residues to serine). A 

total of 672 ZIKV prM/E mutants (100% coverage of prM/E) were generated and transfected 

into HEK-293T cells. Cells were fixed in 4% (v/v) paraformaldehyde (Electron Microscopy 

Sciences, Hatfield, PA, USA) and permeabilized with 0.1% (w/v) saponin in D-PBS plus 

calcium and magnesium (D-PBS++) before incubation with mAbs diluted in D-PBS++, 10% 

normal goat serum, and 0.1% saponin. Antibodies were detected using 3.75 µg/mL of 

AlexaFluor488-conjugated secondary antibody (Jackson ImmunoResearch Laboratories, West 

Grove, PA, USA) in 10% normal goat serum with 0.1% saponin. Cells were washed three times 

with D-PBS++/ 0.1% saponin followed by two washes in D-PBS, and mean cellular fluorescence 

was detected using a high-throughput iQue flow cytometer (Sartorius, Fremont, CA, USA). mAb 
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reactivities against each mutant prM/E clone were calculated relative to wildtype prM/E 

reactivity by subtracting the signal from mock-transfected controls and normalizing the wildtype 

prM/E-transfected controls. The counter-screen strategy facilitates the exclusion of mutants 

locally misfolded or have an expression defect [147]. 

 

Correlation analysis 
 

All data were analyzed by GraphPad Prism (Ver.8.0.0, San Diego, CA, USA). Eight anti-ZIKV 

mAbs characteristics (102-1, 242-3, 270-12, 289-3, 306-2, 78-2, 278-11, and 11-3) and five 

neutralizing anti-ZIKV mAbs bound to E protein domain III and I-III characteristics (102-1, 242-

3, 270-12, 289-3, and 306-2) were selected for the analysis. I analyzed the correlation between 

anti-ZIKV mAb variable region mutations (SHM, FWR mutations, CDR mutations), CDR3 

length, and antibody functions (EC50 of Luminex assay, KD, ka, kdis of ZIKV-VLP and IC50 of 

neutralization). All parameters were converted into log10, and the correlations were compared.  

 

Association/ dissociation analysis of FWR mutation reverted anti-ZIKV mAb 
 

Evaluation of anti-ZIKV mAb allele mutation reverted mAb was conducted by Octet HTX 

(Sartorius, Fremont, CA, USA). Briefly, anti-ZIKV mAbs were diluted to 2 µg/mL in 0.1% 

BSA-PBST buffer and captured by Protein G biosensor (Sartorius, Fremont, CA, USA). Then, 3 

µg/mL ZIKV E protein was associated for 600 seconds and dissociated for 900 seconds in the 

same buffer. 
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Results 
 

Binding and neutralization activity of anti-ZIKV mAbs 
 

Fourteen anti-ZIKV mAb clones were isolated from rabbits vaccinated with Takeda’s candidate 

PIZV and boosted with ZIKV-VLP. Based on preliminary screening and characterization, I 

selected eight mAbs with diverse characteristics (102-1, 242-3, 270-12, 289-3, 306-2, 78-2, 278-

11, and 11-3) for further characterization.  

Seven mAbs (102-1, 242-3, 270-12, 289-3, 306-2, 11-3, and 278-11) bound specifically to 

ZIKV-VLP, and one mAb (78-2) was cross-reactive, binding to both to ZIKV and DENV-VLP 

(Figure 1A and Table 1). One mAb (278-11) bound only weakly to ZIKV-VLP. The binding of 

all mAbs to ZIKV-VLP was at levels greater than a control cross-reactive DENV mAb 4G2 

(Figure 1A). Five ZIKV-specific mAbs (102-1, 242-3, 270-12, 289-3 and 306-2) demonstrated 

ZIKV neutralizing activity (Table 1), with mAb289-3 displaying the lowest half maximal 

inhibitory concentration (IC50) values of ZIKV neutralizing antibody titer (7.8 ng/mL).  

Four mAbs (102-1, 242-3, 270-12, and 306-2) bound to ZIKV E protein, as determined by 

Western analysis, while one mAb (278-11) did not bind to ZIKV E protein but bound to a 30kDa 

protein, identified as ZIKV prM protein (Figure 1B and Table 1). Three mAbs (289-3, 78-2, 

and 11-3) did not bind to any ZIKV protein on Western analysis, suggesting they might bind 

quaternary epitopes. The equilibrium dissociation constant (KD) ranged from 0.19 to 0.57 nM for 

mAb binding to ZIKV-VLPs and 0.10 to 1.78 nM for mAb binding to soluble ZIKV E protein. 

For mAbs 102-1, 242-3, 270-12, and 11-3, KD for ZIKV-VLPs was lower than KD for ZIKV E 

protein. (Figure 2 and Table 1).  
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Epitope mapping of anti-ZIKV mAbs  
 

The epitopes recognized by mAbs 102-1, 242-3, 270-12, 289-3, 306-2, 78-2, and 278-11 were 

mapped by screening for binding against a comprehensive shotgun mutagenesis alanine scanning 

mutant library covering ZIKV prM/E (Figure 3 and Table 2). Three ZIKV neutralizing mAbs 

(102-1, 242-3, and 270-12) bound epitopes in the lateral ridge of domain III. mAb 102-1 

recognized an epitope covering residues T309, T335, G337, S368. The epitope of mAb 270-12 

also included residues T335 and S368. mAb 242-3 and 270-12 also recognized domain III lateral 

ridge, including residues T369 and E370, in addition to residues T335 and S368. mAb 306-2 

bound to an epitope including residues I317, T397, H398, H399 at the distal end of domain III. 

Consistent with its cross-reactivity with DENV, mAb 78-2 bound to residues G100 and L107 in 

the highly-conserved fusion loop. The shotgun mutagenesis analysis demonstrated that mAb 

289-3 recognized a conformational quaternary epitope spanning domains I and III, including 

amino acid residues E162, G182, K301, G302, and S368. In addition, mAb 278-11 was 

confirmed to bind prM protein with a linear epitope, including residues D57, E58, G59, and V60. 

Antibody allele analysis of anti-ZIKV mAbs 
 

The rabbit anti-ZIKV mAbs all utilized one of two heavy chain variable region alleles, 

IGHV1S40*01 for mAbs 102-1, 289-3, 306-2, 78-2, and 278-11 and IGHV1S45*01 for mAbs 

11-3, 242-3 and 270-12 (Table 3A). 242-3 and 270-12 recognize the same two amino acids on 

the domain III lateral ridge (Figure 3 and Table 2). Four alleles for the D region were utilized 

IGHD1-1*01, 4-1*01, 7-1*01, and 8-1*01, and two alleles for J region, IGHJ4*01 and 

IGHJ6*01 (Table 3A). The mAbs utilized six alleles of light chain variable region: five kappa 

chain: IGKV1S10*01 for mAb 289-2 and 11-3, IGKV1S32*01 for 278-11, IGKV1S34*01 for 
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242-3 and 270-12, IGKV1S36*01 for 306-2, and IGKV1S37*01 for 102-1: one lambda chain 

IGLV5S3*01 for 78-2. The J region alleles utilized were IGKJ1-2*01 for kappa and IGLJ5*01 

for lambda chain (Table 3B). 

Mutation analysis and CDR3 length of anti-ZIKV mAbs  
 

The protein SHM rate for the mAbs varied from 8.2% to 20.6% for heavy chain and 8.4% to 

22.7% for light chain. The CDR mutation rate ranged from 20.0% to 57.9% for the heavy chain 

CDR1 and 2 and 14.8% to 68.8% for the light chain CDR1-3. The FWR was mutated from 3.8% 

to 15.2% for heavy chain and 6.3% to 17.7% for light chain (Figure 4A, B and Table 3A, B). 

The CDRH3 lengths ranged from 10 - 18 amino acids for heavy chain and 12 - 16 amino acids 

for light chain. I analyzed the neutralizing mAbs to understand the contribution of the heavy 

chain mutations and CDRH3 length to specificity and neutralization activity. The two ZIKV-

specific neutralizing mAbs that demonstrated the highest SHM/ FWR mutation rates were mAb 

102-1 (20.6%/ 11.5%) and mAb 289-3 (18.6%/ 15.2%) which recognizes a quaternary epitope. 

On the other hand, the neutralizing mAb 306-2, which recognizes an epitope at the distal end of 

domain III, had the lowest SHM/ FWR mutation rate, 8.2%/ 3.8%. (Figure 4A and Table 3A). 

Consistent with the high SHM/ FWR mutation rates, the quaternary mAb 289-3 had the most 

extended CDR3 length at 18 amino acids. The CDR1,2 mutation rate of mAb 289-3 was 33.3%. 

The CDR3 length of the mAb 102-1 was 12 amino acid residues, with a high CDRH1,2 mutation 

rate of 57.9%. The CDR3 length of mAb 306-2 was the shortest among the mAbs at ten amino 

acids, with a CDRH1,2 mutation rate of 26.3%. (Figure 4A and Table 3A). The other two 

neutralizing mAbs 242-3 and 270-12 had similar sequences with an amino acid identity of 99% 

and similar epitope recognition in the lateral ridge of domain III, SHM/ FWR mutation rates 

(mAb 242-3: 12.1%/ 6.3%, mAb 270-12: 11.1%/ 5.1%) and CDR3 lengths, (17 amino acids for 
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both) that were intermediate between mAbs 289-3 and 306-2. Interestingly, the ZIKV prM-

specific non-neutralizing mAb 278-11 also had a high SHM/ FWR mutation rate of 17.9%/ 

11.5% and a high CDRH1,2 mutation rate of 47.1%. The CDR3 length of mAb 278-11 was 12 

amino acids. In conclusion, among ZIKV-specific neutralizing mAbs, I observed higher somatic 

mutation and the longest CDR3 length in the mAb recognizing a quaternary epitope. There was 

no clear trend between epitope mapping information and SHM, FWR mutation, and CDR 

information for the light chain variable region, except that the longest CDR3 length (16 amino 

acids) was also observed in mAb 289-3, which recognizes a quaternary epitope (Figure 4B and 

Table 3B).  

Correlations among anti-ZIKV mAb variable region mutations, CDR3 length, and 
antibody binding parameters in ZIKV neutralizing antibodies 
 

I analyzed the correlation between binding parameters and SHM, CDR and FWR mutation, and 

CDR3 length for all eight neutralizing and non-neutralizing anti-ZIKV mAbs (Figure 5A, B and 

Table 4A, B). Two parameters were negatively correlated: heavy chain CDR mutation/ KD (r = -

0.722, p = 0.043, Figure 5E) and light chain CDR mutation/ association constant (ka) (r = -

0.708, p = 0.050, Figure 5F). There were weak negative to no correlations for other parameters 

(r: -0.546 - 0.427). Focusing on the five ZIKV- neutralizing mAbs, 102-1, 242-3, 270-12, 289-3, 

and 306-2, I observed negative correlations between binding parameters and heavy chain SHM, 

CDRH, and FWR mutation rates (r: -0.985 - -0.264, Figure 5C and Table 4C). There were 

significant negative correlations between SHM and VLP binding Luminex EC50 (r = -0.971, p = 

0.006, Figure 5G), FWR mutations and VLP binding Luminex EC50 (r = -0.924, p = 0.025, 

Figure 5H), CDR mutations and KD, (r = -0.920, p = 0.027, Figure 5I) and CDR mutations and 

kdis (r = -0.985, p = 0.002, Figure 5J). While correlations between CDRH3 length and binding 
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parameters were low, there was a trend for correlation between CDRH3 length and neutralizing 

antibody EC50 values (r = -0.831, p = 0.081, Figure 5K). Overall, correlations were weaker 

between binding and light chain parameters, SHM, FWR mutation, and CDR length (r: -0.825 - 

0.186: Figure 5D and Table 4D). Contrary to the other observations, CDR mutation parameters 

showed positive correlations (r: 0.049- 0.826).  

Impact of framework amino acids on the binding activity of anti-ZIKV mAbs 
 

To understand the impact of the FWR mutations on mAb binding, all FWR amino acids of anti-

ZIKV domain I-III and III mAb 102-1, 270-12, 289-3, and 306-2 were reverted to the germline 

amino acids of the allele and characterized (Figure 6 and Table 5). Reversion of 4 FWR H 

chain and 12 FWR L chain amino acids in mAb 270-12 resulted in the loss of binding activity to 

ZIKV E protein and reduced binding to ZIKV-VLPs (Figure 6B and F). Reversion of 9/ 9 and 

3/ 5 amino acids of FWRH/ FWRL chains of mAb 102-1 and 306-2 increased the dissociation 

rate of ZIKV E protein binding. However, there were no differences in binding to ZIKV-VLPs 

(Figure 6A, D, E, and H). Although the highest rate of mutation of FWR H and L chains was 

observed in mAb 289-3, reversion of 13 FWRH and 9 FWRL amino acids of mAb 289-3 did not 

alter binding to either ZIKV E protein or ZIKV-VLPs (Figure 6C and G). 

 

Discussion  
 

I identified and characterized eight unique ZIKV-specific rabbit mAbs with diverse qualities, 

including epitope specificity, neutralizing activity, and degree of affinity maturation. Rabbits 

represent an alternative species to generate mAbs with properties similar to human mAbs. 
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Rabbits are evolutionarily distinct from mice and other rodents, and rabbit and rodent antibody 

ontogeny also differ [135]. Rabbit antibodies have a long average CDRH3 of 14.8 ± 3.6 amino 

acids, similar to the average human CDRH3 length, 15.3 ± 4.0 amino acids, and longer than the 

average mouse CDRH3 length of 11.1 ± 2.0 [138]. The rabbit CDRH3 length likely contributed 

to the neutralizing properties of anti-ZIKV mAbs directed to conformational and quaternary 

epitopes. Human conformational anti-ZIKV neutralizing antibodies have been described with 

CDRH3 lengths of 15 - 26 amino acids [138, 148-150]. The CDRH3 length of the rabbit anti-

ZIKV neutralizing mAbs recognizing conformational epitopes described herein had 12 - 18 

CDRH3 amino acids. Rabbit immunoglobulin genes also undergo a high degree of variable 

region rearrangement [138]. The SHM rates of the identified rabbit anti-ZIKV mAb genes 

ranged from 5.4% to 10.5%, compared to SHM rates of published human and mouse anti-ZIKV 

mAbs of 2.7% to 10.4% [151, 152].  

