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RESUMO 

 

A vacina contra o vírus da febre amarela (YFV) (17DD, 17D, 17D-213) é uma 

vacina de vírus atenuado que constitui a principal medida contra a doença da febre 

amarela. Apesar da sua eficácia, disponibilidade e boa cobertura vacinal, o YFV 

continua a ser uma ameaça persistente devido aos surtos recorrentes em regiões 

endêmicas. Já se sabe que infecções prévias ou repetidas vacinações induzem uma 

imunidade humoral que pode afetar tanto os resultados da vacina como o curso de 

futuras exposições a vírus antigenicamente relacionados, como o dengue (DENV) 

e o zika (ZIKV). No presente estudo, o repertório de anticorpos de indivíduos 

revacinados contra YFV foi analisado para melhor compreender o impacto da 

cocirculação de DENV e ZIKV em uma área endêmica, nos resultados da vacina 

contra YFV e na existência de anticorpos com reatividade cruzada para os três 

vírus. Nesse sentido, este estudo foi dividido em dois capítulos, nos quais o 

primeiro deles apresenta uma análise da dinâmica molecular do repertório de 

anticorpos após a revacinação de quatro doadores contra YFV. Combinando 

métodos de análise sorológica e de sequenciamento de receptores de célula B 

(BCR-seq), foi verificado que a dose de reforço contra a YFV induz uma resposta 

discreta em termos de anticorpos, a qual apresenta rápido decaimento ao longo do 

tempo. Essa cinética de anticorpos foi correlacionada com uma rápida expansão de 

linhagens pré-existentes e novas, com grande predomínio de IgA. Também foram 

identificadas no repertório de vacinados contra YFV, linhagens expandidas com 

alto score de identidade a nível de aminoácidos que compõe o CDRH3, com o de 

anticorpos anti-DENV e anti-ZIKV já caracterizados. O segundo capítulo do 

estudo mostra a composição do repertório de sorológico e sua relação com células 

B expandidas após 6 meses da revacinação dos indivíduos contra  YFV. Usando 

uma abordagem proteômica (Ig-seq) combinada com dados de sequenciamento 

BCR (BCR-seq) dos transcritos de anticorpos, verificou-se que uma fração 

considerável do repertório é constituída de anticorpos reativos a DENV2 e ZIKV. 

Além disso, foi identificado uma média de ~35 % destas linhagens de anticorpos 

pré-existindo no repertório antes da vacinação contra  YFV. Comparando essas 

linhagens de anticorpos identificadas a nível transcriptômico e proteômico, foram 

detectadas diferenças significativas nas taxas de hipermutação somática (SHM), 

uso gênico e tamanho do CDRH3. Portanto, os resultados apresentados mostram 

em conjunto, evidências de que a cocirculação dos doadores aos flavivírus podem 

influenciar na complexidade, a qualidade e persistência das respostas de anticorpos 

da vacina contra o vírus da febre amarela. 
 

Palavras-chave: Flavivirus; Repertório de anticorpos; Vacina contra YFV; 

Imunidade cruzada. 
 

 

 

 

 

 

 

 

 

 



 

 

ABSTRACT 

Yellow fever virus (YFV) vaccine (17DD, 17D, 17D-213) is a live-attenuated 

vaccine that constitutes the main countermeasure against the yellow fever disease. 

Despite its efficacy, availability, and good vaccination coverage, YFV remains a 

persistent threat due to recurrent outbreaks in endemic regions. It is already known 

that previous infections or vaccinations elicit humoral immunity that may affect 

both vaccine outcomes and the course of future exposures to antigenically related 

viruses, such as dengue (DENV) and zika (ZIKV). In the present study, the 

antibody repertoire of subjects revaccinated against YFV was analyzed to better 

understand the impact of the co-circulation of DENV and ZIKV in an endemic 

area, on YFV vaccine outcomes and the existence of cross-reactive antibodies to 

the three viruses. To address this goal, this study is divided into two chapters. The 

first chapter presents an analysis of the molecular dynamics of the antibody 

repertoire after YFV revaccination of four donors. Combining serological analysis 

and B cell receptor sequencing (BCR-seq) methods, we found that YFV booster 

induces a modest antibody response followed by rapid temporal decay 

revaccinated individuals. Antibody kinetics in these individuals can be correlated 

with a rapid expansion of pre-existing lineages as well as newly generated lineages 

that are mostly dominated by IgA. We also identified expanded lineages 

containing high CDRH3 amino acid sequence identity to DENV and/or ZIKV 

characterized antibodies, suggesting the influence of the flavivirus co-circulation 

in the vaccine outcomes. The second chapter of the study describes the 

composition of the IgG serological antibody repertoire and its relationship to B-

cell clonal expansions after 6 months in the subjects revaccinated against YFV. 

Using a proteomic approach (Ig-seq) combined with BCR sequencing data (BCR-

seq) of the antibody transcripts, we show that secreted antibody molecules reactive 

to DENV2 and ZIKV comprise a substantial fraction of the serological repertoire, 

with an average of ~35% of these antibody lineages pre-existing from the YFV 

vaccination. We compared these antibody lineages which were identified at 

transcriptomic and proteomic level and we observed significative diferences in the  

somatic hypermutation rates (SHM), gene usage and CDRH3 lenght. Taken 

together, we found evidence that flavivirus co-circulation and pre-existing humoral 

immunity may influence the complexity, quality and persistence of the YFV 

vaccine antibody responses.  

Keywords: Flavivirus; Antibody Repertoire; YFV Vaccine; Cross-Immunity. 
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1. INTRODUCTION 

    The Yellow Fever Virus (YFV) is an important human pathogen that is 

transmitted by infected mosquitoes of the genera Aedes and Haemagogus1. It is 

endemic in tropical regions of Sub-Saharan Africa and South America and belongs 

to the genus Flavivirus that comprises more than thirty antigenically related viruses, 

including Dengue (DENV) and Zika (ZIKV)2-3. Infections caused by YFV may vary 

from asymptomatic to severe illness, which represents high risk of morbidity and 

mortality due to ocurrence of haemorrhagic manifestations and hepatorenal 

syndromes4-5. To date, there is no specific treatment for YFV disease and vector 

control is challenging. The recent YFV outbreaks happened in Brazil (2016-2019) 

have increased the mortality 1.5 times in comparison to past epidemies that ocurred 

in the country, revealing that YFV remains a persistent threat despite the 

availability of an effective vaccine and good vaccination coverage6-7.  

The YFV vaccine (17DD, 17D, 17D-213) is a live-attenuated vaccine 

recognized as one of the best vaccines ever developed. The main reasons for this 

fact are the longlife immunity and safety induced by one single dose8-9. Recently, it 

was observed the development of a more robust protective immunity, in terms of 

neutralizing antibodies and components of cellular immunity, when using just a 

fractional dose (one-fifth of the standard dose) of 17DD-YF vaccine10. This 

evidence highlights the effectiviness and feasibility of YFV vaccine administration, 

especially in endemic areas with low vaccination coverage due to stock shortages. 

All flaviviruses share a very similar structural arrangement, mechanisms of 

maturation and assembly11-12. This implies in a close antigenic relationship between 

the different flaviviruses that favors the occurrence of cross-reactive responses 

mediated by antibodies13. Studies have reported that immunity to one flavivirus can 

affect the YFV vaccine outcomes14-15 and this is mostly due to these antibodies. 

Therefore, the present study hypothesize that populations living in endemic regions 

with co-circulation of related flaviviruses, such as DENV, ZIKV, and YFV, tend to 

present cross-reactive antibodies in their repertoire that can affect the YFV vaccine 

outcomes. A better understanding of the factors that influence the flavivirus cross-

immunity and vaccine efficacy gives insights for future therapeutics and improved 

vaccine design. Furthermore, it can contributes for prevention and better 

management of the outbreaks.  
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2. LITERATURE BACKGROUND 

2.1 The Human Antibody Repertoire 

In vertebrates, the immune system can be systematically divided into innate 

and adaptive. Upon exposure to an antigen, different cells and molecules of both 

immunities orchestratelly work to generate a rapid and long lasting response. In 

the adaptive system, B lymphocytes have a fundamental role to produce 

immunological memory against past encountered antigens. These cells express 

receptors on their surface (B cell receptors - BCRs) which are unique and capable 

of specifically recognize and bind to the antigen, initiating its clearance16. This 

process starts after the interaction between BCR and antigen, which results in the 

activation of these unique B lymphocytes to proliferation (clonal expansion) and 

diferentiation into antibody secreating cells (plasmablasts and plasma cells)16-17.  

BCRs and antibodies share the same structure, though antibodies are 

secreated and BCRs are membrane-bound18 (Figure 1). In general, they are 

comprised of two heavy chains (IgH) and two light chains (IgL). Each IgL contain 

one variable (VL) and one constant (CL) region, while IgH is comprised of one 

variable (VH) domain and three constant domains (CH1-3)19-20. In addition, the 

antibody can be structurally divided into two portions: fragment crystallizable (Fc) 

and fragment antigen binding (Fab). The Fc portion contains the CH domains and 

it is responsible for the effector functions of the antibodies. On the other hand, the 

Fab is the portion that interacts with the antigen20. This interaction specifically 

happens most of the time in six specific regions (three from the VH and three from 

VL) named complementarity-determining regions 1-3 (CDR1-3). In the antibody 

three-dimentional structure, these regions form three loops with great sequence 

variability that allows each unique molecule to react to a different antigen. Among 

these CDRs, the CDR3 on the heavy chain (CDRH3) is the most variable and, in 

some cases, is the largest. For this reason, it is believed that CDRH3 contributes 

most for antigen-antibody interaction21.  
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Figure 1. Overview of the BCR/antibody structures. The middle-right image shows that 

BCRs and secreted antibodies are structurally similar, being comprised of two light (CL) 

and two heavy (CH) chains. Each chain contains the variable (VL and VH) and constant 

(CL and CH) domains. The variable domains contain three CDRs which form the antigen 

binding site. The right image is a 3D structure of an IgG antibody highlighting the 

fragment crystallizable (Fc) and fragment antigen binding (Fab) regions in the heavy and 

light chains respectively. Created by the author using Biorender®. 

A wide range of BCRs and antibodies with both affinity and specificity is 

required to recognize millions of different foreing antigens22. In humans, the 

diversity of the BCRs is currently estimated in 1015 unique sequences and the 

entire set of these sequences and the secreted antibodies is called repertoire23-25. 

Having a diverse and large antibody repertoire increases the chance of antigen 

encountering and consequently the proper establish of the immune response18. This 

diversity is a result of many and distinct molecular mechanisms taken during both 

early B cell development and at the moment when B cells are experiencing antigen 

stimuli. One example is the rearrangement of the variable (V), diversity (D) and 

joining (J) gene segments (V(D)J recombination) on the long arm (q) of the 14 

chromossome for IgH, and in the V and J genes (VJ recombination) on the short 

arm (p) of the chromossome 2 (Igκ) or 22 (Igλ) for IgL. Thus, at the end of this 

process, only one segment from 44 segments of V, 25 of D and 6 of J is selected to 

originate an exon that will be translated into a functional BCR26-28. Another 

important mechanism consists of somatic hypermutation (SHM) of the germline 

DNA and refers to random deletion or insertion of nucleotides that codify the 

constant and variable regions of IgH and IgL in response to antigen stimuli. These 

mutations result in different antibody isotypes (class-switch recombination) with 

higher affinity to antigen29. Thus, the final outcome of these processes is the 

generation of an enriched antibody repertoire against to that target antigen.  
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2.2 Antibody repertoire sequencing as an important tool to dissect the humoral 

immunity  

Many aspects can determine the antibody repertoire of an individual, 

including the genetics30, age31, and prior exposure to antigens32. Moreover, 

different classes of antigens, such as bacteria, viruses, vaccines, autoimmune 

diseases, among others, can induce the immune system to produce specific 

antibody repertoires. By studying these antibody repertoires, it is possible to 

extract valuable understanding about the humoral immunity, especially the 

protective characteristics of the antibody responses, as well as the molecular basis 

of the pathogenic immunity33. Antibody repertoire research-based has improved 

the current knowledge on autoimmune diseases by describing important features of 

B cells that are associated with pathogenic mechanisms34-36. Moreover, many 

antibodies which were isolated from either vaccinees or convalescent plasma 

repertoires have shown promised use as treatment and diagnostic tools for different 

diseases37-39. Yet, analysis of antibody repertoires has permitted to better design 

vaccines towards the development of a more efficient immune response40. 

Over the past few decades, diverse approaches have been created to study 

both cellular and serological antibody repertoires41-44. Among those, the high-

throughput next-generation sequencing (NGS) technology has expanded the scale 

of the antibody repertoire analysis to millions of sequences, enabling the deep 

characterization of the entire repertoires, antigen-specific B cell populations and 

their functional antibodies45. Depending on the purpose of the study, total B cells, 

sorted plasmablasts, plasma cells, memory B cells and tissue-infiltrating B cells 

can be used as source of information of the repertoire nature and composition. In 

some cases of more precise understanding is needed, these B cells subsets can be 

further sorted by fluorescence-activated single cell sorting (FACS) and the 

rearranged antibody DNA from these defined cells can be amplified and 

sequenced46. 

The resulting sequences can be compared to germline antibody gene to 

identify differential characteristics of the B cell development in health and disease. 

Furthermore, antibody repertoire sequencing can identify clonal families important 

for the immune response and predict their specificities and epitopes without 

expressing the antibodies. Moreover, it is possible to estimate the diversity and 

expansion degree of repertoires upon stimuli. Although it is not possible to 



14 

 

sequence the entire B cell repertoire, representative samples are able to provide 

comprehensive insights on repertoire size, frequencies of VDJ segment gene 

usage, CDR3 amino acid sequences and length, as well as frequencies of somatic 

hypermutation rates (SHM), among other characteristics40. 

Advances on bioinformatic tools enabled the integration of VH antibody 

NGS data sequencing (BCR-seq) to serum antibody repertoire data (Ig-seq) 

obtained by high-resolution liquid chromatography tandem mass spectrometry42. 

This approach has shown the relationship between BCR repertoire and secreated 

antibodies that are specific to antigens, providing a link of sequencing data and 

functional activity of the antibodies (Figure 2). Importantly, this technique has 

solved the enigma of distinguish total repertoire from antigen-specific antibody 

repertoires which are responsive to specific conditions, such as infections and 

vaccinations42. 

 

 

 

 

 

 

 

 

Figure 2. Unveiling the human antibody repertoire through Ig-seq and BCR-seq. Upon 

antigen exposure, B cells are activated and undergo proliferation, affinity maturation and 

differentiation stages, resulting in plasmablasts, plasma cells, and memory B cells that can 

settle in the blood, respiratory mucosa or gut mucosa. These cells comprise the cellular 

repertoire and can be used to study the antibody responses after infection and/or 

vaccination through BCR-seq. Likewise, secreted antibodies constitute the serologic 

repertoire and can be investigated through Ig-seq pipeline. Both analysis can be combined 

to better inform about the specificity, diversity, convergent responses between individuals, 

epitope prediction, CDR3 length, clonality and etc. Created by the author using 

Biorender®. 

Studies on antibody repertoire characterization are exponentially growing. 

Many of them are focoused on monitoring changes after vaccination47-49 and 

infections50-51. These studies have helped to understand the dynamics of the 



15 

 

antibody responses, including the role of the germinal center (GC) activity and 

affinity maturation on vaccine efficacy48. In addition, most abundant antibodies 

obtained in these studies could be extracted and cloned into vectors for 

recombinant expression and functional characterization. Alternatively, this 

extracted information has contributed for creation of antibody sequences’ 

databases, such as iReceptor52, VDJServer53, PLAbDab54, ImmuneDB55, that are 

useful for new studies on protective responses to the certain antigens.  This is 

possible because these databases gather detailed information of structure, function 

and specificity of characterized antibodies.  

In vaccinology, antibody repertoire sequencing studies have also 

contributed for determination of dose schedules47, 56-57. Since in some cases the 

timing between vaccination and boosting affects the vaccine immunogenicity, it is 

important to determine the dynamics of GC reactions and affinity maturation to set 

the ideal vaccination schedule56. By observing the B cell expansion and SHM 

loads of these cells in the repertoire, it is possible to gain insights into dose interval 

and antibody affinity maturation and then, prevent unnecessary vaccinations46. 

Additionaly, these studies have elucidated the breadth of the antibody response, 

long-term protection, effects of vaccine formulations (including antigens and 

adjuvants) on the repertoire shape and convergent antibody responses between 

individuals. One example is a well succeeded study that applied the antibody 

repertoire analysis at single-cell level to describe the dynamics of the YFV-17D 

vaccine, providing  key understanding about its efficacy48. Taken together, this 

knowledge can help improving the flavivirus vaccine design and finding targets for 

future therapeutics.   

2.3 The Yellow Fever vaccine (17DD, 17D, 17D-213) 

 

The YFV vaccine is a live attenuated vaccine derived from the strain 17D 

and developed in the 1930s58-59. Over the years, this vaccine has been recognized 

as one of the best vaccines ever developed.  The main reasons for this fact are the 

high safety, efficacy and long–term immunity that can last to more than 35 years 

after one single immunization60. The molecular basis of this long-term immunity 

has not been completely elucidated yet, but it is speculated that part of this long 

lasting effect is due to transient viremia caused by vacine virus replication that can 

last for decades, increasing the vaccine immunogenicity61-62. It has been shown 
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that viremia caused by the YFV vaccine peaks at around 5 to 7 days following 

vaccination63 (Figure 3). Furthermore, the effectiveness of this vaccine is attributed 

to neutralizing antibodies that are mostly induced against structural envelope 

protein (E)64. 

 

 

 

 

 

 

 

 

 

Figure 3. Immune responses following vaccination against YFV63. Transient viral 

replication occurs within the first week after immunization. IgM and IgG neutralizing 

antibodies rapidly appear, peaking at 2 and 4 weeks respectively. IgM antibodies can 

persist up to 1.5 years while IgG can be detected in the vaccinees sera up to 40 years. 

Adaptive cellular responses (CD4+ and CD8+) are also induced after vaccination and are 

highest within 2 weeks.   

There are three different strains (17D, 17DD and 17D-213) being used to 

produce the YFV vaccine65. The difference between these strains is the number of 

passages they were subjected during their obtention. For example, strain 17D was 

obtained after 235 passages in chicken embryonic tissues, while 17DD is subjected 

to a higher number of passages (287). The 17D-213 is produced with 240 

passages. A previous study has shown that such differences in the number of 

passages do not produce significant variations in the strains66.  The percentage of 

homology identified between 17D and 17DD was 99.9% at DNA level66. At the 

protein level, these strains presented minimal differences in the glycosylation sites 

of the viral envelope66. 

An investigation carried out with 1,087 volunteers aiming to compare the 

response induced by the 17D and 17DD vaccines demonstrated that these 

variations were not capable of generating major differences across the vaccines 

outcomes, especially in relation to the protection induced in terms of antibody 

titers and seroconversion rates67. Furthermore, genetic stability between vaccines 

is quite high even when they are produced on a large scale68. To date, there are 
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only six research institutes responsible for this vaccine production. These 

producers are located in the United States (17F-204, YF-Vax, Sanofi-Pasteur), 

France (17D-204, Stamaril, Sanofi-Pasteur), Senegal (17D-204, Pasteur Institute, 

Dakar), China (17D- 204, Tiantan, Wuhan Institute of Biological Products), Russia 

(17D-213, Chumakov Institute of Poliomyelitis and Viral Encephalitis) and Brazil 

(17DD, Fiocruz – Fundação Bio Manguinhos)65. 

The vaccination against YFV is successfuly conducted in several countries 

and diverse follow up studies have been conducted in these populations to better 

understand the kinetics and durability of the vaccine’s protective response69-71. So 

far, these studies have shown that, after immunization, the YFV vaccine virus 

starts to replicate and a rapid humoral immune response is elicited, with 

neutralizing antibodies being detected within 10 days in 90% of the vaccinees. The 

neutralizing antibody titers continue to rise during the 30 days following 

vaccination, and 95% of the vaccinees present seroconversion and protection 

status72-75. These studies attributed the rapid seroconversion of the vaccinees to the 

pro-inflammatory profile induced by the YFV vaccine, which contributes to 

activation of cells from both innate and adaptive system10, 71.  

Reports about the cellular dynamics in response to YFV vaccine have 

described the plasmablast’s peak of expansion between 7 and 14 days after 

vaccination, while memory B cells are detectable as early as 14 days, peaking 

between 3 and 6 months7, 48, 76. These cells produce IgM and IgG antibodies which 

are the main components of the adaptive response. The IgM antibodies are the first 

to be secreted and they can persist in the serological repertoire by several months 

and even years after vaccination77 (Figure 3). Persistence of IgM antibodies is 

associated to the transient viremia and its neutralizing potential is explained by the 

multivalent binding to the virus78-79. According to previous studies, 65% of the 

YFV vaccinees produce IgM that peaks at 2 weeks after vaccination, while 60% of 

the individuals present IgG that is usually detected at 4 weeks following 

vaccination10, 80. These antibodies can activate citotoxic mechanisms, direct 

neutralization of the virus, inhibit the viral binding and entry into the host cells, 

trigger the clearance of infected cells through complement-mediated lysis and 

activate Fc-γ receptor-dependent viral clearance81. 

