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IV: Abstract 
The highly successful 17D vaccine has been the keystone of yellow fever virus (YFV) control 

since its development in the 1930s. Consequently, the 17D vaccine is considered a gold standard 

live-attenuated vaccine and has been touted as providing “lifelong” immunity. Within the field, 

neutralizing antibodies (NAbs) against the 17D vaccine strain are widely accepted as the primary 

correlate of protection. Despite its demonstrable success, many studies dispute the longevity 17D-

elicited NAbs, as one-in-five vaccinees become seronegative by 10 years post-vaccination. 

Nevertheless, the United States Advisory Committee on Immunization Practices (ACIP) rescinded 

the booter dose recommendation in 2015, and do not currently recommend a booster dose for most 

travelers, which deviates from historical practices. Today the need for a booster dose remains 

controversial. While the need for booster dose receives a lot of attention, other knowledge gaps of 

lesser prominence are equally important. 

 

First, the occurrence of breakthrough infection is understudied. Breakthrough infection has been 

reviewed once before, but the “lack of evidence” contributed to ACIP’s decision to rescind the 

booster recommendation. However, there are significant limitations within this body of work, and 

despite the value of breakthrough infection as a measure of vaccine efficacy, breakthrough cases 

are incompletely understood, in part because of dismissal of the possibility of such cases. Second, 

very few studies have quantified the ability of 17D-elicited NAbs to neutralize wild-type YFV 

viruses with clinical relevance, representing a significant knowledge regarding the efficacy of the 

17D vaccine against currently circulating wild-type strains, and an unknown risk of breakthrough 

infection resulting from vaccine failure. 

 

Chapter 1 introduces these topics and provides detailed background and context for the research 

described here that address these critical unanswered questions in the field. Chapter 2 addresses 

the first knowledge gap regarding vaccine breakthrough and provides a comprehensive review of 

breakthrough infection since the last major review which was conducted ACIP in 2015. This 

analysis spans eight decades and highlights the diversity of cases and reporting, including cases 

from the recent outbreak in Brazil between 2016 and 2019. Importantly, we identify both the 
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limitations in the quality of data, and factors contributing to underreporting that limit our 

understanding of breakthrough infection. 

 

Chapter 3 updates the methods used to quantify infectious wild-type YFV in vitro. Using a panel 

of wild-type fever strains belonging to each of the seven YFV genotypes, isolated between 1927 

and 2018. Historically, these isolates have been quantified using the traditional plaque assay, the 

long-standing gold standard for YFV quantification. The plaque assay is both time- and resource- 

intensive, and we set out to optimize a more efficient method. In this chapter we summarize the 

process of optimizing the higher-throughput immunofocus assay to quantify our panel of wild-

type YFV strains. In addition to facilitating the subsequent research described here, this higher-

throughput, cheaper, and more accessible method advances the field.  

 

Chapter 4 addresses the second knowledge gap of the potency of 17D-elicited serum NAbs against 

wild-type YFV and represents the major findings of this project. We selected a subset of previously 

recruited 17D vaccinees up to 11-years post-vaccination, where ≥10 years is the historical interval 

at which a booster dose was historically recommended. Using this cohort, we performed focus 

reduction neutralization tests (FRNT) to determine 50% neutralization test (NT50) titers against 

our panel of 12 wild-type YFVs. Strikingly, NT50 titers against viruses belonging to the South 

America-I (SA-I) genotype were particularly low, and below the limit of detection of 1:10 for 

several participants, but not all. In order to better understand these differences, we stratified out 

participants based on evidence of heterologous infection with orthoflaviviruses dengue- and Zika 

virus. In doing so, we observed a significantly reduced proportion of seropositive vaccinees against 

SA-I strains that was specific to individuals without heterologous infection. Meanwhile, the 

proportion of seropositive vaccinees amongst vaccinees with heterologous infection was not 

significantly reduced, suggesting a boosting effect. Finally, we constructed the first antigenic map 

of 17D immune sera against wild-type yellow fever viruses, establishing the antigenic landscape 

of an important human pathogen. These data reshape our understanding of 17D-elicited NAbs, and 

have implications for future vaccination strategies. 
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Chapter 1: Introduction 

Section 1.1: Preface  
Viral diseases such as yellow fever (YF) cause untold global suffering. With no current antiviral 

therapies, control of YF virus (YFV) relies upon prevention of disease primarily by vaccination 

with the live attenuated vaccine, 17D. While the 17D vaccine has been in use, practically 

unchanged, for almost 90 years, ongoing outbreaks and reemergence in Africa and South America 

in recent years highlight the critical need to increase our understanding of this important vaccine. 

This work strives to facilitate the improvement of vaccination strategies including vaccination 

regimens and vaccine design that are crucial in reducing the global burden of disease.   

 

Section 1.2: Yellow fever disease  
1.3.1 A brief historical introduction 
 

Yellow fever (YF) has plagued human populations for centuries. YF was previously known as 

“yellow Jack”, a term used as early as the 17th century by British and French sailors1, 2 and “bronze 

John” by the people of New Orleans during the 19th Century3 in reference to yellow appearance of 

the skin suffered by some infected individuals.4 Though not strictly characteristic of YF, black 

vomit was encountered frequently enough that Spanish and Portuguese speakers referred to YF 

colloquially as “vomito negro” and was a symptom captured by a 19th century illustration of the 

disease by Mexican artist Gaudalupe Posada.5 

 

During the 1793 YF outbreak in Philadelphia, the physician Benjamin Rush controversially treated 

YF patients with aggressive methods. These included bleeding, known as venesection, and purging 

using purgatives such as calomel containing mercury, which were thought to ease symptoms by 

redirecting the fever away from the vital organs. While these treatments were controversial relative 

to the cold baths used to reduce fever and milder purging techniques utilized by other physicians, 
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they were adopted by a small number of medical professionals,6 and likely caused much more 

harm than good.  

 

Since these early accounts, our understanding of YF disease and approaches to have fortunately 

evolved and advanced.   

 

 

1.3.2 Current day understandings 

1.3.2a Clinical presentation 

 

Fifty-five percent of YFV infected individuals are asymptomatic, 33% experience mild symptoms, 

and an unfortunate 12% will progress to severe disease, of which there is a 30-60% mortality rate.7 

Symptoms begin three to six days following the bite of an infected mosquito and typically last 

between three and four days. After this initial period, most recover fully, however, some will 

experience a 24-hour period of remission before entering the “intoxication phase” where they will 

begin to exhibit life-threatening severe symptoms.8 Severe symptoms include jaundice caused by 

significant viral replication within the liver, resulting in impaired liver function and failure.9 

Pathological alterations to the kidneys can ultimately result in renal failure. Involvement of the 

gastrointestinal tract can cause mixing of gastric acid with blood which is the underlying cause of 

black vomit.9 Involvement of the central nervous system include cerebral edema, hemorrhage, and 

encephalopathy.9 Notably, hemorrhagic symptoms occur with a much higher incidence amongst 

fatal cases compared to non-fatal.10 The spectrum of mild and severe symptoms of YF are 

summarized in Table 1.1.  

 

Mild 

symptoms 

Sudden onset of fever 

Chills 

Headache 

Backache 
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Myalgia (general muscle pain) 

Prostration (fatigue)  

Nausea 

Vomiting 

Severe 

symptoms 

Jaundice 

Hemorrhaging 

Organ failure 

Clinical signs 

Faget sign – an unusual pairing of bradycardia (slow pulse) with a 

fever.  

Leukopenia, which peaks around five days following symptom onset 

followed by leukocytosis during the second week of illness.  

Thrombocytopenia – low platelet count.  

Elevated liver enzymes – bilirubin, serum aspartate, 

aminotransferase, alanine aminotransferase.  

Elevate blood urea nitrogen (BUN) and creatinine.  

Albuminuria – presence of albumin in the urine, observed by 4 days 

following symptom onset.  

Anuria – reduced urine output.  

Table1.1 

[Tab1.1] 
Table 1.1Yellow fever symptoms and clinical features.    

Mild symptoms, severe symptoms, and clinical features of YF summarized from the Control of Communicable 

Diseases Manual 202411, 12 
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While recovery from acute disease typically occurs within 1 weeks of symptom onset,13 some 

individuals suffer fatigue and weakness for many months.8 More recently, reports from Brazil have 

documented late-relapsing hepatitis in around 16% of YF patients, which presents as reoccurrence 

of jaundice and elevated liver transaminases and bilirubin 46-90 days following symptom onset 

and following complete recovery from acute disease.14-19 At this point in time, it is unclear if these 

reports of late-relapsing hepatitis represent a new sequala of YF, or new detection of an already 

existing sequala made possible by the sheer magnitude of the Brazilian outbreak that was 

accompanied by an abundance of high quality reporting.  

 

1.3.2b Case definitions 

 

The Centers for Disease Control and Prevention (CDC) provides a set of “uniform criteria” to 

define diseases including YF (Table 1.2). These terms provide a standardized way to count cases 

of YF across different reporting regions with consistency for the purpose of conducting disease 

surveillance and making informed public health decisions, such as initiating vaccination 

campaigns and mosquito control efforts. While these definitions offer a standardized method for 

counting cases, multiple factors may introduce biases, such as the type of case definition used, and 

the accessibility to resources, including healthcare and trained physicians, and the laboratory 

reagents required to conduct diagnostic testing. Importantly, bias introduced by any means may 

impede surveillance efforts, representing a huge challenge for disease control. The limitations of 

specific case definitions introduced in this section are discussed in detail in Chapter 2.5.2.  

 

Table1.2 

Term Definition 

Probable case “A case that meets the above clinical and epidemiologic linkage criteria, and 

meets the following: 

- Yellow fever virus-specific IgM antibodies in CSF or serum, AND 

negative IgM results for other arboviruses endemic to the region where 

exposure occurred, AND no history of yellow fever vaccination.”  
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Confirmed case “A case that meets the above clinical criteria and meets one or more of the 

following: 

 

- Isolation of yellow fever virus from, or demonstration of yellow fever 

viral antigen or nucleic acid in, tissue, blood, CSF, or other body fluid, 

AND no history of yellow fever vaccination within 30 days before 

onset of illness unless there is molecular evidence of infection with 

wild-type yellow fever virus. 

- Four-fold or greater rise or fall in yellow fever virus-specific 

neutralizing antibody titers in paired sera, AND no history of yellow 

fever vaccination within 30 days before onset of illness. 

- Yellow fever virus-specific IgM antibodies in CSF or serum with 

confirmatory virus-specific neutralizing antibodies in the same or a 

later specimen, AND no history of yellow fever vaccination.” 

Clinical criteria - “Acute illness with at least one of the following: fever, jaundice, or 

elevated total bilirubin ≥ 3 mg/dl, AND absence of a more likely 

clinical explanation.”  

Confirmatory 

laboratory evidence  

- “Isolation of yellow fever virus from, or demonstration of yellow fever 

viral antigen or nucleic acid in, tissue, blood, CSF, or other body fluid. 

- Four-fold or greater rise or fall in yellow fever virus-specific 

neutralizing antibody titers in paired sera. 

- Yellow fever virus-specific IgM antibodies in CSF or serum with 

confirmatory virus-specific neutralizing antibodies in the same or a 

later specimen.” 

Presumptive laboratory 

evidence 

- “Yellow fever virus-specific IgM antibodies in CSF or serum, and 

negative IgM results for other arboviruses endemic to the region where 

exposure occurred.” 

Epidemiological link - “Epidemiologically linked to a confirmed yellow fever case, or visited 

or resided in an area with a risk of yellow fever in the 2 weeks before 

onset of illness.” 

 

[Tab1.2] 
Table 1.2 CDC surveillance case definitions.  
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Surveillance cases definition are used for public health surveillance of disease, and are not intended for use by 

healthcare providers as guidance for diagnosis.20 

 

1.3.2c Diagnosis 

 
YF may be diagnosed using virological techniques, including real-time reverse transcription 

polymerase chain reaction (qRT-PCR), RT-PCR, viral isolation, and immunohistochemistry 

(IHC), and serological techniques, including enzyme-linked immunosorbent assay (ELISA) and 

plaque reduction neutralization assay (PRNT). Details of these assays are provided in a technical 

report co-published by the Pan American Health Organization (PAHO) and the World Health 

Organization (WHO)21 and summarized in Table 1.3.  

 

An important consideration for appropriate diagnostic selection is interval since symptom onset. 

RT-PCR may be used 0-10 days post symptom onset, and serological diagnostic testing may be 

used 6-15 days post symptom onset. Each method has advantages and disadvantages. Both are 

susceptible to false positives if an individual has recently received the 17D vaccine; as such, a 

history of vaccination must be taken. Additionally, cross-reactivity between orthoflaviviruses 

means that a positive IgM-ELISA may be interpreted as “recent orthoflavivirus infection” and a 

PRNT may be considered to confirm YF diagnosis.21 The implications of using specific diagnostic 

methods to confirm cases and report incidence are discussed in Chapter 2.5.4.  

 

Table1.3 

 

Assay 

 

Sample type(s) 

 

Description 

 

Considerations 

 

Virological methods 

qRT-PCR Serum Detects viral RNA present in 

the circulating blood. 

Limited to the acute viremic phase 

of infection, 0-10 days post 

symptom onset.  
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Cannot distinguish between wild-

type YFV infection and vaccine 

induced viremia.  

Positive RT-PCR confirms 

diagnosis.  

Viral 

isolation 

Serum or 

tissue 

Isolation of virus may be 

done by infecting cells in 

vitro, or animals typically 

using serum samples, or 

sometimes tissue samples 

taken post-mortem.  

This method is useful when further 

characterization of the virus is 

desired but is resource intensive 

and rarely used as a diagnostic. 

IHC Tissue Sections of post-mortem 

live sections are stained for 

the presence of viral 

antigens. 

“Gold-standard” for diagnosis of 

fatal YF cases. 

Positive IHC confirms diagnosis.  

 

Serological methods 

IgM-

ELISA 

Serum Detection of YFV-specific 

IgM using purified YFV 

antigens.  

Predominantly in-house assays, as 

no standardized commercial 

ELISA kit exists.  

Susceptible to cross-reactivity to 

other flaviviruses, especially with 

DENV and ZIKV.   

Positive result indicates 

presumptive YF only. 

Confirmation requires evidence of 

seroconversion using paired 

samples (acute and convalescent 

≥1 week interval).  
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IgG-

ELISA 

Serum Detection of YFV-specific 

IgG using purified YFV 

antigens. 

May be performed on 

convalescent samples, typically 

used during a serosurvey to 

demonstrate immunity to YFV as 

a proxy for prior infection.  

Does not discriminate against 

vaccine-acquire immunity. 

Susceptible to cross-reactivity to 

other flaviviruses, especially with 

DENV and ZIKV.   

PRNT Serum Detection of YFV-specific 

neutralizing antibodies 

(NAbs).   

Higher sensitivity than ELISA, but 

still susceptible to cross-reactivity 

and must be performed using a 

panel of flaviviruses. 

Does not discriminate against 

vaccine-acquire NAbs. 

Positive result indicates 

presumptive YF only. 

Confirmation requires evidence of 

seroconversion using paired 

samples (acute and convalescent 

≥1 week interval). 

 

[Tab1.3] 
Table 1.3 PAHO and WHO diagnostic testing.  

Summary of virological and serological diagnostic testing guidelines provided by PAHO and the WHO.21  

RT-PCR: reverse transcription polymerase chain reaction, IgM: immunoglobulin M, ELISA: enzyme-linked 

immunosorbent assay, PRNT: plaque reduction neutralization test, IHC: immunohistochemistry; DENV: dengue 

virus; ZIKV: Zika virus; PRNT: plaque reduction neutralization test.  
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Following diagnosis, International Classification of Disease (ICD) codes may be assigned.  The 

ICD-10 code for YF is A95.9,22 and the ICD-11 code is 1D4711. While these codes are 

predominantly used within the United States for insurance and reimbursement, they may also be 

used to query regional or national databases for the purpose of surveillance. In the United States, 

YF is a regionally reportable and nationally notifiable disease.8 

 

1.3.2d Treatment 

 

According to the CDC23 current treatment of YF relies on management of symptoms and 

supportive care, including rest, hydration, maintenance of nutrition, and the use of analgesics and 

antipyretics to manage pain and fever. Importantly, because of the risk of hemorrhaging, non-

steroidal anti-inflammatory drugs (NSAIDs) may increase the risk of bleeding and should be 

avoided. Care of patients with severe YF is describe by Simon et al., 2024.9 Cases of severe YF 

should be admitted to the intensive care unit (ICU) and monitored closely for disseminated 

intravascular coagulation, hemorrhage, kidney, and liver dysfunction. Treatment plans include 

transfusion of plasma to manage coagulopathy, and dialysis to manage renal failure. 

 

Section 1.3: Epidemiology 
 

Reservoirs of YFV are maintained within paleotropical- and neotropical- non-human primate 

(NHP) hosts in Africa and South America, respectively. The distribution of YFV and the risk of 

outbreaks are therefore dictated by the geographical range, proximity, and interactions of NHPs, 

humans, and mosquito vectors. The transmission of YFV between hosts and vectors is discussed 

in more detail in Section 1.5: Transmission of YF virus in diverse hosts. According to the WHO, 

as of 2023 YF is endemic in 47 countries, with 34 located in Africa and 13 in Central and South 

America.24 

 

1.3.1 Africa 
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In 2013, 130,000 (95% CI 51,000–380,000) cases of YF were estimated to occur resulting in 

78,000 (95% CI 19,000–180,000) deaths.25 While the confidence intervals around these figures 

suggest a high level of uncertainty, these data align with previous estimates of 200,000 global 

cases and 30,000 deaths annually, of which 90% of cases are believed to occur in Africa.26 Cases 

of YF are severely underreported in Africa,27 due to clinical misdiagnosis of diseases which present 

with similar symptoms, such as dengue, malaria, and typhoid,28 undiagnosed cases due to 

inaccessibility to diagnostic reagents and resources,29, 30 and challenges with maintaining high 

quality data collection and routine surveillance.31  

 

Historically, children have been most affected by YF, with fewer cases reported amongst adults 

who would acquire immunity following natural infection or vaccination.32 Since 2013, the 17D 

vaccine was incorporated into the Expanded Immunization Program which aimed to routinely 

vaccinate children against YF between nine and 12 months of age.33 Also in 2013, vaccination 

campaigns were estimated to reduce cases by 27%,25 however, in 2021, only 47% of infants in 

Africa were estimated to have been vaccinated.34 Additionally, up to 50% of infants who receive 

vaccination before the age of two years are reported to be seronegative 5-10 years post-vaccination 

(ypv).35 Despite gallant and improved vaccination efforts, these figures suggest that over half of 

infants in Africa are living with significant risk of contracting YF disease.  

 

In the past decade notable outbreaks have occurred in Angola36 and neighboring Democratic 

Republic of the Congo (DRC). Manuel et al., 202437 retrospectively reported 4,618 suspected- and 

884 confirmed cases of YF during the 2016 outbreak in Angola, with 384 deaths and a case fatality 

rate of 13.6% among confirmed cases. Incidence of disease was 2.5X higher in males (4.62 per 

100,000) compared to females (1.89 per 100,000), with the highest incidence (10.88 per 100,000), 

reported amongst males aged 20-29 years. The authors speculate that higher incidence in young 

males is the result of increased work outdoors compared to females but note increased incidence 

in males in multiple age groups, suggesting that other factors such as reporting bias may be at play. 

In 2016, the DRC reported 2,269 suspected and 78 confirmed cases, 57 of which had been imported 

from Angola, and 88% occurring in men with a median age of 31 years.38  
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During the same year, 11 cases of YF were reported amongst Chinese workers travelling home 

from Angola, two of which were fatal.39-41 This marked the first ever documented importation of 

YFV from Africa into Asia.42 YFV has otherwise appeared absent from Asia, but with millions of 

immunologically naïve and susceptible human hosts living in close proximity with competent 

vectors Aedes aegypti, the Angola to China importation event represented a significant risk of 

potential emergence.43 

 

A 2024 report by the WHO provides recent data on YF in Africa.31 Between 2023 and 2024, 

suspected and confirmed cases of YF were documented by 13 African countries: Burkina Faso, 

Cameroon, the Central African Republic, Chad, Republic of the Congo, Côte d’Ivoire, the DRC, 

Guinea, Niger, Nigeria, South Sudan, Togo and Uganda. Cases were reported more often in males 

(sex ratio M:F of 1.7), 69% of cases were in individuals over the age of 15 years, with a median 

age of 25 years, and the case fatality for this period was reported as 11%. The countries where YF 

vaccination is recommended are shown in Figure 1.1.8 

 

Figure1.1 
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[Figure 1.1] 
Figure 1.1. Map showing regions where vaccination is recommended in Africa, 2022 

This image is in the public domain. Source: CDC Yellow Book 2024.8 Use of this image does not constitute its 

endorsement or recommendation by the U.S. Government, Department of Health and Human Services, or Centers 

for Disease Control and Prevention.  

 

 

1.3.2 The Americas 
 

The first recorded epidemic of YF in the Americas was reported in Yucatán, Mexico in 1648.44 In 

1685, YF was first reported in Brazil in the Northeast region,45 an outbreak that preceded many 

other outbreaks which were countered with efforts to control disease by vector control and 

vaccination. Following such efforts, the last documented urban case of YF was in 1942,46 and in 

1958 the PAHO declared that the Aedes aegypti mosquito responsible for unban transmission had 

been eradicated from Argentina, Belize, Bermuda, Bolivia, Chile, Equator, the Panama Canal 

zone, Paraguay, Peru, and Uruguay.47 Unfortunately, failure to eradicate Aedes aegypti from 

neighboring countries resulted in reinfestation, and by 1977 the vector had reestablished in the 

Brazilian states of Salvador and Bahia.47  

 

Despite reintroduction of Aedes aegypti, cases of YF in Brazil attributable to spillover transmission 

from non-human primates (NHP) have persisted in sylvatic areas , until the 2016-2019 outbreak,48 

which intruded upon urban areas in eastern Brazil, causing 2,205 confirmed cases and 734 deaths.49 

Still, as YF spilled into urban areas after emerging in Minas Gerais in 2016 and spreading into the 

states of São Paulo, Espírito Santo, Rio de Janeiro, and Bahia in 2017,50 data show that human 

cases of YF during this outbreak were the result of spillover transmission.51 In the state of Minas 

Gerais which was the epicenter of the outbreak, 905 cases were confirmed; 85% were male, 69% 

were between 30 and 59 years old, and 12% were reported amongst individuals who had received 

vaccination.52  

 

Outside of Brazil, urban transmission of YFV was reported in Santa Cruz, Bolivia between 1997 

and 1998.53 Between 2023 and 2024, cases of YF were reported in 5 countries: Bolivia, Brazil, 

Columbia, Guyana and Peru.54 The countries and regions of South America where vaccination is 
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currently recommended are shown in Figure 1.2, including expanded areas incorporated following 

the outbreak that began in Brazil in 2016.  

  

Figure1.2 

 
[Figure 1.2] 

Figure 1.2 Map showing regions where vaccination is recommended in South America, 2022 
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This image is in the public domain. Source: CDC Yellow Book 2024.8 Use of this image does not constitute its 

endorsement or recommendation by the U.S. Government, Department of Health and Human Services, or Centers 

for Disease Control and Prevention. 

Section 1.4: Yellow fever virus virology 
1.4.1 Classification 
 

Yellow fever virus (YFV) (orthoflavivirus flavi), named for the yellow – flavus (Latin) – jaundice 

it causes in some YFV infected individuals, is the prototype virus in the orthoflavivirus genus, of 

the Flaviviridae family (Table 1).55, 56 There are currently 89 species described within the 

Flaviviridae family, which are divided amongst the hepacivirus, pegivirus, pestivirus, and 

orthoflavivirus genera, and YFV is one of 53 species of orthoflaviruses, including dengue virus, 

Japanese encephalitis virus, Powassan virus, Saint Louis encephalitis virus, tick-borne encephalitis 

virus, West Nile Virus, and Zika virus.  

 

Table1.4 

Taxon rank Taxon name 

Realm Riboviria 

Kingdom Orthornavirae 

Phylum Kitrinoviricota 

Class Flasuviricetes 

Order Amarillovirales 

Family Flaviviridae 

Genus Orthoflavivirus 

Species Orthoflavivirus flavi 

 
[Tab1.4] 

1.4 Taxonomic classification of yellow fever virus.  

Taxonomic classification of YF virus following renaming of the previously named “Flavivirus” genus to 

Orthoflavivirus” by the International Committee on Taxonomy of Viruses in 2023.55, 56  
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1.4.2 Genomic organization and structure 
 

YFV has a single stranded positive-sense RNA genome which is 10,760 – 11,008 nucleotides long 

including 5’ and 3’ untranslated regions, and a single open reading frame encoding a single 

polypeptide which is cleaved into three structural proteins, capsid, pre-membrane (prM), and 

envelope (E), and seven non-structural (NS) proteins, NS1, NS2A, NS2B, NS3, NS4A, NS4B and 

NS5. The genomic organization and translated protein topology of YFV is shown in Figure 1.3.57 

The YFV virion is 40-60nm (400-600 angstroms) in diameter58, 59 and the genome is contained 

within a nucleocapsid encoded by C, which is enveloped by a lipid bilayer originating from host 

membranes. The mature YFV virion is smooth and spherical and is decorated with viral proteins 

prM/M and E which play key roles during the cellular attachment and fusion events involving 

interactions with cellular membranes.  

 

 

Figure1.3 

 
[Figure 1.3] 

Figure 1.3 Orthoflavivirus genome organization and translated protein topology.  
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Reprinted  from Neufeldt et al., 201857 which is licensed under Creative Commons.  

In the top panel, scissor indicate cleavage sites within the polypeptide conducted by cellular peptidase, arrows show 

cleave sites of viral protease, black vertical arrow indicates furin cleavage site, conducted in the Golgi by host 

protease furin. Question mark indicates cleavage site by unknown protease. In the bottom panel, topology of viral 

proteins is shown, with prM, E, and NS1 residing in the endoplasmic reticulum (ER) lumen, C, NS3, and NS5 

residing on the cytoplasmic side of the ER membrane, and NS2A, NS2B, NS4A, and NS4A residing within the 

membrane. The 2K peptide also resides within the membrane.  

 

 

1.4.2a Structural proteins 

 

The C, prM and E proteins are structural components of the virion.57 The E glycoprotein, which is 

the primary target of neutralizing antibodies, is 493 amino acid residues long60 and ~53kDa with 

two transmembrane helices and an ectodomain consisting of three distinct β-barrel domains, E-

domain (ED)-I, ED-II, and ED-III.59 ED-I links together ED-II—containing a dimerization domain 

and the 13 amino acid highly conserved fusion loop—with ED-III, an immunoglobulin (Ig)-like 

domain that is thought to interact with cellular receptors.61 On the surface of mature orthoflavivirus 

virions, two E monomers dimerize via ED-II in a “head-to-toe” formation, forming 90 homodimers 

and 30 antiparallel rafts in an icosahedral “herringbone” pattern.62, 63 

 

1.4.2b Non-structural proteins 

 

NS1 is a ~355 amino acid glycoprotein which is highly conserved amongst the orthoflaviviruses 

and plays multiple roles. After translation into the luminal side of the ER, NS1 monomers rapidly 

dimerize. Each dimer consists of three distinct domains: a small β-roll containing the hydrophobic 

dimerization domain which is connected to a wing-domain comprised of an ⍺/β subdomain via a 

discontinuous connector, and a β-ladder which is formed by 18 β-strands, nine from each monomer 

creating a continuous β-sheet.64 Intracellularly, NS1 dimers remain associated with cell 

membranes and studies on DENV NS1 have demonstrated co-localization with assembled virus 

particles suggesting that NS1 may play a role in viral budding or assembly.64 In greatest 

abundance, NS1 dimer trimerize to form hexamers that are processed through the trans-golgi 
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network and secreted from the cell. Extracellularly, hexameric NS1 is thought to play a role in 

immune evasion and pathogenesis through interactions with and modulation of the extracellular 

glycocalyx of endothelial cells. In vitro, YFV NS1 degrades the extracellular glycocalyx via 

upregulation of heparanase and cathepsin L in human liver sinusoidal microvascular endothelial 

cells, and in vivo, systemic treatment of mice with DENV2 NS1 results in vascular permeability.65 

While a great body of research exists exploring this phenomenon with regard to DENV NS1, 

research linking these finding to YF disease in human populations is relatively new and limited.66  

 

The remaining NS proteins play various roles in viral replication which are reviewed by Neufeldt 

et al., 2018.57 NS2A is required for viral replication and NS2B serves as cofactor that recruits NS3 

to the ER membrane. NS3 has multiple enzymatic functions and serves as a protease that cleaves 

the viral polypeptide, a nucleotide 5’ triphosphatase (NTPase) and RNA 5′ triphosphatase that both 

play a role in 5’ cap formation, and as a helicase. NS4A which is integrated within the ER 

membrane is responsible for membrane curvature, and NS4B, which becomes integrated within 

the membrane because of co-translation with signal peptide 2K, interacts with NS3 and is required 

for viral replication but has no independent enzymatic activity. Like NS3, NS5 also has multiple 

enzymatic activities involved in 5′-RNA capping and viral genome methylation, and a RNA-

dependent RNA polymerase located at the C-terminal domain for viral RNA synthesis.  

 

1.4.3 Replication cycle 
 

YFV replication begins with cell entry. Following viral attachment to cell surface receptors 

(Fig.1.4, step 1) via epitopes within the ED-III of the E glycoprotein, internalization of the virion 

occurs via clathrin-mediated endocytosis (Fig.1.4, step 2). During endosomal maturation (Fig.1.4, 

step 3), a decrease in pH causes a conformational change of the E glycoprotein which reveals a 

fusion loop located within ED-II which imbeds within the endosomal membrane resulting in fusion 

and release of the viral genome into the cytoplasm (Fig.1.4, step 4). Host-mediated translation of 

the positive sense RNA genome (Fig.1.4, step 5) initiates several rounds of viral replication at the 

endoplasmic reticulum (ER) membrane, followed by assembly of new immature virions which 

then bud into the ER lumen (Fig.1.4, step 6). As newly synthesized virions become encapsulated 

with ER-derived membranes, they are decorated with newly translated full-length prM and E 
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which form 60 trimers of prM-E heterodimers resembling spikes, where the fusion loop of ED-II 

is effectively capped by prM,59 preventing premature fusion which would otherwise occur because 

of the low pH environment as virions bud from the golgi towards the cell membrane. Virus 

maturation occurs as virions are processed through the trans-golgi network, where low-pH 

conditions of 5-6 expose a cleavage site within prM which is cleaved by host enzyme furin 

(Fig.1.4, step 7).67 Following cleavage, the pr peptide remains associated with E through 

interactions with ED-I and ED-II of dimerized E monomers, within which the fusion loop is buried, 

providing stabilization and preventing premature fusion.67 Following secretion from the cell, 

virions are exposed to neutral pH and the 91 amino acid pr peptide is released (Fig.1.4, step 8),61 

resulting in mature virions with an exposed fusion loop, ready to begin the next replication cycle. 

Extracellularly, the E glycoprotein is exposed to the host immune system, representing the primary 

antigenic target of NAbs, which have been widely accepted as a correlate of protection since the 

earliest vaccination studies in humans.68 
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Figure1.4 

 
[Figure 1.4] 

Figure 1.4 Orthoflavivirus replication cycle 

Reprinted and adapted from Pierson & Diamond, 2012, Copyright (2012), with permission from Elsevier.61  

 

1.4.4 Host target cells 
 

In humans, YFV is viscerotropic with significant viral replication occurring in the liver. Following 

the bite of an infected mosquito, dermal dendritic cells (DCs) are the first cells to become infected 

with YFV before being trafficked to the lymph nodes.69 Following establishment of cellular entry 

of DENV via the DC-specific ICAM-grabbing non-integrin (DC-SIGN) receptor, Barba-Spaeth et 
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al., 2005 investigated this molecule as a possible route of DC cell entry for YFV, using the 17D 

vaccine strain.70 However, both immature DCs (iDCs) and mature DCs (mDCs) were shown to be 

permissive to 17D and that infection occurred in the presence of anti-DC-SIGN antibodies, 

indicating that cell entry occurs in a DC-SIGN-independent manner.  

 

A viscerotropic infection model using a wild-type Asibi strain in rhesus macaques has 

demonstrated amplification of YFV in the lymph nodes that precedes significant viral replication 

in up to 80% of hepatocytes71 resulting in necrosis, where amplification within the liver plays a 

central role in establishing disease and causing pathogenesis such as acute liver damage and 

jaundice.72 Infection of hepatocytes has also been demonstrated in vitro using the 17D vaccine 

strain.71 

 

Pathological studies of YFV in humans are sparse and are biased towards fatal cases, and therefore 

severe disease. The involvement of the liver has been demonstrated by post-mortem 

histopathology of liver sections showing the presence of Councilman bodies which are areas of 

acidophilic hepatocellular necrosis with midzonal distribution,73 and a characteristic pathological 

finding of YFV infection. The same study demonstrated the involvement of hepatocytes and 

Kupffer cells was indicated by the presence of ceroid pigment in these altered cell types in amounts 

that were proportional to the extent of liver damage.  

 

More recently, data generated during the outbreak in Brail has shed light on pathological findings 

that are less well documented. The occurrence of late-relapsing hepatitis in 16% of YF patients 

has been well-documented,14-19 and is discussed in Section 1.3.2a. Outside of the liver, Giugni et 

all., 2023 investigated cardiac pathology amongst fatalities received at a morgue in  São Paulo, 

Brazil found myocardial fibrosis and myocardial hypertrophy in 93% of patients, with endothelial 

alterations in 92% of patients, in addition to detection of YFV RNA in 96% of cardiac samples.74 

These findings clearly demonstrate the involvement of myocardial injury in severe YF. 
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Section 1.5: Yellow fever virus strains  
1.5.1 Wild-type strains 
 

YFV strains are phylogenetically classified into seven genotypes, with five circulating in West 

Africa: West Africa I (WA-I), West Africa II (WA-II), East Africa (EA), and East/Central Africa 

(E/CA), Angola (A); and two which circulate in South America: South America I (SA-I) and South 

America II (SA-II), shown in Figure 1.5. Phylogenetic analyses estimate that current circulating 

African strains emerged within the last 1,500 years with South American strains emerging 300-

400 years ago on the east coast and spreading westward,75 which aligns with hypotheses that YFV 

was brought to the America’s upon ships during the slave trade during the 16th century.  
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Figure1.5 
[Figure 1.5] 

Figure 1.5 Phylogenetic tree of YFV strains 

Reprinted from Domingo et al., 201876 licensed under Creative Commons.  

Phylogenetic tree of 36 YFV strains constructed using 1428 nucleotide sequence the bridges the prM-E junction.   