Potently neutralizing ZIKV-specific human mAbs have been described that map to the domain 

III lateral ridge [143, 146, 151, 153], domain II [146, 154], or to complex epitopes spanning 

multiple domains [155, 156], while fusion loop-specific mAbs are more likely to be cross-

reactive with DENV [150]. Three of the rabbit mAbs described here map to the domain III 

lateral ridge. This region is also targeted by several mouse and human mAbs that have 

demonstrated ZIKV-neutralizing activity and protective immunity in mouse models, suggesting 

that this is an immunodominant region for ZIKV-specific neutralizing antibodies in multiple 

species [146, 153, 154, 157]. The epitopes recognized by mAbs 102-1 and 270-12 include 

residue S368 in the domain III lateral ridge, which has been determined to be an important 

residue for human ZIKV-specific neutralizing antibodies [158]. mAb 242-3 also recognized the 

domain III lateral ridge, but while S368 was not identified as a critical residue, the adjacent 
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residues T369 and E370 were identified as critical. Other human ZIKV-specific neutralizing 

antibodies, including ZIKV-116, 7B3, and ZK2B10 recognize domain III lateral ridge epitopes 

[146, 154, 159] whose residues are overlapping but distinct from those of the rabbit mAbs 

described herein. These results suggest that domain III immunodominant ZIKV-specific epitopes 

recognized by neutralizing rabbit mAbs are similar to epitopes recognized by human ZIKV-

specific mAbs, with the exception of ZIKV-specific neutralizing mAb, 306-2, which recognizes 

a novel conformational epitope at the distal end of domain III.  

Potently neutralizing antibodies recognizing complex and quaternary epitopes have been 

described for a number of viruses, including ZIKV, DENV, and HIV [152, 155, 160, 161]. 

Among the mAbs described herein, mAb 289-3 had the most potent neutralizing activity and 

recognized a quaternary epitope, including critical amino acids in both domains I and III. 

Previously, a rationally engineered mAb designed to target a quaternary epitope spanning an 

epitope proximal to the fusion loop could broadly neutralize ZIKV strains and conferred 

protection against vertical transmission and fetal mortality in mice [155]. Modeling studies 

suggest that mAbs targeting this region may constrain the E protein structure and block fusion 

[155]. Further studies will be required to determine the structure of mAb 289-3 complexed with 

ZIKV E protein. Three ZIKV-specific human mAbs that also span an epitope in domains I and 

III have recently been described [152, 156]. Alanine-scanning mutagenesis identified the critical 

residues recognized by two of these mAb, B11F, and A9E, as mapping within domain I alone. 

Two critical domain I residues of mAb 289-3, E162 and G182, are described as escape mutation 

sites for mAb A9E [156, 162]. I also note that the critical residues K301 (domain III) and G182 

(domain I) were also identified by shotgun mutagenesis analysis as critical for binding by the 
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third mAb, protective anti-ZIKV mAb, MZ4, which binds a site centered on the E protein 

domain I/III linker region [152]. 

CDRH3 length was associated with increased neutralizing antibody activity. A high degree of 

SHM and relatively long CDRH3 have been associated with the evolution of potent 

neutralization activity as well as with the recognition of complex quaternary epitopes [163]. 

Among the mAbs with ZIKV neutralizing activity, the binding strength was associated with 

higher heavy chain SHM, CDRH, and FWR mutation rates. My findings were consistent with 

those for anti-ZIKV EDE1 mAbs C8 and C10, which bind across E protein dimers to strongly 

neutralize ZIKV [164] and show a high rate of heavy chain gene SHM, 6.9%, and 2.8%, and 

longer CDRH3 length, 15 and 21 amino acid residues, respectively [150]. The association 

between somatic mutation rate and increased antibody affinity is well established [49, 127, 165]. 

Characterization of mAb 289-3 demonstrates that a high degree of SHM and long CDRH3 can 

be achieved by ZIKV vaccination and can lead to the evolution of antibodies with potent ZIKV-

specific neutralizing activity. 

As expected, strong correlations were observed between antibody binding parameters and heavy 

chain CDR mutation rate since CDRs comprise the antigen-binding site. Strong correlations were 

also observed between antibody binding parameters and FWR mutation rate, which was less 

expected as FWRs likely do not directly bind but provide structural support for the CDR regions. 

FWR mutations may increase antibody flexibility, facilitating CDR contact with epitopes [132, 

133]. The role of FWR mutations in the potency and neutralization of anti-HIV mAbs depends 

on the specific antibody [166]. FWR mutations are important for mAbs against anti-vascular 

endothelial growth factor [133], and FWR mutations have been widely applied to stabilize the 

structure of humanized mAbs derived from mice [167]. I found that the binding activity of mAbs 
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102-1, 306-2, and 270-12 were impacted by the reversion of FWR mutations but that FWR 

mutations were not essential for the binding activity of the most potent mAb, 289-3. This result 

for mAb 289-3 was different from my expectations since eight amino acids, the highest number 

among four mAbs, were changed in heavy chain FWR3 regions supporting CDR3, and the 

threonine residue at position 92 (in the international ImMunoGeneTics information system, 

IMGT numbering) [168] was mutated to proline. Although the introduction of proline residue 

might be thought likely to perturb the FWR structure, a proline at position 61 was critical for the 

thermal stability of a broadly neutralizing anti-HIV mAb 3BNC60 [131]. Further studies are 

required to fully understand the role of FWR amino acids in anti-flavivirus mAb specificity and 

activity.  

In summary, I discovered eight ZIKV-specific mAbs against distinct regions of envelope and 

prM proteins, including a potent neutralizing mAb that recognized a quaternary epitope spanning 

domains I and III and a non-neutralizing mAb that recognized a linear epitope on the ZIKV prM 

protein. Detailed characterization of the rabbit mAbs demonstrated that ZIKV-specific mAbs 

recognizing conformational and quaternary epitopes on the ZIKV E protein bind with high 

affinity and are neutralizing. There were significant correlations between the SHM rate, FWR 

mutation rate, and antibody binding parameters. The higher degree of CDR mutation and SHM, 

and longest CDRH3 were found in a mAb recognizing a quaternary epitope spanning ZIKV E 

domains I and III. For some mAbs, reversion of FWR mutations to the germline allele reduced 

the affinity of antigen-binding. Thus, I conclude that both SHM and FWR mutations of anti-

ZIKV mAbs contribute to antibody affinity, specificity, and functionality. 
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Figures  
 

Figure 1 Reactivity of anti-ZIKV mAbs 

A: reactivity of anti-ZIKV mAbs with ZIKV and DENV virus-like particles (VLP) using Luminex 

assay. ZIKV and DENV-VLP were conjugated to MagPlex beads (Luminex) and 10,000 

beads/mL of these beads mixed with 0.2 pg/mL to 10 µg/mL of anti-ZIKV mAbs clones, mAb 

102-1, 242-3, 270-12, 289-3, 306-2, 11-3, 278-11, 78-2 and 4G2 for 90 min at room temperature. 

B. Western blot analysis of anti-ZIKV mAbs. ZIKV-VLP were heat-denatured in non-reduced 

conditions at 70oC for five min. 27 ng for left and 240 ng for right, were electrophoresed by Wes 

capillary and detected by 10 µg/mL of anti-ZIKV mAb clones, left mAb 102-1, 242-3, 270-12, 

289-3, 306-2, 78-2 and 11-3, right mAb 278-11. M: molecular weight marker. The estimated 

molecular weight of ZIKV E protein is 55 kDa, and prM protein is 23 kDa. 
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Figure 2 Kinetic analysis of anti-ZIKV mAbs 

Kinetic analysis was conducted by Octet HTX (Sartorius). Anti-ZIKV mAbs were conjugated to 

amine-reactive 2nd generation, AR2G, biosensor at 0.1 to 0.3 µg/mL, and the association 

constant (ka) measured over 0 to 900 seconds, and dissociation constant (kdis) for 1200 seconds 

for ZIKV-VLP or E proteins in various concentrations. A: mAb 289-3 and 102-1 to ZIKV-VLP 

3.3 - 16.7nM, B: mAb 289-3 and 102-1 to ZIKV E proteins 6.67 - 33.3 nM, red line: fitting 

pattern. C: ka/kdis plot for anti-ZIKV mAbs to ZIKV-VLP and ZIKV E proteins: Blue: mAb 78-2, 

289-3, 306-2 and 278-11, Red: mAb 102-1, 242-3. 270-12 and 11-3. ka and kdis values were 

calculated by two runs, and the average values were shown. Values (nM) for equilibrium 

dissociation constant (KD) are shown for each dotted line. 
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Figure 3 Epitope mapping of anti-ZIKV mAbs  

Critical residues (green spheres) for antibody binding are visualized on a crystal structure of the 

ZIKV E protein dimer (Protein Data Bank (PDB) ID: 5IRE, Sirohi et al., 2016) or on a cryo- 

electron microscopy (EM) structure of ZIKV precursor membrane prM protein, for 278-11 (PDB 

ID: 5U4W, Prasad et al., 2016). Secondary residues (grey spheres) that may contribute to binding 

are also shown. Red: E protein domain I, Yellow: domain II, Blue: domain III. Detailed data are 

shown in Table 2.  
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Figure 4 Variable region mutations and CDR 3 length of anti-ZIKV mAbs 

Somatic hypermutation (SHM), framework region (FWR) mutations, CDR mutations, and CDR3 

amino acid length of anti-ZIKV mAbs. A: Heavy chain variable region, B: Light chain variable 

region. Binding ZIKV amino acid residues and ZIKV domains were shown for each mAb 

(detailed data were in Table 3). Blue bar: mAb epitopes: ZIKV E protein domain III or domain 

I-III, Green bar: mAb epitope: ZIKV E protein Fusion loop (FL), Yellow bar: mAb epitope: 

ZIKV precursor membrane (prM) protein. Bolded amino acid residues: critical amino acid of 

ZIKV E protein and prM protein for anti-ZIKV mAb binding (Table 2). 
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Figure 5 Correlation analysis of anti-ZIKV MAb somatic hypermutations, CDR length, 

and antibody binding parameters. 

A - D: r values of correlation analysis between anti-ZIKV mAb somatic hypermutation (SHM), 

CDR mutation, Framework region (FWR) mutation, CDR3 amino acid length, and antibody 

binding parameters. A, B: Binding parameters of eight all anti-ZIKV mAbs: mAb102-1, 242-3, 

270-12, 306-2, 289-3, 78-2, 278-11, and 11-3. C, D: anti-ZIKV neutralizing mAbs: mAb 102-1, 

242-3, 270-12, 306-2, and 289-3. E - K: Correlation analysis of anti-ZIKV mAb SHM, CDR, 

FWR mutations and CDR3 length, and binding parameters. E: Correlation between heavy chain 

CDR mutations and equilibrium dissociation constant (KD) for all anti-ZIKV mAbs, F: 

Correlation between light chain CDR mutations and association constant (ka) for all anti-ZIKV 

mAbs, G: Correlation between heavy chain SHM rate and Luminex assay EC50 value for anti-

ZIKV neutralizing mAbs, H: Correlation between heavy chain FWR mutation rate and Luminex 

assay EC50 value for anti-ZIKV neutralizing mAbs, I: Correlation between heavy chain CDR 

mutation rate and KD for anti-ZIKV neutralizing mAbs, J: Correlation between heavy CDR 

mutation rate and dissociation constant (kdis) for anti-ZIKV neutralizing mAbs, K: Correlation 

between heavy chain CDR3 length and microneutralization test (MNT) IC50 value for anti-ZIKV 

neutralizing mAbs. Plot and linear regression curves: Red; p< 0.05, Blue: p> 0.05 
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Figure 6 Binding activity of framework region (FWR) amino acid reverted anti-ZIKV mAb 

A - D: Association and dissociation analysis of FWR amino acid reverted anti-ZIKV mAbs by 

Octet HTX (Sartorius), 2 µg/mL mAbs were captured to Protein G biosensor (Sartorius), and 3 

µg/mL of ZIKV E protein were associated for 600 seconds and dissociated for 900 seconds. E - 

H. Reactivity of anti-ZIKV mAbs of ZIKV-VLP using Luminex assay. Blue: anti-ZIKV mAbs 

with matured amino acid, Red: anti-ZIKV mAbs with revert amino acid to allele. A and E: mAb 

102-1, B and F: mAb 270-12, C and G: mAb 289-3, D and H: mAb 306-2 
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Tables 
Table 1 Summary of characterization of anti-ZIKV mAbs 

 

clone 
Luminex assay  

Western 
reactivity b 

MNT titer  Kinetic analysis VLP Kinetic analysis E protein 

Specificity a EC50 
ng/mL 

IC50 
ng/mLc 

KD 
nM 

ka  
1/Ms 

kdis  
1/s 

KD 
nM 

ka  
1/Ms 

kdis  
1/s 

102-1 ZIKV 12.3 E 38.4 0.20 1.30 x 105 2.59 x 10-5 1.78 9.67 x 104 1.72 x 10-4 

242-3 ZIKV 25.1 E 42.8 0.24 2.02 x 105 4.93 x 10-5 1.22 6.71 x 104 8.16 x 10-5 

270-12 ZIKV 46.2 E 37.2 0.31 1.40 x 105 4.27 x 10-5 1.04 9.45 x 104 9.80 x 10-5 

289-3 ZIKV 15.7 ND 7.8 0.30 1.55 x 105 4.58 x 10-5 0.29 1.29 x 105 3.68 x 10-5 

306-2 ZIKV 89.9 E 10547 0.40 1.60 x 105 6.34 x 10-5 0.17 1.17 x 105 2.04 x 10-5 

78-2 CR 303 ND ND 0.19 2.21 x 105 4.28 x 10-5 0.10 1.92 x 105 1.94 x 10-5 

278-11 ZIKV 23800 prM NT 0.45 1.87 x 105 8.49 x 10-5 NT NT NT 

11-3 ZIKV 6.93 ND ND 0.57 1.25 x 105 7.13 x 10-5 1.53 8.98 x 104 1.37 x 10-4 
 

a:Specificity: ZIKV: ZIKV specific, CR: cross-reactive, b: Western reactivity: E: envelope protein, prM: 

precursor membrane protein, ND: not detected, c: MNT: microneutralization test, NT: not tested, ND: not 

detected.  
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Table 2 Critical amino acid residues on ZIKV E/prM protein important for anti-ZIKV 
mAb binding 

  Antibody Binding Reactivity (% WT) 
  Mutation 278-11a 78-2 102-1 242-3 270-12 289-3 306-2 

prM 

D57A 0.8 (1) 123.3 (8) 84.5 (1) 91.9 (0) 105.1 (3) 97.92 (0) 122.1 (38) 

E58A 14.7 (3) 129.5 (3) 84.0 (9) 96.8 (9) 93.1 (6) 83.9 (18) 117.1 (36) 

G59A 28.5 (3) 116.7 (10) 99.4 (3) 94.9 (0) 99.3 (1) 93.6 (2) 127.6 (6) 

V60A 19.9 (5) 113.1 (3) 77.6 (4) 97.2 (7) 85.9 (4) 96.7 (16) 100 (36) 