The YFV vaccine is obtained after a long process of production based on 

chicken embryos using pathogen-free eggs82. To overcome the time consuming 
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limitation, the World Health Organization (WHO) approved the use of the 

fractional dose (1/50 of the standard dose)83. A recent comparative report on the 

immune response triggered by the standard and fractional dose, found same 

outcome of protection, specially in terms of neutralizing antibodies10. This 

evidence highlights the effectivity and feasibility of YFV vaccine administration, 

specially in endemic areas with low vaccination coverage due the stock shortage. 

However, further studies are needed to better investigate the duration of the 

immune response and specificities of the antibodies. 

2.4 Epidemiology and pathogenicity of the yellow fever disease in Brazil  

Spite of the availability of the YFV vaccine and its excellent results, 

infections and outbreaks caused by the YFV virus are still recurrent worldwide, 

with high mortality rates in the region of Americas and Africa84. This may be 

associated to low vaccination coverage, favorable climatic conditions and the 

propagation of the transmission vector85. In Brazil, YFV reemergence has 

threatened millions of people over the last decades86. This scenario is worsened by 

the fact that up to date there is no specific treatment to the YFV disease.  

From 1980 to present, the YFV virus has spread throughout the country 

(Figure 4). The most severe outbreak was recorded in the southeast region, 

especifically in Minas Gerais, between 2016 and 2019. In this period, 2,551 cases 

of yellow fever were reported and 772 deaths were registered. This represented a 3 

fold increase in the number of cases and 1.5 more deaths in comparison to past 

years (1980-2015)6, 87-88. In 2020, YFV cases persisted in Minas Gerais and 

expanded to the central region of the country, in the states of Goiás and Distrito 

Federal89-90. The circulation of the YFV continued in Brazil in 2021, reaching the 

South and Southern regions (States of Rio Grande do Sul, Paraná and Santa 

Catarina)91-92. In 2022, the virus was detected in the North (Pará and Tocantins) 

and Southeast (São Paulo), raising concerns of a possible new outbreak93. In the 

period between 2023 to present, there were four cases of YFV disease in Brazil, 

two in the North (Amazonas and Roraima) and two in the Southeast region (São 

Paulo and Minas Gerais). Three of the four reported cases resulted in death, even 

though two of these individuals had been vaccinated against YFV94. 
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Figure 4. Incidence of YFV disease in Brazil and in the Region of Americas over the 

decades95-96. Top graph showing the number of human cases of YFV disease (grey line) 

and lethality rate (red dotted line) between 1980 and 2019. Bottom graph represents the 

geographic distribution of human YFV cases reported in the region of Americas between 

2020 and March 2024.  
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It is possible that distinct YFV lineages were involved in these infections, 

since it has been observed the co-circulation of more than one YFV lineage in the 

country during this time97-98. Recently, it was reported that the neutralization 

potency of the YFV vaccine-derived antibodies is reduced against the emergent 

Brazilian strain99. This finding could explain the recent deaths caused by YFV in 

vaccinated individuals94. Although there is only one serotype of YFV virus, seven 

different genotypes of this pathogen have been identified worldwide6. In Brazil, 

the predominant genotype is the South American YFV I, which has five different 

sublineages (1A-1E)100-102. Molecular studies about YFV found that 1E sublineage 

was responsible for the 2016-2019 outbreaks. Analysis of the genomes of this sub-

lineage identified mutations that led the replacement of nine amino acid residues in 

highly conserved regions of non-structural proteins involved in virus replication 

(NS3 and NS5). The impact of these mutations was associated with greater 

potential of viral infection, transmissibility and, consequently, virus spread103-104. 

Usually, the YFV transmission is critical during the summer season 

(between December and May), when the climatic conditions are favorable for 

Aedes, Haemagogus and Sabethes spp. mosquitoes’ reproduction1. These vectors 

propagate YFV mainly through two distinct cycles, named sylvatic and urban. In 

the sylvatic cycle, Haemagogus and Sabethes spp. mosquitoes become infected 

with YFV after feeding on the blood of infected non-human primates. Afterwards, 

these vectors start spreading the virus in nature by biting healthy primates. Yet, 

these vectors can vertically transmit the YFV virus between themselves105.  In the 

urban cycle, Aedes aegypti or Aedes albopictus mosquitoes become infected after 

feeding on the blood of an infected individual. So, just as happens in the sylvatic 

cycle, these infected mosquitoes spread the YFV virus across humans106-107.   

YFV has already been shown to be capable of spreading systemically, 

infecting various cell types108-110. Along with this viscerotropic process of the YFV 

disease, several clinical manifestations can be observed. These symptoms appear 

after an incubation period that varies from 3 to 6 days75. Firstly, manifestations are 

flu-like and, as the disease progresses, nausea, headaches, vomiting, photophobia 

and myalgia may also appear111. Although most of the patients recover after these 

symptoms, in some cases, the disease can progress to a second stage that can last 

up to two days, leading to a severe condition112. This worse stage may occur to 

15% - 25% of the infected individuals, and multiple dysfunctions that can result in 
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death may be observed, such as hepatic syndromes, cardiovascular disorders, renal 

dysfunctions and even hemorrhagic fever6, 113. Studies have pointed out some 

factors that contribute for the development of these severe conditions, including 

the viral load, host immunity status, age and comorbidities114-115. In Brazil, the 

yellow fever mortality rate related to these severe conditions has reached 40%, 

exceeding the global average that varies between 5 and 10%116.  

2.5 Biological aspects of the YFV virus  

2.5.1 Origin and replication 

The increased yellow fever cases in the recent years have encouraged many 

scientists across the world to fill the gaps in the knowledge involving the YFV 

virus. For example, the molecular aspects of the life cycle of this pathogen have 

been the extensively studied in several investigations that aim to find specific 

targets for future therapeutics59, 110, 117. Overall, the YFV virus belongs to the 

Flavivirus genus and shares diverse biological aspects to Dengue (DENV – 

Dengue Virus), Zika (ZIKV – Zika Virus), the Japanese Encephalitis virus (JEV – 

Japanese Encephalitis Virus), West Nile Fever virus (WNV) and Tick-Borne 

Encephalitis Virus (TBEV)3.  

It is well known that after the virion be introduced in the host by the 

mosquitoes bite, it initiates the interaction with the cell receptor that enables its 

entry into the host cell110. Many receptors have been identified as mediators of 

Flavivirus internalization in different cells, such as the C Type Lectins (CLR) - 

CLEC5A, DC-SIGN/L-SIGN, phosphatidylserine receptors (TIM and TAM), 

laminin receptors, heat shock proteins (hsp70), αvβ3 integrin receptors, G protein-

coupled receptor kinase 2 (GRK2) and the mannose receptor118-125. The variety of 

receptors implies in the infection of a broad range of cell types, in the tropism for 

certain tissues and in the elevated pathogenicity126.  

Alternatively, flaviviruses can penetrate the host cell through non-

neutralizing antibodies. Upon recognition of the viral particles and interaction to 

Fcγ receptor127, these antibodies activate the virion endocytosis. The acidic 

environment of the endosomal vesicle triggers conformational changes on the viral 

particle, enabling the fusion of the viral envelope with the endosome membrane126. 

Following this fusion, the capsid is disassembled and the nucleocapsid releases the 

virion RNA into the cytoplasm128. Then, the RNA is translated into a polyprotein 
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that is a precursor of viral proteins before its cleavage by proteases129. 

Part of the viral proteins (the non-structural proteins) is responsible for the 

replication of the viral genome129 and once this process is done, the new sintetized 

viral RNA is packaged with the translated structural proteins forming the 

nucleocapsid130. This, in turn, is involved by a lipid bilayer derived from the host 

reticulum membrane during the viral budding process. Then, structural proteins are 

assembled to the surface of the particle and the immature virion is formed130. 

These immature virions head to Golgi where they become mature after the partial 

proteolysis of the structural proteins carried out by furin enzymes131-133. This 

process is important to virions acquire infectiveness, since the consequent 

structural rearrangement will enable the fusion of viral particles with endosomal 

vesicles under the influence of reduced pH133. The mature virions finally move 

towards the secretory pathway and leave the cellular environment via 

exocytosis129. The whole process is summarized in the Figure 5. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Flavivirus replication cycle127. 1. Viral particles can be released at different 

degrees of maturation. 2. Virions can interact with different receptors depending on the 

cell type and the specificity of the pathogen for certain ligands. 3. Binding to the cellular 

receptor activates endocytosis, leading to virion internalization. 4. Alternatively, virions 

can penetrate into the cell through non-neutralizing antibodies. 5. Viral particles are 

opsonized via Fcγ receptor-mediated endocytosis. 6. The acidic pH of the endosomal 

vesicle activates the conformational change of the viral particle proteins, enabling the 

fusion of the virus with the endosomal membrane. 7. Next, viral RNA is released into the 
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host cell's cytoplasm. 8. The translation of viral proteins takes place in the endoplasmic 

reticulum. 9. Replication of the viral genome occurs in the reticulum. 10. After replication, 

the nucleocapsid is formed through the packaging of the viral genome with the newly 

synthesized viral proteins. 11. The nucleocapsid takes the secretory pathway to Golgi 

complex. 12. Immature virions undergo maturation process through proteolytic cleavage 

of the viral envelope. 13. Mature virions are released from cell via exocytosis. 

2.5.2 Structural organization  

The recent advances on structural biology have brought valuable 

understanding about the flaviviruses structure organization. High-resolution 

electron cryomicroscopy images from many studies12, 133-137  permitted to elucidate 

details of the viral particles. Overall, flaviviruses are structuraly described as 

smooth and spherical virions of 50 nm size and containing a lipid bilayer that 

forms the envelope. Internally, these virions are comprised of the nucleocapsid that 

holds the positive single-stranded RNA measuring approximately 11kb127, 129, 133-

134. As mentioned previously, this RNA encodes a polyprotein of 3,388 amino 

acids, in which three structural proteins and seven non-structural proteins are 

derived127 (Figure 6). The seven non-structural proteins are: NS1, NS2A, NS2B, 

NS3, NS4A, NS4B, and NS5, which are involved in the processes of replication, 

assembly and evasion of the innate immune response during infection134. The three 

structural proteins: capsid (C), precursor membrane glycoprotein/membrane 

protein (prM/M) and the envelope protein (E) are involved with viral 

pathogenicity138-139.  

 

 

 

 

 

 

 

 

 

Figure 6. Flavivirus structure, genome and polyprotein organization141. Top-left: 

Immature and mature forms of the viral particles. Top right: flavivirus RNA genome 

encodes a polyprotein that generates three structural (C, E and prM) and seven non-
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structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5). Bottom: Sites of 

polyprotein cleavage performed by viral and host cell proteases.  

The non-structural NS1 protein is conserved among the flaviviruses, 

sharing an average of 53% homology between DENV and ZIKV viruses142.  This 

molecule it is a hexameric protein, comprised of 352 amino acids and 300 kDa 

molecular weight (between 46 and 55 kDa per monomer depending on the 

glycosylation pattern)141, 143. It is highly immunogenic and plays a key role in the 

virus replication141. A fraction of this protein can be secreated by the infected cells 

and circulates in the bloodstream of the infected individuals inducing endothelial 

disorders and proinflammatory cytokines that increase the flavivirus 

pathogenicity143-144. 

NS2A is a transmembrane protein which is responsible for both RNA 

replication and virion assembly145. Likewise, NS2B (14 kDa) is also involved in 

both processes by being part of the replication machinery and serving as cofactor 

of NS3 during the virion assembly145. NS3 is another component of the replication 

complex that works as an helicase enzyme and its activity is regulated by NS4A 

and NS4B proteins145. Basically, both NS4A and NS4B participate of the 

replication process by enhancing NS3 helicase activity145. The last non-structural 

protein, NS5, is responsible for RNA methylation and addition of RNA capping145. 

Therefore, although all seven non-structural proteins are components of the the 

replication complex, only NS3 and NS5 develop enzymatic activity and represent 

the core of the replication machinery. The others are regulatory proteins of the 

replication process, with some of them also having additional roles in the virion 

assembly and in the interaction with signaling molecules to get away from the 

immune response141, 145. As example, there are the NS1, NS2B, NS3 and NS5 that 

can act suppressing the interferon I (IFN-I) response by targeting host signaling 

molecules146. 

 The mature virion has 180 copies of the E (55 kDa) and M (8 kDa) 

proteins associated with the envelope139 (Figure 7). The arrangement of these 

structural proteins in the mature viral particle confers a smooth and icosahedral 

shape to the viral surface12, 139. The E protein represents one of the most important 

structures of flaviviruses, since the interaction of this molecule with the target 

receptor triggers the virus entry into the cell host147. Furthermore, this protein is 

involved in many other aspects of viral pathogenesis, such as the variety of hosts, 
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the tropism of the virus for certain types of tissue, as well as its virulence148.  

Figure 7. Schematic representation of E protein on the viral particle surface. Left: 

Arrangement of 180 E-protein subunits on the flavivirus particle. Bottom-right: an 

expanded view of the E dimer protein (PDB: 1OAN) showing the three domains (I – red, 

II – yellow and III – blue) and the fusion loop (FL) at the tip of DII. Top-right: primary 

sequence of E protein highliting the three domains positions. 

Basically, the glycoprotein E is comprised by 500 amino acids in its 

monomer primary sequence. At the three-dimensional arrangement, the E protein 

structure is formed by two monomers in head-to-tail position, forming a 

homodimer133. Each monomer contains three functional and structural domains: 

DI, DII and DIII12-13. The first domain (I) is called central for being located 

between the extension of domain II and domain III. The domain II is considered 

the largest of the three domains and contains a conserved region called fusion loop 

(FL). This loop is hydrophobic and plays an important role in the fusion of the 

virion to the host cell membrane. For this reason, domain II is also known as the 

fusion domain. The third and final domain (III) has a globular shape and it 

contains the binding site for the host receptor147, 149 (Figure 7). 

A previous study detailed the structural dynamics of the YFV E protein by 

resolving its crystallographic structure147. One of the results highlighted the 

similarity of YFV E conformation to the other flaviviruses147. The homology 

between E proteins from different flaviviruses had already been described before, 

and the identity degree varies approximately between 40% and 80%142, 150-151 

(Figure 8). The highest homology of E protein (78.4%) was reported between 

DENV1 and DENV3. By contrast, the E protein from DENV4 was the most 
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distant serotype within DENV serocomplex, since its homology with DENV1 

(63.3%), DENV2 (62.8%) and DENV3 (63.4%) was considerably low in 

comparison to others (66.1% DENV1-DENV2 and 66.3% DENV2-DENV3)150. 

Distantly related serotypes, such as DENV and ZIKV, have shown even lower E 

protein homology (between 51% and 54%)152-153. Regarding the YFV E protein 

homology to other flaviviruses, a previous study has shown that this antigen is 

closer to TBEV than DENV, ZIKV, WNV and JEV154. 

 

Figure 8. E protein amino acid identity among the different flaviviruses151. Colors represent the 

distinct serotypes: red – DENV, green – JEV, SLE, MVE, orange – YFV, blue – TBE, POW 

(Powassan). 

The prM protein has around 164-168 amino acids and its cleavage by furin 

enzymes results in the removal of the N-terminal “pr” peptide, leaving only the M 

protein with approximately 93 amino acids155. The association of pr peptide to M 

protein has been shown to prevent conformational changes before the virion 

transition to mature state156. Additionally, its function is similar to a chaperon, 

controling the proper folding of E protein12, 137. A recent study has shown that this 

protein is able to inhibt the antiviral signaling and consequently, contribute for 

flavivirus pathogenicity by supressing IFN-I production157.  

The structure of the mature virion is very dynamic upon intracellular pH 

changes and this phenomenon results in buried areas that affects the epitope 

accessibility151, 158-160. Studies have describe this as “viral breathing” that impacts 

in the antibody responses including in the aspects of specificity, neutralization 
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potency and cross-reactivity11, 151, 159-161. In addition to pH,  thermostability of 

some viral strains also can determine changes in the morphology and, 

consequently, the viral breathing159-162. Past investigations have shown that certain 

DENV viruses are less stable upon temperature increase, exhibiting transient 

structural oscillations160, 162.  Taken together, this structural flexibility has 

determinant implications for adaptive immunity evasion.  

2.6 Implications of flavivirus antibody cross-reactivity  

 

Most of the flaviviruses are medically relevant due their potential of 

infectivity to humans3. The genetic and antigenic similarities among these 

flaviviruses allowed their organization in 8 serocomplexes and 17 independent 

viruses163. Serocomplexes were defined by the ability of an immune sera against 

one flavivirus cross-neutralize others163-164. For instance, there are four DENV 

serotypes (DENV1-4) and different degree of cross-reactions between these 

viruses are commonly observed in pre-immune individuals sera165-166. In addition 

to cross-reative responses within the same serocomplex, studies have also 

described this phenomenon between distantly related viruses. For instance, 

polyclonal immune sera from previous DENV experienced individuals were found 

to cross-react to ZIKV virus152, 167-168. Moreover, the polyclonal sera from ZIKV 

infected patients with vaccination history against TBE and/or YFV showed 

neutralizing activity against DENV169. Likewise, cross-reactive antibodies isolated 

from YFV vaccinees showed to prevent congenital neurological dysfunctions in 

ZIKV-infected mice170. Furthermore, another study discovered that anti-DENV 

and anti-ZIKV antibodies were able to neutralize the YFV virus171. 

The global spread of flaviviruses increases the frequency of co-circulation 

of related viruses97, 172 (Figure 9). As consequence, humans become more 

vulnerable to experience multiple infections through different flaviviruses84, 172-173. 

The impact of these exposures during lifetime is the induction of a flavivirus 

memory immune response that can influence the course of subsequent 

infections142, 166-169, 171, 174-175. Beside of the cross-protection, these outcomes can 

lead to increased disease severity14, 142, 171, 175-177.  
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Figure 9. Co-circulation and distribution of DENV, JEV, ZIKV, WNV and YFV 

worldwide172.  

Over the years, epidemiological studies have linked these cross-reactive 

antibodies to augmented infection via a mechanism which is best known as 

antibody-dependent enhancement (ADE)177-178 (Figure 10). In this process, pre-

existing IgG antibodies from past infections with related viruses may interact with 

the heterologous virus in a weakly/non neutralizing way. Nevertheless, these 

antibodies bound to the virus can activate its opsonization in antigen-presenting 

cells by targeting the Fcγ receptor. Inside of these cells and still active, the virus 

can replicate, resulting in increased viral load and amplification of the infection127, 

178.  

 

 

 

 

 

Figure 10. Antibody-dependent enhancement (ADE) in DENV178. Non-neutralizing 

antibodies elicited during primary infection recognize the heterologous DENV serotype 

during secondary infection. However, these antibodies are unable to neutralize the 

different DENV serotype that enhances the virus infection and replication into cells 

leading to increased risk of dengue severity.  

Recently was found that prior ZIKV infection increases the risk of Dengue 

disease by subsequent infection with serotypes 2, 3 and 4175. On top of that, anti-

YFV antibodies were capable of increasing the viral load in vitro179-180 and in 

vivo181. Another study has found that pre-existing immunity against TBEV 
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influenced YFV vaccine response towards the production of cross-reactive IgG 

with potential to enhance DENV infection14. The determinants for either cross-

protection or disease enhancement are the antibody concentration, binding affinity 

and specificity177, 182-183.  Early studies on the nature of antibody cross-reactivity 

observed that antibody titers from previous vaccination or natural infection decay 

over the time to subneutralizing concentrations that impact the functional 

responses to different flaviviruses177, 182.  

It is already known that the antibody stoichiometry relies on the epitope182. 

These antibodies are mostly within E, prM and NS1 proteins, which represent the 

immunodominant antigens in the immune response against flavivirus184. Among 

these antigens, the E protein contains the majority of the epitopes that are 

recognized by the neutralizing antibodies48, 64, 147, 185-190. Using anti-YFV 

antibodies, it was possible to map these epitopes within domains I (aa E-153/158), 

II (aa E-71/72, E-173) and III (E-305/325, E-380) of the YFV virus E protein59, 189, 

191-192.  

The distinct antigenic sites on DI, DII and DIII can determine the 

functional activity and serological specificity of the antibody responses148, 193-194. 

Overall, DI has epitopes that are predominantly recognized by either virus-specific 

or cross-reactive antibodies that lack neutralization activity148, 194. DII presents 

epitopes for the recognition of antibodies that mostly exhibit cross-reaction to 

other flaviviruses and display low or none neutralization characteristics148, 151, 194. 