 

Compared to more recent phylogenetic analysis of utilizes whole YFV genome sequences,77 prior 

phylogenetic analysis of YFV that established the genotypes recognized today utilized a 670-bp 

fragment that crosses the prM-E junction, including the entire 225 nucleotides of M, and 337 

nucleotides of the genome encoding the 5’ end of the E glycoprotein.75, 78, 79 In 2001 Mutebi et 
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al.78 sequenced 38 spatially and temporally distinct African YFV strains. Phylogenetic analysis 

divided these strains into two major lineages—West African and East/Central African—between 

which, there are five total clades. WA-I and WA-II, which had been previously identified, 

belonging to the West African lineage, and EA, E/CA and A, belonging to the East/Central African 

lineage. Importantly, genotypes were defined as distinct by a >9% difference in the nucleotide 

sequence, and all virus strains shared 74.8 to 100% identity by nucleotide sequence, and 91.9 to 

100% identity by amino acid sequence across all five genotypes.  

 

Mutebi et al., also characterized nucleotide and amino acid diversity within genotypes, finding that 

strains belonging to the E/CA (n=11) genotype were the most diverse, with up to 8.3% nucleotide- 

and up to 4.2% amino acid-variation between strains, followed by the EA (n=3) with up to 7.7% 

nucleotide- and 1.4% amino acid-variation between strains. Strains belonging to the WA-I (n=12) 

genotype varied up to 6.8% by nucleotide sequence and 1.8% by amino acid sequence, and WA-

II (n=10) had up to 2.8% nucleotide- and 1.8% amino acid-variation between strains.   

 

In 2017 Mir et al.80 conducted phylogenetic analysis of South American strains (n=137) isolated 

from nine countries between 1954 and 2017. These data showed SA-I and SA-II genotypes as 

reciprocally monophyletic and geographically distinct. While SA-I strain isolates originated from 

multiple countries including Brazil, Colombia, Venezuela, and Trinidad and Tobago, while all 

isolates belonging to the SA-II genotype originated in Peru. Regarding the evolution and 

dissemination of strains, the authors note that “lineage replacement” likely played a critical role in 

shaping the SA-I genotype, with simultaneous emergence of a new strain and reduction in the 

diversity of SA-I strains across multiple countries occurring in the mid-1990s, likely originating 

from a strain which emerged in Trinidad and Tobago in 1977. Contrastingly, the authors found 

evidence of co-circulation of multiple strains belonging to the SA-II genotype with no evidence of 

lineage replacement. Interestingly, SA-II genotype strains are rarely isolated outside of Peru.81  

 

1.5.2 Laboratory strains 
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According to United States biosafety guidelines provided by the Biosafety in Microbiological and 

Biomedical Laboratories manual,82 wild-type YFV strains are classified as biosafety level (BSL)-

3 pathogens, based on recommendations provided by the American Committee on Arthropod-

Borne Viruses (ACAV) Subcommittee on Arbovirus Laboratory Safety (SALS). Meanwhile, the 

17D vaccine strain, for which “attenuation has been firmly established”, may be handled at BSL-

2 due to few reports of laboratory-associated infections in combination with the low probability of 

infection resulting from aerosolized droplets. The requirement for BSL-3 containment and 

additional training for handling wild-type YFV strains poses substantial barriers to research, which 

can only occur at institutes equipped with appropriate facilities. Consequently, 17D is the 

predominant laboratory strain, for both research and diagnostic purposes. Outside of the 17D 

vaccine strains, the Asibi strain has been historically used as the reference wild-type strain.83, 84 

 

In addition to native viruses, attenuated or not, infectious clones85-87 have been engineered, in 

addition to  reporter viruses,88, 89 and pseudoviruses90 which bypass the need for a BSL-3 facility 

and increases the accessibility of YFV research.  

 

Section 1.6: Transmission of YFV in diverse hosts 
 

YFV is an arbovirus (arthropod-borne virus) and is thus able—and obligated—to replicate within 

and successively between vertebrate and invertebrate hosts. Although “host” accurately describes 

any infected organism, the standard convention within the YF field is that YFV is transmitted 

between “primate hosts” by “mosquito vectors”. Compared to other orthoflaviviruses such as West 

Nile Virus, which includes birds and mosquitos, and humans as dead-end hosts,91 YFV has a 

relative narrow range of vertebrate and arthropod host species. Transmission of YFV occurs in 

three distinct transmission cycles: (i) the urban cycle, (ii) the sylvatic, jungle or enzootic cycle, 

and (iii) the intermediate, rural, or Savannah cycle.92 While all three transmission cycles are 

observed in Africa (Figure 1.6), only the urban and sylvatic transmission cycles are observed in 

South America to date (Figure 1.7).  
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Figure1.6 

 
[Figure 1.6] 

Figure 1.6 Transmission cycles of YFV in Africa. 

This image is in the public domain. Source: CDC Yellow Book 2024.93 Use of this image does not constitute its 

endorsement or recommendation by the U.S. Government, Department of Health and Human Services, or Centers 

for Disease Control and Prevention. 
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Figure1.7 

 
[Figure 1.7] 

1.7 Transmission cycles of YFV in South America. 

This image is in the public domain. Source: CDC Yellow Book 2024.93 Use of this image does not constitute its 

endorsement or recommendation by the U.S. Government, Department of Health and Human Services, or Centers 

for Disease Control and Prevention. 

 

 

1.6.1 Primate hosts 

1.6.1a Humans 

 

Humans (Homo sapiens) are considered amplifying hosts of urban YFV, meaning that YFV can 

replicate to sufficiently high concentrations to sustain transmission. Humans become infected 

following the bite of an infected mosquito and will be infectious during the viremic phase of 

infection when the virus is present at high enough levels in the blood to be transmitted to a 

susceptible biting mosquito, and so the transmission cycle continues. By qRT-PCR, one study 

found between 372 and 2.75E+6 copies of YFV RNA genome per mL of blood (2.57-6.44 log10 
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copies/mL) amongst hospitalized YF patients in São Paolo, Brazil (n=76), with significantly higher 

viral loads observed amongst individuals with fatal outcomes compared to survivors. 94, 95 

 

1.6.1b Non-human primates 

 

Non-human primates (NHP) are key amplifying hosts for sylvatic and savannah cycles of YFV. In 

Africa, the predominant NHP belong to the genus’s Cerecopithecus, Colobus, and Erythrocheus, 

and in South America, YFV has been isolated from Alouatta spp. (howler monkeys), Callithrix 

(marmosets), and Sapajus.96 NHP host species and geographical locations are summarized in Table 

1.5.  

 

Table1.5 

 

Non-human primate host Common name Geographical location  

Cerecopithecus spp.  Vervets Africa 

Colobus spp. Colobus monkey Africa 

Erythrocebus spp. Hussar Africa 

Alouatta spp.  Howler monkey South America 

Callithrix spp. Marmosets South America 

Sapajus spp,  Capuchin monkey South America 

Ateles spp.  Spider monkey South America 

Aotus spp.  Owl monkeys South America 

 

[Tab1.5] 
Table 1.5 Non-human primate hosts of YFV.  

NHP hosts of YFV by scientific name, common name, and geographical location.97 

 

 

Notably, paleotropical NHPs of Africa typically suffer milder disease following infection as 

compared to their neotropical counterparts. Amongst neotropical NHPs of South America, Howler 

monkeys (Alouatta spp.) are considered reliable sentinels for YFV based on their high 

susceptibility to infection and high mortality rates.98 A recent paper by de Azevedo Fernandes et 
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al.,2021,99 who performed immunohistochemistry on post-mortem NHP samples collected 

through local surveillance programs in São Paulo Brazil during the most recent outbreak, described 

differences in mortality and infection rates among NHP species, with the highest rates of infection 

(63%) and mortality (62%) reported amongst Alouatta spp. (n=708), and lower rates amongst 

Callicebus spp. (32% infection, 29% mortality), Callithrix spp. (3% infection, 1% mortality), and 

Sapajus spp. (14% infection, 14% mortality). However, a recent paper from Garcia-Oliveira et al., 

202451 who sampled carcasses collected under a passive surveillance program in the bordering 

state of Minas Gerais between 2021 and 2023, when there was no longer an outbreak, collected 

only four Alouatta spp. out of 166 total carcasses, none of which were infected. Instead, Callithrix 

spp. represented 89% of collected samples (148/166), of which 11% (16/148) were positive for 

YFV by RT-PCR conducted on liver tissue. The authors note low genomic loads observed amongst 

Callithrix spp. which may suggest low susceptibility for YFV. They also note that most (72%) 

Callithrix spp. samples come from urban areas, suggesting the likelihood of sampling bias due to 

their proximity with human populations. Overall, these articles emphasize differences in findings 

due to both sample technique and the type of area being sampled. While Alouatta spp. represent a 

robust sentinel during outbreaks, the tendency of Callithrix spp. to inhabit urban areas points to 

their potential value in surveillance when active outbreaks are not occurring.  

 

1.6.2 Mosquito vector 

1.6.2a Establishing Aedes aegypti as the vector of YF  

 

While Carlos Finlay, a Cuban physician and epidemiologist, is often credited as the first to suggest 

mosquitoes as the vector of YFV, Kuno 2024100 presents earlier scientific contributions on the 

discovery of mosquito transmission, including contributions made by John Crawford, Josiah Notts, 

and Louis Beauperthuy. Following time in Dutch Guiana, Baltimore-based Irish physician 

Crawford published his theory on the “involvement of insects in causation of yellow fever” in 

1811, although his theory was ill-received by both the medical community and public.  

 

Thirty-seven years later, in 1848, Nott, an Alabama-based physician, published his opinion that 

insects were involved in causing YF. Nott had previously lost four children to YF within a single 
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week. The first documented theory of mosquito involvement came in 1854 from Beauperthuy, a 

French physician who collected “striped-legged” mosquito specimens in Venezuela, believing that 

they transmitted poisons to humans from putrefying soil. While Finlay’s awareness of these other 

contributions is debated, he remains the most credited for discovering the role of mosquitoes in 

YFV transmission.100 

 

In 1881, Finlay theorized that the Aedes aegypti mosquito (previously named Culex cubenisis and 

then Stegomyia fasciata) was the vector of YFV.101 Originally written and delivered in Spanish 

and later translated into English,102 Finlay’s theory was initially ill-received after he failed to 

demonstrate mosquito-transmission from infected people – a failure postulated to have resulted 

from a limited understanding of incubation times.101 Nonetheless, Finlay’s theory laid the 

groundwork for further ethically questionable yet important experiments conducted by Walter 

Reed and colleagues at the turn of the 20th century.103 Reed experimentally allowed mosquitoes to 

feed on 11 infected individuals, before allowing those same mosquitoes to feed on “non-immune” 

individuals. In the absence of informed consent and study guidelines, these individuals comprised 

of soldiers, Cuban “volunteers”, and volunteer physicians who were members of Reed’s research 

group.104 Infection resulted from mosquitoes that had taken a bloodmeal from two of the 11 

original cases, causing mild disease in six individuals, severe disease in six, and death in two. 

Importantly, he noted successful infection resulting from mosquitoes that were 10-13 days post-

infectious bloodmeal, versus unsuccessful infection in the non-immune individuals bitten with 

mosquitoes that were 2-8 days post infectious bloodmeal, a critical period that would later be 

coined the extrinsic incubation period. A crucial outcome of Reed’s transmission experiments was 

a successful public health campaign led by General William Gorgas to control Aedes aegypti, 

resulting in elimination of YF in Cuba in 1902,105, 106 25 years before isolation of the virus.  

 

1.6.2b Mosquito species  

 

Aedes aegypti, colloquially known as the “yellow fever mosquito”100 was the first YFV mosquito 

vector to be identified due to its role in transmitting human disease within urban transmission 

cycles. However, there are many other mosquito species responsible for transmitting the virus 

within intermediate and sylvatic cycles, which are summarized in Table 1.6.  
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Table1.6 

 

Vector Geographical location(s) Transmission cycle 

Aedes aegypti 
South American 

Africa  
Urban 

Aedes albopictus 
Africa 

South American 
Urban 

Aedes africanus Africa 
Intermediate  

Sylvatic 

Aedes furcifer Africa Intermediate 

Aedes luteocephalus  
Africa 

South America 

Intermediate 

Sylvatic 

Aedes metallicus Africa Intermediate 

Aedes vittatus Africa Intermediate 

Aedes simpsoni 

complex 
Africa Intermediate 

Haemagogus 

janthinomys 
South America Sylvatic  

Haemagogus 

leucocelaenus 
South America Sylvatic 

Haemagogus 

spegazzinii 
South America Sylvatic 

Sabethes chloropterus South America Sylvatic 

[Tab1.6] 
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Table 1.6 Mosquito vectors of YFV.   

Summarized from Kuno 2024.100 

 

 

Section 1.7: Experimental animal models 
 

1.7.1 Rhesus macaque 
 

After failed attempts by Stokes et al, 1928107 to inoculate guinea pigs, chimpanzees, and baboons 

with YFV, successful inoculation of toque macaques (Macaca sinica) was achieved. However, not 

all animals were susceptible to infection, and the “pathological picture of human YF [was] not 

reproduced.” With the goal of establishing a better model of human disease, successful infection 

in rhesus macaques (Macaca mulatta) that caused disease manifestations similar to those observed 

in humans was achieved, representing a significant advance in the field that ultimately permitted 

development of a life-saving vaccine. While similar to disease in humans, YFV infection in rhesus 

macaques is typically more severe, as demonstrated by infection with the virulent wild-type 

DakH1279 strain which results in ~72% fatality.72, 108 

 

1.7.2 Syrian golden hamster  
 

An experimental infection model using the Syrian golden hamster (Mesocricetus auratus) was 

established by Robert Tesh and colleagues in 2001.109, 110 With an intact immune system, the 

Syrian golden hamster tolerates infection with the 17D vaccine strain well which has application 

in vaccinology studies.97 Compared to rhesus macaques, the Syrian golden hamster exhibits less 

severe disease97 and a fatality rate of ~23%,109 which has allowed the study of disease progression. 

Development of a YFV infection model using the Jiminez strain results in disease with similar 

kinetics of viremia and rates of mortality as is observed in humans.109 However, this model does 

not fully replicate disease observed in humans, with notable differences in liver pathology.97 
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1.7.3 AG129 mouse 
 

Because mice are naturally resistant to infection with orthoflavivirus, disruption of the interferon 

(IFN) pathway is required to model disease. The AG129 mouse is a double knock-out mouse 

lacking both the alpha/beta and gamma IFN receptors (IFN ⍺,β,𝛾 R-/-) which is permissive to YFV 

infection.111 Due to impaired anti-viral responses, infection with the attenuated 17D strain is lethal 

and does not recapitulate disease in humans well; nonetheless, this model has application in 

antiviral studies.97 

 

Section 1.8: 17D vaccine  
1.8.1 17D vaccine development 

1.8.1a Historical context 

 

In the spring of 1925, the Rockefeller Foundation formed the West African Yellow Fever 

Commission and set up an outpost in Lagos, Nigeria, where Western scientists were sent to study 

“the yellow fever problem” with the goal of understanding “the way in which yellow fever 

spreads” in an effort to control disease.112 Before identification of YFV, Leptospira icteroides, a 

bacterium responsible for causing leptospirosis, was proposed as the potential infectious agent 

responsible for causing YF.113 However, failed attempts to isolated the bacterium from patients’ 

blood called for reexamination of YF cases in order to accurately identify the causative agent.107 

In 1927, these efforts resulted in the isolation of YFV, and YFV became the first human pathogenic 

virus to be isolated.  

 

1.8.1b Virus isolation 

 

The specific events that led to the isolation of YFV are described in a 1928 paper published in the 

American Journal of Tropical Medicine, authored by Adrian Stokes, Johannes Bauer, and Paul 

Hudson. The findings were published shortly following the death of Stokes who suffered fatal YF 

which likely occurred following a laboratory-acquired infection.107  
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At 4pm on June 29, 1927, amid a YF outbreak in the capital of Ghana, Accra, and surrounding 

villages, a 28-year-old Ghanaian man named Asibi presented with fever, chills, and a severe 

headache. Under the care of Dr. Alexander Mahaffy, Asibi was noted to have an elevated 

temperature of 103°F, a pulse of 96, and fatigue, and was complaining of headache and back pain. 

While Dr. Mahaffy described Asibi as “very ill,” Asibi’s fever broke the following day before he 

made a “rapid recovery” and returned to work just five days following symptom onset. By modern 

day standards, Asibi’s symptoms were relatively mild.  

 

Blood taken from Asibi 33 hours following symptom onset was used to inoculate “rhesus 253-A” 

by intraperitoneal injection. Fever was observed four days post infection and necropsy was 

performed, revealing evidence of hemorrhaging within the stomach and the lungs, in addition to 

moderate amounts of necrosis in the liver. At the time of necropsy—four-days post infection and 

the day of symptom onset—blood and “liver and kidney emulsions” were prepared from rhesus 

253-A, and intraperitoneally injected into rhesus 253-B, which also developed a fever and died six 

days following infection. The “Asibi” strain was passaged monkey-to-monkey in this manner a 

total of 53 times, with fatal outcomes in all but one.114 

 

In addition to virus isolation, this study’s findings included establishing rhesus macaques as a 

model host for human disease, establishing experimental conditions to successful model 

transmission between macaques and Aedes aegypti mosquitoes, and a preliminary attempt to 

characterize the virus through filtration, which were later expanded upon to demonstrate that the 

virus was able to pass through very small filters and maintain infectivity.115 

 

1.8.1c Attenuation by serial passage  

 

In the laboratories of the International Health Division of the Rockefeller Foundation in New York, 

a South African scientist named Max Theiler, among others, began the process of viral attenuation 

by serially passaging the Asibi strain through various tissues. First, a cultivation method for 

maintaining the virus without passage through animals was established, using minced chicken 

embryos and liquid media that contained small amounts of either human-derived, or rhesus-derived 
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YFV-naïve serum, which was believed to prolong survival of extracellular virus.105, 114, 116 

Following 18 passages in embryonic mouse tissue, the Asibi strain was passaged 58 times in 

minced whole chick tissue, and then minced whole chick tissue that had had the brain and spinal 

cord removed by dissection, for over 160 times.114 The events of virus isolation and passage 

through animals and various tissues are summarized in Figure. 1.8 (black text, boxes, left).   

 

Throughout the attenuation process, aliquots of virus stocks were reserved, and virulence was 

assessed. In 1937, Max Theiler and colleagues reported their observations of key events of 

attenuation using the 89th, 114th, and 176th virus subcultures in a paper published in the Journal of 

Experimental Medicine, which are summarized in Figure 1.8 (blue and orange boxes).84 While 

rhesus macaques (n=6) exhibited 100% mortality due to encephalitis following intraspinal and 

intraperitoneal infection with the 89th subculture, macaques that were infected intracerebrally with 

the 114th subculture—which had undergone serial passage through minced whole chick tissues 

lacking the brain and spinal cord—survived (n=4), indicating an important loss of neurotropism.  

 

To test for circulating virus, groups of suckling mice (n=3-8)—which possess immature immune 

systems which render them suspectable to YFV infection117—were infected with blood taken one 

to 10 days post-infection from each NHP infected with the 114th subculture, where high mortality 

within a group of mice indicated high levels of circulating virus. Low mortality was observed 

across all groups, with death of only a single mouse per group which was observed following blood 

taken from NHPs 2-4 days post-infection, compared to high levels of mortality in groups of mice 

infected with blood taken 4-6 days post-infection from NHPs infected with the 89th subculture, 

indicating loss of viscerotropism in the 114th subculture.  

 

Next, the immunity of NHPs that had survived intracerebral infection with subculture 114 was 

investigated two-fold. First, the authors conducted “protection tests” by mixing  

serial dilutions of serum with a standard concentration of virus and incubating for 1 hour at 37℃ 

to allow binding of any neutralizing antibodies to the surface of virions. Groups of mice were then 

inoculated intracerebrally with each serum-virus mixture, and the serum dilution at which 50% of 

the mice survived a lethal challenge was interpolated. These protection test demonstrated the 

presence of neutralizing antibodies, albeit at relatively low titers of 1:10 – 1:45, at four weeks post 
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infection. Second, animals were subjected to a challenge experiment 41-day post-infection using 

the French neurotropic strain which was delivered intracerebrally. All animals survived, indicating 

immunity had indeed been acquired following initial inoculation with the 114th (later named 17D), 

although febrile illness was noted in all four NHP, and encephalitis in one.  Further loss of 

virulence was observed between passages 114 and 176, as indicated by an increase in the average 

interval time observed between infection and death in mice following intracerebral inoculation.  

 

In 1951, Theiler was awarded the Nobel Prize in Physiology or Medicine, “for his discoveries 

concerning yellow fever and how to combat it,”118 becoming the first Nobel laureate to be 

recognized for the development of a vaccine.119 It would be another 72 years before the Nobel 

Prize was awarded for development of an antiviral vaccine, to Katalin Karikó and Drew Weissman, 

“for their discoveries concerning nucleoside base modifications that enabled the development of 

effective mRNA vaccines against COVID-19.”120 

 

Figure1.8 

 
[Figure 1.8] 

Figure 1.8 Passage history and attenuation of 17D    

18 passages in minced embryonic mouse
tissue

58 passages in minced whole chick tissue

>160 passages in minced whole chick 
tissue, following removal of  of the brain 

and spinal cord

53 passages between rhesus macaques, 
injected intraperitoneally with infectious 

blood 

Isolation from Asibi 

17D vaccine strain

“114th subculture” 

“176th subculture” 

“89th subculture” Fatal encephalitis in 
monkeys

Causes death in 
mice ~7 dpi 

No fatal encephalitis
in monkeys; reduced 

virus in blood 
Causes death in
mice ~9.5 dpi 
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Flow chart showing the passage history and key experiments demonstrating attenuation of the 17D vaccine strain 

following isolation of the parental Asibi strain, as described by Theiler and Smith, 1937.84 Passage history is shown 

in black boxes on the left. Subculture strains are shown in red text, with dashed arrows indicating the stage of 

subculture from which that strain was taken. Subculture numbers are enclosed within quotation marks to indicate 

uncertainty around which passage was designated as the first passage by the authors. Experimental results that 

demonstrate key attenuation events performed in monkeys (blue boxes) and mice (orange boxes) are indicated with 

dashed lines joining the specified strain to the result. “dpi”: days post-infection.  

 

1.8.1d Vaccine production 

 

Since early production in 1937, the 17D vaccine was, and continues to be, produced by inoculation 

of specific pathogen-free embryonated chicken eggs. 121, 122 A single dose of 17D vaccine must 

contain a minimum of 103 internation units (IU),2 which is equivalent to 4.74 log10 plaque forming 

units,123  however there no upper limit and great variation in IU per single dose is reported, with 

up to 106.5 IU per dose. 

 

1.8.2 Early trials of biosafety and immunogenicity  
 

During the vaccine development process, less attenuated versions of the virus were used to 

vaccinate humans with the addition of an important safety measure: the attenuated virus was co-

administered with human-immune serum that was known to inhibit viremia in monkeys.124 The 

17D vaccine was eventually administered to humans without the addition of human-immune sera 

in a series of incremental trials detailed by Smith et al, 1938.68 Beginning in February 1937 in New 

York and continued in Brazil following manufacturing of the 17D vaccine in the Yellow Fever 

Service in Rio de Janeiro, trials began with vaccination with different doses of 17D performed in 

the laboratory. Small groups of 6-10 individuals were closely monitored to assess safety and 

immunogenicity. For two weeks following vaccination, temperature, blood, and urine samples 

were taken to assess fever, viremia, white blood cell count, and the presence of albumin in the 

urine, in addition to symptoms reported by the vaccinees. Aside from headaches and minor local 

inflammation at the site of vaccination, no serious side effects were noted. Blood was then taken 

at one-, two-, three-, four-, five-, seven-, and 10-weeks post-vaccination to perform antibody 
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titration. Following “satisfactory results” of few serious side effects and the detection of protective 

antibodies in 28/29 individuals, the vaccine was administered to larger groups of individuals.  

 

In June of 1937, field trials began in the municipality of Varginha within the State of Minas Gerais, 

Brazil. Smith et al.,68 noted the interest of the local people in prophylactic measures against YF; 

however, ultimately these trials involved vaccination of workers at three coffee fazendas (farms) 

following agreement with the local public health authorities and while cooperation of these 

individuals was noted, they were not given the opportunity to provide informed consent. 

Nonetheless, the trials continued and expanded to more fazendas and groups of vaccinees 

incrementally increased in size, and including children >2 years old and pregnant women. As 

larger cohorts received vaccination, rarer and more serious side-effects were alluded to with 1.4% 

of individuals having taken time off following vaccination, and less than 1% reportedly confined 

to bed rest for several days. Notably, the nature of these adverse events was measured by time 

missed from work and detailed clinical descriptions were not provided. Between June and August 

1937, 2,746 individuals were vaccinated across 18 fazendas. Pre-vaccination antibody titers were 

detected in 5% (9/188) of individuals tested, and post-vaccination antibodies were detected in 94% 

(624/633) of individuals tested.  

 

With few reports of serious adverse events, and apparent safety in children and pregnant women, 

these trials progressed to large-scale routine administration under the Cooperative Yellow Fever 

Service. Operations were streamlined as the number of vaccination sites increased, with doctors 

conducting post-vaccinal visits to fazendas to enquire about side effects, with no “serious or 

alarming” reactions noted from 26 different batches of vaccine. Beginning in late 1937, an 

outbreak of cases increased demand for doses and for the first time, the 17D vaccine was 

administered as an outbreak response measure. Between February 1937 and January 1938, more 

than 59,000 individuals were vaccinated, and the vaccine became widely accepted by the global 

community. 

 

1.8.3 French neurotropic virus: an alternative vaccine 
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French neurotropic virus (FNV) is an obsolete attenuated vaccine strain derived from the parental 

French viscerotropic virus (FVV) strain that was originally isolated in Dakar, Senegal in December 

of 1927 from a Syrian individual named Francois Mayali.125, 126 Attenuation of FVV was initiated 

by members of the Yellow Fever Commission including Theiler who serially passaged FVV 

through mouse brain tissue which resulted in enhanced neurotropism in NHPs.126 The vaccine was 

ultimately developed at the Pasteur Institute, Dakar,127 and was widely administered by 

scarification throughout French speaking countries in West Africa, with greater than 20 million 

doses administered by 1948.128 Studies conducted in French soldiers showed that FNV was highly 

immunogenic, with the development of NAbs in 97% of soldiers (n=210) that protected mice 

against fatal challenge.105 Unfortunately, there were reports of post-vaccinal encephalitis, 

including 73 cases and 29 deaths amongst children <10 years old following a vaccination campaign 

of 42,400 people in Enugu, Nigeria in 1952.127 Ultimately, these serious complications contributed 

to discontinued use of FVV vaccine which was deemed to have a “greater danger of serious 

neurologic reactions” compared to the favored 17D vaccine.105 

 

Section 1.9: Yellow fever immunity 
1.9.1 Viremia 
 

During natural human YFV infection, viral RNA can be detected by RT-PCR in serum between 

zero and 14 days following symptom onset,19, 21 with peak viremia occurring 3-5 days post-

symptom onset.19, 95 Following vaccination, peak viremia occurs 5-7 days post-vaccination,19, 129 

which is short and self-limiting in comparison to natural infection.19 The mechanism underlying 

the variation in viremia kinetics has been attributed to differences observed in the cell-entry 

pathway between strain wild-type Asibi and 17D vaccine strain. While the Asibi strain infects cells 

via clathrin-mediated endocytosis, the 17D vaccine strain utilizes the clathrin-independent 

pathway. Consequently, cell surface binding and entry is more efficient in the 17D vaccine strains 

compared to wild-type Asibi, and lower levels of viremia have been noted amongst vaccinees at 

5-7 days post-vaccination, compared to naturally infected individuals who exhibit lower levels of 

prolonged viremia.19 It has been suggested that the low level viral replication observed by wild-

type strains may result in early immune evasion, in turn allowing the virus to disseminate, while 
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more efficient vaccine replication early on may play a key role in eliciting a robust anti-viral 

response resulting in rapid viral clearance.130 

 

1.9.2 Soluble mediators  
 

In 2004, ter Meulen et al.,131 studied the cytokine response amongst individuals with YF infected 

during the large 2000 outbreak in the Republic of Guinea in West Africa which reported 688 

suspected cases and 225 deaths. With the goal of understanding the role of inflammatory mediators 

in pathogenesis, the authors characterized cytokine responses amongst participants with IgM-

confirmed YF with fatal- (n=7), non-fatal hemorrhagic- (n=11), and non-fatal non-hemorrhagic 

disease (n=18). Pro-inflammatory cytokines interleukin (IL)-8, MCP-1, tumor necrosis factor 

(TNF)-⍺, IL-6, and IL-1RA, and anti-inflammatory cytokine IL-10 were most elevated amongst 

fatal cases, followed by non-fatal hemorrhagic cases, and then non-fatal non-hemorrhagic cases. 

Unfortunately, the time interval between symptom onset and blood draw was not accurately 

recorded, and so the timing of soluble modulators cannot be determined.  

 

A more comprehensive study conducted by Fradico et al., 202319 in Brazil between 2017 and 2018 

characterized soluble modulators amongst 92 acute phase hospitalized patients, 1-15 days post-

symptom onset. The authors found significant increases in most soluble mediators: CCL11, 

CXCL8, CCL3, CCL4, CCL2, CXCL10, IL-1β, IL-6, TNFα, IL-12, IFN-γ, IL-17, IL-1Ra, IL-9, 

IL-10, FGF-basic, GM-CSF, and IL-2; representing a significant cytokine storm, with higher level 

of these mediators associated with higher morbidity scores. Amongst vaccinees, increased levels 

of soluble mediators were also noted compared to healthy controls but were reduced in magnitude 

compared to individuals with natural infection.  

 

Regarding disease severity, the authors observed that CCL11, CXCL8, CCL3, CCL4, CCL2, 

CXCL10, IL-6, IL-17, FGF-basic, and GM-CSF were increased amongst fatal cases of YF and 

cases requiring intensive care, compared to patients who survived and patients who did not require 

intensive care, suggesting a signature of severe disease.  
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1.9.3 T cells   
 

Akondy et al., 2015129 found that effector CD8+ T cell expansion begins seven days post-

vaccination and reaches peak levels between day 11 and 14. They also found that the magnitude 

of the CD8+ T cell response is positively correlated with a peak viremia of  <225 genomes per 

mL, and that vaccinees with peak viremia above this threshold exhibit an essentially saturated 

CD8+ T cell response. Regarding functionality, Co et al., 2002 demonstrated IFN𝛾 production by 

ELISPOT, high levels of T cell proliferation, and cytolytic activity against target cells infected 

with vaccina constructs expressing E, NS1, NS2a, and NS2b at 14-days post-vaccination (n=4), 

while Akondy et al., 2009132 identified NS4B-specific CD8+ IFN𝛾+ T cells as dominant in five 

vaccinees, accounting for 42% of CD8+ T cells at 2 months post-vaccination. James et al., 2013133 

observed peak expansion of CD4+ T cells at 14 days post-vaccination (n=40), with specificity 

against C, prM, E, NS1, NS2a, NS3, and NS5 within a subset of participants (n=16), with the 

highest frequency specific to NS1.  

 

While expansion of functional CD8+ and CD4+ T cells following vaccination has been 

demonstrated, the role of T cells in providing protective immunity is disputed in a review by 

Amanna & Slifka, 2016134 who summarize the findings of two important clinical trials. The 

success of the 17D vaccine has inspired design of chimeric vaccines against related 

orthoflaviviruses, Japanese encephalitis virus (JEV) and DENV. The chimeric vaccines utilize the 

17D vaccine backbone, consisting of structural protein C and non-structural proteins NS1 through 

NS5, with the important addition of structural proteins prM and E from JEV and DENV (Figure 

1.9).  

 

The power of these clinical trials in deducing the relevance of CD8+ T cell memory comes from 

the distinct chimeric make-up of each live attenuated vaccine and previous work that looked at the 

composition of the CD8+ T cells following 17D vaccination. Akondy et al., 2009 found  that less 

than 14% of functional CD8+ T cells are specific to peptides derived from M and E, while most 

memory CD8+ T cells recognize non-structural proteins.132 As each chimeric vaccine elicits 

viremia in a varying proportion of vaccinees, secondary or boost vaccination conducted in 17D-

immune vaccinees, offers a controlled attenuated challenge experiment. The results, summarized 
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in Figure 1.9, demonstrate viremia elicited from DENV or JEV vaccination is no different between 

vaccinees with and without prior 17D vaccination, suggesting that any existing T cell memory 

established from primary vaccination with 17D does not protect against viral replication with 

heterologous vaccines.  

 

Figure1.9  

 
[Figure 1.9] 

Figure 1.9 17D-specifc T cells fail to protect against vaccine-viremia from chimeric viruses   

Reprinted from Amanna & Slifka, 2016134 with permission from Taylor & Francis obtained via Copyright Clearance Center 

RightsLink®.  

 

 

1.9.4 B cells 

1.9.4a General B cell immunology 

 

The general immunology of B lymphocytes (B cells) from B cells activation to antibody secretion 

is reviewed at length.135 A brief account is given below.  

 

Briefly, B cells develop and mature in the bone marrow. Following maturation, mature but naïve 

B cells enter the circulation and secondary lymphoid tissues where they may encounter their 

cognate antigen and become activated. Antigens may be recognized by number immune receptors, 

including the B cell receptor (BCR). BCRs are membrane-bound immunoglobulins (Ig) antibodies 

bound to the surface of mature B cell via the crystallizable fragment (Fc). Following antigen 

recognition via the BCR, the BCR/antigen complex is internalized via clathrin-mediated 
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endocytosis. Proteolytic processing of the BCR/antigen complexes occurs in the lysosome and 

results in the generation of antigen-derived peptides which are then loaded onto major 

histocompatibility complexes (MHC) class II molecules for presentation to CD4+ T helper cells, 

which play an important role in B cell activation. Within lymph nodes, B cells present antigen via 

MHC-II, and subsequent recognition by CD4+ T helper cells result in co-stimulation of B cells via 

CD40-CD40L drives further B cells activation, resulting in proliferation and differentiation into 

centroblasts and centrocytes. Within the lymph node, these newly activated centroblasts and 

centrocytes are organized within the dark zone of germinal centers where they undergo somatic 

hypermutation. Somatic hypermutation is a process that increases BCR variability though 

activation-induced cytidine deaminase (AID)-mediated introduction of mutation within the 

variable region, and ultimately results in the production of high affinity antibodies. The process of 

somatic hypermutation produces a population of centrocytes that possess a range of related but 

non-clonal BCRs, derived from a parental BCR. The centrocytes are then presented to antigen via 

T follicular helper (TFH) cells during a process called affinity maturation, where centrocytes with 

high affinity BCRs are positively selected, and centrocytes with reduced affinity BCRs are deleted. 

Following positive selection, B cells further differentiated to become either memory B cells 

(MBCs) or plasmablast cells, which secrete their BCR and become antibody-secreting cells. 