  G100A 95.1 (0) 18.9 (1) 72.7 (9) 70.3 (4) 63.6 (2) 72.7 (9) 105.4 (34) 
  L107A - 17.3 (0) 97.1 (19) 121.9 (6) 89.8 (4) 96.8 (27) 98.8 (9) 
  E162A 77.8 (21) 101.3 (1) 89.9 (10) 79.6 (11) 84.5 (0) 4 (0) 83 (18) 
  G182A 85.9 (5) 110.5 (3) 93.2 (8) 85.6 (6) 75.5 (9) 2.8 (0) 122.1 (39) 
  K301A - 82.5 (4) 91.3 (7) 78.7 (14) 79.1 (3) 7.2 (1) 64.8 (7) 

  G302A - 69.2 (14) 89.1 (2) 68.3 (13) 79.1 (0) 11.5 (2) 58.8 (10) 

E T309A - 96.2 (17) 2.9 (2) 103.9 (6) 78 (7) 65.2 (8) 72.5 (7) 

  I317A - 61.2 85.7 (6) 111.8 (40) 106.8 (5) 106.8 (25) 17.6 (4) 
  T335A - 71.6 (13) 21.5 (2) 36.2 (15) 30.1 (1) 54 (4) 25.5 (25) 
  G337A - 59.7 (32) 2.5 (0) 48.3 (20) 45.1 (1) 40 (11) 127 (0) 
  S368A - 87.5 (0) 26.3 (3) 89.1 (15) 39.8 (4) 23.8 (10) 71.4 (21) 
  T369A - 113.0 (2) 66.4 (4) 34.5 (13) 20.8 (7) 73.6 (7) 79.2 (7) 
  E370A - 92.7 (6) 84.4 (8) 12.6 (3) 5 (2) 109.6 (2) 101.6 (5) 
  T397A - 147 97.3 (6) 110.9 (11) 78.6 (3) 94.7 (20) 0.9 (2) 
  H398A - 92.9 (13) 80.3 (3) 77.2 (9) 76.3 (1) 55 (7) 3.9 (3) 

  H399A - 97.2 (0) 110.1 (1) 127.1 (24) 99.2 (11) 80.2 (10) 23 (2) 
 

 mAb binding data for all prME clones identified as critical for mAb binding. mAb reactivities 

for each mutant are expressed as percent of binding to wildtype prME, with ranges (half of the 

maximum minus minimum values) in parentheses. Values are bold and shaded in grey for critical 

residues and shaded in grey for secondary residues. At least two replicate values were obtained 

for each experiment. a: mAb 278-11 was screened only on a subset of the prME library clones 

that contained the mutations covering the prM protein. Abbreviation: E: envelope protein, prM: 

precursor membrane protein, WT: wild type, prME: precursor membrane and envelope protein 
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Table 3 Summary of anti-ZIKV mAb allele and analysis 

A: Heavy Chain   
 

     

clones V region VH SHM(%) 
FWR 
AA 

CDR1,2 
AA CDR3 

AA 
(N) 

CDR3 Amino acid sequences D region J region 

DNA (%) Protein (%) 
mutation 

(%) 
mutation 

(%) 

102-1 IGHV1S40*01 9.4% 20.6% 11.5% 57.9% 12 IISTGGSHRFNL IGHD1-1*01 IGHJ4*01 

242-3 IGHV1S45*01 5.7% 12.1% 6.3% 35.0% 17 ARSSYPDSSGYSYGMDL IGHD1-1*01 IGHJ6*01 
270-12 IGHV1S45*01 5.4% 11.1% 5.1% 35.0% 17 ARSSYPDSSGYSYGMDL IGHD1-1*01 IGHJ6*01 
289-3 IGHV1S40*01 10.4% 18.6% 15.2% 33.3% 18 ARAIAVGAGYGVGNYFTL IGHD7-1*01 IGHJ4*01 
306-2 IGHV1S40*01 5.8% 8.2% 3.8% 26.3% 10 ARHPGTYFTL IGHD8-1*01 IGHJ4*01 
78-2 IGHV1S40*01 8.1% 15.3% 6.4% 50.0% 17 ARDLPSFTAPYAGYLRL IGHD7-1*01 IGHJ4*01 

278-11 IGHV1S40*01 10.5% 17.9% 11.5% 47.1% 12 ARYNTGGFYYDL IGHD4-1*01 IGHJ4*01 
11-3 IGHV1S45*01 5.4% 12.1% 10.1% 20.0% 13 ARGGSTAAAGFNL IGHD7-1*01 IGHJ4*01 

 

B: Light Chain   
 

    

clones V region 
VL SHM(%) FWR AA 

CDR1-3 
AA CDR3 AA 

 (N) 
CDR3 Amino acid 

sequences J region 
DNA (%) Protein (%) mutation 

(%) 
mutation 

(%) 

102-1 IGKV1S37*01 10.7% 19.6% 11.4% 55.6% 12 QATDVGGSGRGA IGKJ1-2*01 
242-3 IGKV1S34*01 10.9% 22.7% 15.2% 55.6% 12 QTYYDISNYGYA IGKJ1-2*01 

270-12 IGKV1S34*01 11.3% 22.7% 15.2% 55.6% 12 QTYYDISNYGYA IGKJ1-2*01 
289-3 IGKV1S10*01 8.2% 16.5% 11.4% 38.9% 16 QSYYTSSSNADGSENA IGKJ1-2*01 
306-2 IGKV1S36*01 8.4% 16.8% 6.3% 68.8% 12 QTYYYYNKIING IGKJ1-2*01 
78-2 IGLV5S3*01 5.3% 8.4% 6.3% 14.8% 13 YTVHATESSLHYV IGLJ5*01 

278-11 IGKV1S32*01 11.2% 20.4% 17.7% 31.6% 12 QQGYSSNDADNT IGKJ1-2*01 
11-3 IGKV1S10*01 10.3% 19.6% 8.9% 66.7% 13 QCNDYGGTYVPNA IGKJ1-2*01 

Abbreviation V region: variable region, VH: heavy chain variable region, VL: light chain variable region, SHM: somatic 

hypermutation, CDR: complementarity-determining region, FWR: framework region, D: diversity region, J region: joining region, 

AA: amino acid. 
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Table 4 Summary of Correlation analysis of anti-ZIKV mAb 

A; Heavy chain 
All mAbs a          
 

N 
SHMH % FWRH mutation % CDRH 1,2 mutation % CDRH3 AA Length 

 r value p-value r value p-value r value p-value r value p-value 
Luminex EC50 
(ng/ mL) 8 0.161 0.704 -0.009 0.983 0.414 0.309 -0.229 0.586 

KD (nM) 8 -0.372 0.365 0.059 0.889 -0.722* 0.043 -0.456 0.257 
ka (1/Ms) 8 0.027 0.949 -0.231 0.583 0.379 0.355 0.308 0.458 
kdis (1/s)  8 -0.375 0.359 -0.068 0.873 -0.546 0.161 -0.303 0.465 
B Light chain  
All mAbs a,          
 

N 
SHML % FWRL mutation % CDRL 1-3 mutation % CDRL3 AA Length 

 r value p-value r value p-value r value p-value r value p-value 
Luminex EC50 
(ng/mL) 8 -0.158 0.709 0.240 0.567 -0.525 0.181 -0.288 0.489 

KD (nM) 8 0.402 0.323 0.075 0.860 0.427 0.291 -0.017 0.968 
ka (1/Ms) 8 -0.507 0.200 -0.051 0.905 -0.708* 0.050 -0.054 0.900 
kdis (1/s)  8 0.137 0.747 0.051 0.905 0.049 0.909 -0.047 0.913 
C Heavy chain 
Neutralizing mAbb         
 

N 
SHMH % FWRH mutation % CDRH 1,2 mutation % CDRH3 AA Length 

 r value p-value r value p-value r value p-value r value p-value 
Luminex EC50 
(ng/mL) 5 -0.971* 0.006 -0.924* 0.025 -0.776 0.123 -0.402 0.502 

KD (nM) 5 -0.772 0.126 -0.597 0.287 -0.920* 0.027 -0.233 0.706 
ka (1/Ms) 5 -0.388 0.519 -0.264 0.668 -0.511 0.379 0.277 0.652 
kdis (1/s)  5 -0.803 0.101 -0.603 0.282 -0.985* 0.002 -0.040 0.950 
MNT titer IC50 
(ng/mL) 5 -0.773 0.126 -0.756 0.139 -0.521 0.368 -0.831 0.081 

D Light chain 
Neutralizing mAbb 
 

N 
SHML % FWRL mutation % CDRL 1-3 mutation % CDRL3 AA Length 

 r value p-value r value p-value r value p-value r value p-value 
Luminex EC50 
(ng/mL) 5 -0.037 0.953 -0.494 0.397 0.689 0.198 -0.421 0.481 

KD (nM) 5 -0.435 0.464 -0.598 0.287 0.265 0.667 0.107 0.864 
ka (1/Ms) 5 0.186 0.764 0.120 0.847 0.049 0.937 -0.009 0.988 
kdis (1/s)  5 -0.247 0.689 -0.407 0.496 0.231 0.709 0.082 0.896 
MNT titer IC50 
(ng/mL) 5 -0.316 0.605 -0.825 0.085 0.826 0.085 -0.487 0.406 

*: p<0.05 for p-value. 

All mAbs: 102-1, 242-3, 270-12, 289-3, 306-2, 78-2, 278-11, and 11-3. b: neutralizing mAbs: 

102-1, 242-3, 270-12, 289-3 and 306-2. Abbreviation: KD: equilibrium dissociation constant, ka: 

association constant, kdis: dissociation constant, MNT: microneutralization test, SHM: somatic 

hypermutation, FWR: framework region, AA: amino acid, SHM: somatic hypermutation, CDR: 

complementarity-determining region, FWR: framework region,. 
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Table 5 Summary of anti-ZIKV mAb framework amino acid mutations 

A: Heavy chain        

clones VH allele 
FWRH AA FWRH1 AA mutated AA FWRH2 AA  mutated AA FWRH3 AA mutated AA 

mutation (%) mutation (N) allele AA IMGT No>mutated AA mutation (N) allele AA IMGT No>mutated 
AA mutation (N) allele AA IMGT No>mutated AA 

102-1 IGHV1S40*01 11.5% 3 C23>S, T24>K, A25>V 2 M39>I, A54>G 4 S69>N, A71>V, T81>P, Q90>E 

270-12 IGHV1S45*01 5.1% 1 E2>A 1 I39>M 2 K72>R, Q90>R 

289-3 IGHV1S40*01 15.2% 3 X2>E, S3>E, T24>K 2 M39>I, L50>P 8 S69>N, G74>R, K80>S, T81>S, 
T88>A, Q90>E, T92>P, A96>D 

306-2 IGHV1S40*01 3.8% 0 ND 1 A54>G 2 K80>R, R93>S 

  
 

      
B: Light chain        

clones VL allele 
FWRL AA FWRL1 AA  mutated AA FWRL2 AA mutated AA FWRL3 AA mutated AA 

mutation (%) mutation (N) allele AA IMGT No>mutated AA mutation (N) allele AA IMGT No>mutated 
AA mutation (N) allele AA IMGT No>mutated AA 

102-1 IGKV1S37*01 11.4% 4 S9>A, P10>S, S12>E, N22>K 0 ND 5 E68>D, K77>S, Q86>E, E95>D, 
T101>S 

270-12 IGKV1S34*01 15.2% 5 V2>I, S9>A, P10>S, S12>E, 
N22>K 4 S40>A, P49>R, L52>F, I54>M 3 T69>S, S77>R, E86>Q 

289-3 IGKV1S10*01 11.4% 5 V2>I, K11>V, D17>G, K22>N, 
Q24>H 0 ND 4 E68>A, S83>A, S92>T, D93>A 

306-2 IGKV1S36*01 6.3% 1 P10>S 2 S40>A, K45>R 2 N66>T, R80>G 

Abbreviation: AA: amino acid, VH: heavy chain variable region, FWRH: heavy chain framework region, VL: light chain variable 

region, FWRL: light chain framework region, FWR(H or L) 1: framework region 1 of the heavy chain or light chain (framework from 

N terminal to CDR1), FWR(H or L) 2: framework region 2 of the heavy chain or light chain (framework between CDR1 and CDR2), 

FWR(H or L) 3: framework region 3 of the heavy chain or light chain (framework between CDR2 and CDR3), ND: no mutation 

detected, X: no amino acid residues from IMGT unique numbering.  

All amino acid numbers were displayed IMGT unique numbering.
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Chapter 2 Development of a novel assay to assess the avidity of dengue virus-

specific antibodies elicited in response to a tetravalent dengue vaccine 
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Abstract 
 

Antibody affinity maturation is a critical step in developing functional antiviral immunity. 

However, accurate measurement of affinity maturation of polyclonal serum antibody responses 

to particulate antigens such as virions is challenging. I describe a novel avidity assay employing 

bio-layer interferometry and dengue virus-like particles. After validation using anti-dengue 

monoclonal antibodies, the assay was used to assess the avidity of antibody responses to a 

tetravalent dengue vaccine candidate (TAK-003) in children, adolescents, and adults during two 

Phase 2 clinical trials conducted in dengue-endemic regions. Vaccination increased the avidity 

index, and avidity remained high through one year post-vaccination. Neutralizing antibody titers 

and avidity index did not correlate overall. However, a correlation was observed between 

neutralizing antibody titer and avidity index in those subjects with the highest degree of antibody 

affinity maturation. Therefore, vaccination with TAK-003 stimulates polyclonal affinity 

maturation and functional antibody responses, including neutralizing antibodies. 
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Introduction 
 

Affinity maturation leads to higher antibody affinity, which optimizes antiviral functions, 

including virus neutralization and antibody-dependent cell-mediated cytotoxicity [49]. Several 

methods have been developed to measure affinity maturation of the antibody repertoire, 

including deep sequencing of B cells and whole genome phage display libraries [169, 170]. 