DIII in turn, contains epitopes that induce a highly specific and protective response 

through neutralizing antibodies195-196. For instance, a previous report found that 

DENV1 pre-immune individuals developed ZIKV immunity by eliciting 

antibodies that bind to DIII197. There are also complex quaternary epitopes that 

span more than one of these domains in the surface of the E homodimer39, 185, 198-

202. Previously, it was found that anti-YFV antibodies targeting these quaternary 

epitopes formed between DI and DII represent a significant fraction of the 

neutralizing response185. Likewise, these quaternary epitopes have also been 

characterized in human antibody repertoires against DENV39, 198-199, WNV201, 

JEV202 and ZIKV200, 203. 

Another important region involved in these antibody-mediated cross 

reactions is the FL at the tip of the DII11, 163, 187, 204. Antibodies targeting this region 

likely display weak neutralization potency and increased risk of disease 
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enhancement148, 204. Similarly, epitopes on prM protein have been also associated 

to this phenomenon156, 205. Studies have also linked the NS1 protein to the 

development of cross-reactive antibodies that display a wide range of 

neutralization potency206-207. 

The content of these proteins in the viral particle is determined by its 

maturation state127, 136. During maturation, the efficiency of the proteolysis may 

vary according to the cell type, and sometimes, it is possible that viral particles are 

not fully mature135-136, 160. Consequently, partial matured viruses may be released 

with varied prM content that affects the antigen presentation and production of 

antibodies127, 136. This was demonstrated by a study that found distinct prM content 

in viral particles produced in insect, tumor cell lines and human dendritic cells39, 

127, 205. Therefore, the structural diversity of the viral particles may impact the 

quality of antibody responses, including the cross-reactivity. 

Alternatively to epitope diversity, cross-reactions may be product of B cell 

development, since the refinement of the antibody specificity is obtained after 

processes that involve GC reactions, such as affinity-maturation and SHM208. 

Studies have shown that antibodies lacking critical processes of affinity-maturation 

and SHM tend to present poly/cross-reactive properties due to the suboptimal 

avidity and affinity against the heterologous antigen209-212. This fact increases the 

probability of ADE during the secondary exposure210. The involvement of GC-

independent B cells in the production of unmutaded and cross-reactive IgG 

antibodies has become more evident with characterized antibody responses from 

repertoire studies48, 209. 

On the other hand, there are studies suggesting that repeated antigen 

stimulation, such as repeated DENV infections or SARS-CoV-2 

vaccination/breakthrough infections, triggers extensive SHM reactions that also 

contribute to cross-reactivity and polyreactivity with potent neutralizing activity213-

214. The explanation to this is the memory B cells recall after antigen 

reencountering214.  Repertoire studies have also linked cross-reactivity to 

preferential use of certain VH genes215-216.  For example, it has been shown that 

anti-ZIKV mAbs strikingly use IGHV3-23 gene segment. Among the amino acid 

residues which are codified by this gene, there is a tyrosine at 58 position (Y58) 

that interacts with DIII from ZIKV E protein and contributed to the cross-reactive 

binding to WNV by targeting the same epitope215. Therefore, as the knowledge in 
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the antibody genotype-function increases, our understanding about adaptive 

immunity wises to elucidate the impact of these cross-reactions on disease 

pathology and vaccinology.  
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3. SIGNIFICANCE 

 

Currently, there is no specific treatment against infections caused by 

flaviviruses and prevention through vaccination represents the main strategy for 

controlling virus spread and disease severity. However, there are only available 

vaccines against YFV, JEV, TBEV and DENV64-65. Even though, vaccination 

against DENV is restricted to some groups of individuals given the risk of disease 

enhancement caused by cross-reactive immunity217-218. This is the main reason 

why the design of safe and protective vaccines against flaviviruses have been 

challeging. Therefore, it is absolutely necessary to better understand the antibody 

responses against flaviviruses to overcome this difficulty and find therapeutic 

tools.  

The study of the antibody repertoire can provide a comprehensive 

knowledge of the adaptive immune response at the molecular level, especially in 

the context of the antibody diversity between different groups of individuals and/or 

experimental conditions. In this investigative process, relevant properties of the 

humoral response are considered, aiming to identify how differences between 

populations, ages, time of infection and recovery affect the immune responses219. 

At the same time, monoclonal antibodies can be identified and isolated from 

human repertoires to be used as treatment against these infections37-39.   

Particularly in this study, the analysis of the antibody repertoire elicited by 

the YFV vaccine throw light on the immune complexity of populations from 

endemic countries such as Brazil, where DENV, ZIKV and YFV co-circulate and 

cause recurrent infections. This is extremely relevant since the relative frequency, 

abundance and longevity of type-specific and cross-reactive antibodies are not well 

understood13. By identifying these aspects, this study brings on important viral 

elements that could impact the development of vaccines against flaviviruses. 

Therefore, this work opens perspectives for the development of new therapeutics 

against the disease.  
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4. OBJECTIVES 

4.1   Main Objective: 

To analyze the antibody repertoire elicited after the vaccination against 

YFV, elucidating the impact of the endemic area, especially the co-circulation of 

DENV and ZIKV, on the humoral responses, including the existence of cross-

reactive antibodies. 

4.2 Specific Objectives: 

• To obtain samples from YFV vaccinees before and after vaccination with 

the 17DD-YF vaccine; 

• To determine the reactivity and neutralizing capacity of vaccinees sera 

samples against YFV, DENV and ZIKV; 

• To analyze the diversity, expansion level, SHM, germline gene usage and 

CDRH3 properties of the B cell receptor (BCR) antibody repertoire of 

vaccinees. 

• To verify the abundance of the cross-reactive antibody lineages against 

DENV2 and ZIKV in the serological repertoire. 
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CHAPTER 1 

Dynamics, persistence, magnitude and specificity of the antibody responses 

upon 17DD-YF vaccine boosting 

 

Abstract 

Pre-existing cross-reactive immunity can determine the course of a heterologous 

flavivirus infection, leading to either protection or disease enhancement. Although 

the 17DD-YF vaccine is highly effective in conferring long-term immunity, 

studies have shown the need for booster doses in endemic areas. Here, we 

characterize the dynamics of the B cell repertoire following the 17DD-YF booster 

dose and investigate its impact on the antibody kinetics and specificities. A 

combined analysis of serology and BCR sequencing was used to identify 

molecular features of the antibody repertoire in four vaccinated donors from an 

endemic area. Our findings indicate that at day 7 and 14, YFV booster vaccination 

primes a rapid expansion of both pre-existing BCR lineages as well as new 

lineages without extensive affinity maturation. However, the magnitude and 

persistence of these latter lineages in the repertoire are reduced after 28 days. We 

also observed that repertoires are greatly predominated by expanded IgA lineages 

that may be not associated with predictors of disease severity, but protection. 

Additionally, we identified expanded lineages containing high CDRH3 amino acid 

sequence identity to DENV and/or ZIKV characterized antibodies, suggesting the 

influence of the flavivirus co-circulation in the vaccine outcomes. Therefore, these 

findings unveil the complexity of the antibody responses upon YFV revaccination 

and their implications for dictating protection in susceptible populations. 

  

Keywords: Flavivirus Immunity; Immunoglobulin Repertoire; Antibody 

Response; B Cell Receptor. 
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5. INTRODUCTION 

     Several studies have shown that major protective elements elicited by the 

YFV vaccine are T cells and neutralizing antibodies (nAb)8. Following vaccination, 

nAbs can be detected within a few days7, 10, 72  and memory B cells are also observed 

as early as 14 days after vaccination and peaking between three and six months 

later7, 48. nAbs can persist in the vaccinee’s serological repertoire up to 35 years9 

and most of them target the E protein48, 188 which is structurally dynamic, reflecting 

the availability of the antigenic sites for interaction with these antibodies, and 

consequently, their biological function158.  

The YFV vaccination induces antibodies that target the DII and DIII 

domains of the E protein, including a highly conserved epitope located at the tip of 

the DII domain that includes the fusion loop (FL)12, 48. The FL is poorly accessible 

in the molecular organization of the E homodimer, and that is the main reason why 

most of the anti-FL antibodies are cross-reactive but weakly neutralizing11, 135. It 

has also been observed that immunization elicits antibodies directed to quaternary 

epitopes situated between the DI and DIII domains39. Antibodies that recognize 

these dimeric quaternary epitopes commonly display strong neutralization 

potential39, and since these quaternary epitopes are also present in other 

flaviviruses, some of the nAbs may cross-neutralize even distantly related 

viruses39, 168, 220. 

Different degrees of cross-reactivity between distinct flaviviruses (for 

example, between YFV and tick-borne encephalitis (TBE), YFV and DENV, 

DENV and ZIKV) have been observed in sera from both convalescent patients 

following infection and from vaccinated individuals174, 220-221. Notably, this cross-

reactive immunity can impact the course of a secondary infection and the immune 

response in the context of repeated vaccinations against different flavivirus14, 174. It 

is noteworthy that, a recent study reported a negative influence of pre-existing YFV 

vaccine derived immunity on the neutralizing antibody response to tick-borne 

encephalitis (TBE) vaccination174. The opposite was also observed in TBE- 

vaccinated individuals who generated weak neutralizing IgG that cross-reacted to 

YF17D vaccine antigen, in such a way as to enhance the virus infection in vitro via 

antibody-dependent enhancement (ADE)14.    

Here, we investigated the antibody response to 17DD-YF vaccine 
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elucidating the impact of the revaccination and co-circulation of different 

flaviviruses (ZIKV and DENV1-4) on the antibody repertoire fingerprints. We 

analyzed the antibody repertoire of 4 volunteers sampled before (T0), 7, 14, 28, and 

180 days after vaccination against YFV.  Our findings show that pre-immunity may 

drive the magnitude and persistence of antibody responses. We also described 

important molecular features of the expanded repertoire lineages that may be 

associated with the antibodies’ specificities and neutralization capacity. Overall, 

this work sheds light on the impact of co-circulation and pre-existing antibodies on 

YFV vaccine outcomes.  
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6. MATERIALS AND METHODS  

6.1 Human Subjects  

Study was approved by the institutional Ethics Committee – Federal 

University of Minas Gerais, under protocol number CAAE: 

08301112.9.0000.5091. Informed consent form and an epidemiological 

questionnaire (Supplemental Information 1) were obtained before any sample 

collection and kept anonymized. Subjects enrolled in this study consisted of three 

women and one man (n=4), aged between 20 and 45 years old and originally from 

Belo Horizonte, Minas Gerais – Brazil. All participants were vaccinated with 

YFV-17DD vaccine and a total of 4 ml of venous blood was obtained from each 

subject before vaccination and on days 7, 14, 28, and 180 following vaccination. 

Samples were processed by centrifugation at 1,300 rpm and room temperature to 

separate plasma. Peripheral Blood Mononuclear Cells (PBMC) were also isolated 

using Ficoll-PaqueTM gradient centrifugation and cryopreserved in FBS 90% / 

DMSO 10%. Both plasma and PBMCs aliquots were stored at -80 ºC until further 

analysis. 

6.2 Indirect ELISA Assay 
 

Indirect ELISA assay was carried out to confirm the presence of antibodies 

against YFV, DENV1-4, and ZIKV in plasma from vaccinated subjects. 

Serological tests (IgG) for all flaviviruses were performed at the Flavivirus 

Laboratory of the Oswaldo Cruz Institute (Rio de Janeiro) using in-house YFV and 

ZIKV ELISA assay and PANBIO dengue IgG indirect Elisa (Brisbane, Australia). 

6.3 Neutralizing Antibody Quantification  

Quantification of neutralizing antibody against YFV, DENV1-4 and ZIKV 

in inactivated (56 ºC/30min.) plasma samples collected from all donors in each 

time point - 0, 7, 14, 28, and 180 days after YFV-17DD vaccination were 

performed by the Immunomolecular Analysis Laboratory of Bio-

Manguinhos/Fiocruz. Both YF- and DENV-nAb levels were quantified using the 

micro-focus reduction neutralization test (mFRNT) in 96-well plates, and nAb 

titers were expressed as the highest serum dilution resulting in 50% focus 

reduction (mFRNT50 )
222. Briefly, samples were serially diluted from 1:3 to 1:729 
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(dilution factor = 3), followed by the addition of virus suspension (YFV-17D-

213/77 vaccine virus; D1- West Pac 74; D2- S16803; D3- CH53489 or D4-

341750) containing approximately 100 PFU, resulting in final dilutions of 1:6 to 

1:1458 (dilution factor = 2). Plates were incubated at either 37 °C (YFV) or 35°C 

(DENV) for 2 hours in a 5% CO2 atmosphere for neutralization. The mixtures 

(diluted samples + virus) were then transferred onto pre-formed confluent Vero 

CCL-81 cell monolayers for mFRNT-YF or Vero NIBSC cell monolayer, for 

mFRNT-DENV1-4, both with 2 x 105 cells/well. Carboxymethylcellulose (CMC) 

was added to each well before final incubation only for mFRNT-YF. The plates 

were then incubated for 48 hours at either 37°C (mFRNT-YF) or 35°C (mFRNT-

DENV1-4) with 5% CO2. Subsequently, cells were fixed with a solution of ethanol 

and methanol (1:1), followed by incubation with 4G2 HRP-conjugated monoclonal 

antibody for 2 hours at 35°C in a 5% CO2 atmosphere. True Blue Dye substrate 

was added, and after incubation, monolayers were washed, dried, and imaged 

using an automated acquisition system223. Focus were manually counted, and 

samples with titers ≥ 1:100 and ≥ 1:30 were considered seropositive to YFV and 

DENV, respectively. 

The PRNT90-ZIKV (PRNT - plaque reduction neutralization test) was 

conducted using Vero CCL-81 cells to assess the presence of nAb against ZIKV in 

samples. Briefly, samples were serially diluted from 1:5 to 1:15,625 (dilution 

factor = 5), followed by the addition of 60 µL of ZIKV suspension containing 

approximately 100 PFU, resulting in final dilutions of 1:10 to 1:31,250 (dilution 

factor = 2)224. Plates were incubated at 37 °C for 1 hour in a 5% CO2 atmosphere 

for neutralization. For the adsorption step, 100 µL of dilution mixture was added to 

monolayers in 24-well plates, previously prepared with 2 x 105 cells/well, and 

incubated for 1 hour at 37 °C with 5% CO2. Subsequently, supernatants were 

discarded, and monolayers were overlaid with semi-solid medium (sE199 plus 2%  

CMC), then incubated for 4 days at 37 °C in 5% CO2. Cell monolayers were fixed 

with formalin solution (5%) and stained with crystal violet for plaque counting. 

Plates were photographed using BioSpot® Software Suite (CTL - Cellular 

Technology Limited, USA), and plaques were manually counted. nAb titers were 

expressed as the highest serum dilution that resulted in 90% plaque reduction, with 

samples exhibiting titers ≥ 1:140 were considered seropositive to ZIKV, since the 

samples were positive for other flavivirus224. 
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6.4 Antibody BCR Repertoire Sequencing  

6.4.1 RNA Extraction  

To perform the antibody BCR repertoire analysis, frozen PBMC obtained 

from each donor before (T0) and on days 7 and 14 after vaccination, were briefly 

thawed in water bath at 37 °C degree and kept on ice. Samples were resuspended 

in 1 ml of Trizol and incubated at room temperature for 5 minutes, after washing 

them in 10 ml of DPBS by centrifugation (500 x g for 10 minutes at 4 °C). Cells 

were reincubated at the same conditions following addition of 200 µl of 

chloroform and vortex homogenization. Afterwards, samples were centrifuged at 

12,000 x g for 15 minutes at 4 °C to form a three-phase solution.  

The aqueous phase and an equivalent volume of isopropanol were 

transferred to 1.5 ml eppendorf. Samples were gently homogenized by inversion 

and incubated overnight at -20 °C. The RNA was obtained by centrifuging samples 

in the next day at 12,000 x g for 15 minutes at 4 °C. The supernatant was discarded 

and the tube containing the RNA pellet was resuspended in 1 ml of 70% ethanol to 

be washed by centrifugation at 12,000 x g for 10 minutes at 4 °C. After one more 

wash step, the supernatant was discarded and the remaining ethanol was left to 

evaporate from the RNA pellet at room temperature. Finally, samples were 

resuspended in 30 µl of DEPC water and the RNA concentration was measured by 

Nanodrop and Qubit RNA BR Assay kit (Thermo Fisher Scientific). The extracted 

RNA was frozen at -80 °C until use. 

6.4.2 Isolation and Amplification of VH Antibody BCR Transcripts  

The resulting RNA (500 ng) was used for first strand cDNA synthesis 

using the SuperScript IV enzyme (Thermo Fisher Scientific). IGVH amplification 

of IgG, IgA and IgM were amplified using the set of primers listed at Table 1 in 

two different combinations: firstly, 0.2 mM of forward primers (1 to 8 from Table 

1) were used with 0.1 mM of each IgG and IgA reverse primers (9 and 10 from 

Table 1). Secondly, 0.2 mM of forward primers (1 to 8; Table 1) were used with 

0.2 mM of IgM reverse primers (11 from Table 1). All reactions were prepared 

using 0.2 units (U) of Platinum™ Taq DNA Polymerase High Fidelity 

(Invitrogen), 1X High Fidelity PCR Buffer solution, 0.2 mM of dNTPs, 1 mM of 

MgSO4, and 2 µL of cDNA in a final volume of 50 µL. The PCR reaction was 
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conducted using the following conditions: 2 min at 95 °C; four cycles of 94 °C for 

30 s, 50 °C for 30 s, 68 °C for 1 min; four cycles of 94 °C for 30 s, 55 °C for 30 s, 

68 °C for 1 min; 22 cycles of 94 °C for 30 s, 63 °C for 30 s, 68 °C for 1 min; 68 °C 

for 7 min; hold at 4 °C. Products were analyzed on 1% agarose gel stained with 

Sybr Safe (Invitrogen). Bands were excised and purified with PCR clean-up Gel 

extraction (NucleoSpin - Macherey-Nagel) following the manufacterer’s 

instructions. Purified DNA was quantified by Nanodrop and Qubit DNA High 

Sensitivity kit (Thermo Fisher Scientific). 

 
Table 1 Primer sequences employed for the amplification of antibody-heavy chains (IGVH). 

 Name Sequence (5’ to 3’) 

1 VH1-fwd TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCAGGT

CCAGCTKGTRCAGTCTGG 

2 VH157-fwd TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCAGG

TGCAGCTGGTGSARTCTGG 

3 VH2-fwd TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCAGR

TCACCTTGAAGGAGTCTG 

4 VH3-fwd TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGAGG

TGCAGCTGKTGGAGWCY 

5 VH4-fwd TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCAGG

TGCAGCTGCAGGAGTCSG 

6 VH4-DP63-fwd TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCAGG

TGCAGCTACAGCAGTGGG 

7 VH6-fwd TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCAG

GTACAGCTGCAGCAGTCA 

8 VH3N-fwd TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTCAA

CACAACGGTTCCCAGTTA 

9 IgG-rev GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGAG

GGYGCCAGGGGGAAGAC 

10 IgA-rev GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCGG

GAAGACCTTGGGGCTGG 

11 IgM-rev GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGTT

GGGGCGGATGCACTCC 

The bold sequences constitute elements of the Illumina adaptor sequences. The design of the 

annealing region in primers was based on McDaniel et al 43.  

6.4.3 Library Preparation and Sequencing 

Sequencing libraries were constructed with 50 ng of each amplicon and 

using the Nextera XT DNA Library Prep Kit (Illumina) according to the 

manufacturer's instructions. The P5 and P7 indexes and adapters were incorporated 

into the 500 bp amplicons by the overhang adapters added to the primers. All 

reactions were set in a total of 50 µl under the following conditions: 3 min at 95 

°C; 12 cycles of 94 °C for 30 s, 55 °C for 30 s and 68 °C for 1 min; 68 °C for 5 

min; and hold at 4 °C. Products were purified using of Agencourt AMPure XP 

https://www.sciencedirect.com/topics/medicine-and-dentistry/amplicon
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beads and the final  concentration of the library was quantified using the Qubit 

DNA High Sensitivity kit  (ThermoFisher Scientific). The size and quality of the 

amplicons were confirmed using the High Sensitivity DNA Kit (Agilent) run on 

the Bioanalyzer 2100 (Agilent). The VH amplicon library containing the indexes 

with the final concentration of 18 pM of IgM and 18pM of IgG/IgA samples from 

the four individuals repertoires were submitted for sequencing in 2×300 paired-end 

Illumina MiSeq platform. 

6.5 Bioinformatic Analysis 

6.5.1 Raw Reads Processing and Sequence Annotation 

Raw Illumina MiSeq output reads were pre-processed and annotated using 

pRESTO225 and Change-O226 packages from Immcantation framework, 

Biopython227, and IgBlast228. 3’-5’ and 5’-3’ raw reads were joined using the 

pRESTO AssemblePairs module, with a minimum overlap of 50 nucleotides. The 

generated sequences were quality filtered using the Biopython 

Bio.SeqIO.QualityIO module, retaining those with average phred score ≥30. 