 

1.9.4b YFV B cell immunology 

 

Wec et al., 202089 conducted a detailed study of B cells responses following 17D vaccination in 

two participants. They observed peak expansion of plasmablast cells at 10- and 14-days post-

vaccination, with high levels of somatic hypermutation observed at day 14 post-vaccination, which 

continued for 6-9 months post-vaccination. By 14 days post-vaccination, 75-80% of total B cells 

expressed CD71 and had low expression of CD21, which are markers of B cell 

activation/proliferation, and activated memory B cells (MBCs), respectively. Between 14 days- 

and 1-year post-vaccination, populations of these cells steadily declined, reflecting the contraction 

of the expanding B cells following antigen clearance, and by 1-year post-vaccination, 100% of 

these cells had undergone somatic hypermutation. Finally, the authors found that monoclonal 

antibodies derived from these MBC bound to the YFV E glycoprotein II domain and were highly 

neutralizing.  
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1.9.5 Neutralizing antibodies as a correlate of protection 
 

The concept of “protective antibodies” in the context of YF entered the literature as early as 1937, 

following challenge experiments in mice conducted by Theiler and Smith.84 Serum taken from 

experimentally inoculated NHPs was serially diluted and combined with a lethal dose of YFV, 

before being inoculated into suckling mice. By counting the number mice per group that died and 

survived at each serum dilution, the theoretical serum dilution that is protective to 50% of the mice 

may be calculated, known as the “lethal dose 50,” or LD50.84  

 

In 1972, Mason et al. conducted an elegant experiment in rhesus macaques demonstrating the 

protective nature of 17D-elicited NAbs in a dose-dependent manner.136 The authors vaccinated 

groups of NHPs with six different doses of the 17D vaccine—undiluted, 10-1, 10-2, 10-3, 10-4, and 

10-5—before determining NAb titers at 20 weeks post-infection, and subjecting animals to a lethal 

challenge with the parental Asibi strain. The key observations, which are summarized in Table 1.7, 

include a decrease in NAbs, measured as log neutralization index (LNI) with decreasing doses of 

17D. An important functional readout from Mason et al.’s experiments is that this decrease in 

NAbs corresponded with a decrease in survival of animals following lethal challenge, from which 

they were able to calculate a protective threshold of 0.7 LNI, with 90-100% survival in NHPs 

receiving a dose of ≥10-3. By demonstrating the production of protective NAbs following 

vaccination with 17D in a NHP model, this paper was instrumental in establishing NAbs as a 

correlate of protection.  

 

Table1.7 

17D dose 
LNI at 20 wpv 

(log10) 

Survival n/n (%) 

following challenge 

with Asibi at 20 wpv 

Undiluted 3.3 11/11 (100) 

10-1 2.4 11/12 (92) 
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10-2 2.5 11/11 (100) 

10-3 3.3 10/11 (91) 

10-4 1.7 10/12 (83) 

10-5 0.62 3/11 (27) 

 

[Tab1.7] 
Table 1.7 17D elicits NAbs in a dose-response manner that protective against lethal YFV challenge/Summary of 

key findings from Mason et al., 1973 that demonstrate protective nature of NAbs  

Summary of key findings by Mason et al., 1973 that show dose-response of 17D-elicited NAbs, and effects on survival 

in a NHP model challenged with the Asibi strain, 20 weeks post-vaccination (wvp).  

 

 

1.9.6 Durability of NAbs  
 

The durability of 17D-elicited NAbs has been extensively assessed35, 137-173 and reviewed.174-176 

While the vaccine has been said to induce “life-long” immunity, research from our lab in a paper 

published by Kareko et al., 2020171 demonstrated waning potency of NAbs with time since 

vaccination. Plaque reduction neutralization tests (PRNT) were performed using sera from non-

endemic vaccinees who received a single dose of 17D between zero and 61 ypv, and the serum 

dilution at which 90% of the input virus was neutralized (PRNT90) was plotted against time since 

vaccination (Figure 1.10). When stratified by ypv, an increasing proportion of vaccines were found 

to be seronegative, i.e with PRNT90 below the limit of detection of 1:10; 8% of vaccinees were 

found to be seronegative between zero and three ypv, 24% were seronegative 3-12 ypv, and 33% 

were seronegative by 12 ypv.  

 

Figure1.10  
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[Figure 1.10] 

Figure 1.10 Potency of neutralizing antibodies wane with time since vaccination 

Scatterplot showing plaque reduction neutralization test (PRNT)90 against years post-vaccination. Each dot represents sera 

from non-endemic vaccinees following a single dose of 17D.  Participants with a PRNT90 above the limit of detection of 1:10 

are considered seropositive, and participants with PRNT90 below the limit of detection are considered seronegative.  

Reprinted from Kareko et al., 2020171 with permission from Oxford University Press obtained via Copyright Clearance Center 

RightsLink®.  

 

 

Next, Kareko et al. next compared their seropositivity results to four other published studies of 

non-endemic cohorts,137, 141, 150, 163 and found a summary proportion estimate of 21% of vaccinees 

who were seronegative ≥10 ypv (Figure 1.11), which is the historical interval for booster doses.  

 

Figure1.11  
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[Figure 1.11] 

Figure 1.11 Twenty-one percent of non-endemic vaccinees are seronegative ≥10 years post-vaccination  

 

Reprinted from Kareko et al., 2020171 with permission from Oxford University Press obtained via Copyright Clearance Center 

RightsLink®.  

 

 

More recently, Kling et al., 2022176 reviewed the durability of NAbs from 36 studies including 

non-endemic and endemic cohorts, healthy adults, immunocompromised adults, and children, with 

time intervals post-vaccination ranging 1 month to 31years.35, 138-140, 142-149, 151-162, 164-173 Following 

a single dose of 17D, Kling at el. found 29% of healthy adult vaccinees were seronegative >5 years 

up to 10 years from five studies (four endemic and one non-endemic). Notably, when studied as a 

standalone population, the duration of NAbs has been reported to be greatly reduced, with 50% of 

infant vaccinees seronegative by 5-10 ypv when vaccinated before the age of two years,35 

reflecting increased risk of secondary vaccine failure amongst infant populations who receive a 

single dose of 17D early in life.  

 

The studies on the durability of NAbs following vaccination with 17D discussed here demonstrate 

that adhering to current recommendations of a single dose of 17D renders approximately one-in-

five healthy adult vaccinees seronegative by 10 ypv. Yet, recommendations that a single dose of 

17D confers lifelong immunity are maintained by global health entity the WHO, in addition to 

countries including the United States and the United Kingdom. The review by Kling et al., 2022 

led to Germany’s STIKO (Standing Committee on Vaccination at the Robert-Koch Institute) to 
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reintroduce the recommendation for a booster dose of 17D every 10 years, which was met with 

criticism177 and sparked debate.178, 179 The controversy continues.  

 

1.9.7 Potency and breadth of neutralizing antibodies 
 

In addition to titers of NAbs, it is important to understand the characteristics of NAbs in terms of 

how well they neutralize, so that we can make comparison between individuals or experimental 

conditions and identify thresholds that define protective immunity.  

 

1.9.7a Potency of NAbs  

 

Potency refers to the capacity of NAbs antibodies to effectively neutralize a virus. Experimentally, 

potency may be measured using neutralization assays which determine the amount of antibody 

required to neutralize a proportion of a known amount of input virus within the assay, typically 

50%, 80%, or 90%. Neutralization assay readouts may be an absolute concentration per volume, 

for example the inhibitory concentration that neutralizes 50% of input virus (IC50). Alternatively, 

neutralization titers may be used, which describe the serum dilution at which 50% of input virus 

is neutralized (NT50). While inhibitory concentrations based on human monoclonal antibody 

standards are commonly used in some fields, for example the study of human immunodeficiency 

virus,180 NAbs titers (NTs) are the common standard within the YFV and orthoflavivirus field. 

These units of measurement allow us to compare the potency of NAbs between individuals based 

on a physiologic starting point – undiluted serum from each individual - and determine various 

neutralization thresholds, for example the threshold of seropositivity, or a “protective threshold” 

required for either preventing symptomatic disease or viral replication, known as clinical- and 

sterilizing- immunity, respectively.  

 

1.9.7b Breadth 

 

Another important and useful concept is the breadth of neutralization, defined as the range of 

antigenically diverse viruses against which the specified threshold is met. Experimentally, breadth 
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of a single serum is characterized by determining and comparing NTs against a panel of viruses. 

The composition and size of the virus panel used to characterize breadth depends upon the research 

question being asked. Breadth neutralization may be reported the number of viruses within a given 

panel that are successfully neutralized at a specific serum dilution, or above the limit of detection, 

for example at a serum dilution of 1:10. Sera that neutralize are large proportion of viruses within 

the given panel are considered to have increased breadth of neutralization compared to sera that 

neutralize only one or a few viruses within the same virus panel, which are considered to have a 

reduced breadth or neutralization in comparison. Breadth of neutralization may result from a single 

B cell clone with a BCR that recognizes a broad range of antigens. More likely, however, is the 

expansion of multiple B cells with varying BCRs that individually recognize a narrow range of 

antigen, but collectively contribute to an expansive polyclonal response that increases in potency 

and avidity over time. With increased exposure to antigen, the BCR undergoes multiple rounds of 

somatic hypermutation and affinity maturation, resulting in B cells with high affinity BCRs and 

plasmablast cell populations that secrete highly potent antibodies. By characterizing breath of 

NAbs, we can strategically design vaccines to combat a wide range of antigenic variation across 

different virus strains and make informed predictions about potential vaccine escape mutants as 

well as the risk of emerging and re-emerging pathogens.  

 

1.9.7c Potency and breadth in the literature  

 

The potency and breadth of neutralizing antibodies within the YFV field has been relatively 

unexplored. One reason for this is the requirement of a BSL-3 facility to study wild-type YF 

viruses, which represents a barrier to research. Haslwanter et al., 202288 and Goncalves et al., 

202417 have both demonstrated reduced potency of 17D immune sera against wild-type SA-I 

strains. However, with seven genotypes of antigenically diverse YFVs distributed throughout 

Africa and South America, and ongoing conversations around the need for 17D booster doses, this 

represents a major knowledge gap.  

 

Recently, Shinde et al.,2024181 demonstrated that NHPs with heterologous orthoflavivirus 

immunity, as determined by the presence of NAbs against DENV and ZIKV following DENV or 

ZIKV infection, had decreased YFV viremia compared to orthoflavivirus naïve NHP infected with 
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the same dose of a wild-type SA-I strain. The authors also found that mosquitos that fed on NHPs 

with prior DENV or ZIKV immunity were refractory to infection compared to mosquitos fed on 

NHP without prior immunity. These data demonstrate cross-protection amongst NHP primates 

with heterologous orthoflavivirus infection histories that has not been previously demonstrated. 

Such cross-protection has not, to our knowledge, been explored in humans.  
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Section 2.1: Abstract 
 

The yellow fever vaccine 17D is one of the most successful live-attenuated vaccines ever 

developed, controlling mosquito-borne yellow fever virus and yellow fever disease worldwide. 

Introduced in 1937, 17D never underwent rigorous phase III clinical trials to evaluate safety or 

efficacy, and while protection in the field was quickly established, no prospective evaluation of 

vaccine efficacy has ever been conducted. One important measure of vaccine efficacy is 

breakthrough infection resulting from vaccine failure. Yellow fever breakthrough infection was 

previously formally evaluated in a policy-changing report conducted by the Advisory Committee 

on Immunization Practices in 2015 but has not been reviewed since despite several recent 

outbreaks in South America and Africa. To address this knowledge gap, we conducted a literature 

search and reviewed 19 papers documenting breakthrough yellow fever infection between 1944 

and 2023, including thirteen cohort studies, four case reports, and two case series, which we 

summarize, evaluate the approaches used, and identify strengths and weakness. We identified up 

to 7,793 and up to 773 breakthrough yellow fever infection amongst suspected- and confirmed 
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cases, respectively. This review provides an important and much needed update on the topic of 

yellow fever breakthrough infection, drawing from recent outbreaks, highlighting limitations, and 

suggesting future approaches to further advance the field.  

 

Section 2.2: Introduction 
 

In 1927, Adrian Stokes isolated and characterized yellow fever virus (YFV) as a “filterable 

agent” from an infected Ghanaian man named Asibi, establishing YFV as the etiological agent of 

yellow fever (YF).107, 182 In 1928, Max Theiler began vaccine development by serial passage of 

the Asibi virus through embryonic chick and mouse tissues.84 Following 176 passages, the live-

attenuated virus, “17D”, was subcutaneously injected into NHPs, where it elicited a neutralizing 

antibody (NAb) response without causing viscerotropic organ damage or neurotropic 

encephalitis and protected against a follow-up lethal YFV challenge.84 Consequently, 17D was 

considered a good potential vaccine candidate, and in 1937, the first doses were administered to 

humans during an outbreak in Minas Gerais, Brazil.68 Since then, approximately one billion 

doses of 17D have been distributed globally183, and in 1951, Theiler was awarded the Nobel 

prize for this work.119  

 

In 1959, the International Health Regulations (IHR) implemented a 9-year booster interval that 

was later amended to 10 years.184 In 2013, the World Health Organization (WHO) commissioned 

an extensive literature review174 on Nab durability which showed seropositivity rates of 75-100% 

amongst various vaccinee cohorts ≥10 years post vaccination. Based on these findings, WHO 

changed their policy recommendation from booster doses ever 10 years to a single life-time 

dose.33 This prompted the US Advisory Committee on Immunization Practices (ACIP) to 

conduct Grading of Recommendations, Assessments, Development, and Evaluation (GRADE 

evaluation) of evidence pertaining to the need for 17D booster doses. In this policy- and practice-

changing 2015 publication, ACIP identified critical outcomes, including “lack of vaccine 

failures” as a measure of vaccine effectiveness, representing the first and, to our knowledge, only 

consolidation and review of the literature on YF breakthrough infection.175 
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Breakthrough infection may occur because of primary vaccine failure, when an individual fails to 

seroconvert—produce virus-specific NAbs—following 17D vaccination, or because of 

secondary vaccine failure, defined as the loss of immunity following seroconversion,185 or 

through vaccine-virus mismatch, as has been well documented with influenza A and COVID-19 

vaccines, when the vaccine immune response lacks the potency and breadth required to protect 

against evolving virus variants. For simplicity in this review, we use the terms “breakthrough 

infection” when referring to infection in a vaccinee186 ≥10 days following vaccination, and 

“vaccine failure” to refer the underlying mechanism. 

 

Although ACIP’s 2015 GRADE publication175 transformed vaccination practices, the analyses of 

data were not peer-reviewed. Following an extensive review of articles retrieved from PubMed 

and Embase using “yellow fever vaccine” as a keyword, ACIP’s GRADE evaluation identified 

18 breakthrough cases amongst individuals ≥10 days post vaccination from eight observational 

studies between 1944 and 2014.187-194 The GRADE authors note inferior evidence from 

observational studies due to a higher risk of bias resulting from incomplete capture of cases and 

lack of a comparison group195 compared to randomized controlled trials, which were not 

conducted for 17D prior to widespread use.  

 

ACIP’s GRADE evaluation identified inconsistencies in the number of reported breakthrough 

cases in Brazil across 4 publications,191-194 ranging from five to 459 cases, depending on the 

publication which cover varying and overlapping time-periods between 1973 and 2009. The 

GRADE authors resolved these inconsistencies using data requested from the Brazilian Ministry 

of Health (MoH), and provided new summary count of seven, but they did not specify how the 

inconsistencies were resolved or adjudicated against the peer-reviewed research and the raw data 

from the MoH was not provided.  

 

An additional limitation of the GRADE publication is the use of “lack of evidence of vaccine 

failure” as a proxy for vaccine effectiveness. Specifically, GRADE documented a handful of 

breakthrough infections in the context of “>540 million [administered vaccine] doses”, which 

could be misconstrued as a denominator of exposed individuals, and would be an excessive over-

estimation of efficacy given that the number of vaccinated individuals truly exposed to YFV 
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through the bite of an infected mosquito is likely very small compared to the number of 

administered vaccine doses, and ultimately unknown. Nevertheless, absent prospective vaccine 

efficacy studies in high-risk settings, administered doses can serve as a surrogate for vaccine 

coverage in these high-risk settings. Despite limitations, the GRADE finding of “very few” 

documented breakthrough cases served as evidence for vaccine effectiveness, and ultimately 

contributed to ACIP’s removal of the recommendation for booster doses for most travelers in 

2015.196 

 

Although IHR removed the booster requirement in 2016,8 the need for booster doses remains 

controversial, and recommendations differ between countries. For non-endemic traveler 

populations, current US and UK guidelines suggest that individuals traveling to high-risk 

endemic areas consider a booster dose if the last dose was received ≥10 years prior8 while 

Germany reinstated the 10-year booster requirement in 2023 based on a systematic review 

looking at NAbs duration in vaccinees.176  

 

Investigators continue to document YF outbreaks in South America and Africa in reports ranging 

in scale from case- to nationwide-reports, offering additional knowledge and insight into 17D 

vaccine efficacy in YFV transmission settings such as active outbreaks. Here we 

comprehensively examine publications that report YF vaccine breakthrough cases, as well as re-

examine the literature initially reported in the ACIP GRADE, offering an updated perspective on 

what is known and what remains to be understood about 17D efficacy in humans.   

 

Section 2.3: Approach 
 

We conducted a PubMed-based literature search using the search term “[yellow fever] AND 

[country]” (Supplementary Table 2.1)25, 49, limiting to English full text reports. We identified 

3,304 reports published by March 28, 2024. We initially rejected papers based on a title or 

abstract that did not describe human cases of YF. Otherwise, the full texts were searched for 

keywords “vaccin” and “immun”, to determine if vaccination status was reported, and ultimately 

read in full. 
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Section 2.4: Findings 
 

Our search identified potential breakthrough infection occurring between 1944 and 2019, with 

7,724 to 7,793 cases amongst suspected/reported cases, and 341 to 773 amongst confirmed cases, 

where ranges reflect incomplete or ambiguous data. Amongst cohort and case series studies, 

breakthrough cases constituted 8-34% of suspected cases,29, 30, 52, 197, 198 and 2-49% of confirmed 

cases.30, 41, 52, 53, 74, 191, 193, 197, 199, 200 Studies with incalculable proportion of breakthrough cases were 

excluded from these ranges.194, 201 Cases were reported by 18 papers published between 1953 and 

2023, including six identified by the GRADE report.188, 189, 191-194 We identified five additional 

papers published before 2015,29, 53, 197, 201, 202 and seven published since.30, 41, 52, 74, 198-200 One report 

identified by the GRADE report was not identified by our search.187 Reports included ten source 

countries: three South American—Bolivia, Brazil, and French Guiana—and five African—

Angola, Cameroon, the Central African Republic, Sudan, and Uganda. Two reports described 

infection in West Africa. Our findings are summarized in Table 2.1. 
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Table2.1 

 

Reference Study 
type 

Source 
locale 

Study 
population 

Study 
period; 
date(s) 

Sample 
size,  
(N) 

Case 
definition 

Vaccination 
to symptom 

onset 

Vaccinated, 
% (n) 

Unvaccinated, 
% (n) 

Vaccination 
status 

unknown, 
% (n) 

Vaccination 
verification 

<10 days† or 
<14 days‡ 

post 
vaccination 

interval 
documented? 

Age(s) at 
breakthrough 

Fatality rate 
of 

breakthrough 
cases, % 

(n/n) 

Fatality 
rate of 
total 

cases, % 
(n/n) 

Elliott et 
al., 1944 

Case 
series 

West 
Africa 

Patients at a 
hospital  

NA; 
1944 3 Suspected 

8 months 
2 years 

1.5 years 
NA NA NA NR No 

32 years 
35 years 
25 years 

66.7% (2/3) NA 

Ross et 
al., 1953 

Case 
report Uganda NA NA; 

1952 1 Suspected 4 years NA NA NA NR No 39 years 100% (1/1) NA 

De Cock 
et al., 
1988 

Cohort Oju, 
Nigeria 

Patients of 
treatment 

centers and 
a hospital 

6 
months; 

Jul - 
Dec, 
1986 

87 
Suspected; 

 without 
jaundice  

NR 0 or 79.3%  
(0 or 69)* 

20.7%  
(18)* 

0 or  79%  
(0 or 69)* NR No NR NR NR 

Nolla-
Sallas et 
al., 1989 

Case 
report 

Niger, 
Mali, 

Burkina-
Faso, or 

Mauritania 

NA NA; 
1988 1 Confirmed; 

IgM+ and CF+ 5 years NA NA NA Vaccine 
certificate Yes† 37 years 0% (0/1) NA 

Heraud et 
al., 1999 

Case 
report 

French 
Guiana NA NA; 

1998 1 
Confirmed; 

RT-PCR from 
liver 

1 year and 
13 years NA NA NA NR Yes† NR 100% (1/1) NA 
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Van der 
Stuyft et 
al., 1999 

Cohort 
Santa 
Cruz, 

Bolivia 

Patients of 
hospitals 

and health 
centers 

7 
months;  

Dec, 
1997 - 
Jun, 
1998 

6 Confirmed; 
IgM+ 

NR 
6m - 1y 33.3% (2) 66.7% (4) 0 

Combination 
of medical 
records and 
interviews 

with physician 
and family 
members 

No 
Yes†  

4 years 
58 years 100% (2/2) 83.3% 

(5/6)  

de 
Filippis 
et al., 
2004 

Case 
report 

Minas 
Gerais, 
Brazil 

NA NA; 
2001 1 

Confirmed; 
Viral isolation 
from liver and 

PCR 
sequencing 

14 days NA NA NA NR Yes† 69 years 100% (1/1) NA 

Tuboi et 
al., 2006 Cohort Brazil 

Nationally 
reported 

cases 

5 years; 
1988 - 
2002 

251 

Confirmed;  
IgM+, viral 

isolation, liver 
pathology, YF 
Ag+ (IHC), or 
4-fold increase 

in NAbs  

8 months 
5 years 

1.5 years 
1 year 

5 months 

2.0% (5) 78.5% (197) 19.5% (49) "Written 
evidence" Yes† 

21 years 
20 years 
17 years 
62 years 
30 years 

40% (2/5) 44.2% 
(111/251) 

Câmara 
et al, 
2013 

Cohort Brazil 
Nationally 
reported 

cases 

35 
years; 
1973-
2008 

831 

Confirmed;  
IgM+, viral 

isolation, liver 
pathology, YF 
Ag+ (IHC), or 
4-fold increase 

in NAbs  

Unclear 
3.2% or 

55.2% (27 
or 459) 

0% or 52.0% 
(0 or 432) 44.8% (372) Data obtained 

from MoH No NR NR 51% 
(420/831) 

Saraiva 
et al., 
2013 

Cohort Amazonas, 
Brazil 

Nationally 
reported 

cases 

13 
years; 
1996 - 
2009  

42 
Confirmed;  

IgM+ or 
histopathology NR 

14.3% (6) 64.3% (27) 21.4% (9) 

Participant-
reported, one 
participant 
provided 

vaccination 
certificate 

No NR 83.3% (5/6) 71.4% 
(30/42) 

12 Survived 8.3 % (1) 83.3% (10) 8.3% (1) 
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30 Died 16.7% (5) 56.7% (17) 26.7% (8) 

Rachas et 
al., 2014 Cohort 

The 
Central 
African 

Republic 

Nationally 
reported 

cases 

5.6 
years; 
Jan 

2007 - 
Jul 

2012 

55 
Confirmed;  
IgM+ and 
PRNT+ 

 49.1% (27) 50.9% (28) 0% 

Participant 
reported No NR NR 20% 

(11/55) 

>10 ypv 11.1% (3)   

≤ 10 ypv 40.7% (11)   

3,220 
Suspected;  
 fever and 
jaundice 

 28.5% (919) 71.5% (2,301) 0% 

>10 ypv 17.4% (160)   

≤ 10 ypv 76.7% (705)   

Alhakimi 
et al., 
2015 

Cohort Darfur, 
Sudan 

Nationally 
reported 

cases 

3.6 
months; 
Sep 1 – 
Dec 20, 

2012 

844 Reported 

NR 

 
7.9% (67) 

 
77.0% (650) 

 
15.0% (127) 

 
NR 

 
No 

 
NR 

 
NR 

 
20.3% 
(NR) 

 48 
Confirmed;  

IgM+ or RT-
PCR+ 

 655 Epi linked 
 37 YFV+HEV 

 13 HEV 

Boyd et 
al., 2017 Cohort Angola 

Nationally 
reported 

cases 

4.4 
months; 
Jan 1 – 

May 
11, 

2016 

2,907 
Suspected;  
 fever and 
jaundice 

NR 15.7% (459) NR NR 

"Documented" Yes†‡ Median (SD) 
20 (12) 

NR 

NR 

NR Confirmed;  
RT-PCR+ 

See main 
text NR (32) NR NR 40.6% (13/32) 

Song et 
al., 2018 

Case 
series Angola 

Chinese 
workers 
returning 

from 
Angola 

NA; 
Mar - 
Apr, 
2016 

11 Confirmed;  
RT-PCR+ 

10 months 
5 years 18.2% (2) 81.8% (9) 0% NR Yes‡ NR 0% (0/2) 18.2% 

(2/11) 
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Ho et al., 
2019 Cohort São Paulo, 

Brazil 

Hospitalized 
patients 
within a 

single ICU 

2 
months; 
Jan 10 
- Mar 

11, 
2018 

79 Confirmed; 
RT-PCR+ 

~20 years 
3-5 months 
< 1month 

3.8% (3) 96.2% (76) 0% 

Vaccination 
records and 
participant-

reported 

Yes† NR NR 67% 
(53/79) 

de 
Rezende 

et al., 
2022 

Cohort 
Belo 

Horizonte, 
Brazil 

Hospitalized 
patients 
within a 
single 

hospital 

2 years; 
2017 - 
2018 

60 
Confirmed; 

RT-PCR+ or 
IgM+ 

>20 days  3.3% (2) 96.7% (58) 0% NR Yes† NR NR NR 

Ferreira 
et al., 
2022 

Cohort 
Minas 
Gerais, 
Brazil 

Nationally 
reported 

cases 

3 years; 
2016-
2018 

3,304 Reported 

NR 

33.6% 
(1,109) 

45.1%  
(1,491) 21.3% (704) 

NR No 

NR NR NR 

905 

Confirmed; 
"laboratory 
criteria or 

clinical 
epidemiological 

criteria" 

12.4%  
(112) 

64.1%  
(580) 

23.5%  
(213) NR 1.7%  

(15/905) 
22% 

(202/905) 

Nemg et 
al., 2022 Cohort Cameroon 

Nationally 
reported 

cases 

10 
years; 
2010 - 
2020 

20,261 
Suspected;  
fever and 
jaundice 

"Days to 
years" 

25.5% 
(5,167) 

74.5%  
(15,094) 0% 

NR No NR NR NR 

360 
Confirmed; 

IgM+ or 
PRNT50+ 

33.1% (119) 66.9% (241) 0% 

Giugni et 
al., 2023 Cohort São Paulo, 

Brazil 
Single 
morgue 

2 years; 
2017 – 
2019 

68 
Confirmed; 
IgM+, RT-

PCR+ or IHC 
NR 2.9% (2) 13.2% (9) 83.8% (57) Medical 

records Yes† NR NA 100% 
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[Figure 2.1] 
Table 2.1 Peer-reviewed published articles reporting yellow fever breakthrough infection between 1944 and 2023 

NA: not applicable; NR: not reported by the authors; IHC: immunohistochemistry; *n calculated from percentages; **denominator missing, cannot calculate percentages.  
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2.4.1 Africa 
 

Elliott 1944187 reports a series of suspected YF in three European military personnel treated at a 

West African military hospital in 1942, with symptom onset between 8 months- and 2 years- post 

vaccination (ypv), and 66.7% (2/3) fatality. Ross et al., 1953188 similarly reports a suspected fatal 

case of YF in a European worker in Uganda in 1952, with symptom onset four ypv. Elliott 

references “occasional failure to develop immunity” following vaccination, and Ross et al. suggest 

manufacturer-specific differences in vaccine efficacy. However, these earliest accounts of 

potential breakthrough infection are limited by the authors’ lack of confirmation of YF disease. 

During these early years, uncontrolled passage of the 17D vaccine resulted simultaneous use of 

multiple substrains which had post-vaccination complications that ranged from life-threatening 

adverse events to reduced immunogenicity.121 It is plausible, therefore, that the cases reported by 

Elliott 1944 occurred following vaccination with a batch with reduced immunogenicity which 

failed to elicit a protective response, as these cases predate introduction of the seed lot system in 

1945 which aimed to reduced such undesirable outcome.  

 

De Cock et al. 1988,201 report an outbreak in eastern Nigeria in 1986, representing the first 

documentation of possible breakthrough infection amongst indigenous individuals. Among 87 

acute phase samples collected from suspected cases at treatment centers or a hospital in Oju, ≤7 

days following symptom onset, 21% were reported as unvaccinated, implying that the remaining 

79% were either vaccinated or of unknown vaccination status. However, the authors did not make 

this specific claim and our interpretation is therefore limited to speculation. Moreover, the authors 

describe the 17D vaccine as “probably effective for life”, a contextual reflection of the central 

dogma that simultaneously and atypically acknowledges that immunity may not be “lifelong”.  

 

In 1989 Nolla-Sallas et al.189 provide a case report of a 37-year-old Spanish woman with a “valid 

international vaccination certificate” with symptom onset five ypv following travel through Niger, 

Mali, Burkina Faso, and Mauritania. YF was confirmed by IgM-ELISA and CF, and after 

hospitalization in Mauritania and transfer to an intensive care unit (ICU) in Barcelona, she fully 

recovered. Nolla-Sallas et al. note that vaccine failure due to an immunological defect is unlikely 

in this otherwise healthy patient, instead referencing several 17D vaccines that failed to meet WHO 



 72 

quality control,203 suggesting that vaccine failure may have resulted from vaccine instability. A 

strength of this paper is that the authors warn against discounting the possibility of breakthrough 

infection, stating that “YF should not be ruled out by history of YF vaccination”.  

  

Twenty-five years later in 2014 Rachas et al.197 investigated nationally reported cases in the 

Central African Republic between January 2007 and July 2012, aiming to assess effectiveness of 

the national YF surveillance system. The authors identified 28.5% (919/3,220) breakthrough 

infections amongst suspected cases, and 49.1% (27/55) amongst cases confirmed by IgM-ELISA 

and plaque reduction neutralization test (PRNT), with known vaccination status for all cases. A 

strength of this paper is the documentation of interval post-vaccination. Amongst suspected cases, 

76.7% (705/919) were ≤10 ypv, and 17.4% (160/919) were >10 ypv. For confirmed infections, 

40.7% were ≤10 ypv (11/27), and 11.1% were >10 ypv (3/27). The larger proportion of 

breakthrough infections ≤10 ypv compared to >10 ypv is surprising, given the literature showing 

reduced proportion of seropositive vaccinees by 10 ypv.141, 159, 171 However, these data are difficult 

to interpret given the large quantity of individuals with unknown vaccination dates, and the lack 

of additional demographic characteristics of the breakthrough cases. 

 

The following year, 2015, Alhakimi et al.,29 examined national surveillance data from Darfur, 

Sudan, reporting 7.9% (67/844) breakthrough infections amongst reported cases, between 

September 1 and December 20, 2012. The authors report a scarcity of laboratory reagents amidst 

political instability, resulting in only 15.9% (134/844) of reported cases being tested, with 35.8% 

(48/134) positive for IgM-ELISA and/or PCR. In lieu of diagnostic testing, 77.6% of cases 

(655/844) were confirmed by epidemiological link. These numbers likely include false reports of 

YF cases due to a concurrent outbreak of Hepatitis E, which also presents with jaundice; the 

authors note that 27.6% (37/134) of samples were Hepatitis E virus (HEV) positive, and 9.7% 

(13/134) of samples were positive for both YFV and HEV. A weakness of this paper is the lack of 

data regarding vaccination status amongst confirmed cases, and timing between vaccination and 

symptom onset. Furthermore, the case definition of a “reported” case was not provided. In the 

context of a resource-limited setting with reduced capacity to conduct thorough diagnostic testing, 

this represents a loss of valuable data.  
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In 2017, publication Boyd et al.198 aim to identifying vaccine failure and serious adverse events 

following a mass vaccination campaign launched in Angola in 2016 that administered >11.6 

million doses between January and June 2016. Using nationally reported cases between January 1 

and May 11, 2016, 16% (459/2,907) of suspected cases occurred in vaccinated individuals. The 

authors report breakthrough infection in 18 individuals with a positive RT-PCR ≥14 days after 

vaccination, and in 15 individuals with symptom onset ≥10 days after vaccination, amongst RT-

PCR-confirmed cases, however, the total number of RT-PCR confirmed cases is not given, and it 

is not possible to calculate breakthrough infections as a proportion of all confirmed infections. A 

strength of this study is the primary goal of identifying breakthrough infection and the 

documentation of days between vaccination and symptom onset that allows the important 

distinction between vaccine failure, and cases where insufficient time has passed for an immune 

response to develop following vaccination. Because of the overlap of the study period with the 

vaccination campaign, many of the study population are likely 0-4-months post vaccination, 

presenting a unique opportunity to identify potential breakthrough cases due to primary vaccine 

failure. However, time since vaccination is not given beyond 14 days following vaccination, 

rendering a more nuanced assessment of the likely timing of vaccine failure impossible. 

 

Song et al., 2018,41 report RT-PCR-confirmed YF amongst Chinese workers returning from 

Angola in March and April of 2016. Combined with a previously reported case from the same 

group of workers,39 18.2% (2/11) breakthrough infection constituted 18.2% (2/11) of total 

imported cases, occurring 10 months- and five years- post vaccination and both with non-fatal 

outcomes.39-41 With a total fatality rate of 18.2% (2/11), the number of deaths is too small to assess 

true mortality benefit of 17D, but the survival of the two breakthrough cases weakly suggests 

mortality is lower in breakthrough infections. This paper uniquely provides data on breakthrough 

infection in travelers, highlighting the importance of this topic for endemic and non-endemic 

traveler populations alike.  

 

Most recently, Nemg et al., 202230 aimed to identify high-risk districts in Cameroon by 

characterizing YF cases between 2010 and 2020, documenting 25.5% (5,167/20,261) 

breakthrough cases amongst suspected cases, and 33.1% (119/360) amongst confirmed cases. Like 

Alhakimi et al., the authors note a scarcity of reagents, relying on IgM-ELISA to confirm most 
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cases (339/360), and PRNT for some (21/360). Two-thousand-and-twenty samples collected ≤10 

days after symptom onset were RT-PCR-negative. As with other reports, time since vaccination in 

breakthrough cases was not documented but is simply reported as “days to years”, making it 

impossible to assess the proportion breakthrough infections erroneously attributed to vaccinees 

infected <10 days after vaccination.  

 

2.4.2 South America 
 

The earliest reports of breakthrough infections in South America in our search were published in 

1999. Heraud et al.202 is a fatal case report of a female of unknown age with symptom onset in 

1998, one- and 13- years following vaccination, confirmed by RT-PCR from a post-mortem liver 

sample. Uniquely, the authors had access to a blood sample taken in 1994 which tested negative 

for YFV NAbs, indicating vaccine failure following primary vaccination. This paper importantly 

documents the first reported in French Guiana in 97 years, which initiated an immunization 

campaign.  