These methods are low throughput and, therefore, unsuitable for vaccine or natural infection 

history studies. Other techniques, such as ELISA with chaotropic reagents (8 M urea or 1 M 

NaSCN), are higher throughput, but the dissociation constant, a critical parameter to assess 

affinity maturations, cannot be calculated [65, 87]. To overcome the issues for ELISA, SPR and 

BLI are techniques commonly used to measure monoclonal antibody affinity [83, 84] and 

recently applied to evaluate the affinity maturation for vaccines and virus infection [88-91]. BLI 

is the technology to assess the protein/ protein interaction, antibody/ antigen binding kinetics, 

and quantified protein concentration [171]. BLI measures the shifts in reflected white light upon 

changes in the thickness of the bio-layer. The measured shift depends on the interactors’ size and 

affinity. Bio-layers are coated with molecules (e.g., streptavidin) that allow the immobilization of 

one of the interactors [172]. The technology is widely used in vaccine research [171]. SPR is also 

known as the technology to assess various antibody antigens interactions, and both technologies 

apply to vaccine research [173]. However, the advantages of BLI apply to a high throughput 

platform: to measure 96 samples simultaneously for Octet HTX [174] and only 16 samples for 

Biocore 4000 [174, 175]. Extending these methods to particulate antigens such as virions or 

virus-like particles (VLPs) is essential because, unlike peptides and proteins, they preserve the 

conformational and quaternary epitopes, which are the target of many potent neutralizing 

antibodies [176, 177]. 
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Dengue virus (DENV) is a flavivirus that is transmitted to humans through mosquitoes. Four 

distinct serotypes (DENV-1, DENV-2, DENV-3, and DENV-4) have been reported worldwide, 

showing different antigenicity. With an estimated 390 million infections annually, of which 

approximately 96 million are symptomatic [101], 40,000 deaths occur globally [102]. The first 

dengue outbreak was reported in 1779 in Jakarta, Indonesia, and Cairo, Egypt [178], and in 1780, 

North American outbreaks were confirmed in Philadelphia. [179] The first isolation of dengue 

pathogens was done by a Japanese scientist in 1943 [180], and the virus was isolated from 

Southeast Asian countries, Caribbean and South American countries [181]. Dengue fever is the 

most rapidly spreading mosquito-borne viral disease globally. The dengue outbreak was reported 

in Latin American countries, Venezuela, Brazil, Costa Rica, Colombia, Honduras, and Mexico 

[182, 183], African countries, Seychelles, Reunion Island, Djibouti, Comoros, and Cape Verde 

[184, 185] and Asia countries, Philippines [186], Thailand, Singapore, Indonesia [187], Malaysia 

[188], Vietnam [189], Sri Lanka [190] and India [191]. DENV infection presents clinical 

symptoms from mild fever to severe physiological conditions. Biphasic fever, myalgia, 

headache, joint pain, retro-orbital pain, body rash, thrombocytopenia, lymphadenopathy, and 

leukopenia were dengue symptoms, and high dengue fever continued for two to seven days 

[192]. Dengue hemorrhagic fever (DHF) is a symptom of high fever with homeostasis 

malfunction. Severer increased vascular leakage may cause dengue shock syndrome (DSS) 

[193]. Secondary dengue-infected patients have severe symptoms: high fever, lower platelet 

counts, and a high risk of DHF and DSS [194]. The mechanism of severe dengue secondary 

infection proposes that anti-dengue antibodies in the blood enhance the virus cell entry via cell 

surface Fcγ receptor, called Antibody-dependent enhancement [195]. Dengue vaccine is 
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approved for two products: Dengvaxia® (Sanofi Pasteur, Lyon, France) and Qdenga ® (Takeda, 

Osaka, Japan). Dengvaxia is limited to individuals nine years of age and above with evidence of 

prior infection. Besides, Qdenda® can be applied to individuals four years old and has no 

limitation of dengue infection histories.  

 

Here, I report the development of a high-throughput, low-volume avidity assay based on BLI and 

capable of measuring polyclonal serum antibody avidity to particulate DENV-1, -2, -3, and -4 

antigens. Using sera from two phase 2 trials, I demonstrate that polyclonal antibody avidity to all 

four DENV serotypes increases over time following vaccination of seronegative volunteers with 

TAK-003, and high avidity antibodies persist through 360 days. 

 

Materials and methods 
 

Ethics Statement 
 

DEN-203 (ClinicalTrials.gov Identifier NCT01511250) and DEN-204 (NCT02302066) were 

conducted in accordance with the Declaration of Helsinki, International Council for 

Harmonization of Technical Requirements for Registration of Pharmaceuticals for Human Use 

and Good Clinical Practice (ICH-GCP) guidelines, and applicable regulatory requirements.  

Informed consent forms and study protocols were reviewed and approved by institutional review 

boards, independent ethics committees, or health authorities. Written informed assent or consent 

was obtained from all participants or their parents or legal guardians before enrollment. 
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Reagents 
 

DENV-VLPs for serotypes 1, 2, 3, and 4 were purchased from The Native Antigen Company Ltd 

(Oxford, UK). Streptavidin (SA) and high precision streptavidin  (SAX) biosensors were 

purchased from Sartorius Inc (Fremont, CA, USA). Protein A and Protein G Sepharose were 

obtained from Cytiva (Marlborough, MA, USA). Anti-dengue monoclonal antibody clones, 4G2 

[139], WNV-E60 [196], 1M7 [197], DENV1-E106 [198], 2D22 [199], 5J7 [200], and DV4-75 

[201] were purchased from various vendors or provided by collaborators. 

 

Clinical serum samples 
 

Sera from 56 TAK-003 vaccinated volunteers, 37 baseline seronegative and 19 seropositive, 

from trial DEN-203 [202] and 36 vaccinated volunteers, 21 baseline seronegative and 15 

seropositive from trial DEN-204 [203] were tested for antibody avidity. DEN-203 was conducted 

in Puerto Rico, Colombia, Singapore, and Thailand among 1.5 - 45-year-olds. DEN-204 was 

conducted in the Dominican Republic, Panama, and the Philippines among 2 - 17-year-olds.  

 

Preparation of biotinylated dengue virus-like-particles 
 

Biotinylation of DENV-VLPs was conducted to incubate 50 - 200 μg of DENV-VLPs (serotypes 

1 - 4) and 50 excess moles of  EZ-Link™ Sulfo-NHS-Biotin (ThermoFisher Scientific, Waltham, 

MA, USA) at room temperature for 60 minutes. After the reaction, biotinylated VLPs were 

buffer-exchanged to Dulbecco's phosphate-buffered saline (D-PBS) by Amicon® Ultra-4 

centrifugal filter units, molecular weight cut off (MWCO) 30 kDa (Merck Millipore, Burlington, 
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MA, USA). Protein contents were measured by BCA protein quantification kit using 

immunoglobulin protein as a standard protein (ThermoFisher Scientific, Waltham, MA, USA).  

 

SDS-PAGE analysis 
  

Antibodies and DENV-VLP purity were confirmed by NuPAGE 4 - 12% Bis-Tris gel and 10 - 

20% Tricine gel (ThermoFisher Scientific, Waltham, MA, USA), respectively. Reduced/ heat 

denaturation was conducted to the proteins and 1 μg of IgG or 20 μg of DENV-VLPs and applied 

to the gel and running for 50 and 90 minutes, respectively. Gels were stained by SimplyBlue 

Safe stain (ThermoFisher Scientific, Waltham, MA, USA), and band intensities were analyzed 

by ChemiDoc Touch Imaging System (Bio-Rad, Hercules, CA, USA) and the purity of proteins 

was calculated. 

 

Reactivity of anti-dengue antibodies to dengue virus-like-particles 
 

The reactivity of anti-dengue antibodies to DENV-VLPs was measured using the Octet RED or 

Octet HTX system equipped with Octet Acquisition Software ver. 9.0.0.26 and 11.1.2.24, 

respectively (Sartorius Fremont, CA, USA). For binding between anti-dengue antibody panels 

and DENV-VLPs to occur, biotinylated DENV-VLPs were diluted to 5 μg/mL in 0.1% bovine 

serum albumin-phosphate-buffered saline + Tween (BSA-PBST) and bound to the SA or SAX 

Biosensor for 600 seconds. The antibody solution was then diluted to 0.01 - 10.0 μg/mL in 0.1% 

BSA-PBST. Antibodies were associated with DENV-VLPs for 600 seconds and dissociated in 

the same buffer for 900 seconds. The assay was conducted at 30°C with agitation (plate shaker, 
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1000 rpm). Response data at 600 sec association of each monoclonal antibody were used for 

reactivity data. 

 

Optimization of antibody purification 
 

Dengue standard serum, DEN-203 serum (1044010 Day 90) or human serum (GeneTex, Irvine, 

CA, USA): 30 - 200 μL, were mixed with 3 mL D-PBS and 0.6 mL 50% Protein G Sepharose or 

3mL Protein A MAPSII Binding buffer (Bio-Rad, Hercules, CA, USA) and 0.6mL 50% Protein 

A Sepharose in 15 mL centrifuge tubes for 90 minutes at room temperature. Protein G Sepharose 

or Protein A Sepharose slurry was washed with D-PBS or Protein A MAPSII Binding buffer and 

eluted with 0.1 M Glycine HCl pH 3.0, 2.7, and 2.5. Eluate was immediately neutralized to pH 

7.0 - 7.5 with 1M Tris HCl (pH 8.0). The solution was buffer-exchanged to D-PBS using 

Amicon® Ultra-4 centrifugal filter units, MWCO 30 kDa. Antibody concentrations were 

calculated using the NanoDrop™ 2000 (ThermoFisher Scientific, Waltham, MA, USA): Protein 

A280 (E1% A280 = 13.8). All purified antibodies’ purity was measured by SDS-PAGE and 

evaluated for avidity index followed by Biosensorgram of dengue vaccine recipients and avidity 

assay parameters. 

 

Optimization of avidity assay -association and VLP concentration- 
 

SAX Biosensor captured 1, 3, and 5 μg/mL biotinylated DENV-VLPs in 0.1% BSA-PBST for 

600 seconds, then 50 μg/mL biocytin (ThermoFisher Scientific, Waltham, MA, USA) was 

blocked with excess SA for 200 seconds. Anti-dengue polyclonal antibodies purified from DEN-

203 volunteer's serum (DENV-1: 1071001 Day 90, DENV-2: 1071009 Day 90, DENV-3: 
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1083005 Day 0, DENV-4 1093001 Day 90) were diluted to125 μg/mL in 0.1% BSA-PBST and 

bound to the SAX Biosensor for 600, 900 and 1800 seconds. The sensors were then incubated in 

0.1% BSA-PBST 0.35 M NaCl for 1200 seconds to dissociate the bound antibody. Avidity assay 

was conducted by Avidity assay of DEN-203 and DEN-204 subjects, and data analysis was 

followed by Data analysis of avidity assay for DEN-203 and DEN-204 subjects. 

 

Optimization of avidity assay -dissociation simulation - 
 

Biosensorgram of anti-dengue polyclonal antibodies purified from DEN-203 volunteers serum 

(1081001 Day 0: 250 μg/mL) were generated by Octet RED systems (Sartorius, Fremont, CA, 

USA) with 5 μg/mL DENV-3 VLPs followed by Biosensorgram of dengue vaccine recipients 

and avidity assay parameters. Antibody dissociation constants were calculated by Octet Data 

Analysis Software (version 9.0.0.10, Sartorius) from 30 to 600 sec and from 30 to 1200 sec for 

nine independent assays.  

 

Optimization of avidity assay - Difference of biotinylated dengue 1 VLP- 
 

Five lots of DENV-1 VLPs (Lot No: 15062616, 18011816, 18042710, 19040109, and 20012911: 

50 - 100 μg; Native Antigen, Oxford, UK) were biotinylated followed by Preparation of 

biotinylated dengue virus-like particles. Seven anti-dengue polyclonal antibodies purified from 

DEN-203 volunteers serum (1044010 Day 90, 1053009 Day 90, 1053011 Day 120, 1071001 Day 

90, 1071009 Day 90, 1083005 Day 0 and 1093001-Day 90: 125 μg/mL) were measured for 

avidity using these five biotinylated DENV-1 VLPs followed by Avidity assay of DEN-203 and 

DEN-204 subjects. 
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Optimization of avidity assay - dose dependence of Avidity assay - 
 

Anti-dengue polyclonal antibodies purified from DEN-203 volunteer serum (1053005 Day 90) 

were diluted from 4.0 to 250 μg/mL and measured for response, followed by Biosensorgram of 

dengue vaccine recipients and avidity assay parameters.  

 

Optimization of avidity assay -linearity of Avidity assay- 
 

Three anti-dengue polyclonal antibodies purified from DEN-203 volunteers serum (DENV-1: 

1053005 Day 90, DENV-2 and DENV-4: 1053011 Day 120, DENV-3: 1053011 Day 90) were 

diluted from 5.0 - 70 μg/mL in 0.1% BSA-PBST and conducted avidity assay followed by 

Avidity assay of DEN-203 and DEN-204 subjects. Assays were run six times with triplicated data 

points.  

 

Intra-plate differences and inter-assay differences of Avidity assay 

Anti-dengue polyclonal antibodies purified from DEN-203 volunteers serum (DENV-1, -2, -3: 

1053005 Day 90 and DENV-4: 1053011 Day 90) were diluted to 50 µg/mL for DENV-1 and -2, 

and 75 µg/mL for DENV-3 and -4 in 0.1% BSA-PBST and conducted avidity assay followed by 

Avidity assay of DEN-203 and DEN-204 subjects. Mean ± Standard Deviation (SD) and 

Coefficient of Variation (CV) of Response and log10[Avidity index] within the plate were 

calculated, and these data between the two runs were compared. 
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Determination of limit of detection (LoD) 

Noise of each dengue serotype was monitored for 1800 sec using 125 μg/mL of three negative 

antibodies purified from DEN-203 volunteer's serum (1044008 Day 0, 1044010 Day 0, and 

1053005 Day 0) in 0.1% BSA-PBST with 5 μg/mL biotinylated DENV-VLPs captured with SA 

biosensor. Noise was defined as the differences in response in 60 sec (Table 6). LoD was 

determined by three times of noise (Table 7). 

 

Biosensorgram of dengue vaccine recipients and avidity assay parameters. 

Antibody avidity was measured using the Octet RED systems and the SA Biosensor (Figure 

7A). Biotinylated DENV-VLPs (5 μg/mL) in 0.1% BSA-PBST were captured with the SA 

Biosensor for 600 sec, and then 50 μg/mL Biocytin was blocked with excess SA for 200 sec 

(Figure 7B). Anti-dengue polyclonal antibodies (250 μg/mL) purified from the serum of DEN-

203 volunteers (1022005 and 1044010 at Day 0, 28, 90, 120, 180 and 360) in 0.1% BSA-PBST 

was bound to the SA Biosensor for 1800 seconds (Figure 7C), the sensors were then incubated 

in 0.1% BSA-PBST 0.35 M NaCl for 1200 seconds to dissociate bound antibody (Figure 7D). 

This assay was conducted at 30°C with agitation (plate shaker, 1000 rpm). Data were analyzed 

by double subtraction and using Octet Data Analysis Software (version 9.0.0.10; Sartorius). 

Response values were measured at 1800 seconds association time. Dissociation constant (kdis) 

was measured by the Langmuir 1:1 binding model, with 30 - 600 seconds for the dissociation 

phase. Avidity index was calculated as avidity index = response/kdis. All samples were analyzed 

in duplicate, and average values are shown. 
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Antibody purification of DEN-203 and DEN-204 subjects 

DEN-203 and DEN-204 serum, 100 - 200 μL, were mixed with 3.0 mL D-PBS and 0.6 mL 50% 

Protein G Sepharose in 15 mL centrifuge tubes for 90 min at room temperature. Protein G 

Sepharose slurry was washed with D-PBS and eluted with 0.1 M Glycine HCl pH 2.7. Eluate 

was immediately neutralized to pH 7.0 - 7.5 with 1M Tris HCl (pH 8.0). The solution was 

buffer-exchanged to D-PBS using Amicon® Ultra-4 centrifugal filter units, MWCO 30 kDa. 