The pRESTO MaskPrimers module was employed to find on sequences the 

primers of the IGHV gene and constant region (Table 1, without Illumina 

adapters). The option score was used, so sequences were kept intact. If IGHV gene 

or constant region primers were not found, the sequence was filtered out. Sequence 

annotation was performed with the AssignGenes module from Change-O together 

with IgBlast to verify similarities between sequences and human germline genes. 

IMGT human germline reference database was used as reference for V, J, and D 

gene, as well as their numbering system229. After that, Change-O MakeDB module 

was run to organize the annotation into tabular .tsv files in the MiAIRR format230. 

These files contain information of V, D, J genes and alleles, framework (FW), 

complementary regions (CDR) sequences, and functional status of the sequence 

(productive or unproductive).  For each PBMC sample (four donors, three times 

each), it was generated two files, one containing IgM annotated productive 

sequences and other containing IgG and IgA annotated productive sequences. 

Based on previously annotated constant region primers, IgA and IgG productive 

sequences, that were amplified and sequenced together, were splitted into isotype 

files. Thus, three files from each sample (donor/time) were used in the following 

analysis. Each one of these files corresponds to a repertoire isotype.  
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6.5.2 Lineage Definition and Frequency Calculation 

To perform lineage analyses, all productive sequences from all samples 

with the same VJ segment, CDRH3 length and having approximately 90% 

similarity were grouped into clonotypes using the tool Yclon231.  The default 

parameters were used for clonotyping, generating clusters with 91% of similarity 

between the nucleotide sequences. In order to calculate the frequency of a lineage 

in an isotype repertoire, the number of sequences grouped in this lineage was 

divided by the total number of sequences that belongs to this isotype repertoire and 

multiplied by 100. The level of expansion of a lineage was determined by this 

frequency. If a lineage represented 0.1% or more of an isotype repertoire, it was 

considered expanded. 

6.5.3 Persisting-Expanded and New Expanded Lineages Definition 

In order to track B cell recall responses upon boosting vaccination, for each 

isotype repertoire, we grouped B cell lines that pre-existed in the repertoire (T0) in 

a steady-state, remained in the T7 and/or T14, and were expanded (≥ 0.1% 

frequency) after boost YFV vaccination. These lineages were defined as 

“persisting-expanded”. Similarly, we grouped expanded B cell lineages (≥ 0.1% 

frequency) that just were identified after vaccination (T7 and/or T14). These 

lineages were characterized as “new expanded lineages”. 

To identify the proportion of persisting-expanded and new expanded 

lineages among the top 50 most expanded lineages of the T14 repertoire, we 

filtered all expanded lineages (≥ 0.1% frequency) that comprised the IgG, IgM and 

IgA repertoires according to their frequency level (descending order). The top 50 

lineages were selected and identified as persisting or new expanded lineages. 

6.5.4 Repertoire Characterization 

Repertoire parameters, such as diversity, clonal expansion, size, gene 

segment usage, somatic hypermutation frequency, and composition and amino acid 

groups of CDRH3, were analyzed in R studio. Diversity was defined by the 

Shannon-Wiener index calculated as in McCune et al.232. Gene segments and gene 

subgroups were defined by taking the first assigned gene segment to each 

sequence from the IgBlast output. After that it was possible to evaluate the 

frequencies of gene segment usage, gene subgroups, and the combination of V(D)J 
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genes in each repertoire. Somatic hypermutation frequency was defined as one 

minus the v gene identity assigned by IgBlast, multiplied by 100. R studio was 

also used to generate the clonal expansion diagram that considered the clonal 

expansion frequency as a measure to set the expansion state of the IgG, IgA and 

IgM repertoires.  

6.5.5 Comparative Analysis with Known Antibodies 

We used the “search by keyword” function of The Patent and Literature 

Antibody Database (PLAbDab)54 available in July 2024 with 

"DENV|Dengue|ZIKV|Zika|YFV|Yellow Fever" expression to acquire a list of 

known antibodies that bind to DENV, ZIKV, and YFV. To this list, we added the 

antibodies obtained from Wec et al48. To verify if any CDRH3 from this list had at 

least 80% amino acid identity to any expanded sequence, we translated the 

nucleotide sequence of the heavy chain sequences from the list and renumbered 

them using ANARCI233 to standardize the CDRH3 region definition. Following 

that, we used PairwiseAligner module from Biopython227 to make a pairwise 

alignment of each CDRH3 sequences from the literature list with each sequence 

from the repertoire, counting the number of amino acid matches. If this count, 

divided by the larger CDRH3 from the analyzed pair of sequences, is equal or 

greater than 80%,  we would identify them as having similar enough CDRH3. In 

order to get epitope information of each literature match, we consulted the 

reference hits’ patent and/or pdb registration according to data availability. 

6.6 Statistical Analysis  

Statistical analysis were conducted in GraphPad Prism version 9.0.0 

(GraphPad Software Inc., La Jolla, CA, USA). Shapiro-Wilk test was performed to 

determine the normality of the data, followed by Mann-Whitney test. Non-

parametric Mann–Whitney U tests and analysis of variance tests (anova and 

Kruskal–Wallis H tests) were used to determine the statistical significance. The 

mean of each donor-specific paramenter, followed by the average mean of all four 

donors, as well as the standard deviation were used to compare antibody 

repertoires differences.  
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7. RESULTS 

7.1 Booster 17DD-YF vaccination induces discrete and transient antibody 

response that does not significantly interfere in the neutralization of DENV1-

4 and ZIKV. 

Healthy donors (n=4) originally from a region with great incidence of YFV 

outbreaks received a single standard dose of 17DD-YF vaccine. All participants 

self-reported a history of vaccination against YFV before this study (> 10 years) 

(Table 2). Blood samples were collected before (T0) and on days 7, 14, 28 and 180 

post-vaccination (Fig. 11A). Polyclonal sera from each donor at the five time 

points were analyzed by Indirect ELISA against YFV, DENV, and ZIKV to verify 

the longitudinal dynamics of the antibody response to YFV vaccine and the 

detection of antibodies reactive to DENV and ZIKV viruses.  

Table 2. Overview of the study participants and their baseline immune status. 

 Total n=4 

Donor Sex  Age  Past YFV 

vaccination  

YFV  DENV1  DENV2  DENV3  DENV4   ZIKV 

mFRNT50/PRNT90 Serositivity  

D1 F 38 Yes     --          --             --           --              --           -- 

D2 

D3 

D4 

M 

F 

F 

23 

24 

41 

Yes  

Yes 

Yes 

  ++         ++          ++          ++            ++          -- 

   --          ++          ++          ++            ++          -- 

  ++         ++           --           ++            ++          --             

F; female. M; male. --; negative. ++; positive. Soroneutralization cut-off for positive mFRNT50 

results: ≥ 1:100 (YFV),  ≥ 1:30 (DENV1-4); PRNT90 ≥ 1:140 (ZIKV). 

Overall, most of the donors (50% to 75%) presented detectable levels of 

YFV and/or DENV antibodies before vaccination (T0), while just donor 2 had 

high titer of anti-ZIKV antibodies before immunization (Table 2, Fig. 11B-C). 

Interestingly, this donor presented transient decay in the anti-ZIKV IgG titer after 

immunization, reaching similar antibody levels (mild antibody reactivity to ZIKV) 

to the other subjects on day 180 (Fig. 11D).  Contrastingly, all donors anti-DENV 

IgG titer was increased post-vaccination, reaching the highest detection levels at 

the day 180 (Fig. 11C). Moreover, we detected similar antibody’ kinetics against 

YFV among donors after the vaccination, in which anti-YFV IgG titer peaked two 

weeks post-vaccination with gradual decline to baseline levels during the first 6 

months of monitoring (Fig. 11B).  
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Figure 11. Longitudinal flavivirus antibody responses. A Schematic representation of 

YFV vaccination and longitudinal blood sampling. 17DD-YF vaccine was used to 

immunize four healthy donors against yellow fever virus. Blood draws were performed 

before (T0), 7, 14, 28 and 180 days following vaccination to obtain both plasma and 

PBMCs from each donor at each time point. B-D IgG responses against YFV (B), DENV 

(C) and ZIKV (D). Binding levels were measured using indirect ELISA and the data was 

expressed as mean IU/ml for YFV, Panbio Units for DENV and AU for ZIKV. Dot lines 

represent the cut-off for positivity. E Neutralizing antibody titers against YFV, DENV1-4, 

and ZIKV presented by each donor at distinct time points. Results were obtained by 

performing soroneutralization assay and cut-off criterion for positive mFRNT results 

were: ≥ 1:100 (YFV),  ≥ 1:30 (DENV1-4), and PRNT results ≥1:140 (ZIKV). 
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We next performed a neutralization assay (either mFRNT50-YFV and 

DENV or PRNT90-ZIKV) to test if the antibody kinetics are reflected in the 

circulating levels of nAbs. These assays were carried out to YFV, ZIKV, and 

DENV 1-4, and, corroborating the ELISA data, three of the donors showed an 

increase in the YFV nAb titer during the second (day 14) and fourth week (day 28) 

after vaccination followed by waning out to day 180 (Fig. 11E). The results also 

revealed heterogeneity in the anti-YFV response among the donors, which may be 

attributed to variations in their prior immune status (Fig. 11E, Table 2). By 

contrast, there was no detectable neutralization of ZIKV. However, all donors 

displayed a varying degree of neutralizing antibody response to DENV 1-4 that did 

not correlate to the pattern observed in DENV ELISA. Unlike in the DENV 

indirect ELISA in which binding titers notably increased post-vaccination, the 

anti-DENV nAb titer  appeared unaffected by vaccination, except for donor 3, who 

showed an increase in nAbs against DENV-1 and DENV-3 following vaccination 

(Fig. 11E). In sum, these data indicate a pre-existing immunity to YFV and/or 

DENV that changed after YFV vaccine boosting. Also, YFV antibodies of 

revaccinated individuals rapidly decay during the 6 months following 

immunization. Likewise, neutralization titers waned after 28 days post-vaccination  

(out to day 180), but they remained higher than their pre-revaccination levels. 

Nevertheless, a similar trend was not seen with nAb titers against DENV1-4 and 

ZIKV.    

7.2 Revaccination against YFV primes a rapid expansion of antibody 

repertoires at 14 days with great predominance of IgA.   

During revaccination, both naïve and memory B cells (MBC) are activated, 

resulting in the production of antibodies with different specificities. Prior studies 

have described that plasmablasts usually peak between 10 and 14 days after 

revaccination against YFV13. Therefore, we sequenced the VH region of the BCR 

transcripts from samples obtained 0, 7, and 14 days after vaccination, to verify the 

dynamics of the antibody response upon boost vaccination dose. In this process, IgG, 

IgM and IgA antibody heavy chain and variable region (VDJ exon), as well as the 

constant region fragment were analyzed to access the dynamics of the IGHG, 

IGHM and IGHA clonotype repertoires over time and the summary of the data 

obtained after sequencing is shown in the Table 3.  
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Table 3. Summary of the repertoire sequencing analysis. 

Donor Time Isotype 

Raw reads 

(IgG+IgA 

and IgM) 

Number of 

annotated 

sequences 

Number of 

Productive 

unique 

sequences 

Number 

of 

Lineages 

Number of 

Persisting-

Expanded 

Lineages 

Number of 

New 

Expanded 

Lineages 

1 0 IgA 
817,06 

349,640 294,721 43,263 56 0 

1 0 IgG 111,266 102,657 28,692 20 0 

1 0 IgM 772,246 456,415 438,276 144,365 3 0 

1 7 IgA 
491,344 

60,853 59,025 16,084 10 87 

1 7 IgG 115,778 110,733 24,480 1 83 

1 7 IgM 784,359 555,437 498,120 96,891 4 21 

1 14 IgA 
769,071 

416,364 310,494 26,957 84 114 

1 14 IgG 146,206 124,873 23,817 45 124 

1 14 IgM 602,074 390,752 371,511 133,714 7 10 

2 0 IgA 
779,902 

289,392 255,099 35,599 82 0 

2 0 IgG 157,038 149,259 28,438 73 0 

2 0 IgM 840,755 480,008 468,386 204,411 1 0 

2 7 IgA 
646,452 

232,003 225,847 45,671 46 56 

2 7 IgG 80,008 79,458 26,082 19 55 

2 7 IgM 949,483 670,207 562,135 103,952 16 61 

2 14 IgA 
724,127 

420,192 326,501 21,273 59 125 

2 14 IgG 114,823 101,006 12,232 35 162 

2 14 IgM 816,536 533,760 471,165 94,946 18 52 

3 0 IgA 
553,743 

197,203 184,882 40,129 77 0 

3 0 IgG 70,200 68,839 25,033 37 0 

3 0 IgM 674,862 336,539 329,684 133,655 11 0 

3 7 IgA 
665,123 

226,799 214,656 52,515 23 94 

3 7 IgG 108,909 107,178 40,007 7 70 

3 7 IgM 756,075 534,105 491,875 157,838 3 15 

3 14 IgA 
560,225 

292,489 213,562 27,811 24 146 

3 14 IgG 170,938 145,045 32,772 14 141 

3 14 IgM 590,317 352,936 334,215 105,805 10 30 

4 0 IgA 
856,416 

334,527 301,707 52,893 58 0 

4 0 IgG 125,176 120,574 39,029 19 0 

4 0 IgM 792,673 453,542 443,994 271,870 2 0 

4 7 IgA 
937,116 

354,906 326,479 54,746 19 118 

4 7 IgG 106,293 103,408 32,486 15 108 

4 7 IgM 689,117 455,863 435,937 190,979 2 8 

4 14 IgA 
726,480 

388,328 308,385 36,451 42 134 

4 14 IgG 151,487 133,976 29,289 31 132 

4 14 IgM 691,220 446,350 381,600 58,969 30 102 

Overall, the number of raw reads obtained per IgG and IGA samples 

ranged from 491,344 to 937,116, while IgM samples raw reads ranged from 

590,317 to 949,483 in the three time points. The average of productive reads 

which were obtained after the data’s pre-processing ranged from 28.51% to 

41.50% for IgA samples, 14.55% to 18.63% for IgG, and 54.34% to 62.76% for 

IgM. These productive reads resulted in the obtention of 28,123 - 42,971 IgA 

lineages, 24,527 - 30,763 IgG lineages, and  98,358 - 188,575 IgM lineages which 

were analyzed to access the dynamics of the repertoires over time (Table 3). 
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Formely, this analysis permitted us to identify lineages that are shared across the 

different time points in each IgG, IgA and IgM repertoires, indicating the 

persistence of B cells and possible recall response after the YFV booster dose (Fig. 

12A). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12. Dynamics of repertoire diversity and expansion following 17DD-YF vaccine 

boost. A Average of IgG, IgA and IgM lineages across donors that are and are not shared 

between the indicated time points 0, 7 and 14 days after vaccination. B Diversity of IgG 

(B), IgA (C) and IgM (D) repertoires was assessed by Shannon diversity index at 0, 7 and 

14 days following vaccination. C Proportion of expanded and non expanded IgG, IgA and 

IgM lineages in each vaccinee repertoire at 0, 7 and 14 days after 17DD-YF booster dose. 

Lineages were classified into non expanded (< 0.1%) and expanded (≥ 0.1%) according to 

their frequencies in the repertoire. *p < 0.01 and ** p ≤ 0.005. 

 

Diversity levels can indicate the state of B cell repertoire response, since 

antigen-specific stimuli increase clonal expansion of a limited number of antigen-

specific clonal lineages and, consequently, reduce diversification of the repertoires. 

We interrogated how booster vaccination against YFV affects the diversity and 

expansion of the repertoire in the first two weeks following immunization. 
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Interestingly, we observed that all donors had their repertoire diversity decreased 

on day 14 for all isotypes (Fig. 12B). We also verified that IgH repertoires 

presented greatest expansion levels on day 14,  and the proportion of the expanded 

lineages on this day represented 30% of the total repertoire (Fig. 12C). Further, we 

analyzed the degree of expansion of the IgA, IgG and IgM, lineages across each 

time point (Fig. 13).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. Overview of the repertoire expansion state over the two weeks after 17DD-YF 

boosting. Diagram representing the top 200 most frequent B cell lineages from each IgG, 

IgA and IgM repertoire. Each circle represents a B cell lineage with size proportional to its 

frequency in the repertoires at 0, 7 and 14 days after revaccination. Expansion levels were 

defined as non expanded for lineages presenting frequency below to 0.1%, medium 
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expanded for lineages with frequency between 0.1% and 1% and hyperexpanded for 

lineages presenting frequencies greater than 1%.  

 

Interestingly, we see that IgA lineages and to a lesser extent IgG lineages 

demonstrate increased clonal expansion on day 14 after boosting (Fig. 13). Taken 

together, these longitudinal changes are suggestive of a robust response to YFV 

revaccination, that can be summarized by a decrease in circulating B cell repertoire 

diversity, caused by significant clonal expansion , mostly of IgA B cell lineages.  

 

7.3 Persistent B cell lineages dominate the immune repertoire 14 days post-

vaccination 

Aiming to explore in detail the dynamics of the clonal expansion in the 

repertoire after revaccination, we tracked each clonal lineage across time to 

determine whether some of these lineages were recalled and kept stable in the 

repertoire. We had already detected lineages being shared across time points (Fig. 

12A) and to verify whether these persistent B cells were related to the vaccine 

response, we defined that if a lineage that pre-existed in the repertoire (T0) in a 

steady-state, remained in the T7 and/or T14, and were expanded (≥ 0.1% 

frequency) after vaccination, this lineage would be considered as “persisting-

expanded”.  

Less than 30% of the lineages were found to be persistent in the entire 

expanded repertoire (Fig. 14A). The majority of these persisting-expanded 

lineages were identified as IgA, while IgG and IgM tended to present lower 

persistence (Fig. 14B). Thus, the expanded repertoire seems to be dominated (> 

70%) by lineages detected only after YFV boost vaccination (T7 and/or T14) (Fig. 

14A). Although this outcome can be related to sampling that affected the non-

detection of these lineages at the time before and after vaccination, we can observe 

that all donors presented similar proportion of both lineages (persisting and new 

lineages) in their repertoires, suggesting that these individuals are similarly 

responding to the YFV boost vaccination (Fig. 14A). Yet, we identified that most 

of these newly expanded lineages (persistent or new) are IgA and IgG (Fig. 14B-

C) and this was not surprising, since we had observed a greater involvement of 

IgA and IgG lineages in the expanded repertoire (Fig. 13). 
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Figure 14. Analysis of persisting-expanded and new lineages. A Proportion of persisting-

expanded and new expanded lineages found in the repertoires on day 7 and 14. B-C 

Proportion of persisting-expanded and new expanded lineages according to the isotype. D 

SHM average loads presented by IgG, IgA and IgM clonal lineages found in expanded 

repertoire on day 0 and on T14 by persisting-expanded and new expanded lineages. E 

CDRH3 average length of clonal lineages. *p < 0.05, ***p ≤ 0.001, ****p ≤ 0.0001. 

 

We next teased out the molecular characteristics of these lineages to find 

out their nature, since the development of these cells will reflect the effectiveness 
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of the vaccine immune response. Overall, both persisting-expanded and new 

expanded lineages presented similar SHM loads (median level ranging from 6 and 

8%) and CDRH3 length (approximately 15 amino acids) that did not significantly 

differ from the time before vaccination (Fig. 14D-E). Interestingly, the donor 1 

who was considered non-immune to any of the flaviviruses prior to vaccination, 

had the IgM repertoire with the lower level of SHM. Interesting to note that the 

donor 1 who was considered non-immune to any of the flaviviruses prior to 

vaccination, had the IgM repertoire with the lower level of SHM. 

The germline gene usage was compared in these lineages to verify a 

preferential VH convergence, suggestive of B cell activation and expansion, 

despite similar SHM and CDRH3 length. Throughout clonal expansion, a large 

diversity of V gene segments are non-uniformly utilized by both B cell populations 

(Fig. 15). Moreover, most of the gene segments used by the persisting and new 

expanded lineages had similar proportions of use on day 0, suggesting no 

preferential VH gene usage upon YFV boost vaccination. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15. VH germline gene average of usage of persisting-expanded and new expanded 
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lineages. Gene segments present in more than 50% of the donors were considered for 

representation. 

 

We selected the top 50 most expanded clonal lineages from T14 repertoire 

to verify the abundance of the persisting-expanded and new expanded lineages 

among these B cells. We found that persisting-expanded cells comprise a 

substantial parcel of the top 50 most expanded clonal lineages in most donors, 

except donor 3 (Fig. 16). Hence, although persisting-expanded lineages represent 

less than 30% of the expanded repertoire, these cells have a significant 

contribution to the expansion levels of the repertoire.      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16. Representative histogram of the top 50 most expanded clonal lineages (IgG, 

IgA and IgM) that comprise the YFV vaccinees’ repertoire at 14 days after vaccination. 



