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Abstract

In under 6 decades dengue has emerged from South East Asia to become the most

widespread arbovirus affecting human populations. Recentdramatic increases in epi-

demic dengue fever have mainly been attributed to factors such as vector expansion

and ongoing ecological, climate and socio-demographic changes. The failure to con-

trol the virus in endemic regions and prevent global spread of its mosquito vectors

and genetic variants, underlines the urgency to reassess previous research methods,

hypotheses and empirical observations. This thesis comprises a set of studies that in-

tegrate currently neglected and emerging epidemiological, ecological and evolutionary

factors into unified mathematical frameworks, in order to better understand the con-

temporary population biology of the dengue virus. The observed epidemiological dy-

namics of dengue are believed to be driven by selective forces emerging from within-

host cross-immune reactions during sequential, heterologous infections. However,

this hypothesis is mainly supported by modelling approaches that presume all hosts

to contribute equally and significantly to the selective effects of cross-immunity both

in time and space. In the research presented in this thesis itis shown that the previ-

ously proposed effects of cross-immunological reactions are weakened in agent-based

modelling approaches, which relax the common deterministic and homogeneous mix-

ing assumptions in host-host and host-pathogen interactions. Crucially, it is shown

that within these more detailed models, previously reported universal signatures of

dengue’s epidemiology and population genetics can be reproduced by demographic



and natural stochastic processes alone. While this contrasts with the proposed role of

cross-immunity, it presents demographic stochasticity asa parsimonious mechanism

that integrates, for the first time, multi-scale features ofdengue’s population biology.

The implications of this research are applicable to many other pathogens, involving

challenging new ways of determining the underlying causes of the complex phylody-

namics of antigenically diverse pathogens.



for us.
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CHAPTER 1

Introduction to the Population Biology of Dengue

The dengue virus (DENV) is now the most widespread mosquito-born virus affecting

human populations. During the last few decades it has increasingly become a major

public health problem with a significant economic and socialimpact in South Amer-

ica and South East Asia [Halasa et al., 2012; San Martı́n et al., 2010]. Insufficient

resources for mosquito control in key regions, lack of political will, increasing urban-

ization, climate change and misguided public health policies are some of the reasons

why prevention and control have been generally disappointing [Chareonsook et al.,

1999; Gubler, 2002, 2011; Guzman et al., 2010; Halstead, 2008; San Martı́n et al.,

2010].

Whereas hyper-endemicity was classically a unique epidemiological property of South

East Asia, globalization trends of the last few decades havechanged this situation

[Maramorosch et al., 2008; Rico-Hesse, 2010]. Its two main vectors, theAedes ae-

gyptiandalbopictusmosquito-species, have witnessed rapid expansion worldwide al-

lowing for DENV endemicity in more than 100 countries [Halstead, 2007]. The World

Health Organization (WHO) now estimates that approximately 3.5 billion people, or

≈55% of the world’s population, live in countries affected oron the brink of being

affected by dengue (figure 1.1 on page 15) [Gubler, 2002, 2011; Halstead, 2008].

Apart from the fast geographical expansion of recent years,dengue has also increased

14
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Figure 1.1:Consensus on Dengue Virus Geographical Presence- The map combines information
from different sources to show the degree of consensus as to whether dengue transmission occurs in
each region. Categorization is made over a spectrum: complete consensus on absence in dark green,
indeterminate consensus in yellow, and complete consensuson presence in dark red. Figure reproduced
from Brady’set al. evidence-based literature review [Brady et al., 2012]. Thesearches were performed
for the period 1920-2009 and last updated on the 8th of February 2012. Geo-spatial information was
extracted using site descriptions within 2,838 published articles. Data sources were included only if
cases were confirmed as resulting from indigenous (not imported) transmission events.

in epidemic activity in long standing endemic regions of South America and South

East Asia (figure 1.2 on page 16). Here, most endemic countries have absent or poor

dengue surveillance systems such that unexpected epidemics often occur, creating

overwhelming situations in health systems [Gubler, 2002].A common response is

the use of ultra low volume (ULV) insecticide sprays to control the vector [Beatty

et al., 2010; Horstick et al., 2010]. However, due to the associated high costs, these

initiatives are generally of short duration and insufficient to prevent future outbreaks.

Furthermore, from the perspective of the local populations, the visible nature of such

approaches render a false sense of security, which in time reduces awareness and con-

trol against vector breeding sites, in and around habitations [Gubler, 2002; Horstick

15
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Figure 1.2:Dengue Outbreak Occurrences in Asia and Americas- Number of occurrences, i.e.
independent dengue outbreaks, in regions of Asia, North andSouth America. Asia excludes regions of
Australasia. A steep increase can be seen in the last 2 decades. Figure reproduced from Brady’set al.
evidence-based literature review [Brady et al., 2012]. Thesearches were performed for the period 1920-
2009 and last updated on the 8th of February 2012. Geo-spatial information was extracted using site
descriptions within 2,838 published articles. Data sources were included only if cases were confirmed
as resulting from indigenous (not imported) transmission events.

et al., 2010; Spiegel et al., 2010].

The epidemiological picture of dengue in other areas of the world is variable. In

Africa, dengue has always been overshadowed by other disease related problems and

characterized by poor surveillance with no official reporting to the World Health Or-

ganization. Recently, outbreaks of dengue-like illness were reported in dry countries

of Eastern Africa and South West Asia, such as Pakistan, Saudi Arabia, Yemen, Su-

dan and Madagascar [Guzman et al., 2010]. In 2009, two major epidemics occurred

in the isolated and dengue-free populations of Cape Verde [Franco et al., 2010] and

Mauritius islands [Issack, 2010]. Given these reports and the presence of theaegypti

andalbopictusvector-species, the current epidemiological situation inAfrica is be-

lieved to be worse than previously acknowledged [Gubler, 2002; Guzman et al., 2010;

Kyle and Harris, 2008; Maramorosch et al., 2008]. In North America, dengue has

16
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been endemic in Mexico and has recently emerged in Florida and Texas in the United

States, following multiple reports on the settlement ofAedes aegypti[Guzman et al.,

2010]. In Europe, sporadic epidemics in Italy, France and Greece have been described

in recent years, some attributed toAedes albopictus[Cavrini et al., 2009; Gautret

et al., 2010; Gjenero-Margan et al., 2011]. The increasing number of reports on au-

tochthonous and imported infections to non-endemic countries highlight the need to

study the ecological barriers that determine DENV’s invasion success.

Of extreme importance is the worldwide emergence of previously unreported severe

forms of disease, cases of which first appeared in Thailand and the Philippines in

the 1950s, turning into a worldwide phenomenon within two decades [Gubler, 2002].

Some researchers believe this to be partially explained by increased epidemic activ-

ity, which could have led to selection of viral variants withgreater epidemic potential

and concurrently more virulent phenotypes [Gubler, 2002; Rico-Hesse, 2010]. In con-

trast, others believe this to be the result of complex immuno-reactions dependent on

the host’s history of infection and increasing propensity of sequential challenge, pro-

moted by heightened persistence and co-circulation of viral variants [Halstead and

O’Rourke, 1977; Rothman and Ennis, 1999].

17
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1.1 The Dengue Virus

Classification based on genomic organization, homology andantigenic cross-reactivity

places the dengue virus (DENV) into theFlavivirusgenus of the viral familyFlaviviri-

dae[Calisher et al., 1989]. More than 70 flaviviruses have been so far identified [Kuno

et al., 1998], many of which are important human pathogens, including the hepatitis C

virus (HCV), the Japanese encephalitis virus (JEV) and yellow fever virus (YFV).

Amongst the ones that require blood-feeding mosquitoes fortransmission, DENV

is responsible for the highest human morbidity and mortality [Maramorosch et al.,

2008]. The pathogen’s population comprises four antigenically distinct viral groups

(serotypes DENV1-4, figure 1.3 on page 19) that present similar population dynamics

and are the cause of clinically indistinguishable illnesses in humans. Serotypes were

initially defined by their limited cross-reactivity in various serological tests [Calisher

et al., 1989]. More recently, nucleic acid sequencing techniques have confirmed se-

quence similarity and also identified genetic subgroups or lineages, commonly denom-

inated as dengue genotypes (figure 1.4 on page 20) [Weaver andVasilakis, 2009]. The

overall amino acid sequence similarity among serotypes ranges between≈ 60− 80%

[Irie et al., 1989].

18
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Figure 1.3:Phylogeny of the Dengue Virus (serotypes)- Phylogeny of all DENV strains isolated
and available in the GenBank library (until 2008/2009). Serotypes are identified on the far right. Strains
are either in grey or black, belonging to the sylvatic and epidemic cycle, respectively. Sylvatic strains
of DENV3, coded with ”?”, have not been isolated but believedto circulate in Malaysia [Maramorosch
et al., 2008]. Reproduced from figure 2 of Weaveret al. with permission from the authors [Weaver
and Vasilakis, 2009].Original legend: Phylogenetic tree of DENV strains from all 4 serotypes derived
from complete open reading frames available in the GenBank library. The phylogeny was inferred
using Bayesian analysis (1 million reiterations) and all horizontal branches are scaled according to
the number of substitutions per site. Bayesian probabilityvalues are shown for key nodes. Virus strains
are coded by abbreviated country of collection/strain name/year of collection.
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American
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Figure 1.4:Phylogeny of the Dengue Virus Serotype 2 (genotypes)- Phylogeny of all DENV2
strains isolated and available in the GenBank library (until 2008/2009). Genotype classification/name
is on the far right. Strains that are identified in black belong to the epidemic cycle. 15 sylvatic strains
are hidden for visualization purposes (dashed branch, grey). Genotypes were originally defined by
Rico-Hesseet al. as clusters of viruses with sequence divergence lower than 6% within a short genome
region in the E/NS1 genome junction (figure 1.5 on page 21) [Rico-Hesse, 1990]. Reproduced from
figure 5 of Weaveret al. with permission from the authors [Weaver and Vasilakis, 2009]. Original
legend: Phylogenetic relationships of DENV-2 strains from the GenBank library. The phylogeny was
inferred based on complete E gene nucleotide sequences and Bayesian analysis (1 million reiterations)
using MrBayes 3.1. Bayesian probability values are shown for key nodes. Virus strains are coded by
abbreviated country of collection/strain name/year of collection.
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Figure 1.5:DENV Genome and Viral Proteins - Translation of the open reading frame results in
a single polyprotein that is cleaved by proteases from the host and virus to produce both structural
(shaded grey) and nonstructural (white) proteins. The E-protein is responsible for binding and fusion
and is involved in key determinants of host range, tropism and virulence. A short sequence of the
genome region in the E/NS1 junction is used to define DENV genotypes as originally proposed by
Rico-Hesseet al. [Rico-Hesse, 1990]. Diagram based on figure 1 from [Weaver and Vasilakis, 2009]
and figure 1 from [Fernandez-Garcia et al., 2009].

A single positive-sense RNA molecule of≈11 kilobases in length, encoding one open

reading frame, composes DENV’s genome (figure 1.5 on page 21). The structural

proteins - core, premembrane and envelope - constitute the viral particle and are the

main target of antibody-mediated responses. The remainingseven non-structural pro-

teins are involved in viral replication, assembly and modulation of host cell responses

[Fernandez-Garcia et al., 2009]. Experimental recombinant variants have not yet been

reproduced, and the role of recombination in the populationbiology of DENV remains

controversial [Maramorosch et al., 2008; Weaver and Vasilakis, 2009].

Although RNA-based viruses generally present rapid evolution occurring at a sim-

ilar time-scale as their host’s ecological dynamics [Grenfell et al., 2004], studies

have demonstrated that strong purifying selection dominates DENV’s recent evolu-

tion [Bennett et al., 2003; Holmes, 2003; Holmes and Twiddy,2003; Weaver and

Vasilakis, 2009; Zhang et al., 2005]. A prevailing hypothesis is that vector-borne

21



CHAPTER 1 - INTRODUCTION TO THE POPULATION BIOLOGY OF DENGUE

flaviviruses have evolved to replicate efficiently in both the vertebrate and arthropod

hosts, expressing a compromise genome in which most amino acid changes are ex-

pected to be deleterious and selectively removed from the population [Holmes, 2003;

Holmes and Twiddy, 2003; Weaver and Vasilakis, 2009]. The lack of recombination

further limits the fixation and emergence of single, positively selected mutations due

to clonal interference [Grenfell et al., 2004; Miralles et al., 1999]. Since mutations

that take place in one host may be selected against in the other, one of the major im-

plications of purifying selection is low, nonsynonymous diversity [Woelk and Holmes,

2002]. Therefore, as described by Holmeset al., more variation can be found within

hosts than amongst them [Holmes, 2003]. The consequences ofdeleterious pressures

are illustrated in figure 1.6 (on page 23), which compares thegenetic diversity along

the genomes of DENV and hepatitis C virus (HCV), a directly transmitted flavivirus.

Two main differences are observed. First, in sharp contrastwith HCV, diversity is

uniformly distributed along DENV’s genome, suggesting weak or no asymmetries in

selective pressures, even between structural and functional genes. Second, HCV’s

antigenic types present slightly different landscapes, indicative of dissimilar evolu-

tionary histories or selective pressures amongst the variants.

At the same time, reconstruction of DENV’s evolutionary history has been difficult

due to the weak resolution of theFlaviviridae phylogeny [Kuno et al., 1998; Weaver

and Vasilakis, 2009]. Observations were made in the late 1970s of dengue-like viruses

and respective animal reservoirs in Asia and West Africa [Aiken and Leigh, 1978].
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Figure 1.6: Genetic Diversity of HCV and DENV Antigenic Types - The genetic diversity of
DENV1-4 and hepatitis C virus (flavivirus) genotypes 1a (HCV1a) and 1b (HCV1b) is presented. The
different genome segments are identified between vertical,dashed lines. Diversity, D, is estimated with
a sliding window approach (in this example, windows are K=90nucleotides). There are (N−K)+1 win-
dows in a genome of sizeN. D is the average, givenNseqssequences, of the mean number of different
nucleotides (nDN) found in all positionsi of a given windoww (see equation bellow). For each variant,
100 different full genome sequences were randomly selectedfrom data available in Genbank. The per-
centage of data used (Y-axis, right) recognizes gaps in the data. (A) DENV data contained sequences
from Africa (AF), South America (SA), South East Asia (SEA),East Asia (EA), the Caribbean (CA)
and North America (NA), for a period spanning 1956-2011.DENV1 - SA, NA, AF, CA, EA, SEA;
1987-2009.DENV2 - SA, SEA, NA, CA; 1972-2009.DENV3 - SA, SEA, CA; 1983-2010.DENV4
- SA, SEA, EA; 1956-2011.(B) HCV data contained sequences from the United States of America
(USA), China (CH) and Europe (EU) for a period spanning 1989-2008. HCV1a - USA, EU; 1989-
2007.HCV1b - USA, CH, EU; 1989-2008. For comparison, DENV1-4 diversityis presented in grey.

Dw = (
K
∑

i=1
nDN)/K/Nseqs

Since then, a wide number of sylvatic strains (i.e. of animalorigin) have been isolated

and reported to belong to each of the human-bearing serotypes, proposing a zoonotic

origin (figure 1.3 on page 19) [Holmes and Twiddy, 2003]. Introduction of dengue

(serotypes) into the human population was extrapolated to have taken place at differ-
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ent time points, with DENV2 being the oldest with endemic potential. The age of

(DENV2’s) most recent common ancestor was further estimated to be approximately

1000 years, roughly corresponding to some of the first reports of dengue-like illnesses

(Section 1.2 on page 24) [Twiddy, 2003].

It is likely that the genetic distance between currently circulating serotypes is a by-

product of allopatric evolution due to ecological partitioning of ancestral, sylvatic

strains [Holmes and Twiddy, 2003; Weaver and Vasilakis, 2009]. This hypothesis is

sustained not only by DENV’s current population structure,but also by studies that

report sylvatic and endemic (i.e. human bearing) strains toexhibit similar evolution-

ary rates [Twiddy, 2002]. Furthermore, experimental surrogates for human and vector

infection have shown the presence of small reproductive differences [Vasilakis et al.,

2007], which suggests that their infection potential is similar and the low number of

reported sylvatic cases may be due to ecological barriers.

1.2 Endemic Transmission Cycle

The oldest record of dengue-like illness dates from the 3rd century of the common era

in the Chinese literature [Holmes and Twiddy, 2003]. More recently, historical records

propose that between the 19th and the second decade of the 20th centuries, at least five

pandemics of dengue-like illness have occurred amongst Africa, India, Oceania and

the Americas [Maramorosch et al., 2008; Weaver and Vasilakis, 2009]. Epidemics
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have been described around areas with large reservoirs of water, along coastal lines,

inland upstream rivers and seaports. Even though the clinical descriptions fit with

contemporary diagnosis of dengue, other mosquito-borne viral diseases with similar

symptomatic manifestations, such as chikungunya or yellowfever, might have been

the cause of some of the described occurrences. Awareness ofdengue as a public

health issue is recent and a growing phenomenon initially promoted by events that

took place during and immediately after World War II (WWII) [Maramorosch et al.,

2008]. Movement of supplies and military vehicles over longdistances resulted in the

importation of the mosquito vectors into new geographical regions. The last years of

the war coincided with reports of several epidemic events affecting military personnel

in regions such as the Caribbean, East Africa, Japan, New Guinea, Hawaii and Aus-

tralia [Maramorosch et al., 2008; Weaver and Vasilakis, 2009]. The end of WWII in

the Pacific setting led to general patterns of uncontrolled urbanization. Millions of in-

dividuals moving into urban areas with inadequate water distribution systems resulted

in domestic water storage practices that still persist. Such demographic changes al-

lowed for the establishment of high population densities oftheaegyptimosquito. At

the same time, the absence of reports in the Americas was due to the initiation of

eradication measures againstaedesmosquitoes by the Pan American Health Organi-

zation (PAHO). Successful eradication ofaegyptiwas achieved in most countries, but

relaxation and complete suspension of the program in the late 1960s led to a grad-

ual reinfestation of almost the entire South American continent [Maramorosch et al.,

2008]. Not surprisingly, this resurgence led to the reintroduction of DENV. Its epi-
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demiology in the Americas until the beginning of the 1980s was characterized by the

absence of severe epidemics and the circulation of single serotypes at any point in

time and space [Maramorosch et al., 2008; Weaver and Vasilakis, 2009]. This trend

changed with the arrival of viral variants from South East Asia. By the end of the 20th

century, multiple DENV serotypes were present in most endemic regions with the an-

nual incidence of dengue and severe haemorrhagic episodes increasing dramatically

every year [San Martı́n et al., 2010].