 

Van der Stuyft et al. 199953 conducted six months of active YF surveillance amongst hospitals and 

clinics during an outbreak in Santa Cruz, Bolivia between 1997 and 1998. Amongst suspected 

cases, 33.3% (2/6) are fatal breakthrough infections, with 83.3% (5/6) total fatalities. Time 

intervals between vaccination and symptom onset were 6-12 months and unknown. The 

researchers also conducted a household serosurvey finding 5.7% (16/281) IgM-ELISA-positive 

participants, indicating possible asymptomatic YF. The authors reported 75% (12/16) vaccinees: 

10 were two-months post vaccination, one was one ypv, and another was four ypv. However, the 

finding that vaccine-elicited IgM is detectable up to 4 ypv,204 confounds these results. 

 

In 2004, de Filippis et al.192 investigate fatalities temporally associated with 17D vaccination, 

reporting breakthrough infection in a 69-year-old Brazilian man with symptom onset 14 days 

following vaccination, confirmed by sequencing of post-mortem viral isolates from the liver. The 

authors note the possibility that this individual had been naturally infected before mounting a 

protective response, especially given his “regular use of corticoids for allergies”. This report was 
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one of the four reports for which the ACIP GRADE authors sought clarification from the Brazilian 

MoH.175 

 

In 2006, Tuboi et al.191 use Brazilian national YF surveillance data between 1998 and 2002 to 

assess risk factors for death among hospitalized YF patients. The authors document 2% (5/251) 

breakthrough infections amongst cases confirmed by either IgM-ELISA, viral isolation, liver 

pathology, immunohistochemistry, or neutralization assay. The cases were three females and two 

males, aged 17-62 years vaccinated 0.5-5 years before symptom onset, with a 40% (2/5) fatality 

rate amongst total breakthrough cases. Of note, one of two case definitions used in this report for 

suspected YF was “a person with an acute febrile disease not previously vaccinated against YF 

who had been in an endemic or epidemic area” meaning that vaccinees and therefore possible 

breakthrough cases were systematically excluded. Clarification for this report was also sought 

from the Brazilian MoH by the GRADE authors. 

 

In 2013, two additional reports utilizing Brazilian national surveillance YF data were published.  

Câmara et al.194 report either 3.2% (27/831) or 55.2% (459/831) breakthrough infections; where 

432 individuals are reported as either “non-vaccinated” in the report’s Table 1, and vaccinated >10 

years prior in the main text. The discussion section of the manuscript implies that the 432 had been 

vaccinated but were “overdue” for a booster and therefore not up to date on their vaccination and 

considered unvaccinated. This distinction is paramount, and the inconsistency was one clarified in 

the GRADE evaluation, yet remains unresolvable using publicly available data including data 

made available by the Pan American Health Organization.49  

 

The second report, by Saraiva et al.193 documents 14.3% (6/42) breakthrough cases from 1996-

2009 in the state of Amazonas, Brazil, with 71% (30/42) overall fatalities, and 66.7% (22/33) 

fatalities amongst individuals with known vaccination status. Whilst the authors provide number 

of deaths among vaccinated (5/6, 83.3%) and unvaccinated (17/22, 77.3%), the large proportion 

of individuals with unknown vaccination status (9/42; 21.4%) make these numbers difficult to 

interpret. As in Nolla-Sallas et al.189 the authors suggest improper vaccine storage as a potential 

cause of high mortality amongst vaccinees. Additionally, they emphasize the need to ensure 

vaccines are given every 10 years, although their data do not address interval between vaccination 
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and symptom onset. The ACIP GRADE authors also sought clarification for these data via the 

Brazilian MoH. 

 

Four papers report cases during a significant outbreak in Brazil between 2016 and 2019.52 Ho et 

al., 2019199 characterized RT-PCR-confirmed cases of severe YF amongst patients admitted to an 

intensive care unit (ICU) in São Paulo, Brazil between January 10, and March 11, 2018. The 

authors report 3.8% (3/79) breakthrough infections with time since vaccination <1 month-, 3-5 

months-, and ~20 years- post vaccination. The relatively high fatality rate of 67% (53/79) is 

comparable with rates reported for severe YF in the literature. Unfortunately, the authors do not 

report deaths amongst vaccinees and we are unable to determine the protective efficacy of 

vaccination against death. The low number of vaccinated cases in this cohort could be interpreted 

as supportive, overall, for vaccine effectiveness in preventing severe disease while simultaneously 

demonstrating that protection is not absolute.  

 

de Rezende et al., 2022,200 investigated detection of YFV RNA by RT-PCR in urine samples from 

YF cases admitted to a hospital in Belo Horizonte, between 2017 and 2018. Amongst cases 

confirmed by either RT-PCR or IgM-ELISA, 3.3% (2/60) were breakthrough infections, with 

symptom onset >20 days- and 16 years- post vaccination. Described as “mild to severe”, this 

hospitalized cohort likely represent increased overall YF severity, compared to national data. 

Consistent with our speculation for Ho et al,199 the low proportion of hospitalized vaccinated cases 

supports potential protective efficacy of vaccination against severe disease.  

 

The third report from Brazil examined nationally reported cases from 2016 to 2018. Ferreira et al., 

202252 report 33.6% (1,109/3,304) breakthrough infections amongst suspected cases with 21.3% 

(704/3,304) of unknown vaccination status, and 12.4% (112/905) breakthrough infections amongst 

confirmed cases with 23.5% (213/905) unknown vaccination status. A weakness of this paper is a 

lack of detailed case definitions, how vaccination status was verified, and timing between 

vaccination and symptom onset, specifically what proportion of vaccines may have been 

vaccinated <10 days prior.  
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Finally, Giugni et al., 2023,74 characterized YF-associated myocardial injury, reporting 2.9% 

(2/57) breakthrough infections amongst YF fatalities in morgue in São Paulo, Brazil confirmed by 

RT-PCR, IgM-ELISA, or immunohistochemistry between 2017 and 2019. This unique cohort has 

a low rate of breakthrough infection, which again, may suggest good vaccine efficacy against 

severe YF. Like other papers, the authors only report vaccination as having occurred >10 days 

before symptom onset, which allowed the identification of true breakthrough cases, but prevents 

further interpretation regarding the timing of vaccine failure.  

 

Section 2.5: Discussion 
 

We reviewed 19 papers consisting of 13 cohort studies,29, 30, 52, 53, 74, 191, 193, 194, 197-201 four case 

reports,188, 189, 202, 205  and two case series41, 187 reporting possible YF breakthrough infection. All 

studies were observational. Of the cohort studies, eight study populations were formed using 

national surveillance data, with six reporting cases across an entire nation29, 30, 191, 194, 197, 198 and 

two within single states.52, 193 Three studies documented YF cases receiving medical treatment at 

a single hospital,53, 187, 200 two collected data from multiple hospitals and treatment centers,53, 201 

another studied ICU patients within a single hospital,199 and one investigated YF fatalities within 

a single morgue.74 Breakthrough infection was documented in individuals living in endemic areas 

by all cohort studies29, 30, 52, 53, 74, 191, 193, 194, 197-201 and by two case reports,189, 192 and in non-endemic 

travelers, workers, and military personnel via a case report and two case series.41, 187, 188 These 

studies represent a range of disease severity, including a broad range of symptoms captured by 

national surveillance data,29, 30, 52, 191, 193, 194, 197, 198 and more severe YF warranting treatment center- 

and hospital-level care,53, 187, 188, 200, 201 ICU-level care,199 or resulting in death.74  

 

As noted above, observational studies have multiple limitations and sources of bias.  

 

2.5.1 Asymptomatic infections 
 

Asymptomatic cases represent 55% of total YFV infections,7 yet we identified only one study that 

potentially identified breakthrough infection amongst asymptomatic individuals via a 
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serosurvey.53 Furthermore, no studies performed population-level analyses of vaccination status 

in the context of disease severity, which would help inform vaccine efficacy against asymptomatic, 

mild, and severe disease. Whilst asymptomatic individuals are indeed harder to study, it is possible, 

even likely, that asymptomatic infections account for a measurable proportion of breakthrough 

infections, with symptoms diminished or masked because of partial protective immunity still 

conferred by the vaccine.  

 

2.5.2 Case definitions 
 

Other potential sources of bias include the use of suspected versus confirmed cases, where 

suspected cases will likely capture most true cases of YF, this definition does not exclude other 

diseases that cause similar symptoms. In contrast, laboratory confirmed cases are more likely to 

include a higher proportion of true positive YF cases. However, because laboratory testing can 

rely on the accessibility of samples and test reagents during a narrow testing window, confirmed 

case definitions are likely to exclude some true positive cases of YF, resulting in an 

underestimation of total and breakthrough cases.  

 

2.5.3 Clinical definitions 
 

Reports defined suspected and reported cases using clinical symptoms, typically centered around 

symptoms of febrile illness, with jaundice as a qualifying symptom in three papers,30, 197, 198 and 

not a qualifying symptom in two papers.29, 201 Whilst characteristic of YF, not all YF patients 

experience jaundice, as demonstrated Ho et al.199 who report jaundice in only 19% (15/79) ICU 

patients, and inclusion of jaundice in the case definition within this study would have resulted in 

an underestimation. Conversely, patients may present with jaundice due to an unrelated illness, 

such as Hepatitis E, as demonstrated by Alhakimi et al.,29 and using jaundice as a qualifying 

symptom likely resulted in an overestimation of cases. Defining cases as suspected is a useful tool, 

especially in resource-limited settings, however, these examples emphasize the need to examine 

case definition limitations within the context of the specific study population, highlighting the 

value of confirming cases with laboratory testing.  
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2.5.4 Laboratory confirmation 
 

The first two published reports, by Elliott187 and Ross et al.188 failed to confirm YF disease using 

laboratory methods. Given that other hemorrhagic diseases that mimic YF are incident in Africa, 

misdiagnosis is a moderately strong possibility for these cases. This potential bias extends to other 

studies that report suspected, rather than confirmed cases. Cases were otherwise confirmed by 

virus isolation, serology (IgM-ELISA or PRNT), molecular methods (RT-PCR or sequencing), 

and pathological techniques like immunohistochemistry. Serological techniques indirectly detect 

changes in the immune response that are specific to and indicate YFV infection. The use of IgM-

ELISA to confirm YF is a standard diagnostic method that detects anti-YFV IgM produced early 

following infection before Ig-class switching events, and in the absence of a differential diagnosis, 

a positive IgM-ELISA is typically interpreted as recent YFV infection.21 However, Gibney et al., 

2012 detected IgM by ELISA in 75.2% (29/40) of vaccinees 3-4 ypv,204 and a positive IgM-ELISA 

may reflect recent vaccination rather wild-type YFV infection. Similarly, the PRNT does not 

discriminate between NAbs induce by vaccination versus natural infection. Consequently, studies 

confirming cases by IgM-ELISA29, 30, 53, 74, 191, 193, 194, 197, 200 and PRNT30, 197 may represent an 

overestimation of breakthrough infection, particularly during outbreaks where vaccination is 

initiated for outbreak containment and control.  

 

While confirmation by RT-PCR is not susceptible to the confounding issues of serology, there are 

other limitations. First, viremia is detectable up to 10 days following symptom onset21 which may 

result in false negatives in samples collected after viremia subsides, potentially underestimating 

both total and breakthrough cases in the six studies that confirmed cases with RT-PCR.29, 41, 74, 198-

200 Additionally, positive results may be confounded by detection of vaccine-induced viremia in 

individuals vaccinated <10 days before testing, a time frame too short for the vaccine to have 

elicited a protective immune response. Data to resolve this important interval was provided by 12 

papers,41, 53, 74, 187-189, 191, 192, 198-200, 202 but was missing from seven.29, 30, 52, 193, 194, 197, 201  

Finally, we note the need to perform virus isolation followed by sequencing to distinguish wild-

type infection from vaccine viremia in cases where symptoms occur shortly following 

vaccination,192 which is common when vaccination campaigns are launched in response to ongoing 

outbreaks. Notably, such cases occurring before a sufficient antibody response has mounted should 
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be discounted as breakthrough infection. Distinguishing between vaccine viremia and wild-type 

infection is especially important in the context of the serious adverse events, YF vaccine associated 

neurotropic and viscerotropic disease (YEL-AND and YEL-AVD), which have overlapping 

symptoms with natural infection,206 and failure to distinguish such cases may result in over 

estimation of breakthrough cases.  

 

2.5.5 Vaccination status 
 

Methods used to capture vaccine status varied widely. Some studies used vaccination records, 

medical records, or “written evidence”,  in all74, 189, 191 or 66.7% (2/3)199 of study participants. Other 

studies used a combination of medical records, surveillance forms, and interviews;53, 198 whilst 

others relied on self-reporting.30, 197 Many studies did not state how vaccination status was 

determined.29, 41, 52, 192, 194, 200-202  Requiring documentation, especially in settings where hard-copy 

records are not reliably kept or access to records is either limited or impossible will result in 

underestimations of cases but maintains rigor in assessing breakthrough. On the other hand, self-

reporting is susceptible to recall bias, which could lead to either over- or under-estimation of cases. 

For example, Teichmann et al. report hemorrhagic disease in a German traveler from Côte d’Ivoire 

who “confirmed several times that he had received yellow-fever vaccination 6 years previously”,  

which was not corroborated by his vaccination certificate and explained by the authors as a 

confusion by the patient between the German terms used for hepatitis, “gelbsucht”, and YF, 

“gelbfieber”.207 Even robust vaccination databases do not guaranteed that all individuals will be 

captured, and the limitations of self-reporting and verification must be contextually considered.  

 

2.5.6 Primary and secondary vaccine failure 
 

Breakthrough infection may occur because of primary or secondary vaccine failure. Primary YF 

vaccine failure may be caused by failures in manufacturing, storage, cold chain, resuspension, and 

administration, resulting in the vaccine failing to elicit a sustained immune response. Whilst this 

may have been responsible for some cases of breakthrough infection and was considered by the 

authors of several studies discussed above,188, 189, 191-193 validation of these failures is lacking. 

Additionally, fractional dosing of 17D of one-fifth of a standard dose elicits high initial 
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seroconversion rates of 97-100% by 30-45 days post vaccination in healthy adults,155, 208, 209 

comparable with seroconversion rates elicited by standard dosing,176, 210 suggesting that the 

vaccine may withstand ≤5-fold reduction in viability with little impact on short-term vaccine 

efficacy. Whilst adults who do not seroconvert following vaccination certainly represent 

individuals at risk for breakthrough infection due to primary vaccine failure, such individuals 

likely represent a small portion of total breakthrough infections. Meanwhile, reduced initial 

vaccine efficacy has been observed in children and immunocompromised individuals at 30-45 days 

post vaccination, with initial seroconversion rates of 85%-95%165, 210 and 78%-100%,158, 172 

respectively, and these groups may be at higher risk of breakthrough infection due to primary 

vaccine failure.  

 

Cross-sectional studies have found that around 20% of adult vaccinees are “seronegative” by 10 

ypv,141, 159, 171 depending on the definition of serostatus, potentially contributing a substantial 

proportion of breakthrough infections due to secondary vaccine failure. Similarly, seronegativity 

rates are approximately 50% by 5-10 ypv in infants vaccinated before the age of two years.35, 167, 

170, 211 Given that many countries, particularly in Africa where 90% of cases occur, routinely 

vaccinate children against YF at 9-12 months of age under the Expanded Program of 

Immunization33, 35 infant vaccinees may have an increased risk of vaccine breakthrough due to 

secondary vaccine failure.  

 

The breakthrough infections reviewed here cannot be distinguished between primary and 

secondary vaccine failure, which would require pre-infection serology. Whilst such serology may 

not be a reasonable public health measure, prospective cohort studies in endemic and high-risk 

areas to determine YFV serology of vaccinated cohorts on a seasonal basis would identify 

breakthrough cases, allowing identification of breakthrough infection amongst both symptomatic 

and asymptomatic cases, as well as indication of both primary and secondary vaccine failures.  

 

2.5.7 Review limitations 
 

There are limitations to our review. First, our literature search was performed manually, was 

limited to PubMed and articles published in English. Additionally, while PAHO maintains 
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publicly available databases of YF cases, including vaccinated cases212 we elected to limit our 

review to peer-reviewed reports. In this report, we make no effort to determine breakthrough 

rates in the systematic manner of a meta-analysis. In fact, we suspect the quality of data available 

on breakthrough cases overall to be too low to support a formal meta-analysis. Instead, our goal 

was to consolidate and summarize the current literature on YF breakthrough infection to bring a 

much-needed perspective on the quantity and quality of reports on 17D breakthrough cases. In so 

doing, we have highlighted important limitations in the field, including the inherent limitations 

of case reports, case series, and observational studies in establishing vaccine efficacy. We note 

substantial inconsistencies in case definitions and documentation of vaccination status, all of 

which represent large barriers to accurately identifying breakthrough cases and comparing rates 

of breakthrough infection across populations. Closing this knowledge gap will call for 

prospective studies, quality documentation of vaccination status, and setting aside incompletely 

substantiated claims regarding “lifelong” immunity. Indeed, much of what is assumed to be 

“known” about 17D efficacy, for example the durability of NAb following a single dose, is 

incompletely understood at best, and such assumptions become barriers to rigorous scientific 

evaluation of breakthrough infection. An archetypical example of this was the exclusion of 

vaccinated patients from the case definition of YF in a study that aimed to improve case 

detection timeliness during an outbreak in the Democratic Republic of Congo in 2018.38 This 

assumption-based exclusion almost certainly leads to under-reporting of breakthrough infections, 

and at worst, inappropriate care for such individuals. Finally, data on breakthrough infection 

provides insight into the longevity of protective 17D-elicited immunity, which adds crucially to 

the controversial topic on the requirement to boost. 17D is an old and highly successful vaccine, 

but one not without limitations. Ultimately, risk assessment of infection, disease outcomes, and 

adverse events need to be continuously studied and balanced against available resources for 

individuals and populations across the age and risk spectrum for YF, to inform country- and 

population-specific decisions regarding the need for a booster requirement.   
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Section 2.6: Supplementary materials 
 

Table2.S1 

Continent Country Source  

Africa Angola Garske et al., 2014 

Benin Garske et al., 2014 

Burkina Faso Garske et al., 2014 

Burundi Garske et al., 2014 

Cameroon Garske et al., 2014 

Central African 

Republic 

Garske et al., 2014 

Chad Garske et al., 2014 

Cote d’Ivoire Garske et al., 2014 

Democratic 

Republic of the 

Congo 

Garske et al., 2014 

Equatorial 

Guinea 

Garske et al., 2014 

Ethiopia Garske et al., 2014; Nwaiwu et al., 2021 

Eritrea Garske et al., 2014 

Gabon Garske et al., 2014 

Guinea Garske et al., 2014 

Guinea-Bissau Garske et al., 2014 

Kenya Garske et al., 2014 

Liberia Garske et al., 2014 

Mali Garske et al., 2014 

Mauritania Garske et al., 2014 

Niger Garske et al., 2014 

Nigeria Garske et al., 2014 
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Republic of the 

Congo 

Garske et al., 2014 

Rwanda Garske et al., 2014 

Senegal Garske et al., 2014 

Sierra Leone Garske et al., 2014 

Somalia Garske et al., 2014 

South Sudan Garske et al., 2014 

Sudan Garske et al., 2014 

Tanzania Garske et al., 2014 

The Gambia Garske et al., 2014 

Togo Garske et al., 2014 

Uganda Garske et al., 2014 

South 

American 

Argentina PAHO, 2023  

Bolivia PAHO, 2023 

Brazil PAHO, 2023 

Colombia PAHO, 2023  

Ecuador PAHO, 2023  

French Guiana PAHO, 2023  

Guyana PAHO, 2023  

Panama PAHO, 2023  

Paraguay PAHO, 2023  

Peru PAHO, 2023  

Suriname PAHO, 2023  

Trinidad and 

Tobago 

PAHO, 2023  

Venezuela PAHO, 2023  

   

 
[Figure 2.S1] 

Figure 2.S1 Summary of continent and country of yellow fever cases and source.  
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Countries were used to search PubMed using the search term “[yellow fever] AND [country]”. 
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Section 3.1: Abstract 
 

Yellow fever virus (YFV), the etiological agent of yellow fever remains a pathogen of public 

health concern, with recent outbreaks in both Africa and South America. Almost all studies of 

YFV rely upon the plaque assay, which remains the gold standard assay for identification 

and quantification of infectious YFV. However, the plaque assay is both time- and resource 

intensive, posing barriers to surveillance and research. While the micro-immunofocus 

assay has been developed and used extensively by the dengue- and Zika virus fields, it has not 

yet been standardized and widely adopted for wild-type YFV strains. We have adapted and 

optimized a micro-immunofocus assay for successful characterization of wild-type YFV strains 

belonging to all known genotypes. Here we provide a detailed protocol for a 96-well format 

wild-type YFV immunofocus assay using the pan-orthoflavivirus monoclonal antibody 4G2. 

Compared to the plaque assay, our protocol delivers equivalent virus quantification for all wild-

type viruses tested using fewer reagents and laboratory consumables. Additionally, our assay 

produces results within five days, compared to the plaque assay which can take up to seven days. 

Overall, the micro-immunofocus assay described here advances the field by offering increased 

throughput, reduced cost, and rapid results compared to the current gold-standard. These 

advantages offer increased accessibility of an assay with applications in research, diagnostics, 

and surveillance of emerging YFV strains. 
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Section 3.2: Introduction 
 

In 1927, yellow fever virus (YFV) became the first human pathogenic virus to ever be isolated,107 

and it is the prototypic virus of the genus orthoflavivirus which was named using the Latin root 

word “flavus” meaning yellow, after the yellowing jaundice it causes in yellow fever (YF) disease.  

 

After isolation of the Asibi strain in 1927, the virus was initially maintained by serial inoculation 

in NHPs. Between NHPs, the presence of the virus was confirmed with observation of YF 

symptoms in the inoculated animal, which were often fatal.114 Before the establishment of viral 

propagation in cell culture system, crude viral quantification involved inoculating groups of mice 

to determine a “mortality ratio”, the number of mice that died out of the total number of mice 

inoculated,124 where high ratios were indicative of high viral loads.  

 

As virological and immunological techniques progressed side-by-side, the “protection test”, later 

known as the mouse neutralization test, was developed to assess presence and potency of serum 

neutralizing antibodies by determining the dilution of sera from immunized animals that was 

protective against fatal infection, again performed in groups of mice.213 In 1932 a tissue culture 

method to cultivate YFV was established. Using minced chick embryos eight- to 10-days old, and 

media containing normal monkey serum, Haagen and Theiler, 1932116 describe successfully 

passaging YFV without loss of infectivity. These techniques played a fundamental role in not only 

maintaining the virus outside of vertebrate animals but also in the attenuation process that was 

used to make the highly successful live attenuated virus (LAV) YFV vaccine 17D that is still used 

today. In 1959, Porterfield developed the “plaque assay” for YFV, describing areas of  “cell 

destruction” (i.e. plaques), that developed following the infection of chicken embryo fibroblasts 

monolayers with YFV that were overlaid with agar.214 More specifically, plaques are small circular 

spots of dead cells that form within a cell monolayer as a result of a virus infecting and lysing a 

cluster of neighboring cells. Later that year, Porterfield applied his new plaque assay method as a 

titration technique of both virus and immune sera.215 Unfortunately, Porterfield’s plaque assay 

suffered poor reproducibility and despite its high potential for viral and immunological 

applications, it was not widely used.  
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In 1968, Spector and Tauraso216 developed a protocol for conducting the plaque neutralization test 

using MA-104 cell monolayers derived from embryonic rhesus monkey kidney. Compared to the 

previous mouse neutralization test which took 21 days to produce a result, Spector and Tauraso’s 

plaque assay produced results in just five or six days, did not require the use of mice, used 400µL 

of test sera compared to the 2mL required in mice, and was significantly cheaper. These 

developments represented a significant advance within the field which dramatically increased 

accessibility that would permit the production of valuable data. 

 

In the modern era, the plaque assay and related plaque reduction neutralization test (PRNT) are 

gold standard techniques used for quantification of YFV, serological diagnosis of YF,21, 217 and 

clinical vaccine trials.218 Yet the plaque assay has limitations. Most notable is its reliance upon 

plaque formation, which renders it unsuitable for non-plaque-forming viruses, which infect cells 

and replicate but do not cause sufficient cell lysis to form distinct plaques in in vitro assays. Non-

plaque-forming viruses have been reported for YFV219 and other orthoflaviviruses.220-222 

Additionally, heterogeneous plaque morphology, especially in low passage clinical isolates223 can 

pose challenges for generating reducible and accurate titers. To overcome these challenges, study 

of dengue virus (DENV) and Zika virus (ZIKV) utilize the immunofocus assay, which involves 

the application of immunostaining. Briefly, cell monolayers are infected with virus and incubated 

with a viscous overlay media such that newly synthesized virions are restricted to infect 

neighboring cells, as opposed to being secreted freely into a cell supernatant and infecting the cell 

monolayer at random. Resulting foci of infected neighboring cells can be visualized directly by 

immunostaining the virus within these clusters of cells. In order to visualize the immunofoci, cells 

must first be fixed and permeabilized, followed by addition of a primary monoclonal antibody that 

recognizes the envelope glycoprotein on the surface of the virion, followed by secondary antibody 

that binds to the species-specific antibody class (IgG, etc) of the primary antibody. This secondary 

antibody is also conjugated to a horseradish peroxidase enzyme that can oxidize a colorimetric 

substrate. The final step involves the addition of substrate, resulting in a color change and allowing 

the visualization of viral foci.  
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Within the YFV field, the plaque assay has remained the gold-standard for virus quantification, 

but challenges with the plaque assay have prompted the exploration of alternative methods of viral 

quantification.219, 224 The focus assay has been successfully used to characterize neutralization 

against the attenuated and highly passaged 17D vaccine strain108and recently validated against the 

plaque assay.225 Other studies have successfully used the focus assay to detect wild-type strains 

DakH1279108 and ES-50488, belonging to the West Africa-II and South American-I genotypes, 

respectively. However, beyond these studies the focus assay has not yet been successfully used to 

detect a broader range of antigenically diverse wild-type YFV strains. Here we describe a micro-

immunofocus assay using pan-orthoflavivirus monoclonal antibody 4G2226 to successfully 

visualize 10 wild-type YFV strains, including a representative strain from each of the seven 

genotypes. 

 

Section 3.3: Results 
3.3.1 Viruses  
 

Ten virus strains were titrated by for plaque and focus assays (Table 3.1) including the 17D vaccine 

strain (WA-II genotype), parental Asibi strain (WA-II), non-human primate-adapted DakAr 1279 

strain (WA-II), Jose Cachatra (WA-II), Ogbomosho (WA-I), Uganda48a (EA), Couma (E/CA), 

321_Br_MG_2018 (SA-I) which was isolated during the recent outbreak in Brazil, and HEB 4263 

(SA-II). The Angola strain 14FA/Angola71 was also titrated by focus assay. The year of isolation 

of these strains ranges from 1927 to 2018, and total number of passages ranges from three 

(Uganda48a and HEB 4236) to 50 (Couma). We note that only a partial passage history is available 

for Ogbomosho. Additionally, while the 17D virus used is denoted as passage five, this virus has 

an extensive prior passage history of over 289 sub-inoculations and subcultures through non-

human primates and ex vivo tissues.114  
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Table3.1 

Strain 
Date of 

isolation 

Locale of 

isolation 
Genotype 

Host 

source 

Isolate 

history 

Passage 

history† 

Contributor 

history‡ 

Total 

passages  
 

17D 1937 N/A 
West Africa 

II 
N/A N/A 

Vaccine 

vial 

Sanofi Pasteur 

commercial 

vaccine vial  

5 

 

¯ ¯  

Vero (1)  OHSU  

¯   

C6/36 (2)   

¯   

VF (2)    

Asibi 1927 

Kpeve 

Village, 

Ghana 

West Africa 

II 
Human 

Male, 

28 yo. 

Patient 

survive

d.  

Human 
YARU, Yale 

University 

11 

 

¯ ¯  

Monkey 

(6) 
WRCEVA  

¯ ¯  

C636 (3) OHSU  

¯ 
 

 

VF (2)    

DakAr 1279 1965 
Djeurbel, 

Senegal 

West Africa 

II 

Mosquit

o 

No 

further 

isolate 

history 

provid

ed 

Mosquito 

J.P. Digoutte, 

Institut 

Pasteur de 

Dakar 

8 

 

¯ ¯  

SM (6) 

Robert E. 

Shope, 

YARU, Yale 

University 

 

¯ ¯  

VF (2) 

ARC 

(lot:M18524

A WSV) 

 

 
¯  
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  OHSU  

Jose 

Cachatra 

23-Aug-

1965 

Guinea 

Bissau 

West Africa 

II 
Human 

No 

further 

isolate 

history 

provid

ed 

Human YARU 

9 

 

¯ ¯  

SM (6) WRCEVA  

¯ ¯  

Mosquito OHSU  

¯ 
 

 

VF (2)    

Ogbomosho 1946 
Ogbomosho

, Nigeria 

West Africa 

I 
Human 

No 

further 

isolate 

history 

provid

ed 

Human YARU 

>5 

 

¯ ¯  

P? WRCEVA  

¯ ¯  

C636 (2) OHSU  

¯ 
 

 

VF (2)    

Uganda48a/ 

MR896 
Jul-1948 Uganda East Africa 

Aedes 

spp. 

mosquito 

No 

further 

isolate 

history 

provid

ed 

Mosquito 

Institute 

Pasteur 

Bangai, 

Central 

African 

Republic 
3 

 

¯ ¯  

C636 YARU  

¯ ¯  

VF (2) WRCEVA  

Couma Jun-1961 Ethiopia 
East/Centra

l Africa 
Human 

No 

further 

isolate 

history 

provid

ed 

Human 

Institute 

Pasteur Paris, 

France 

50 

 

¯ ¯  

SM (46) YARU  

¯ ¯  

Mosquito 

(2) 
WRCEVA  

¯ ¯  

VF (2) OHSU  
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321_BR_M

G_2018 
2018 

Minas 

Gerais, 

Brazil 

South 

America I 
Human 

Female

, 71 yo. 

Patient 

survive

d. 

Human  

Instituto de 

Ciências 

Biológicas, 

Universidade 

Federal de 

Minas Gerais, 

Brazil 8 

 

¯ ¯  

Vero (2) OHSU  

¯ 
 

 

C636 (4) 
 

 

¯ 
 

 

VF (2)    

HEB 4236 
5-Mar-

1995 
Peru 

South 

America II 
Human 

No 

further 

isolate 

history 

provid

ed 

Human 

D. Watts, 

NAMRID, 

Peru 

3 

 

¯ ¯  

C636 WRCEVA  

¯ ¯  

VF (2) OHSU  

14FA 1971 Angola Angola Human 

No 

further 

isolate 

history 

provid

ed 

Humam 

¯ 

SM (7) 

¯ 

Mosquito 

(2) 

¯ 

C6/36 (1) 

¯ 

Vero (1) 

¯ 

VF (2) 

Robert E. 

Shope, 

YARU, Yale 

University 

¯ 

ARC (lot: 
TC00885 

WSV) 

¯ 

OHSU 

13 

 

 

 

 

 

 

 

 

 

[Table 3.1] 
Table 3.1 Isolation and passage history of viruses 
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Representative virus strains from each genotype. 

*yo: years old; 

†VF: Vero-furin+ cells, SM: suckling mouse, P?: missing passage history; 

‡OHSU: Oregon Health & Science University, YARU: Yale Arbovirus Research Unit, WRCEVA: World Reference 

Center for Emerging Viruses and Arboviruses, ARC: Arboviruses Reference Collection (Centers for Disease 

Control and Prevention).  

 

3.3.2 Incubation time of focus assays using wild-type YFVs  
 

Building upon established in-house and published protocols of focus assays using the 17D vaccine 

strain which is incubated for 48 hours following infection,88 we found an extended incubation time 

≥72 hours produces foci with optimal diameters for counting for most of our wild-type viruses. 

The exception to this was the Couma strain, which in our hands produced overlapping foci at ~72 

hours and optimal foci after ~48 hours.  

 

3.3.3 Biosafety modifications and challenges  
 

Operating within the BSL-3 poses challenges, including reduced dexterity resulting from extra 

personal protective equipment (PPE), additional precautions taken when discarding liquids to 

avoid unnecessary aerosolization and spills, and thorough decontamination steps. To account for 

these time consuming and important precautions, we developed a modified protocol. One major 

modification involved carefully removing overlay media from 96-wells plates by pipetting. 

Typically, plates are washed three times at this stage to removed residual overlay, which we 

reduced to a single wash to save time before fixing. As a result of reduced washing, we found a 

high level of “background” which is the result of non-specific binding of monoclonal antibodies 

used for visualization of foci, presumably the result of residual overlay media. Additionally, we 

found that some virus foci were faint and had poorly defined foci borders, reducing the accuracy 

of foci recognition by the CTL Immunospot software. 
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3.3.4 Assay optimization 
 

To account for these challenges, we adjusted our methods. To reduce background, we extended 

our blocking step to overnight at 4°C. To improve focus recognition, we increased our primary 

antibody incubation step to a minimum of overnight at 4°C. Finally, we allowed the TrueBlue 

substrate to incubate until clear foci were visible by eye – typically 60 minutes at room temperature 

and sometimes overnight at 4°C. Total assay time with these modifications from and including the 

day of infection to image acquisition was 5 days (4 days for Couma).  

 

3.3.5 Immunostaining of wild-type YFV strains 
 

We successfully visualized foci for every wild-type YFV strain assayed, including a strain from 

every known genotype (Figure 3.1). Furthermore, our modified immunostaining protocol allowed 

easy detection of individual foci using the CTL Immunospot.  
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Figure3.1 

 
[Figure 3.1] 

Figure 3.1 Representative plaques and foci  

Representative wells from plaque assays (top two rows) and focus assays (bottom two rows) for 17D vaccine strains 

and wild type viruses from each genotype. Plaque assays were conducted in 6-well plates and focus assay were 

conducted in 96-well plates.  

JC: Jose Cachatra, Ogbo.: Ogbomosho, Ug48a: Uganda48a. 321: 321_Br_MG_2018. 

Courtney Micheletti conducted plaque assays and provided images of individual representative wells.  

 

321

Asibi

Couma

JC DakAr 1279 Ogbo.

Ug48a HEB 4263

17D

14FA

Ug48a

17D Asibi

Couma

JC

321

DakAr 1279 Ogbo.

HEB 4263
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3.3.6 Comparison of plaque- and focus assays 

3.3.6a Viral titers 

 

We found a high level of agreement between plaque- and focus- assay-derived titers, with fold 

differences between PFU/mL and FFU/mL ranging 1.0-3.6 (Table 3.2).  

 

3.3.6b Time 

 

From infection to plaque/foci visualization, the plaque assay took 4-7 days, and the focus assay 

took 4-5 days. All steps of the plaque assay must be performed within the BSL-3 facility. 

Comparatively, focus assay plates may be removed from the BSL-3 on day 2-3 post infection 

following fixation with paraformaldehyde, and the remaining steps can be performed at BSL-2, 

without the need for a biosafety cabinet and with minimal personal protective equipment. Reduced 

time spent in the BSL-3 represent a significant reduction of risk of accidental exposure to lab 

personal through reduced time spent in a high stress environment, reduced interactions with 

infectious virus, and reduced operation while donning extra personal protective equipment which 

can limit dexterity.  