54 

 

Bars indicate the relative frequency of each lineage in the repertoire and * shows the 

persistent lineages.  

7.4 YFV vaccinees’ repertoires tend to present cross-reactive lineages 

 A comparison of the BCR repertoire sequences against a dataset of mAbs 

with binding experimentally confirmed to YFV, DENV and ZIKV was carried out 

to determine whether the lineages that comprise the repertoire of the vaccinees 

may display cross-reactivity. The CDRH3 region of the expanded lineages of IgG, 

IgA, and IgM repertoires from each individual were queried to the antibodies 

database48, 54. Matches were considered for all sequences alignment greater than 

80%. This analysis provided us with more information regarding the specificity of 

the lineages from repertoires after YFV revaccination. 

 Overall, 57,626 CDRH3 unique sequences matched to known characterized 

flavivirus’ antibodies CDRH3 sequences of the database. These sequences are 

clustered in 17,425 unique lineages, in which 27 were expanded and 17,398 were 

non-expanded after the vaccination (Table S.1). The larger matches of non-

expanded lineages to the characterized antibodies reveals that the vaccinees’ 

repertoire contains DENV and/or ZIKV specific lineages that did not expanded 

upon YFV vaccine booster.   

 Among the 27 expanded lineages, 11 were IgG, 13 IgA, and 3 IgM. Most 

of these lineages had their binding profile described by previous studies to 

DENV(Fig. 17A, Table S.1). A small portion of the discovered hits of antibodies 

were identified as displaying cross-reactivity to the three flaviviruses: YFV, 

DENV and ZIKV  (Fig. 17A). To know whether these cross-reactive B cells 

belonged to persisting-expanded or new expanded lineages, we tracked the 

proportion of discovering hit lineages assigned to each B cell population, finding 

that most of these matched IgG, IgA and IgM lineages came from new expanded 

lineages (Fig. 17B). This surprisingly outcome reveals that 17DD-YF booster may 

induce cross-reactive lineages apart from the recall of the pre-existing cross-

reactive cells. 
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Figure 17. Analysis of putative anti-flaviviruses antibodies present in the analyzed 

repertoires. A Number of discovered hits that display specificity to YFV and cross-

reactivity to ZIKV, DENV or ZIKV and DENV. B Fraction of cross-reactive lineages that 

are either persisting-expanded or new expanded lineages. The number in the center of the 

pie chart shows the total number of lineages belonging to the isotype. C SHM rates of 

IgG, IgA and IgM lineages that may display cross-reactivity. D VH germline gene usage 

of cross-reactivity lineages. E CDRH3 length distribution of lineages that may present 

cross-reactivity to DENV and/or ZIKV. F Physicochemical properties and amino acid 

usage of the cross-reactive lineages CDRH3.  

 

 To discover potential features suggestive of antibody cross-reactivity 

between YFV, DENV and/or ZIKV, we examined the expanded lineages hits by 

comparing molecular patterns related to SHM loads, VH gene usage, CDRH3 

length and amino acid composition. By checking the SHM rates, we observed a 

varying degree of hypermutation on these cross-reacting lineages (Fig. 17C). The 

average of hypermutation rates were 4.5 for IgG, 7.5 for IgA and 6 for IgM  (Fig. 

17C). Usually, the average of SHM in healthy individuals is 2.83 ± 0.23% for IgM, 

7.24 ± 0.07% for IgG and 8.37 ± 0.23% for IgA50. Regarding the VH gene 
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segments usage by the expanded lineages which were found in this study as 

displaying cross-reactivity profile, we observed a restrict list of germlines genes 

being used by these lineages (Fig. 17D). 

 Next, the distribution of the CDRH3 length in these lineages was checked 

and results show this distribution ranging from 7 to 18 amino acids length, with the 

largest proportion of the IgG, IgA, and IgM lineages presented 10 amino acids 

length in the CDRH3 (Fig. 17E). The physicochemical properties and amino acid 

composition of the CDRH3 in these lineages showed that these cross-reactive 

BCRs are very hydrophilic due the high content of polar amino acids, such as 

tyrosine, cysteine and serine  (Fig. 17F). 

 Taken together, we showed that the repertoire of the vaccinees contains 

lineages that are reactive to DENV and/or ZIKV, and some of these lineages undergo 

expansion upon YF-17DD boosting. Also, the majority of these lineages show 

considerable affinity maturation state that may be important to the affinity 

interaction to these antigens.  

7.6 Majority of the discovered anti-flaviviruses antibodies in the YFV 

vaccinees’ repertoire may bind to DIII domain and fusion loop (FL) of the 

envelope protein  

We sought to know what epitopes are targeted by the cross-reactive 

lineages and whether there is an immunodominance hierarchy in these lineages. 

By collecting the data from the characterized mAbs that comprised the database 

used here to discover the cross-reactive lineages of this study, we were able to 

point out two structural antigens that are possibly targeted by these mAbs: E and 

prM proteins (Fig. 18A). In agreement to the publish literature, most of the mAbs 

seem to have their antigenic sites located in the E protein and seeking to better 

elucidate where these epitopes are located its structure, we observed the majority 

of the mAbs reacting with DIII domain (28.57%) and fusion loop (FL) at the tip of 

DII (21.42%) (Fig. 18A). We also verified a considerable portion of mAbs having 

epitopes that crosslink E protein and prM (17.86%) DI and DII (3.57%) (Fig. 18A). 

We verified the relationship between epitope and neutralization potency based on 

experimental data provided by the published literature of the original characterized 

mAbs. Interestingly, a small fraction of the mAbs targeting epitopes within FL and 

DI was described as weakly neutralizing, while those targeting DIII and quaternary 
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epitopes within DI and DII were described as strong neutralizing antibodies (Fig. 

18B). This outcome may suggest the 17DD-YF booster may elicit nAbs against 

ZIKV and DENV. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18. Antigenic sites and functional properties of the lineages elicited by 17DD-YF 

vaccine booster. A Antigenic sites targeted by cross-reactive lineages. Crystal structure of 

YFV E dimer (Protein Data Bank ID code 6IW2) represented as space filling model. 

Domains I, II and III are highlighted in red, yellow and blue respectively, in each 

monomer. FL is colored in green. Labels show the proportion of the mAbs targeting 

epitopes within each structural region. B Prediction of neutralization potential of each 

mAb according to data in published literature. 
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8. DISCUSSION 

The global emergence of flaviviruses over the past several decades has 

threatened millions of people and became a major public health issue worldwide. 

The lack of specific anti-viral treatments and in some cases, flavivirus vaccines, 

worse the disease’s care and control. Gaps in the knowledge about flavivirus 

antibody responses are mostly driven by the complexity of the immune interplay 

between sequential exposures and repeated vaccinations. YFV vaccine is highly 

efficient to generate neutralizing antibodies that last for a long period of time after 

a single dose9. However, the need of boosting is still controversial and studies have 

encouraged the YFV revaccination each 10 years in endemic countries such as 

Brazil71, 74, 236. This fact along with the co-circulation of ZIKV and DENV viruses 

in the country, collaborate with the development of pre-immunity that may alter 

specificities and functionalities of the antibodies, leading to either cross-protection 

or disease enhancement in the context of reexposure to a distinct flavivirus237.  

The present investigation analyzed the antibody repertoire of four healthy 

donors with a history of vaccination against YFV and originally from an endemic 

area with co-circulation of DENV, ZIKV, and YFV viruses. Our findings provided 

supportive evidence of the dynamics and landscape of the humoral response to 

17DD-YF boosting. In addition, we assessed the effects of pre-existing immunity 

on the magnitude and persistence of the antibody responses. This work also 

gathered evidences of the existence of lineages with cross-reactivity profile to 

DENV and ZIKV in the repertoire post 17DD-YF revaccination.  

Consistent with past works7, 15, 48, 237-238, we observed that YFV antibody 

binding and neutralization peak titer corresponded to the same day when the 

highest clonal expansion of the repertoires was observed following booster (T14). 

However, the magnitude and persistence of the humoral response were weakened 

after 28 days of the revaccination.  Interestingly, this antibody kinetics was 

observed in three of the four individuals who presented pre-immunity to any of the 

flaviviruses: YFV, DENV and ZIKV. Contrastingly, we observed that donor 1, 

who did not show any immunity to all tested flaviviruses before vaccination, 

presented a distinct antibody dynamic following the immunization. In this donor, 

the seroconversion to YFV was observed at 28 days after vaccination and the 
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magnitude of the nAbs titers persisted at least the day 180. Yet, the IgM repertoire 

of this donor presented a lower level of SHM < 2% in comparison to other donors, 

highlighting the influence of the pre-immunity on the recruitment of B cells. To 

this respect, we observed that pre-immune donors presented a varying degree of 

antibody reactivity to DENV1-4 and ZIKV over time, and this fact contributes to 

the great heterogeneity of the immune responses observed in this cohort.  

We believe that pre-existing immunity related to either YFV vaccination 

history and/or past heterologous exposure without warning signs (WS) may be 

affecting the dynamics, persistence, magnitude and specificity of 17DD-YF 

booster antibody response. These outcomes are in line with early studies 

describing that repeated vaccinations against YFV elicits a discrete increase in 

nAb due to pre-immunity that prevents the vaccine replication virus and, 

consequently, inhibits the stimuli for B cell activation15, 238-239 and that baseline 

immunity, influenced by prior exposure to infectious diseases can reduce nAb titers 

post-vaccination as result of frequent exposure to infectious diseases240. One of the 

hypotheses behind this fact is the immune complex formed between pre-existing 

antibodies and the vaccine antigen could impair the antigen presentation241. 

Conversely, Campi-Azevedo71 observed an upregulation in the magnitude of the 

nAb levels that persisted up to 10 years after the secondary vaccination. Such 

distinct findings may be closely related to the specific population characteristics. 

Hence, it is clear that booster dose recommendation should consider the role of 

pre-existing immunity elicited by the effect of co-circulation and/or individual 

heterogeneity, on vaccine outcomes. The importance of these variables has been 

noted by many studies evaluating trends and bias towards vaccine efficacy70, 242. 

To our knowledge, this is the first study to describe the kinetics, diversity 

and clonal expansion of the antibody repertoire upon YFV booster vaccination. 

Many immune aspects of YFV vaccination have been extensively studied and 

elucidated, including the B and T cell development after primary and secondary 

immunization using approaches that combine serological and flow cytometry in 

low-throughput sequencing data7, 15, 48, 243. Nevertheless, these studies did not 

consider subjects from endemic regions and their pre-existing immunity. Given the 

difficulties that underlie such complex understanding, here, we performed a high-

throughput BCR sequencing technology to longitudinally characterize the antibody 

repertoire responding cells to 17DD-YF vaccine booster. Although the antibody 
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response against flaviviruses is best known by the production of highly persistent 

IgM nAbs48, 78, 244-245, in this work, analysis of the B cell dynamics revealed a high 

predominance of expanded IgA lineages and few IgG and IgM lineages at the early 

stages following vaccination. This finding corroborates previous reports that found 

IgA-expressing plasmablasts as the dominant lineages in the repertoire between 14 

and 16 days of subjects’ primary DENV infection246-247. 

To date, it is still unclear the role of IgA on anti-flaviviruses immunity. 

Few investigations demonstrate that IgA is capable of neutralizing DENV without 

triggering ADE due to its low affinity for its Fc receptor248-249. In addition to that, 

it was discovered that these IgA antibodies can antagonize IgG-mediated ADE by 

competing with DENV-reactive IgG for the same epitope249. In light of these 

findings, we believe that prevalence of IgA antibodies in the YFV vaccinees 

repertoire may contribute to the protective and non-pathologic responses of the 

YFV vaccine. This idea is supported by a previous study that did not find any 

evidence of the risk of dengue severe disease in subjects from an endemic area 

with YFV vaccination status250.   

Our results also showed a considerable proportion of pre-existing lineages 

in the repertoire that expanded upon revaccination. Analysis of the molecular 

features of these IgG, IgA and IgM persisting-expanded lineages and newly 

expanded lineages pointed out several similarities in terms of SHM levels, CDRH3 

length (approximately 15 amino acid length) and preferential use of IGHV3 and 

IGHV4 gene families. Wec et al.48 when analyzing the BCR repertoire from 

subjects who were vaccinated for the first time against YFV and from a non-

endemic flavivirus area observed that vaccinees presented antibody repertoire with 

low SHM rate, short CDRH3 (10 amino acid length) and a strikingly use the 

IGHV3-72 germline 14 days after the primary vaccination against YFV. Similarly, 

our study showed that during the secondary vaccination, the antibody repertoire 

appears to place a priority on the rapid generation of lineages from both persisting-

expanded and newly expanded lineages without extensive affinity maturation.  

Serological cross-reactivity between YFV and other flaviviruses is 

commonly observed in subjects with past history of flavivirus infection or 

vaccination14, 48, 169, 174, 251. In addition to observe this phenomenon, our study 

reported the presence of cross-reactive lineages in the peripheral B cell repertoire 

of the YFV vaccinees. Although the majority of these lineages were not expanded 
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in the repertoire after vaccination, suggesting possible past exposure to DENV 

and/or ZIKV by the vaccinees, we were able to observe some of the matched 

lineages under expansion after vaccination. Most of these expanded lineages had 

their epitopes predicted within the DIII domain and FL of the E protein, according 

to their characterized antibodies hits48, 147, 184, 252.  

Studies on antibody cross-reactivity attribute the occurrence of these 

reactions on conserved sequences that comprise either linear or conformational 

epitopes on different antigens253-255. In primary YFV vaccinees, the majority of the 

isolated mAbs were characterized as non-neutralizing and had their epitopes 

mapped within the FL48. Similarly, our epitope prediction pointed out this highly 

conserved region as one of the main targets of the discovered lineages. Spite of its 

conservation across flaviviruses, the FL is usually poorly accessible due the viral 

breathing, and this has strong implications for the antibody’s responses11. 

It is well understood that structural arrangement is as important as 

sequence identity to predict epitopes and determine antibody cross-reactivity256-257. 

By predicting the structural arrangement of each CDRH3 from discovered 

lineages, we could identify 21 sequences having a very close match to their 

reference hits. Although the CDRH3 sequence homology was not very high, we 

can speculate that these antibodies may target the same epitope. For a long time, 

sequence homology was linked to functional activity, however, computational 

studies based on structural data have shown that sequence-distant antibodies but 

structurally similar can target the same epitope235, 258. 

Despite of the low number of hits which may be the consequence of the 

limited database composition of characterized antibodies, we could provide some 

validation of the existence of these cross-reactive antibodies in the YFV vaccinees’ 

repertoire. Yet, this result highlights the need for deep characterization of these 

antibodies in terms of abundance in the serum, epitope mapping and functionality. 

Noteworthy, it does not completely mean that other matches are not binders, 

indeed, they might display cross-reactivity, since the number of YFV published 

characterized antibodies is still very low and results of our in silico analysis might 

be under estimated, although it is necessary to validate this hypothesis.    

There are few limitations related to this study, including sampling, and anti-

YFV specific antibody isolation that affects the identification of persisting and new 

lineages of the repertoire, the intervals between prior flavivirus exposure and 
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immunizations that may impact the immunogenicity of the booster dose. Also, 

longer timing after vaccination could yield different antibodies responses since 

affinity maturation process has been proved to continue up to 9 months after 

boost48. Moreover, the small cohort size (n=4), the use of bulk PBMC samples, and 

the lack of information regarding circulating antibodies restricts our conclusions and 

statistical power. Further studies are needed to integrate cellular and serological 

specific anti-YFV antibody repertoire results and better clarify the complexity of the 

flaviviruses antibody responses.     
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9. CONCLUSION 

In summary, this work provided comprehensive insights into the kinetics, 

dynamics, magnitude, and persistence of the antibody responses upon 17DD-YF 

vaccine boost. We evaluated the implications of the DENV and ZIKV co-

circulation in the secondary YFV vaccine response, especially to the development 

of cross-reactive lineages that tend weak neutralize and strong neutralize DENV 

and/or ZIKV by targeting FL and DIII epitopes on the E protein respectively. 

Although we are aware of the need to further investigate these antibodies 

abundance and persistence in the serological repertoire, here we tracked the 

molecular basis of the antibody response, providing valuable understanding of the 

features associated with the elicitation of YFV vaccine immunity. Altogether, this 

knowledge may contribute to vaccine design, mainly in the aspects involving 

antibodies specificities, target antigenic sites and population heterogeneity related 

to the epidemiological context of the region.    
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     CHAPTER 2 

 Assessing the serological antibody repertoire that is reactive to DENV2 and 

ZIKV in the YFV vaccinees 

 

Abstract 

Subsequent exposures to flaviviruses are governed by pre-existing antibody 

responses that relies on concentration and specificity, and this has strong 

implications for disease severity and vaccine development. Understanding the 

composition of the serological antibody repertoire and its relationship to clonally 

expanded B cell repertoire is important for elucidating the impact of potentially 

cross-reactive antibody responses in primed groups. In the current study, we 

evaluated the molecular composition of the serological repertoires from YFV 

vaccinees that is reactive to DENV2 and ZIKV at 180 days after vaccination. 

Using a proteomic approach (Ig-seq) combined to BCR sequencing data (BCR-

seq) of the antibody transcripts, we show that secreted antibody molecules reactive 

to DENV2 and ZIKV comprise a substantial fraction of the serological repertoire, 

with an average of ~35% of these antibody lineages pre-existing the YFV 

vaccination. We also found that although all donors presented an increased 

reactivity to ZIKV on day 180, the total antibody binding activity does not 

correlate to neutralization. Most of the individuals also presented this behaviour in 

DENV antibody responses. We profiled these antibody lineages, detecting a great 

influence of the DENV2 and ZIKV co-circulation on the activation of naive B 

cells for the generation of low SHM antibodies. Additionaly, we observed that pre-

immune donors tend to present more non affinity mature antibodies than non pre-

immune donors.  Taken together, we found evidence that flavivirus co-circulation 

and pre-immunity may influence the complexity, quality and effectiveness of the 

YFV vaccine antibody responses.    

 

Keywords: YFV vaccine; Antibody cross-reactivity; Flaviviruses; Serological 

repertoire. 
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10. INTRODUCTION 

The nature of the antibody responses against flaviviruses is very 

controversial across populations presenting pre-immunity and it should be 

carefully addressed259. The magnitude, persistence, cross-reactivity, and possibility 

of ADE are some of the many concerning aspects related to the flaviviruses 

humoral immunity and plenty of research has been done to elucidate their 

relationship with temporal changes dictating protection or severe disease risk 175, 

177, 220, 259. Valuable insights of these studies have unveiled the antibody 

stoichiometry to trigger ADE following heterotypic exposure and this phenomenon 

was associated with cross-reactive antibody wanning effect over time177, 182. This 

effect has been observed in both natural infection and vaccine-derived immunity. 

For example, a past work has shown that DENV naïve children who were 

immunized with the licensed dengue vaccine, Dengvaxia, presented increased risk 

of severe dengue disease after DENV breakthrough infections218. Recently, ZIKV 

antibodies elicited during a primary infection had their cross-reactivity to DENV 

increased one year after the natural infection and this activity was attributed to the 

affinity maturation process that increases the B cell breadth220.  

Previously, we observed that YFV vaccinee’s cellular repertoire tend to 

present cross-reactive lineages to DENV and/or ZIKV, and this outcome was 

correlated to the observed serological IgG binding activity to the three viruses. 

Given the fact that circulating IgG is a result of clonally expanded and 

differentiated B cells, after a continuous process of diversification, genetic 

recombination and clonal selection that involve GC reactions, and these reactions 

have been observed between 6 and 9 month following YFV vaccination48, we 

speculate what is the molecular composition of the IgG anti-DENV2 and anti-

ZIKV proteome of the YFV vaccinees at 180 day of the vaccination. Our 

hypothesis is that the abundance of DENV2 and ZIKV reactive IgG in the sera of 

the YFV vaccinees at 180 days can affect YFV vaccine antibody response, since 

the continous activation of the immune system by the co-circulation of the three 

viruses in the endemic area impacts the generation of persistent and affinity mature 

IgG. 

To date, there are no studies providing detailed molecular characterization 

of the serological antibody repertoire following the YFV vaccination. The current 
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knowledge about the YFV antibody responses was mostly provided by indirect 

investigations involving serologic approaches with YFV vaccinee’s plasma and B 

cell repertoire. In sum, these studies, including ours, have described the cross-

reactivity between YFV vaccine-derived antibodies and related flaviviruses, such 

as DENV and ZIKV. However, it still lacks a deep dissection of the humoral 

response that constitutes the polyclonal sera after vaccination against YFV. This 

analysis is essential to understand the durability and quality of the immune 

responses, especially in terms of abundance of antigen-specific antibody in the 

serum, which can inform the real impact of pre-existing flavivirus immunity in 

either protection or risk of disease enhancement in endemic populations. In 

addition, the assessment of the molecular characteristics of the serological 

repertoire can lead to a comprehensive understanding of the cross-reactive 

antibody landscape induced by the YFV vaccine in the context of endemicity.  