As described earlier, transmission of DENV to humans is mainly attributed to the

mosquito vectorAedes aegypti. Other species, which generally appear to express re-

duced susceptibility, a longer extrinsic incubation period (EIP) and lower transmission

capabilities, have also been identified as viable vectors [Anderson and Rico-Hesse,

2006; Halstead, 2008; Paupy et al., 2009].Aedes albopictus, considered DENV’s

secondary vector, has gained notoriety in the last decade after observations of fast

worldwide spread and sporadic sustained transmission in Europe and the Americas

[Gautret et al., 2010; Gjenero-Margan et al., 2011; Guzman et al., 2010]. A second

transmission route occurs in healthcare-related environments through unsafe manage-

ment of blood products [de Wazières et al., 1998], althoughthe frequency of such oc-

currences and epidemiological importance are largely unknown [Wilder-Smith et al.,

2009]. Aegypti’sbreeding and feeding behaviour allows it to surpass in epidemiolog-

ical importance all other viable vector-mosquito species.Individual mosquitoes are

highly domesticated and lay eggs in any type of artificial water container found within
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and around human habitations, which work as safe and large-number producing spots.

Adults are optional hematophages, mainly feeding on pollen, fruit juice and other bi-

ological fluids. Females require blood for egg production and are anthropophilic with

a characteristic ’nervous’ feeding behaviour that generally leads to multiple bites per

single blood meal, possibly in different individuals [Scott et al., 2000]. Reports of

limited susceptibility within and betweenaegyptipopulations suggests that its recent

success as an epidemic vector might be due to behavioural dynamics and current eco-

logical context rather than viral adaptation to the species[Anderson and Rico-Hesse,

2006; Maramorosch et al., 2008].

Dengue incidence patterns within endemic regions generally present epidemic cycles

highly correlated with seasonal variations in vector population size (figure 1.7 B on

page 28), in addition to oscillatory prevalence levels of its serotypes (figure 1.7 A

on page 28) [Nisalak et al., 2003]. Incidence patterns are driven by a complex in-

terplay of local factors, from the abundance of susceptiblehumans and their age, to

climate, viral traits, density and distribution of vector individuals [Johansson et al.,

2009; Morrison et al., 2010; Nagao et al., 2008; Tsuzuki et al., 2009; Williams et al.,

2010]. However, none of these seem to directly influence the qualitative properties

of serotype cyclical behaviour, which seem to be a universalfeature of dengue epi-

demiology. Given the presence of strong, long lasting, seasonal epidemic troughs, a

subject of great discussion is how viral persistence is achieved. Phylogenetic anal-

ysis show that the absence of reported cases can be followed by resurgence of pre-
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Figure 1.7: Dengue Epidemiological Patterns- (A) Total number of hospitalised cases between
1994-2008 show the sequential replacement in dominance of dengue’s four co-circulating serotypes
(DENV1-4). Data from [Lourenço and Recker, 2010].(B) Monthly DHF incidence reveals a strong
seasonal component, which is not reflected in serotype dynamics. Description of the data can be found
in Section 1.5 on page 58.

viously circulating genetic variants, proposing persistence in the vector population,

reintroduction from nearby locations or continuous silenttransmission [Bennett et al.,

2010, 2003; Carrington et al., 2005]. The latter could be dueto the high number of

asymptomatic DENV infections (Section 1.4 on page 30) that shadow the true levels

of ongoing transmission during off-season periods. Therefore, the frequent absence

of clinical cases might not necessarily reflect viral extinction. A possible contribut-
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ing factor for persistence could also be vertical transmission (from female adults to

offspring), which has been proposed for multiple mosquito species, includingaegypti

andalbopictus[Bosio et al., 1992], and may enhance DENV’s persistence by provid-

ing a human-independent reservoir for the pathogen. There are, however, contrasting

field and laboratory measures of its efficiency [see Table 1 inAdams and Boots, 2010,

for review], possibly due to experimental artificial selection or asymmetries between

viral and mosquito strains. Nonetheless, recurrent loss ofdiversity has been reported

in the viral population [Bennett et al., 2010; Raghwani et al., 2011], which demon-

strates that population bottlenecks are real. Although these are generally attributed to

ecological features, such as fluctuations in vector densities, viral factors also appear to

be relevant. For instance, the extrinsic incubation periodis temperature dependent due

to constraints in viral replication, becoming longer during cold seasons and therefore

restricting the virus’ transmission potential [Watts et al., 1987].

1.3 Sylvatic Transmission Cycle

The transmission cycle of sylvatic viruses takes place in forest environments of South

East Asia and West Africa between nonhuman primates and arborealAedesmosquitoes

(Section 1.1 on page 18, and figure 1.1 on page 22). Rural populations living in close

proximity to forested or plantation areas are periodicallyexposed to such variants

[Holmes and Twiddy, 2003; Weaver and Vasilakis, 2009]. Studies have shown that

the canopy-dwellingAedes furciferis not only highly susceptible to sylvatic DENV
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but also regularly disperses from the forests to human villages, suggesting a role in

sporadic primary transmission [Maramorosch et al., 2008].Secondary transmission is

rarely reported, which may be a result of limited human-to-vector transmission poten-

tial or underdetection due to low pathogenicity. An alternative explanation could be

the rarity of peridomestic vectors (aegyptiandalbopictus) in such small human pop-

ulations. Both the ability of peridomestic mosquitoes to transmit sylvatic DENV and

the lack of evidence that genetic adaptation is required forsylvatic strains to replicate

efficiently in humans, propose an ecological barrier for therarity of zoonotic trans-

mission [Vasilakis et al., 2007].

1.4 Human Infection, Immunity and Disease

Human infection with any of the 4 serotypes is generally mildwith the majority of

cases believed to be asymptomatic [Kyle and Harris, 2008]. It results in a short-lived

febrile illness commonly denominated asdengue fever(DF), generally characterized

by arthralgia (joint pain), myalgia (muscle pain), low-grade fever and retro-orbital

headaches [Balmaseda et al., 2006; Burke et al., 1988; Wichmann et al., 2011]. In

some cases it may progress to more severe and life-threatening forms -dengue haem-

orrhagic fever(DHF) or dengue shock syndrome(DSS) - with manifestations of cir-

culatory failure, vascular permeability and haemorrhagicsymptoms [Gubler, 1998;

Halstead, 2007].
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Several risk factors for developing DHF/DSS have been described, including: host ge-

netic background [Gubler, 1998; Guzman and Kouri, 2008], secondary heterologous

challenge [Dejnirattisai et al., 2010; Halstead et al., 2010; Halstead and O’Rourke,

1977; Rothman and Ennis, 1999], viral genotype [Armstrong and Rico-Hesse, 2001;

Cologna et al., 2005], order of infecting serotype [Gibbonset al., 2007; Guzman and

Kouri, 2008; Nisalak et al., 2003], time between infections[Guzman and Kouri, 2008;

Kyle and Harris, 2008] and age of infection [Anders et al., 2011; Nisalak et al., 2003].

From these, the most widely cited factor is secondary heterologous infection, with

strong evidence that the risk of developing severe disease can be several times higher

when compared to primary infection [Burke et al., 1988; Guzman and Kouri, 2008;

Kyle and Harris, 2008; Sangkawibha et al., 1984; Thein et al., 1997].

A typical first immune reaction is characterized by an initially slow antibody response

during which Immunoglobulin M (IgM) antibodies (the generic response to the pres-

ence of any antigen), are the first to arise (figure 1.8 on page 32). DENV specific

Immunoglobulin G (IgG) antibodies are generally detected at low titre by the end

of the first week, thereafter increasing until week two. Antibody concentration then

slowly decreases, stabilizing at levels that confer life-longhomologous immunity(i.e.

sero-specific protection to reinfection) [Halstead, 2007]. A few studies have demon-

strated the existence of sero-specific immune responses lasting for up to 40 years in

individuals from Cuba [Guzman et al., 2007; Sierra et al., 2002], Japan and Greece

[Kyle and Harris, 2008].
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Figure 1.8:Immune Response to DENV Primary Infection- Typical progression of primary chal-
lenge with DENV in human hosts. IgG and IgM stand for Immunoglobulin G (responsive to any
exposure to antigen) and Immunoglobulin G (DENV specific), respectively. ”Febrile illness” can man-
ifest either as DF or mild/asymptomatic disease prone to be missed by passive surveillance systems.
Progression to severe disease (DHF/DSS) is rare and generally associated with post-viraemia period
(Section 1.4 on page 30). Figure reproduced and changed withpermission from Scott Halstead [Hal-
stead, 2007].

In addition tohomologous immunity, Sabinet al. suggested the existence of a short

period of cross-protective immunity to all serotypes upon recovery to infection (tran-

scending immunity). Evidence was collected after World WarII in human volunteers,

which described complete heterologous immunity lasting upto 2 months and partial

immunity up to 9 months after primary infection [Sabin, 1952]. In more recent stud-

ies, for example, the neutralization of DENV2 viruses by sera containing monospecific

DENV1 antibodies has also been demonstratedin vitro [Kochel et al., 2005, 2002]. In

this instance, however, immunity did not appear to prevent infections but rather down-

regulates their clinical outcome.
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So far there are contrasting reports and no consensus on the qualitative behaviour

of acquired immunity after secondary infection. This is mainly due to the rarity of

third and fourth infections in clinical data and difficulties in assessing the history

of infection of single individuals given short periods of viraema and high antibody

cross-reactivity (see bellow) [Gibbons et al., 2007; Nisalak et al., 2003]. It is there-

fore commonly assumed that recovery from secondary infection offers protection to

further challenges. Whether this completely prevents infection or merely provides

clinical immunity, is still an open question.

Although reports on concurrent human infections with more than one DENV serotype

are present in the literature, not much is known on its impactin disease progression

and outcome [Bharaj et al., 2008; Loroño Pino et al., 1999].

Flaviviruses are known to induce the phenomenon oforiginal antigenic sin(OAS)

in which B-cell clones sequentially challenged by viruses of the same family will ini-

tially respond by synthesizing antibodies with higher affinity to a previous infecting

virus [Francis, 1960; Halstead et al., 1983]. Such subneutralizing antibodies, when

attached to viral particles, form an immune complex that canfacilitate the infection of

monocytes, macrophages and dendritic cells through theirfragment crystalizable(Fc)

receptors [Dejnirattisai et al., 2010; Halstead and O’Rourke, 1977; Jessie et al., 2004;

Rothman and Ennis, 1999; Whitehorn and Simmons, 2011]. Cellentry via such routes

further suppresses innate immune responses and activates interleukin-10 production
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at an early phase of infection [Green et al., 1999a,b; Ubol and Halstead, 2010]. This

creates a cascade of regulatory changes that facilitates expression and synthesis of

pro-inflammatory cytokines, and also biasescellular-based(TH1) to humoral-based

(TH2) responses, inducing a positive feedback that favoursan increase in the rate of

intracellular infection and consequently in viraemia levels [Fernandez-Garcia et al.,

2009; Whitehorn and Simmons, 2011].

In dengue infection, this cascade is recognized and commonly referred to asantibody-

dependent enhancement(ADE) and can occur during heterologous DENV challenges

[Balsitis et al., 2010; Halstead et al., 2010; Wrammert et al., 2012] or in the pres-

ence of transplancental antibodies of maternal origin [Chau et al., 2009]. As a result,

secondary challenges are generally dominated by cross-reactive immunological re-

sponses [Bukowski et al., 1989; Dejnirattisai et al., 2010], as well as higher viraemia

levels [Libraty et al., 2002a; Vaughn et al., 2000] and more severe disease manifes-

tations [Gubler, 1998; Rothman and Ennis, 1999]. Some researchers have proposed

that the delayed specific response due to OAS may increase thechances of establish-

ing infection upon an infectious mosquito bite, while the ADE-mediated increase in

viraemia may affect the human-to-vector transmission probability per bite. Both these

hypotheses -increased susceptibility and transmissibility in heterologous infections-

have been widely explored in modelling approaches to DENV’spopulation dynamics

(Section 1.5 on page 37). Importantly, viral titres have been shown to peak earlier

and clearance is faster in secondary challenges, a possibleconsequence of the OAS
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phenomenon [Tricou et al., 2011].

At the same time, the relatively high sequence similarity between DENV1-4 also con-

tributes significantly to the cross-reactivity of memory T-cells [Bukowski et al., 1989].

This has been explored by Rothman and Ennis to propose a modelof immunopatho-

genesis of vascular permeability, a key signature of severedisease manifestations

[Rothman and Ennis, 1999]. The model posits that upon monocytic cell infection,

either through normal or ADE-mediated means, these target cells directly stimulate

T-cells that proliferate and produce pro-inflammatory type1 cytokines, which directly

affect vascular endothelial cells to produce plasma leakage. The correlation of the lat-

ter with secondary challenge could then be partially explained by the quicker kinetics

in activation of cross-reactive memory T-cells extant fromfirst infection. The three

main expectations of this model have been explored in several studies, which demon-

strated that secondary challenges developing into DHF/DSSoften present (i) higher

T-cell activation [Green et al., 1999a; Kurane et al., 2011], (ii) pro-inflammatory cy-

tokine storms [Green et al., 1999a; Kurane et al., 2011], and, (iii) preferential expan-

sion of cross-reactive T-cells [Loke et al., 2001; Mathew etal., 1998]. Nonetheless, the

phenomenon of increased risk for severe disease in infants cannot be easily reconciled

with this model, as in these cases, the individual’s immune reactions to infection are

not ruled by cross-reactive TH1 responses but are rather antibody-based of maternal

origin [Chau et al., 2009].
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Discriminating between the protective and potentially disease enhancing role of TH1

and TH2 responses is difficult due to inadequacies of experimental animal models.

For example, research in immunocompetent mice has shown that genetic differences

in antibody Fc regions deny the ADE phenomenon [Balsitis et al., 2010] and that

DENV replication is poor [Gubler, 1998]. The use of genetically modified host lin-

eages is a partial solution [Cassetti et al., 2010; Shresta et al., 2006] but introduces

doubts about the generalization of the disease-related immune responses to the hu-

man counterpart. On the other hand, research conducted on nonhuman primates has

demonstrated that these animals do not develop disease thatresembles DF/DHF. Also,

these experimental models are expensive and suffer from a limited characterization of

DENV-specific immune responses, restricting their usefulness for understanding the

human counterpart [Cassetti et al., 2010].

Finally, there are major difficulties in assessing the history of infection of single hu-

man individuals. For example, in both primary and secondarychallenge the period

of viraemia coincides with the development of mild disease but not necessarily with

manifestation of severe symptoms, as the latter tends to be associated with periods of

exacerbated immune response which typically appear after the virus has been cleared.

Given that mild manifestations of dengue are easily mistaken for other uncomplicated

febrile illnesses and that individuals generally seek medical assistance only upon se-

vere symptoms, case detection based on passive surveillance systems is difficult as the

majority of infections are not detected or being so too late for virus isolation. Sero-
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logical assays are thus the most common method for diagnosisgiven their inexpensive

nature and feasibility for longer periods after exposure [Guzman et al., 2010; Halstead,

2007]. However, persistence of IgG, which cross-react between DENV serotypes,

severely hampers the evaluation of the host’s history of infection via Hemagglutina-

tion assays [Halstead, 2007]. An emerging alternative are thenon-structural protein 1

(NS1) enzyme-linked immunosorbent assays (ELISA). This soluble protein is highly

persistent in the blood after the onset of symptoms [Tricou et al., 2011] and has also

been implicated with thecomplement systemand pathways related to vascular leakage

[Avirutnan et al., 2006; Lin et al., 2012]. Yet, its role in development of severe disease

is still highly debatable. For instance, NS1 levels in plasma can correlate with viral

titres and may be higher in patients with DHF [Libraty et al.,2002b], but its clearance

is faster in secondary infections [Tricou et al., 2011]. Theprotein’s kinetics also ap-

pear to be dependent of the infecting serotype [Duyen et al.,2011; Tricou et al., 2011]

and there are reports of low concentrations during DENV2 infections, a serotype gen-

erally acknowledged to be statistically linked to severe disease [Rico-Hesse, 2010;

Vaughn et al., 2000].

1.5 Theoretical Approaches

Mathematical models of disease transmission are useful tools to analyse epidemiolog-

ical and experimental data. They are also crucial simulators of complex scenarios that

allow to circumvent real world constraints such as lack of resources or hazard effects
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Figure 1.9:Number of Published Dengue Models (1992-2011)- The number of published mod-
els on dengue’s population biology has increased in the lastdecade. This figure is a reproduction of
material published in a review on dengue modelling by Andraud et al. [Andraud et al., 2012].

of environmental, human and animal experimentation. Driven by a raising trend in

awareness to dengue, the number of mathematical models on its population biology

has steadily increased in recent years (figure 1.9 on page 38)[for reviews, see An-

draud et al., 2012; Johansson et al., 2011]. The most commonly used approach is

that of dynamical systems defined with deterministic ordinary-differential equations

(ODE). This section contextualises the results of a small subset of such studies that

are of relevant nature to the research presented in this thesis.

Immunity and Population Dynamics

As with many other antigenically diverse pathogens such as the influenza A virus [Fer-

guson et al., 2003] or the malaria parasite [Gupta and Day, 1994; Recker et al., 2004],

dengue’s population dynamics present a seemingly competitive behaviour between its
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antigenic types (Section 1.2 on page 27). The majority of studies have therefore fo-

cused on cross-immunological mechanisms to explain dengue’s multi-annual oscilla-

tions in serotype prevalence. In fact, a recent review on dengue modelling by Andraud

et al. has showed that 24 out of the 42 relevant studies have focusedon the population

consequences of the ADE phenomenon [Andraud et al., 2012].

Even though observations of varying prevalence levels of each serotype in time had

been present in the literature since the 1950s, the first study to address a possible mech-

anism for serotype oscillatory behaviour was based on a mathematical model of trans-

mission. By modelling an endemic population with two circulating serotypes, Fergu-

sonet al. showed that varying degrees of ADE in secondary infections could generate

oscillatory patterns qualitatively similar to the empirical ones [Ferguson et al., 1999a].

