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Yellow fever virus (YFV) is the etiological agent of yellow fever (YF), an acute hemorrhagic
vector-borne disease with a significant impact on public health, is endemic across trop-
ical regions in Africa and South America. The virus is maintained in two ecologically and
evolutionary distinct transmission cycles: an enzootic, sylvatic cycle, where the virus cir-
culates between arboreal Aedes species mosquitoes and non-human primates, and a
human or urban cycle, between humans and anthropophilic Aedes aegypti mosquitoes.
While the urban transmission cycle has been eradicated by a highly efficacious licensed
vaccine, the enzootic transmission cycle is not amenable to control interventions, leading
to recurrent epizootics and spillover outbreaks into human populations. The nature of YF
transmission dynamics is multifactorial and encompasses a complex system of biotic,
abiotic, and anthropogenic factors rendering predictions of emergence highly speculative.
The recent outbreaks in Africa and Brazil clearly remind us of the significant impact YF
emergence events pose on human and animal health. The magnitude of the Brazilian out-
break and spillover in densely populated areas outside the recommended vaccination
coverage areas raised the specter of human — to — human transmission and re-estab-
lishment of enzootic cycles outside the Amazon basin. Herein, we review the factors that
influence the re-emergence potential of YFV in the neotropics and offer insights for a
constellation of coordinated approaches to better predict and control future YF emer-
gence events.

Introduction

Yellow fever virus (YFV), the prototype member of the genus Flavivirus (family Flaviviridae), is the
etiological agent of yellow fever (YF), an acute hemorrhagic vector-borne disease with occurrence in
tropical regions of Africa and South America (Figure 1). Feared since the 17th Century [1], yellow
fever was the first human disease to (i) be attributed to a virus [2], (ii) be transmitted by the anthro-
pophilic Aedes aegypti mosquito [3], and (iii) have a licensed vaccine [4]. Undoubtedly, it is consid-
ered one of the most important infectious diseases of humans whose historical, financial, and medical
significance has been well documented, as exemplified by the decimation of Caucasian colonists and
their colonization campaigns in the Americas and the failure of early attempts to construct the
Panama Canal.

The virus was introduced to the Americas from Africa in the 17th Century through the bilges of
sailing ships carrying Ae. aegypti mosquitoes, which quickly established sustained transmission cycles in
coastal cities, with the subsequent establishment of an enzootic, sylvatic cycle in the forests of Panama
and South America. Until the eradication of its transmission cycle in North America in 1905 [5], succes-
sive YF epidemics caused significant mortality throughout the continent [1] (and reviewed in [6,7]).
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Figure 1. Global distribution of yellow fever virus and recommended vaccination coverage areas.

Sustained vector control programs under the auspices of the Pan American Health Organization (PAHO), under-
taken to prevent urban epidemics of YF, led to the eradication of Ae. aegypti, the major vector of YFV transmis-
sion amongst human populations in almost all American countries [8]. This effort, coupled with massive
immunization drives, led to significant declines in YF cases worldwide and no major urban outbreaks in the
Americas for 80 years. However, discontinuation of the eradication program during the early 1970s allowed for
the gradual reinfestation of the region by Ae. aegypti, which continued well into the present day [9-11].

YFV outbreaks re-emerge from the forest every 7-8 years, and in the 2016-2019 outbreak in Brazil [12,13],
the virus spilled over in areas without a history of acquired immunity or mandatory vaccination coverage [14],
causing 2166 confirmed cases and 751 deaths [15] (Figure 2A). Similarly, a concurrent outbreak in Angola and
the Democratic Republic of Congo resulted in 884 confirmed cases and 381 deaths, exporting cases as far as
China [16]. Both outbreaks raised fears of initiation of urban transmission leading to massive immunization
drives, severe global shortages of YF vaccines, and raising concerns for the establishment of transmission cycles
in Asia [16-18]. To date, the failure to implement universal vaccination in areas at risk of transmission is a
reflection of poverty, social and political instability, and access to rural areas where outbreaks are most likely to
occur [19]. Moreover, the cause of YFV re-emergence events is multifactorial and involves increased densities
of susceptible hosts and vectors, vector competence, climate change, viral genetic variation and fitness, insuffi-
cient vaccine coverage, uncontrolled urbanization, and deforestation [11,20].