Therefore, in this section we aim to characterize the molecular composition 

of the serological repertoire of the YFV vaccinees that is reactive to DENV2 

and/or ZIKV at 180 days after vaccination. We verified that circulating IgG 

reactive to DENV2 and ZIKV constitutes a considerable fraction of the antibody 

responses of the YFV vaccinees’ repertoire. Moreover, we found evidences that 

pre-immunity to flaviviruses may influence the YFV vaccine effectiveness. Our 

results also suggested that DENV2 and ZIKV co-circulation is constantly priming 

the immune system of the individuals and the consequence is the generation of 

low-affinity and cross-reactive antibodies. 
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11. MATERIAL AND METHODS 
 

11.1 Samples 

Plasma and PBMC samples were obtained from the four YFV vaccinees as 

previously described in the section 6.1 from chapter 1. Details of the study 

participants are included in Table 2.  

11.2 Obtention of E-dimer protein antigens from DENV2 and ZIKV  

Stabilized E dimer antigens from DENV2 and ZIKV were obtained to  

perform Indirect ELISA assays and Ig-Seq pulldowns.  Recombinant E dimer from 

DENV2 (15 mg) containing the substitution A259C260 was purchased from PEP-

MX Core -UNC Chapell Hill. Dimeric E dimer protein from ZIKV was obtained 

after transiently transfecting the SC12 construct261 (kindly provided by Kuhlman 

lab) into Expi 293-F cells (Thermo Fisher) for expression according to the 

manufacturer’s instructions. Cells were grown in suspension for 5 days shaking at 

37 °C, 8% CO2 and after this period, cell culture was harvested, centrifuged and 

the supernatant containing the protein was retained. Supernatant was passed 

through a 0.22 µm filter and submitted for purification in a Ni-NTA resin (Qiagen) 

as previously described261.  Elution fractions were analyzed by SDS-PAGE and 

those containing ZIKV E dimer protein were pooled, concentrated using 10,000 

MWCO Vivaspin centrifugal spin columns (Sartorius) and buffer-exchanged into 

PBS using Zeba spin columns (Thermo Fisher). Aliquots of 1 mg protein were 

frozen and stored at -80 °C until use. 

11.3 Size exclusion chromatography (Superdex S-200) 

ZIKV E-dimer and an IgG1 sample were separately submitted to a size 

exclusion chromatography (Superdex S-200 column, GE Technologies) in which 

the column was previously equilibrated with 2 column volumes (CV) of PBS. 

Elutions were carried out in the same buffer and the eluted protein fractions were 

pooled, and concentrated to 1ml volume by using a Vivaspin 30K MWCO (Merck 

Millipore) which was centrifugated at 5,000 x g, 4º C.  Samples were aliquoted 

and stored at -80 oC until use.  

11.4 Expression and Purification of the Control mAbs - mAb11, C8, and C10  

Previous characterized anti-flavivirus monoclonal antibodies: mAb11262, 
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C839 and C1039 were expressed to be used as experimental controls. These 

antibodies are cross-reactive and recognize epitopes within FL (mAb 11) and 

quaternary structures formed between FL and DIII on E protein (C8 and C10)39, 

262. In summary,  plasmid constructions containing the heavy and light chains of 

the human mAbs were transfected into Expi 293-F cells (Thermo Fisher) for 

expression according to the manufacturer’s instructions. Culture supernantant 

containing the expressed antibodies was collected after 5 days as described in the 

section 11.2. Purification of each mAb was performed in affinity chromatography 

and using a gravity column (Pierce™ Disposable Column - Thermo Fisher 

Scientific) packed with 1.5ml of hydrated Protein G Plus Agarose 50% slurry resin 

(Pierce Thermo Fisher Scientific), and equilibrated with Dulbecco’s PBS. 

Supernatants were previously clarified by centrifugation and filtration on a 0.22 

µm filter and then loaded in to the affinity column. Mabs were eluted after a 

washing step of 20 column volumes (CV) using Dulbecco’s PBS, followed by 5 

CV of 100 mM glycine pH 2.7. The eluted mAbs were immediately neutralized to 

a neutral pH using 1ml of 1M Tris-HCl pH 8.5 and buffer-exchanged into PBS 

using 10,000 MWCO Vivaspin centrifugal spin columns (Sartorius). The final 

volume was adjusted to 1ml and sample concentration was determined in the 

nanodrop at 280nm.  

11.5 SDS-PAGE  

SDS-PAGE electrophoresis was used to analyze the protein purification 

results. Samples (3 µg) were run in a 4-12% gel under non-reducing (0.5 mol/l 

Tris-HCl pH 6.8, 10% glycerol, 10% (w/v) SDS, 0.1% (w/v) bromophenol blue) 

and reducing conditions (0.5 mol/l Tris–HCl, pH 6.8, 10% glycerol, 10% (w/v) 

SDS, 0.1% (w/v) bromophenol blue, 5% (w/v) β-mercaptoethanol). The protein 

marker Precision Plus ProteinTM Dual Color Standards (Bio-Rad Laboratories, 

Inc.) was used to estimate the molecular weight of the protein bands. Runs were 

performed at 150 v for 1h in vertical electrophoresis system (CVS10 OmniPage 

Cleaver Scientific Ltd). Gels were stained using Coomassie blue. 

11.6 Indirect ELISA 

Indirect ELISA assays were run in 96 well Microplates (Corning®, USA) 

coated with 4 µg/ml of DENV2 or ZIKV antigens at 4º C, overnight. In the next 
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day,  plates were washed 3x with PBST (PBS, 0.01% Tween 20) and blocked with 

2% PBS milk solution. After 2 h incubation at room temperature, plates were 

washed again as previously, and either plasma samples collected on days 0, 28, 

and 180 after vaccination or C8 mAb, C10 mAb, and mAb11 were added in serial 

dilutions (1:25, 1:50, and 1:100 for plasma samples and 10, 5, 2.5 and 1.25 µg/ml 

for the antibodies). Plates were incubated at room temperature for 1h and then 

washed as described above. The anti-IgG human horseradish peroxidase (HRP) 

(Sigma, USA) was diluted to 1:5,000 in 2% PBS milk and added to each well. 

Plates were incubated in the same conditions as previously and washed 3x with 

PBST before development with 50 µl per well of 5,5’- Tetramethyl benzidine 

(TMB) (Sigma, USA). Reactions were quenched after 20 minutes by adding 50 

µl/well of 2M sulfuric acid (H2SO4). Plates were read at 490 nm in a microreader 

plate (Thermo Fisher Multiskan Sky). 

      11.7 BCR repertoire sequencing 

VH repertoire sequencing data was obtained as described in the section 6.4 

from chapter 1. Paired VH:VL repertoire sequencing data was obtained at single 

cell level using T14 PBMCs samples and according to McDaniel et al protocol43. 

To summarize, each cell from a total of 2x106 PBMCs was co-emulsified with 

oligo (dT) magnetic beads (New England Biolabs) in 19 ml of lysis buffer (100 

mM Tris pH 7.5, 500 mM LiCl, 10 mM EDTA, 1% lithium dodecyl sulfate, and 5 

mM dithiothreitol) using a custom flow-focusing device (FFD)43. Beads were 

rescued from the emulsion by adding hydrated ether (Sigma-Aldrich, MA) and 

resuspended in a one-step RT-PCR solution containing the following reagents: 

115µl of 10µM APEX common reverse primer mix, 57.5µl of 10µM IgGAMKL 

constant region reverse primer mix, 9.2µl of 12.5µM human VH framework region 

1 (FR1) forward primer mix, 14.9µl of 7.7µM human VL FR1 forward mix (Table 

4), 28.75µl of ultrapure BSA (Thermo Fisher Scientific), 287.5µl of 10x 

concentrated RTX buffer (600 mM Tris-HCl pH8.4, 250 mM (NH4)2SO4, 100 mM 

KCl, and 10 mM MgSO4), 57.5 µl of 0.2 mg/ml exonuclease-deficient version 

(N210D) of reverse transcription xenopolymerase (RTX)263, 115µl of 

SUPERase•In™ RNase Inhibitor (Thermo Fisher Scientific, MA; Cat. AM2694), 

57.5 µl of 10mM dNTP (New England Biolabs, MA; Cat. N0447L), 575 µl of 5 M 

Betaine (Sigma-Aldrich, MA; Cat. B0300-5VL), and 1557.2 µl of H2O.  
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Resuspended beads were added to a dispersion tube (IKA) pre-filled with 9 ml of 

the same emulsion oil previously used, and subjected to re-emulsification in an 

emulsion-dispersing spinner at 600 rpm for 5 min. The emulsion mixture was 

dispensed in a 96-well PCR plate at 100µl/well and submitted to overlap-extension 

(OE) RT-PCR reaction under the following conditions: 30 min at 55 °C followed 

by 2 min at 94 °C; 4 cycles of 94 °C for 30s, 50 °C for 30s, 72 °C for 2 min; 4 

cycles of 94 °C for 30s, 55 °C for 30s, 72 °C for 2 min; 32 cycles of 94 °C for 30s, 

60 °C for 30s, 72 °C for 2 min; 72 °C for 7 min; hold at 4 °C.  

Table 4. Overlap extension (OE) RT-PCR primers for paired VH:VL antibody analysis43. 

Primer Mix Name Primer ID Sequence  

APEX common 
AHX89 CGCAGTAGCGGTAAACGGC 

BRH06 GCGGATAACAATTTCACACAGG 

 

 

IgGAMKL 

constant region 

reverse 

 

 

 

hIgM 
CGCAGTAGCGGTAAACGGCCGACGGGGAATTCTCACAGGAGACG

AGGGGGAAA 

hIgG CGCAGTAGCGGTAAACGGCGGAGSAGGGYGCCAGGGGGAAGAC 

hIgA CGCAGTAGCGGTAAACGGCGCTCAGCGGGAAGACCTTGGGGCTG 

hIgLC 
GCGGATAACAATTTCACACAGGTTGRAGCTCCTCAGAGGAGGGY

GGGAA 

hIgKC 
GCGGATAACAATTTCACACAGGCTGCTCATCAGATGGCGGGAAG

ATGAAGACAGATGGTGCAG 

 

VH framework 

region 1 (FR1)  

forward 

 

HT hVH1 TATTCCCATGGCGCGCCCAGGTCCAGCTKGTRCAGTCTGG 

HT hVH157 TATTCCCATGGCGCGCCCAGGTGCAGCTGGTGSARTCTGG 

HT hVH2 TATTCCCATGGCGCGCCCAGRTCACCTTGAAGGAGTCTG 

HT hVH3 TATTCCCATGGCGCGCCGAGGTGCAGCTGKTGGAGWCY 

HT hVH4 TATTCCCATGGCGCGCCCAGGTGCAGCTGCAGGAGTCSG 

HT hVH4-DP63 TATTCCCATGGCGCGCCCAGGTGCAGCTACAGCAGTGGG 

HT hVH6 TATTCCCATGGCGCGCCCAGGTACAGCTGCAGCAGTCA 

HT hVH3N TATTCCCATGGCGCGCCTCAACACAACGGTTCCCAGTTA 

 

 

 

 

 

 

 

 

 

VL FR1 forward 

HT hVK1 GGCGCGCCATGGGAATAGCCGACATCCRGDTGACCCAGTCTCC 

HT hVK2 GGCGCGCCATGGGAATAGCCGATATTGTGMTGACBCAGWCTCC 

HT hVK3 GGCGCGCCATGGGAATAGCCGAAATTGTRWTGACRCAGTCTCC 

HT hVK5 GGCGCGCCATGGGAATAGCCGAAACGACACTCACGCAGTCTC 

HT hVL1 GGCGCGCCATGGGAATAGCCCAGTCTGTSBTGACGCAGCCGCC 

HT hVL1459 GGCGCGCCATGGGAATAGCCCAGCCTGTGCTGACTCARYC 

HT hVL15910 GGCGCGCCATGGGAATAGCCCAGCCWGKGCTGACTCAGCCMCC 

HT hVL2 GGCGCGCCATGGGAATAGCCCAGTCTGYYCTGAYTCAGCCT 

HT hVL3 GGCGCGCCATGGGAATAGCCTCCTATGWGCTGACWCAGCCAA 

HT hVL-DPL16 GGCGCGCCATGGGAATAGCCTCCTCTGAGCTGASTCAGGASCC 

HT hVL3-38 GGCGCGCCATGGGAATAGCCTCCTATGAGCTGAYRCAGCYACC 

HT hVL6 GGCGCGCCATGGGAATAGCCAATTTTATGCTGACTCAGCCCC 

 HT hVL78 GGCGCGCCATGGGAATAGCCCAGDCTGTGGTGACYCAGGAGCC 

 

Amplicons were extracted from the emulsions by centrifugation at 16,000 x 
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g for 30 sec, followed by removal of the upper mineral oil phase and addition of an 

equal volume of hydrated ether. The mixture was vortexed twice and centrifuged 

again in the same conditions. The ether layer was removed and the ether addition 

step was repeated twice to fully break the emulsions. After removing any residual 

ether by evaporation at room temperature and speed-vac centrifugation during 45 

min, the magnetic beads were pelleted and the aqueous layer containing the DNA 

amplicons was PCR-purified using a PCR purification kit (Zymo Research, CA). 

and further amplified using a nested PCR, and sequenced using 2x300 paired-end 

Illumina MiSeq. The DNA was eluted with 2 x 15µl of H2O and used as template 

for nested PCR reaction. Nested PCR conditions were optimized by testing three 

different reactions prepared as follows: 2µl of OE RT-PCR product, 1 µl of 10 µM 

nested primer mix (Table 5), 0.5 µl of  10mM dNTP,  5 µl of 10x DreamTaq 

buffer, 0.5 µl of DreamTaq™ Hot Start DNA Polymerase (Thermo Fisher 

Scientific, MA), and 41 µl of H2O for each reaction. Reactions were run under the 

following conditions: 94 °C for 2 min; [94 °C for 30 sec, 62 °C for 30 sec, and 72 

°C for 20 sec] x 25, 30, or 35 cycles; 72 °C for 7 min. Results were compared by 

running a 1% agarose gel and PCR cycles that resulted in a clear single band at 

~800bp were choosen as the optimal condition to perform a large nested PCR 

reaction under the same conditions. The nested PCR products were concentrated in 

20µl of H2O and gel extracted. 

Table 5. Nested PCR primers for paired VH:VL antibody analysis. 

Primer ID Sequence 

hIgG Nested 4N NNNN SGATGGGCCCTTGGTGGARGC 

hIgM Nested 4N NNNN GGTTGGGGCGGATGCACTCC 

hIgA Nested 4N NNNN CTTGGGGCTGGTCGGGGATG 

hIgK Nested 4N NNNN AGATGGTGCAGCCACAGTTC 

hIgL Nested 4N NNNN GAGGGYGGGAACAGAGTGAC 

 

Libraries were prepared by attaching Illumina adaptor sequences to the 

PCR amplicons. Briefly, five distinct reactions with different combinations of 

primer sets were prepared: (i) hIgGA and IgKL primers, (ii) hIgGA and 

Linker_VH primers, (iii) IgM and IgKL primers, (iv) IgM  Linker_VH primers, 

and (v) IgKL and Linker_VL primers, as described previously43-44. For each 

reaction, 30ng of nested PCR products were mixed with 25 µl of NEBNext® 

High-Fidelity 2x PCR Master Mix (New England Biolabs, MA), 4 µl of 10 µM 
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primer 1, and 4 µl of 10 µM primer 2, with the final volume adjusted to 50 µl with 

H2O. Each reaction was amplified under following conditions: 98 °C for 30 sec; 

[98 °C for 10 sec, 62 °C for 30 sec, and 72 °C for varying extension time - 33 sec 

for (i), 20 sec for (ii), 33 sec for (iii), 20 sec for (iv), and 20 sec for (v) x varying 

PCR cycles, specifically 8 cycles for (i) and (ii), and 5 cycles for (iii), (iv), and 

(v)]; 72°C for 7 min. The PCR product from each reaction was purified and 

concentrated to 20 µl of H2O. Subsequently, 50ng of the PCR product from each 

reaction was mixed with 25 µl of NEBNext® High-Fidelity 2x PCR Master Mix, 

6µl of the forward primer (5’-ACCGAGATCTACACGACGACTCGTCGGCAGCGTC-3’), 

and 6 µl of reverse primers containing unique Illumina adaptor sequences with a 

final volume adjusted to 50 µl. Then, the PCR reaction was performed as follows: 

98 °C for 30 sec; [98 °C for 10 sec, 62 °C for 30 sec, and 72 °C for varying times 

depending on the reaction (i) 33 sec, (ii) 20 sec, (iii) 33 sec, (iv) 20 sec, and (v) 20 

sec] x 8 cycles; and 72°C for 7 min. The PCR products were concentrated in 20 µl 

of H2O, and the desired DNA fragments were confirmed by gel electrophoresis. 

The reaction (i), (ii), (iii), (iv), and (v) resulted in DNA gel bands at ~1100bp, 

600bp, 1100bp, 600bp, and 550bp, respectively. After gel extraction, each 

amplicon was eluted in 30 µl H2O. Finally, 15 µl of the eluate from each reaction 

was submitted to the GSAF at UT Austin for sequencing on the Illumina MiSeq 

platform, with 2x300bp paired-end reads and a minimum of 106 reads for each 

reaction. 

11.8 Bioinformatic analysis of BCR-seq data 

Raw Illumina MiSeq output sequences from VH sequencing were quality 

filtered and R1-R2 merged using PEAR 0.9.6 software264 with default settings 

except for the following changes: the minimum overlap size, 10 base pair (bp); the 

maximum possible length, 700bp; the minimum possible length, 50 bp; the 

maximum proportions of uncalled bases, 1 bp; the number of threads to use, 4264. 

The R1 and R2 stitched VH reads were aligned against IMGT V, D, and J 

germline genes using MiXCR265. Sequences with ≥ 2 reads were clustered into 

clonal lineages using single linkage hierarchical clustering, with clonality defined 

by 90% CDR-H3 amino acid identity measured by Levenshtein distance across the 

CDRH3 amino acid sequences. 

Paired-end FASTQ files from the natively paired VH:VL sequencing 
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(reaction (i)-(v) described above) were quality-filtered using Trimmomatic266 with 

the following settings: 5bp sliding window; a cutting when the average quality per 

base drops below 20; a removal of reads below 100 bp266. Similarly, filtered data 

was V, D, and J annotated using MiXCR, and the resulting R1 and R2 files were 

stitched together based on the same read ID. Any unproductive reads that contain 

stop codon or truncated reads were removed, and the resulting productive VH:VL 

paired reads with a minimum of 2 reads were subjected for a centroid-based 

UCLUST clustering (USEARCH software 10.0.240) to perform BCR clustering 

based on > 90% identity across CDRH3 nucleotide sequences267.   

11.9 Ig-Seq repertoire sequencing  

11.9.1 IgG purification and digestion into F(ab’)2 

1ml of plasma sample collected on day 180 was diluted with 1ml of 

Dulbecco’s PBS and submitted to affinity chromatography purification using a 

gravity column (Pierce™ Disposable Column - Thermo Fisher Scientific) packed 

with 1.5ml of hydrated Protein G Plus Agarose 50% slurry resin (Pierce Thermo 

Fisher Scientific) as described in the section 11.4. The purified IgG (3mg) was 

digested into F(ab’)2  fragments by adding 60 µg of IdeS. The mixture was 

incubated at 37 oC for 1h.  

11.9.2 Antigen enrichment - pulldown 

  Antigen-specific IgG-derived F(ab’)2 was isolated by affinity 

chromatography and using the recombinant antigen (1 mg of either DENV2 or 

ZIKV E dimer) coupled to dry N-hydroxysuccinimide (NHS)-activated agarose 

resin (Thermo Fisher Scientific) as described by Voss et al268. Briefly, 50 mg of  

NHS-activated agarose was resuspended into 1mg/ml of antigen and incubated at 

room temperature, rotating end-over-end for 1.5h. Following this time, the mixture 

was left rotating ovenight at 4°C. The coupled NHS agarose was loaded into a 0.8 

ml PierceTM Centrifuge Column (Thermo Fisher Scientific) and washed with 2 CV 

of Dulbecco’s PBS. Unreacted NHS groups were blocked with 1M ethanolamine, 

pH 8.2 (Sigma, MO, USA) for 20 min at room temperature. DENV2 or ZIKV E-

dimers coupled NHS was washed with 12 CV of Dulbecco’s PBS by centrifuging 

at 1000 x g for 30 sec to remove any non-conjugated antigen from the resin. 