Analysis of the model’s dynamics further suggested that ADEcould act to favour the

coexistence of serotypes. An important assumption was thathigher viraemea levels

in secondary heterologous infections, due to the ADE phenomenon, can lead to an

increase in the probability of human-to-vector transmission per mosquito bite - the

enhanced transmissibility hypothesis. Thus, strains circulating at low frequency can

be rescued by inducing moderate levels of enhancement in secondary infections. With

evidence from a short time series of dengue incidence from Mexico and an hypoth-

esis for a biological mechanism, the authors proposed serotype oscillatory behaviour

as a universal feature of dengue’s epidemiology. Soon after, Nisalak and colleagues

presented the first long time series on serotype dynamics confirming the existence of
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such data patterns [Nisalak et al., 2003].

Further expanding Ferguson’set al. mathematical framework to allow for the cir-

culation ofN serotypes, Cummingset al. revised the ADE model [Cummings et al.,

2005]. The authors showed that the selective advantage of immune enhancement is

higher when multiple serotypes co-circulate by supportingpersistence during periods

of low-frequency circulation, thus reinforcing the original observations. Evolution-

ary constraints on ADE were also proposed, since greater levels of enhancement can

lead to large amplitude oscillations and stochastic extinction. This in turn suggested

that ADE may provide a mechanism that favours the co-circulation of antigenically

distinct viruses but might also limit the total number and nature / phenotype of such

agents in single host populations.

Other studies have analysed variations of the ADE model by assuming different out-

comes from immune enhancement. For example, Kawaguichiet al. showed that ADE

can explain the genetic dissimilarity between DENV serotypes when enhancement

leads to a higher mortality rate due to manifestations of severe disease [Kawaguchi

et al., 2003]. Varying levels of cross-immunity were used asa proxy for serotype anti-

genic similarity to explore a spectrum of antigenic distance, with the extremes of high

and low protective immunity representing similar or dissimilar viruses, respectively. It

was shown that serotypes circulating at low-frequency mustoverride the pressures of

both cross-immunity and enhanced mortality in order to emerge. As a consequence,
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there was a strong selective drive for greater immunological distance (i.e. low cross-

immunity). The results demonstrated that the effects of ADE-induced mortality, in

terms of serotype coexistence, were opposite to what had been previously suggested

for transmission enhancement. The authors thus demonstrated that high mortality due

to ADE may lead to an evolutionarily stable viral populationcomprising dissimilar

variants.

Adams and Boots unified (partially) protective cross-immunity with previously hy-

pothesized ADE assumptions of increased transmissibility, susceptibility and mortal-

ity into a single framework [Adams and Boots, 2006]. With this approach, the au-

thors demonstrated that the proposed effects of enhanced mortality (as assumed by

Kawaguchiet al.) were crucially dependent on other factors, such as co-infection

and a very long infectious period. Therefore, the selectivepressure towards higher

immunological distance derived from ADE-mediated mortality was found to be too

small, under more strict dengue-like assumptions. It was also established that higher

mortality was the only type of enhancement that could not reproduce the empirical

cyclical epidemic behaviour. Importantly, susceptibility and transmissibility enhance-

ment favoured stable coexistence of different serotypes even at high levels of cross-

immunity, corroborating the studies by Fergusonet al. and Cummingset al. [Cum-

mings et al., 2005; Ferguson et al., 1999a].

Further expanding on previous work, a comprehensive comparison of a multitude
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of ecological and immunological determinants for dengue’sepidemiological patterns

was done by Wearing and Rohani [Wearing and Rohani, 2006]. Based on Sabinet al.

observations, their framework included a short period of serotype transcending immu-

nity after recovery, rather than a life-long, partially cross-protective immunity [Sabin,

1952]. Their results showed that for a fixed amplitude in seasonality, short periods

of heterologous immunity were sufficient to reproduce dynamics consistent with data.

Inclusion of moderate amounts of enhancement due to ADE werestill compatible

but not necessary to explain the desired patterns. Using a stochastic formulation and

varying host population size, they further demonstrated that moderate levels of en-

hancement in transmissibility together with a short periodof transcending immunity

robustly reproduce viral dynamics and persistence patterns observed in Thai province

data.

While most theoretical studies concentrate on patterns of competitive exclusion in

serotype cyclical replacement, Adamset al. have focused on particular phase ob-

servations amongst serotypes [Adams et al., 2006]. By correlating epidemiological

and phylogenetic signatures between DENV4 and other serotypes, such as oscilla-

tory prevalence and clade replacement events, the authors proposed significant asym-

metric, cross-immunological reactions. The effect of suchimmune interactions was

analysed using a two-serotype mathematical model with seasonal forcing and envi-

ronmental stochasticity. Numerical simulations demonstrated that moderate levels of

cross-immunity could explain the observed out-of-phase patterns between DENV1
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and DENV4 in prevalence data. In contrast, the in-phase oscillations observed for

DENV1-3 required either weak or very strong cross-immunity. As sequential infec-

tions are frequently observed for DENV1-3, the latter hypothesis was not further

pursued. Comparison between protective and enhancing effects of immunity also

revealed a determinant role on the epidemic period, with moderate levels of cross-

protection better reproducing the empirically observed periods of 8 to 10 years in

serotype prevalence. Finally, the authors suggested the use of large-scale individual-

based models, as the ones used in the context of influenza A [Ferguson et al., 2003;

Koelle et al., 2006a], to further address the links between the drivers of the population

dynamics and phylogenetics of dengue variants.

A commonly criticized feature of frameworks based solely ontransmissibility in-

creases due to ADE is their dependence on high enhancement levels to desynchronise

serotype prevalence. By assuming that increases in susceptibility and transmissibility

might be a concurrent phenomenon in individual hosts, Recker et al. showed, under

a model system, that the required levels of such enhancements could be much lower

and closer to biologically plausible values than the ones assumed in previous studies

[Recker et al., 2009]. The resulting dynamics were therefore less prone to high ampli-

tude oscillations, either in overall incidence or sero-prevalence, lowering the risk of

viral extinction, an essential consequence of ADE enhancement, as discussed by other

authors [Cummings et al., 2005; Ferguson et al., 1999a].
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Common to the above studies, is the assumption that completeimmunity is acquired

after recovery from secondary infection. In Andraud’set al. recent review on influen-

tial models of dengue, only 2 out of the 42 considered studieshad used more than 2 se-

quential infections in their frameworks [Andraud et al., 2012]. This trend has emerged

mainly due to the rarity of third and fourth infections making model parametrization

difficult, but also from its simplifying power in mathematical systems. Interestingly,

one of the first theoretical approaches was also one of the fewconsidering the possi-

bility of more than two sequential infections [Fischer and Halstead, 1970]. The main

hypothesis of the study was whether fitting a model to age-stratified data could ad-

dress the relative weight of secondary and tertiary infections in the development of

severe disease. The results demonstrated that the best fit could only be achieved when

assuming a strong correlation to secondary heterologous infection.

Recently the twice-infected protected assumption was challenged by two theoretical

studies [Chikaki and Ishikawa, 2009; Wikramaratna et al., 2010]. Wikramaratnaet al.

focused on the qualitative differences of relaxing the assumption of complete immu-

nity after secondary infection. Their results, based on a 4 serotype modelling frame-

work, demonstrated that relaxation of this assumption moreeasily derived into the

epidemiological patterns of dengue. Inclusion of third andfourth cases significantly

increased the force of infection even though the reproductive number (see bellow),

remained the same. This in turn reconciled realistic sero-conversion age profiles in

the four-infected protected simulations with low values for dengue’s transmission po-
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tential. There are a number of reasons why high values for thebasic reproductive ratio

of dengue are unlikely. For instance, while other vector-borne pathogens, such as the

malaria parasite, have evolved immune evasion mechanisms to prolong their infectious

period and overcome transmission bottlenecks, dengue has arelatively short period of

infection of just a few days (Section 1.4 on page 30). Furthermoreaegypti’slife-span

and long extrinsic incubation period severely constrain the vectors’ success in trans-

mitting to a significant number of hosts. Overall, this studymakes a strong case that

high seroconversion levels to dengue viruses, characteristic of many endemic regions,

may not reflect high reproductive ratios.

Endemicity in the Light of Host Demography, Ecology and Control

As described in the previous section, most theoretical workon dengue’s epidemiol-

ogy has focused on cross-immunological and competitive factors between the virus’

variants. However, the worldwide increases in clinical dengue are more generally a

consequence of large-scale trends, such as vector expansion, demography and climate

change [Halstead, 2007, 2008; Kyle and Harris, 2008; Maramorosch et al., 2008]. Lo-

cal epidemiologies thus emerge from a mixture of regional and global determinants.

Notably, only a few studies have focused on such factors to better understand the

drivers of dengue’s contemporary population dynamics.

An interesting and recent trend in epidemiological data is the apparent increase in

mean age of infection in endemic countries of South East Asia[Cummings et al., 2009;
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Nisalak et al., 2003]. Based on such observations in Thai data, Nagao and Koelle have

proposed that decreases in local transmission, for instance due to control, may act to

increase the number of clinical cases [Nagao and Koelle, 2008]. The authors based

their hypothesis on the crucial assumption that dengue is inendemic stability. This is

an epidemiological state characterized by low levels of disease under the premise that

the probability of developing symptoms increases with age and that transmission in-

tensities are high such that individuals get infected at young ages [Aguas et al., 2006;

Coleman et al., 2001]. Pursuing this conjecture, the authors started by identifying a

concurrent raise in DF/DHF and mean age of infection in Thai data, and developed

a mathematical model to reproduce the increase in age of infection and clinical cases

using non-stationary decreases in transmission potential. The model was based on the

assumption that individuals undergoing a period of transcending immunity could sero-

convert if challenged with another serotype. This was basedon experimental work in

monkeys, reporting that sero-conversion is possible in cross-protected individuals and

that detectable viraemia is not necessary to sero-convert [Kochel et al., 2005; Kraisel-

burd et al., 1981]. However, it is so far not clear if this is possible in humans as well.

More so, the correlation of symptomatic episodes with increasing age is still unclear

due to contrasting observations and the strong correlationwith secondary challenge,

prone to happen at older ages [Burke et al., 1988; Gibbons et al., 2007; Lin et al.,

2010; Thai et al., 2011]. Nonetheless, this study highlighted how moderate reductions

in transmission can have counterproductive effects in the context of dengue.
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The results of Nagao and Koelle are reminiscent of dengue’s epidemiological situa-

tion in Singapore. In this island city-state, the pathogen’s prevalence was successfully

reduced between the 1970s and mid 1990s by implementing rigorous vector-control

measures. Although entomological indices have been maintained at low levels since

(e.g. ≈ 1–2% of house index), major epidemics re-emerged in the late1990s [Ooi

et al., 2006]. Recent modelling work has suggested that successful control resulted in

an estimated 10% decrease in Singaporean herd-immunity perdecade [Oki and Ya-

mamoto, 2012]. Resurgence may therefore be an expected consequence of a reduced

epidemic threshold for dengue viruses.

In a more recent publication, Cummingset al. focused on human demographics to

explain the increases in age of infection [Cummings et al., 2009]. Under an age-

stratified transmission model, it was shown that demographic shifts towards lower

birth and death rates could easily accommodate the observedage changes in clinical

incidence. This study thus presented a parsimonious mechanism that is independent of

reductions in transmission (as proposed by [Nagao and Koelle, 2008]). Importantly, if

symptomatic dengue truly correlates with older ages, as populations across the world

are undergoing a general ageing trend, these results would predict a continuous rise in

symptomatic dengue.

Small islands frequently present intermittent outbreaks due to an increased risk for

pathogen extinction. These ecologically isolated populations are therefore useful
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models to address determinants of persistence. Likewise, as susceptibility is gener-

ally high and accumulates between major epidemics, transmission is less influenced

by (unobserved and unmeasurable) herd-effects, simplifying the estimation of key fac-

tors such as transmission potential or dispersal rates. In astudy by Favieret al., typical

characteristics of dengue outbreaks were analysed for the Easter Island, where a small

and immunologically naive population is concentrated in a single village [Favier et al.,

2005]. It was demonstrated that homogeneous mixing models could not reproduce the

epidemic shape and duration in a naive host population. In contrast, using the method-

ology of individual-based modelling, the authors proposedthat contact heterogeneity,

either at the individual or population levels, is necessary. These results highlighted the

importance of considering natural variation in dengue modelling, specially in the light

of the spatio-temporal, heterogeneous nature of mosquito distributions, even within

small spatial scales.

In contrast to small populations, hyper-endemic regions present recurrent epidemics

with patterns emerging at wider spatial ranges. Using spatial incidence data from

Thailand, Cummingset al. demonstrated the existence of a spatio-temporal travel-

ling wave of DHF emanating from Bangkok to outer regions witha periodicity of

approximately 3 years [Cummings et al., 2004]. According tothe authors, such fixed

periodicities might reflect important host-pathogen features, such as serotype replace-

ment or human densities, although the influence of climatic fluctuations could not be

ruled out. Interestingly, other studies have demonstratedinverse wave-like behaviour
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[Thai et al., 2010], from rural to urban centres in Viet Nam.

The contrasting observations on the origin of epidemic waves propose that human

density is not the sole driver of such phenomena and urban centres are not necessar-

ily their epicentre. Using an approach based on ODE meta-population modelling of

both human and mosquito individuals, Adams and Kapan were able to address the

importance of host segregation and movement [Adams and Kapan, 2009]. Within the

meta-population setting, human hosts were allowed to disperse amongst subpopula-

tions. Using numerical simulations, it was found that incidence levels were practically

independent of the time that human hosts spent in distant subpopulations, based on

the assumed frequency-dependent biting rate of the vector (i.e. mosquito individuals

bite with a fixed frequency, independently of human availability, both in numbers and

time). Together with reports of the patchy nature of vector populations [Higa, 2011;

Nagao et al., 2008], this led to the proposal of hubs or reservoirs for transmission.

These localities, frequently visited by humans and infested with the vector, would con-

tribute massively to the persistence of the pathogen, independently of the duration of

the visits. Importantly, the study also highlighted how human mobility together with

heterogeneous mosquito populations might explain the difficulties in disease control

despite increased investment in vector control.

A final important feature of the mosquito’s ecology is the possibility of viral verti-

cal transmission from female individuals to their offspring (VT). Due to contrasting
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reports from field studies and consequent difficulties in model parametrization, VT

has generally not been considered in theoretical studies. In the most relevant pub-

lication to date, Adams and Boots reviewed a variety of field and experimental VT

measures. Using a mathematical model, the authors found that the most commonly

reported range for adult-to-egg infection per oviposition(1−4%) does not allow VT to

be a key determinant for long term viral persistence [Adams and Boots, 2010]. These

results emerged from the vector’s rapid life-cycle in whichvertically acquired infec-

tions are multiplicatively diluted with every generation.Consequently, DENV might

be rapidly lost in isolated populations in the absence of amplification in the human

hosts. Alternative mechanisms such as silent transmissionor reintroduction from ex-

ternal reservoirs were suggested to be more relevant determinants of viral persistence.

In an alternative discrete and stochastic scenario, persistence of DENV might occur

in a disjoint set of subpopulations and asynchrony in such a system could prolong the

positive advantage of VT. This, however, remains do be demonstrated.

The Basic Reproductive Number

A key concern for the area of theoretical epidemiology is whether a single infectious

host may start a population-wide epidemic. In theory, an outbreak is likely to happen

if the average number of infections (Rn) produced by an infectious individual is bigger

than one; since, otherwise, transmission fades away. If thepopulation in considera-

tion is completely susceptible,Rn is referred to as the basic reproductive number or

R0. In contrast, in the presence of herd-immunity, it is referred toRt, the effective
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reproductive number. Importantly, in the case of mosquito-born pathogens, the repro-

ductive number covers a complete vector-host transmissioncycle and will therefore

take into account several mosquito and human factors. Theseinclude incubation peri-

ods, transmission probabilities from one host-species to the other, infectious periods,

vector feeding behaviour, life-expectancies, etc.

Differences inRn estimations for a given pathogen may be attributable to a variety

of multi-scale factors, from real geographic and temporal variation in transmission,

to differences in methodology or assumptions in modelling frameworks, not with-

standing biological asymmetries in host and pathogen genetic backgrounds. Another

relevant issue is the frequent discrepancy between the realand the detected number of

infections, since surveillance systems, specially those based in passive strategies, do

not capture the full extend of outbreaks.

For pathogens, such as the dengue virus, that frequently cause asymptomatic or mild

disease, underestimation of incidence rates severely hampers the evaluation of the

transmission potential andRn from incidence data. Moreover, field and experimental

quantification of biological parameters, specially those related to the vector, is gen-

erally affected by high levels of uncertainty. This has resulted in a wide range ofR0

estimations for dengue, from values close to 1 to bigger than20, depending on lo-

cation and the methods used (table 1.1 on page 52). One way of overcoming these

problems is by analysing seroconversion data. The latter allows for an approximate
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Table 1.1:R0 estimates from modelling studies.
Study N Cross-protection Enhancement Median R0 Method

[1] 1 No No 1.3 (0, 2.4) final epidemic size
[2] 1 No No 1.9 hypothetical
[3] 1 No No 2.0 (1.6, 2.5) epidemic growth curve
[4] 4 Susceptibility Susceptibility 4.8 (1.4, 8.5) age stratified seroprevalence
[5] 1 No No 6.3 (3.6,12.9) epidemic growth curve
[6] 1 No No 4.8 (2.7, 11.6) epidemic growth curve
[7] 1 No No 3.0 (2.0, 103) epidemic growth curve
[8] 1 No No 2.0 (0.5, 3.3) epidemic growth curve
[9] 1 No No 3.69 (2.26, 11.39) epidemic growth curve
[10] 4 Susceptibility Both* (4, 12) age distribution of cases
[11] 1 No No 5.17 (1.56, 22.89) fitting SIR model
[12] 4 Susceptibility Susceptibility (5.2, 6.7) age distribution of cases

N - number of serotypes; * - Susceptibility and Infectiousness.
Table reproduced from Johanssonet al. [Johansson et al., 2011].
References: [1] Koopman et al. [1991] ; [2] Newton and Reiter[1992]; [3] Marques et al. [1994]; [4]
Ferguson et al. [1999a]; [5] Massad et al. [2001]; [6] Massadet al. [2003]; [7] Favier et al. [2006]; [8]
Chowell et al. [2007]; [9] Coelho et al. [2008]; [10] Nagao and Koelle [2008]; [11] Degallier et al.
[2009]; [12] Cummings et al. [2009]

examination of real case numbers and of the current immunological landscape. By

using age-stratified indexation of such seroconversion rates one can estimate the time-

dependent and serotype-specific forces of infection and infer possibleRt values. This

has been done by Fergusonet al. in one of the most solid quantifications of the repro-

ductive numbers so far, which lead to estimations between 4 and 6 [Ferguson et al.,

1999b].
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Thesis Outline

The ideas explored in this thesis derive from a growing need to better understand the

contemporary epidemiology and evolutionary dynamics of the dengue virus. The ma-

jority of theoretical work on the epidemic behaviour of dengue has concentrated on vi-

ral competition effects, arising from protective and/or enhancing cross-immunological

reactions within the human host. Mathematical models have generally been successful

in reproducing DENV’s population dynamics, which, alike other antigenically diverse

pathogens such as the influenza A virus or rotavirus, are characterized by seasonal

population fluctuations in the form of epidemic outbreaks inaddition to oscillatory

prevalence levels of the constituent antigenic variants (serotypes). However, these

approaches have also derived into a multitude of slightly different biological assump-

tions that reproduce the observed patterns equally well. Sofar, discerning between

alternative or potentially complementary mechanisms has been difficult due to our

lack of understanding on the processes of immunity to dengueviruses. The failure to

ascertain a definite mechanism for dengue’s population-wide dynamics, through ap-

proaches based on incidence time series alone, highlights the need to shift theoretical

research towards multi-scale data integration. The aim of this thesis is to integrate

epidemiological, ecological and evolutionary factors into unified mathematical frame-

works.