Epidemiology

Autochthonous (virus spread from one individual and acquired in another individual in the same place) YFV
transmission occurs in 44 countries, putting nearly a billion people at risk of infection. There are ~200 000
infections and 30 000 deaths every year, with nearly 90% of these occurring in Africa (Figure 2B), although
these estimates may be inaccurate due to underreporting and misdiagnosis. Most YFV infections are
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Figure 2. Global disease burden of YFV.

(A) Human cases reported yearly by the World Health Organization (WHO), from 1980 to 2018. The numbers of cases by year
for Africa (blue line) and the Americas (green line). Black line denotes the global disease burden of YFV. Data obtained from
[76]. (B) Confirmed human yellow fever cases (green line) and mortality rate (black line) in Brazil, from 1980 to present day as
reported by the Ministry of Health.

asymptomatic or present as a mild undifferentiated febrile illness, with an incubation period lasting 3 to 6 days,
characterized by an abrupt onset of chills, fever, headache, viremia, photophobia, lumbosacral pain, nausea,
prostration, generalized myalgias, facial flushing, red tongue, and conjunctivitis. Recovery in moderately ill
patients begins 3-4 days after the appearance of symptoms. However, in severe cases, this recovery is transient,
also known as the period of remission, only to relapse with severe clinical manifestations, such as jaundice,
albuminuria, oliguria, bradycardia (Faget’s sign), delirium, stupor, metabolic acidosis, leading to shock and
hemorrhage. This relapse is known as the intoxication period, and the prognosis in such cases is poor, as the
case fatality rate is between 20 to 50% [11]. In South America, the mortality rate among symptomatic infections
reaches 40-60% compared with 20% in West Africa, which has been attributed to cross protection by immunity
to heterologous flaviviruses [19,21]. Despite the availability of a highly effective live-attenuated vaccine, sporadic
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human cases occur in settings of low population immunity, as well as in settings of high vaccine coverage.
These likely represent spillover infection from the enzootic sylvatic transmission cycles. Since 2016, there has
been a resurgence of significant YF outbreaks, notably in the Americas (Brazil) and Africa (Angola, The
Democratic Republic of Congo, and Nigeria). These emergence events were directly attributed to spillover from
the sylvatic cycle (Americas) or insufficient vaccine coverage due to limited health infrastructure (Africa).

In Africa, YF is distributed in West, Central, and East Africa, with the majority of YF cases and deaths
taking place in sub-Saharan Africa, where YF is a major public health problem. As mentioned above, the
region experiences periodic, yet unpredictable outbreaks of urban YF, spurring massive reactive vaccination
campaigns. In the Americas, YF has historically been reported from North Panama to the northeast region of
Argentina. However, in recent decades most of the YF activity has been reported in the Amazon Basin. YF
usually occurs during the rainy season, when population densities of Haemagogus species mosquitoes are at
their highest. Since 1985, the number of reported YF cases following sylvatic spillover has increased, including
outbreaks in Peru [22], Bolivia [23], Paraguay [24], and Brazil [13,25] [reviewed in [26] and [27,28]]
(Figure 2B). These re-emergence events are not surprising as regular epizootic activity in South America fre-
quently results in large die-offs among susceptible non-human primate (NHP) populations and spillover into
humans, especially unvaccinated agricultural and forest workers (e.g. loggers, hunters) who regularly come into
contact with sylvatic mosquitoes.

Origins and evolution

Phylogenetic analyses support the origin of YFV in the Old World, likely Central Africa [29]. While only one
serotype is known for YFV, the species is genetically divided into four groups (genotypes) that differ at least
9% at the nucleotide sequence level (Figure 3). Of these, two genotypes circulate in Africa: West and East
African. Ancestral strains from the West African genotype were introduced through the slave trade and seeded
the American lineages, which through geographic expansion and diversification, gave rise to the two American
genotypes, South America I (SA I) and South America II (SA II) [29].