 

3.3.6c Other resources 

 

The plaque assay requires two 6-well plates to conduct a single titration in duplicate, compared to 

the focus assay, where eight titrations can be performed in duplicate within a single 96-well plate. 

This represents a significant reduction in cost of consumables and reduced incubator space 

required to conduct assays. The 96-well format also requires fewer cells and less cell culture media, 

representing reduced cost in reagents.  
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Table3.2 

 

 
[Figure 3.2] 

 
Table 3.2 Comparison of titers determined by plaque and focus assay  

Courtney Micheletti provided plaque counts and titers. FFU: focus forming units, PFU: plaque-forming units. 

 

Section 3.4: Discussion 
 

Here we have successfully optimized the micro-focus assay in 96-well format to visualize and 

titrate wild-type YFV strains representative of all seven genotypes. Notably, using pan-

orthoflavivirus anti-E monoclonal antibody 4G2, we were able to visualize foci formed by DakAr 

1279, a strain which has been previously described as non-plaque- and non-focus forming using 

the YFV-specific mAb, 3A8.B6,219 offering a valuable quantification method for a strain that 

causes robust viscerotropic infection in rhesus macaques that mimics severe human disease.72, 108 
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In contrast to previous reports of low passage and clinical isolates of orthoflaviviruses as non-

plaque forming,220-222 we successfully visualized foci from low passage (p3) isolates Uganda48a 

and HEB4236, suggesting that our protocol is suitable for visualizing other low passage strains 

and clinical isolates, and has the potential to identify newly emerged strains that pose a risk to 

public health.  

 

The focus assay has many advantages compared to the plaque assay. Notably, the focus assay 

requires less overall time, and fewer consumables and reagents which together represent reduced 

cost on material items and salary of lab personnel. Wild-type YFV must be handled at BSL-3. 

While the focus assay still requires a BSL-3 facility to handle live virus, we emphasize a small but 

important increase in biosafety through the reduced time of lab personnel spent in the BSL-3 

handling infectious virus.  

 

The focus assay has many important applications. Beyond titration, we have successfully used the 

methods described here to conduct FRNTs (data not shown). The FRNT is an invaluable tool for 

conducting serosurveys to determine immunity of a given population with the goal of assessing 

vaccination coverage and risk of an outbreak. The FRNT has been adopted by many.88, 108, 227, 228 

However, the PRNT remains the gold standard serological diagnostic, boasting greater specificity 

than the IgM ELISA which is especially valuable in areas of co-circulating orthoflaviviruses.21 

The FRNT is a higher throughput and rapid alternative that offers to crucially reduce time needed 

to provide diagnoses, the provision of care, and public health efforts such as ring vaccination to 

prevent spread of disease.  

 

Our study has limitations. While we were able to visualize foci for all viruses tested, we recognize 

that successful staining is not guaranteed, especially for true clinical isolates which were not 

validated here below passage three. Our approach of inter-assay validation required titers within 

fourfold of each another which represents the accepted variation for titration assays and 

neutralization tests within the field. However, no statistical analyses were conducted to robustly 

validate a correlation between the two assays.  
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Our focus assay offers a time- and cost saving approach to characterize wild-type YFVs that have 

proven to be challenging to characterize using historical methods. The ability to reliably 

characterize wild-type YFV strains advances the field by increasing the accessibility of a powerful 

assay with applications in diagnostics, surveillance, and research, ultimately enhancing our 

potential to reduce disease transmission and improve public health outcomes. 

 

Section 3.5: Materials & Methods 
Viruses  

Viruses were obtained from collections with the World Reference Centre for Emerging Viruses 

and Arboviruses and University of Texas Medical Branch, the Centre for Disease Control’s 

Reference, and gifted by Betânia Paiva Drumond with the Universidade Federal de Minas Gerais. 

Source, isolate history, and passage history are summarized in Table 1.  

 

Tissue culture 

Vero cells (ATCC CCL-81) were used for virus titration. Vero cells over-expressing furin (Vero-

furin+) were used for virus propagation (ref or note that they were made in house). Vero cells were 

maintained in Vero complete media (VCM): MEM/EBSS (Hyclone, SH30024.01) supplemented 

with L-glutamine (Gibco, 25030-081) non-essential amino acids (NEAA; Gibco, 11140-050), 

antibiotic-antimycotic (Gibco, 15240-062) and 10% v/v fetal bovine serum (FBS; Avantor, 89510-

186). Vero-furin+ cells were maintained in Vero-furin+ (VF) media (VFM): VCM supplemented 

with 460µg/mL G418 (Thermo, 10131035), which required to elicit selective pressure for over 

expression of furin  G418-reistant gene during the infection stage of virus propagation in Vero-

Furin+ cells. All cells were incubated at 37°C, 5% CO2. Cells were passaged by rinsing with 

phosphate buffered saline without calcium or magnesium (PBS; HyClone, SH30256.01), 

trypsinized with 0.25% Trypsin-EDTA (Gibco, 25200-056), quenched in VCM, and pelleted at 

200 x g for 5 minutes. All cells used in assays were below passage 25.  

 

Virus propagation 

All unfixed viruses were handled within a biosafety level 3 (BSL-3) facility at OHSU. T75 tissue 

culture flasks (Fisherbrand, FB012937) were seeded with 5 x 106 Vero-Furin+ cells in VFM and 
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grown overnight at 37°C, 5% CO2 and cell confluence was confirmed prior to infection. Flasks 

were washed twice with PBS, and infected with virus suspended in virus dilution media (VDM): 

MEM/EBSS supplemented with L-glutamine, NEAA, Gibco, antibiotic-antimycotic, and 2% v/v 

FBS and incubated for 1 hour at 37°C, 5% CO2, rocking the flasks every 15 minutes. Next, the viral 

inoculum was removed and discarded, and 12mL of VCM was added to each flask before 

incubating at 37°C, 5% CO2. Flasks were observed for cytopathic effect (CPE), compared to 

uninfected cells over the subsequent days, and harvested when ≥40% CPE was first observed (4-

8 days post infection for all viruses). Tissue culture supernatants were collected and clarified at 

1000 x g for 10 minutes at room temperature (RT). Clarified supernatants were supplemented with 

10% v/v sucrose phosphate glutamate (SPG; 2.18M sucrose, 38mM KH2PO4, 72mM K2HPO4, 

60mM L-Glutamic acid), aliquoted, and stored immediately at -80°C. All virus aliquots were 

stored at -80°C for ≥48 hours before use.  

 

Upon receipt of virus stocks from external sources, an initial passage (p1) stock was generated by 

infecting with an unknown multiplicity of infection (MOI). “p1” stocks were used solely to seed 

subsequent working stocks at an MOI of ~0.01. All neutralization assays were conducted using 

second passage “p2” stocks.  

 

Plaque assay 

Plaque assays were performed in biological duplicate. Virus quantification by plaque assay was 

conducted using standard virological methods as previously described.229-233 VeroE6 cells (ATCC 

CRL-1586) were seeded into 6-well flat-bottom plates, with 5.0x105 cells/well, 24 hours prior to 

infection. Virus was diluted 10-fold with a range of 10−2 - 10−7 in OptiMEM (Gibco 31985-070) 

supplemented with 2% heat-inactivated fetal bovine serum (Avantor 89510-186, Lot#015B20), 

and 1% Antibiotic-Antimycotic 100X (Gibco 15240062). Infection was performed by adding 0.3 

mL of diluted virus to each well containing 80-90% confluent monolayers for 1 hour at 37℃ and 

gently rocked every 15 minutes. After 1 hour, the inoculum was removed from the wells and 

replaced with 3.0 mL of a molten primary overlay, equilibrated to 42℃. The overlay consisted of 

a 1:1 ratio of agarose and nutrient media, composed of 1% SeaPlaque agarose (Lonza 50100), 2x 

EMEM (Quality Biological, 115-073-101), 2.5% heat-inactivated fetal bovine serum (Avantor 

89510-186 Lot#015B20), and 0.5% Antibiotic-Antimycotic 100X (Gibco 15240062). The primary 
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overlay was left to solidify completely for >20 minutes before incubation at 37°C with 5% CO2 for 

3-5 days, varying based on the viral strain. After initial plaque formation, 2.0 mL of molten 

secondary overlay containing 3.3 mg/mL Neutral Red (Sigma-Aldrich 861251) was added to each 

well and allowed to solidify before incubating at 37°C for 24 hours. Plaques were then visually 

inspected and counted using an LED transilluminator. Images of the inverted plates were captured 

using a digital camera attached to an adjustable vertical mount to minimize vignetting of individual 

wells. 

 

Focus assay 

Serum dilution and infection 

Focus assays were performed in biological duplicate. Vero cells were seeded in 96-wells plates at 

2 x 104 cells per well in 200µL of VCM, and incubated at 37°C, 5% CO2, overnight. Virus stocks 

were thawed at room temperature, and serially diluted 10-fold starting at 10-1 through 10-5 in VDM. 

Serial dilutions were prepared by adding 30µL of neat virus to 270µL of VDM, mixing by pipetting 

up and down 30X before transferring 30µL to the next well. Virus dilutions were performed in 

duplicate, and no-virus (VDM only) well was prepared per dilution. Ninety percent confluency of 

Vero cell monolayers was confirmed, and VCM media discarded. Cells were infected by pipetting 

30mL of diluted virus carefully down the side of wells, so as not to disturb the cell monolayer. 

Plates were manually rocked immediately to ensure even distribution of the virus inoculum over 

the cell monolayer, and then every 15 minutes for a total of 45-60 minutes incubation at 37°C, 5% 

CO2. Cells were then overlaid with 180µL of overlay media: OptiMEM (Gibco, 31985-070) with 

1% methylcellulose (Sigma, M0512) supplemented with NEAA, anti-anti, and 10% v/v fetal 

bovine serum (FBS). Infected plates were incubated at 37°C, 5% CO2, for 68 hours (±4), except 

for Couma 1961 which was incubated for 48 hours (±6).  

 

Fixation and staining 

Forty-eight to 72 hours post infection, overlay media was aspirated and discarded by careful 

pipetting so as not to disturb the cell monolayer. Wells were washed once by adding 200µL of 

PBS gently down the side of the wells, then PBS was aspirated and discarded as before. Entire 

plates were fixed in 4% paraformaldehyde (PFA) in PBS by adding 100µL carefully down the side 

of wells before completely submerging plates and lids and transferring to a resealable bag. Plates 



 102 

were incubated at RT for 20 minutes to allow for complete viral inactivation before removal from 

the BSL-3 suite. Following inactivation, PFA was discarded, and plates washed twice by 

submerging in PBS. PBS was discarded and plates blotted on absorbent paper towels to remove 

residual PBS. Cells were permeabilized by incubating for 10 minutes at RT, rocking, with 30mL 

of permeabilization buffer: PBS with 0.074g sodium azide (Sigma S8032), 0.875% bovine serum 

albumin (Sigma, A-7409), 0.01% saponin (Sigma, S8032). Plates were washed twice with PBS, 

blotted as before, and blocked by adding 150µL of blocking buffer (BB; PBS with 2% heat 

inactivated normal goat serum (Rockland Immunochemicals, Inc., 0204-00-0100), and 0.4% 

Titron-X) and incubated overnight (or up to 4 days) at 4°C. BB was discarded, 30µL of primary 

antibody—pan-flavivirus anti-E antibody 4G2226 (1mg/mL, generated from hybridoma, ATCC cat 

# HB-112)—diluted 1:750 in BB added, and incubated overnight at 4°C. Primary antibody was 

discarded, and plates were washed 3 times with PBS, and blotted. Thirty µL of secondary 

antibody—Horse Radish Peroxidase goat-anti-mouse-IgG antibody (BioLegend, Cat# 405306)—

diluted 1:1000 in BB was added to each well and incubated for 45 minutes (<90 minutes) at RT. 

Due to the light sensitivity of peroxidase, plates were protected with foil in all subsequent steps. 

Plates were washed 3 times with PBS, and blotted, before adding 30µL of TrueBlue™ Peroxidase 

Substrate (Kirkegaard & Perry Laboratories Inc., 5510-0030) per well. Plates were allowed to 

develop for a minimum of 20 minutes, or until foci were visible (occasionally overnight). 

TrueBlue™ was discarded, and plates washed once by submerging in de-ionized water. Water was 

discarded, plates blotted, and allowed to air dry for ≥20 minutes. Images of individual wells were 

acquired, foci counted, and quality controlled using a CTL ImmunoSpot 7.0.26.0 (Cellular 

Technology LTD, Cleveland, OH, USA).  

 

Comparison of viral titers by plaque and focus assay 

To establish the reproducibility of results using either assay, plaque and focus counting was 

performed on blinded samples with one lab member counting plaques and another counting foci. 

Next, we calculated plaque forming units (PFU/mL) or focus forming units (FFU/mL) for each 

dilution that had countable plaques or foci, and geometric mean titers (GMTs) were calculated. 

Intra-assay validation required biological duplicates with titer values within fourfold of each other. 

Fold differences were then calculated between GMTs from plaque- and focus assays determined 
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using the same virus. For inter-assay validation we required virus-paired GMTs within fourfold of 

each other. 
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Table3.2 
      

Strain 
Date of 

isolation 

Country of 

Isolation 
Genotype 

Host 

source 

Isolate 

history 
Passage history†  

17D 1937* N/A 
West 

Africa II 
N/A N/A 

Vaccine vial 

¯ 

??? 

Asibi 1927 

Kpeve 

Village, 

Ghana 

West 

Africa II 
Human 

Male, 28 

yo. 

Patient 

survived.  

Human 

¯ 

Monkey (6) 

¯ 

C636 (3) 

¯ 

VFc2 

¯ 

VFc2 

DakAr 1279 1965 
Djeurbel, 

Senegal 

West 

Africa ??? 

Mosqui

to 

No 

further 

isolate 

history 

provided 

SM (6) 

¯ 

VFc2 

¯ 

VFc2 

Couma Jun-61 Ethiopia 
East/Centr

al Africa 
Human 

No 

further 

isolate 

history 

provided 

Human 

¯ 

SM (46) 

¯ 

Mosquito (2) 

¯ 

VFc2 

¯ 

VFc2 
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HEB 4236 
05-Mar-

95 
Peru 

South 

America II 
Human 

No 

further 

isolate 

history 

provided 

Human 

¯ 

C636 

¯ 

VFc2 

¯ 

VFc2 

Ogbomosho 1946 
Ogbomosho, 

Nigeria 

West 

Africa I 
Human 

No 

further 

isolate 

history 

provided 

Human 

¯ 

P? 

¯ 

C636 (2) 

¯ 

VFc2 

¯ 

VFc2 

Uganda48a/ 

MR896 
Jul-48 Uganda 

East 

Africa 

Aedes 

spp.  

No 

further 

isolate 

history 

provided 

Mosquito 

¯ 

C636 

¯ 

VFc2 

¯ 

VFc2 

Jose Cachatra 
23-Aug-

65 

Guinea 

Bissau 

West 

Africa II 
Human 

No 

further 

isolate 

history 

provided 

Human 

¯ 

SM (6) 

¯ 

Mosquito 

¯ 

VFc2 
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[Table 2.1] 
Table 2.1 Isolation and passage history of viruses 

*Date of development. 

†Number of passages within specified tissue/animal in parentheses; “P?” indicates unknown passage history; viral 

passage used for experiments is underlined. 
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¯ 

VFc2 

321_BR_M

G_2018 
2018 

Minas 

Gerais, 

Brazil 

South 

America I 
Human 

Female, 

71 yo. 

Patient, 

survived, 

no further 

isolate 

history 

provided 

  

Human  

¯ 

Vero (2) 

¯ 

C636 (4) 

¯ 

VFc2 

¯ 

VFc2 
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Section 4.1: Abstract 
 

The yellow fever 17D vaccine has been distributed worldwide for almost 90 years and is 

considered highly successful, eliciting neutralizing antibodies in almost all vaccinees. However, 

with recent outbreaks in South America, and Africa, yellow fever continues to represent a 

significant public and global health concern. Despite the longevity of the 17D vaccine, few studies 

have characterized the capacity of 17D-immune sera to neutralize wild-type yellow fever viruses. 

To our knowledge, we provide the first extensive characterization of the potency and breadth of 

17D-immune sera, using an expanded panel of wild-type yellow fever viruses that represent all 

known genotypes together with a unique cohort of non-endemic vaccinees with diverse 

orthoflavivirus infection histories. Importantly, we identified significantly reduced neutralization 

titers and rates of seropositivity of 17D-immune sera against South American SA-I virus strains. 

However, this effect was observed exclusively amongst 17D-only vaccinees, suggesting a boosting 

effect following heterologous orthoflavivirus infection. We believe this boosting effect is the result 

of cross-reactivity of neutralizing antibodies to N67 epitopes within the envelope glycoprotein that 
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are exclusive to SA-I strains and conserved across dengue serotypes. These data fill an important 

knowledge gap and have implications for future vaccine strategies.  

 

Section 4.2: Introduction 
 

Mosquito-borne yellow fever virus (YFV), the prototypic orthoflavivirus and etiological agent of 

yellow fever (YF), is estimated to cause up to 173,000 severe infections and up to 82,000 deaths 

annually across Africa and South America.234 With no current antiviral therapies, the YFV vaccine 

17D continues to play an essential role in controlling disease since its creation in the early 1930s. 

The millions of doses distributed globally are estimated to prevent up to 119,000 of YF cases 

annually.234  

 

The 17D vaccine is a live-attenuated vaccine derived from the wild-type Asibi strain of YFV 

originally isolated from and named after a Ghanaian man in 1927.182 Over the next decade, Max 

Theiler and colleagues serially passaged the Asibi strain first through non-human primates, and 

then over 180 times in vitro in embryonic mouse, embryonic chick, and finally embryonic chick 

tissues lacking brain and central nervous tissue.84 The resulting virus was named 17D, and had 

reduced neuro- and viscerotropism, and importantly, elicited neutralizing antibodies in non-human 

primates that were protective against a lethal challenge with the parental Asibi strain.84 Shortly 

thereafter, newly invented techniques permitted large scale production of the vaccine in 

embryonated chicken eggs,235 and the first doses of the 17D vaccine were administered to humans 

during an YF outbreak in Minas Gerais, Brazil in December of 1937,68 and the 17D vaccine rapidly 

became widely accepted throughout the global community. 

 

Despite a strong safety record and huge success controlling yellow fever disease, 17D predated 

the modern-day FDA-approval process, bypassing rigorous validation of safety and efficacy. 

Nonetheless, 17D is highly immunogenic, eliciting NAbs in 95 to >99% of vaccinees by 30 days 

post-vaccination.176, 210 NAbs against the 17D vaccine strain are widely accepted as a correlate of 

protection.83, 136 The gold standard for characterizing 17D-elicited neutralizing antibodies is the 

plaque reduction neutralization test (PRNT), which determines the serum-dilution at which a 

given percentage of input virus within the assay is neutralized, for example 50, 80, or 90%. 
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Notably, most characterization of 17D-immune sera, including studies determining the durability 

of 17D-elicited NAbs have used either the attenuated vaccines strains 17D137, 141, 236-238  or, to a 

lesser degree, the French neurotropic strain239-241 as the test virus, both of which belong to the 

West African WA-II genotype,242 and neglect the antigenic diversity of wild-type viruses. 

Crucially, these studies,137, 141, 236-238 played a key role in shaping recommendations made by the 

USA Advisory Committee of Immunization Practices that rescinded the need for administration 

of booster doses to most travelers.196 This decision was made despite the significant knowledge 

gap regarding the capacity of 17D-elicited NAb to neutralize circulating and clinically relevant 

wild-type strains that remain today.  

 

YFV strains are genetically grouped into seven genotypes originally distinguished by nucleotide 

sequence variation of >9% within a 670bp fragment bridging the pre-membrane (prM) and 

envelope (E) genes.78 Phylogenetic analyses estimate that currently circulating strains in Africa 

emerged in West Africa (WA) ~1,500 years ago, that South American (SA) strains diverged 

from WA strains almost 500 years, and that currently circulating SA strains were introduced into 

the Americas during the slave trade75 and diverged into SA-I and SA-II genotypes ~300 years 

ago. The seven genotypes currently recognized are WA-I, WA-II, East Africa (EA), and 

East/Central Africa (E/CA), Angola (A), and SA-I and SA-II. Strains belonging to the SA-I 

genotype were responsible for causing the largest outbreak in the 21st century, which occurred in 

Brazil between 2016 and 2019.48 A total of  2,205 confirmed cases and 734 deaths were reported 

to the Pan American Health Organization,49 although the number of actual cases was likely much 

higher. This outbreak prompted a new wave of scientific investigation of YFV, including 

epidemiological-, immunological-, and clinical studies.  

 

To our knowledge, 17D-immune sera has been characterized using authentic YFV strains only 

twice before. Haslwanter et al., 202288 and Goncalves et al., 202417 showed reduced potency of 

17D-immune sera against SA-I strains amongst vaccinee cohorts in Brazil; an important finding 

that suggests that the neutralization capacity of 17D-elicited NAbs is significantly reduced 

against clinically relevant strains, contrary to previous estimates. Haslwanter et al. also showed 

reduced potency using a cohort of vaccinees from the United States; however, these data were 

produced using reporter viral particles. Additionally, they identified five amino acid residue 
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substitutions within the E glycoprotein, that were found exclusively in SA-I strains, that 

increased resistance to neutralization by 17D-immune sera. Interestingly, one of these residues is 

a glycosylation site highly conserved across related orthoflavivirus dengue virus (DENV) strains, 

where it plays a crucial role in cell attachment and entry of dendritic cell and macrophages via 

cell surface receptor DC-SIGN.243 Importantly, co-circulation of YFV and DENV in Brazil and 

other YFV-endemic regions generates diverse orthoflavivirus immunity amongst these 

populations. However, the potential for heterologous orthoflavivirus infection to modify the 

capacity of 17D-elicited NAbs against wild-type YFV strains has not yet been explored, possibly 

because of research barriers imposed by the requirement of a biosafety level (BSL)-3 facility to 

handle wild-type strains.  

 

To address this important knowledge gap, we generated a panel of 12 wild-type YFVs including 

archival and contemporary strains representing all seven YFV genotypes. Using our unique 

cohort of non-endemic 17D-vaccinees with diverse orthoflavivirus infection histories, we 

performed focus reduction neutralization tests (FRNTs) against our unique virus panel. 

Additionally, we employed antigenic cartography to provide the most extensive characterization 

of YFV potency and breadth to date and establishing the previously unexplored YFV antigenic 

landscape. By assessing geometric mean titers (GMTs) and rates of seropositivity amongst our 

vaccinees, we demonstrated a novel role for heterologous orthoflavivirus infection in boosting 

17D-immunity. Taken together, our findings have implications for future public health efforts, 

including surveillance and vaccination strategies.  

 

Section 4.3: Results 
4.3.1 Viruses 
 

A total of 13 YFV virus strains were used for characterizing potency and breadth of NAbs induced 

by 17D vaccination (Supplementary Table 4.1). The E gene (ectodomain) of working stocks of the 

13 viruses evaluated in this study were sequenced using Sanger sequencing and phylogenetic 

relatedness was confirmed (Figure 4.1A). We identified 33 amino acid differences across all 

viruses, with 10 differences restricted to 17D and 23 differences between wild-type viruses (Figure 
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4.1B, C). Seven differences were within E domain (ED) I, 16 were within EDII, and 10 were within 

EDIII. We confirmed the presence of a novel H67N glycosylation site, as well as additional sites 

previously implicated by Haslwanter et al., 2022 to influence neutralization by 17D-immine sera—

A83E, D270E, N271S, and N272K—which are all unique to the SA strains, with all five changes 

unique to SA-I strains, except for N271S which is also found in SA-II. WA-I strains showed least 

variation with 10-11 amino acid changes (2.5-2.8%), followed by WA-II strains with 11 amino 

acid changes (2.8%). EA strains differed by 18-19 amino acids (4.5-4.8%), the E/CA, A, and SA-

I strains each differed by 19 amino acids (4.8%), while SA-II strains showed the most variation 

with 22-23 amino acid changes (5.5-5.8%).  
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Figure4.1  

 

A

B

C

Domain EDI EDI
Position 46 52 56 62 67 70 83 87 90 153 154 170 173 191 200 201 207 224 268 270 271 272 282 299 305 318 325 331 335 344 345 360 380

17D E R V N H I A E N T T V I G T E R V T D N N S I F V S R I I N D R
Asibi E G A N H I A E N N T A T G K E R V T D N N S M S V P K I I N D T

Ogbomosho E G A N H I A E N N T A T G K E R V T D N N S M S V P R I I N D T
BA-55 E G A N H I A E N N T A T G K E R V T D N N S M S V P K I I N D T
Jose E G A N H I A E N N T A T G K E R V T D N N S M S V P K I I N D T

Uganda48a Q G A S H I A D N N T A T G K D R I E D N N S M S V P K I V N D T
Couma Q G A S H I A D N N T A T G K D R I E D N N S M S V P K I V K D T

BC-7914 Q G A S H I A D N N T A T G K D R I E D N N S M S V P K I V N D T
14FA Q G A S H I A D N N T A T G K D R I E D N N S M S V P K I V N D T

HEB4263 E G A S H I A E H N A A T S K E R V T G S N S M S A P R M V N E T
Br/MG/2001 E G A S N I E E N N T A T S K E D V T N S K A M S A P R M V N D T
BEH622205 E G A S N I E E N N T A T S K E D V T N S K A M S A P R M V N D T

614819 E G A S N V E E N N A A T S K E D V T N S K S M S A P R M V N D T

EDII EDI EDII EDIII

 Asibi (Ghana 1927)

 17D vaccine strain (1937)

 Jose Cachatra (Guinea Bissau 1965)

 BA-55(Nigeria 1986)

 Ogbomosho (Nigeria 1946)

 Couma (Ethiopia 1961)

 Uganda48a (Uganda 1948)

 BC-7914 (Kenya 1993)

 14FA (Angola 1971)

 HEB 4263 (Peru 1995)

 614819 (Panama 1974)

 BEH622205 (Brazil 2000)

 Br/MG/2001 (Brazil 2001)

0.050

17D vaccine (1937)
Asibi (Ghana, 1927)

Jose Cachatra (Guinea Bissau 1965)

Ogbomosho (Nigeria 1946)
BA-55 (Nigeria 1986)

Uganda48a (Uganda 1948)
BC-7914 (Kenya 1993) 

14FA (Angola 1971)

Couma (Ethiopia 1961)

HEB4263 (Peru 1995) 

Br/MG/2001 (Brazil 2001)

BeH622205 (Brazil 2000)
614819 (Panama 1974)

0.050

West Africa II

South America I

West Africa I

East Africa 

East/Central Africa 

Angola
South America II
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[Figure 4.1] 
4.1 Amino acid changes within the ectodomain of the envelope glycoprotein amongst wild-type YFV strains 

Table (A) and ribbon diagram (B) showing amino acid variation within the E glycoprotein ectodomain between 

17D and wild-type strains, with 33 total amino acid changes, 10 restricted to 17D (cyan) and 23 between wild-type 

viruses (green and orange). Residues implicated in modifying neutralization, including glycosylation site H67N 

(Haslwanter et al., 2022) restricted to SA-I strains are shown in orange. (C) Phylogenetic tree constructed using 

the amino acid sequence of the ectodomain of E. Virus strain names are colored and year of isolation is given in 

parentheses. Genotype names are in black.  

Abram Estrada designed primers and analyzed sequences including sequence alignments.  

William Messer performed phylogenetic analysis and generated the summary table (A), ribbon diagram (B), and 

phylogenetic tree (C).  

 

4.3.2 Immune sera 
 

All study participants (n=36) had previously received a single dose of 17D vaccine (Table 4.1). 

The interval post-vaccination ranged 1-11 years (median 6 years). Age at vaccination ranged 19-

69 years (median 29.5 years). Vaccinees were either flavivirus naïve (n=18; “17D only vaccinees”) 

or showed serological evidence of heterologous flavivirus infection (n=18; “heterologous 

vaccinees”). Heterologous vaccinee immune profiles were identified by self-reported histories 

which were confirmed by serology and included: primary DENV infection to DENV-1 (n=3), 

DENV-2 (n=6), DENV-3 (n=1), and DENV-4 (n=2), secondary DENV (n=3), ZIKV infection 

(n=2), and DENV and ZIKV infection (n=1). Most participants were female (78%, n=28). Eighty-

three percent of participants identified as white (n=30), 5% reported another race/ethnicity or 

“other” (n=5, grouped for anonymity) and 2% (n=1) were of unknown race/ethnicity. 

 

 



 114 

Table4.1 

 
 

[Table 4.1] 

4.1 Study participants  

Summary demographics of study participants, including sex, race/ethnicity, age at vaccination, years’ post-

vaccination, and Orthoflavivirus infection history. 

 

4.3.3 Potency and breadth of vaccinee immune sera 
 

To characterize the potency and breadth of 17D-immune sera, we conducted FRNTs using our 

panel of 13 viruses. Pooled GMTs (Supplementary Table 4.2) of wild-type viruses were reduced 

1.0-12.5-fold compared to 17D (Figure 4.2A and D). Friedman test with Dunn’s multiple 

comparison comparing pooled GMTs to every other pooled GMT shows that Uganda48a (1:52, 

adj.p<0.0001), Couma (1:58, adj.p=0.0003), Br/MG/2001 (1:18, adj.p<0.0001), BeH622205 

(1:13, adj.p<0.0001), 614819 (1:13, adj.p<0.0001), HEB4263 (1:40, adj.p<0.0001), and 14FA 

Sex, n (%)
28 (77.8)Female
8 (22.2)Male

Race/Ethnicity, n (%)
30 (83.3)White
5 (13.9)Other
1 (2.3)Unknown
29.5 (19-69)Age (years) at vaccination, median (min-max)
6 (1-11)Years post vaccination, median (min-max)

Orthoflavivirus infection history, n (%)
18 (50.0)17D only vaccinees
18 (50.0)Heterologous vaccinees 
3 (16.7)DENV-1
6 (33.3)DENV-2
1 (5.6)DENV-3
2 (11.1)DENV-4
3 (16.7)DENV secondary
2 (11.1)ZIKV
1 (5.6)DENV and ZIKV
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(1:56, adj.p=0.0014) are significantly reduced compared to 17D, while GMTs against Asibi (1:83), 

Jose Cachatra (1:96), Ogbomosho (1:69), and BC-7914 (1:66) are not (Figure 4.2D). No significant 

differences were observed between pooled GMTs of viruses within the same genotype. Notably, 

pooled GMTs of SA-I strains—Br/MG/2001, BeH622205, and 614819—were significantly lower 

compared to most other viruses, except HEB4263, with significant differences ranging from 3.1-

12.5-fold-changes (Figure 4.2D). Additionally, the pooled GMT of Br/MG/2001 trended towards 

reduced potency compared to Uganda48a, although this was not statistically significant.  

 

We next determined proportion of vaccinees seropositive for each virus, using a cut-off of an NT50 

<1:10 (Figure 4.2B). We found >90% of vaccinees were seropositive for all virus strains except 

SA-I and SA-II strains, with 86% percent of vaccinees seropositive against HEB4263 and a 

significantly lower proportion of vaccinees seropositive against SA-I strains with 64% against 

Br/MG/2001 (p<0.001), 50% against BeH622205 (p<0.0001), and 47% against 614819 

(p<0.0001). 

 

Neutralization titers (NT) against 17D are widely accepted as a correlate of protection, yet an 

evaluation of how well 17D NT titers correlate with wild-type YFV NT titers has never been 

performed. To address this knowledge gap, we analyzed the correlation between 17D and wild-

type GMTs, finding that 17D titers were correlated significantly with all wild-type YFVs, ranging 

0.40-0.68 (p<0.0001–0.0168) except for SA-I strains (Figure 4.2C), for which we found no 

correlation. This result suggests that while potency of vaccinee sera against 17D may predict 

potency against most other wild-type strains, it does not predict potency against SA-I strains.  

 

We next examined the relationship between virus E glycoprotein primary amino-acid sequences 

and potency of serum neutralizing antibodies using Dayhoff distances. Dayhoff distances244 are a 

weighted measure of amino acid similarity between primary amino acid sequences. We found a 

highly significant negative correlation (Pearson R2 = -0.84, p=0.0002) between wild-type virus 

amino-acid distance from 17D and wild-type virus neutralization titers (Supplementary Figure 

4.1), suggesting that as antigenic similarity to 17D decreases, serum antibody potency decreases 

as well. 
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Figur4.2 

[Figure 4.2] 
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4.2 Potency of vaccinee sera against wild-type viruses are reduced compared to 17D 

(A) NT50 for all participants against each virus. Each dot represents the geometric mean titer (GMT) of a single 

participant serum, calculated from biological duplicates. Horizontal bars and whiskers are geometric means with 

95% confidence intervals. ULoD and LLoD indicate upper (1:2560) and lower (1:10) limits of detection. GMTs 

<1:10 were given an arbitrary value of 5. Virus strains are color-coded according to the key and arranged by 

genotype. (B) Bar graph showing proportion of seropositive (NT50 <1:10, black) and seronegative (NT50 ≥1:10, 

grey) participants, with percentage of total (n=36) shown with white numbers. Chi-squared analysis shows 

statistically greater proportion of seronegative participants for SA-I strains Br/MG/2001, BeH622205, and 614819 

compared to the model prediction. *** indicates a p-value <0.001, **** p-value < 0.0001. (C) Table showing 

Spearman’s rank correlation coefficients and adjusted p-values between Log-GMTs of 17D and wild-type viruses. 

Statistically significant values are in bold. (D) Matrix showing GMT fold differences between viruses. Boxes are 

colored by Friedman test with Dunn’s multiple comparisons test adjusted p-values.  

Samantha Osman, Chad Nix, and Shuhua Luo generated data for 17D neutralization assays. 

 

4.3.4 Heterologous vaccinees have increased potency of NAbs against SA-I strains 

and increased breadth of neutralization 
 

Historically, antibodies elicited by heterologous infection with other orthoflaviviruses have not 

been thought to significantly impact the neutralizing capacity of 17D-elicited neutralizing 

antibodies. However, this thinking has arisen from 17D-based neutralization tests, and the impact 

of heterotypic Orthoflavivirus immunity on wild-type YFV neutralizing antibodies has not, to our 

knowledge, been previously examined. To explore potential effects of heterologous flavivirus 

infection history on GMTs, we stratified NT50 results by 17D only- and heterologous vaccinees 

(Figure 4.3). We found that pooled GMTs of heterologous vaccinees were significantly higher 

compared to 17D only vaccinees against the SA-I strains Br/MG/2001 (p=0.0236), BeH622205 

(p=0.0328), and 614819 (p=0.0061) that showed reduced potency in the combined dataset (Figure 

4.3), with fold differences between the SA-I strains and the other strains ranging 1.1-24.9 (Figure 

4.4A and 4.5A). With no other significant differences observed, this demonstrates that 

heterologous vaccinees have increased potency of NAbs against SA-I strains and increased breadth 

of NAbs overall compared to 17D vaccinees alone.  