While previous models have only focused on the dynamics of dengue’s antigenic
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types (serotypes), Chapter 2 introduces a new approach to address the determinants

of the population dynamics of newly emerging and potentially advantageous viral lin-

eages (genotypes) within serotypes. Results from numerical simulations show that the

success of new genetic variants is mainly determined by stochastic processes, strong

clonal interference (i.e. viral competition) and the immunity landscape of the human

population at the time of emergence. These findings show thatapart from the well doc-

umented purifying pressures acting on dengue viruses, other factors severely restrict

the emergence of genetic variants and dictate the observed dynamical behaviour of

genotypes. Importantly, the results suggest that the effects of demographic stochastic-

ity could extend to the population dynamics of dengue’s antigenic types (serotypes),

which has not been considered in previous modelling approaches. To address this,

an agent-based framework, allowing variation to be considered at multiple biologi-

cal scales, is developed and analysed throughout Chapters 3to 5 in the light of the

eco-epidemiological context of dengue.

In Chapter 3, a discrete, agent-based single-strain mathematical model allowing for

host-population structure is introduced. Before expanding its epidemiological frame-

work to a dengue-like system in Chapter 4, a simple analysis is performed on model

behaviour. It is demonstrated that demographic stochasticity is a parsimonious driver

of persistent, oscillatory epidemic behaviour for single strain pathogens. In addition,

when considering a spatial dimension, stochasticity is shown to play a major role in the

emergence of spatially heterogeneous immunity landscapes. These are crucial but of-
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ten overlooked factors of multi-strain systems, speciallyin those whose empirical ob-

servations are believed to be driven by viral competition due to cross-immunological

mechanisms, as their strength is dependent on the host’s histories of infection.

In Chapter 4 the agent-based model is further expanded to include four co-circulating

antigenic types. Contrary to expectations from ODE-based multi-serotype models, in

which the dynamics inevitably converge towards a stable equilibrium in the absence of

explicit competition, this model exhibits persistent oscillatory behaviour in serotype

prevalence. These observations can be explained by stochastic differences in each

serotype’s effective transmission, which are amplified in time and generate highly

asymmetric immunity profiles within the population, thus maintaining each serotype

in an independent transient state driven by susceptibility. In the specific context of

dengue, it is demonstrated that the inclusion of a mosquito vector and host-population

structure under dengue-like eco-epidemiological parameter values is compatible with

the emergent oscillatory behaviour. Apart from qualitatively and quantitatively repro-

ducing general epidemiological characteristics of the dynamical behaviour of dengue,

the inclusion of a spatial dimension advances on model validation by reproducing

well documented dengue spatial features, including wave-like epidemics, heteroge-

neous sero-conversion landscapes and spatial epidemic clustering. Importantly, when

compared to observations from ODE systems, the effects of a short period of tran-

scending immunity and infection enhancement due to ADE wereweakened within the

agent-based framework, due to random effects and population structure.
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Aiming at developing a thorough description of the expectedphylodynamic behaviour

of dengue serotypes under a model system, the framework of Chapter 4 is expanded in

Chapter 5 to include neutral molecular evolution of viral sequences. This multi-scale

approach is used to analyse the ubiquitous phylodynamic patterns emerging from the

interaction of key demographic, epidemiological and evolutionary processes, by com-

paring in silico summary measures of population genetics and phylogeneticsto ex

novoempirical estimations from serotype genetic data. Adding to the results of earlier

chapters, it is demonstrated that factors mostly of stochastic and non-selective nature

are sufficient and parsimonious determinants of frequentlyobserved multi-scale fea-

tures of dengue’s population biology. These include signatures of purifying selection,

temporal patterns of genetic diversity and typical phylogenetic shape. Importantly,

while the results of Chapter 4 suggest that cross-immunological mechanisms are not

necessary to reproduce the epidemiological behaviour of dengue in the presence of

demographic stochasticity, their consideration when modelling viral evolution lead to

significant deviations from empirical expectations on phylogenetic shape.

Together, the results present in Chapter 2, 4 and 5 do not endeavour in questioning

the pathological or clinical significance of cross-immunological interactions between

dengue viruses. However, this material strongly suggests that such mechanisms are

unlikely to be the main drivers of key universal signatures in dengue’s population

biology, and reiterates host-related demographic and ecological factors instead.
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Reproduced Data and Figures in This Thesis

• The consensus map on DENV presence (figure 1.1 on page 15) and outbreak

occurrences (figure 1.2 on page 16) were reproduced from material published in

the Public Library of Science (PLoS) to which the Creative Commons Attribu-

tion License (CCAL) applies.

• The general phylogenetics of DENV serotypes (figure 1.3 on page 19) and

DENV2’s genotypes (figure 1.4 on page 20) were reproduced from Weaver and

Vasilakis with permission from the authors [Weaver and Vasilakis, 2009].

• The immune response to DENV during primary infection is illustrated in figure

1.8 (on page 32). It is a reproduction of published material by Scott Halstead,

with permission from the author [Halstead, 2007].

• Data on yearly patterns of dengue disease hospitalization and relative serotype

abundance in Southern Viet Nam were kindly provided by the dengue surveil-

lance programme at the Institute Pasteur, Ho Chi Minh City - figures 1.7 A on

page 28, and 2.1 on page 63.

• Data from Thailand, was reproduced from Aguiaret al. with permission from

the authors (figures 1.7 B on page 28) [Aguiar et al., 2011; dosSantos, 2012].

• Spatial serotype data was provided by C. Simmons from the Oxford University

Clinical Research Unit, Ho Chi Minh City (HCMC), Viet Nam, representing

290 dengue cases in children presenting to the outpatients department of three
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large hospitals in HCMC during the season 2010/2011 (figures4.4 D on page

127). Spatial information was based on residency of the patient.

• The illustrations on counts of DENV2 genotypes, during a replacement event in

Southern Viet Nam, were reproduced with authorization of the authors (figure

2.1 on page 63) [Hang et al., 2010].

• Data for serotype spatial distributions in Thailand, during the 2005/2006 season,

was obtained from Friedet al. and Veeraseatakulet al. and was further repro-

duced in figure 4.4 C (on page 127) [Fried et al., 2010; Veeraseatakul et al.,

2007].

• A range of estimates onR0 from relevant theoretical studies is presented in table

1.1 on page 52. Values and references were taken from a reviewby Johansson

et al. [Johansson et al., 2011].

• The number of published mathematical models on dengue’s population dynam-

ics, illustrated in figure 1.9 (on page 38), was taken from Andraud’set al. review

[Andraud et al., 2012] published under the Creative CommonsAttribution Li-

cense (CCAL).
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CHAPTER 2

The Determinants of the Invasion Dynamics of Novel

Dengue Genotypes

Abstract

In a recent report by Hanget al., a major replacement event was described for South

East Asia where the Asian-1 genotype of serotype 2 replaced the resident Asian/American

type. When comparing viraemia in human patients, the authors found significantly

higher levels amongst the ones infected with the Asian-1 genotype. It was proposed

that this altered phenotype could justify the replacement event by enhancing the per-

bite probability of transmission from humans to mosquitoesper bite. In this Chapter, a

model system is developed to investigate the general determinants of the invasion dy-

namics of a novel, advantageous DENV genotype in an endemic setting. The results

demonstrate that replacement events can be explained by competition between geno-

types of relatively small fitness differences which, although sufficient for displace-

ment, do not interfere with the overall serotype dynamics. Furthermore, the invasion

success and total time required for fixation are strongly influenced by viral competition

and the epidemiological landscape at time of introduction.As a consequence, novel

genotypes can face a high risk of stochastic extinction despite their fitness advantage.

The rarity of markers for positive selection in DENV’s molecular evolution has often

been explained by strong purifying selection whereby the constraints imposed by a

two-host life cycle are expected to result in a high rate of deleterious mutations. The
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results presented here demonstrate that even highly beneficial mutants are under se-

vere threat of extinction, suggesting that stochastic effects and genetic drift beyond

seasonal bottlenecks are equally important in shaping dengue’s viral evolution.

2.1 Introduction

Despite a general bias in the literature towards studies based on single-gene approaches,

spatio-temporal patterns of genotype replacement in endemic regions have been widely

recovered from data [Bennett et al., 2003; Holmes and Twiddy, 2003; Myat Thu et al.,

2005; Weaver and Vasilakis, 2009; Zhang et al., 2005]. With the extrinsic pressures

on DENV, such as seasonal or human-forced reductions in vector population size or

abundance of susceptible hosts, it has been proposed that genetic drift plays a major

role in the observed phylodynamics [Myat Thu et al., 2005; Wittke, 2002].

Following earlier reports on inter-serotypic difference in virulence (e.g. [Gubler et al.,

1978]), one of the first convincing evidence for a genetic determinant in disease out-

come came from epidemiological studies suggesting that theDENV2 Asian geno-

type was associated with higher frequencies in DHF comparedto the American type

[Rico-Hesse et al., 1997].In vitro studies have since shown that the Asian genotype’s

replication rate in human monocyte-derived macrophages and dendritic cells is higher

[Cologna et al., 2005]. There is also evidence that the vector is more susceptible to this

genotype [Armstrong and Rico-Hesse, 2001] and may also present a shorter EIP [An-
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derson and Rico-Hesse, 2006]. These reports provided a rational explanation for the

replacement patterns observed in the Americas, where displacement of the American

genotype (by the Asian) has taken place in several countriesin recent years [Bennett

et al., 2006; Cologna et al., 2005; Rico-Hesse et al., 1997].

A similar replacement event has occurred in South East Asia,with Asian-1 having

displaced the resident Asian/American viruses within VietNam, Cambodia and Thai-

land [Hang et al., 2010]. In the report by Hanget al., some intriguing aspects about the

invasion dynamics of Asian-1 were demonstrated. A phylogenetic analysis suggested

that the genotype was introduced into the population years before it had been detected,

and once discovered, it reached fixation within a relativelyshort period of time (figure

2.1 B on page 63). The rate at which the replacement took placesuggested a sig-

nificant reproductive advantage. While this could have predicted signatures in total

incidence dynamics, there was no discernible change in the period before or after the

fixation event (figure 2.1 A on page 63). In search for fitness asymmetries between the

genotypes, the authors quantified both the infectivity level to mosquitoes and degree

of viraemia in human patients. While the first provided weak support, viraemia was

significantly higher for the invading type, which sustainedan hypothesis of higher

probability of transmission from humans to mosquitoes.

Even if fitness advantages in a specific viral trait played a decisive role in this event, the

emergence of advantageous genotypes is also likely to be influenced by the epidemi-
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Figure 2.1:Epidemiology and Genotype Replacement in Viet Nam- (A) Epidemiological patterns
from total number of hospitalised cases in Southern Viet Nam. (B) Between 2002 and 2008, the Asian-1
genotype of serotype 2 (cyan) replaced the resident Asian/American type (blue) (data from 1999-2000
is missing). No major epidemiological signatures were observed during the replacement. See Section
1.5 on page 58 for details on data.

ological landscape in which they arise. Here, using a model system, the combined

impact of immunity, viral fitness and transmission on the invasion and replacement

patterns of novel, advantageous DENV genotypes, is investigated.
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2.2 Materials and Methods

2.2.1 Description of the Model

The model is an extension of the mathematical framework analysed by Reckeret al.,

here expanded to include a period of transcending immunity and a vector component

with seasonal forcing in mosquito biting [Recker et al., 2009]. In summary, the ef-

fect of maternal antibodies is disregarded and human individuals are assumed to be

born susceptible to all viruses. After recovery from primary infection the host retains

life-long immunity to the infecting serotype and short-term transcending protection

against all other viruses. As temporary immunity wanes, individuals become sus-

ceptible to secondary, heterologous infection. Due to the rarity of reported third and

fourth infections, it is assumed that recovery from secondary infection fully protects

against further challenges [Gibbons et al., 2007; Halstead, 2008].

To investigate the invasion patterns of an emerging variant, two genotypes of serotype

2 are considered, an invading (DENV2’) and a resident (DENV2). It is assumed that

there are no antigenic differences between the competing genotypes, in accordance

with a lack of evidence for recurrent infection with variants of the same serotype.

The system is given by the following set of differential equations describing the rate of

change in susceptible, infected with, temporarily immune or recovered from, dengue
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virusesi (i =DENV1, DENV2, DENV2’, DENV3 or DENV4):

dSh

dt
= µhNh −










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
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Sh (2.1)
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dt
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dXh
i

dt
= σh

i I
h
i − (αh

+ µh)Xh
i (2.3)

dRh
i

dt
= αhXh

i −

















∑

j,i

γhλv
j + µ

h

















Rh
i (2.4)

dIh
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= γhλv

i R
h
j − (σh
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h)Ih
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dRh

dt
=
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j,i

σh
i I

h
ji − µ

hRh (2.6)

The force of infection of serotypei affecting the human population,λv
i , is given as

λv
i = ηβ

v→h
i

I v
i

Nh
, (2.7)

with η representing the mosquito biting rate andβv→h
i the vector-to-human transmis-

sion probability. 1/σh
i and 1/αh are the respective durations of infection and cross-

immunity. Given dengue’s short period of infection, the possibility of co-infections

by two or more serotypes is not considered. The human population size (Nh
=

Sh
+
∑

i(I
h
i + Xh

i + Rh
i +
∑

j Ih
i j ) + Rh) is assumed constant and infection has a neg-

ligible effect on the average death rate,µh.
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To account for seasonal variation, a periodically forced biting rate is set to:

η = η0

(

1+ ǫ sin (πt)k
)

, (2.8)

wherek is a positive integer influencing the length of the transmission season, such

that values>> 1 result in shorter and more pronounced seasons.

The dynamics of the mosquito population are given as follows:

dSv

dt
= µvNv −






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∑
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
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Sv (2.9)

dIv
i

dt
= λh

i S
v − µvI v

i (2.10)

with the force of infection from humans to mosquitoes given as:
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(2.11)

In accordance with Reckeret al., antibody-dependent enhancement is assumed to act

by increasing both susceptibility to, and transmissibility of secondary, heterologous

infection by factorsγ andφ, respectively.

Four different fitness traits are considered and varied independently: (i) transmissi-

bility from human to mosquito, e.g. through increased viralload, βh→v
2′ , (ii) longer
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life-expectancy of mosquitoes infected with DENV2’ to emulate a shorter EIP,µv
2′ ,

(iii) longer infectious period in humans, 1/σ2′, and (iv) an increased level of enhance-

ment of secondary infections,φ′2. These are formulated around a degree of fitness

advantage,ρi, given by:

βh→v
2′ = βh→v

2 (1+ ρβ) (2.12)

µv
2′ = µ

v
2′/(1+ ρµ) (2.13)

σ2′ = σ2/(1+ ρσ) (2.14)

φ2′ = φ2(1+ ρφ) (2.15)

In line with the suggestion by Hanget al., most of the analysis is concentrated on

the fitness advantage due to increased viral load and thus transmissibility from the

infected human individual to the mosquito vector,βh→v
2′ [Hang et al., 2010].

Parameter values are described in Table 2.1 on page 87.

2.2.2 Stochastic Simulations

To address certain aspects of the invasion process of a more probabilistic nature, such

as invasion success, the above model was further implemented in a stochastic frame-

work using a Gillespie algorithm [Gillespie, 1977]. Stochastic simulations are ini-

tialized with equilibrium population status derived from the deterministic framework

with parameter values the same as given in Table 2.1 on page 87.
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Figure 2.2:General Model Behaviour - Under parameter values given in Table 2.1 (on page 87)
the model reproduces the typical epidemiological dynamicsof dengue, presenting cyclical behaviour in
serotype prevalence (coloured lines) and semi-regular epidemic outbreaks (total incidence per month,
grey).

2.3 Results

2.3.1 General Model Behaviour

The general dynamics generated by the model under parametervalues given in Table

2.1 (on page 87), prior to the introduction of a novel DENV2 genotype, are charac-

terised by semi-regular epidemic outbreaks and asynchronous cyclical behaviour in

serotype prevalence (figure 2.2 on page 68). In accordance with previous studies [Fer-

guson et al., 1999a; Recker et al., 2009; Wearing and Rohani,2006], a wide range of

incidence and serotype dynamics with different periodicities can be reproduced under

changes to key parameters values, especially those relating to the degree of enhance-

ment of secondary infection or the period of temporary cross-immunity (not shown
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here, see [Lourenço and Recker, 2010]). For the remainder of this chapter, however,

parameter values are kept constant to allow better comparisons between invasion pat-

terns and their viral and epidemiological determinants.

2.3.2 Genotype Invasion and Replacement Dynamics

Figure 2.3 (on page 70) shows the result of an invasion scenario where the invading

genotype (DENV2’) has a small fitness advantage over the resident type (DENV2).

In this case, higher fitness is realised through enhanced transmissibility (4.5%, ρβ =

0.045) from infected human individuals to the mosquito vectors, i.e.βh→v
2′ > β

h→v
2 .