Antibody concentrations were calculated using the NanoDrop™ 2000: Protein A280 (E1% A280 

= 13.8). All antibodies’ purity was confirmed to be more than 80% by SDS-PAGE prior to 

antibody avidity assay. 

 

Avidity assay of DEN-203 and DEN-204 subjects 
 

Antibody avidity was measured using the Octet HTX systems with Octet Acquisition Software 

(version 11.1.2.24). Biotinylated DENV-VLPs (5 μg/mL) in 0.1% BSA-PBST were captured 

with the SA or SAX Biosensor for 600 sec, then 50 μg/mL Biocytin was blocked with excess SA 

for 200 sec. Anti-dengue polyclonal antibodies (125 μg/mL) purified from the serum of DEN-

203 volunteers in 0.1% BSA-PBST were bound to the SA or SAX Biosensor for 1800 seconds, 

the sensors were then incubated in 0.1% BSA-PBST 0.35 M NaCl for 1200 seconds to dissociate 

bound antibody. This assay was conducted at 30°C with agitation (plate shaker, 1000 rpm).  

 

Data analysis of avidity assay for DEN-203 and DEN-204 subject 
 

Data were analyzed by double subtraction and using Octet Data Analysis Software HT (version 

11.1.2.48). Response values were measured at 1800 seconds association time. Dissociation 
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constant (kdis) was measured by the Langmuir 1:1 binding model, with 30 - 600 seconds for the 

dissociation phase. The kdis for some serum samples could not be measured due to strong 

binding; in this case, kdis was extrapolated to 2 x 10-5 1/s (detectable dissociation from 0 - 1200 

seconds for a 5% signal decrease). For non-binding IgG data analysis, such as seronegative pre-

vaccination volunteers, kdis was automatically extrapolated to 1 x 10-3 1/s by the analysis 

software, preventing misinterpretation. I use all responses and kdis data calculated from the 

software. Avidity index was calculated as avidity index = response/kdis.  

All samples were analyzed in duplicate. Acceptance criteria were set for the assay to ensure each 

assay run worked properly. Acceptance criteria: DENV-VLP binding at 600 sec: DENV-1: 2.0 - 

3.0, DENV-2: 1.7 - 2.7 DENV-3 and -4: 1.1 - 2.1, difference of DENV-VLP binding from 

average: 70 - 130%, calculation fitting: R2: more than 0.95, difference of response between two 

runs: less than 2, difference of avidity index between two runs: less than three. When these data 

did not meet my acceptance criteria, failed subject assays were repeated. If data did not meet the 

acceptance criteria three times, these data were not included in the analysis and reported as 

indeterminant. Total indeterminant assay points were five from 1292 assay data from DEN-203 

and one from 288 from DEN-204. Data were calculated to average values of all measured runs.  

For the purposes of drawing figures, the negative avidity index and negative response were 

extrapolated to 1.0 and 0.001, respectively. Positive dissociation constant: these data were 

confirmed calculation errors under LoD samples. Nine data sets from the 1292 assay from DEN-

203 were not included in these analyses.  

 

Microneutralization test 
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Anti-dengue neutralizing antibody titers in response to vaccination with TAK-003 were 

quantified by MNT, as previously described [71]. 

 

Correlation between antibody titers and avidity assay parameters 
 

Post-vaccination avidity assay parameters of response, kdis, and avidity for each serotype in 24 

baseline seronegative and 19 seropositive samples from DEN-203 were analyzed for correlation 

with MNT titers. Each serotype avidity index was also analyzed for correlations. This analysis 

did not include pre-vaccination sample data. Further correlation analyses were performed using 

data sets stratified by the strength of binding (kdis) to DENV-VLPs. Correlations between avidity 

indices and neutralizing antibody titers were analyzed for each stratified data set: low log10 kdis, 

middle log10 kdis, and high log10 kdis. DENV-1: Log10[kdis]: -4.7 - -4.2: N = 75,  -4.2 - -3.9: N = 

74,  -3.9 - -1.9: N = 76, DENV-2: Log10[kdis]: -4.7 - -4.6, N = 77, Log10[kdis]: -4.6 - -4.0, N = 77, 

Log10[kdis]: -4.0 - -2.8, N = 76, DENV-3: Log10[kdis]: -4.7 - -4.6: N = 75, -4.6 - -4.0: N = 75, - -

4.0 - -1.9: N = 73, DENV-4: Log10[kdis]: -4.7 - -4.6: N = 66, -4.6 - -3.8: N = 65, -3.8 - -2.6: N = 

66. Response values under the LoD were removed from correlation analysis. LoD: DENV-1: 

0.017, DENV-2: 0.015, DENV-3: 0.018, DENV-4: 0.014 (Table 7) 

 

Statistical analysis 
 

All data were analyzed by GraphPad Prism™ software (version 8.0.0, San Diego, CA, USA). 

Wilcoxon signed-rank test were applied to compare each visiting day with day 0 for avidity 

parameters, response, kdis, and avidity index. Correlation analysis between avidity parameters and 

MNT titers was used with linear regression curves for log10 converted data set. LoD was 
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established as three times assay noise in accordance with American Society for Testing and 

Materials (ASTM) E685-93 (2013) [204].  

 

Results 
 

Reactivity and specificity of anti-dengue antibody panels 
 

As expected, all four DENV-VLPs contained E-prM and M proteins, as determined by SDS-

PAGE. (Figure 8A). Antigenicity of DENV-VLPs was evaluated using a panel of anti-dengue 

monoclonal antibodies (Figure 8B and 8C). Cross-reactive fusion loop specific monoclonal 

antibodies 4G2, WNV-E60, and 1M7 bound to VLPs of all serotypes. Serotype-specific 

neutralizing antibodies DENV1-E106 for DENV-1, 2D22 for DENV-2, 5J7 for DENV-3, and 

DV4-75 for DENV-4 recognize quaternary epitopes and domain III [198-201, 205]. Each 

serotype-specific antibody bound the corresponding DENV-VLP and did not bind to VLPs of the 

other three serotypes. Therefore, I concluded that, unlike soluble E protein, DENV-VLPs retain 

DENV quaternary epitopes. 

 

Optimization of antibody purification from human serum 
 

First, I compared Protein A and Protein G Sepharose purification using different elution pH. 

Antibody yield was high with Protein A Sepharose elution at pH 3.0 and Protein G Sepharose 

elution at pH 2.7 or 2.5 (Figure 9A). I selected Protein G Sepharose because Protein A weakly 

binds IgM [206], which could contribute to non-specific binding in the assay. Next, I determined 

the minimum volume of serum required. An antibody yield of 10 mg/mL and purity of > 90% 

was obtained by purifying antibodies from 30 - 200 µL human serum using Protein G Sepharose 
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(Figure 9B). I defined the serum volume requirement as 50 - 200 µL. Next, IgG yield between 

operators and occasions was confirmed. The range of antibody yield was 81 - 106% when 

purifying IgG from 100 µL serum using Protein G Sepharose (Table 8).  

 

Optimization of Avidity assay 
 

Association was optimized using anti-dengue polyclonal antibody purified from DEN-203 

serum. Avidity index, calculated by response/kdis, increased when association time increased 

from 600 to 1800 sec (Figure 10A) and reached a plateau using 3 - 5 μg/mL biotinylated DENV-

VLP (Figure 10A). For dissociation, some samples showed two-phase curves, a high 

dissociation constant in the early phase and a lower constant in the late phase (Figure 10B). 

Dissociation fitting of 30 - 600 sec showed good fitting and observed a higher dissociation 

constant than a fitting of 30 - 1200 sec (Figure 10B). Response of polyclonal dengue antibodies 

was at IgG concentrations up to 250 μg/mL (Figure 11A). Thus, avidity assay parameters were 

optimized as follows: antibody concentration: 125 μg/mL, Biotinylated DENV-VLP: 5 μg/mL, 

Association: 1800 sec, Dissociation: 1200 sec, Dissociation constant analysis: 30 - 1200 sec. 

Next, the reproducibility of the avidity assay was confirmed; Reproducibility was determined 

using five biotinylated DENV-1 VLP lots (Figure 10C). For intra-plate reproducibility, the 

coefficient of variation (CV) of Log10[Avidity index] ranged from 2.46 to 10.08%, and the inter-

plate range was 99 - 108%. (Table 9). High linearity between response and IgG concentration 

was observed for all serotypes (DENV-1: p < 0.0001 R2 = 0.977). However, kdis rates were not 

depend on antibody concentrations (DENV-1: p = 0.0001, R2 = 0.137). Avidity index, calculated 

by response/kdis, also showed a positive correlation with IgG concentrations (DENV-1: p < 

0.0001 R2 = 0.495) (Figure 10D and 11B).  
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Polyclonal serum antibody avidity after vaccination 
 

Sequential serum samples from 56 DEN-203 volunteers (Day 0, 28, 90, 120, and Day 360) were 

analyzed to assess the kinetics of antibody avidity following the administration of first (Day 0) 

and second (Day 90) TAK-003 doses. Kinetics of polyclonal antibody affinity maturation 

differed among individual DEN-203 study volunteers, with two different general patterns 

observed, each in about half of the vaccinated individuals. In some individuals, polyclonal 

affinity maturation gradually increased after the first vaccination and increased further following 

the second vaccination. For example, volunteer #1022005 (Figure 12A), after initial vaccination, 

antibody dissociation constant (kdis) gradually decreased between Day 28 and Day 90. The kdis 

further decreased on Day 120, following the second vaccination on Day 90, and remained stable 

through Day 180 (Figure 12C). Avidity index, calculated by response/kdis, reflects these changes; 

the value increased from 0 to 120 days and remained stable through Day 180 (Figure 12C). In 

other individuals, avidity index increased rapidly following the first vaccine dose, and the high 

avidity antibodies persisted in the serum throughout 360 days. For example, in study volunteer 

#1044010 (Figure 12B), antibody responses were high and kdis low at 28 days, translating to a 

high avidity index at the first post-vaccination time point, a pattern which persisted throughout 

the 360 days study period (Figure 12C). 

 

Among the 56 DEN-203 volunteers, 37 individuals were seronegative for any dengue antibodies 

prior to vaccination, as determined by neutralizing antibody assay [71]. In baseline seronegative 

volunteers, binding antibody responses were negative before vaccination and significantly 

increased after a single dose for all serotypes (Figure 13A). Overall, responses increased slightly 
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after the second vaccine dose (Day 120) and declined but remained positive at Day 360. Within 

each individual, kinetics of polyclonal antibody affinity maturation was similar among the four 

DENV serotypes, though the magnitude of DENV-specific binding antibodies varied among 

serotypes. Generally, responses were highest to DENV-2 and lowest to DENV-4. Binding kdis 

(Figure 14A) for all four dengue serotypes decreased over time, demonstrating increasing 

antibody binding strength to DENV-VLPs. The kdis in 0% (DENV-1) to 22% (DENV-3) sera 

reached less than 2 x 10-51/s, meaning the antibodies bound too tightly to be dissociated within 

1200 seconds. Avidity increased significantly after the first vaccine dose and continued to 

increase or remain stable throughout the one-year period of observation (Figure 15A). Avidity of 

antibodies to DENV-1, -2, and -3 were similar, while DENV-4 antibody avidity overall was 

lowest. In general, in seronegative study volunteers, after vaccination, the strength of serum 

polyclonal antibody binding and avidity index to all four DENV serotypes increased over time, 

and the high avidity antibodies persisted in the serum through 360 days. 

 

Among the 56 DEN-203 volunteers, 19 DEN-203 volunteers were seropositive for antibodies 

against at least one dengue serotype prior to vaccination. As expected, many seropositive vaccine 

recipients had positive responses pre-vaccination (Figure 15B). Pre-vaccination binding 

antibodies to all four serotypes were present in most individuals. Responses increased overall 

post-vaccination and persisted to Day 360 in the majority of individuals (Figure 13B). The 

serum of some seropositive vaccine recipients contained high-avidity antibodies prior to 

vaccination, as demonstrated by low kdis on Day 0. Post-vaccination, kdis decreased over time for 

all serotypes (Figure 14B), 6% (DENV-1) to 50% (DENV-4) of volunteers for each serotype 

reached undetectable dissociation at Day 120. Avidity indices for all four dengue serotypes 



72 
 

increased over time (Figure 15B). In general, both pre- and post-vaccination avidity indices in 

seropositive individuals were higher than in seronegative individuals. Overall, vaccination 

increased polyclonal serum antibody avidity in seropositive individuals, but the increase was less 

than in seronegative individuals due to the presence of high avidity antibodies prior to 

vaccination in some samples. In seropositive individuals, high avidity antibodies persisted in 

serum throughout the one-year period of observation. 

 

To confirm the results of DEN-203, sera from 36 randomly selected DEN-204 volunteers 

collected on Day 1 and Day 180 were tested to assess the impact of vaccination on avidity 

(Figure 13C, 14C, and 15C). As in DEN-203, responses in DEN-204 seronegative volunteers 

were negative pre-vaccination and were significantly increased for all four dengue serotypes at 

Day 180 after a single dose of TAK-003 (Figure 13C). Binding antibody responses were lowest 

for DENV-4 and similar for DENV-1, -2, and -3. Dissociation constant, kdis, decreased for all 

four serotypes at Day 180 (Figure 14C). Avidity increased significantly after vaccination, with 

the highest avidity antibodies to DENV-1, -2, and -3 and lower DENV-4 avidity (Figure 15C).  

 

Most baseline seropositive vaccine recipients were positive for binding antibody responses to all 

four dengue serotypes and displayed high-avidity antibodies prior to vaccination, as 

demonstrated by low kdis on Day 1 (Figure 14C). Post-vaccination increases in binding 

antibodies and decrease in kdis was marginal for all serotypes, and consequently, avidity index 

increased marginally after vaccination (Figure 15C and 13C).  