The genetic clustering of YFV is congruent with its remarkable geographic distribution in Africa and the
Americas. Like many arboviruses, YFV emergence and distribution are characterized by rapid radiation consistent
with a pattern of intense diversification (‘boom and bust’ period) followed by lineage extinction (‘pruning’ period)
and clade replacement. For example, in Africa the coinciding patterns of genotype and geographic clustering of
YFV circulation reflect the distribution of both susceptible hosts and vectors in focal geographic areas and trans-
mission cycles. Thus emergence events are mostly located around rainforest transition zones, supporting the
notion of sylvatic maintenance with periodic spillover events causing outbreaks into human populations [30].
Similarly, the evolutionary dynamics of YFV in the Americas are well characterized by local circulation, in situ
evolution, and sporadic re-emergence events between regions or countries. Here both genotypes, SA T and SA I,
have diversified into several concurrent enzootic lineages that appear to persist and evolve within distinct
geographic areas of Brazil, Bolivia, Peru, Venezuela, and the Caribbean for extended periods [12-14,29,31-35].

Ecology

Transmission cycles

The transmission cycles of YFV include: (i) an enzootic sylvatic cycle, where the virus circulates between arbor-
eal mosquitoes and NHPs; (ii) a human or urban cycle, between humans and peridomestic/domestic mosqui-
toes; and (iii) a zone of emergence, observed in rural areas of Africa and the Americas where enzootic vector(s)
often reach high densities and YFV can transfer between NHPs and humans resulting in the onset of epidemic
outbreaks. Transovarial transmission (transmission from parent to offspring via the ovaries) (ToT) of YFV in
mosquitoes had been demonstrated in both human and sylvatic transmission cycles and may provide a mech-
anism for the maintenance of the transmission cycles in inter-epidemic periods [36,37] (Figure 4). In Africa,
the virus is vectored exclusively by Aedes spp., whereas in the Americas it is also vectored by Haemagogus and
Sabethes spp. mosquitoes. Several primate genera are involved in the maintenance of YFV: In Africa, Colobus,
Cercopithecus, Erythrocebus, and Galago species), and in the Americas, Alouatta, Saimiri, and Aotus species
serve as sylvatic hosts (Figure 4). Unlike New World monkeys, very few species of African monkeys succumb to
lethal infection, which may explain the shorter interval between periods of YFV activity in the forests of Africa.
In the human or urban transmission cycle, maintenance of the virus involves exclusively humans and the
anthropophilic Ae. aegypti mosquitoes (Figure 4) (reviewed in [26]).
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Figure 3. Phylogeny of yellow fever virus.

Phylogeny of YFV virus inferred using the maximum likelihood method. The tree was obtained from a sequence dataset of 112
isolates using the General Time Reversible (GTR) substitution model. Branches are labeled with bootstrap values representing
the percentage of 1000 replicates in which the members of a given clade were predicted to relate in the same topography. The
scale shows a genetic distance of 0.05 or a 5% nucleotide sequence divergence. Evolutionary analyses were conducted in
MEGA?Y [77]. Abbreviations: VE, Venezuela; BR, Brazil; PE, Peru; TT, Trinidad and Tobago; US, USA; SU, Suriname; EC,
Ecuador; BO, Bolivia; SG, Singapore; ES, Spain; GH, Ghana; SN, Senegal; GW, Guinea-Bissau; Cl, Cbte d’lvoire; GM, The
UG, Uganda; CN, China; AO, Angola.
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Figure 4. Transmission cycles of yellow fever virus.
Abbreviation: TOT, transovarial transmission.

Curiously, despite several opportunities for the introduction (as recently as 2016) and spread of YFV in Asia,
where Ae. aegypti mosquitoes are abundant and over 2 billion of immunologically naive human populations
currently reside, the virus has failed to establish a detectable autochthonous transmission cycle. Several hypoth-
eses have been proposed to account for this paradox, including (i) cross-protection afforded by immunity to
heterologous flaviviruses endemic in the region, such as dengue, Japanese encephalitis, Zika, West Nile, and
others [38]. (ii), competitive exclusion of YFV by these arboviruses in susceptible Asian mosquito populations
may also play a role (reviewed in [26]); (iil) lower vector competence among Asian Ae. aegypti strains com-
pared with those in Africa and the Americas [39,40]; and (iv) inherent differences among African YFV strains.
Strains from East Africa are considered more likely to have entered Asia, whereas West African strains were
successful in seeding autochthonous transmission in the Americas [29].