In agreement with empirical observations, important features of the invasion dynamics

are highlighted in figure 2.3 A (on page 70). Despite the eventual fast rate at which the

advantageous genotype replaces the resident type, there isa significant lag between

the point of introduction and the time when DENV2’ would reach a detectable level

of prevalence within the population - here referred to asdetection threshold. Fur-

thermore, in spite of an expected temporary rise in dengue incidence, compared to the

situation without invasion, the overall dynamics in both disease incidence and serotype

prevalence remain largely invariant (figure 2.3 B on page 70). This suggests that both

the time lag between introduction and detection, as well as the rapid exclusion of the

resident genotype, as reported by Hanget al., can be reproduced by a relatively small

fitness advantage of the invading type [Hang et al., 2010].
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Figure 2.3:Dynamics of an Invading Genotype- (A) Frequency of DENV2’ relative to DENV2
highlights two phases of the invasion process: a period of very low frequency and a subsequent shift
in dominance and competitive exclusion.(B) The cyclical serotype behaviour remains invariant to the
introduction of DENV2’ (cyan line), which enters the population at timet = 1259.5 (pink arrow) and
drives the resident type, DENV2 (blue line), to extinction after≈ 13 years. In accordance with empirical
observations (figures 2.1 A,B on page 63), no major changes inthe epidemiology are observed. The
fitness advantage is due to increased human-to-vector transmission rate (ρβ = 0.045). Other parameters
as in Table 2.1 on page 87.

The same qualitative behaviour can be found when considering other viral traits, that

might confer a fitness advantage. That is, shortening the EIP(ρµ), increasing the

duration of infection (ρσ) or the level of enhancement of secondary infection (ρφ),
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Figure 2.4:Dynamics of an Invading Genotype Given Differences in ViralTraits - Frequency of
DENV2’ relative to DENV2 during replacement. In general, the invasion dynamics are similar when
considering different viral traits expressing higher fitness, in this case(A) human-to-vector transmissi-
bility ρβ, (B) EIPρµ, (C) duration of infectionρσ, and(D) level of enhancement of secondary infection
ρφ. The system was more responsive to the viral traitsρβ andρσ.

have similar effects as increasing the transmission probability from infected humans

to mosquitoes (ρβ) (figure 2.4 on page 71). Notably, the human-to-vector transmission

(ρβ) and human infections period (ρσ) viral traits are the most responsive, leading to

fast replacement under similar degrees of fitness advantage(figure 2.4 A,C on page

71). It is also observed that the synergistic effect of combining different viral traits

can be additive (figure 2.5 on page 72). Hence, the same invasion dynamics can be

obtained with combinations of very small enhancements in a multitude of traits.
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Figure 2.5:The Synergistic Effect of Viral Fitness Assuming Changes inthe Human Infectious
Period and Human-to-Vector Transmission- The graph demonstrates the increased rate in competi-
tive exclusion of the resident genotype DENV2 for varying levels of viral fitness of DENV2’ expressed
as a longer human infectious period (ρσ) and increased human-to-vector transmission (ρβ). Equal fit-
ness differences, either expressed as longerρσ or increasedρβ lead to similar emergence and fixation
times. The effect ofρσ andρβ on the invasion dynamics is additive. Other parameter values as in table
2.1 on page 87.

2.3.3 The Effect of Viral Fitness and Time of Introduction

As shown in figure 2.3 (on page 70), a small increase in transmissibility from hu-

man to mosquito seems sufficient for a novel genotype to displace a resident type

within a short period of time. The actual rate of competitiveexclusion and overall

time from introduction to fixation, however, is likely to depend on multiple factors

such as fitness level, transmission settings, viral competition and the immune profile

of the human population. Increasing viral fitness, for instance, accelerates the rate

at which the invading genotype drives the resident type to extinction, resulting in a

shorter period between introduction and fixation (figure 2.4A on page 71). Varying

the fitness advantage from 8% to 28% reduces the time to fixation from ≈ 8 years

down to≈ 2 years, for example. However, this increase in viral fitnesshas a major

effect on dengue incidence patterns and the dynamics of the other serotypes (figure
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Figure 2.6:The Effect of Viral Fitness on Fixation Time and Epidemiology - (A) Reproduction
of figure 2.2 (on page 68) for direct comparison.(B) Reproduction of figure 2.3 (on page 70) for direct
comparison. It presents an introduction at the same time point with ρβ = 0.045. No epidemiological
signatures are observed.(C) Higher fitness advantages, hereρβ = 0.28, can have a significant effect on
both incidence and serotype dynamics - invasion develops into a clear outbreak followed by a severe
trough in the serotype’s prevalence (for visualization purposes, the frequency of both DENV2 and
DENV2’ are aggregated into the relative prevalence of serotype 2, dark blue line). Other parameter
values as in Table 2.1 on page 87.
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2.6 A on page 73). In this case it leads to a major epidemic outbreak shortly after the

introduction, followed by a long period of low prevalence ofserotype 2, which could

endanger its continuous persistence.

At the same time, thetime point of introduction(TPI) also influences the time taken

for a novel genotype to reach fixation. Figure 2.7 A (on page 75) presents the in-

crease in frequency of DENV2’, relative to the resident DENV2, for two different

TPIs. While the overall time to fixation is dependent on the TPI, the actual rate of

replacement remains largely constant. In other words, the time taken from DENV2’

passing a detection threshold to nearly achieving fixation (replacement time) is inde-

pendent of the TPI and therefore independent of the overall epidemiological status of

the host population (figure 2.7 B on page 75). On the other hand, the time lag between

introduction and the point when it has spread sufficiently for detection, oremergence

time, is strongly influenced by the epidemiological status of thepopulation.

2.3.4 The Effect of Competition on Emergence Time and Invasion

Success

To further investigate the determinants of fixation time, a number of invasion events

are simulated at various TPIs over several years. The resulting time to fixation is

recorded for each event with respect to several population profiles: (i) the number of

naive individuals and (ii) serotype 2 susceptible individuals, the (iii) overall prevalence
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Figure 2.7: The Effect of Time of Introduction on Fixation Time - (A) The graph shows the
frequency of DENV2’, relative to DENV2, for two different time points of introduction (TPI). Despite
a discernible difference in the total time for DENV2’ to reach fixation, the actual replacement time (i.e.
the time taken from passing a detection threshold to nearly reaching fixation; highlighted as parallel
dashed lines) remains approximately the same. That is, the differences in fixation times are mostly
due to differences in the initial expansion period of the invading genotype before it reaches widespread
detection level (here arbitrarily set at 10% relative prevalence). (B) The relative fitness advantage of
the invading genotype has a significant effect on replacement time as seen by the changing colours in
vertical lines. However, it remains mostly invariant to thetime TPI (horizontal lines). All parameters
as in Table 2.1 (on page 87) andρβ = 0.045 for (A).
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Figure 2.8:The Effect of Population Status in Fixation Time - Fixation time in years (coloured
solid circles) for different introduction times (TPI). Theplots present the evolution of variables that
define the host population status at each TPI.(A) Number of susceptible individuals.(B) Dengue
prevalence.(C) Serotype 2 susceptibles.(D) Seasonality (biting rate, y-axis in years). No correlation
is found between natural oscillations in the variables and fixation time. The latter increases within the
time range considered. All parameters as in Table 2.1 (on page 87) andρβ = 0.045.

and (iv) seasonality (i.e. mosquito biting frequency) at the time of introduction (figure

2.8 on page 76). During this period of introduction events, awide range of fixation

times are observed, which do not appear related to the seasonal oscillations of the

population profiles. Instead, fixation time appears linked to periods of increasing and

decreasing susceptibility (figure 2.8 A, C on page 76), whichsuggests a possible role

of viral competition for susceptible hosts.
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Stochastic Simulations

The results so far suggest that novel advantageous genotypes can face long periods at

very low prevalence before emerging and can also suffer competition for susceptible

hosts from the resident viruses. However, these observations are based on a determin-

istic system. Within a more realistic setting, they signifyan enhanced risk of stochastic

extinction for the invading virus despite a possible advantageous phenotype. To better

address the probability of success of the invading genotype, a stochastic formulation

of the model is used in the following sections (see Materialsand Methods, page 67).

A number of invasion events are simulated over a period of several years and the

success rate of invasion(here defined as the successful introduction into a population

followed by competitive exclusion of the resident type) is recorded. As demonstrated

in figure 2.9 A (on page 79), the invasion success shows an oscillatory behaviour

which is negatively correlated to total dengue prevalence at the time of introduction.

This suggests that the invasion of a newly advantageous genotype can be hampered

by viral competition during epidemics and favoured during off-season periods. More-

over, the maximum success rates are found to be dependent on,and negatively cor-

related with, serotype 2 prevalence (figure 2.9 B on page 79).Since the replacement

time (i.e the time taken from passing a detection threshold to nearly reaching fixa-

tion) appears to be independent of the time of introduction (figure 2.7 B on page 75),

the relationship between serotype 2 prevalence and the timeto emergence is further
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explored. Figure 2.9 C (on page 79) clearly illustrates thatan invading genotype of

DENV2, entering the population during periods of high prevalence of that serotype,

faces significantly longer emergence times than if introduced during periods of low

prevalence. In general, these observations do not change when considering fitness ad-

vantages in other viral traits (figures 2.10, 2.11, 2.12, on pages 80, 81, 82), apart from

ADE enhancement which translates in the lowest success rates of invasion, possibly

due to its restricted effect to secondary infection. Together these results indicate that

the fate of the novel genotype is strongly determined by bothinter- and intra-serotype

competition at the time of introduction.
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Figure 2.9:The Effect of Viral Competition on Invasion Success and Emergence Time For Fit-
ness in Transmission- (A) The invasion success (orange line) of the invading genotypeoscillates out
of phase with total dengue incidence (grey line) at the time of introduction (TPI).(B) The highest rates
of successful invasions can be observed for low relative prevalence of serotype 2 (blue line) at the TPI.
(C) The red crosses show how the average emergence times, i.e. the period between introduction and
reaching a 10% detection threshold, of successful invasionevents increases with the relative prevalence
of serotype 2 at the TPI (blue line). Standard deviations, based on 10 simulated successful invasion
events, are shown as grey bars. Parameters as in Table 2.1 (onpage 87) andρβ = 0.045.
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Figure 2.10:The Effect of Viral Competition on Invasion Success and Emergence Time For
Fitness in EIP - (A) The invasion success (orange line) of the invading genotypeoscillates out of
phase with total dengue incidence (grey line) at the time of introduction (TPI).(B) The highest rates
of successful invasions can be observed for low relative prevalence of serotype 2 (blue line) at the TPI.
(C) The red points show how the average emergence times, i.e. theperiod between introduction and
reaching a 10% detection threshold, of successful invasionevents increases with the relative prevalence
of serotype 2 at the TPI (blue line). Standard deviations, based on 10 simulated successful invasion
events, are shown as light blue bars. Parameters as in Table 2.1 (on page 87) andρµ = 0.045.
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Figure 2.11:The Effect of Viral Competition on Invasion Success and Emergence Time For
Fitness in Human Infectious Period- (A) The invasion success (orange line) of the invading genotype
oscillates out of phase with total dengue incidence (grey line) at the time of introduction (TPI).(B) The
highest rates of successful invasions can be observed for low relative prevalence of serotype 2 (blue
line) at the TPI.(C) The red points show how the average emergence times, i.e. theperiod between
introduction and reaching a 10% detection threshold, of successful invasion events increases with the
relative prevalence of serotype 2 at the TPI (blue line). Standard deviations, based on 10 simulated
successful invasion events, are shown as light blue bars. Parameters as in Table 2.1 (on page 87) and
ρσ = 0.045.
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Figure 2.12:The Effect of Viral Competition on Invasion Success and Emergence Time For
Fitness in ADE - (A) The invasion success (orange line) of the invading genotypeoscillates out of
phase with total dengue incidence (grey line) at the time of introduction (TPI).(B) The highest rates
of successful invasions can be observed for low relative prevalence of serotype 2 (blue line) at the TPI.
(C) The red points show how the average emergence times, i.e. theperiod between introduction and
reaching a 10% detection threshold, of successful invasionevents increases with the relative prevalence
of serotype 2 at the TPI (blue line). Standard deviations, based on 10 simulated successful invasion
events, are shown as light blue bars. Parameters as in Table 2.1 (on page 87) andρφ = 0.045.
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2.4 Discussion

The invasion pattern of a novel dengue genotype into an endemic population was

analysed. In the modelling framework it was considered thatthe invading genotype

possesses a fitness advantage over the resident type. Most ofthe results were based on

the assumption of enhanced transmissibility from infectedhuman individuals to the

mosquito vectors. This followed the findings by Hanget al., who reported increased

plasma viraemia levels in patients infected by Asian-1 DENV2 viruses during a geno-

type replacement event [Hang et al., 2010]. In contrast to other studies, Hang and

colleagues did not find increased infectivity of Asian-1 viruses toaegyptimosquitoes

per se. However, it is easy to envisage how higher viral titres could enhance the per

bite probability of human-to-vector transmission [Armstrong and Rico-Hesse, 2001,

2003].

By focusing on a small increase in transmissibility during primary and secondary

infections, the results presented here demonstrated that the total time for genotype

replacement is composed of two phases. First, the invading type circulates at very

low prevalence levels for several years, after which a rapidshift in dominance and

competitive exclusion of the resident type takes place. Thesame pattern of invasion

was described by Hanget al., as the Asian-1 genotype was first detected in 2003 de-

spite phylogenetic analyses dating the introductory eventsometime during the late

1990s [Hang et al., 2010]. If this is a universal signature ofthe population dynam-
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ics of dengue viruses remains an open question, mostly because replacement events

are generally identified in phylogenetic analysis and the prevalence frequencies of the

intervening types are rarely measured in time.

Of particular interest is the time lag between introductionand emergence, when detec-

tion of the new genotype might be difficult by surveillance systems based on low viral

sampling numbers and/or infrequent genotyping. Furthermore, as the epidemiological

patterns would remain largely invariant, passive surveillance systems based simply on

case numbers could also easily fail to detect this intra-serotype replacement event.

Apart from increased transmission from infected humans to the mosquito vectors,

other viral traits were also considered, including longer infectious periods, increases

in ADE enhancement and shorter EIP. While the actual viral trait did not alter the

overall replacement dynamics, it was found that different traits can have asymmet-

ric effects on time and success of fixation. Importantly, they can also have addictive

effects and thus the combination of very small individual enhancements in multiple

viral traits may be sufficient to explain selective replacements. This is particularly the

case for events, such as the one of the Asian-1 genotype in South East Asia, that do

not present major shifts in the sero-epidemiological patterns of dengue.

In addition to viral fitness, the time point at which a novel genotype enters a popu-

lation was found to be crucially important in determining its invasion dynamics and
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ultimate success. Whereas the relative fitness advantage affected the overall time be-

tween introduction and fixation, the epidemiological profile more strongly determined

the period of low level prevalence before the advantageous genotype emerged. Various

epidemiological factors were tested for their influence on the emergence time but only

the relative prevalence of serotype 2 was found to have a strong effect. In fact, while

transmission intensities strongly affected invasion success, the level of prevalence of

serotype 2 within the population determined both the invasion success rate and, inde-

pendently, the period before the invading genotype would reach a sufficient level to be

widely detectable. These results thus demonstrated that serotype interactions, clonal

interference and the current epidemiological landscape can have a big influence on

intra-serotype dynamics and therefore the observed viral evolution.

There is considerable interest in determining the evolutionary processes that under-

lie the observed structures and genetic variation of denguevirus populations (both

inter- and intra-serotypic). Overall, low estimates of positive selection and the fact

that dengue has a two-host life-cycle are commonly used to place purifying selection

as the strongest selective force acting on DENV’s molecularevolution [Holmes, 2003;

Klungthong et al., 2004; Zhang et al., 2005]. It is also clearthat dengue viruses exhibit

strong spatio-temporal variations, and genetic drift has been proposed to play a major

part in dengue evolution where the replacement of viral lineages or clades could be

explained through stochastic processes alone. For example, repeated bottlenecks due

to large seasonal fluctuations in mosquito densities imply that the emergence of novel
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and possibly advantageous genotypes could be a recurrent phenomenon followed by

a strong probability for extinction in the subsequent circulating seasons, explaining

the weak signature for positive selection in the data (compared to purifying selection).

This in turn would also suggest that the success of a genotypedoes not always reflect

its viral fitness [Bennett et al., 2010; Holmes and Twiddy, 2003].

Indeed, the results presented here have clearly shown that novel genotypes, specially

those that arise during large epidemic outbreaks, can face high risks of extinction de-

spite possessing a fitness advantage. Even successful genotypes, i.e. those that eventu-

ally reach fixation, potentially undergo prolonged periodsof low frequency which can

span for several transmission seasons independently of theepidemics therein. There-

fore, low measures of adaptive evolution for dengue virusescan be partially explained

by eco-epidemiological factors.

DENV’s two-host life-cycle implies a significant evolutionary constraint whereby the

majority of newly arising variants are likely to be deleterious and selectively removed

from the population. The results presented here indicate that in addition to purifying

selection, the epidemiological landscape, clonal interference and stochastic effects

might be equally important determinants of dengue’s viral evolution.
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2.5 Tables

Table 2.1:Parameters used in the deterministic and stochastic simulations.

definition value
µ host lifespan 70 years
α temporary heterologous immunity 5 months
σ infectious period 3.65 days
γ susceptibility enhancement 1.33
φ transmissibility enhancement 1.66
ρβ increase in human-to-mosquito transmission 0 ≤ ρβ ≤ 1
ρσ increase in infectious period 0 ≤ ρσ ≤ 1
ρφ increase in enhancement of secondary infections 0 ≤ ρφ ≤ 1
Nh host population size 9 million
Nv vector population size 22.5 million
µv vector lifespan 16 days
ǫ amplitude in seasonality 0.3
η0 biting rate 115 per year (0.31d−1)
βh→v transmission probability human→mosquito 0.9
βv→h transmission probability mosquito→human 0.8

k speed in seasonality change 2
detection threshold (relative frequency) 10%
deterministic fixation threshold (relative frequency) 99%
deterministic number of introduced DENV2’ (cases)1 infected mosquito
stochastic fixation threshold (cases) 0
stochastic number of introduced DENV2’ (cases) 2 per infectious class

For references on the expected biological ranges see Table 4.2 on page 141.
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CHAPTER 3

Developing an Individual-Based, Spatially Explicit

Framework

Abstract

The results of Chapter 2 suggest that non-selective pressures are a significant determi-

nant of the population structure and dynamics of dengue genotypes. It is thus possible

that stochasticity plays a previously unforeseen role in dengue’s overall population

and epidemiological dynamics. As a first step to study the impact of demographic

stochasticity in the epidemiological dynamics of dengue, this Chapter describes the

development and output of an individual-based, spatially explicit and single-strain

host-pathogen model. Contrasting to deterministic expectations of convergence to-

wards a stable equilibrium, the individual-based model readily presents persistent os-

cillatory behaviour in disease incidence, solely driven bydemographic stochasticity.