 

Correlation between antibody titers and avidity index 
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I assessed the degree of correlation between neutralizing antibody titers and avidity index 

parameters in DEN-203 study sera. When combining data for 43 subjects and study days for each 

dengue serotype, I found weak to no correlation between MNT titer and response, kdis, or avidity 

index (Figure 16, 17 and Table 10). Likewise, there was a weak to no correlation between MNT 

titer and avidity index when results on each study day were analyzed separately (Figure 18 and 

19). However, there was a good to weak correlation among each serotype avidity index (Figure 

20) 

Next, I analyzed the degree of correlation between neutralizing antibody titer and avidity index 

in samples with high, medium, and low kdis values, representing sera with a low, medium, and 

high degree of antibody affinity maturation. For all serotypes, the degree of correlation between 

MNT and avidity index was lowest among samples with high kdis values (less affinity matured: 

DENV-1: p < 0.0001, R2 = 0.193, DENV-2: p = 0.382, R2 = 0.010, DENV-3: p < 0.0001, R2 = 

0.341, DENV-4: p < 0.0001, R2 = 0.551) and highest in samples with lower kdis values (more 

affinity matured: DENV-1: p < 0.0001, R2 = 0.403, DENV-2: p < 0.0001, R2 = 0.623, DENV-3: p 

< 0.0001, R2 = 0.814, DENV-4: p < 0.0001, R2 = 0.623) (Figure 21, 22 and Table 11). These 

trends were also observed between MNT and responses. Thus, this finding suggests a 

relationship between high-affinity antibodies and neutralizing activity. 

 

Discussion 
 

The process of antibody affinity maturation forms the basis for the evolution of effective 

antibody responses to specific pathogens from the diverse B cell repertoire. The importance of 

antibody affinity maturation to effective antiviral responses is well established. Influenza 

antibody affinity correlates with neutralization potency and breadth [207]. Affinity maturation of 
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B cells specific for conserved epitopes after sequential exposure to infection is required for 

protection from re-infection by diverse influenza viruses [208]. A common theme of successful 

antiviral immunity is the induction of high-affinity functional antibodies to conserved epitopes in 

the context of abundant ineffective immune responses to variable viral epitopes.  

 

Information on antibody affinity maturation following dengue infection is limited; dengue 

disease severity was associated with a lower antibody avidity index, as assessed by ELISA [65]. 

Similarly, antibody avidity to ZIKV E-protein negatively correlated with disease severity [64]. 

Repeated dengue infections have increased monoclonal and polyclonal antibody avidity and 

neutralization potency [209].  

 

Collectively, antibodies with increased affinities after antigen exposure contribute to an overall 

increase in polyclonal antibody avidity. The measurement of avidity index, response divided by 

dissociation constant, was proposed by Lynch [90] and reflects both antibody concentration and 

affinity maturation. Methods to measure polyclonal antibody avidity to peptides or soluble 

proteins have been reported [64, 88-91], yet characterization of polyclonal antibody avidity to 

viral particles or other particulate antigens has proven challenging. I have developed a novel 

assay to assess the avidity of serum polyclonal antibodies specific for DENV-1, -2, -3, and -4 

particles by BLI. Antigen selection and characterization are critical factors in developing dengue 

antibody assays. Limitations in the use of DENV-VLPs as an antigen include differences in the 

arrangement of E-dimers on VLPs versus virions and potential differences in the maturation state 

of VLPs and virions [176]. Nevertheless, VLPs are non-infections, more stable than live virions, 

can be purified, and retain many antigenic features of dengue virions [176].  
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I found that reproducible avidity measurement required purification of IgG from serum. Several 

methods are available for rapid and simple purification of serum IgG [88, 91]; however, some 

non-specific binding remains. Protein G Sepharose was selected to further reduce non-specific 

binding activity. Even after IgG purification, the 384-well plate format of the Octet HTX makes 

it possible to test avidity to all four dengue serotypes using less than 50 µL serum.  

 

As antibody avidity increased rapidly in serum of some volunteers following TAK-003 

vaccination, it was necessary to use a high ionic strength buffer to accelerate antibody 

dissociation. Two-phase dissociation was observed in some volunteers: a higher dissociation 

constant in the early phase and a lower constant in the later phase. Similar kinetics of 

dissociation constant have been reported previously [90]. These changes may be caused by 

antibody re-binding to DENV-VLP. Therefore, 50% dissociation curves (600 sec) were applied 

to measure the dissociation constant to prevent overestimation. 

 

BLI was used to study kinetics of polyclonal serum avidity to DENV-1, -2, -3, and -4 following 

vaccination of dengue seropositive and seronegative volunteers with TAK-003. In seronegative 

volunteers, antibody affinity maturation was observed at the beginning of the first vaccination, as 

evidenced by the decline of antibody dissociation constant. Further decline in antibody 

dissociation constant was also observed in some individuals following the second TAK-003 

dose. In general, high avidity antibodies persisted in the serum through the 360-day follow-up 

period. Prior dengue exposure, determined by seropositivity, increased antibody avidity. In 

general, if high avidity antibodies were present in a dengue serotype, vaccination did not increase 
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avidity, but post-vaccination antibody avidity was increased in seropositive volunteers with 

lower avidity serum antibodies pre-vaccination. The volunteers in DEN-203 and DEN-204 

represented a range of ages (1.5 to 45 years) and geographical locations (Puerto Rico, Colombia, 

Singapore, Thailand, Dominican Republic, Panama, and the Philippines). Avidity results were 

consistent between the two studies, and avidity testing was conducted on sera that were broadly 

representative of the studies as a whole in terms of tetravalent seroconversion rate. Overall, the 

results demonstrate that vaccination with TAK-003 can drive polyclonal antibody affinity 

maturation in seronegative and seropositive adults and children across dengue-endemic regions. 

 

Surprisingly, a correlation between MNT titer and avidity assay parameters was weak. The 

correlation between MNT titer and avidity index was highest in samples with higher affinity 

maturation. I hypothesized that neutralizing antibodies might be selected during the affinity-

maturation process; therefore, a higher correlation was observed with low kdis subjects. 

Correlation between neutralizing antibodies and affinity maturation has been described for HIV 

and influenza antibodies [210, 211]. Different viruses may elicit high avidity antibodies that vary 

in functional properties. The functional antiviral activities of other dengue-specific affinity 

matured antibodies will be assessed in future studies. 

 

In conclusion, I have developed a novel, high-throughput avidity assay using DENV-VLPs and 

applied it to evaluate the evolution of polyclonal serum antibody avidity following vaccination 

with a tetravalent dengue vaccine candidate, TAK-003, in two phase 2 trials. Vaccination drove 

antibody affinity maturation against all four dengue serotypes, with high-affinity antibodies 

detectable in serum through one-year post-vaccination. The development of this method will 
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facilitate a deeper understanding of the mechanisms of induction of immunity to dengue 

infection and vaccination, including the relationship between affinity matured antibodies and 

protection against dengue infection. 
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Figures 
 

Figure 7 Dengue avidity assay using bio-layer interferometry technology.  

A: SA Biosensor, B: Binding of 5 μg/mL biotinylated DENV-VLP in 0.1% BSA-PBST, C: 

Association of purified anti-dengue antibody from vaccinated serum in 0.1% BSA-PBST (1800 

sec.), D: Dissociation of purified anti-dengue antibody from SA Biosensor in 0.1% BSA-PBST 

0.35 M NaCl (1200 sec.). 
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Figure 8 Reactivity of anti-dengue monoclonal antibodies to biotinylated dengue VLPs. 

A: SDS-PAGE of DENV-VLPs; VLP were reduced, and 20 μg of VLP were applied to 10 - 20% 

Tricine SDS-PAGE and stained by Simple Stain Blue (ThermoFisher Scientific). B: Reactivity 

of anti-dengue monoclonal antibodies panel: Response of 10 μg/mL of anti-dengue mAbs at 

600sec association were measured by Octet Red or Octet HTX systems using 5 μg/mL 

biotinylated VLP in SA or SAX biosensor. mAb panels: clone: specificity: epitopes of dengue E-

protein: 4G2: CR, fusion loop [139], WNV-E60: CR, fusion loop [196], 1M7: CR, fusion loop 

[197], DENV1-E106: DENV-1 specific, domain III [198], 2D22: DENV-2 specific, domain III 

[199], 5J7: DENV-3 specific, QE [200], and DV4-75: DENV-4 specific, domain III [201]: QE, 

quaternary E-protein; CR, cross-reactive. Data of 4G2, WNV-E60, 2D22, and DV4-75 were 

measured three times and showed an average. 1M7, DENV-E106, 5J7 were measured once. C: 

Dose dependence of anti-dengue monoclonal antibodies: 4G2, WNV-E60, and DV4-75 antibody 

clones were diluted from 0.01 to 10 μg/mL to measure response at 600 sec of association. All 

data were measured three times and showed average  ± SD. 
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Figure 9 Optimization of anti-dengue polyclonal antibody purification from human serum 

A: Optimization of Protein G Sepharose elution conditions: 0.2 mL of dengue standard serum 

was mixed with 3 mL of Protein A MAPSII binding buffer and 0.6 mL of 50% Protein A 

Sepharose or 3 mL of D-PBS and 0.6 mL of 50% Protein G Sepharose for 90 min. Washed with 

Protein A MAPSII Binding buffer or D-PBS and eluted in 0.1M Glycine buffer pH 3.0 - pH 2.5. 

Eluate was immediately neutralized to pH 7.0 - 7.5 with 1M Tris-HCl pH 8.0 and exchanged 

buffer to D-PBS using Amicon® Ultra-4. Purity was measured by NuPAGE (ThermoFisher 

Scientific), and purified antibody avidity assay was measured using biotinylated DENV-1 VLP 

and Octet RED system (Sartorius). B: Optimization of serum volume: 0.03 - 0.2 mL of DEN-203 

volunteer (clinical trial NCT01511250: 1044010 Day 90) serum was mixed with 3 mL of D-PBS 

and 0.6 mL of 50% Protein G Sepharose for 90 min and washed with D-PBS and eluted in 0.1M 

Glycine buffer pH 2.7. Eluate was immediately neutralized to pH 7.0 - 7.5 with 1M Tris-HCl pH 

8.0 and exchanged buffer to D-PBS using Amicon® Ultra-4. Purity was measured by NuPAGE, 

and purified antibody avidity assay was measured using biotinylated DENV-1 VLP and Octet 

RED system. 
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Figure 10 Optimization of Avidity assay 

A: Optimization of association and VLP concentration: Antibody avidity index was measured 

using Octet HTX (Sartorius) and DENV-1, 2, 3 and 4 VLP. 125 μg/mL anti-dengue polyclonal 

antibody purified form DEN-203 volunteer serum (NCT01511250: DENV-1: 1071001 Day 90, 

DENV-2: 1071009 Day 90, DENV-3: 1083005 Day 0, DENV-4: 1093001 Day 90)  measured 

association and dissociation constant. Association time changed from 600, 900 and 1800 sec at 

biotinylated DENV-VLP 5 μg/mL, and biotinylated VLP concentrations changed from 1, 3, and 

5 μg/mL at 1800 sec association time. Data were measured eight times, and the bar graph 

showed an average ± SD. B: Optimization of dissociation constant analysis: Biosensorgram of 

anti-dengue polyclonal antibody purified form DEN-203 volunteer serum (NCT01511250: 

1081001 Day 0: 250 μg/mL ) were generated by Otet RED systems and 5 μg/mL DENV-3 VLP. 

Dissociation constant was analyzed from 30 to 600 sec, red, and from 30 to 1200 sec, blue. Nine 

different biosensorgrams measured antibody dissociation constants and showed average  ± SD. 

C: Difference of biotinylated DENV-1 VLP: Five lots of DENV-1 VLP (Lot no: 15062616, 

18011816, 18042710, 19040109 and 20012911) were biotinylated with 50 excess moles of EZ-

Link™ Sulfo-NHS-Biotin. Antibody avidity index measured using the Octet HTX system using 

seven different anti-dengue polyclonal antibodies purified from DEN-203 volunteer serum 

(NCT01511250: 1044010 Day 90, 1053009 Day 90, 1053011 Day 120, 1071001 Day 90, 

1071009 Day 90, 1083005 Day 0 and 1093001 Day 90) at 5 μg/mL of biotinylated DENV-1 

VLPs. The graph showed an average ±95% confidence interval. D: Linearity of avidity assay: 

Antibody avidity index was measured using Octet HTX (Sartorius) and biotinylated DENV-1 

VLP. Anti-dengue polyclonal antibody from DEN-203 volunteer (NCT01511250:1053005 Day 

90) serum was applied to the assay. Antibody concentrations were changed from 10 to 70 μg/mL 
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and measured 15 times. Data showed average ± SD. Equations: (DENV-1: Response: y = 0.0103 

x + 0.087, Log10[kdis]; y = 0.0033 x - 3.927, Log10[Avidity index]: y = 0.0076 x + 3.138). 
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Figure 11 Reactivity of anti-dengue polyclonal antibody to biotinylated VLPs 

A: Reactivity of anti-dengue polyclonal antibody: Anti-dengue polyclonal antibody purified 

form DEN-203 (NCT01511250)volunteer serum (1053005 D90) were diluted from 4 to 250 

μg/mL and measured for response using the Octet Red system (Sartorius) and DENV-1, DENV-

2, DENV-3, and DENV-4 VLP. B: Linearity of Avidity assay: Two anti-dengue polyclonal 

antibodies purified from DEN-203 (NCT01511250)  volunteer sera (DENV-2 and DENV-4: 

1053011 D120, DENV-3: 1053011 D90) were diluted from 5 - 70 μg/mL and measured avidity 

using the Octet HTX system and 5 μg/mL DENV-2, DENV-3, and DENV-4 VLP. Assays were 

run six times with triplicated data points. Data showed average ± SD. Equations (DENV-2 

Response: y = 0.0077 x + 0.081, Log10[kdis]; y = -0.0040 x - 4.38, Log10[Avidity index]: y = 

0.0164 x + 3.310, DENV-3 Response: y = 0.0087 x + 0.065, Log10[kdis]; y = -0.0010 x - 4.63, 

Log10[Avidity index]: y = 0.0249 x + 3.544, DENV-4 Response: y = 0.0029 x + 0.051, 

Log10[kdis]; y = 0.0131 x - 4.37, Log10[Avidity index]: y = -0.00085 x + 3.132) 
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Figure 12 Biosensorgram of dengue vaccine recipients and avidity assay parameters.  

A and B: Biosensorgram (NCT01511250 DEN-203; volunteer A: #1022005, B: #1044010). 

Antibody avidity index was measured using the Octet RED system (Sartorius) and DENV-2 

virus-like particles. Anti-dengue polyclonal antibody was used at 250 μg/mL to measure 

response and dissociation constant. Biosensorgram at day 0, 28, 90, 120, 180, and 360 days, 

black line: dissociation constant calculation curve by Langmuir 1:1 binding model. C: Antibody 

response, kdis, and avidity index of dengue vaccine recipient’s serum (● #1022005 and  

#1044010) Duplicate and average data did assays were shown. 
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Figure 13 Antibody response of TAK-003 recipients.  