Factors shaping YFV transmission cycles
Typical among arboviral transmission cycles, YFV cycles are influenced by several extrinsic (e.g. biotic, abiotic,
and anthropogenic) factors. The vectorial nature of YFV transmission implies an inherent dependence on (i)
climatic factors, such as temperature, precipitation, and humidity, which have an impact on mosquito distribu-
tions, densities, and physiology, which consequently influence viral transmission; (ii) vegetation coverage, as
well as biodiversity in a given area, which modulate vector-host-virus interactions; and (iii) anthropogenic
influences, including urban expansion, alteration of land use, population densities and immunization coverage.
Documented rises in average temperatures and precipitation patterns are clear indications of global climate
change [41]. A recent report by the ‘The Intergovernmental Panel on Climate Change’ (IPCC) suggested that if
current trends continue, the global mean temperatures will likely rise by 1.5°C between 2030 and 2052 [42].
Higher levels of precipitation create better conditions for the reproduction of mosquitoes. On the other hand,
warmer temperatures accelerate the development of larvae, increase rates of YF viral replication, and aid in the
wider dissemination of vectors such as Aedes and Haemagogus species [43-45]. Human behavior and altera-
tions in land-use practices, including recent upticks in deforestation for agriculture, logging, and mining can
culminate in the generation of new habitats for hosts and vectors, altering vector-host interactions, host utiliza-
tion of particular species in particular land cover types, and thus their potential role in pathogen maintenance
and spillover [44,46]. Although Hg. leucocelanus and Hg. janthinomys are considered primatophilic and typic-
ally found on the tree canopies, they can travel great distances and be found at ground level around forests or
even feeding indoors in rural settings [45,47-49]. The proximity of sylvatic vectors to peri-urban and urban
areas should be of particular concern to public health authorities, considering the total reinfestation of major
urban centers by Ae. aegypti throughout Central and South America. Therefore, climate and environmental
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changes could have unprecedented and complex effects on the emergence of YF and other arboviral and zoo-
notic diseases [50].

Periodicity of epizootic outbreaks in the Americas

Historical epizootic outbreaks show a pattern of periodic or ‘wandering’ epizootic outbreaks characterized by
the cyclical occurrence and disappearance of outbreaks within particular geographic areas [22]. It is hypothe-
sized that maintenance of YFV in the enzootic transmission cycle is through NHPs that move continuously
throughout their geographic range in the Amazon basin. The appearance of wandering epizootics is supported
by localized foci of disease incidence peaks, where the virus sweeps through susceptible NHP populations, then
disappears while the focus of transmission moves onward to a distant location along forest galleries in the vast
river networks of the Amazon basin [51]. All neotropical NHP species are highly susceptible to YFV infection,
leading to massive die-offs signaling the onset of epizootics. Surviving NHP populations develop solid immun-
ity, and the length of inter-epidemic intervals between epizootics represents the time required for reconstruc-
tion of susceptible NHP populations (reviewed in [26]. In Brazil alone, several epizootics were reported all over
the country occurring on average every 6-7 years from 1933 up to the recent outbreak of 2016-2019. However,
reconstruction of susceptible NHP populations does not readily explain the documented occurrence of the
2008-2009 synchronous epizootics in widely separated locations in South America (Trinidad, Paraguay, Peru,
Colombia, Venezuela, Argentina and Brazil). Possible factors that may have contributed to the synchronicity of
these epizootics include rapid movement and initiation by infected humans or trafficking of infected monkeys
and stochastic seeding by genetically distinct strains. Overall, a range of factors influences YF activity within
enzootic cycles, including the presence of the virus, distribution and sizes of susceptible vector and, host popu-
lations and climatic conditions, such as duration of the rainy season, humidity, and temperature. Despite exten-
sive efforts to study the YFV enzootic cycles in South America and reported associations between epizootic
activity and multiple variables, the parameters most important for influencing the enzootic transmission cycle
and the factors that trigger human outbreaks remain poorly understood.

Unlike the urban transmission cycle, complete eradication of the enzootic transmission cycle poses severe
challenges since it is not amenable to typical control interventions. However, although there is supportive evi-
dence that a monkey vaccination strategy could be effective in decreasing YFV infection, thus reducing viral cir-
culation and consequently spillover risk for humans [52], it is considered logistically impossible to implement
vaccination in the vast Amazon basin and Atlantic rainforest (but see [53]). While there is support that such a
strategy will be effective in smaller areas (e.g. urban parks) [54], NHP vaccination will require additional
studies for veterinary use approval.