When host population structure is introduced, the stochastic nature of local transmis-

sion leads to the emergence of spatially heterogeneous immunity landscapes. These

results highlight the role of natural variation and stochasticity in commonly observed

spatio-temporal features of single-strain host-pathogensystems, with important impli-

cations for multi-strain systems.
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3.1 Introduction

The most usual modelling methodology in host-pathogen systems is the use of ordinary-

differential equations. Common to the continuous and deterministic class of such

models is their propensity to exhibit damped oscillations around an approaching equi-

librium, in which the rate of new infections equals the loss from the infectious pool

due to (host) recovery and death [Anderson and May, 1992]. Inreality, however, many

infectious diseases will not remain in this state of equilibrium but instead exhibit per-

sistent oscillations, ranging from seasonal increases in incidence rates, to multi-annual

outbreaks. Empirical evidence points to a variety of natural mechanisms by which

host–pathogen interactions and their ecological context can be significantly altered in

time and space, possibly inducing the observed oscillatorypatterns. The most com-

mon are changes in host social behaviour, climatic fluctuations, host-pathogen adap-

tation, strain competition and pulses in host natality, mortality or migration [Altizer

et al., 2006]. Accordingly,periodic forcingis often incorporated into deterministic

susceptible-infectious-recovered (SIR) models, which moves the underlying system

away from its natural equilibrium into a regime characterised by periodic oscillations,

akin to those observed in nature [Altizer et al., 2006; Bauchand Earn, 2003].

While ad-hoc forcing is generally sufficient, its inclusionin mathematical frameworks

has the drawback of extra parametrization. Moreover, it is not always clear which,

amongst possible biological drivers, such as host-seasonal behaviour or climate fluc-
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tuations, justify the introduced periodicity chosen to reflect the empirical one [Altizer

et al., 2006]. Alternatively,demographic stochasticityor natural variability, inher-

ently present in individual host-pathogen interactions, has been shown to be a par-

simonious driver for the emergence of persistent oscillatory behaviour in dynamical

systems [Alonso et al., 2007; Bartlett, 1957; Verdasca et al., 2005].

From the point of view of continuous deterministic frameworks, stochasticity is a

source of perturbations that allow the system to remain in a transient regime instead of

approaching an expected equilibrium. Seemingly global behaviours can thus emerge

as bottom up phenomena based on a wide spectrum of local erratic behaviours [Breck-

ling et al., 2006; DeAngelis and Mooij, 2005; Hanski, 1998].Importantly, stochastic

formulations have often generated richer dynamical properties than their deterministic

counterparts, and have contributed to a more complete understanding of the modelled

systems [Bolker and Grenfell, 1993; Buckee et al., 2011; Chesson, 1981; Durret and

Levin, 1994; Favier et al., 2005; Verdasca et al., 2005].

In recent years, mathematical modellers have become increasingly concerned with

the role of stochasticity and heterogeneity, slowly shifting towards frameworks that

incorporate such factors at multiple biological levels [Huston et al., 1988; Levin et al.,

1997]. Mathematical frameworks that readily incorporate aspatial dimension, stochas-

ticity and variation at multiple scales, such as agent-based models (ABM), are becom-

ing of particular interest [DeAngelis and Mooij, 2005]. In theoretical ecology, for
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example, some studies have addressed the effects of demographic stochasticity on the

population dynamics of predator-prey systems, or in the qualitative behaviours of ide-

alisedmeta-populationsof single and multiple species [Levins, 1969; McKane and

Newman, 2005; Simonis, 2012]. In theoretical epidemiology, on the other hand, stud-

ies have mostly focused on single-strain host-pathogen systems [Alonso et al., 2007;

Keeling, 2000; Verdasca et al., 2005] and the role of naturalvariation in the population

dynamics of multi-strain pathogens has not yet been addressed.

In this chapter, an agent-based model with spatially explicit host-population structure

is developed and the effect of stochastic amplification on the epidemic behaviour and

spatial distribution of a single-strain pathogen are analysed. The underlying frame-

work will serve as the starting point of Chapter 4 (on page 113), in which the effects

of demographic stochasticity are studied in the context of amulti-strain dengue-like

pathogen.

3.2 Materials and Methods

3.2.1 Epidemiological Framework

The model presented is an agent-based, discrete and stochastic single-strain host-

pathogen system. The population is divided into different classes, each representing an

epidemiological state, akin to those defined in a classical SIR framework and extended

to include anexposedset of carriers not yet infectious [Anderson and May, 1992; Ker-
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mack and McKendric, 1927; Otto and Day, 2007]. At each time step, individuals may

transit between states, expressing only one at the time. Thepopulation-level deter-

ministic system provides the backbone for host state transitions, defined as follows:

dS
dt
= µN − (λ + µ + θ)S (3.1)

dE
dt
= λS + θS − (γ + µ)E (3.2)

dI
dt
= γE − (δ + µ)I (3.3)

dR
dt
= δI − µR , (3.4)

whereλ, 1/γ, 1/µ, 1/δ are the force of infection (see bellow), the latency period,the

expected life-span and infectious period of the host, respectively. The host population

size,N, is assumed to be constant. In discrete systems, such as thisone, pathogen

extinction is possible. When the disease-free states are not the focus of study, high

values for transmission parameters or externally acquiredinfections (a proxy of host

migration or mobility), are often considered to assure persistence [Anderson and May,

1992]. Here, a small number of externally acquired infections (θ) is used.

State changes are addressed as probabilistic events per individual, with probabilities

equal to the corresponding rates in the deterministic formulation. For example, the

probability of an infectious individual recovering isPI→R = δ per time step. On av-

erage, each infectious host will spend 1/δ time steps in stateI (although the values

of the model’s parameters are fixed, demographic stochasticity is assured from the
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probabilistic and discrete nature of state transitions).

A standard incidenceis considered, where the averagecontact ratebetween individu-

als is a constantC, and does not scale with population size (as opposed tomass-action

incidence). The force of infection,λ, is defined asλ = ǫC × I/N, with ǫ being the

probability of infection given an infectious contact. Withdemographic stochasticity

present, the number of new infections (incidence) can deviate from the deterministic

potential (λS + θS) and can be quantified in time by theeffective incidence ratio:

Rλ(t) =
incidence(t)
λS(t) + θS(t)

. (3.5)

3.2.2 Population Structure and Connectivity

In ecology, a meta-population is a conceptual population ofsingle or multiple species

whose distributions can be formalized as a system composed of a set of patches, con-

nected by dispersion rates and subjected to local extinction [Grenfell and Harwood,

1997; Hanski, 1998; Levins, 1969]. Setting a pathogen as thespecies of interest, the

direct analogy in epidemiology is to consider hosts as pathogen-harbouring patches,

subject to infection, recovery and death [Grenfell and Harwood, 1997].

An alternative approach, such as the one taken here, defines patches as communities

of hosts and dispersion as transmission events between distant patches. This allows

to explore both the microscopic (individual) and macroscopic (eco-spatial) effects of
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A

B

D

C

Figure 3.1:Approach to Meta-Population Structure - Schematic of a meta-population in a 6x6
lattice. Each communityC j hasK j neighbours. Localities are exemplified by the coloured commu-
nities surroundingCA,CB andCD. Each community includes a population of homogeneously mixing
hosts. Contacts of individuals residing inC j are mainly local, with equal probability within the local-
ity ({C j ,K j}). Long distance contacts due to mobility, for example between a host inCD andCC can
happen with probabilityω.

demographic stochasticity, by segregating hosts into well-defined social units - for ex-

ample families, villages, towns, cities or countries - therefore modelling ecologically

relevant host-population units for pathogen persistence and evolution.

In this framework, spatial structure is added by subdividing the host population into a

spatially organized set of communities (patches), forminga squared and non-wrapping

lattice with x rows/columns and community sizeL. In this setting, each community

C j hasK j neighbours, with the set{C j ,K j} defining alocality (see figure 3.1 on page

94).

To include host movement, a connectivity parameterω is considered. Here,ω defines

the probability of an individual’s contact happening with another individual from a

distant community, and is therefore the expected proportion of long distance contacts
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of a host/community per time step. It contrasts with other meta-population formu-

lations that generally define connectivity as a constant (movement) rate between all

subpopulations [Earn et al., 2000a; Keeling, 2000]. Hosts in communityC j have con-

tacts within their locality with probability (1− ω), i.e. amongst individuals withinC j

and its neighbouring communitiesK j ; and outside with probabilityω. Mixing within

the locality is assumed to be homogeneous

The parameterω can also be interpreted as theoutward connectivitylevel of the host

population, i.e. the number of infective contacts a single infectious individual is ex-

pected to have outside its locality during the infectious period:

Ωout =
Cǫω
δ
∈ [0,≈ R0] , (3.6)

where

R0 =
Cǫγ

(µ + γ)(µ + δ)
(3.7)

is the basic reproductive number.

For the analysis of spatial clustering across the meta-population, such as susceptibility

or herd-immunity pockets, the Ripley’s H-function is used,which has been success-

fully applied to multiple biological scales in host-pathogen systems [Kiskowski et al.,

2009; Liebman et al., 2012]. With the original function (theK-function), aggregation

within a certain area is identified if the average number of points (occurrences) within
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a distancer of another existing point (occurrence) is statistically greater than that ex-

pected for a random distribution. The H-function is a normalization of the K-function

such that the expected value is 0:

K(r) =
1
n

n
∑

i=1

Npi(r)

λ
, L(r) =

√

K(r) − π, H(r) = L(r) − r. (3.8)

This allows for the point distribution to be tested against the null hypothesis that the

points are distributed randomly and independently. That is, a positive value ofH(r)

indicates clustering over the spatial scaler, whereas a negative value indicates disper-

sion.

3.2.3 Host Mortality

Initially, age-independent mortality is assumed, in whichdeath events have a fixed

probability of µ per time step, according to the mean life expectancy of 1/µ. An

age-dependent method is later considered, in which the age-dependent part of the

Gompertz-Makeham (GM) law of mortality is used to derive age-associated death

probabilities [Gompertz, 1825]:

µ(x) = (aebx)e−
a
b(ebx−1) , (3.9)

wherex is the host age,a andb the Gompertz function variables. Figure 3.2 on page

97 presents an example of this function, showing the death probabilities per age and
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Figure 3.2:Approach to Age-Dependent Mortality - Example on the use of Gompertz-Makeham’s
law of mortality to model age-dependent mortality rates in apopulation of N≈ 1 million individuals.
(A) Death probability per age. Death events are assessed per time step (day), with probabilityp =
µ(x)/364, wherex is the individual’s age. Parametersa = 0.0002 andb = 10. (B) Resulting age-profile
with mean≈ 33 and life-span≈ 67.5 years.

resulting age-profile of the population.

Since total population size is constant, each death is followed by a birth event in-

dependently of the method used.
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3.3 Results

3.3.1 General Behaviour

The progression of agent-based SEIR epidemics is illustrated in figure 3.3 (on page

99) in the absence of population structure, i.e. in an homogeneously mixing scenario.

As expected, the dynamics of hosts with specific epidemiological states approximate

the deterministic counterpart. Nonetheless, some numerical simulations do not de-

velop into outbreaks due to pathogen extinction, while others present variations in

peak height or epidemic length, due to amplified stochastic effects happening at the

individual level. That is, during outbreaks, demographic stochasticity causes the trans-

mission success of the pathogen to deviate from the deterministic potential (figure 3.4

A on page 100), especially when the number of infected individuals is small. The

same effect is observed in the length of the latency periods that individuals experience

(figure 3.4 B). While its average is close to the deterministic expectation of 1/γ days,

significant variations are observed simply due its probabilistic nature in the model.

This variability, arising at multiple scales within a single epidemic, has important

effects in the long term dynamics of the single-strain system [Alonso et al., 2007;

Verdasca et al., 2005]. An example is illustrated in figure 3.5 on page 101, where the

discrete homogeneous model is shown to follow the expected mean behaviour of the

continuous model but does not converge to the deterministicequilibrium.
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Figure 3.3:General Dynamic Behaviour of Single Epidemics When Assuming Homogeneous
Mixing - (A,B) Comparison of the output of deterministic (black lines) andagent-based SEIR simu-
lations. Ten solutions are presented for the ABM, 2 non-persistent. The dynamics of the susceptible
(green), recovered (blue) and infectious (orange) classesare presented. Parameters:ǫ = 0.05,δ = 5d−1,
γ = 2d−1, µ = 60y−1, C = 5, θ = 0, N = 10000, initial infectiousI = 10 (R0 ≈ 1.25).
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Figure 3.4:Short Term Effects of Demographic Stochasticity Within Single Epidemics When
Assuming Homogeneous Mixing- (A,B) Demographic stochasticity acting on the effective incidence
and on the time spent in the exposed class for one agent-basedsimulation (thick line in figure 3.3B
on page 99).(A) Black line is the expected effective incidence ratio, circles are the deviations during
the epidemic.(B) Distribution of latency periods experienced by hosts. Projections on the horizontal
axis of the cross and diamond are the expected and resulting mean period, respectively. Parameters:
ǫ = 0.05, δ = 5d−1, γ = 2d−1, µ = 60y−1, C = 5, θ = 0, N = 10000, initial infectiousI = 10
(R0 ≈ 1.25).
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Figure 3.5:Long Term Effects of Demographic Stochasticity When Assuming Homogeneous
Mixing - Comparison of the output of one deterministic (black, solid) and agent-based SEIR simula-
tions. The dynamics of the(A) susceptible (green) and(B) infectious (orange) classes are presented.
The ABM follows the expected mean behaviour but presents persistent oscillatory behaviour. Parame-
ters:ǫ = 0.3, δ = 4d−1, γ = 2d−1, µ = 60y−1, C = 10,θ = 1 per month,N ≈ 1 million (R0 ≈ 12).

101



CHAPTER 3 - DEVELOPING AN INDIVIDUAL-BASED, SPATIALLY EXPLICIT FRAMEWORK

3.3.2 Expanding the Framework: Age-Dependent Mortality

In a continuous age-independent framework, such as the one illustrated in figures 3.3

to 3.5, the parameterµ defines the rate at which population turn-over takes place, thus

defining the mean life expectancy of the individuals as 1/µ years. Within a discrete and

agent-based system, however, this does not equate to realistic age-profiles and may in-

troduce undesired biases. Figure 3.6 (on page 103) comparesthe use of age-dependent

and independent mortality rates and their age profiles. Although, the resulting mean

life expectancies at equilibrium are similar for both methods (figure 3.6 A), the age

distributions are significantly different (figure 3.6 B). With age-independent mortality

the age span is widely unrealistic and the mean age thereforehigh. Biases in model

output are therefore expected depending on transmission levels. That is, for instance,

if transmission is high and exposure expected at early ages,immune individuals might

be alive for twice as long as defined byµ. To avoid such effects, the age-dependent

method is preferred for the discrete approach and used hereafter.

102



CHAPTER 3 - DEVELOPING AN INDIVIDUAL-BASED, SPATIALLY EXPLICIT FRAMEWORK

0 50 100 150 200

0
.0

0
0

.0
2

0
.0

4

(A) life expectancy

age (years)

fr
e

q
u

e
n

c
y

0 50 100 150 200

0
.0

0
0

0
.0

1
5

0
.0

3
0

(B) final age−profile

age (years)

fr
e

q
u

e
n

c
y

oo

Figure 3.6:Effects of Age-Dependent and Age-Independent Mortality Rates - Comparison be-
tween age-dependent (black) and age-independent (grey) mortality using the ABM forN ≈ 1 million
individuals. Age-independent parameterµ = 67.5y−1. (A) Frequency of death events per age at equi-
librium, diamonds are the mean life span. Deviations from expected mean is due to demographic
stochasticity. Parameters as in figure 3.2 on page 97.(B) Age-profiles at equilibrium. Circles are mean
age. The age-independent method produces an unrealistic age profile that may introduce undesired
biases (see 3.3.2 on page 102).
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3.3.3 Expanding the Framework: Population Structure

Both population structure and patch connectivity modify host-mixing and can there-

fore alter global dynamics. To start addressing their effects, mixing is assumed to be

independent of spatial structure by setting the probability of long distance contacts,

or connectivity, to be maximum (ω = 1). In this case, the system’s dynamics are ex-

pected to be invariant to the level of (explicit) structure added to the population, and

behave similarly to an homogeneously mixing system. This isillustrated in figures 3.7

A,B (page 105), which show the dynamics of the susceptible and infectious portion

of the population when considering three different levels of structuring. As expected,

the mean epidemic size and period is invariant to structure changes and equal to the

homogeneous model (single community) of figure 3.5 on page 101.

When structure is present and connectivity is maximum (ω = 1), the probability of a

transmission event taking place in a specific community is 1/NC, with NC being the

number of communities. Hence, even though the pathogen keeps circulating indepen-

dently of the spatial dimension, not all communities or hosts experience equal forces

of infection in time and space. This is shown in figure 3.8, which presents the suscep-

tibility levels within single communities for meta-populations with low and medium

structure whenω = 1. Although both meta-populations present the same averagelevel

of susceptibility, as demonstrated by their dynamics in figure 3.7 (on page 105), the

more structured population shows higher spatial heterogeneity. This is a result of the
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Figure 3.7:General Dynamics When Assuming Homogeneous Mixing With Explicit Population
Structure - Examples of similar dynamics of(A) susceptible and(B) infectious hosts in a homogeneous
mixing system (ω = 1). The level of explicit structure in the host population isvaried: no structure, low
structure (community size 62500, 4x4) and medium structure(community size 5000, 20x20). Quanti-
tative measures of the epidemic behaviour - mean and epidemic period - are independent of structure
(no structure: 169.7, 2.4; low structure: 169.2, 2.5; medium structure: 168.9, 2.3; average of 25 simu-
lations). Parameters as in figure 3.5 on page 101 with age-dependent mortality as in figure 3.2 on page
97.

reduced probability of cases happening in each community with increasingNC, allow-

ing for local variations to accumulate. Hence, it is easy to envisage how relaxing the

homogeneous mixing assumption (ω = 1) and allowing transmission to become more

localised, as is often the case for real host-pathogen systems, can result in significant

spatio-temporal dynamical changes.
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Figure 3.8: Emergence of Susceptibility Landscapes When Assuming Homogeneous Mix-
ing With Explicit Population Structure - Susceptibility landscapes while assuming homogeneous
mixing (ω = 1). The probabilistic nature of transmission events happening at each community
(p = 1/NC,NC=number of communities) dictates that spatial variation can emerge even though the
pathogen keeps circulating independently of the spatial dimension. The level of explicit structure in the
host population is varied:(A) low structure (community size 62500, 4x4) and(B) medium structure
(community size 5000, 20x20). The epidemic dynamics are in figure 3.7 on page 105. Parameters as in
figure 3.5 on page 101 with age-dependent mortality as in figure 3.2 on page 97.