F(ab’)2 fragments (10 mg/ml in PBS) were added to the antigen-conjugated NHS 
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column and the sample was incubated at room temperature during 1.5 h on an end-

to-end rotator. Following this step, flow-through was collected by centrifugation at 

1000 x g for 30 sec. The column was subsequently washed with 12 CV of 

Dulbecco’s PBS and the F(ab’)2 were eluted with 360 µl of LC-MS grade 1% 

formic acid (Thermo Fisher Scientific) at 1000 x g for 30 sec. For each elution, 30 

µl of eluate was immediately neutralized with 20 µl of 1M Tris-HCl, pH 8.0. The 

elution step was repeated six times. The neutralized samples were tested (25 µl) in 

an ELISA assay coated with 4 µg/ml of DENV2 or ZIKV to confirm the depletion 

of antigen-specific F(ab)2 fragments in the flow-through as well as to confirm the 

elution of antigen-specific F(ab)2 fragments from the affinity column (Figure S.1).   

 

11.9.3 Sample denaturation, reduction, alkylation and trypsin digestion 

Fractions containing the flow-through and the eluted F(ab’)2 fragments 

were concentrated in a speed-vac at 45 oC for approximately 1.5h in aqueous mode 

until 5µl of final volume was left. Eluates were pooled, 5µl of MS grade H2O 

(Fisher Scientific, MA) was added, and 0.2 v/v 1M Tris pH 8.5 / 3 M NaOH were 

used to neutralize the sample. The final volume was adjusted to 50µl after pH 

adjustment to between 7.0 and 7.5. Aliquots containing 10µg of each flow-through 

and eluates were resuspended in 50 µl of MS grade H2O and submitted for 

denaturation with an equal volume (50 µl) of 100% 2,2,2-trifluoroethanol (TFE) 

(Sigma, MO, USA). Samples were then reduced with 1.2 µl of 500mM of TCEP 

solution (Thermo Fisher Scientific) and incubated at 55 oC for 1h in a dry shaker. 

The resulting samples were alkylated with 3 µl of 550 mM iodoacetamide (Sigma, 

MO, USA) at room temperature in the dark during 30 min. Samples were diluted 

to a final volume of 1ml with 40 mM Tris-HCl pH 8.0. The trypsin digestion was 

carried out by adding 2 µg of MS grade Trypsin Gold (Promega) into solution and 

incubating samples overnight at 37 °C. Trypsin was inactivated by adding 10µl of 

100% formic acid. 

11.9.4 Bottom-up LC-MS/MS  

Trypsin digested peptides were concentrated by speed-vac at 45oC for 3h 

until less than 20 µl was left. Samples were resuspended in 50 µl of 0.1% formic 

acid and desalted using Millipore U-C18 ZipTip Pipette Tips following the 

manufacturer’s protocol. The desalted, dried peptides were resuspended in 0.1% 
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formic acid and submitted to the UT Austin Center for Biomedical Research 

Support Biological Mass Spectrometry Facility (RRID: SCR_021728) for protein 

identification by liquid chromatography–tandem mass spectrometry (LC-MS/MS) 

using a Thermo Ultimate 3000 RSLCnano UPLC coupled to a Thermo Scientific 

Orbitrap Fusion Tribrid mass spectrometer. LCMS/MS analysis was conducted as 

follows: (i) samples were loaded onto a C18 analytical column with triplicate 

injections (25cm x 75 µm inner diameter) packed with 3 µm material (Thermo 

Acclaim PepMap 100). Peptide separation was performed by using a gradient from 

5-45% mobile phase B (0.1% formic acid in acetonitrile) over 120 min total run 

(ii) MS data was collected on an Orbitrap Fusion (Thermo Fisher Scientific) 

operated at 3 sec cycle time, 120,000 resolution, scan range 400-1600 m/z, 

maximum injection time of 60 milliseconds, and 60% RF lens value (iii) centroid 

MS/MS data were acquired in the linear ion trap using quadrupole isolation 

followed by HCD (higher-energy collisional dissociation) in topspeed mode with a 

3 sec cycle time and (iv) dynamic exclusion of precursors were set after n=2 

fragmentation events in 30s window. 

11.10 Bioinformatic analysis 

LC-MS/MS resulting spectra were searched against databases consisting of 

the VH and VL sequences. Databases were constructed by concatenating bulk VH 

(T0, T7, and T14 sequencing data from IgG, IgA and IgM repertoires)  and paired 

VH:VL (T14 sequencing data from IgG, IgA and IgM repertoires) sequencing data 

(BCR-seq) with either DENV2 or ZIKV E protein sequence260-261 and common 

protein contaminants list provided by MaxQuant and an Ensembl version of 73 

human protein database. Peptide-spectrum matches for each subject were 

identified by Thermo Proteome Discoverer 1.4 software (Thermo Scientific). 

Parameters were set with maximum missed cleavage sites of 2 and the peptide 

length ranging from 6 aa to 144aa. The average precursor mass and the fragment 

mass were set to False, while the mass tolerance for matching fragment peaks was 

set to 5ppm for precursor mass and 0.5Da for fragment mass. The weight of a, b, c, 

x, y, and z ions were set to 0, 1, 0, 0, 1, and 0, respectively. For dynamic 

modifications, maximum equal or dynamic modifications per peptide were set to 3 

and 4, respectively, and the oxidation (+15.9995Da) was selected as a C-terminal 

dynamic modification. For static modifications, carbamidomethyl (+57.021Da) 
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was selected as a C-terminal static modification. The precursor ions area detector 

node was set for the entire workflow. To set the parameters for the Percolator 

node, the maximum delta Cn value was set to 0.05, and the target false discovery 

rate for high-confidence and medium-confidence peptide hits were set to 0.01 and 

0.05, respectively, with a validation based on q-value.  

Results were filtered for high-confidence peptide-spectrum matches 

(PSMs) associated with the precursor ions for each peptide. Ambiguous peptides 

with an average delta mass deviation exceeding 1.5 ppm were excluded. MS data 

analyses were performed  using custom Python scripts268 and as described by 

Lavinder et al.42. Peptide abundance was quantified as sum of extracted ion 

chromatography peak area, also known as XIC area. Each VH peptide were 

assigned to unique antibody lineages using VH BCR-seq data as described above. 

To measure the abundance of each antibody lineage, we summed the XIC areas of 

CDRH3 peptides that are uniquely associated with a single IgG lineage and that 

have PSMs ≥ 2 across triplicate elution injections. Any CDRH3 peptides found in 

multiple antibody lineages or having only 1 PSM detected across triplicate elution 

injections were excluded from subsequent analysis.  

We compared the XIC areas in the elution and flow-through to determine 

antigen-specific IgG lineages and non-antigen-specific IgG lineages. Peptides were 

considered as corresponding antigen-specific IgG lineages when found to be 

enriched > 2-fold in the elution in comparison to flow-through. We applied the 

formula: 𝐶𝑎𝑑𝑗 = 𝐶𝑑𝑒𝑓𝑎𝑢𝑙𝑡  × 
𝑡𝑜𝑡𝑎𝑙_𝐸𝑙𝑢_𝑋𝐼𝐶 

𝑡𝑜𝑡𝑎𝑙_𝐹𝑇_𝑋𝐼𝐶 
 , 𝐶𝑑𝑒𝑓𝑎𝑢𝑙𝑡 = 2, to define the cut-off for 

antigen-specificity comparison, where 𝑡𝑜𝑡𝑎𝑙_𝐸𝑙𝑢_𝑋𝐼𝐶 represents the total elution 

XIC areas for all CDRH3 peptides, and 𝑡𝑜𝑡𝑎𝑙_𝐹𝑇_𝑋𝐼𝐶 represents the total flow-

through XIC areas for all CDRH3 peptides. Therefore, when 𝑡𝑜𝑡𝑎𝑙_𝐸𝑙𝑢_𝑋𝐼𝐶 for a 

given IgG lineage equals the 𝑡𝑜𝑡𝑎𝑙_𝐹𝑇_𝑋𝐼𝐶, default cut-off is applied and thus any 

IgG lineages with an 𝑡𝑜𝑡𝑎𝑙_𝐸𝑙𝑢_𝑋𝐼𝐶 2-times higher than the 𝑡𝑜𝑡𝑎𝑙_𝐹𝑇_𝑋𝐼𝐶 are 

defined as antigen-specific IgG lineage (𝐶𝑎𝑑𝑗 = 𝐶𝑑𝑒𝑓𝑎𝑢𝑙𝑡 = 2). IgG lineages that 

passed this cut-off were added to the final list of antigen-specific IgG lineages. We 

classified cross-reactive IgG lineages as those that were identified in both DENV2 

and ZIKV eluates. We also defined pre-existing IgG lineages as those that the 

CDRH3 sequence was detectable in the cellular repertoire data (BCR-seq) in day 

0, 7 and 14 after vaccination. The relative abundance (fraction of the serological 
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repertoire %) of each lineage in the DENV2 or ZIKV repertoire was determined by 

dividing the sum of the elution XIC areas for a given antigen-specific IgG lineage 

by the total elution XIC areas for all antigen-specific IgG lineages.  To compare 

the molecular characteristics of the serological repertoires, the representative VH 

SHM for each clonotype was determined as the average of SHM for VH reads 

clustered in each IgG lineage. We used the D80 index to perform the plasma IgG 

repertoire diversity measurements. This index refers to the number of lineages that 

comprise the top 80% of the repertoire by abundance (by total CDR3 XIC 

abundance in the elution)268.  

11.11 Statistical analysis  

 All data was statistically analyzed as described in the section 6.7 from 

chapter 1. 
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12. RESULTS 

12.1 YFV vaccinees’ plasma exhibits reactivity to DENV2 and ZIKV E dimer 

proteins.  

Previously, we had observed an increased reactivity of YFV vaccinees’ 

plasma against DENV and ZIKV at 180 days after vaccination (Figure 11B - 

chapter 1, Figure 19A) and we sought to determine the fraction of the vaccinees’ 

serological repertoire that is reactive to DENV2 and ZIKV or both viruses at six 

months of the YFV vaccination. Using plasma samples collected on day 180, we 

assessed the sorological repertoire of the YFV vaccinees through Ig-seq pipeline42 

that combines LC-MS/MS proteomics of enriched antigen-specific IgG with high-

throughput sequencing of BCR heavy chain (VH) and single B cell VH:VL 

variable region repertoire sequencing (BCR-seq) (Figure 19B).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 19. Characterization of the serologic antibody responses to DENV2 and ZIKV at 

180 days following YFV vaccination. A IgG binding ELISA showing the antibody 

responses against YFV, DENV and ZIKV before (T0) and after (T180) YFV vaccination 

of four healthy donors. B Ig-seq experimental design. Plasma samples obtained on day 

180 from each donor after vaccination against YFV were used to identify the IgG antibody 

lineages in the serological repertoire reactive to DENV2 and/or ZIKV. Polyclonal IgG was 
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submitted to affinity purification chromatography with DENV2 or ZIKV E protein dimers. 

A proteomic analysis of the purified IgG was performed by combining LC-MS/MS and 

NGS VH and VH:VL pairing of peripheral B cell repertoires (BCR-seq).   

We used recombinantly expressed E protein dimers from DENV2 and 

ZIKV to isolate antigen-specific F(ab’)2 fragments from each subject plasma 

repertoire (Figure 19B). DENV2 dimeric E-protein containing the substitution 

A259C260 was purchased from PEP-MX Core - UNC Chapell Hill, while ZIKV E-

dimer proteins261  (~92 kDa) were transiently expressed in mammalian cells and 

purified using His-tag affinity chromatography as described above (see section 

11.2), having yields estimated in 8 mg/ml (Figure 20A).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20. DENV2 and ZIKV E-dimer antigens obtention and reactivity to IgG from YFV 

vaccinees’ plasma. A SDS PAGE 4-12% stained with Coomassie blue showing the 
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expression and purification of the ZIKV E-dimer proteins. Lane 1: molecular weight 

(M.W.), Lane 2: culture supernatant (input), Lane 3:  flow-through (FT), Lane 4-7: wash 

(W1, W2), Lane 8 and 9: ZIKV E-dimer elutions under non-reducing (NR) and reducing 

(R) conditions. As ZIKV E-dimers are formed through non-covalent bonds, it is only 

possible to detect in the gel a single band corresponding to the monomer form (~55 kDa). 

B Indirect ELISA to measure the ZIKV E-dimer recognition by cross-reactive mAbs. C8 

and C10 mAbs that target quaternary epitopes within the dimeric E protein were tested in 

serial dilutions (10, 5, 2.5, and 1.5 µg/ml). We also tested the mAb 11 which recognizes 

conserved structures in the FL of the E protein in three different dilutions (5, 2.5, and 1.25 

µg/ml). Graph represents the absorbance ± SD of the mean for all replicates. C 

Chromatogram showing the retention time of the ZIKV E-dimers (~92 kDa) in 

comparison to an IgG1 (~150 kDa). Size exclusion chromatography was performed in a 

Superdex S-200 column equilibrated with PBS. D Reactivity of the YFV vaccinees 

plasma against DENV2 and ZIKV E-dimer antigens. Indirect ELISA assay was performed 

to detect the polyclonal plasma IgG antibody binding to the recombinant antigens. Tested 

samples were obtained at 0, 28 and 180 days following vaccination of the 4 subjects. 

Graph represents the absorbance at 450nm of each individual in each time time point. 

Next, we used two cross-reactive antibodies, C8 and C10 mAbs, that target 

quaternary epitopes on the E-dimer and the mAb 11 that targets the FL of the E 

protein to confirm the dimeric conformation of the recombinant ZIKV antigens. 

Results from the Indirect ELISA show that mAbs that target quaternary epitopes 

were able to bind to ZIKV E-protein, indicating that its homodimeric conformation 

was successfully obtained (Figure 20B). We further evaluated the presence of any 

monomeric E-protein in the sample by running a size exclusion chromatography. 

Using an IgG1 (~150 kDa) as reference to compare the retention time of the 

samples, we confirmed that the recombinant protein was fully expressed as dimers 

(Figure 20C).    

Next, we tested the YFV vaccinees’ plasma obtained on 0, 28, and 180 

days after vaccination to measure the reactivity of the samples to DENV2 and 

ZIKV E-dimers. In comparison to the previous IgG ELISA outcomes, here we 

observed a distinct binding behaviour of the vaccinees’ plasma IgG to the 

recombinant E-dimers (Figure 20D). Moreover, each individual showed a different 

recognition pattern of these antigens, highlighting the heterogeneity of the 

serological antibody responses in the cohort. In sum, we demonstrated that the 

YFV vaccinees’ plasma contain antibodies that recognize DENV2 and ZIKV E 

dimer proteins. Given the fact that some of the most potent neutralizing antibodies 

target quaternary epitopes that only exist in context of the dimeric E protein, we 

interrogate the nature of these antibodies responses against DENV2 and ZIKV at 



81 

 

180 days after the YFV vaccination. 

12.2 Serological repertoires of the YFV vaccinees are comprised of cross-

reactive antibody lineages between DENV2 and ZIKV at 180 days after the 

vaccination.    

 To figure out the composition of the serological repertoire at 180 days of 

the YFV vaccination, we firstly coupled either DENV2 or ZIKV recombinant E 

dimers into two separated NHS resin columns to affinity purify the reactive IgG 

from each donor plasma sample (Figure 19B). Eluates from each pulldown were 

separately submitted for LC-MS/MS analysis and the resulting MS spectra from 

each donor’s samples were annotated using the respective donor database of bulky 

BCR sequences obtained by NGS of peripheral B cells isolated at 0, 7, and 14 days 

following vaccination (BCR-seq) (Figure 19B). 

We identified between 19 and 30 unique serum IgG lineages reactive to 

DENV2, and between 14 and 32 unique serum IgG lineages reactive to ZIKV in 

the YFV vaccinees serological repertoires (Figure 21A, Table 6). Overall, we did 

not observe significant differences between the diversity index (D80) of anti-ZIKV 

antibody lineages (average D80 of ~15 plasma IgG lineages) and anti-DENV2 

antibody lineages repertoire (average D80 of ~10 plasma IgG lineages) (Figure 

21B). Notably, these repertoires are greatly polarized in terms of relative 

abundance of the IgG lineages, with more than 50% of the top abundant lineages 

accounting for 90% of the total abundance in the entire serological repertoire 

reactive to both antigens (Table 6).  

Table 6. Polarization of the serological repertoires reactive to DENV2 and ZIKV. 

                                                Total n=4 

Donor DENV2 Ig-Seq ZIKV Ig-Seq  

D1 10/19 (52.63%) 7/14 (50%) 

17/26 (65.38%) 

21/32 (65.62%) 

24/31 (77.42%) 

D2 

D3 

D4 

12/19 (63.16%) 

19/30 (63.33%) 

11/21 (52.38%) 

Number of top antibody lineages accounting 90% abundance of the  D80 diversity index / Number 

of the most abundant antibody lineages that comprise 80% (by abundance) of the serological 

repertoire (D80 diversity index). Parentesis indicate the frequency of the antibody lineages 

constituting the 90% most abundant lineages of the D80 diversity index. 
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Figure 21. Analysis of DENV2 and ZIKV reactive antibody repertoires from YFV 

vaccinees’ plasma. A Representative histograms of each donor’s serological repertoire that 

was found to be reactive to DENV2 and/or ZIKV on day 180. Each bar indicates 

individual IgG lineages and its height represents the relative abundance (fraction) in the 

repertoire. Dark color bars represent the overlapping lineages between the two repertoires. 

B Anti-DENV2 and Anti-ZIKV IgG repertoires’ diversity was assessed by Shannon index 

at 180 days following vaccination. C Proportion of IgG antibody lineages in the 

serological repertoire of each donor that are reactive to both DENV2 and ZIKV viruses. D 

Fraction of the repertoires’ diversity that is due to the overlapping DENV2/ZIKV IgG 

lineages (blue) and to lineages that are only reactive to DENV2 or ZIKV (orange). E 

Proportion of DENV2 and/or ZIKV reactive IgG antibody lineages that were detected at 

early time points in the expanded repertoire (0, 7, and 14 days after vaccination).  
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Interestingly, some of these lineages were found in overlap in both DENV2 

and ZIKV repertoires from all donors (Figure 21A), revealing the presence of 

cross-reactive antibody lineages between these two viruses in the repertoire of the 

YFV vaccinees. The abundance of these cross-reactive lineages varies from 18% 

to 32% across donors (Figure 21C) and represents less than 45% of the entire 

repertoire diversity (Figure 21D). We investigated whether these lineages reactive 

to DENV2 and/or ZIKV already existed in the cellular repertoire at earlier time 

points. Surprisingly, we found between 31% and 45% of these lineages existing 

before vaccination and an average of 40% and 25% of these antibody lineages 

were detected on day 7 and 14, respectively (Figure 21E). However, just a few of 

these lineages were found expanded at 7 and/or 14 days after vaccination (Table 

7). Moreover, those expanded lineages presented very low abundance in the 

serological repertoire at 180 after the vaccination. Therefore, we show that the 

serological repertoire of the YFV vaccinees contains low abundant and persisting 

DENV2 and ZIKV cross-reactive antibody lineages that could be result of repeated 

vaccinations and YFV, DENV, and ZIKV co-circulation in the region.    

Table 7. Plasma IgG lineages that contain the same CDRH3 sequence of BCR lineages from the 

cellular repertoire at 0, 7 and 14 days after the vaccination. 