Predictive modeling for YFV ecology

As with all zoonoses, predicting how YFV transmission risk changes over space and time remains a formidable
challenge. Hosts and vectors that comprise the sylvatic cycles of mosquito-borne flaviviruses are dynamic and
difficult to observe, and they are increasingly subject to anthropogenic disturbance. Zoonotic risk predictions
for human spillover may be improved by drawing upon modeling methods that make use of empirical data
describing wildlife hosts (NHPs), mosquito vectors, and environments that have supported historical spillover
transmission. Statistical (machine) learning methods have leveraged robust covariation patterns in biological
and ecological data to better estimate and identify drivers of zoonotic disease risk. For instance, Han et al. [55]
applied machine learning to data describing traits of NHPs associated with mosquito-borne flaviviruses with
the goal of predicting which species pose the greatest risk as future sources of spillover infection to humans.
Similar approaches have been applied to mosquito traits associated with vector competence, and when com-
bined with network approaches, these associations can point to unobserved NHP — mosquito vector relation-
ships that may be contributing to enzootic cycles [56].

Given the inherent difficulty of observing pathogen transmission per se, machine learning methods combined
with transmission models enable investigation of infection dynamics and comparisons of zoonotic risk posed
by multiple host (or suspected host) species comprising the sylvatic cycle [57]. For instance, compartmental
SIR-type models parameterized through data mining on host traits reveal differential contributions of host
species to important epidemiological quantities such as outbreak size, equilibrium prevalence, and reproduction
number (Ry) [57]. Analyzing dynamical models in a comparative way (for instance, looking at the dynamics
generated across multiple NHPs and vectors) may reveal parameters that are particularly influential for YFV
transmission dynamics and species that are particularly important for spillover transmission. In addition to
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organismal factors, machine learning of environmental factors describing YFV spillover [58], in combination
with transmission models of YFV transmission [59] can help distinguish the relative importance of multiple
interacting factors contributing to the risk of spillover transmission.

Reflections on the recent Brazilian outbreak

The significance of the 2016-2018 Brazilian YFV outbreak was that it took place outside the endemic region of
the Amazon basin, resulting in the largest epizootic/epidemic of sylvatic YF in Brazil since the 1940s. Viruses
from two lineages fueled this outbreak, one represented by strains closely related to viruses sampled previously
in Venezuela [60], and the other represented a newly emerged lineage, originating in the state of Goias in 2014.
The new lineage was introduced and circulated undetected into the state of Minas Gerais for almost two years
prior to the explosive growth of the outbreak by the end of 2016, at which time it radiated out into the
Southeast region of Brazil in at least two independent events and persisted at least up to 2019 [28,60,61]. From
2016 to 2020, the outbreaks reached YFV-free areas in the Southeast and South of Brazil (Figure 1), raising
concerns for the re-establishment of sylvatic cycles [62].

Contrary to the previous spillover events, these outbreaks spread rapidly, extensively, and in proximity to
densely populated regions. YFV-infected NHP carcasses were collected inside urban areas in different parts of
the country [35,63]. In Minas Gerais state alone, high YF positivity was observed in NHP carcasses collected in
urban areas with a widespread occurrence in 67 municipalities within the state, alarming public health author-
ities for the specter of urban YFV transmission vectored by Ae. aegypti [63], an occurrence last documented
in 1942. However, no human cases were epidemiologically linked to YFV circulation in urban areas and there
was no evidence of urban YFV transmission by Ae. aegypti [35]. Furthermore, several lines of evidence sup-
ported sylvatic origin and transmission in this outbreak: (i) distribution of human and NHP YF cases largely
overlapped from 2016 to 2018 [62]; and (ii) despite co-circulation of multiple lineages during the outbreaks
[60,61], there was no evidence of molecular signatures suggestive of adaptation for increased infectivity in
humans [13].