3.3.4 Expanding the Framework: Host Mobility

The effects of relaxing the assumption of homogeneous mixing on local variation are

illustrated in figure 3.9 (on page 107). It is shown that variation in local susceptibility

across the meta-population increases with decreasing connectivity, a result of reduced

community synchronization (i.e. timing and epidemic size). Notably, the relationship

between connectivity and local variation appears to be separated into three regimes:

(1) when contacts outside the locality dominate and local variation does not build up

(white area,Ωout > R0/2); (2) when contacts inside the locality dominate with at

least one contact outside being expected, leading to slightincreases in variation for

decreasing connectivity (light-grey area,Ωout ∈ [1,R0/2]); and, (3) when less than
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Figure 3.9:Effects of Relaxing Homogeneous Mixing With Explicit Population Structure - De-
creasingΩout enhances the effects of local demographic stochasticity onsusceptibility as the system
moves away from the homogeneous mixing behaviour (mean of 25simulations). Shaded areas: regimes
in which varying connectivity affects local susceptibility with different rates. Coloured points are the
scenarios in whichΩout = 0 (no mobility, red),Ωout = 6 = R0/2 (balanced local and distant contacts,
blue),Ωout = 12 = R0 (homogeneous mixing, pink). Parameters as in figure 3.7 on page 105 but now
for high structuring (community size 800, 50x50),N ≈ 2 million.
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Figure 3.10:Spatial Patterns of Susceptibility Landscapes Depending on Connectivity - (A,B)
Susceptibility landscape for 1 simulation with varying connectivity (blue and red points in figure 3.9
on page 107). Mean susceptibility≈ 0.08, light blue, as before (figure 3.7 A on page 105). Parameters
as in figure 3.7 on page 105 for high structuring (community size 800, 50x50),N ≈ 2 million.
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one contact outside the locality is expected, resulting in significant increases in local

variation for slight decreases in connectivity (dark-greyarea,Ωout < 1).

The spatial patterns of the emergent local variation are also different depending on the

level of connectivity. Figure 3.10 (on page 107) presents anexample that compares the

susceptibility landscapes that result from meta-populations that differ by whether long

distant contacts are possible. Qualitatively, there are significant differences between

the two scenarios with the meta-population with higher connectivity presenting high

variation between adjacent communities. These differences can be quantified using he

H-function (see Materials and Methods on page 95), which measures the spatial scale,

i.e. radius in terms of number of communities, of areas with similar susceptibility

levels (figure 3.11 on page 109). As expected from the fine-grained distribution of the

susceptibility landscape of the population with frequent distant contacts, variation be-

tween close ranged communities is so common that clusteringis not detected. In con-

trast, the patchy distribution from the population in whichtransmission is restricted

within localities reflects that communities in close range have similar susceptibility

levels and thus clustering is detected.

Overall, these results suggest that the level of heterogeneity in the susceptibility land-

scape of the meta-population is significantly influenced by the connectivity between

individuals, and a wide range of landscapes can be reproduced independently of other

biological parameters, including the ones that define the pathogen under focus.
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Figure 3.11:Clustering Within Susceptibility Landscapes - Analysis of susceptibility patterns
from the meta-populations of figure 3.10 on page 107. Clustering of susceptibility is consistently
detected for radius above 12 communities whenΩout = 0 (H-function> 0, red) but the fine-grained
distribution forΩout only allows to detect dispersion (blue).

3.4 Discussion

Following the observations of Chapter 2 that natural stochasticities may play a sig-

nificant role in the population structure and dynamics of dengue viruses, the question

of whether demographic stochasticity plays a more general role in the overall epi-

demiological behaviour of dengue was raised. To address this, however, a stochastic,

spatially explicit and multi-strain framework is required. As a first step towards the

implementation of such a framework, this Chapter presentedthe development and

analysis of an agent-based, single-strain model with explicit host-population struc-

ture. The results here presented have confirmed and expandedprevious reports on the

effects of demographic stochasticity in the epidemiological dynamics of single-strain

pathogens.
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Specifically, it was found that demographic stochasticity is a parsimonious mecha-

nism that can lead to persistent oscillatory behaviour in disease incidence. It allows

the dynamical system to remain under the influence of the existing attractors or repel-

lors, while generating sufficient perturbations to be kept in a transient, non-converging

regime. In the case of this framework, demographic stochasticity was sourced from

the discreteness of individuals and the probabilistic nature of the host-host and host-

pathogen interactions.

Adding to the results of previous studies that did not account for a spatial dimen-

sion, it was demonstrated how amplification of stochastic effects at the individual level

can drive the emergence of heterogeneous susceptibility landscapes. This is a com-

mon property of real host-pathogen systems that often present spatial asymmetries

in seroconversion rates [Anderson and May, 1992; Veeraseatakul et al., 2007]. Het-

erogeneous spatial distributions further reflect the existence of spatially segregated

susceptibility pockets from which various epidemiological phenomena can emerge,

such as wave-like epidemics [Cummings et al., 2004; Grenfell et al., 2001; Thai et al.,

2010] and allopatric persistence and emergence of pathogenstrains [Grenfell et al.,

2004; McElroy, 2011; Verdasca et al., 2005; Weaver and Vasilakis, 2009].

It was also shown that a variety of susceptibility landscapes, from practically homo-

geneous to highly heterogeneous, can be generated solely byvarying demographic

factors such as population structure and host mobility, in the absence of biological
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changes. As spatial variation in susceptibility further mirrors asymmetries in the im-

munity profile of hosts across the meta-population, this framework becomes a relevant

tool for studying the role of eco-demographic factors in spatio-temporal patterns of

sero-conversion, which are often found to be significantly different between urban and

rural or developed and developing regions, for instance. Inaddition, due to the age-

dependent mortality here considered, herd-immunity is ageassociated, which means

that the framework readily allows to consider age-effects on transmission probabilities

or contact patterns, which are crucial for control and vaccination strategies.

Given these observations for a single-strain pathogen, it is possible that within a multi-

strain host-pathogen system demographic stochasticity could also result in significant

spatio-temporal differences in the immunity landscapes toeach strain. Hence, an

expansion of this model into a multi-strain framework is particularly useful for the

study of antigenically diverse pathogens whose populationdynamics are often be-

lieved to be driven by within-host cross-immunological reactions that are dependent

on the host’s history of infection. The dengue virus is one example, whose theoretical

research has mainly focused on mathematical models of transmission addressing the

temporal and dynamical effects of protective and/or enhancing cross-immunological

interactions between its four co-circulating serotypes (Section 1.5 on page 37). Cru-

cially, these models have not considered demographic variation and have thus not been

able to account for the reported differences in serotype spatial distribution and conse-

quent heterogeneous sero-conversion rates [Fried et al., 2010; Raghwani et al., 2011;

111



CHAPTER 3 - DEVELOPING AN INDIVIDUAL-BASED, SPATIALLY EXPLICIT FRAMEWORK

Veeraseatakul et al., 2007]. Hence, the impact of heterogeneous immunity landscapes

on the proposed effects of cross-immunological reactions is so far not known in the

context of dengue. To address this, the next Chapter presents an expansion of the

single-strain framework to include the co-circulation of multiple antigenic strains.
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CHAPTER 4

Modelling the Dengue Virus Epidemiology

Abstract

To address the effects of demographic stochasticity in multi-strain systems in gen-

eral and dengue in particular, the agent-based, single-strain framework of Chapter 3 is

modified to allow for the co-circulation of multiple strainsof the same pathogen. The

expanded framework is shown to exhibit all of the expected epidemiological dynamics

of continuous multi-strain models, even in the absence of immune competition. After

a second framework expansion to include host-population structure, a mosquito-vector

and dengue-like biological parameters, it is also shown that the previously proposed

populational effects of cross-immunological reactions between dengue serotypes are

weakened when considering a spatially explicit host-population structure. Impor-

tantly, the addition of the spatial dimension further advances on model validation

by reproducing well documented spatio-temporal features of dengue data, such as

wave-like epidemics and spatially heterogeneous sero-conversion distributions. The

obtained results integrate, for the first time, key temporaland spatial characteristics

of dengue’s epidemiology and propose that cross-immunological reactions are not the

main drivers for the complex dynamic behaviour of dengue serotypes and argue for a

critical role of demographic and ecological factors instead.
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4.1 Introdution

The epidemiological dynamics of many antigenically diverse pathogens are often

characterized by sequential dominance of strains in time. While a pathogen’s epi-

demic periodicity can be partially explained by temporary changes such as climatic

fluctuations or host social behaviour [Altizer et al., 2006], the timing by which one

dominant antigenic strain is replaced by another is often out of sync with such pres-

sures. Influenza A viruses, for instance, present yearly epidemics driven by a com-

plex interplay of favourable climate and host-behaviour [Altizer et al., 2006], while at

the same time exhibiting multi-annual oscillations of its antigenic subtypes [Ferguson

et al., 2003]. Similarly, cases of dengue fever (mild and severe) follow a strong sea-

sonal signature, while dengue serotypes generally presentoscillations in prevalence

that peak every 8-9 years (Section 1.2 on page 27) [Nisalak etal., 2003].

In order to explain strain replacement dynamics, theoretical studies have often con-

centrated on factors such as cross-protection or cross-enhancement of infection be-

tween strains. In time, these within-host mechanisms can offer temporary advantages

to subsets of strains through competition for susceptible hosts and can thus cause

their amplification and subsequent decline. This selectivemechanism has been pro-

posed to underlie the population biology of a variety of human pathogens, including

the influenza A virus [Ferguson et al., 2003],Plasmodium falciparum[Gupta and

Day, 1994],Vibrio cholerae[Koelle et al., 2006b], dengue virus (Section 1.5 on page
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37), respiratory syncytial virus [White et al., 2005] and rotavirus [Pitzer et al., 2011].

In the case of dengue, different immunological interactions in the form of antibody-

dependent enhancement or temporary and/or partial cross-immunity have been pro-

posed independently as the driving forces behind its complex epidemiology (Section

1.5 on page 37) [Adams et al., 2006; Aguiar et al., 2008; Cummings et al., 2005; Fer-

guson et al., 1999a; Nagao and Koelle, 2008; Recker et al., 2009; Wearing and Rohani,

2006]. Although the ODE-based models in these studies have qualitatively captured

the virus’ epidemiological dynamics, they have not considered natural variability in

the host population or in disease transmission across time and space, and thus have

not accounted for observed differences in incidence and serotype distributions within

endemic regions [Fried et al., 2010; Raghwani et al., 2011; Veeraseatakul et al., 2007].

The consideration of spatio-temporal variability is of particular importance for the un-

derstanding and control of vector-borne pathogens such as dengue, where the underly-

ing drivers of the observed epidemiologies may be confounded by substantial spatial

heterogeneities and time fluctuations in vector densities through space and time. In

addition, from the results of Chapter 2 (on page 60) as well asphylogenetic studies

[Bennett et al., 2010; Myat Thu et al., 2005], it is possible that demographic stochas-

ticity is a determinant factor of the observed population structure of the pathogen.

Following the results of Chapter 3, there is also a general expectation that the natu-

ral emergence of oscillatory behaviour by stochastic meansin single-strain pathogen

systems could be replicable for a system with multiple co-circulating strains. That
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is, each strain may be kept in a transient, non-converging regime, leading to inde-

pendent oscillations in time. This, however, has not yet been explored in modelling

frameworks and the role of demographic stochasticity in theobserved population dy-

namics of multi-strain pathogens is unknown. Moreover, theresults of Chapter 3 have

also implicated demographic stochasticity in the emergence of heterogeneous immu-

nity landscapes, which, if presenting significant asymmetries between the circulating

strains, must influence the proposed effects of within-hostcross-immunological reac-

tions that are dependent on the host’s history of infection.However, this has also not

been addressed in previous modelling studies.

Here, using an extension of the agent-based framework of Chapter 3, stochasticities

underlying host-pathogen ecologies are shown to give rise to persistent oscillations

in multi-strain pathogen systems, even in the absence of strong competition between

antigenic types. In the context of dengue, natural asymmetries in the local transmis-

sion success of serotypes, both in time and space, are shown to generate heterogeneous

immunity landscapes that weaken the selective effects of cross-immunological reac-

tions previously described for continuous, deterministicand homogeneously mixing

frameworks. Complimentary to immune interaction, host demographic factors and

vector ecologies thus emerge as important drivers of dengue’s spatio-temporal dy-

namics.
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4.2 Materials and Methods

In order to model the population dynamics of dengue, the agent-based model devel-

oped and described in Chapter 3 (on page 91) is expanded. It initially considers a

directly transmitted pathogen consisting on four antigenic types, later being modi-

fied to include a mosquito-vector and host-population structure to explicitly address

dengue epidemiology. A full parameter list with values, expected biological ranges

and references can be found in tables 4.1 and 4.2 (on page 141)and the models are

described bellow.

4.2.1 Individual-based Models

The direct-transmission model is based on the SIR epidemiological framework of

Chapter 3 with no population structure. For simplicity, biological asymmetries be-

tween the co-circulating strains as well as co-infection are assumed to be negligi-

ble. Recovery from infection results in strain-specific complete immunity. There is

no incubation period, the transmission probability isβ = 0.1175, the daily contact

rate per hostc = 10, the infectious period 1/γ = 3 days, the average host life span

1/ν = 50 years, a daily external infection rate isµ = 1E − 5, and host population size

N = 100000.

For the dengue model, mosquitoes are added to the system and dengue-like eco-

epidemiological parameter values used (see Table 4.2 on page 141). Only the sus-
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ceptible, exposed and infectious states of the adult life-stage of the mosquitoes are

considered. To account for seasonal variation in vector densities, an annually driven

mosquito birth rate is used, with the maximum number of vectors per human in the

rangeM = [0.7 − 1.2]. Mosquitoes have per-day biting rate ofav = 0.6, and the

probabilities in human-to-vector and vector-to-human transmission are considered to

be equal (ǫh↔v = 0.5). The intrinsic and extrinsic incubation periods are assumed to

beδh = 2 andδv = 6 days, respectively. The resulting basic reproductive number is

R0 ≈ 4 in the absence of seasonality andR0 ≈ 6 with seasonality included [Fergu-

son et al., 1999b]. Following infection, individuals retain full immunity against the

infecting serotype but remain susceptible to all others. For simplicity, co-infection

with two or more serotypes is not considered. Immunologicalinteractions are consid-

ered in the forms of (i) temporary serotype-transcending immunity, where individuals

are fully protected against all other serotypes for a period1/αh (months); and (ii)

antibody-dependent enhancement through an increase in susceptibility and infectivity

of heterologous, secondary infections,φh.

With the introduction of the mosquito-vector, the basic reproductive ratio needs to

accommodate relevant human-vector interactions for the transmission of the dengue

virus. The resulting expression is a variation of the Ross-MacDonald model’s expres-

sion for the human malaria parasite:
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R0 =
M a2

v ǫv→hǫh→v δvδh

νv(γh + νh)(δh + νh)(δv + νv)
(4.1)

whereνv andνh are the life-expectancies resulting from the age-dependent mortality

rate. This same approach as been used by Wearing and Rohani [Wearing and Rohani,

2006] in a deterministic model of dengue exploring ecological and immunological

determinants of dengue epidemics.

4.2.2 Population Structure and Connectivity

As described in Chapter 3, host-population structure is added by subdividing hosts into

a spatially organized set of communities of sizeL, organized into a squared and non-

wrapping lattice withx rows/columns. Each communityC j haskj neighbours, with

the set{C j , kj} defining alocality. For each host in communityC j, contacts take place

randomly amongst individuals of the locality, that is, within C j and its neighbouring

communitieskj. Contacts outside the locality take place with probabilityω. A detailed

description can be found in the Methods section of Chapter 3 on page 93.

4.2.3 Host and Vector Mortality

Age-dependent mortality rates are used, as described in themethods of Chapter 3 in

Section 3.2.3 on page 96.
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4.2.4 Spatial Epidemic Synchrony

To measure the spatial epidemic synchrony of single serotypes across the population,

the cross-correlation coefficient, or Pearson’s correlation coefficient, is used. The

coefficient is a measure of the correlation between two variables, X and Y, and is

defined as the covariance divided by the product of their standard deviations:

ρX,Y =
cov(X,Y)
δXδY

. (4.2)

Its values are between -1 and 1, indicating perfect negativecorrelation or perfect pos-

itive correlation between the two variables, respectively. If zero, the variables are

unrelated. Here, the incidence time series of communities are used as input variables

with the expectation that values towards 1 signify increasing epidemic synchrony be-

tween communities.

4.2.5 Dengue Serotype Data

Spatial serotype data was provided by C. Simmons from the Oxford University Clin-

ical Research Unit (OUCRU), Ho Chi Minh City (HCMC), Viet Nam, representing

290 dengue cases in children presenting to the outpatients department of three large

hospitals in HCMC during the season 2010-2011; spatial information was based on

residency of the patient. Data for Thailand during the 2005/2006 season was obtained

from [Fried et al., 2010; Veeraseatakul et al., 2007].
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4.3 Results

4.3.1 Non-Spatial Multi-Strain Dynamics

First, the dynamic behaviour of a directly transmitted pathogen, comprising four co-

circulating strains under the assumption of homogeneous mixing, is analysed. Unless

stated otherwise, immunological interactions between strains are restricted to the pre-

vention of super-infection, i.e. cross-immunity is not considered to have an effect

beyond the duration of infection.