 

To further investigate the increased potency and breadth of NAbs observed amongst heterologous 

vaccinees, we stratified GMTs by orthoflavivirus infection history (Figure 4.4A and C) and 
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compared pooled GMTs. Overall, fewer significant differences were observed between pooled 

GMTs amongst heterologous vaccinees (15/78 pairs) compared to 17D only vaccinees (28/78 

pairs) (Figure 4.5). Again, pooled GMTs were significantly reduced for SA-I strains—

Br/MG/2001, BeH622205, and 614819—against most other viruses for 17D only vaccinees (23/30 

pairs), excluding HEB4263 (Figure 4.5A). Contrastingly, fewer significant differences were 

observed for SA-I strains amongst heterologous vaccinees (12/30 pairs) (Figure 4.5B), supporting 

our previous observation that heterologous infection increases potency and breadth of 17D-

immune sera.  
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Figure4.3 
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4.3 Heterologous vaccinees have increased potency against SA-I strains compared to 17D-only vaccinees 

Individual plots show GMTs of 17D only- (open circles, right) and heterologous vaccinees (filled circles, left) 

against a single virus, with virus strain and genotype indicated at the top. Horizontal lines indicate medians, and p-

values (Mann-Whitney U) are indicated for each plot. Statistically significant p-values are in bold and color. 

Samantha Osman, Chad Nix, and Shuhua Luo generated data for 17D neutralization assays. 

 

 

 

4.3.5 Vaccinees with heterologous flavivirus infection have increased 

seropositivity to SA-I strains 
 

We next examined the impact of heterologous immunity on the proportion of vaccinees that were 

seropositive against each virus. By stratifying by orthoflavivirus infection history, we observed 

significantly reduced proportions of seropositive vaccinees against SA-I strains amongst 17D-only 

vaccinees, with 44% seropositive against Br/MG/2001 (p<0.05), 28% against BeH622205 

(p<0.001), and 22% against 614819 (p<0.001) (Figure 4.4B). Interestingly, HEB4263 had the next 

lowest proportion of seropositive vaccinees amongst 17D only vaccines, with 83% compared to 

≥89% for all other viruses. Contrastingly, amongst heterologous vaccinees the proportion of 

seropositive vaccinees against SA-I was not significantly reduced compared to other viruses, with 

83% seropositive against Br/MG/2001, 72% against BeH622205, and 82% against 614819 (Figure 

4.4D), with ≥89% seropositive vaccinees for all other viruses. We re-examined NT50 values and 

Dayhoff distances by orthoflavivirus infection history and found again strong negative correlations 

between wild-type virus amino-acid distance from 17D and neutralization titers for both 17D-only 

vaccinees (Pierson R=-0.800, p=0.0005) and heterologous vaccinees (Pierson R=-0.810, 

p=0.0004) (Supplementary Figure 4.2).  

 

We also asked if order of vaccination and infection impacted our observations of increased potency 

and breadth. Amongst our heterologous vaccinees, seven were orthoflavivirus infected before 

vaccination, 10 were infected after vaccination, and one was unknown. We found no significant 

differences between these two groups regarding GMT (p>0.80) and seropositivity (p>0.30).  



 121 

 

 

Figure4.4 
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4.4 Heterologous vaccinees have increased seropositivity to SA-I strains 

(A) NT50 against each virus for 17D only vaccinees (left panel) and heterologous vaccinees (right panel). Each dot 

represents the geometric mean titer (GMT) of a single participant serum, calculated from biological duplicates. 
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Horizontal bars and whiskers are geometric means with 95% confidence intervals. ULoD and LLoD indicate upper 

(1:2560) and lower (1:10) limits of detection. GMTs <1:10 were given an arbitrary value of 5. Virus strains are 

color-coded according to the key in Figure 4.2 and arranged by genotype. (B) Bar graphs showing proportion of 

seropositive (NT50 <1:10, black) and seronegative (NT50 ≥1:10, grey) amongst 17D only- (left panel) and 

heterologous vaccinees (right panel). White numbers indicate percentage of total (n=18). Analysis of means of 

proportions (ANOMP) shows statistically greater proportion of seronegative vaccinees for SA-I stains Br/MG/2001 

(p<0.05), BeH622205 (p<0.001), and 614819 (p<0.001) compared to other viruses, for 17D only vaccinees. No 

differences were observed heterologous vaccinees. 

Samantha Osman, Chad Nix, and Shuhua Luo generated data for 17D neutralization assays. 
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Figure4.5 

 
[Figure 4.5] 

4.5 Heterologous vaccinees have reduced GMT fold-differences between wild-viruses and 17D 

Boxes are colored by adjusted p-values derived from Friedman test with Dunn’s multiple comparisons test. 

Samantha Osman, Chad Nix, and Shuhua Luo generated data for 17D neutralization assays. 

 

4.3.6 SA-I strains form a distinct antigenic cluster 
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Antigenic cartography (AC) is a method used to visualize the antigenic relationship between virus 

strains. AC was developed first within the influenza field245 and has subsequently been used to 

characterize DENV,246, 247 ZIKV248, and SARS CoV-2,249 among others. Antigenic maps are 

constructed by plotting virus strains and immune sera on a single map. The coordinates of any 

given virus and serum on the map are the result of optimization that attempts to minimize the sum 

of squares between the tables distances (derived from a matrix of neutralization titers), and map 

distances (straight-line distances) between any given virus-serum pair.250 The resulting map is a 

relational visualization of all viruses and all sera within the model where the proximity of objects 

suggests antigenic similarity and a single box represents a twofold serum dilution.246 Antigenic 

cartography offers a nuanced understanding of the antigenic relationship between viruses based on 

the functional readout of neutralization, which allows us to make predictions about the immune 

response that may not be obvious from linear sequence data alone. The antigenic relationship of 

wild-type yellow fever viruses using antigenic cartography has not, to our knowledge, been 

previously explored. We constructed an antigenic map using GMTs against all 13 viruses for all 

sera (Figure 4.6A). As expected, SA-I strain viruses were most antigenically distant from 17D and 

formed a distinct cluster. Additionally, the antigenic distances between virus strains and sera were 

greatest for SA-I strains at 3.7-4.3 antigenic units compared to 1.4-2.4 for all other wild-type 

strains (Supplementary Table 4.3). To follow up on our observation of differences in NT50 between 

17D-only and heterologous vaccinees, we constructed antigenic maps using GMTs stratified by 

orthoflavivirus infection history. The antigenic distances between sera and SA-I strains increased 

when constructed using 17D-only vaccinee GMTs (4.69-5.17) (Figure 4.6B, Supplementary Table 

3) and decreased with heterologous vaccinee GMTs (2.79-3.15) (Figure 4.6C, Supplementary 

Table 3). Strikingly, heterologous immune sera were also more centered within the wild-type 

viruses compared to 17D only vaccinees. Overall, these data suggest that heterologous immune 

sera recognize a wider breadth of antigenically diverse wild-type YFVs compared to 17D-only 

immune sera. 
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Figure4.6 

[Figure 4.6] 
4.6 Antigenic cartography of 17D and wild-type YFV strains, using 17D-immune sera 

Antigenic cartography maps generated using (A) all 17D-vaccinees sera (n=36), including 17D only- (open squares) 

and heterologous vaccinees (filled squares), (B) 17D only vaccinees, and (C) heterologous vaccinees. Maps were 

generated using the Racmacs package in R (version 4.3.1) and RStudio (version 2023.06.1+524). A single gridline-

define box represents a two-fold serum dilution of a neutralization titer. 
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Samantha Osman, Chad Nix, and Shuhua Luo generated data for 17D neutralization assays. 
 

4.3.7 Reduced potency against SA-I strains is observed at 28 days post-vaccination 
 

To begin to investigate whether the reduced potency 17D immune sera observed against the SA-I 

strains is the result of primary vaccine failure (failure to seroconvert following vaccination) or 

secondary vaccine failure (waning immunity following successful seroconversion) we performed 

FRNTs on seven vaccinee sera at 28 days post-vaccination against a subset of our wild-type 

virus panel, including 17D, BA-55 (WA-I), HEB 4236 (SA-II), and Br/MG/2001 (SA-I) (Figure 

4.7). Study participants were aged 23-49 years (median 30) at vaccination and 43% female. 

Race/ethnicity data is omitted to maintain anonymity. As with our earlier data, we observed 

significantly reduced pooled GMTs against SA-I strain Br/MG/2001 (1:23, adjusted p=0.0017) 

compared to 17D (1:786), with no other significant differences observed between BA-55 (1:368) 

or HEB4263 (1:242) (Figure 4.7A). We also evaluated at the proportion of vaccinees who were 

seropositive against individual viruses and found only 29% of vaccinees were seropositive 

against Br/MG/2001, compared to 100% of vaccinees who were seropositive against every other 

strain (Figure 4.7B). Although limited by a small samples size, these data suggest an increased 

rate of primary 17D vaccine failure against SA-I strains, which may have the potential to 

increase risk of breakthrough infection.  
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Figure4.7 

 
[Figure 4.7] 

4.7 Reduced potency against the SA-I genotype is observed 28 days post-vaccination 

(A) NT50 GMTs of vaccinee sera 28 days post-vaccination against representative wild-type viruses. Each dot 

represents the geometric mean titer (GMT) of a single participant serum, calculated from biological duplicates. 

ULoD and LLoD indicate upper (1:2560) and lower (1:10) limits of detection. GMTs <1:10 were given an arbitrary 

value of 5. ** indicates an adjusted p-value of 0.0017 compared to 17D, following Friedman test with Dunn’s 

multiple comparisons test of all GMTs. (B) Bar graphs showing proportion of seropositive (NT50 <1:10, black) and 

seronegative (NT50 ≥1:10, grey) amongst vaccinees at 28 days post-vaccination. 
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made. We tested 18 primary and 16 secondary DENV-immune sera from individuals who denied 

prior 17D vaccination (Supplementary Figure 4.7). Six of 34 (23%) were seropositive against 17D, 

a significantly lower proportion than both 17D-only and 17D heterologous vaccinees, with positive 

NT50 titers ranging from 1:12 to 1:50. Cross-reactivity was greatest against the WA-I strain BA-

55, with 59% (20/34) seropositive and a titer range from 1:10 to 1:993, but still significantly lower 

than either vaccinee group. Finally, cross-reactivity was reduced against the SA-I strain 

BEH622205, with 26% (9/34) seropositive with an NT50 range among the positives of 1:12 to 

1:586. The proportion of seropositive sera among DENV-only immunes was significantly lower 

than both 17D-only and heterologous immune vaccinees, and the GMTs for DENV-only sera 

against BEH622205 were significantly lower than both vaccinee groups. Taken together, these 

data demonstrate background cross-neutralization by some DENV-only immune sera against wild-

type YFV, but not to the degree that such cross-reactivity alone could explain the greater potency 

and breadth of heterotypic vaccinee sera against SA-I YFV strains.  

 

Section 4.4: Discussion 
 

To our knowledge, this is the most extensive characterization of the potency and breadth of 17D-

vaccinee sera with diverse vaccination and host immune backgrounds. Using a panel of 12 

antigenically diverse and genotypically representative wild-type yellow fever strains, we 

discovered reduced potency of vaccinee sera against these wild-type YFVs compared to the 17D 

vaccine strain, with the most significant differences observed amongst vaccinees who were, 

otherwise, orthoflavivirus naïve. Potency was particularly reduced against SA-I genotype viruses, 

consistent with previous findings by Haslwanter et al., 2022.88 Importantly, we observed this 

phenomenon as early as 28 days post-vaccination, raising the possibility of primary vaccine failure 

amongst most naïve vaccinees against SA-I strains and reduced effectiveness of ring vaccination 

strategies during SA-I outbreaks. By using a panel of wild-type viruses that represent all known 

YFV genotypes, we have demonstrated that the potency of 17D-vaccinee sera decreased against 

wild-type viruses with decreasing amino acid similarity to 17D (Dayhoff distances), with a 

surprisingly low proportion vaccinees who were seropositive against the SA-I strains.  

 



 129 

We identified a key host factor—heterologous orthoflavivirus infection—that significantly 

increased the potency and breath of 17D-immune sera against SA-I strains, and the proportion of 

vaccinees who were seropositive against SA-I. Taken together, these data suggest that 

heterologous orthoflavivirus infection effectively “boosts” the immunity elicited by the 17D 

vaccine which has implications for 17D vaccination strategies between DENV endemic and non-

endemic populations. Interestingly, Haslwanter et al. found 88% (21/24) of vaccinees to be 

seropositive against their SA-I strain, which is similar to the rates of seropositivity against SA-I 

strain observed amongst our heterologous vaccinees (72-83%). While Haslwanter et al. did not 

characterize orthoflavivirus infection history of their participants, DENV is endemic to Brazil, and 

we suspect that this cohort may include heterologous vaccinees.  

 

Antigenic cartography is a powerful tool used for surveillance of circulating viruses and vaccine 

design. Each year, the influenza vaccine is updated to include strains such that the antigenic 

distance between the vaccine strains and anticipated circulating strains is less than two antigenic 

units.245 Here we constructed, to our knowledge, the first antigenic map of wild-type YFVs, finding 

that SA-I strains form a distinct antigenic cluster and that heterologous vaccinee sera has reduced 

antigenic distance to SA-I strains compared to 17D only vaccinees, suggesting the potential for 

increased 17D vaccine efficacy amongst heterologous vaccinees. Beyond defining the antigenic 

landscape of YFV, continued application of antigenic cartography could enhance surveillance of 

circulating YFV strains and facilitate the prediction regarding risk of an outbreak within a specific 

population and potentially inform future vaccine design strategies. 

 

Historically, most studies establishing 17D-elicited neutralization titers have used the 17D vaccine 

strain and occasionally the parental Asibi strain.83, 216, 251 Recent studies have found decreased 

potency of 17D-vaccinee sera, using authentic SA-I strain viruses, isolated during the recent 

outbreak in Brazil.17, 88 Haslwanter et al., 202288 observed a ~7-8fold reduction between FRNT50 

between 17DD and SA-I strain ES-504 (n=24) and Goncalves et al., 202417 observed ~2-3-fold 

reduction between 17DD and SA-I strain Hu-BR2018 (n=23) which are similar to the fold-

reduction observed amongst our heterologous vaccinees (4.7-7.1). Meanwhile, other data 

generated using reporter viral particles (RVPs),88 which may or may not recapitulate the tertiary 
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and quaternary epitopes formed across adjacent E glycoprotein dimers on the surface of authentic 

viruses, should be interpreted with care.  

 

Haslwanter et al., 202288 additionally demonstrated decreased potency of 17D vaccinee sera 

amongst 16 non-endemic US vaccinees, but only using RVPs. Using purified monoclonal 

antibodies and an elegant set of chimeric RVPs they mapped two sites within domain II (EDII) 

and the DII-DI hinge domain, containing five amino acid substitutions between SA-I and African 

strains 17D and Asibi; H67N, A83E, D270E, N271S, and N272K, located within the discontinuous 

sequence encoding EDII that is responsible for the reduced neutralization observed against their 

SA-I strain. Using our expanded library of authentic viruses consisting of all known genotypes, 

including three SA-I strains, we confirmed the presence of all five amino acid substitutions in our 

SA-I strains: Br/MG/2001, BeH622205, and 614819 which was isolated from Panama in 1974. 

Therefore, these mutations arose at least 42 years before the recent outbreak in Brazil. We also 

identified the N271S mutation in our representative SA-I strain HEB4263 which trended towards 

decreased GMTs and fewer seropositive vaccinees compared to 17D and other African wild-type 

viruses, supporting the previous finding that N271S alone sufficiently impedes neutralization by 

17D-immune sera.88 

 

Our work does not determine the basis for increased potency of heterologous immune sera against 

SA-I strains. However, we note that N67 glycosylation is otherwise unique to and highly conserved 

across the DENV serotypes. For DENV, N67 has been shown to interact with host cell receptor 

dendritic cell-specific ICAM3 grabbing nonintegrin (DC-SIGN),252 is required for DENV 

infectivity and has been implicated in pathogenesis.243 The cell-mediated process of glycosylation 

can result in the carbohydrate protrusions that may either contribute to immune evasion by 

masking key neutralizing epitopes,253 or by simply altering the topology and therefore epitopes of 

the virion surface in a glycosylation specific manner. It is striking that 26% of our DENV-only 

participant sera include antibodies that neutralize Br/MG/2001, and we believe this novel cross-

neutralizing effect hints at an underlying antibody selection and affinity maturation in infection 

with both DENV and 17D vaccine results in the generation of memory B cells that are programmed 

to secrete antibodies that recognize N67 epitopes.  
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Specifically, we hypothesize that DENV infection results in the generation of memory B cells 

(MBCs) capable of recognizing N67 epitopes that have low level cross-reactivity to YFV SA-I 

strains, even in the absence of 17D vaccination. Similarly, we suspect that vaccination with 17D 

elicits MBCs with low level cross-reactivity against DENV strains. We propose that following a 

secondary exposure (heterologous infection or vaccination), affinity maturation of these low-level 

cross-reactivity MBCs results in the differentiation and proliferation of multiple progeny 

plasmablast cells that secrete a broad range of NAbs that all contribute to a polyclonal response 

with enhanced breadth of neutralization, that confers increased cross-reactivity to N67 epitopes 

and therefore SA-I strains.  

 

Strengths of this study include the use of a diverse, authentic wild-type YFV panel that represents 

all YFV genotypes, enabling us to establish potency and breadth of the previously unexplored 

wild-type YFV antigenic landscape. Within our cohort, we found a balanced distribution of years 

post-vaccination, and a distribution of ages at vaccination that is particularly representative of 

traveler populations worldwide. Additionally, the balanced distribution of heterologous- and 17D-

only vaccinees which was confirmed by serology provides confidence in our finding that 

heterologous infection plays a role in boosting 17D immunity.   

 

Our study also has limitations. This cohort is relatively small, lacking children, or individuals 

vaccinated over the age of 69 years, and it is overrepresented by white and female participants so 

some statistical analyses, particularly of our smaller heterologous- and 17D only vaccinee subsets, 

should be interpreted with these limitations in mind. We found significantly decreased 

seropositivity against SA-I strains suggesting an increased rate of primary vaccine failure against 

SA-I strains, however it is not known if this translates to increased risk of infection. Additionally, 

our antigenic maps were constructed exclusively using 17D vaccinee immune sera which deviates 

from typical antigenic cartography utilizing immune sera and homologous viruses, for example, 

to properly define SA-I strains, sera from an individual naturally infected with a SA-I virus should 

be included. Importantly, we did not include vaccinees who were >11 years post-vaccination in 

our study, and so our findings cannot be generalized beyond this interval. Future studies to validate 

our findings should include larger and more diverse cohorts to ensure generalizability to a broader 

population.  
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Our data suggest the potential for increased risk of breakthrough infection with SA-I strains and 

calls for further evaluation of this risk. 17D breakthrough infections are not systematically reported 

and the extent to which breakthrough infections have or have not contributed to the large number 

of cases in South America in the past decade is not known, despite the serious public health 

implications of such breakthroughs. It is also possible that baseline DENV immunity in highly 

endemic countries like Brazil confers heterologous immunity which increases resistance to SA-I 

outbreaks, however this has not been explored. With recent outbreaks and ongoing sylvatic 

transmission that maintains viral reservoirs within which viral evolution continues, YFV continues 

to pose a threat to public and global health. Within this context, our study amongst many others’ 

raises the question: is it time to update this historical and important vaccine?  

 

Section 4.5: Materials & Methods 
Human research ethics 

This study was reviewed by and approved by the Oregon Health & Science University Institutional 

Review Board (IRB#10212 and #20910). All study participants provided consent upon enrollment.   

 

Study participants 

All participants had previously received a single dose of 17D vaccine, which was confirmed by 

vaccination record or serology, were ≥18 years of age, and living in the Portland metropolitan area, 

Oregon, USA at the time of enrollment. Participants were recruited through two observational 

studies. The first cohort recruited based on prior suspected or confirmed orthoflavivirus infection 

or history of vaccination with 17D. The second study, conducted in collaboration with Kaiser 

Permanente Health Research Center, recruited previously unvaccinated individuals based on 

upcoming scheduled 17D vaccination. Upon enrollment, travel histories, prior infections, and 

information from vaccination records were documented. orthoflavivirus infection against DENV 

and Zika virus (ZIKV) was characterized by FRNT.  
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Serum 

Serum was collected in serum separator tubes, allowed to clot at room temperature for >30 minutes 

before centrifugation at 1000 x g for 10 minutes. Serum was heat inactivated at 56°C for 30 minutes 

and stored at -20°C or -80°C until use.  

 

Viruses 

Viruses were obtained from the Centers for Disease Control and Prevention (CDC) and the World 

Reference Center for Emerging Viruses and Arboviruses (WRCEVA) at the University Texas 

Medical Branch (UTMB). The following viruses were used: Ogbomosho (WA-I), BA-55 (WA-I), 

Asibi (WA-II), Jose Cachatra (WA-II), Uganda48a (EA), BC-7914 (EA), Couma (ECA), 14FA 

(A), Br/MG2001 (SA-I), BeH622205 (SA-I), 614819 (SA-I), HEB 4263 (SA-II) and IQT 5591 

(SA-II). All unfixed viruses were handled within the Biosafety Level 3 (BSL-3) facility at OHSU.  

 

Virus sequencing 

Viral RNA was extracted using the Quick-RNA Viral Kit (Zymo Research Corporation, catalog 

#R1034). Complementary DNA (cDNA) was synthesized using the primer YFVAmp2A and the 

SuperScript III First-Strand Synthesis System (Thermo Fisher,catalog #18080051). To synthesize 

cDNA, 1µL 10µM YFVAmp2A, 1µL 10mM dNTP Mix, 10µL RNA, and 13µL DEP-C treated 

water were combined, mixed, and incubated at 65°C for 5 minutes, then placed on ice for 2 

minutes. A separate mix of 2µL 10x RT Buffer, 4µL 25mM MgCl2, 2µL 0.1M DTT, and 1µL 40 

U/µL RNase OUT was prepared, added to the previous mix, and incubated at 25°C for 2 minutes. 

1µL 200 U/µL SuperScript III RT was then added to each tube and incubated in the thermocycler 

under the following conditions: 50°C for 1 hour, then 85°C for 5 minutes. PCR amplification of 

the prM, E and NS1 genes was performed using Phusion High-Fidelity DNA Polymerase (New 

England Biolabs) and primers YFVAmp1A and YFVAmp2A. Fifty µL reactions were prepared, 
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composed of 5µL cDNA, 2.5µL 2000 U/mL Phusion polymerase, 2.5µL 10µM forward primer 

(YFVAmp1A), 2.5µL 10µM reverse primer (YFVAmp2A), 1µL 10mM dNTPs, 1.5uL 100% 

DMSO, 10µL 5x Phusion HF Reaction Buffer, and 25µL molecular biology-grade water. 

Thermocycler conditions were as follows: 98°C for two minutes, 35 cycles of 98°C for 10 seconds, 

60°C for 20 seconds, and 72°C for two minutes and 18 seconds, followed by 72°C for 5 minutes. 

PCR products were visualized on 1% agarose gel with SYBR Safe DNA gel stain (Thermo Fisher, 

catalog #S33102). The band of interest (approximately 3.5kb) was excised and purified using the 

QIAquick Gel Extraction kit (Qiagen, catalog #28704) per the manufacturer’s instructions. 

Purified products were sequenced commercially (Genewiz), via Sanger sequencing. Primers 

857R_YFV, 996F_YFV, 1300F_YFV, 1520R_YFV, 2144F_YFV, 2340R_YFV, 2843F_YFV, 

3010R_YFV, YFVAmp1A, and YFVSeq2A (Table xx) were used to sequence the region of 

interest. Additional primers, 1805F_Couma, 3011R_Couma, and 2466R_Couma, were designed 

specifically for the Couma YFV strain due to poor performance in some areas of the sequence. 

Contigs were assembled from .ab1 files and aligned using Geneious Prime (version 2024.0.7). 

Geneious Prime (version 2024.0.7) was used to assemble contigs from .ab1 files and align them to 

a consensus sequence derived from an untrimmed alignment of 14 YFV sequences from GenBank. 

 

Phylogenetic analysis 

Phylogenetic analysis was conducted in MEGA11.254, 255 The evolutionary history was inferred by 

using the Maximum Likelihood method and Dayhoff matrix-based model.256 Initial tree(s) for the 

heuristic search were obtained automatically by applying Neighbor-Join and BioNJ algorithms to 

a matrix of pairwise distances estimated using the Dayhoff model, and then selecting the topology 

with superior log likelihood value. A discrete Gamma distribution was used to model evolutionary 

rate differences among sites (5 categories (+G, parameter = 0.7260)). The tree is drawn to scale, 

with branch lengths measured in the number of substitutions per site. This analysis involved 16 

amino acid sequences. There was a total of 493 positions in the final dataset. Evolutionary analyses 

were conducted in MEGA11.254, 256 
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Virus propagation 

All unfixed viruses were handled within a biosafety level 3 (BSL-3) facility at OHSU, except for 

17D which was handled at BSL-2. Viruses were propagated in Vero-furin (VF) cells (VFc2). T75 

flasks (Fisherbrand, FB012937) were seeded with 5E06 cells (< p25) in 12mL of VF media: 

MEM/EBSS (Hyclone, SH30024.01) supplemented with L-glutamine (Gibco, 25030-081) non-

essential amino acids (NEAA; Gibco, 11140-050), antibiotic-antimycotic (Gibco, 15240-062), 

10% v/v fetal bovine serum (FBS; Avantor, 89510-186), and 460µg/mL G148 (Thermo, 

10131035) and incubated at 37°C, 5% CO2 overnight. Near confluent flasks were washed with 

25mL of Dulbecco’s phosphate buffered saline (dPBS; HyClone, SH30256.01). Virus was either 

thawed at room temperature (RT) or reconstituted with dilution media (DM; MEM/EBSS with 

antibiotic-antimycotic and glutamine) and added to flasks in 4mL of DM, rocked every 15 minutes 

at 37℃, 5% CO2 for 1 hour before the inoculum was discarded and 12mL of Vero complete media 

(VCM; MEM/EBSS with 10% FBS, antibiotic-antimycotic, L-glutamine) added. Flasks were 

observed for cytopathic effect (CPE) and tissue culture supernatants harvested when CPE was 

≥40%. Tissue culture supernatants were clarified at 1000 x g for 10 minutes at RT, resuspended in 

10% v/v sucrose phosphate glutamate (SPG; 2.18M sucrose, 38mM KH2PO4, 72mM K2HPO4, 

60mM L-Glutamic acid), and stored at -80°C for ≥48 hours before use. Seed stocks (p1) were 

propagated with an unknown multiplicity of infection (MOI) using 100µL of virus suspension and 

used to propagate working stocks (p2) using an MOI of 0.01, and viruses were harvested 4-6 days 

post infection. All assay described here were performed using single batch p2 virus stocks.  

 

Focus reduction neutralization assay (FRNT) 

Methods were adapted from established in-house protocols used for 17D, DENV and ZIKV.248 

Vero cells were seeded in 96-wells plates at 2 x 104 cells per well in 200µL of VCM, and incubated 

at 37°C, 5% CO2, overnight. Using U-bottom plates, participant serum (6µL) was diluted 4-fold 

in VDM starting at 1:5 through 1:1280 (working dilution), for a final volume of 45µL per well. 

Biological duplicates of serum dilutions were prepared for each virus, with a virus only control 

well per each serum-dilution. Virus was thawed at RT and diluted to 2X in DM to obtain 40-150 

foci per well. Virus-serum inoculums were made by adding 45µL of virus the diluted serum (1:1) 
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to give final serum dilutions of 1:10 through 1:2560 which were incubated for 45-60 minutes at 

37°C, 5% CO2 to allow binding of neutralizing antibodies to the surface of virions. For infection 

of cell monolayers, plates were retrieved from the incubator and VCM media discarded. Thirty 

microliters of virus-serum inoculum were added carefully by pipetting down the side of wells, so 

as not to disturb the cell monolayer, and rocked immediately to ensure even distribution of the 

inoculum over the cell monolayer. Infected plates were incubated for 45-60 minutes at 37°C, 5% 

CO2 and rocked manually every 15 minutes. Cells were overlaid with overlay media OptiMEM 

(Gibco, 31985-070) supplemented with NEAA, antibiotic-antimycotic and 10% v/v FBS. Infected 

plates were incubated for 48±6 hours (Couma) or 68±4 hours for all other viruses. On the second- 

or third-day post infection, overlay media was removed and plates were washed once with dPBS 

and fixed with 4% paraformaldehyde (Sigma, P6148) before removing from the BSL-3. Plates 

were incubated overnight at 4℃ with 150µL of blocking buffer (BB; PBS with 2% heat inactivated 

normal goat serum, (Rockland Immunochemicals Inc., 0204-00-0100), and 0.4% Titron-X) per 

well and then incubated overnight again at 4℃ with 30µL of primary antibody 1mg/mL 4G2 

(hybridoma-derived ATCC cat #HB-112) diluted 1:750 in BB. The following day, plates were 

washed three times with dPBS and incubated for 46-60 minutes with 30 µL secondary Horse 

Radish Peroxidase goat-anti-mouse-IgG antibody (BioLegend, Cat# 405306) diluted 1:1000 in BB 

and subsequently protected from light. Plates were washed three times with dPBS and 30µL of 

TrueBlue™ Peroxidase Substrate (Kirkegaard & Perry Laboratories Inc., 5510-0050) added per 

well. Plates were allowed to develop for a ≥20 minutes until foci were clearly visible by eye 

(occasionally overnight), quenched with water and allowed to air-dry for 20 minutes. Wells were 

imaged, and foci counted, and quality controlled using controlled using a CTL ImmunoSpot 

7.0.26.0 (Cellular Technology LTD, Cleveland, OH, USA). FRNT50 were calculated in GraphPad 

Prism® (version 10.3.0) using a sigmoidal dose-response curve fitting percent neutralization 

against serum-dilution.  

 

Antigenic cartography 
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Antigenic maps were constructed as previously described245, 246, 248 using FRNT50 data produce for 

our core 36 participants against 17D and 12 wildtype viruses, using the Racmacs package in R 

(version 4.3.1) and RStudio (version 2023.06.1+524). 

 

Statistical methods 

Statistical analyses were conducted GraphPad Prism® (version 10.3.0) and JMP® (version 

17.2.0).  After establishing our log-transformed GMT data was not normally distributed, 

specifically for SA-I strains which skew-right, we employed non-parametric statistical analyses. 

Friedman test with Dunn’s multiple pairwise comparisons was used to compare pooled GMTs, 

chi-squared was used to compare the proportion of seropositive and seronegative vaccines for each 

virus, and Mann-Whitney U was used to compare GMTs between 17D only and heterologous 

vaccinees for each virus. For analysis of Dayhoff values against GMTs we first established 

significance using a Spearman rank correlation and then applied Pearson correlation to use an 

indicator of fit.  
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Section 4.7: Supplementary materials 
Figure4.S1 

 
[Figure 4.S1] 

Figure 4.S1 NTs versus Dayhoff distances from 17D 

Dayhoff distance for each virus are shown in Table 4.S1. Each dot represents the geometric mean titer (GMT) of a 

single participant serum, calculated from biological duplicates. Blue triangles indicate median GMT for individual 

viruses. Pearson R2 calculated excluding the median value for 17D.  
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Table.4.S1 

857R_YFV AGCCATCTCTCAATCTTYTGS 

996F_YFV YGACAGRGAYTTCATTGAGGG 

1300F_YFV GGGAAAGGRAGCATTGTGG 

1520R_YFV CAYTCCAGTGTRGCTTTYCC 

2144F_YFV ACAAAGARGGAAGYTCAATAGG 

2340R_YFV GACCTTTGTTATCCAGYTCAAGC 

2843F_YFV ATGGAAGCTTCATCATAGAYGG 

3010R_YFV CACCCARGATRGATCCATCR 

YFVAmp1A ACCTTCAAGAGGTGTTCAAGG 

YFVAmp2A CTCCTCCATTGTTCATCTCATG 

YFVSeq2A_R CTATCATCATGCTCACCAAMCC 

1805F_Couma GGTGGTCATGTCTCTT 

2129F_Couma TCAGTCTTGAGTCTCC 

3011R_Couma TGCACCTAGTATAGCC 

2466R_Couma GCACATCCTTGGTCTGCC 

[Table 4.S1] 
Tabkle 4.S1 Table of primers  
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Table.4.S2 

Virus strain 
Dayhoff distance 

from 17D 
Pooled GMTs – 

all vaccinees 
Pooled GMTs –  
17D only  

Pooled  
GMTs – 

Heterologous 
17D vaccine 0.0 162 207 127 
Asibi 0.0267 83 108 63 
Jose Cachatra 0.0288 96 112 82 
Ogbomosho 0.0288 69 57 83 
BA-55 0.0330 75 92 60 
Uganda48a 0.0436 52 55 49 
BC-7914 0.0436 66 70 62 
14FA 0.0436 56 71 45 
Couma 0.0457 58 71 47 
HEB4263 0.0586 40 41 39 
Br/MG/2001 0.0607 18 12 27 
BEH622205 0.0607 13 8.9 18 
614819 0.0607 13 8.3 21 
 

 

 

[Table 4.S2] 
Table 4.S1 Dayhoff distances and pooled GTMs for all-, 17D only-, and heterologous vaccinees.   
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Figure4.S2 

 
[Figure 4.S2] 

4.S2 NTs versus Dayhoff distances from 17D 

(A) 17D only vaccinees, and (B) heterologous vaccinees. Dayhoff distance for each virus are shown in Table 4.S1. 

Each dot represents the geometric mean titer (GMT) of a single participant serum, calculated from biological 

duplicates. Blue triangles indicate median GMT for individual viruses. Pearson R2 calculated excluding the median 

value for 17D. 
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Table4.S3 

Virus strain All vaccinees  17D only  Heterologous 

Fold-antigenic 

difference (17D only – 

heterologous)  

17D vaccine 1.06 0.98 0.96 0.02 

Asibi 1.40 1.37 1.19 0.18 

Jose Cachatra 1.37 1.35 1.12 0.24 

Ogbomosho 1.49 2.33 1.00 1.32 

BA-55 1.46 1.62 1.45 0.16 

Uganda48a 2.07 2.38 1.73 0.65 

BC-7914 1.66 1.87 1.48 0.39 

14FA 1.89 2.00 1.74 0.26 

Couma 1.84 1.92 1.70 0.22 

HEB4263 2.44 2.76 2.01 0.75 

Br/MG/2001 3.72 4.69 2.79 1.90 

BEH622205 4.25 5.08 3.15 1.93 

614819 4.14 5.17 3.07 2.10 
 

[Table 4.S3] 
Table 4.S3 Antigenic distances between virus strains and sera 

Table of median antigenic distances between sera and viruses, extracted from antigenic cartography models 

constructed using total-, 17D-only-, and heterologous vaccinee sera (Figure 4.6A, B, and C). Values represent 

antigenic units corresponding to a single box within the antigenic map, where each box represents a two-fold serum 

dilution of a neutralization titer. 
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Figure4.S3 

 

 
[Figure 4.S3] 

Figure 4.S3 Cross-neutralization of DENV-immune unvaccinated participants 
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Chapter 5: Thesis Summary 

Section 5.1: Highlights 
5.1.1  Chapter 2 highlights: Breakthroughs and insights: a comprehensive review of yellow fever 

vaccine breakthrough infection across 8 decades 

 

1. Our review provides an important update on breakthrough YF 

infection since the ACIP GRADE evaluation in 2015, including 

contemporary outbreaks. 