Donor Lineage CDRH3 Sequence Time 

Expansion 

Level in the 

Cellular 

Repertoire 

Fraction of the 

Serological 

Repertoire on day 

180 (%) 

1 25298 ARGPGIFGVAIPED T14 Non Expanded 33.56 

1 18519 ARAPWGSSSAPYYYFDL T0 / T14 Non Expanded 28.77 

1 33052 VREANY T0 Non Expanded 9.05 

1 375151 VRSGAGSTWGFDS T7 / T14 Expanded 4.73 

1 16269 AKAPDGY T14 Non Expanded 3 

1 2055 ARDVPPRGLWFGEIDGAFDV T0 / T7 / T14 Non Expanded 2.71 

1 18215 ARAIFPFGMDV T14 Non Expanded 2.40 

1 12681 ARGSPETPPH T14 Non Expanded 1.93 

1 32123 AYRRRAGGNYRTDF T7 Non Expanded 1.78 

1 14954 SGREAAAGTLPKENDY T0 Non Expanded 1.50 

1 33155 VRHHNHYRWGFDP T14 Non Expanded 1.28 

1 365055 ARGGVGPPPDYDYIWGTYRRGREFDY T7 / T14 Non Expanded 1.26 

1 273037 ARVDCRSTSCYGEWFDT T0 Non Expanded 1.18 

1 17901 ARAAVLAATRQSDY T14 Non Expanded 1.13 

1 28030 ARRDTNY T0 / T7 Non Expanded 1.05 

1 53508 ARRRYSGYDLDY T0 Non Expanded 0.87 

1 232458 ARIRARQAARPTIGIRTQDY T7 Non Expanded 0.72 

1 10852 ARDQLRNYYADY T0 Non Expanded 0.64 
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2 11555 ARDGSDYPLDY T7 Non Expanded 28.39 

2 3044 ARDAYYFHH T14 Non Expanded 20.80 

2 19179 ARDDDSYGPIY T7 Non Expanded 18.36 

2 279807 ARMPGFSYAFFDY T7 Expanded 4.57 

2 8344 AREGDYELDY T0 Non Expanded 2.91 

2 338375 AREGDYELDY T0 Non Expanded 2.60 

2 3071 ARDMGGAVAGMWLY T7 Non Expanded 2.17 

2 20203 ARDNYGSGRGFSDY T0 Non Expanded 1.72 

2 17498 AKGQDFGY T0 Non Expanded 1.64 

2 19875 ARDLESESIAARQGGFDY T0 Non Expanded 1.54 

2 9933 ARDLESESIAARQGGFDY T0 Non Expanded 1.49 

2 24629 ARHRRNSLGDRKDVFDI T14 Non Expanded 0.99 

2 408756 AKVVVPETKTGWFDP T0 / T7 / T14 Expanded 0.77 

2 311733 ARIRDWNYDY T7 / T14 Non Expanded 0.75 

2 408286 ARDYSPGWYRGAFDI T0 / T7 / T14 Expanded 0.66 

2 29134 SKQLGIRGYFDS T14 Non Expanded 0.60 

2 407874 AKGGDGYNPALDI T0 / T7 / T14 Expanded 0.55 

3 5553 ARDRLYYYDSSGPFQRYD T7 Non Expanded 16.39 

3 0 ARVPHIVVASAAIQVRFDP T0 / T7 / T14 Expanded 14.66 

3 19814 VRTVDY T0 / T7 / T14 Non Expanded 9.80 

3 14933 ARGTTGRMYLNWFDP T7 Non Expanded 7.18 

3 19015 ATSRYCDSTSCYGAFDI T0 / T7 / T14 Non Expanded 5.61 

3 253461 SRGQSDVYNQGVLEDY T0 Non Expanded 5.35 

3 280611 ARALHTNSWYTQY T0 / T7 / T14 Non Expanded 3.63 

3 15650 ARLGRSSRDLY T7 Non Expanded 3.35 

3 7527 ASKGGSLYNWFDP T0 Non Expanded 2.99 

3 16436 ARRPQWGPFDP T7 Non Expanded 2.94 

3 13753 ARGGKVGATTRFDY T7 Non Expanded 2.35 

3 7098 ARSTILRGVH T0 / T14 Non Expanded 2.20 

3 8620 AKDRATVDY T0 Non Expanded 2.06 

3 14298 ARGNVDRLGYFQKVNYFDL T7 Non Expanded 1.84 

3 4270 ARVAVAGDWFDP T7 Non Expanded 1.42 

3 14570 ARGRIAARPDDFDY T7 Non Expanded 1.39 

3 14337 ARGPGEGTVDY T7 Non Expanded 1.07 

3 19181 GRAYGNRFFDS T7 Non Expanded 1.05 

3 12038 ARDVGLTGDRHFDL T0 / T7 / T14 Non Expanded 1.02 

3 4119 ARLTRYGDPDY T7 Non Expanded 1.01 

3 7329 ARVQYYYDSGSNYYFDY T0 / T14 Expanded 0.93 

3 184773 ATRRGKAFDY T0 Non Expanded 0.78 

3 1662 ARDYGGRLGY T7 Non Expanded 0.67 

3 19475 TTDFSRSYFGS T0 / T7 / T14 Non Expanded 0.67 

3 14767 ARGSGYSYGYFVY T7 Non Expanded 0.57 

3 16870 ARSSTYQLLNRFDP T7 Non Expanded 0.53 

4 17371 ARGGTAAGIGGEDY T7 Non Expanded 23.88 

4 25180 ASGPLKQWGWRGDY T7 Non Expanded 13.86 

4 503810 ARAPINGHFDY T14 Expanded 7.59 
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4 373063 ARVRRLYYASGSSLKGVFDS T14 Expanded 6.68 

4 15041 AREDSYDYRYLDS T14 Non Expanded 4.77 

4 20042 ARGYYGSGSALSRRWGFDP T7 Non Expanded 4.56 

4 495449 AREGGFSQSFEY T7 Expanded 3.83 

4 498530 ARVIVVRNYDFWSGFKTGNWFDL T7 / T14 Expanded 3.76 

4 331107 ARRLGELSPLEFDI T0 / T7 / T14 Non Expanded 2.64 

4 22062 ARRALSPYYYDSSGYYYRSAPYDY T0 Non Expanded 1.85 

4 16368 ARFRSTNWFDP T0 Non Expanded 1.59 

4 22220 ARRGTQWLVRLDWFDP T0 Non Expanded 1.50 

4 19822 ARGVVWFGSWYFDY T7 Non Expanded 1.26 

4 21429 ARMHLGFDP T7 Non Expanded 1.22 

4 3464 ARGVDRYGSGRNYWFDP T7 Non Expanded 1.14 

4 5777 ARAVTIFDY T0 Non Expanded 1.04 

4 309322 ARLRSPYFHYYMDL T0 Non Expanded 0.87 

4 3786 AAVKELSFLWVDY T7 Non Expanded 0.86 

4 3434 ARGRVRFNLLG T7 Non Expanded 0.63 

4 3596 ARSTDF T14 Non Expanded 0.56 

 Bold highlights the plasma IgG lineage that was found in the cellular repertoire and its CDRH3 

sequence identity matched to a known flavivirus anibody. 

 

12.2 IgG lineages reactive to DENV2 and/or ZIKV are low expanded and little 

hypermutated. 

We next interrogated what is the expansion levels of the IgG lineages 

reactive to DENV2 and/or ZIKV in the repertoires and their affinity maturation 

state at 180 days after the vaccination. The observed diversity index (D80) for both 

DENV2 and ZIKV repertoire’s IgG lineages (Figure 21B) corroborates to a low 

clonal expansion state on day 180, as expected. We next assessed the SHM loads 

of these lineages to gather more information about their affinity maturation state. 

The average of mutations ranged between 4% and 8% across donors (Figure 22A). 

Noteworthy, we observed that at least 20% of the each donor’s repertoire is 

consisted of low mutated IgG (Figure 22B) and most of these antibodies represent 

the top abundant IgG lineages of the serological repertoire (Figure 22C). These 

results may indicate that a substantial portion of the IgG lineages reative to 

DENV2 and/or ZIKV did not come from affinity mature B cells and we wondered 

whether this is actually a mechanism related to the cross-reactivity.  
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Figure 22. Molecular characterization of the IgG responses to DENV2 and/or ZIKV. A 

SHM levels of secreated IgG that is reactive to DENV2 and/or ZIKV from each donor’s 

repertoire at 180 days after vaccination. Black horizontal lines represent means (dotted) 

and standard deviation (solid).  B Proportion of low SHM (< 2%) clones for each donor in 

the different repertoires (DENV2 and ZIKV). C SHM loads of the most abundant IgG 

antibody lineages from serological repertoires that are reactive to DENV2 or ZIKV 

viruses. Each fraction of the pie chart represents an antibody lineage that accounts 90% 

abundance of the  D80 diversity index of the serological repertoire. Colors indicate the 

SHM loads of each represented lineage. D Heat map of SHM rates per IGHV gene 

segment. Bottom arrow indicates the descending order of each gene segment frequency of 

use by the lineages of DENV2 and ZIKV serological repertoire.    
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We assessed the VH gene usage in these antibody lineages to verify the 

preferential involvement of germline segments in low SHM antibodies. First of all, 

it was observed different VH gene segments being used by these lineages (Figure 

22D). Secondly, the less frequent VH gene segments were associated with SHM 

rates lower 5%, which is considered below of the average for healthy individuals’ 

IgG (7.24 ± 0.07%)  (Figure 22D). On the other hand, the most frequent VH gene 

segments were associated with SHM rates above of the average for healthy 

individuals’ IgG (Figure 22D). For example, lineages that have a greater use of 

IGHV4-59 and IGHV4-34 contain SHM loads higher than 15%, indicating 

possible involvement of these gene segments on the hypermutated antibodies. In 

sum, we showed that plasma IgG lineages reactive to DENV2 and/or ZIKV are 

low expanded and little hypermutated at 180 days after the vaccination. 

 

12.3 Comparisons of the antibody repertoires at transcriptomic and 

proteomic level. 

The goal of this section was to learn whether the lineages identified at the 

transcriptome level, encode antibodies (proteomic level) that recognize the 

DENV2 and ZIKV antigens. To address that, we compared differences and 

similarities between the anti-DENV2 and/or anti-ZIKV IgG lineages identified in 

the serological repertoire at 180 days following immunization and the lineages 

which were found in the cellular repertoire (expanded and non expanded) at early 

stages after vaccination (T0, T7, and T14) that supposely have reactivity against 

DENV and/or ZIKV antigens. We found 2 DENV2 plasma IgG lineages with the 

same CDRH3 sequence (AREGDYELDY) of a non expanded BCR antibody 

lineage (AREGDYELDY) that was detected as DENV cross-reactive lineage in the 

repertoire before the vaccination. While this result reveals the existence of the 

DENV2-specific antibody lineages in the repertoire of the vaccinees, it also shows 

that these antibodies are very low abundant in the repertoire, representing less than 

3% of the serological repertoire abundance (Table 7 data in bold). 

Next, we analyzed the SHM loads of the cellular and serological repertoire 

and we observed that lineages from cellular repertoire have significantly higher 

SHM loads in comparison to IgG lineages reactive to DENV2 from the serological 

repertoires, while no significative differences were observed between lineages 
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from cellular repertoire and anti-ZIKV Plasma IgG antibody lineages (Figure 

23A). We also compared the frequency of VH gene usage across the distinct 

repertoires and we verified a greater diversity of gene segments being used by the 

cellular repertoire in comparison to the serological repertoires (Figure 23B). 

Figure 23. Comparative analysis of cellular (transcriptome) and serological (proteome) 

repertoires that are reactive to DENV2 and/or ZIKV. A Differential SHM levels between 

cellular (comprised of lineages that matched with known DENV and/or ZIKV antibody 

sequences – cross-reactive lineages) and sorological repertoires against DENV2 and/or 



89 

 

ZIKV. Data is represented as median of the SHM lineages across the donors in each 

repertoire. P values were calculated by anova test; *, P < 0.05; ***, P < 0.001.  B Heat 

map of IGHV gene segment use in each repertoire. Only common IGHV genes to all 

repertoires were considered and sorted in ascending order. The median between the four 

YFV vaccinees was used to show the frequency of use of each segment. C CDRH3 length 

distribution across the different repertoires. D Amino acid composition and physico-

chemical properties of the CDRH3 of each repertoire.  

Particularly, all repertoires use the IGHV3-30 germline gene. On the other 

hand, IGHV4-4, IGHV4-59 and IGHV4-61 are exclusively used by serological 

IgG lineages (Figure 23B).  Yet, the majority of the DENV2 and ZIKV plasma 

IgG lineages have longer CDRH3 in comparison to BCR lineages (Figure 23C). 

Regarding the physico-chemical properties of the CDRH3, plasma IgG lineages 

are enriched with hydrophobic amino acids, such as alanine, glycin and tryptofan, 

while BCR lineages present more hydrophilic profile in the CDRH3 (Figure 23D). 

In conclusion, we have observed distinct molecular characteristics between 

serological and cellular repertoire lineages that may affect the recognition of the 

antigens, and therefore, the cross-reactions.  
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13. DISCUSSION 
 

Understanding the human antibody responses upon vaccination and/or 

infections is essential to improve the strategies of management during epidemies. 

Investigations based on B cell transcriptomes have filled important gaps in the 

knowledge about the immune responses against flaviviruses48, 269-271. However, 

this techique has critical limitations related to the estimation of the protein content 

in the repertoires.  In the present study, an integration of the recently developed 

technologies for high-throughput paired heavy and light chain (VH:VL) 

sequencing, BCR heavy chain (VH) sequencing and LC–MS/MS proteomic mass 

spectrometry of antigen-specific antibodies (Ig-seq) were used for identification 

and quantification of antibody lineages that are reactive to DENV2 and ZIKV in 

the plasma of YFV vaccinees at 180 days of the vaccination. We also compared 

the changes between the cellular (comprised of lineages that matched with known 

DENV and/or ZIKV antibody sequences – cross-reactive lineages) and serological 

repertoires that are reactive to these viruses. Our data revealed that YFV 

vaccinees’ plasma are enriched with IgG lineages that are reactive to DENV2 

and/or ZIKV at 6 months following the YFV vaccination. Furthermore, we 

demonstrated that a substantial portion of these representative lineages of the 

serum response against DENV2 and ZIKV (on average ~35%) pre-existed in the 

repertoires (T0) and we also observed that the average of this pre-existing lineages 

that are reactive to both viruses increased at one week after the vaccination (on 

average ~40%) (Figure 21E). This finding reiforces the existence and persistence 

of antibody precursor sequences targeting DENV2 and ZIKV in the YFV 

vaccinees’ antibody repertoires.  

Circulating IgG has unique characteristcs that only can be analyzed at the 

proteome level. The Ig-seq method enables the isolation of lineages that target the 

antigen of interest and this fact accounts for the estimation of the real diversity of 

the functional repertoires. In this regard, we observed that DENV2 and ZIKV 

plasma IgG repertoires do not significantly differ in terms of diversity (shannon 

D80). Interestingly, we verified a considerable proportion of low SHM antibody 

lineages comprising these serological repertoires. SHM is a well described 

mechanism which occurs in the GC and produces affinity matured antibodies after 

the introduction of point mutations in the variable region that encodes the antigen-
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binding site. Usually, the average of SHM in healthy individuals is 2.83 ± 0.23% 

for IgM, 7.24 ± 0.07% for IgG and 8.37 ± 0.23% for IgA50. Here, we observed that 

the average of the SHM loads of the plasma IgG from YFV vaccinees repertoires 

ranged between 4 and 8% and this finding is in line with a past work that 

characterized a panel of anti-ZIKV mAbs as having limited SHM (ranging from 

3.72% to 7.46%)153. Likewise, an early investigation observed a large proportion 

of low somatic hypermutated B cells during acute dengue virus infection and this 

was associated with more severe disease209. In this work, we believe that YFV, 

DENV and ZIKV co-circulation in the endemic region is responsible for the 

continuous activation of the immune system and, therefore, the recruitment of both 

pre-existing and naïve B cells (non-affinity matured). 

During the year of 2021 in Brazil, when samples were collected for this 

study, there were reports of co-circulation of YFV (11 cases), ZIKV (19,090 cases) 

and the four DENV serotypes (2,739 cases of DENV1, 1,559 cases of DENV2, 3 

cases of  DENV3, 10 cases of DENV4, 527,025 cases of unknown serotype) in the 

country272.  In the same period, in the state of Minas Gerais, infections caused by 

YFV were not reported, while 401 cases of ZIKV infections and 22,230 dengue 

infections were registered, being most of the cased caused by DENV1 (20 cases) 

and DENV2 (6 cases)272. The lack of YFV cases in Minas Gerais may be result of 

great vaccination coverage, which achieved 74.59% in 2021 and was considered 

one of the highest of the country in that year272. Taken together, this 

epidemiological data highlights the influence of DENV and ZIKV co-circulation 

on the antibody responses against the flaviviruses, including in the YFV vaccine, 

and supports the preliminar idea that constant enviromental stimuli may be 

affecting the persistence and magnitude of the YFV vaccine outcomes. One 

example is the distinct behaviour of the YFV antibody titers observed at 180 days 

after vaccination. Although all donors presented decreasing anti-YFV antibody 

levels after the day 28, two of them kept the IgG titers above of the pre-

vaccination levels on day 180 (Figure 11B - chapter 1, Figure 18A). From these 

two, only the donor who had not presented pre-immunity to any flavivirus was 

able to keep the nAb titers increased at this time point (Figure 11E - chapter 1). 

This outcome reiforces the effect of the pre-immunity on the YFV vaccine 

antibody responses. At the same time, it emphasizes the complexity of the 

antibody responses across subjects, in which seems to rely on the individual 
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exposure’s history. 

Previously, we had used BCR-seq to identify cross-reative lineages based 

on the CDRH3 amino acid sequence identity with a database of known DENV and 

ZIKV antibodies (Figure 17A – chapter 1). Here, we performed a comparative 

analysis between these lineages from the cellular repertoire and the DENV2 and/or 

ZIKV plasma IgG lineages from the serological repertoires to figure out their 

molecular characteristics. We showed that certain VH genes appear to be 

differentially used between cellular and serological repertoire lineages. Most of the 

VH genes that we identified in use by the repertoire lineages agrees with previous 

reports about ZIKV antibodies characteristics153, including the IGHV3-30, 

IGHV5-51, IGHV4-30-4 and others found here in either serological or cellular 

repertoires. We also identified differences involving lineages from both 

repertoires, such as the length of the CDRH3 and its physico-chemical properties. 

Among these properties, it is worth of attention the hydrofobicity of the CDRH3 

from plasma IgG lineages, that according to an investigation about the molecular 

basis of the antibody cross-reactivity, combination of critical hydrophobic amino 

acids enable the formation of π-π stacking interactions that facilitate this sort of 

cross-reaction with the epitopes255. Thus, these characteristics may be correlated to 

the serum antibody responses observed in terms of binding and neutralization 

profile.  

Finally, results gathered in this study must be considered in light of some 

limitations, tough. It cannot be excluded that some of the observations may be at 

least partly due to the methods, since it is well known that a fraction of the 

serological responses is constituted by antibodies from a memory pool of cells that 

are not available in the peripheral blood, but in the bone marrow273 and, therefore, 

it would not be accessible through BCR-seq analysis.  Furthermore, the time gap 

between the BCR-seq (0, 7, and 14 days) and Ig-seq analysis (180 days) may have 

affected the abundance of transcripts or antibodies. Yet, the dynamic changes that 

happened during this timing interval may have been decisive for the generation of 

the antibodies.  

On the other hand, the insights gained with this work could not be provided 

from classical serology approaches or only using BCR-seq analysis. The former 

would not be able to detail the individual antibody’s characteristics at the 

molecular level, and the latter cannot inform the antigen-specific antibody lineages 
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directly involved in the serological response. Therefore, we were able to provide 

valuable information about the abundance of cross-reactive anti-DENV2 and/or 

anti-ZIKV-IgG in the plasma of YFV vaccinees spite of this study has analyzed 

the antibody repertoire of a small cohort. Such understanding unveils the influence 

of the co-circulation of related flavivirus on the antibody responses and their 

impact on vaccine outcomes. However, further analysis will be critical to 

understand the functional activity of these antibodies through their recombinant 

expression and investigation of their binding and neutralization activity in vitro 

and in vivo. 
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14. CONCLUSION 
 

In this work, using transcriptome and proteome of antibody repertoires, we 

validated the main hypothesis that populations living in endemic regions with co-

circulation of related flaviviruses, such as DENV, ZIKV, and YFV, and after YF 

vaccination, tend to present cross-reactive antibodies in their repertoire that can 

affect the YFV vaccine outcomes. Nonetheless, it is necessary to examine the 

functional properties and individual contribution of these antibodies to better 

understand their protective/enhancing responses in sequential exposures.  
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SUPPLEMENTAL INFORMATION  

 

                EPIDEMIOLOGIC INQUIRY 

 

IDENTIFICATION 

Donor’s Number:_________ (to be completed by the research team). 

Age:_____________ Gender: (   )Male  (   )Female  (   )Ignored 

 

CLINICAL HISTORY 

1) Have you ever been vaccinated against YFV?  

(   )Yes  (   )No  (   )Unknown 

If so, when did you get your last YFV vaccine shot? 

___/___/___   (    )Unknown 

2) Have you ever traveled to or lived in a country that has experienced a Flavivirus 

epidemic, such as countries in Africa, South America or Asia?  

(   )Yes  (   )No  (   )Unknown 

3) Have you ever been diagnosed with Dengue Fever, Zika or Yellow Fever? 

(    )No   (    )Dengue  (    )Yellow Fever   (    )Zika   (   )Unknown   

If so, please specify when you were diagnosed: 

___/___/___ (     )Unknown 

4) If you have been exposed to Dengue, please inform the serotype: 

(    )DENV1   (    )DENV2   (    )DENV3   (    )DENV4   (    )Unknown 

5) When did you get your last COVID-19 vaccine shot? 

___/___/___  (    ) I have not been vaccinated. 

 

 Date:___/___/___ 

 Signature:___/___/___ 
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Figure S.1. DENV2 and ZIKV E-dimer ELISA performed after the IgG pull down. Pre 

represents the sample before affinity purification using DENV2 or ZIKV E-Dimer antigen 

coupled into NHS resin. FT1- flowthrough, W11- wash, E1-E6 - Elutions. 

 