A: NCT01511250; DEN-203 baseline seronegative, N = 37, B: DEN-203 baseline seropositive, 

N = 19: C: NCT02302066; DEN-204 baseline seronegative, N = 21 and baseline seropositive, N 

= 15. These data were measured using the Octet HTX system (Sartorius) and DENV-1, DENV-2, 

DENV-3, and DENV-4 virus-like particles. A, B: Box plot: bar min and max, box: 25 and 75 

percentile and line: median: DEN-203: Serum samples collected on study Days 0 (baseline / pre-

vaccination; first TAK-003 dose administered), 28, 90 (second TAK-003 dose administered), 

120, 180, and 360. C: Box plot: bar min and max, box: 25 and 75 percentile and line: median:  

DEN-204: Serum samples collected on study Day 0 (baseline / pre-vaccination; first TAK-003 

dose administered) and Day 180 (three months after administration of second dose). ****p < 

0.0001 (Wilcoxon signed-rank test). ***p < 0.0002. **p < 0.0021. *p < 0.0332. vs. Day 0 n.s., 

not significant. Negative response values were extrapolated to 0.001 for drawing purposes. 
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Figure 14 Antibody dissociation constant, kdis, of TAK-003 recipients.  

A: NCT01511250; DEN-203 baseline seronegative, N = 37, B: DEN-203 baseline seropositive, 

N = 19: C: NCT02302066; DEN-204 baseline seronegative, N = 21 and baseline seropositive, N 

= 15 These data were measured using the Octet HTX system (Sartorius) and DENV-1, DENV-2, 

DENV-3, and DENV-4 virus-like particles. A, B: Box plot: bar min and max, box: 25 and 75 

percentile and line: median: DEN-203: Serum samples collected on study Days 0 (baseline/ pre-

vaccination; first TAK-003 dose administered), 28, 90 (second TAK-003 dose administered), 

120, 180, and 360. C: Box plot: bar min and max, box: 25 and 75 percentile and line: median:  

DEN-204: Serum samples collected on study Day 0 (baseline/ pre-vaccination; first TAK-003 

dose administered) and Day 180 (three months after administration of second dose). ****p < 

0.0001 (Wilcoxon signed-rank test). *** p < 0.0002. ** p < 0.0021. * p < 0.0332. vs. Day 0 n.s., 

not significant.  No binding samples; kdis values were automatically extrapolated to 1x10-3 1/s by 

Octet Data Analysis software HT.  
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Figure 15 Avidity index of TAK-003 recipients. 

A: NCT01511250; DEN-203 baseline seronegative N = 37: B: DEN-203 baseline seropositive N 

= 19: C, NCT02302066; DEN-204 baseline seronegative N = 21 and baseline seropositive N = 

15. These data were measured using the Octet HTX system (Sartorius) and DENV-1, DENV-2, 

DENV-3, and DENV-4 virus-like particles. A, B: Box plot: bar min and max, box: 25 and 75 

percentile and line: median: DEN-203: Serum samples collected on study Days 0 (baseline/ pre-

vaccination; first TAK-003 dose administered), 28, 90 (second TAK-003 dose administered), 

120, 180, and 360. C, Box plot: bar min and max, box: 25 and 75percenttile and line: median: 

DEN-204: Serum samples collected on study Day 0 (baseline/ pre-vaccination; first TAK-003 

dose administered) and Day 180 (three months after administration of second dose). Avidity 

index = response/ kdis. **** p < 0.0001 (Wilcoxon signed-rank test). *** p < 0.0002. ** p < 

0.0021. * p < 0.0332. vs. Day 0 n.s., not significant. Negative Avidity index data were 

extrapolated to 1.0 for drawing purposes. 
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Figure 16 Correlation between avidity assay parameters. 

Avidity index and MNT titers A: DENV-1, B: DENV-2, C: DENV-3, D: DENV-4. 24 baseline 

seronegative and 19 seropositive volunteer data NCT01511250 (DEN-203) were used except for 

baseline seronegative Day 0 data. Data points: 226 - 228. open symbols: baseline seropositive, 

closed symbols: baseline seronegative. Correlations between response, kdis, and MNT titer were 

shown in Figure 17, and correlation analysis data in Table 10. 
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Figure 17 Correlation between avidity assay parameters. 

A, response, B, kdis, and MNT titers. 24 baseline seronegative and 19 seropositive volunteer data 

NCT01511250 (DEN-203) were used except for baseline seronegative Day 0 data N = 226 - 228. 

Open symbols were baseline seropositive and closed symbols were baseline seronegative. 

Correlation analysis data were shown in Table 10. 
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Figure 18 Correlation between avidity index and MNT antibody titer for visiting day (Baseline seronegative).  

All baseline seronegative volunteer data were correlated for each visiting day (Day 28, 90, 120, 180, and 360). 
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Figure 19 Correlation between avidity index and MNT antibody titer for visiting day (Baseline seropositive).  

All baseline seropositive volunteer data were correlated for each visiting day (Day 0, 28, 90, 120, 180, and 360). 
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Figure 20 Correlation between avidity index for each serotype. 

Avidity index of DEN-203 (NCT01511250: 24 baseline seronegative and 19 seropositive 

volunteers) was used except for baseline seronegative Day 0. Equations: DENV-2/ DENV-1: y = 

0.785 x + 0.552, DENV-3/ DENV-1: y = 0.742 x + 0.887, DENV-3/ DENV-2: y = 0.756 x + 

1.06, DENV-4/ DENV-1: y = 0.563 x + 1.824, DENV-4/ DENV-2: y = 0.553 x + 2.060, DENV-

4/ DENV-3: y = 0.624 x + 1.620. 
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Figure 21 Correlation between avidity index and MNT antibody titer for kdis divided 

subjects of DENV-2.  

A: Correlation analysis using all data sets. N = 230, B - D: Correlation analysis data divided into 

three ranges by Log10 kdis values. B: Log10[kdis]: -4.7 - -4.6, N = 77, C: Log10[kdis]: -4.6 - -4.0, N 

= 77, D: Log10[kdis]: -4.0 - -2.8, N = 76, 24 baseline seronegative and 19 seropositive volunteer 

data were used and data under response LoD were eliminated from the analysis: DENV-2: 0.015. 

in Table 7 LoD: limit of detection. Correlation of DENV-1, DENV-3, and DENV-4 were shown 

in Figure 22. Correlation analysis date parameters were shown in Table 11.  
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Figure 22 Correlation between avidity index and MNT antibody titer for kdis divided 

subjects.  

A correlation analysis using all data sets. B correlation analysis data divided into three ranges by 

Log10 kdis values. DENV-1: Log10[kdis]: -4.7 - -4.2: N = 75,  -4.2 - -3.9: N = 74, -3.9 - -1.9: N = 

76, DENV-3: Log10[kdis]: -4.7 - -4.6: N = 75, -4.6 - -4.0: N = 75,  -4.0 - -1.9: N = 73, DENV-4: 

Log10[kdis]: -4.7 - -4.6: N = 66, -4.6 - -3.8: N = 65, -3.8 - -2.6: N = 66. 24 baseline seronegative 

and 19 seropositive volunteer data from DEN-203 were used, and data under response LoD were 

eliminated from the analysis: DENV-1: 0.017, DENV-3: 0.018, DENV-4: 0.014 measured in 

Table 7.  LoD: limit of detection. Correlation analysis data were shown in Table 11 
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Tables 
Table 6 Maximum noise measurement of Avidity assay. 

Sample ID and serotype 
 

Max Noise nm  Summary 
Run1 Run2 Run3 

DENV-1 

 Sample ID: DEN203 1044008_D0 0.0055 0.0049 0.0061 DENV-1 Noise 
 Sample ID: DEN203 1044008_D0 0.0050 0.0053 0.0062 Max 0.0075 
 Sample ID: DEN203 1044010_D0 0.0062 0.0045 0.0055 Min 0.0044 
 Sample ID: DEN203 1044010_D0 0.0062 0.0052 0.0061 Average 0.0056 
 Sample ID: DEN203 1053005_D0 0.0051 0.0044 0.0055 SD 0.0007 

 Sample ID: DEN203 1053005_D0 0.0056 0.0065 0.0075 CV% 13% 

DENV-2 

 Sample ID: DEN203 1044008_D0 0.0050 0.0052 0.0049 DENV-2 Noise 
 Sample ID: DEN203 1044008_D0 0.0052 0.0043 0.0051 Max 0.0057 
 Sample ID: DEN203 1044010_D0 0.0050 0.0040 0.0057 Min 0.0040 
 Sample ID: DEN203 1044010_D0 0.0049 0.0048 0.0053 Average 0.0049 
 Sample ID: DEN203 1053005_D0 0.0041 0.0056 0.0049 SD 0.0004 

 Sample ID: DEN203 1053005_D0 0.0051 0.0048 0.0048 CV% 9% 

DENV-3 

 Sample ID: DEN203 1044008_D0 0.0052 0.0064 0.0049 DENV-3 Noise 
 Sample ID: DEN203 1044008_D0 0.0059 0.0055 0.0057 Max 0.0066 
 Sample ID: DEN203 1044010_D0 0.0057 0.0064 0.0057 Min 0.0049 
 Sample ID: DEN203 1044010_D0 0.0061 0.0060 0.0061 Average 0.0059 
 Sample ID: DEN203 1053005_D0 0.0062 0.0063 0.0060 SD 0.0004 

 Sample ID: DEN203 1053005_D0 0.0060 0.0063 0.0066 CV% 7% 

DENV-4 

 Sample ID: DEN203 1044008_D0 0.0041 0.0042 0.0046 DENV-4 Noise 
 Sample ID: DEN203 1044008_D0 0.0053 0.0042 0.0044 Max 0.0056 
 Sample ID: DEN203 1044010_D0 0.0037 0.0050 0.0049 Min 0.0037 
 Sample ID: DEN203 1044010_D0 0.0056 0.0042 0.0046 Average 0.0045 
 Sample ID: DEN203 1053005_D0 0.0046 0.0044 0.0043 SD 0.0005 
 Sample ID: DEN203 1053005_D0 0.0051 0.0042 0.0043 CV% 10% 
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Table 7. Limit of detection of response for Avidity assay 

Serotype N Noise  ± SD (nm) (CV%) 
LoD (nm)  

(Noise X 3) 

DENV-1 18 0.0056 ± 0.0007 (CV% 13.1%) 0.017 

DENV-2 18 0.0049 ± 0.0004 (CV% 8.9%) 0.015 

DENV-3 18 0.0059 ± 0.0004 (CV% 7.3%) 0.018 

DENV-4 18 0.0045 ± 0.0005 (CV% 10.3%) 0.014 
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Table 8 Antibody purification yield for different operators and occasions. 

 

Operator N 
IgG yield mg/mL 

serum 
 Mean ± SD (CV%) 

% of 
differences 

Purity (%)   
Mean ± SD 

A 16 
8.36 ± 0.63  
(CV% 7.6%) 100% 95.8 ± 1.12 

A 16 
8.89 ± 0.54  
(CV% 6.1%) 106% 95.9 ± 0.97 

B 15 
6.77 ± 0.58  
(CV% 8.5%) 81% 94.1 ± 2.67 
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Table 9 Intra-plate differences and inter-assay differences of Avidity assay 

Serotype DENV-1 DENV-2 DENV-3 DENV-4 
Sample ID and 

 visit days 1053005_90Day 1053005_90Day 1053005_90Day 1053011_90Day 

 
N Response (nm)  

Mean ± SD (CV%)  N Response (nm)  
Mean ± SD (CV%)  N Response (nm)  

Mean ± SD (CV%)  N Response (nm)  
Mean ± SD (CV%)  

1st run 42 0.558 ± 0.033 
(CV% 5.96%) 42 0.328 ± 0.023  

(CV% 6.90%) 42  0.188 ± 0.022  
(CV% 11.70%) 42 0.195 ± 0.018  

(CV% 9.20%) 

2nd run  42 0.523 ± 0.033  
(CV% 6.24%) 42 0.324 ± 0.029  

(CV% 8.99%) 42 0.193 ± 0.019  
(CV% 9.60%) 35 0.196 ± 0.015 

(CV% 7.61%) 
difference 1st  
and 2nd run 1.06 1.01 0.97 0.99 

 
N 

Log10[Avidity 
 index (nm*s)]  

Mean ± SD (CV%)  
N 

Log10[Avidity  
index (nm*s)]  

Mean ± SD (CV%)  
N 

Log10[Avidity  
index (nm*s)]  

Mean ± SD (CV%)  
N 

Log10[Avidity  
index (nm*s)]  

Mean ± SD (CV%)  

1st run 42 3.544 ± 0.087  
(CV% 2.46%) 42 3.787 ± 0.271  

(CV% 7.17%) 42  3.691 ± 0.372  
(CV% 10.08%) 42 3.172 ± 0.191  

(CV% 6.03%) 

2nd run  42 3.552 ± 0.103 
(CV% 2.91%) 42 3.498 ± 0.290  

(CV% 8.29%) 42 3.604 ± 0.295  
(CV% 8.20%) 35 3.206 ± 0.252  

(CV% 7.87%) 
difference 1st 
and 2nd run 0.99 1.08 1.02 0.99 



 

108 
 

 

Table 10 Correlation parameters between avidity assay parameters (response, kdis, and avidity index) and MNT titers 

 

Serotype 
 Log10[MNT titer] vs Log10[Response] Log10[MNT titer] vs Log10[kdis] Log10[MNT titer] vs Log10[Avidity index] 

N R2 p-value Equation R2 p-value Equation R2 p-value Equation 

DENV-1 226 0.476 <0.0001 y = 0.404 x - 1.610 0.074 <0.0001 y = -0.142 x - 3.579 0.343 <0.0001 y = 0.541 x + 1.986 

DENV-2 228 0.308 <0.0001 y = 0.353 x - 1.600 0.005 0.275 y = -0.052 x - 4.010 0.126 <0.0001 y = 0.405 x + 2.410 

DENV-3 226 0.665 <0.0001 y = 0.507 x - 1.923 0.170 <0.0001 y = -0.258 x - 3.578 0.523 <0.0001 y = 0.773 x + 1.632 

DENV-4 227 0.501 <0.0001 y = 0.566 x - 2.135 0.124 <0.0001 y = -0.268 x - 3.574 0.391 <0.0001 y = 0.824 x + 1.461 
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Table 11 Correlation parameters between avidity index and MNT titer for kdis divided 
subjects.  