2. Breakthrough infection results in a range of disease severity.  

3. The low proportion of breakthrough cases amongst severe cases 

suggests the potential for protective efficacy of the 17D vaccine 

against severe disease.  

4. Inconsistent case definitions, inadequate records of vaccination 

status, and the absence of prospective studies, impede the overall 

quality of data on breakthrough infection.  

5. Unsubstantiated claims of “lifelong” immunity contribute to 

underreporting of breakthrough infection.  

 

5.1.2 Chapter 3 highlights: Optimization of the micro-immunofocus assay for use with wild-type 

yellow fever viruses 

 

1. Almost all studies of wild-type YFVs have previously relied on the 

time- and resource intensive plaque assay. 

2. The micro-focus assay is compatible with YFV strains that 

represent of all seven genotypes. 

3. With increased throughput, reduced cost, and more rapid results, 

the focus assay significantly more accessible, with important 

application in surveillance of emerging strains and diagnostics. 
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5.1.2 Chapter 4 highlights: New insights into an old vaccine: potency and breadth of the yellow 

fever vaccine 17D-elicted neutralizing antibodies is enhanced by heterologous 

Orthoflavivirus infection 

 

1. Current knowledge of the 17D-elciited NAbs and vaccination 

policy relies on neutralization data generated almost exclusively 

using the 17D vaccine strain.  

2. Until now, the capacity of the 17D-elicited neutralizing antibodies 

to neutralize wild-type YFVs represented a huge knowledge gap 

with significant implications for public and global health.  

3. 17D-vaccinee sera has reduced potency against SA-I strains, which 

has been previously attributed to five amino acid substitutions 

within the E glycoprotein.  

4. The E N67 residue found exclusively in SA-I amongst YFV strains 

is a highly conserved glycosylation site found exclusively in 

DENV amongst orthoflaviviruses.  

5. Our work establishes potency and breadth of 17D immune sera 

against all seven YFV genotypes within a previously unexplored 

antigenic landscape.  

6. Potency and breadth of 17D-elicited NAbs are boosted by 

heterologous orthoflavivirus infection.  

7. Reduced potency of NAbs at 28 days post-vaccination suggests an 

increased risk of primary vaccine failure against SA-I strains.  

 

Section 5.2: Future Directions 
 

Our much-needed review of breakthrough YF infection has highlighted limitations within the field 

that warrant attention. Within the context of endemic countries and outbreaks, we call for improved 

documentation of vaccination status, by both governmental and public health agencies and 

researchers alike. Additionally, we emphasize the need for collectors of YF and 17D vaccination 
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data to document the time interval between most recent 17D vaccination dose and infection, which 

was largely missing from the studies we reviewed, and could provide valuable insight into the 

controversial topic regarding the need for booster doses. Moving forward, we propose the design 

and execution of robust prospective studies in endemic regions, as has been done with dengue,257 

with the goal of capturing breakthrough infection events in real-time. With a longitudinal study 

design, one could identify NAbs thresholds below which breakthrough infection occurs, detect 

boosting of NAbs as the result of asymptomatic infection, and monitor NAbs kinetics over time. 

Studies such as these would provide valuable insight regarding the incidence of primary versus 

secondary 17D vaccine failure.  

 

Our data showing 29% seronegativity against SA-I strain Br/MG/2001 at 28 days post-vaccination 

suggests an increased risk of primary vaccine failure against SA-I amongst orthoflavivirus naïve 

vaccinees that has not been previously described. However, these data are preliminary and warrant 

validation user a larger cohort of individuals. In June 2022, we established our Yellow fever Long-

Term Immunity Study (Yellow LoTIS), recruiting prospective 17D vaccinees with no prior 

orthoflavivirus immunity. Through this study, we have established a biobank of pre- and post-

vaccination serum samples, with 28 days samples for over 70 participants. Using these samples, 

we will perform neutralization assays against SA-I strains and others to validate our preliminary 

findings that have significant implications regarding 17D vaccine efficacy and risk of 

breakthrough infection.  

 

To test our hypothesis that increased potency of NAbs and seropositivity against SA-I strains 

amongst our heterologous vaccinees is mediated through the production of cross-reactive 

antibodies that recognize epitopes containing the N67 glycosylation site, we propose to generate 

chimeric YFV viruses with single nucleotide mutations. Per our hypothesis, we expect that 

introduction of an SA-I strain H67N substitution into the 17D vaccine strain will result in reduced 

neutralization by our 17D-only vaccinee sera, with unchanged potency of neutralization by our 

heterologous vaccinee sera. By generating the reciprocal chimeric virus—introducing an N67H 
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substitution into SA-I strain viruses—we expect increased neutralization by 17D-only vaccine 

sera, with no changes in neutralization observed amongst out heterologous vaccinees.  

 

Finally, to validate our findings that heterologous orthoflavivirus infection boosts 17D-elicited 

immunity against SA-I strains, we propose a clinical trial involving 17D vaccination of individuals 

with prior DENV immunity. To conduct our study, we will recruit DENV-immune individuals 

from our existing cohort of >200 individuals with serological evidence of orthoflavivirus infection. 

First, we will use pre-vaccination serum samples to establish baseline neutralization titers against 

SA-I strains and compare them to paired samples taken 28-days post-vaccination, which we expect 

to increase. Additionally, we will compare 28-day post-vaccination neutralization titers between 

these DENV-immune vaccinees to our orthoflavivirus naïve cohort discussed above, where we 

expect to see an increased proportion of vaccinees against SA-I strains amongst vaccinee 

participants with prior DENV immunity. Based on a power calculation using the observed 

differences in seropositivity against SA-I strain Br/MG/2001 which was the least significant SA-I 

strain in our analyses (Figure 4.4B), between 17D-only and heterologous vaccinees, we determined 

that enrolling a minimum of 46 participants would be necessary to achieve 80% power (with an 

alpha level of 0.05). Beyond NAbs, we propose to identify and characterize pre-vaccination 

DENV-specific plasmablast, MBC lineages, and T follicular helper cells that preferentially expand 

following 17D vaccination. We believe these results will be instrumental in shaping future and 

improved vaccination strategies.  
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Section A1.1: Abstract 
 

Zika virus (ZIKV) emerged as a global public health threat throughout the Americas since 2014. 

Phylogenetically, the virus is composed of three main lineages, an African, Asian, and American 

lineage. The recent emergence and spread of ZIKV has raised questions regarding the breadth and 

potency of human primary ZIKV immune sera against antigenically diverse ZIKV. Although 
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ZIKV is thought to compose a single antigenic serotype, in-depth evaluation of the antigenic 

relatedness of ZIKV across genetic variants has been limited to a relatively small series of early 

convalescent human immune sera (4–12 weeks) against a limited number (3) of genetic variants. 

Using virus neutralization assays, we characterize the potency and breadth of twelve primary 

ZIKV immune sera from adults infected 5 to 38 months previously against a panel of 11 ZIKV 

isolates from the African, Asian and American lineages. We assess the variability of neutralization 

potency of immune sera from these subjects and the variability of susceptibility to neutralization 

for each virus isolate. Overall, we found all sera neutralized all viruses at FRNT50 ranging from 

1:271 to 1:4271, a 15.8-fold range, with only small differences between subject geometric mean 

titers (GMT) against all viruses and small differences between each ZIKV isolate and sensitivity 

to neutralization by all sera: when pooled, African strains were 1.3-fold more sensitive to 

neutralization by subject immune sera compared to pooled American strains. Finally, we subjected 

our data to analysis using antigenic cartography, finding that ZIKV are highly antigenically 

similar, with only a ~4-fold range across all antigenic distances between viruses, consistent with a 

single serotype. 

 

Section A1.2: Author summary 
 

The recent emergence of Zika virus as an important human pathogen has raised questions about 

the durability and breadth of Zika virus immunity following natural infection in humans. While 

global epidemic patterns suggest that Zika infection elicits a protective immune response that is 

likely to offer long-term protection against repeat infection by other Zika viruses, only one study 

to date has formally examined the ability of human Zika immune sera to neutralize different Zika 

viruses. That study was limited because it evaluated human immune sera no more than 13 weeks 

after Zika virus infection and tested a relatively small number of Zika viruses. In this study, we 

examine twelve human Zika immune sera as far as 3 years after infection and test the sera against 

a total of eleven Zika virus isolates. Our results confirm the earlier study and epidemic patterns 

that suggest Zika virus exists in nature as a single serotype, and infection with one Zika virus can 

be expected to elicit protective immunity against repeat infection by any Zika virus for years to 

decades after the first infection. 



 184 

 

Section A1.3: Introduction 
 

Although Zika virus (ZIKV) was first isolated in 1947 from a rhesus monkey in the Zika Forest of 

Uganda[1, 2], only in the last decade has ZIKV emerged as a global public health threat. The first 

large outbreak among humans was characterized by an epidemic of fever and rash on the Island of 

Yap in 2007.[3, 4] ZIKV then went largely quiescent until introduction to French Polynesia in 

2013, where an epidemiologic association with Guillain-Barré syndrome (GBS) was identified.[5] 

A rapid expansion ensued as ZIKV spread throughout Oceania, progressing to the Americas in 

2015.[6] Concern for the consequences of ZIKV infection heightened as an increased number of 

infants born with microcephaly were recorded in areas of confirmed ZIKV transmission in Brazil. 

The association between congenital abnormalities and GBS with ZIKV infection prompted the 

World Health Organization (WHO) to declare a Public Health Emergency of International Concern 

on February 1, 2016 (PHEIC).[7] Although ZIKV remains a significant long-term public health 

challenge, on November 18, 2016, the WHO announced that the ZIKV epidemic no longer met 

criteria for representing a PHEIC as the number of reported cases decreased. 

ZIKV is a single-stranded positive-sense RNA of the Flavivirus genus transmitted by Aedes spp. 

mosquitoes. It has historically been assigned two major lineages, an African lineage and an Asian 

lineage.[8] However, recent analyses suggest a third, American lineage, has emerged from the 

Asian lineage.[9] The ZIKV virion contains three structural proteins: capsid (C), pre-

membrane/membrane(prM/M), and the envelope (E) glycoprotein. The E glycoprotein is the 

primary target of virus-neutralizing antibodies following natural infection, and these antibodies 

are thought to be primarily responsible for long-term protection against repeat infection.[9] ZIKV 

E glycoproteins are highly conserved, with amino acid divergence at ~6% between ZIKV lineages 

and ~2% within lineages. Phylogenetic analyses suggest that ZIKV exists as a single serotype, 

however, significant differences in neutralization titers in dengue virus (DENV) have been 

explained by as few as two amino acid substitutions,[10] and the amount of amino acid variability 

needed to produce a distinct DENV serotype is difficult to predict.[11] 

Historically, immune sera raised in humans, mice, or non-human primates (NHP) have been used 

to formally characterize flavivirus serotypes, with the first two DENV serotypes being defined 
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using five viruses isolates and four human convalescent immune sera[12]. What we now know of 

as the four DENV serotypes were first defined using fourteen clinical virus isolates, four NHP sera 

and an unreported number of mouse sera.[13] The original characterization of ZIKV as a distinct 

virus used a single ZIKV isolate and ZIKV immune sera from a single NHP and sera from fourteen 

NHPs infected with other known sylvatic viruses [2]. However, the correlation between serotype-

specific antibodies raised in experimentally infected animals and human serotype-specific 

immunity following natural infection has never been established. To more fully characterize the 

potency and breadth of human ZIKV immune sera many months to years after primary (single 

flavivirus) natural infection and empirically evaluate the antigenic relationship between ZIKV, we 

tested a panel of twelve human sera collected 5 to 38 months following ZIKV infection against 

eleven genetically distinct ZIKV isolates. Immune sera potency and breadth were assessed using 

50% focus reduction neutralization tests (FRNT50) and we evaluated antigenic relatedness using 

antigenic cartography. These study results confirm and advance the early work by others and have 

important implications for ZIKV vaccine design and evaluation. Additionally they provide a solid 

basis for estimating and understanding the very limited potential for antigenically variant ZIKV 

viruses to penetrate otherwise ZIKV immune populations. 

 

Section A1.4: Methods 
 

A1.4.1  Human research ethics 
 

The study has been reviewed and approved by the Oregon Health & Science University 

Institutional Review Board (IRB#10212). Informed consent was obtained from subjects on 

initiation of their participation in the study. 

 

A1.4.2  Sample collection and storage 
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On enrollment, subjects provided approximately 80 mL of blood, with 30 mL collected in BD “red 

top” serum separator vacutainers (Becton-Dickson) for serologic studies and stored at -80°C until 

used for assays. 

 

A1.4.3  Viruses and tissue culture 
 

All ZIKVs and yellow fever virus strain 17D (YFVax®) were propagated in C6/36 mosquito cells 

(ATCC CRL 1660) in minimal essential media (MEM) supplemented with L-glutamine (Gibco), 

non-essential amino acids (NEAA) (Gibco), antibiotic-antimycotic (anti-anti) (Gibco) and 5% by 

volume fetal bovine serum (FBS) incubated at 32°C, 5% CO2. Zika viruses included PRVABC59 

(Puerto_Rico_2015) and FSS13025 (Cambodia_2010), both generously provided by the World 

Reference Center for Emerging Viruses and Arboviruses (WRCEVA), and ZIKV/Homo 

sapiens/COL/FLR/2015 (Colombia_2015), BeH819015 (Brazil_2015), MEX 2–81 

(Mexico_2016), 41525 (Senegal_1984), IbH_30656 (Nigeria_1968), and H/PF/2013 

(French_Polynesia_2013), generously provided by Alec Hirsch, PhD, OHSU Vaccine and Gene 

Therapy Institute. Strains MR766 (Uganda_1947), P 6–740 (Malaysia_1966), and PLCal_ZV 

(Thailand_2013) were obtained from BEI resources. 17D was obtained from the manufacturer 

(Sanofi USA). All DENV were propagated in Vero cells that over-express furn. [14, 15] VF cells 

were grown in MEM with 10% FBS, NEAA, anti-anti, and selection antibiotic G418 (InvivoGen) 

at 37°C and 5% CO2 DENV used in neutralization assays included infectious clones of DENV3 

UNC3001,[16] and DENV4 DV4SL1992a[17] as well as DENV1 WestPac’74 (generously 

provided by Stephen Whitehead, National Institutes of Health) and DENV2 16803 (WRCEVA). 

All neutralization assays were performed using Vero cells (ATCC CCL-81) similarly grown with 

MEM, NEAA, anti-anti and 10% by volume FBS incubated at 37°C and 5% CO2. 

 

A1.4.4  Neutralization assays 
 

Fifty percent focus reduction neutralization test (FRNT50) titers were used to characterize subject 

sera. Subject sera were first heat-inactivated at 56°C for 30 minutes. Sera were then diluted four-

fold in MEM supplemented with 2% FBS from a starting dilution of 1:10 and mixed with an equal 
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volume of ~100 focus forming units (FFU) of ZIKV strains giving a final starting dilution of 1:20. 

Virus-dilution mixes without sera were prepared simultaneously as controls for input virus FFUs. 

After 1 hour of incubation, virus mixes were inoculated into individual wells of 96 well plates 

seeded with Vero cells, incubated for 1 hour, and overlaid with 1% methylcellulose in Opti-MEM 

(Gibco) supplemented with NEAA, anti-anti, amphotericin B, and 2% FBS. Plates were incubated 

for 24 hours at 37°C, 5% CO2. The overlay was then removed, monolayers were fixed with 4% 

formaldehyde, incubated with the anti-flavivirus mouse monoclonal antibody (4G2) (ATCC HB 

112) followed by a horse-radish peroxidase (HRP) conjugated secondary goat-anti-mouse 

antibody (ThermoFisher Scientific Cat # 62–6520). Plates were washed 3 times with PBS and HRP 

True Blue Peroxidase Substrate (KPL) was then applied for 15–60 minutes to visualize infected 

foci. Using a CTL ImmunoSpot instrument (CTL, Cleveland, OH, USA), foci in individual wells 

were scanned, counted, and counts underwent quality control. Proportion of virus neutralized per 

well was calculated and the serum dilution that neutralizes 50% of control input virus (FRNT50) 

was determined by sigmoidal dose-response curve fitting of percent neutralization vs. fold serum 

dilution using GraphPad Prism® (Version 7.0). All assays were performed in biologic duplicates. 

Individual sera that showed a greater than 4-fold difference between biologic replicates were 

subjected to repeat neutralization assays. Initial neutralization assays against DENV1-4 and YFV 

17D were conducted in a similar manner in a 24-well plate format with 30–40 PFU/well. DENV 

plates were incubated for 5 days and counter stained for infectious foci in the same manner as 

ZIKVs, 17D plates were incubated for 7 days and counter stained with crystal violet to visualize 

infectious plaques. Fifty-percent neutralization titers for all assays are reported as the fold-

dilutions. 

 

A1.4.5  Antigenic cartography 
 

The ZIKV antigenic map was constructed as previously described[11, 18] and implemented using 

the Acmacs Web Cherry platform (https://acmacs-web.antigenic-cartography.org/). Briefly, 

antigenic maps are constructed by first generating a table of antigenic distances (Dij) between each 

individual virus (i) and serum (j) using serum titers for each serum-titer pair (Nij). To calculate 

table distance, the titer against the best neutralized virus for that serum is defined as bi and the 

distances for that serum are calculated as Dij = log2(bi)-log(Nij). For the best neutralized virus for 
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that serum, Nij = bi, and this distance will be equal to 0. For the remaining serum-virus pairs, table 

distance Dij is equivalent to the fold-difference in titer between bij and Nij. Euclidean map distance 

(dij) for each serum-virus pair is found by minimizing the error between the table distance Dij and 

map distance, dij, using the error function E = ∑ije(Dij,dij), where e(Dij,dij) = (Dij-dij)2 when the 

neutralization titer is above 1:20. For viruses with neutralization titers <1:20, the error was defined 

as e(Dij,dij) = (Dij-1-dij)2(1/1+e-10(Dij-1-dij)). To make a map and derive dij for each serum-virus pair, 

viruses and sera are assigned random starting coordinates and the error function is minimized using 

the conjugate gradient optimization method. One thousand independent optimizations were 

conducted to generate the aintgenic map. 

 

A1.4.6  Statistical analyses 
 

The evolutionary history for the genetic relatedness of ZIKV was inferred by using the Maximum 

Likelihood method and General Time Reversible model. The tree with the highest log likelihood 

was retained. Initial tree(s) for the heuristic search were obtained automatically by applying 

Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using the 

Maximum Composite Likelihood (MCL) approach, and then selecting the topology with superior 

log likelihood value. Codon positions included were 1st+2nd+3rd. There were a total of 2382 

positions in the final dataset. Evolutionary analyses were conducted in MEGA X.[19] 

Geometric mean titers between sera were plotted and compared in GraphPad Prism (Version 8.00 

for Mac, GraphPad Software, La Jolla California USA, www.graphpad.com) using ANOVA 

followed by Bonferroni’s correction for multiple comparisons. Potency and breadth survival 

curves were assembled in GraphPad Prism and compared using a Mantel-Cox non-parametric 

comparison followed by Bonferroni’s correction for multiple comparisons (adjusted P = 0.05). 

Correlation between geometric mean titer (GMT) or area under the curve (AUC) for survival 

curves and months post-infection was assessed using standard least-squares fitting of 

log10transformed FRNT50 or AUC and months post-infection (power model) using JMP® (Version 

14.0.0. SAS Institute Inc., Cary, NC, 1989–2019.) 
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A1.4.7  Sequencing 
 

 

Viral RNA was isolated from tissue culture supernatants using QIAamp Viral RNA Mini Kit 

(Qiagen). cDNA was generated using random hexamers and SuperScript II Reverse Transcriptase 

(Thermo Fisher), according to the manufacturer’s instructions. Capsid genes were amplified from 

cDNA using primers ZV_seqA_s and ZV_seqA_a using Phusion Polymerase according to the 

manufacturer’s instructions. Fifty μL reactions (1X HF buffer (Thermo Fisher), 200mM each 

dNTP, 0.5mM forward primer, 0.5mM reverse primer, 1U Phusion Polymerase and 4 mL cDNA) 

were subjected to thermocycling conditions of 98°C for 30 seconds, followed by 40 cycles of 98°C 

for 10 seconds, 58°C for 15 seconds and 72°C for 15 seconds, prior to final extension at 72°C for 

10 minutes. prM, and E genes were amplified from cDNA using primers ZV_seqB_s and 

ZVseqF_a and Phusion Polymerase as 50 μL reactions as before (S1 Table). Thermocycling 

conditions consisted of 98°C for 30 seconds, followed by 40 cycles of 98°C for 10 seconds, 55°C 

for 15 seconds and 72°C for 80 seconds, prior to final extension at 72°C for 10 minutes. PCR 

products were visualized on 1.5% agarose gel with ethidium bromide, purified (QIAquick PCR 

Purification Kit, Qiagen) and mixed with sequencing primers (S1 Table) for submission to a 

commercial sequencing company (Genewiz) for Sanger sequencing. Contigs were assembled from 

chromatographs and aligned using Geneious Prime (version 2019.2.1). 

 

Section A1.5: Results 
A1.5.1  Study subjects 
A total of 12 subjects with history of ZIKV infection (Table 1) and without serologic evidence of 

DENV infection (Table 2) were identified. Clinical infections were documented between February 

2014 and December 2016 and individual subject sera were obtained anywhere from 5 to 38 months 

post-infection. Infections were primarily acquired in Latin America or the Caribbean with two 

infections documented in the Cook Islands, five subjects had documented yellow fever 

vaccinations, all of whom had detectable YFV neutralizing antibodies (Table 2). 
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TableA1.1 

 
[Table A1.1] 

A1.1 Study subjects. 

 

 

TableA1.2 

 
[Table A1.2] 

A1.2 Subject neutralization profiles by fold serum dilution yielding 50% neutralization (FRNT50). 

 

 

 

A1.5.2  Zika viruses 
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ZIKV immune sera from the 12 subjects were tested against eleven ZIKV strains (Table 3): five 

of American lineage, three of Asian lineage, and three of African lineage. Overall amino acid 

homology in the ZIKV structural proteins C/prM/E between these strains range from 95.7–99.7% 

(mean: 98.2%). The viruses grouped by area of geographic isolation with the French Polynesian 

isolate most closely related to the four Latin American isolates (Fig 1). 

 

FigureA1.1 

 
[Figure A1.1] 

A1.1 Molecular phylogenetic analysis by maximum likelihood method. 

The percentage of trees in which the associated taxa clustered together is shown next to the branches. The tree is 

drawn to scale, with branch lengths measured in the number of substitutions per site. Colored bars correspond to 

virus strain region of isolation. 
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TableA1.3 

 
[Table A1.3] 

Table A1.3 ZIKV strain. 

 

 

A1.5.3  Virus specific neutralization by subject. 
 

We first evaluated individual serum neutralizing potency against each of the eleven viruses (Fig 

2). Individual FRNT50 values between sera ranged from a serum dilution of 1:271 (serum 12462 

vs Senegal_1968) to a serum dilution of 1:4271 (serum 14269 vs Malaysia_1966), a 15.8-fold 

range between all subjects and all viruses. However, within subject variability was substantially 

less, ranging from 2.28-fold (subject 14278) to 4.44-fold (subject 14236) (Fig 2). None of the titers 

showed significant differences within subjects (ANOVA). 
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FigureA1.2 

 

[Figure A1.2] 
Figure A1.2 FRNT50 titers for subject sera against each virus. 

Fold serum dilution is shown on the left Y-axis, geometric mean titer (GMT) for each subject against all 11 viruses 

is plotted on the right Y-axis. Viruses and their relative phylogenetic relationships are shown on the X-axis. Subject 

age, gender, country infection acquired, months post-infection and fold-FRNT50 range are reported above each 

serum plot. The sera are ordered left to right from most recent to most remote infection. 

 

A1.5.4  Between subject serum potency and breadth. 
 

We next compared geometric mean titers between each subject (Fig 3A) by ANOVA and overall 

potency and breadth by survival curve analysis (Fig 3B). Overall, individual subject GMT against 

all eleven viruses had a relatively narrow range, from a low of 1:521(subject 12462) to a high of 

1:2020 (subject 14269), or a 3.9-fold difference. Subject 12462 serum GMT was significantly 

lower than all other subject sera, subject 11981 had a significantly lower GMT (1:990) against 4 
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subject sera, and subject 14269 had a significantly higher GMT against 5 other subject sera 

(ANOVA followed by Tukey HSD, Fig 3A). As an alternate approach to visualizing and 

comparing individual subject neutralization profiles, we constructed potency and breadth curves 

for each subject (Fig 3B). Potency and breadth neutralization curves were first developed in the 

HIV field to characterize broadly neutralizing antibodies and immune sera against panels of HIV 

pseudoviruses (de Camp et al, 2014). These curves maintain resolution at the level of neutralization 

titer against each virus, rather than calculating a mean estimate based on all titers. Curves show 

the number of viruses neutralized at a given serum dilution over the range of all dilutions tested, 

analogous to survival over time in a Kaplan-Meier curve. Curves are compared using the non-

parametric Mantel-Cox test followed by a Bonferroni correction for multiple comparisons. This 

approach does not assume a normal distribution of individual titers, but is also less sensitive to 

differences between curves. Upon inspection, 12462 again stands out as different from all other 

subjects’ neutralization pattern, although the difference was only statistically significant for sera 

14278, 14252, 14236, 11981, 12451 and 11942. None of the other eleven sera tested differed from 

one-another in potency or breadth. Finally, we tested whether there was a correlation between 

GMT (Fig 3A) or area under the curve (Fig 3B) and months post-infection, finding no correlation 

between time since infection and subsequent ZIKV neutralizing antibody titers (adjusted R2 = -

0.1, P = 0.80 for both GMT and AUC). 

 

FigureA1.3 
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[Figure A1.3] 
A1.3 Potency and breadth of subject immune sera. 

(A) GMT for each serum against eleven ZIKV isolates. Y-axis shows fold-serum dilution, each virus FNRT50 value 

is plotted by the correlating symbol show in the legend below the plot. The symbols are color coded to match the 

sera indicated in Fig 2. Line and whiskers show serum GMT and 95% confidence. The GMT for subject 12462 (*) 

was significantly lower than all other sera (ANOVA followed by Tukey’s correction for multiple comparisons, 

P<0.05). Remaining sera pairs that had GMTs that differed significantly are show by horizontal bars (ANOVA 

followed by Tukey’s correction for multiple comparisons, P<0.05) (B) Potency and breadth curve for each subject 

serum. The Y-axes shows proportion of viruses neutralized (N = 11), X axis shows fold serum dilution. The plots 

are color coded to match the sera in Fig 2. The plot for each serum shows the proportion of viruses neutralized by 

FRNT50 at a given serum dilution. Each step in each plot represents an FRNT50 value for one virus; as fold serum 

dilution increases for each serum, the proportion of viruses neutralized decreases by 1/11 (9.1%) as each 

FRNT50 dilution for each virus is crossed. *differs from 12462, Mantel-Cox followed by Bonferroni’s correction 

for multiple comparisons, P<0.05. 

 

A1.5.5  Neutralization by virus and antigenic cartography. 
 

To specifically address the relative differences in virus sensitivity to neutralization by human 

immune sera, we first compared GMTs for each virus against all sera (Fig 4A). GMTs for each 

virus ranged from 1:836 for French_Poly_2013 to 1:1594 for Nigeria_1968, a 1.91-fold difference. 

None of the differences between any of the GMTs by virus were statistically significant (ANOVA 

followed by Tukey HSD post-hoc test). When comparted by strain, the GMTs for African, Asian, 

and American were 1:1400, 1:1306, and 1:1067, respectively, with the African and the American 

strains differing significantly from one another, a 1.31-fold difference (ANOVA followed by 

Bonferroni, P = 0.016). 
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FigureA1.4] 

 
[Figure A1.4] 

A1.4 Neutralization by virus and strain. 

(A) FRNT50 titers for each serum against each virus. The Y-axis shows fold-serum dilution, the X-axis shows 

each virus, the phylogenetic tree below the X-axis shows the relative genetic relatedness of the viruses. 

Individual virus symbols are indicated below the figure and the symbols are color-coded to match the sera 

in Fig 2. (B) FRNT50titers for ZIKV grouped by strain. Strain pairs found to be different by ANOVA 

followed by Tukey HSD correction for multiple comparisons are show by brackets (P = 0.038). 

 

To further characterize the antigenic relationship between genetically distinct ZIKV, we turned to 

antigenic cartography.[11, 18] Antigenic cartography has been implemented previously to 

describe the antigenic relatedness of dengue viruses[11, 20] and influenza.[18, 21–23] Antigenic 

maps offer an alternate way to evaluate neutralization titers in that they are based on neutralization 

data that reflect the antigenic rather than genetic relatedness of pathogens. Viral antigenic maps fit 

neutralization titers for all sera against all viruses simultaneously: each virus is measured in 

relation to many immune sera, allowing for a more accurate estimate of antigenic relatedness than 

that which is provided by individual neutralization titers. Antigenically, ZIKV formed a discrete 

and compact map, with the greatest antigenic unit (AU) distances no greater than ~four-fold range 

across the two-dimensional map space (Fig 5), equivalent to a single dilution in the FRNT assay 

used to estimate FRNT50 values for this map. The two African strains mapped to nearly identical 
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loci, while the American strains were located at relatively larger, but still quite small, antigenic 

distances from one another, while the lone Asian strain in our panel was centrally located among 

the American and African strains. Compared to the dengue viruses, ZIKV were more tightly 

clustered and more closely related antigenically than DENV viruses are when mapped using 

human primary DENV immune sera.[11] 

 

FigureA1.5 

 
[Figure A1.5] 

A1.5 Antigenic map of eleven ZIKVs against twelve human ZIKV immune sera from 5 to 38 months post-

infection. 

Locator map shows the relative antigenic relatedness between ZIKV and the dengue viruses. Each unit of antigenic 

distance (AU), the length of one side of a grid square, is equivalent to a two-fold dilution in the neutralization assay. 

Inset map shows each serum and ZIKV. Sera are shown as open blobs colored to match each serum as in Fig 2. 

Each virus is shown as a filled blob and is colored according to virus strain (American = slate blue, African = 

turquoise, Asian = steel blue). The size and shape of each blob is the confidence area of its position. Dashed line 

circle has a diameter equal to 2 AU or four-fold, the difference of a single dilution in the FRNT assay used to 

estimate FRNT50 titer. 

 

Section A1.6: Discussion 
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Phylogenetic comparisons between historic and contemporary ZIKV isolates find minimal genetic 

variability, supporting the generally held hypothesis that ZIKVs antigenically form a single 

serotype.[9] However, within flaviviruses it has been shown that relatively few genetic—amino 

acid encoding—differences can be associated with significant differences in virus susceptibility to 

neutralization by human immune sera raised against otherwise genetically very similar 

viruses.[10, 16, 24] Consequently, the antigenic differences between closely related flaviviruses 

cannot be inferred by genetic analysis alone, and empiric characterization of closely related viruses 

using serologic assays is still necessary to validate assumptions about antigen relationships within 

genetically similar flaviviruses. Ideally, this characterization should be undertaken with a set of 

viruses that capture within virus genetic diversity and a set of sera from individuals with diverse 

exposure histories to the same group of genetically similar viruses. To date, only one study, 

Dowd et al.,[25] has examined the serotype specificity of contemporary human ZIKV 

convalescent immune sera from the most recent 2014–2016 epidemic against the three genetically 

distinct ZIKV strains. While Dowd et al. was a critically important first approximation of the 

potency and breadth of human ZIKV-specific immune sera following natural infection, the study 

had several limitations: only three ZIKV strains were fully evaluated against eight ZIKV-

confirmed human convalescent sera; the convalescent sera were collected in an early convalescent 

time period 3 to 12.6 weeks post infection, when short-lived flavivirus cross-reactive IgM and IgG 

titers are expected to be high,[26, 27] and, finally, subject co-existent flavivirus immunity to 

DENV or other flaviviruses in the human subjects was not assessed. Here we conducted an in-

depth analysis of a panel of genetically similar but distinct ZIKV against a panel of primary ZIKV-

immune sera from individuals infected 5–38 months prior these immunologic studies. Our work 

builds upon and expands earlier results reported by Dowd et al.[25] which was limited to eight 

early convalescent ZIKV immune sera (<3 months) and only three ZIKV isolates. All subject sera 

in our study potently neutralized all ZIKV isolates at FRNT50 >1:320 (Fig 2), and although the 

GMT against all viruses for one subject, 12462, was significantly lower compared to the GMTs 

for the other eleven subjects (Fig 3A), this may reflect a host factor such as subject age at infection– 

70 years old–rather than an underlying immunogenic difference between the infecting viruses. The 

identity of the infecting virus is not known, but can be reasonably assumed to be an American 

strain (infected in the Cook Islands in 2014), and another subject, 18451, was infected at the same 

time and location as subject 12462, presumably with the same virus strain, but did not develop 



 199 

lower immune titers. We did not observe any trends towards a relationship between time post-

infection, geographic location of infection, and specificity, breadth, or potency of immune sera 

titers. 

When FRNT50 titers were compared by virus (Fig 4A), none of the viruses differed in their GMT 

against the twelve subject sera. However, it is interesting to note that, when pooled by strain, we 

did find a statistically significant, but small, 1.4-fold difference between GMT for both African 

strains compared to the five American strains. These two strains have 8 conserved amino acid 

differences across the E glycoprotein (Supplemental Table), four of which are predicted to be 

surface-exposed: T120A, located on the E domain II (EDII) d-e loop; V169I, located on the EDI 

F0 strand; V317I, located on the EDIII A strand; and D393E, located on the EDIII f-g loop, part of 

the EDIII lateral ridge epitope region. While it is beyond the scope of this research to evaluate 

whether these residues contribute to the small but robust differences in neutralization between the 

African and American ZIKV strains, all four regions have been implicated as targets for human 

ZIKV [28] and DENV neutralizing mAbs.[29–31] Even so, the overall magnitude of neutralization 

potency across all strains and sera suggests these differences are unlikely to play a meaningful role 

in antigenic escape in the context of existing primary ZIKV immunity. 

Analysis of our data by antigenic cartography provided similar results, with some notable 

differences. While comparison of GMTs across titers and sera suggested some differences between 

sera and titers in pairwise comparisons, when plotted using all serum-virus pairs simultaneously, 

the resulting antigenic map is remarkably tight and homogeneous, with neither African or 

American strains grouping apart from the other strains, and while two African strains were the 

closest to one another by antigenic distance, the antigenic map distances between the African 

strains and the American strains are no greater than the antigenic map distances with the American 

strains. Overall, the antigenic distance spanned by all viruses was just over 2 AU, or four-fold, the 

difference of a single dilution in our FRNT assay, strongly supporting the hypothesis that ZIKV 

constitutes a single serotype. 