The silent circulation of YFV outside the Amazon basin for almost two years before its detection at the end
of 2016 and the vast geographical expansion of the outbreaks to previously considered YF-free areas, are of
great concern leading the Brazilian authorities to revise their immunization policies for yellow fever. Control of
outbreaks in human populations depends on the use of the safe and highly efficacious vaccine, requiring and
maintaining a minimum of 80% coverage to achieve herd immunity [64,65]. Vaccination is recommended for
persons of 9 months of age and older and a single dose of the vaccine with boosters every 10 years is highly
efficacious and confers life-long protection against YFV [66]. However, recent studies suggested limited sero-
logic protection in children after vaccination [67,68]. In 2013, WHO recommended that a single dose is suffi-
cient to elicit life-long protection [69], and booster doses should be determined on a case-by-case basis and
restricted to special populations, including young children, pregnant women, and immunocompromised indivi-
duals [70,71]. Moreover, the recent outbreaks resulted in massive immunization drives and consequently severe
global shortages of YF vaccines, leading to the implementation of a fractional-dosing strategy to provide vaccin-
ation coverage to susceptible populations [72,73]. Fractional dosing involved giving vaccinees one-fifth of a
vaccine dose containing no less than 1000 international units/dose and a number of studies demonstrated pro-
tective immune responses lasting years post-vaccination [17,74]. Consequently in 2017, Brazil implemented the
use of either single or fractional dosing and expansion of geographic areas subject to mandatory vaccination.
These strategies increased the vaccination coverage from 3526 cities and municipalities in 2010 to 4469 in
2018, which led to a significant reduction in subsequent outbreaks [62]. The strengthening of vaccination in
Brazil’s Southeast region during and immediately after the first wave in 2016/2017 seemed to impact outbreak
dynamics with a southward displacement, but only after the second wave of the outbreak in 2017/2018, the
number of cases had decreased significantly [62]. However, despite these immunization campaigns, as of June
2020, the average vaccination coverage stands at 40.14% of the population, with more than 116.2 million unvac-
cinated people at risk for YFV infection [75].

Collectively, the recent outbreaks reiterated the unpredictability of spillovers and their potential to cause sig-
nificant outbreaks, reinforcing the need for sustained surveillance strategies and control strategies in both
humans and NHPs, to better assist in the monitoring and understanding of YFV dynamics, to quantify and
prevent the risk of spillover infection and future outbreaks, and to prevent re-establishment of a sylvatic trans-
mission cycle in the Atlantic rainforest.
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Conclusion

Several factors influence the re-emergence potential of YFV, such as inadequate vaccination coverage, inability
to control sylvatic transmission cycles, reinfestation of major urban centers by Ae. aegypti, and inadequate
vector control strategies. These factors represent a clear and present threat for the return of urban YF in the
Americas. Enhanced surveillance of human and NHP populations at risk for YFV infection is crucial for the
early detection and rapid containment of YFV transmission. Additionally, longitudinal studies of NHP and
mosquito populations are urgently needed in order to understand the maintenance of YFV in the inter-
epidemic periods and the mechanisms of emergence that drive epizootics and spillovers from susceptible hosts
(NHPs and humans) via competent vectors of transmission. Given the overly optimistic WHO mandate for the
elimination of yellow fever epidemics by 2026, it will require a global and coordinated constellation of elimin-
ation strategies. We are sanguine that a multifaceted approach encompassing basic research on virus — vector
— host interactions, sustainable genomic and environmental surveillance, modeling tools, and community out-
reach will combine to offer a powerful coordinated approach to better predict and control YF emergence.

Summary
e Yellow fever virus (YFV) is an arbovirus with a significant impact on human public health.

e Enzootic, sylvatic, YFV transmission cycles are maintained among non-human vertebrate
hosts and arboreal mosquitoes in a specific geographic region of Africa and the Americas.
They are not amenable to control interventions and thus a constant source of virus spillovers.

e There are still gaps in our knowledge about the factors that influence emergence of YFV,
which include increased densities of susceptible hosts and vectors, vector competence,
climate change, viral genetic variation and fitness, insufficient vaccine coverage, uncontrolled
urbanization, and deforestation.

e Progress toward understanding the drivers of emergence require statistical and dynamical
modeling approaches informed by coordinated data collection, and model iteration with
empirical data from field surveillance. These approaches have independently been shown to
generate actionable predictions for zoonotic spillover, and may together deepen our under-
standing of how drivers combine to precipitate spillover transmission.

e Finally, future prediction and control of YFV emergence events will require basic research on
virus — vector — host interactions, sustainable genomic and environmental surveillance, novel
vaccination strategies in controlling enzootic cycles, modeling tools, and community outreach.
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