 

Serotype Log10[kdis] range N 
Log10[Avidity index] vs Log10[MNT titer] 

R2 p-value Equation 

DENV-1 

-4.7 -1.9 225 0.308 <0.0001 y = 0.459 x + 2.240 

-4.7 -4.2 75 0.403 <0.0001 y = 0.286 x + 3.150 

-4.2 -3.9 74 0.368 <0.0001 y = 0.254 x + 3.033 

-3.9 -1.9 76 0.193 <0.0001 y = 0.398 x + 1.756 

DENV-2 

-4.7 -2.8 230 0.098 <0.0001 y = 0.325 x + 2.668 

-4.7 -4.6 77 0.623 <0.0001 y = 0.426 x + 2.960 

-4.6 -4.0 77 0.292 <0.0001 y = 0.396 x + 2.749 

-4.0 -2.8 76 0.010 0.382 y = 0.076 x + 2.508 

DENV-3 

-4.7 -1.9 223 0.498 <0.0001 y = 0.657 x + 1.956 

-4.7 -4.6 75 0.814 <0.0001 y = 0.498 x + 2.795 

-4.6 -4.0 75 0.646 <0.0001 y = 0.497 x + 2.435 

-4.0 -1.9 73 0.341 <0.0001 y = 0.586 x + 1.545 

DENV-4 

-4.7 -2.6 197 0.349 <0.0001 y = 0.547 x + 2.128 

-4.7 -4.6 66 0.623 <0.0001 y = 0.392 x + 2.983 

-4.6 -3.8 65 0.291 <0.0001 y = 0.279 x + 2.638 

-3.8 -2.6 66 0.551 <0.0001 y = 0.643 x + 1.446 

 

 

 



 

110 
 

 

 

 

 

 

 

 

 

 

 

General Discussion 
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Antibody affinity maturation is a critical process for acquiring the immune response following 

vaccination and enhances antiviral functions, such as virus neutralization [61], antibody-

mediated complement, and effector-dependent cytotoxicity [57, 62]. However, few reports 

focusing on antibody affinity maturation by flavivirus vaccines have been reported. Therefore, 

the objective of this thesis was to elucidate the antibody affinity maturation of ZIKV and DENV 

vaccines.  

Anti-ZIKV antibodies were discovered from ZIKV vaccine candidate immunized rabbits. High 

SHM and CDR mutations were observed in the antibodies and found to be significantly 

correlated with antibody functions, such as Luminex assay, equilibrium dissociation constants 

(KD), dissociation constant (kdis), and neutralizing activities (Figure 5C). However, rabbits have 

unique and robust immune systems and are frequently used to discover highly selective and high-

affinity antibodies [135, 212]. Thus, the difference between human and rabbit immune systems 

has to be considered when extrapolating results from rabbits to humans. In terms of heavy and 

light chain variable region antibody repertoires, humans and rabbits possess a variety of 

functional genotype genes (heavy chain: human 51 and rabbit 39, kappa chain human 39 and 

rabbit: 64, Lambda chain: human 32 and rabbit 20, from IMGT database: 

https://www.imgt.org/IMGTrepertoire/Proteins/) [213]. Both species have similar heavy 

chain CDR3 lengths (human: mean  = 15.3±4.0 AA, mode  = 15 AA, rabbit: mean  = 14.8±3.6 AA, 

mode  = 13 AA) [138]. Niu et al. also reported that the average SHM ratio of human anti-ZIKV 

mAbs DNA was 6.91% (1.72 − 14.78%) [214]. I reported that rabbit anti-ZIKV mAb SHM 

levels were almost identical to human mAb’s SHM (Table 3). These findings indicate that rabbit 

and human antibody affinity maturation and functions are comparable. 

https://www.imgt.org/IMGTrepertoire/Proteins/
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Premembrane (prM) protein is believed to escape premature fusion in the exit pathway [215]. 

However, the prM protein functions remain unclear. Recently, anti-prM antibodies revealed a 

function that prM protein can contribute to pathogenesis [216]. Thus, the need for anti-prM 

antibodies was plunged to elucidate the prM protein functions. However, the antibody discovery 

was challenging; only one prM mAb, 278-11, out of 8 anti-ZIKV mAbs was discovered from the 

study. Interestingly, 278-11 showed high heavy chain SHM (17.9%) and CDR mutations 

(47.1%). The high SHM value may adjust the prM protein structure. Beltramello et al. 

discovered 70 anti-DENV mAbs from five human patients; only six prM mAbs and dominance 

were domain I/II (34 clones) and domain III (13 clones) [217]. Smith et al. reported that 4 - 18 

amino acids of heavy chain variable region (approximately 110 amino acids [218]) were mutated 

from 26 anti-DENV prM mAbs [219]. DENV and ZIKV pr protein are cleaved by furin in the 

endoplasmic reticulum, and then the virus matures [220]. The antibody generation mechanisms 

of DENV/ ZIKV prM have not been elucidated. However, these findings are similar to prM 

antibody clone 278-11.  

SHM, CDR mutation, and FWR mutation were not correlated with antibody binding parameters 

and neutralizing titers for all eight antibodies, including neutralizing and non-neutralizing 

antibodies (Figure 5A and B). However, significant correlations were observed for five 

neutralizing antibodies for heavy chain analysis (Figure 5C). One non-neutralizing antibody, 

mAb 278-11, recognized prM (Figure 3), and the binding activities were weaker than 

neutralizing mAbs: Luminex assay (EC50 278-11, 23800 ng/mL, neutralizing mAbs 12.3 - 89.9 

ng/mL) and kinetic analysis, KD (278-11, 0.45 nM, neutralizing mAbs, 0.2 -0.4 nM) and kdis 

(278-11, 8.49 x 10-5, neutralizing mAbs, 2.59 - 6.34 x 10-5 1/s) (Figure 1A, 2C and Table 1). 

However, heavy chain SHM of 278-11 (17.9%) were relatively higher than neutralizing mAbs 
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(11.1 - 20.6%: Table 3), disrupting the correlation analysis. On the other hand, Five neutralizing 

mAbs were bound to domain III or quaternary epitopes of domain I and III (Figure 3). These 

findings suggested that selecting the same binding domains or mAbs character was necessary for 

correlation analysis between SHM and antibody functions. 

Focus on five neutralizing antibodies; significant negative correlations were observed for VH 

chain but weak and no correlation for VL chain (Figure 5C and D). The importance of antibody 

heavy chain for antigen binding was widely known [221-223]. For example, Sela-Culang et al. 

reported higher percentages of antigen contact for heavy-chain amino acids but lower for light-

chain from the structural analysis [224]. Light chain affinity matured anti-interleukin-3 mAb 

decreased KD value from 1.9 pM to 0.142 pM; however, mutated to three amino acids in heavy 

chain CDR2 mutations accelerated KD to 0.032 pM [225]. Interestingly, camel, alpaca, and llama 

antibodies have only heavy chain, and show solid binding to antigens [226]. Caplacizumab, a 

nanobody, llama antibody derivative, was approved by the Food and Drug Administration for 

rare blood clotting disorder in 2019 [227]. Thus, my findings were entirely consistent with these 

scientific reports.  

Heavy chain CDR3 was pivotal for antibody bindings: specificity and affinity [228-231]. Heavy 

chain CDR3 amino acids were from the diversity (D) region, and amino acid insertion and 

deletion frequently occurred, followed by AID modification [232]. Thus, heavy chain CDR3 

SHM cannot be analyzed by IMGT/V-QUEST [81]. Therefore, the CDR3 lengths were 

compared with antibody functions. Contrary to expectations, only neutralizing titers correlated 

with CDR3 lengths, but there was little to no correlation between CDR3 lengths and antibody 

binding parameters (Figure 5C). Neutralization antibodies may be essential to cover more 

extensive virus surface-to-cell-binding areas for inhibition. Thus, a longer heavy chain CDR3 
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lengths are needed. However, antibody binding activity needs precision fitting to the virus 

surfaces, not covering a large area. Thus, there were no correlations with CDR3 length. The data 

suggested heavy chain CDR3 amino acid mutations would be a more critical factor for antibody 

bindings [231].  

CDR mutations were significantly correlated with the antibody kinetic analysis parameters of 

anti-ZIKV mAbs, such as KD and kdis. However, the correlation between CDR mutations and 

association constant (ka) was relatively weak (Figure 5C and 23). Therapeutic antibody 

candidates are matured artificially to enhance their affinity and efficacies in vitro. Randomly 

mutated CDR libraries harboring to phage or yeast display were applied to select high-binding 

clones [233, 234]. Wang et al. reported that affinity-matured antibodies by phage display 

drastically reduced kdis. However, no increase in ka was observed [235]. The differences in the 

correlations of ka and kdis with CDR mutations in my study were consistent with their results. 

These data suggest that the avidity assay's antibody dissociation constant (kdis) is a critical 

parameter that reflects antibody affinity maturation.  

A novel DENV avidity assay was developed using BLI and DENV-VLPs to visualize affinity 

maturation with kdis. This assay was performed for two phase 2 clinical trials of a tetravalent 

dengue vaccine candidate (TAK-003) for children, adolescents, and adults in dengue-endemic 

regions. Vaccination of TAK-003 decreased kdis (Figure 14) and increased the response and 

avidity index one month after vaccinations and sustained by one year for baseline seronegative 

volunteers (Figure 13 and 15). These results indicated that a novel avidity assay can be used to 

evaluate polyclonal antibody affinity maturation from serum. The latest technology can analyze 

SHM and CDR amino acid mutation from serum polyclonal antibodies [86], but the data only 

covers dominant antibodies and cannot reflect all polyclonal antibodies. However, considering 
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the significant correlation between kdis  and CDR mutations of anti-ZIKV mAbs (Figure 23), 

DENV vaccination may trigger antibody amino acid mutations in the B cell repertoire,  

Overall, the correlation between avidity index and neutralizing titers was either weak or absent 

(Figure 16). A correlation was observed between avidity index and neutralizing titers for lower 

kdis, the highest degree of antibody affinity maturation; however, no correlation was observed for 

higher kdis, the lowest degree of antibody affinity maturation (Figure 21). Therefore, the 

following hypothesis was proposed (Figure 24). Low-affinity maturated antibodies comprise a 

wide variety of neutralizing/ non-neutralizing antibodies as antibody-expressing B cells are not 

selected in the germinal center (GC) and do not induce apoptosis. Furthermore, the process of 

affinity maturation predominantly selects neutralizing antibody-expressing B cells in GC to 

protect against virus infection. High affinity matured/ neutralizing antibody-expressing B cells 

differentiate into plasma cells secreting antibodies or memory B cells preparing for future virus 

infections. Whereas, non-affinity matured antibody-expressing B cells were induced apoptosis. 

The selection of affinity-matured antibodies might increase the proportion of high neutralizing 

antibodies and cause a correlation between avidity index and neutralizing titer for the highest 

degree of antibody affinity maturation, lower kdis subjects. 

The selection mechanism of neutralizing antibodies during affinity maturation has not yet been 

elucidated. However, there are two possibilities that the neutralizing antibodies are selectively 

affinity-matured. The first aspect is the high antigenicity of neutralizing epitopes. The most high-

neutralizing mAbs were reported to bind to domain III [198, 201, 236-241] and E-protein dimer 

quaternary epitopes [196, 199, 200, 242, 243]. Indeed, anti-ZIKV neutralizing mAbs also bound 

to domain III and quaternary epitopes of domain I and III (Figure 3 and Table 1). These binding 

epitopes were exposed to the virus surfaces, showed good antigenicity, and might generate 
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antibodies to protect against the virus during early immunization stages. These neutralizing 

antibodies continue to undergo antibody affinity maturation in GC, and B cells expressing non-

neutralizing antibodies might induce apoptosis. 

Another important aspect is the evolution of antibody. Anti-HIV and COVID-19 antibodies have 

acquired multiple strain-neutralizing activities with high SHM [131, 244, 245]. Correlations 

between VH, VL mutations, and serum neutralization breath were observed in the analysis of 22 

HIV-infected controllers [246]. The mechanism of acquiring the broadly HIV-neutralizing 

activity is proposed as follows: HIV mutates frequently to escape immune surveillance systems. 

B cells expressing neutralizing antibodies are stimulated multiple times by different HIV strains, 

and antibodies are mutated in GC to acquire broad neutralizing activity (Figure 25) [247]. 

Interestingly, anti-DENV serum of TAK-003 was neutralized with three DENV genotype virus 

strains [248], but the magnitude of antibody affinity maturation was not analyzed in this study. 

However, there are no reports of anti-DENV antibody evolutions. These data suggested that 

neutralizing anti-DENV antibodies might be selected during antibody affinity maturation by 

multiple DENV stimulation, such as immunization, infection, and exposure to the virus, the same 

as the evolution of broadly neutralizing HIV antibodies (Figure 25).  

Antibody affinity maturation was assessed in the thesis using genomic and serological 

approaches (Figure 26). The Genomic approach uses the data from a single B cell to assess 

antibody DNA and amino acid mutations. The approach is straightforward because SHM is 

determined, and antibody functions are comparable with antibody mutations. However, this 

approach cannot apply to evaluating vaccinated volunteers or natural infection patients. For 

example, Edwards et al. reported an extensive human antibody repertoire using human phage 
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display: 2875 positive ELISA hits against B-lymphocyte stimulator protein and 1278 unique 

antibody amino acid sequences [249]. Thus, B cell sorting is challenging to cover all antibody-

expressing B cells because of the low throughput for collecting thousands of single cells.  

In contrast, the serological approach uses polyclonal antibodies from serum. The data represents 

the average values of antibodies in serum; however, the serological data reflect the efficacy of 

virus protection. The conventional avidity assay, ELISA disrupted chaotropic reagents (8 M urea 

or 1 M NaSCN), can measure the strength of polyclonal antibodies [65, 87], but cannot evaluate 

antibody affinity maturation. The assay reacts within several hours and evaluates the equilibrium 

state of antibody binding to antigens. Thus, the assay evaluates the "static state," not the 

"dynamic state," of antibody binding. Moreover, the newly developed avidity assay monitors the 

antibody association/ dissociation process of the antigen-binding biosensors over time and 

measures the antibody affinity in a dynamic state. Thus, kdis can be assessed from the assay, 

which is one of the critical parameters of antibody affinity maturation. Therefore, the avidity 

assay in the thesis represents significant progress in evaluating serum polyclonal antibody 

affinity maturation.  

To summarize, the antibody affinity maturation process initiated by flavivirus vaccinations was 

elucidated from DNA mutations to serum antibody affinity (Figure 27). High CDR mutations 

were observed for anti-ZIKV mAbs and correlated with antibody affinity parameters, such as KD 

and kdis. A novel avidity assay to assess kdis from human serum was developed, and a significant 

decrease in kdis was observed in DENV baseline seronegative volunteers after vaccination. The 

correlation of avidity index and neutralizing titer was observed in high affinity matured subjects. 

Finally, I conclude that antibody affinity maturation is essential for the protection against virus 

infections.   
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Figures 
Figure 23 Correlation analysis of CDRH mutations and antibody association constant (ka), 

dissociation constant (kdis) of anti-ZIKV mAbs 
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Figure 24 Selection of high affinity/ neutralizing anti-DENV antibodies during antibody 

affinity maturation 
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Figure 25 [Hypothesis] Mechanism of selection of high affinity and neutralizing anti-DENV 

antibody during antibody affinity maturation. 
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Figure 26 Summary of genomic and serological approaches for antibody affinity 

maturation evaluation. 
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Figure 27 Graphic summary: Studies of Affinity Maturation of Anti-flavivirus Antibody 

during Vaccination. 
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