Although our results add significantly to our understanding of the potency and breadth of 

antibodies elicited by primary ZIKV infection and the antigenic relationship between genetically 

distinct ZIKV, our study had several weaknesses: the virus strain(s) that infected our study subjects 

has been inferred to be American strains by epidemic association rather than virus isolation, and 
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subjects with history of primary ZIKV infection by African or Asia strains were not identified; our 

panel of viruses was biased towards recent American strain isolates, with only three Asian and 

three African strains represented; and, the study is cross-sectional and still only examines potency 

and breadth of immune sera through 3 years post-infection, true “long-term” immunity, and 

longitudinal ZIKV immunity in study subjects was not examined. Future studies that address these 

weaknesses would substantially add to our understanding of the natural history of ZIKV immunity 

in human populations, the limited role antibody neutralization escape may play in ZIKV evolution, 

and the potential for ZIKV vaccines currently under development to protect against likely future 

genetic ZIKV variants. 

 

Section A1.6: Supporting information 
 

FigureA1.6 

 
[Figure A1.6] 

A1.6 Primers used for ZIKV sequencing. 
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FigureA1.7 

 
[Figure A1.7] 

A1.7 Raw P-values for pair wise comparisons of potency/breadth curves (Fig 3B). 

Cells highlighted in red show serum pairs that differ by P<0.05 by Bonferroni correction. 

 

FigureA1.8 

 
[Figure A1.8] 

A1.8 Summary of variable residues across ZIKV capsid (C), prM, and envelope (E) proteins. 
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Section A2.1: Abstract 
 

Access to fast and reliable nucleic acid testing continues to play a key role in controlling the 

COVID-19 pandemic, especially in the context of increased vaccine break-through risks due to 

new variants. We report a rapid, low-cost (~ 2 USD), simple-to-use nucleic acid test kit for self-

administered at-home testing without lab instrumentation. The entire sample-to-answer workflow 

takes < 60 min, including noninvasive sample collection, one-step RNA preparation, reverse-

transcription loop-mediated isothermal amplification (RT-LAMP) in a thermos, and direct visual 

inspection of a colorimetric test result. To facilitate long-term storage without cold-chain, a fast 

one-pot lyophilization protocol was developed to preserve all required biochemical reagents of the 

colorimetric RT-LAMP test in a single microtube. Notably, the lyophilized RT-LAMP assay 

demonstrated reduced false positives as well as enhanced tolerance to a wider range of incubation 

temperatures compared to solution-based RT-LAMP reactions. We validated our RT-LAMP assay 

using simulated infected samples, and detected a panel of SARS-CoV-2 variants with successful 

detection of all variants that were available to us at the time. With a simple change of the primer 

set, our lyophilized RT-LAMP home test can be easily adapted as a low-cost surveillance platform 

for other pathogens and infectious diseases of global public health importance. 

 

Section A2.2: Introduction 
 

 

The COVID-19 pandemic has cost millions of lives and presented unprecedented economic, social, 

and structural challenges across the world. While vaccination rollouts and improved access to 

testing have helped to control the pandemic1, transmissions and infections (including post-vaccine 

breakthrough cases) due to the new variants of SARS-CoV-22,3 continue to pose a burden on 

global public health and economics. Effective SARS-CoV-2 surveillance requires frequent testing 
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with rapid results to quickly identify infected individuals to break transmission chains4. However, 

centralized testing models such as drive-through tests may increase the risk of exposure to health 

care workers and also rely on costly facilities, trained personnel, and sophisticated lab equipment 

(typically RT-qPCR) that in many cases still fail to deliver a timely test result. These delays can 

be detrimental to effective surveillance and disease control efforts due to the risk of 

presymptomatic/asymptomatic transmission of SARS-CoV-25. While testing labs are widely 

available in many high-income countries, most low- and middle-income countries lack sufficient 

facilities and trained personnel for wide-spread application of sophisticated SARS-CoV-2 

detection technologies. Rapid antigen tests are easy to use and less expensive, however, while they 

are effective at screening symptomatic patients with high viral loads6, the overall higher rates of 

false positives and false negatives (compared to nucleic acid tests) make rapid antigen tests less 

suitable as a front-line diagnostic7,8. To quickly identify emerging SARS-CoV-2 transmission 

hotspots and curb the spread of virus from all potential transmission routes (presymptomatic, 

symptomatic, asymptomatic), a robust decentralized testing model would require the development 

of affordable nucleic acid home tests that are reliable, simple to use, and inexpensive to 

manufacture and distribute to large populations. 

Since the beginning of the pandemic, researchers have sought to develop rapid molecular assays 

to overcome the practical limitations of standard RT-qPCR testing9. Among several candidate 

nucleic acids amplification protocols10, RT-LAMP is a simple method that achieves rapid 

exponential amplification of RNA using a set of six primers to recognize eight distinct regions on 

the target RNA sequence, enabling highly specific and sensitive detection of target RNA without 

stringent requirement on sample purity11. This eliminates the need for the sophisticated RNA 

isolation and purification processes that have been a major bottleneck of current SARS-CoV-2 

testing workflows. Further, the compatibility with simple pH-based colorimetric readout12 allows 

easy interpretation of the test result by visual inspection, making RT-LAMP suitable for 

inexpensive point-of-care applications. To date, many RT-LAMP assays have been proposed for 

SARS-CoV-2 detection13,14,15,16,17,18,19,20,21,22 including several that have obtained FDA 

Emergency Use Authorization (EUA)23,24,25. However, most of these tests still cannot meet the 

need for frequent at-home testing due to either un-optimized performance or the prohibitive cost 

per test. 
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Section A2.3: Results 
 

A2.3.1  Assay development 
 

 

Conventional molecular assays do not support convenient use at home by untrained individuals 

because of the complexity of the testing workflow, dependence on specialized instrumentation, 

stringent requirement of cold storage for reagents, and the high cost of the test platform 

manufacturing and distribution. To enable truly inexpensive, rapid, reliable at-home testing of 

COVID-19, we developed a simple all-in-one molecular home test kit based on lyophilized 

colorimetric RT-LAMP, requiring only a regular thermos and a thermometer to conduct the self-

administered test. A rapid, one-pot lyophilization protocol was developed to quickly preserve all 

reagents needed for the colorimetric RT-LAMP test in a single microtube, facilitating long-term 

stability, inexpensive distribution, and convenient use of the home test kit. Notably, the lyophilized 

RT-LAMP assay demonstrated reduced false positives and higher tolerance to a wider range of 

incubation temperatures compared to conventional solution-based RT-LAMP reactions. To enable 

detection of viruses from clinical sample matrices, we adapted a one-step RNA preparation 

protocol19 based on low-cost shelf-stable reagents. The entire sample-to-answer workflow 

(Fig. 1) takes < 60 min, including noninvasive sample collection (anterior nasal swab or 

alternatively gingival swab), quick extraction-free RNA preparation, optimized RT-LAMP 

reaction in a thermos, and finally a colorimetric interpretation of the test result. 

 

FigureA2.1 
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[Figure A2.1] 

 
A2.1 Schematic illustration of the COVID-19 home test from sample collection to test result readout. 

Step 1: Self-collect a sample using an anterior nasal swab (alternatively a gingival swab). Step 2: Plunge the swab 

into the media inside the collection tube. Gently rub and roll the swab against the tube wall for 10 times. Squeeze 

out the remaining liquid by pressing the swab against the side of the tube, discard the swab and recap the tube. Step 

3: Add 95 °C hot water into a thermos. Ensuring the sample collection tube lid is tightly secured, place inside the 

thermos and close the lid, to incubate for 10 min. Step 4: Take out the collection tube and cool it on ice for 5 min, 

allowing any debris to settle to the bottom. Use a disposable transfer pipette to draw 20 μL of sample from the 

collection tube. Step 5: Quickly dispense the sample into the lyophilized RT-LAMP reaction tube. Recap and gently 

flick the side of the reaction tube to resuspend the mix (avoid introducing bubbles). Step 6: Use a thermometer or 

a temperature sticker (included in the kit) to adjust the water temperature to 65 °C in the thermos. Assemble the 

RT-LAMP reaction tube onto the foam floater and place it in the thermos. Close the lid and incubate for 40 min. 

Step 7: Take out the reaction tube and cool it on ice. Visually inspect the test result (pink = negative; 

yellow = positive). 
 

RT-LAMP reactions rely on active enzymatic components (i.e., DNA polymerase and reverse 

transcriptase) that must be stored at a low temperature (typically − 20 °C). To preserve the RT-

LAMP reagents for home test use, we employed lyophilization, also known as freeze-drying, to 

extend the shelf-life of the test kit and facilitate simple test kit distribution, handling, and storage 

under convenient temperatures (e.g., at typical home-refrigeration temperature or at room 

temperature). A lyophilized test kit also reduces the number of pipetting steps to improve usability 

and minimize contamination26. However, lyophilization is typically an expensive and time-

consuming process involving three stages including freezing, primary drying, and secondary 

drying which can be difficult to design and optimize27. In this work, we developed a fast, one-pot 

lyophilization process that minimizes the drying time by completing both the primary and 

secondary drying under a single condition28. Unlike prior lyophilization protocols developed for 

molecular biology assays, our protocol eliminates the need to separately lyophilize the reaction 

buffer and the enzymes17,26,29. Instead, our simplified protocol enables one-pot lyophilization of 

all reagents needed for the colorimetric RT-LAMP in a single microtube (Table 1), and the entire 

lyophilization process can be completed in under 2 h (see Methods). We tested 

trehalose30,31,32 and dextran33,34 as candidate excipients to provide cryo- and lyoprotection 

during lyophilization, as well as enhanced stability for long-term storage. In addition, guanidine 

hydrochloride (GuHCl)35 was included in the optimized formulation to improve the reaction 



 211 

speed and the sensitivity of colorimetric RT-LAMP. We carefully screened multiple sets of 

recently published RT-LAMP primers14,15,36,37,38 and optimized our RT-LAMP assay with a 

well-performing primer set38 (Table 2), which targets the ORF1a gene of the viral genome and is 

minimally impacted by the mutations from recent SARS-CoV-2 variants. 

TableA2.1 

 
 
[Figure A2.1] 

 
A2.1 Optimized formulation of the lyophilized colorimetric RT-LAMP test. 
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TableA2.2 

 
 

[Figure A2.2] 

 
A2.2 Optimized formulation of the lyophilized colorimetric RT-LAMP test. 

 

Compared to typical solution-based RT-LAMP reactions, we observed that the addition of 

trehalose at the optimized concentration significantly reduced the occurrence of RT-LAMP false 

positives. The slight decrease in reaction speed was mitigated by the addition of GuHCl. Notably, 

our lyophilized RT-LAMP reactions also enabled a wider compatible range of incubation 

temperatures compared to the solution-based RT-LAMP reactions, thus improving the assay’s 

robustness to tolerate the use of regular thermoses for reaction incubation without precise 

temperature control. Specifically, as shown in Fig. S7, our lyophilized assay (“3 M trehalose + 1 M 

GuHCl) lyo”) performed robustly across the entire temperature gradient tested (60.7–70.0 °C) with 
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clear readout of true positives as early as 20 min and no false positives by 50 min of incubation at 

most temperatures within the temperature gradient. In contrast, the solution-based RT-LAMP 

assay (“Fresh sol”) based on the same primers and master mix formulation showed a narrower 

range of compatible temperatures, slower turnaround, and earlier occurrence of false positives. 

The beneficial effect of the one-pot lyophilization was also observed in Fig. S15, where we 

conducted a similar temperature gradient experiment for the assay based on a different published 

RT-LAMP primer set23. We hypothesize that the enhanced performance of the one-pot lyophilized 

assay is partly due to the inclusion of trehalose in the RT-LAMP formulation. In addition to its 

role as a lyo- and thermal-protectant, trehalose was found to have a DNA duplex destabilizing 

effect in prior literature39. Such an effect helps to improve the specificity and yield of isothermal 

amplification reactions, which agrees with the observations from our experiments. 

 

A2.3.1  Assay validation 
 

According to in-house validation using synthesized SARS-CoV-2 RNA (Twist Bioscience), our 

test kit remains stable for at least 30 days at typical home-refrigeration temperature (4 °C) 

(Fig. S11) and 10 days at room temperature (~ 20 to 22 °C) (Fig. S14), achieving ≥ 95% analytical 

sensitivity and > 99% specificity with a reproducible limit of detection (LoD) down to 100 RNA 

copies per reaction (i.e., 5 copies/μL) under both storage conditions. In addition, we conducted 

validation tests using simulated SARS-CoV-2 infected samples—heat-inactivated SARS-CoV-2 

WA-1 virus serially diluted and spiked into pooled anterior nasal swab media (0.0025X TBE buffer 

in nuclease-free water)—from healthy donors (Fig. 2a). Sensitivity for authentic SARS-CoV-2 

WA-1/2020 was significantly reduced in comparison to the sensitivity under laboratory conditions 

with commercially purified RNA, 15,514 viral copies per reaction, but at higher viral loads the 

assay demonstrated reliable sensitivity, specificity, and reproducibility for detection of SARS-

CoV-2 virus (Fig. 2b). Specificity remained at ≥ 99% for the simulated samples (Fig. 2b). Aliquots 

of simulated SARS-CoV-2 infected samples were also subjected to qRT-PCR in the OHSU clinical 

lab using the Fisher Multiplex TaqPath platform with 15,514 viral copies returning a calculated 

CT value of 26.4. We next examined the distribution of CT values for 5897 samples tested across 
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symptomatic and asymptomatic patients tested in the OHSU clinical lab (data provided generously 

by Dr. Xuan Qin, OHSU Department of Pathology), finding that the RT-LAMP assay would be 

expected to have detected SARS-CoV-2 in approximately 4254 patients, the number of patients 

with a CT of < 26, yielding a real-world sensitivity of 72%. 

FigureA2.2 

 
 
[Figure A2.2] 

 
A2.2 Limit of detection and validation of analytical sensitivity and specificity on virus-spiked anterior nasal 

swab collection media.  

(A) Serial dilutions of heat-inactivated SARS-CoV-2 strain WA-1/2020 by percent positive samples. Three 

independent replicates of four-reactions per dilution were performed using samples from 227 copies per reaction 

to 17,473 copies per reaction. X-axis is log-scale showing copies per reaction, Y-axis shows % positive reactions. 

Each data point shows the average and standard error of the mean (SEM) for each set of replicates per dilution. A 

Sigmoidal dose–response curve was fit using the Find ECAnything least squares fit in Graphpad Prism 7.0 with 

lower and upper limits of 0 and 100 respectively. Red-dotted lines and grey area indicates 95% confidence interval 

around the dose–response curve. Straight dotted lines show 50 and 95% analytic sensitivity intercepts as predicted 

by the fitted curve. 95% limit of detection was 15,514 viral copies, 50% limit of detection was 1421 viral copies 

per reaction. (B) 20 replicates of non-template control (NTC, anterior nasal swab media only; bottom panels) versus 

15,518 viral copies of heat-inactivated SARS-CoV-2 (top panels) in uninfected pooled anterior nasal swab media, 

demonstrating ≥ 99% analytical specificity and ≥ 95% analytical sensitivity at 15,518 copies/reaction. Nuclease-

free water non-template control (−) and BEI RNA positive control (+), indicated. Pre-incubation and incubation 

times and colorimetric changes as above. 
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Like most RNA viruses, SARS-CoV-2 has and will continue to evolve genetically, and there are 

now several genetic variants of SARS-CoV-2, which the U.S. Centers for Disease Control and 

Prevention classifies as Variants Being Monitored (VBM), Variants of Interest (VOI), Variants of 

Concern (VOC) or Variants of High Consequence (VOHC). Classification depends on the 

presence of substitutions that may confer increased transmissibility, disease severity, immune and 

therapeutic escape, and interference with diagnostic test targets. It is thus important to assess the 

accuracy of our assay in detecting newly emerged SARS-CoV-2 variants. After carefully screening 

multiple sets of recently published RT-LAMP primers14,15,36,37,38, we optimized our RT-

LAMP test with a well-performing primer set (Table 2)38 targeting the ORF1a gene of the SARS-

CoV-2 viral genome. As shown in Figs. 3 and 4, our test successfully detected multiple SARS-

CoV-2 variants and their isolates from different geographical locations, including WA1/2020 

(USA), B.1.1.7 (“Alpha", UK), B.1.1.7 (“Alpha”, US-CA), B.1.351 (“Beta”, South Africa), P.2 

(“Zeta”, Brazil), B.1.2 (US-LA/NM), B.1.427 (“Epsilon”, US-CA), B.1.429 (“Epsilon”, US-CA), 

B.1.526 (“Iota”, US-NY), B.1.617.1 (“Kappa”, India), and B.1.617.2 (“Delta”, India). The 

simplicity of our assay allows quick change of the primer sets to detect emerging variants of SARS-

CoV-2 and other pathogens and diseases of public health importance. 

FigureA2.3 
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[Figure A2.3] 

 
A2.3 Validation of the RT-LAMP home test on heat inactivated SARS-CoV-2 variants (calculated viral copy 

numbers per tube indicated):  

A (WA-1/2020; 4.86 × 10^4), B.1.1.7 (1.51 × 10^5), and B.1.351 (4.79 × 10^5). Heat-inactivated virus was diluted 

in nuclease-free water. Viral copy numbers were calculated following quantification of stocks. Methods otherwise 

as described previously. NTC: non-template control (nuclease-free water). 
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FigureA2.4 

 
 
[Figure A2.4] 

 
A2.4 Validation of the RT-LAMP home test on additional heat inactivated SARS-CoV-2 variants (calculated 

viral copy numbers per tube):  

P.2 (6.60 × 10^4), B.1.2 (2.69 × 10^5), B.1.427 (5.05 × 10^5), B.1.429 (4.12 × 10^4), B.1.526 (2.72 × 10^5), 

B.1.617.1 (1.65 × 10^5) and B.1.617.2 (4.05 × 10^4). Negative and positive controls were nuclease-free water and 
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commercially available genomic RNA (BEI), respectively. Asterisk indicates viruses originating from clinical 

samples, confirmed by sequencing. 

 

Section A2.4: Discussion 
 

In this work, we have demonstrated an inexpensive, one-pot lyophilized colorimetric RT-LAMP 

molecular test kit for self-administered COVID-19 diagnosis. In addition to its low cost and 

simplicity, the test kit features a user-friendly home testing workflow that can be easily completed 

in under 1 h with no specialized instrumentation or trained personnel (Table 3). Specifically, we 

developed a simple one-pot protocol for lyophilizing colorimetric RT-LAMP. All reagents needed 

for the isothermal amplification reaction can be quickly preserved in a single microtube, 

facilitating long-term storage, inexpensive distribution, and simple testing workflow without 

multiple liquid transfers. Unlike prior work of lyophilized LAMP/RT-LAMP that requires 

sophisticated lab procedures to separately lyophilize the enzymes from the reaction buffers, the 

simplicity and robustness of our one-pot lyophilization protocol makes it easy to inexpensively 

manufacture the molecular test kits at scale. We tested our RT-LAMP assay in regular thermoses 

and verified its tolerance to temperature deviations in different thermoses (Fig. 5). Notably, our 

test conveniently tolerates larger sample input volumes (i.e., as opposed to 1 μL to 5 μL sample 

volume commonly used in standard RT-LAMP assays, our test directly accepts 20 μL swab media 

sample to rehydrate the lyophilized reagents for a 20 μL RT-LAMP reaction). Furthermore, in 

contrast to conventional molecular diagnostics that usually involve multiple precise volume liquid 

transfers, our test requires only a single pipetting step (using a low-cost disposable transfer pipette) 

during the entire testing workflow. 
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TableA2.3 

 
[Table A2.3] 

 
Table A2.3 Features and advantages of the COVID-19 molecular home test kit.  
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FigureA2.5 

 
 
[Figure A2.5] 

 
Figure A2.5 Validation of the RT-LAMP home test in different commercially available thermoses (see Methods 

for thermos details.)  

Viral strain: Inactivated SARS-CoV-2 A (WA-1/2020) in gingival swab media. One non-template control (gingival 

swab media only) and triplicate virus, (−) and ( +) respectively, per thermos experiment. 
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Nevertheless, the present work has several limitations. First, the RT-LAMP assay is qualitative 

and relies on visual interpretation of the colorimetric test result. Besides potential user errors, 

extended storage of the current test kit under elevated temperatures may reduce the color contrast 

between the positive and negative readouts, thus increasing the likelihood of misinterpretation. 

The continuing development of the test kit requires thorough characterization and rigorous testing 

of the assay performance under uncontrolled environments, for example, by conducting shipping 

and storage simulations under a wider range of temperature and humidity conditions. Second, 

while we have demonstrated excellent analytical performance of the underlying lyophilized RT-

LAMP assay, further optimizations of the RNA isolation protocol are needed to achieve better 

sensitivity on clinical samples. However, for perspective, we compared the results of our dose–

response evaluation of the RT-LAMP platform in its current configuration with the real-world CT 

values from the OHSU clinical diagnostic laboratory, we predict a real-world sensitivity of 

approximately 72% for all SARS-CoV-2 infections. While this value is below the performance of 

some other RT-LAMP platforms, it is well above the predicted sensitivity for symptomatic 

individuals of the widely used BinaxNOW for symptomatic individuals of 64.2%40. Third, the 

off-the-shelf RT-LAMP master mix used in the present assay contains glycerol, which may cause 

insufficient removal of water during lyophilization41. While our real-time stability experiments 

suggested that the simple one-pot lyophilization could readily preserve the colorimetric RT-LAMP 

reactivity for > 4 months (data not shown), the long-term stability of our assay could be 

substantially improved by using glycerol-free enzymes. Fourth, the present study evaluated an 

extraction-free RNA preparation protocol (i.e., heating for 10 min at 95 °C in 0.0025X TBE) but 

did not assess its efficacy for SARS-CoV-2 inactivation. While recent studies19,42 have suggested 

the use of similar heating protocols for effective inactivation of SARS-CoV-2, thorough 

validations must be conducted before pursuing other applications beyond home testing. 

Compared to other COVID-19 testing platforms available at the time of this writing, our rapid 

molecular test kit shows good potential to enable affordable and frequent at-home testing. Due to 

its low cost and simplicity, our test can allow mass manufacturing in a short timeframe to 

potentially address the pressing need for global population-scale surveillance, especially in 

resource-limited regions where COVID-19 is still raging and vaccinations are lagging. For users 
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who cannot conveniently perform the test at home, our test kits can also be readily used at point-

of-care settings such as local pharmacies or mobile laboratories, where batch testing of samples 

can be easily conducted on site using a dedicated dry or water bath or a similar heat source. The 

patient would still self-collect a sample using the provided swab with the collection tube and then 

return the sample to the pharmacy. Due to the fast turnaround of our RT-LAMP assay, the test 

result can be returned to the patient in under one hour. Advantages of using our tests for point-of-

care/near-patient testing include the further simplified testing workflow and the improved quality 

control of the tests. However, this alternative configuration would require a technician to handle 

the patient samples, thus enhanced precautions must be carefully followed (e.g., use of PPE, hand 

hygiene, frequent instrument decontamination) and assure that all samples are fully inactivated 

upon receipt. Ideally, the sample handling protocol would be automated at the pharmacy to reduce 

the risk and improve the testing throughput. Furthermore, it is important to note that our all-in-one 

lyophilized colorimetric RT-LAMP test kit can be quickly adapted to detect different RNA or 

DNA targets by simply changing the primer set. This remarkable flexibility coupled with the 

simplicity and reliability of our test kit and testing workflow hold great promise to enable a robust 

model platform for low-cost decentralized surveillance of other pathogens (e.g., viruses, bacteria, 

fungi), including infectious diseases of global public health importance (e.g., dengue, tuberculosis, 

malaria). 

 

Section A2.5: Methods 
 

A2.5.1  RT-LAMP primers  
 

Several published SARS-CoV-2 RT-LAMP primer sets14,15,36,37,38 were carefully screened in 

terms of the detection sensitivity, false positive and false negative rates, reaction speed, and test 

reproducibility (Figs. S1–S6). The best performing primer set38 (Table 2) was selected for further 

characterization and optimization in our lyophilized colorimetric RT-LAMP home test kit. This 

primer set targets the ORF1a gene of the SARS-CoV-2 viral genome and is minimally impacted 
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by mutations on recent SARS-CoV-2 variants of concern. An additional primer set23 (Table S2) 

was tested to confirm the reliable performance of the one-pot lyophilization protocol. 

A2.5.2  RT-LAMP reagents  
 

WarmStart Colorimetric LAMP 2X Master Mix (New England Biolabs, cat. M1800L) was used 

as the RT-LAMP master mix for the test kit. RT-LAMP primers were ordered from IDT as custom 

DNA oligos with standard desalting. The primers were resuspended in nuclease-free water (Sigma-

Aldrich) and mixed to form a 10X primer mix consisting of 2 µM F3 primer, 2 µM B3 primer, 

16 µM FIP primer, 16 µM BIP primer, 4 µM LoopF primer, and 4 µM LoopB primer. RT-LAMP 

reactions were run at 20 µL total reaction volume. Specifically, the lyophilized RT-LAMP reagents 

were reconstituted with 5 µL sample + 15 µL nuclease-free water in all analytical experiments 

conducted with synthetic SARS-CoV-2 RNA control (Twist Bioscience, cat. 102024). Unless 

otherwise specified, 20 µL of sample (as opposed to 5 µL sample + 15 µL nuclease-free water) 

was directly added to the lyophilized RT-LAMP mix in validation experiments conducted with 

simulated SARS-CoV-2 infected samples. 

 

A2.5.3  Fast one-pot lyophilization of colorimetric RT-LAMP reagents 
 

The 3 M trehalose solution was prepared by dissolving 0.5 g D-(+)-trehalose dihydrate powder 

(Sigma-Aldrich, M.W. 378.33 g/mol) in 440.5 μL nuclease-free water, followed by vigorous 

vortexing and heating at 60 °C for 10 min to fully dissolve the trehalose to yield a supersaturated 

solution. This resulted in a solution with a total volume of approximately 760 μL, corresponding 

to an effective trehalose concentration of around 1.75 M. Because our assay prototyping needed 

only small amounts of the solutions, to keep the measuring simple and consistent, we refer to this 

resulting solution as the 3 M trehalose throughout the text unless otherwise specified. The trehalose 

solution was then sterilized by filtering through a 0.2 µm syringe filter (VWR), followed by brief 

vortex and centrifuge to remove air bubbles. For consistency, the 1 M GuHCl solution was 

prepared similarly by directly dissolving 0.1 g guanidine hydrochloride powder (VWR, M.W. 

95.53 g/mol) in 1046.8 μL nuclease-free water without further adjustment of the final volume. The 
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tube containing the GuHCl solution was covered with aluminum foil to protect it from light. 

Components of the colorimetric RT-LAMP lyophilization formulation were mixed at the specified 

ratio (Table 1), aliquoted into 0.2 mL PCR tubes, and frozen at − 20 °C for 1 h. Finally, the tubes 

were quickly transferred with caps open into a vacuum concentrator (Savant Speedvac SVC-100H) 

connected to the lyophilizer (VirTis Freezemobile 12SL). Lyophilization was run for 1 h with the 

chamber pressure at ~ 10 milliTorr and the condenser temperature at ~  − 40 °C. Details of the RT-

LAMP lyophilization protocol optimizations are shown in Fig. S7–S16. 

 

A2.5.4  Viruses 
 

SARS-CoV-2 Pango lineage A (WA-1/2020) was used in all whole virus assays for in-house test 

kit optimization. Other variants obtained through BEI Resources were B.1.1.7, B.1.351, B.1.526.2 

and B.1.617.1. Other viruses were isolated from clinical samples, and lineage determined by next 

generation sequencing. These include P.2, B.1.2, B.1.427, B.1.429, B.1.526, and B.1.617.2. 

Further virus information including source are summarized in Table S3. Authentic SARS-CoV-2 

were propagated and inactivated in a BSL-3 laboratory under a protocol approved by the OHSU 

Institutional Biosafety Committee under the supervision of Dr. Tafesse. 

 

A2.5.5  Simulated SARS-CoV-2 infected samples 
 

Anterior nasal swab (and alternatively gingival swab) samples were collected as described below 

from 10 uninfected individuals, into sample collection media (TBE (1X: 90 mM Tris–borate-

2 mM EDTA, pH 8.0) at the specified concentration, in nuclease-free water) and pooled. Heat-

inactivated SARS-CoV-2 virus was diluted in sample collection media to achieve the specified 

viral copy numbers, according to in-house qRT-PCR. Virus-spiked samples were heated at 95 °C 

for the specified duration and chilled on ice. Then, 20 µL of the resulting sample was added directly 

into the RT-LAMP microtube to reconstitute the lyophilized reagents. RT-LAMP microtubes were 

vortexed (spun down, if necessary) and briefly chilled on ice, before pre-incubation photos were 
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taken. Finally, RT-LAMP microtubes were incubated for 60 min at 65 °C, with photos taken at 

30–60 min to assess color change. The best detection sensitivity was achieved by RNA isolation 

with 0.01X TBE (based on 5 µL sample input into a 20 µL reaction) and heating for 10 min at 

95 °C (Figs. S17–18). Subsequent assays were performed using 20 µL direct sample input and 

0.0025X TBE, to reduce pipetting steps. 

 

A1.5.6  Colorimetric RT-LAMP in thermocycler 
 

RT-LAMP microtubes containing samples or non-template control (NTC) were vortexed, spun 

down and briefly chilled on ice before pre-incubation photos were taken. RT-LAMP microtubes 

were incubated in a thermocycler for 60 min at the specified temperature, with photos taken at 30–

60 min to assess color change. Tubes were briefly chilled on ice to allow color stabilization, before 

being photographed. The optimal RT-LAMP incubation temperature was identified by running the 

reactions with a temperature gradient (T = 65 °C, G = 5 °C) set in a gradient thermal cycler 

(Eppendorf MasterCycler). To avoid contamination, the RT-LAMP tubes should never be 

reopened after the incubation reaction. 

 

A2.5.7  Colorimetric RT-LAMP in thermos 
 

Both the viral RNA preparation and the RT-LAMP incubation were conducted in a thermos. 

Freshly boiled water was added to pre-warm the thermos for 2 min and then dumped out. Next, 

boiling water was re-added into the thermos and chilled to ~ 97 °C, after which the virus-spiked 

samples and NTC (swab media without virus) were incubated for 10 min in the thermos (with lid 

on) and then chilled on ice for 5 min to allow cell debris to settle. Next, 20 µL of the heat-

inactivated sample “supernatant” (i.e., no cell debris) or NTC were transferred to the RT-LAMP 

microtube using a disposable transfer pipette. The microtubes were recapped and flicked gently 

(being careful not to introduce bubbles) to resuspend the lyophilized RT-LAMP reagents and then 
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chilled on ice before pre-incubation photos were taken. Meanwhile, a mug was filled with boiling 

water, and allowed to chill to ~ 70 °C before pouring into the thermos. The water was allowed to 

further chill to ~ 67 °C before samples were added. Next, the RT-LAMP microtubes were 

incubated in the thermos with the lid tightly closed for 60 min, with photos taken at 30–60 min. 

During incubation, the microtubes were secured on a foam floater to ensure that they were 

vertically and sufficiently submerged in water to activate the RT-LAMP reaction. Finally, the tubes 

were removed from thermos and briefly chilled on ice to allow color stabilization, before being 

photographed for test result readout. 

 

A2.5.8  Quantitative RT-PCR (OHSU) 
 

Heat-inactivated SARS-CoV-2 RNA was isolated using the Zymo Directzol RNA purification kit 

according to the manufacturer’s protocol and eluted in 50 μL elution buffer. SARS-CoV2 RNA 

levels were measured by a one-step quantitative real time reverse transcription polymerase chain 

reaction assay (qRT-PCR) using TaqMan One-Step RT-PCR Master Mix (Applied Biosystems) 

with 4 μL per reaction. Primers and probes were as follows: Forward: 5’-

TTTGGCTTTGTGTGCTGACTCT; Reverse: 5’-CCCTTTGAGTGCGTGACAAAT and 

TaqMan probe: 5’ FAM-ATTGGTGGAGCTAAAC-MGB. Forward and reverse primers were 

used at 250 nM in the reaction, and the probe at 200 nM. For RNA standards, a ten-fold dilution 

series of 10^6 to 10^1 of a synthetic RNA control (Twist Biosciences: MN908947.3) was used. 

 

A2.5.9  Statistical analysis 
 

To estimate the analytic sensitivity of the RT-LAMP platform with human samples, simulated NP 

swab samples were spiked with serial dilutions of inactivated WA-1 strain of SARS CoV-2 starting 

at a calculated 17,473 copies, twofold to 8737 copies and then every 1.6-fold to a final dilution of 

227 viral copies. Three independent replicates four-reactions per dilution were performed for each 

dilution. The average percent-positive for each dilution was calculated and fitted to a dose–
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response curve with log RNA copy as the dose and percent positive samples as the response and 

subjected to Find ECanything least squares dose–response curve fitting with lower and upper limits 

of 0 and 100 respectively (GraphPad Prism V9.3). Fifty and ninety-five percent sensitivity 

estimates were estimated by setting the F parameter to 50 and 95 respectively. 

 

A2.5.10  Thermoses 
 

 

Three different types of thermoses were used in these assays, available from Amazon (ASINs 

B00IR77HMW (#1), B08LPZZGCT (#2), B07MJR3P1H (#3)). Temperature drift experiments 

were conducted—thermoses were pre-warmed and filled with 67 °C water, lids were secured, and 

final temperatures taken after 40 min, on 3 separate days. Final temperatures were 61.5 °C, 62.5 °C 

and 62.5 °C for thermos #1, 61 °C, 65 °C and 65 °C for thermos #2, and 61 °C, 62 °C and 62 °C 

for thermos #3. 

A2.5.11  Instruction for sample self-collection using anterior nasal swab 
 

No food or drink other than water 30 min prior to sample collection. Wash hands prior to sample 

collection. Insert swab into nostril just enough so the cotton tip is no longer visible. Swipe the 

inside of nostril in a circular motion, 5 times. Repeat for the other nostril, using the same swab. 

Dunk the swab into the labeled tube, plunging it into the liquid about 10 times. Discard the swab 

and replace the lid on the tube. 

 

A2.5.12  Instruction for sample self-collection using gingival swab 
 

No food or drink other than water 30 min prior to sample collection. Wash hands prior to sample 

collection. Insert bristled swab into mouth and position the swab so that it covers the gingival line 
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(line between gum and teeth) of top teeth. Gently swipe back and forth several times along the 

gingival line (in a tooth-brushing motion) on the outside face of top teeth. Flip the swab over and 

repeat for the outside face of bottom teeth. Dunk the gingival swab into the labeled tube, plunging 

it into the liquid about 10 times. “Squeeze” out the remaining fluid in the swab by pressing it on 

the side of the tube like a sponge. Discard the swab and replace the lid on the tube. 

 

A2.5.13  Human research ethics 
 

This study has been reviewed and approved by the Oregon Health and Science University (OHSU) 

Institutional Review Board (IRB#20114). Informed consent was obtained from subjects upon 

enrolment. 

 

A2.5.14  Data availability 
 

All data associated with this study are available in the main text or the Supplementary Materials. 
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