Contrasting the predictions of deterministic multi-strain models, in which the dynam-

ics inevitably converge towards a stable equilibrium in theabsence of explicit com-

petition, the system exhibits oscillations in the total number of infections and relative

strain prevalence (figure 4.1 A on page 122). In agreement with the results of Chapter

3 as well as previously studied single-strain systems [Alonso et al., 2007; Verdasca

et al., 2005], these dynamics are driven by the amplificationof stochastic effects at the

individual level, which keep each strain in a transient regime instead of approaching

the expected deterministic equilibrium. At the same time, strain desynchronization

is dictated by short-term differences in each strain’s transmission success that accu-

mulate in time, generating significant asymmetries in the immunity profile of the host

population. Consequently, the epidemic periodicity of theindividual strains is found

to be in the same range of the one obtained for total incidence, i.e. for the pathogen
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(figure 4.2 on page 124).

To investigate the effect of stochastic amplifications on dengue’s epidemiological dy-

namics and inter-epidemic periods, a vector population is further incorporated into

the model, using dengue-relevant eco-epidemiological parameter values (Table 4.2 on

page 141). The resulting dynamics show a significant increase in average disease

prevalence (figure 4.1 B on page 122), which is driven by a slight increase inR0

(R0 ≈ 3.5 vs. R0 ≈ 4 in the vector model) and, more importantly, a reduction in the

risk of stochastic extinction due to the inclusion of viral incubation periods.

Further including seasonality, through annual variationsin mosquito densities, results

in dengue-like epidemiological dynamics with a distinct seasonal signature, strong

multi-annual periodicities in incidence and fluctuating distribution in serotype preva-

lence (figure 4.1 C on page 122). Again, due to variation inR0 (now≈ 6), this is ac-

companied by a considerable increase in peak incidence levels and more pronounced

epidemic troughs.

Figure 4.1(preceding page): Non-Spatial Multi-Strain Dynamics - (A) The simulated time se-
ries of an agent-based, multi-strain model of a directly transmitted pathogen show irregular oscillations
in total (black lines, top graphs) and strain-specific (coloured lines, bottom graphs) incidences even in
the absence of immunological interactions or asymmetries between pathogen strains (R0 ≈ 3.5). (B)
Changing the system to describe a vector-transmitted pathogen and including the associated intrinsic
and extrinsic incubation periods results in an overall increase in mean incidence and decrease in the
risk of stochastic extinction (R0 ≈ 4). (C) Further including seasonal variations in mosquito densities
results in multi-annual epidemic outbreaks followed by severe transmission bottlenecks (R0 ≈ 6).
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Figure 4.2:Non-Spatial, Directly Transmitted Multi-Strain Epidemic Periodicities - The global
wavelet spectrum (GWS) is obtained by averaging the local wavelet power spectrum (LWPS) across
time and is analogous to a traditional Fourier spectrum. Fora directly transmitted homogeneous mixing
framework, each strain’s periodicity is dominated by a single frequency that overlaps a wider range of
periods presented by the pathogen.

4.3.2 Spatial Dengue Model

Disease Dynamics

The occurrence of large epidemic outbreaks demonstrates the synchronising effects of

vector ecology on the persistence and epidemiological patterns of vector-born pathogens

within an homogeneous mixing setting. To examine the effectof host spatial segrega-

tion, the framework is restructured into a meta-populationformulation by subdividing

the human and mosquito hosts into sets of spatially arrangedcommunities (see Sec-

tion 4.2 on page 117). Within this set-up, individuals are assumed to get infected

predominantly by mosquitoes of their own and surrounding communities, with long

distance contacts, due to host movement, taking place with alow and distance inde-

pendent probability,ω. These assumptions are in accordance with previous studies

showing that human movement, in contrast to vector dispersal, is a stronger determi-
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nant of dengue’s epidemiology [Adams and Kapan, 2009], backed by reports of rapid

geographical spread of specific viral lineages [Rabaa et al., 2010] despite the limited

flight range ofaedesmosquitoes [Harrington et al., 2005; Maciel-De-Freitas etal.,

2007].

With the addition of this spatial setting, more defined seasonal dynamics are observed,

as well as a lower variability in the epidemic behaviour (figure 4.3 B on page 126). In

general, the incidence dynamics are qualitatively analogous to empirical time series

(figure 4.3 A). The periodicity in serotype prevalence also increases and settles onto a

8-9 year cycle (figure 4.3 C), in line with that observed in dengue endemic countries

[Nisalak et al., 2003] and dengue’s phylodynamics in Thailand Adams et al. [2006].

In agreement with earlier work and the results of Chapter 3, spatial segregation be-

tween hosts and demographic stochasticity are found to enhance global persistence

but at the same time facilitate local extinction [Earn et al., 2000a; Keeling, 2005; Ver-

dasca et al., 2005]. This creates spatially heterogeneous immunity landscapes, upon

which individual serotypes can be sequentially selected and amplified. Consequently,

the population-wide serotype prevalence is highly heterogeneous and frequently ex-

hibits locally propagating waves (figures 4.4 A, B on page 127), which can offer a

parsimonious explanation for the geographical differences observed in real serotype

distributions (figures 4.4 C, D).
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Figure 4.3:Dengue Epidemiological Dynamics With Population Structure - (A) Monthly DHF
incidence reveals a strong seasonal component, which is notreflected in serotype dynamics. Descrip-
tion of the data can be found in Section 1.5 on page 58.(B) Structuring the host population into a
(20 by 20) lattice of smaller sub-communities results in lower epidemic variability in the simulated,
epidemiological time series and higher out-of-season viral persistence. The incidence dynamics are
qualitatively analogous to empirical time series.(C) The global wavelet spectrum (GWS) is obtained
by averaging the local wavelet power spectrum (LWPS) acrosstime and is analogous to a traditional
Fourier spectrum. The strongest period in total incidence,i.e. for the pathogen, is determined by the
annual variation in vector densities, whereas the serotypecycling settles close to a 8-9 year periodicity,
similar to what is observed in dengue-endemic regions [Nisalak et al., 2003].
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Figure 4.4: Dengue Spatial Dynamics With Population Structure- (A) Local viral extinction
generates a highly heterogeneous immunity landscape, shown as a snapshot of the population-wide
susceptibility level to DENV1 (year=80 of the time series infigure 4.3 on page 126).(B) The spatial
prevalence of individual serotypes is equally heterogeneous and driven by serotype-specific suscep-
tibility, as demonstrated by the cumulative incidence of DENV1 for the following 3 seasons.(C,D)
Significant differences in serotype prevalence within multiple geographical scales during a single sea-
son in data from both Thailand and Ho Chi Minh City. These would be hidden by just considering
aggregated data.

Spatial Synchrony

Figure 4.4 B (on page 127) further suggests the presence of localised spatial coherence

in the epidemiological dynamics of close-ranged communities. To address this, the

spatial synchrony in the incidence of one serotype is measured across the diagonal of

the meta-population using the Pearson’s r correlation coefficient (See Methods on page
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Figure 4.5:The Effect of Mobility in Serotype Spatial Coherence and Immunity Landscape -
Spatial synchrony in serotype prevalence (DENV1) decreases with increasing distance between com-
munities (Pearson’sr between communities along the diagonal as exemplified in figure 4.6 on page
130). Low host mobility,ω = 0.0001, forces transmission to be local and results in a highlyheteroge-
neous susceptibility landscape (top left, reproduction offigure 4.4 A on page 127). In contrast, high
host mobility,ω = 0.3, has an homogenizing effect, which also results in a less variable, fine-grained
immunity landscape of the population (top right).

120). As highlighted by the results of Chapter 3, the rate at which hosts acquire infec-

tions in geographically distant communities has a significant effect on the immunity

landscape of the population. This is illustrated in figure 4.5 (on page 128) for varying

values of mobility, which shows a transition to less variable and fine-grained distri-

butions of susceptibility levels to DENV1 with an increasing rate of long-distance
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transmission events. As a result of a reduction in locally acquired infection with in-

creasing mobility (ω = 0.3), epidemic synchrony between neighbouring communities

is disrupted, causing an overall low but homogeneous spatial coherence across the

population. In contrast, if disease transmission is predominantly local (ω = 0.0001),

a significant reduction in spatial synchrony is observed with geographic distance be-

tween communities (an example of desynchronized local outbreaks is presented in

figure 4.6 on page 130). This corroborates recent studies showing that dengue cases

cluster at the level of households or neighbourhoods [Saljeet al., 2012], whereas epi-

demics across larger regions might follow a power-law distribution [Massad et al.,

2008] and/or wave-like behaviour [Cummings et al., 2004; Thai et al., 2010], which

implies that outbreaks are predominantly driven by a limited set of spatial clusters in

time.

Contrasting with these results, migration (or dispersal),has previously been shown

to increase synchronization between local populations [Earn et al., 2000a; Hastings,

2001; Jansen, 1999]. Although this might seem counterintuitive at first, it can be ex-

plained by the nature of long-distance transmission considered in this model. That is,

compared to a continuous migratory term often considered inprevious studies [Earn

et al., 2000a; Keeling, 2000], the acquisition of an infection from a host in a distant

community is here considered to be of probabilistic nature.Hence, increasing mobil-

ity does not necessarily mean that introductions from distant communities will result

in sustained local transmission. As a consequence, high mobility results in less vari-
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Figure 4.6:Example of Serotype Spatial Synchrony Across the Meta-Population - Time series
of DENV1 in different communities over a 100 years period. Synchrony along the diagonal(A-C)
decreases with distance to community 1 (C1, bottom left corner of meta-population) (this is an example
for ω = 0.0001 as described for the results of figure 4.5 on page 128).C2,C10 andC20 stand for
communities 2, 10 and 20 across the diagonal.

able immunity landscapes that also present patterns indicative of the occurrence of

frequent short outbreaks (top right, figure 4.5 on page 128).Importantly, the desyn-

chronizing effects of considering demographic stochasticity in dispersal rates have

also been found in other, non agent-based modelling frameworks [Simonis, 2012].

The Effects of Host Demographics

The influence of host demographic factors is investigated inmore detail by indepen-

dently varying host-population structure and mobility. Increasing spatial structuring
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Figure 4.7:The Effects of Host Demographics - Population Structure- Increasing structure results
in a significant reduction in epidemic variability(top left), extinction risk(bottom left), longer serotype
periodicities(bottom right) and serotype co-circulation(bottom right) . Increases in persistence also
cause higher mean incidence rates(top left). Age of primary or subsequent infections is not affected by
structuring as the force of infection remains constant(top right) . For ease of comparison, except for age
of infection, all results are normalised to the values derived from a homogeneous mixing model, with
ratios above 1 representing increases (blue) and below 1 decreases (red). Extinction risk is defined as
the amount of time the pathogen or individual serotype remains bellow a critical threshold of 10 infected
hosts (human or mosquito). Co-circulation is defined as the average percent time where> 1 serotypes
are present in a given community. Points are the mean and deviation for 25 stochastic simulations.

and thereby decreasing the size of each community, forcing transmission to become

localized, results in a decrease in serotype co-circulation and variability in total an-

nual outbreak size (figure 4.7 on page 131). The latter is a consequence of a reduced

propensity for large-scale, population-encompassing outbreaks due to restricted ac-

cess to the susceptible pool (the opposite mechanism causedlong periods of stochastic

fade-out in the homogeneous framework as illustrated in figure 4.1 C on page 122).
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Figure 4.8: The Effects of Host Demographics - Host Mobility- For details on the y-axis of
the plots see legend of figure 4.7 on page 131. Mobility,ω, counteracts the effects of population
structure (here a 20x20 lattice). The increase in epidemic variability does not coincide with higher
mean incidence rates(top left), but is due to more frequent epidemic sparks (see immunity landscape,
right, of figure 4.5 on page 128 for an example withω = 0.3). As mobility increases, serotype co-
circulation also increases and their epidemic periodicityis shortened(bottom-right) . The average age
of infection is not affected as the force of infection remains constant(top right) .

Although infection prevalence increases as a result of a reduced risk of stochastic

extinction, the force of infection remains unchanged, as seen by the average age of

primary and secondary infection, which rests constant as structure is increased.

In contrast to population structuring, increasing the probability of transmission be-

tween distant communities, as a proxy for daily host mobility, has a homogenizing

effect (figure 4.8 on page 132). That is, it increases viral co-circulation and the fre-
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Figure 4.9:The Effects of Immunological Interactions - Transcending Immunity - For ease of
comparison, the mean and variance of prevalence are normalised to the case of no immunological cross-
reactions (x = 0), with ratios above 1 representing increases (blue) and below 1 decreases (red). The
effects of temporary cross-immunity, 1/αh, on mean prevalence, epidemic variability and average age
of infection, only become apparent for periods beyond 12-24months. Longer periods hamper variant
transmission, decreasing mean incidence rates and significantly increasing the age of heterologous
infection.

quency of brief localized outbreaks. As explained above, this results in a less vari-

able but finely grained immunity landscapes (figure 4.5 top right, on page 128). The

consequent increase in epidemic variability does not equate to a similar change in

mean prevalence levels, however, highlighting again the importance of localized herd-

immunity and local stochastic extinction [John and Samuel,2000]. That is, the het-

erogeneous distribution of immunity within the spatially structured population (figure

4.4 A on page 127) severely restricts each serotype’s potential pool of susceptibles

and thus counteracts the occurrence of population-wide outbreaks that are otherwise

expected from the synchronising effect of higher mobility [Earn et al., 2000a; Keeling,

2000].
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The Effect of Immunological Interactions

In the previous sections, demographic stochasticity is shown to be sufficient for the

emergence of dengue-like epidemiological dynamics (figure4.3 on page 126), but

its influence on the previously proposed effects of cross-immunological interactions

is not addressed. Here, transcending immunity and enhancement due to ADE are

considered and their impact on incidence dynamics and age ofinfection is analysed.

Transcending immunity is assumed in the form of a short period of protection to all

viruses after recovery, as reported by Sabin et al [Sabin, 1952], while enhancement

due to ADE is assumed to take effect during secondary, heterologous infections and

to result in increased transmissibility and susceptibility of the host.

Contrary to previous modelling predictions, temporary cross-immunity is not found

to have a strong effect on the simulated incidence and age of infection. Only once

the period is considered to be longer than 12 months does it have an effect, by de-

creasing incidence levels and epidemic variation, as well as reducing the probability

of secondary infection (figure 4.9 on page 133). From the effects of host demograph-

ics (population structure and mobility), described in the previous section (figures 4.7

and 4.8 on pages 131, 132), it is clear that the time required for individuals to ac-

quire a secondary, heterologous infection (here referred to asheterologous exposure

period, or HEP) is in the order of> 4years, even with the relatively high basic repro-

ductive number of≈ 6 assumed throughout the simulations. Crucially, this is much
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For ease of comparison, the mean and variance of prevalence are normalised to the case of no immuno-
logical cross-reactions (x = 0), with ratios above 1 representing increases (blue) and below 1 decreases
(red). Antibody-dependent enhancement,φh, simultaneously increases susceptibility to and transmis-
sibility of secondary, heterologous infections. It causesan overall increase in the force of infection and
more variable epidemic behaviour. Due to higher susceptibility and co-circulation, it also leads to a
drop in age of primary, and particularly secondary infection.
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Figure 4.11: The Effects of Infection Probability - For ease of comparison, except for age of
infection, all results are normalised to the case of no immunological cross-reactions, with ratios above 1
representing increases (blue) and below 1 decreases (red).Increasing overall transmission by increasing
the per-bite probability of infection,ǫh↔v, leads to higher mean and variance in prevalence but, in
contrast to ADE, affects the ages of primary and subsequent infections equally.

higher than the reported 2-9 months of serotype-transcending immunity following a

primary infection [Sabin, 1952]. Hence, within this discrete, probabilistic and spatial

framework, it emerges that individual hosts are infrequently challenged by multiple

serotypes during the proposed period.
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Immune enhancement, on the other hand, here considered to affect both suscepti-

bility to, and infectivity of, secondary infections through the process of ADE, has a

more noticeable and anticipatory effect in increasing bothdisease prevalence and epi-

demic variability (figure 4.10 on page 135), which is in agreement with the results

from ODE-based approaches (Section 1.5 on page 37). Increasing levels of ADE re-

sults only in small decreases on the average age at which individuals experience their

first infection, whereas the HEP shows a dramatic reduction.The decreases are due

to the combined effect of elevated serotype co-circulationand increase in the per-bite

probability of infection during secondary, heterologous infections. When compared to

the effects of increasing the probability of transmission per mosquito bite (figure 4.10

on page 135), the impact of ADE on the age of first infection is noticeably weaker,

which can be explained by its dependence on secondary infections only.

4.4 Discussion

Stochastic effects have previously been suggested to be an important driver for pop-

ulation oscillations in epidemiological systems of single-strain pathogens (previous

Chapter and see also [Alonso et al., 2007; Bauch and Earn, 2003; Earn et al., 2000b]).

This Chapter has advanced upon those findings by studying theeffect of demographic

stochasticity on the dynamical behaviour of a multi-strainpathogen within a spatially

explicit framework with particular focus on dengue.
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Adding to the results of Chapter 3, stochasticity was found to be a parsimonious

driver of oscillatory behaviour in strain prevalence, which is commonly found in epi-

demiological time series of antigenically diverse pathogens. This self-emergent phe-

nomenon was driven by the temporal amplification of stochastic effects generated by

the underlying probabilistic nature of the interactions between the hosts and pathogen

variants. In the context of dengue, protective and infection-enhancing effects of cross-

reacting antibodies and T-cell responses to dengue viruseshave been well documented

both in vivo and in vitro [Dejnirattisai et al., 2010; Halstead and O’Rourke, 1977;

Sabin, 1952]. Therefore, immunological interactions havelong been hypothesized

to drive dengue’s complex epidemiological dynamics. However, given the problem-

atic experimental models (see Chapter 1 on page 36) and the readiness of continu-

ous modelling tools to replicate the dynamics under different biological assumptions

(see Chapter 1 on page 37), their contributing effect is still unclear. Notably, dengue

viruses are under strong purifying selection with no clear trend for continuous anti-

genic change [Weaver and Vasilakis, 2009], while ecological bottlenecks and clonal

interference severely hamper the emergence of advantageous phenotypes (Chapter 2

on page 60). Both these factors strongly support that the cyclical replacement of

dengue’s four serotypes may not be driven by the same inter-strain, immuno-based

selective forces that shape the phylodynamics of other antigenically rapidly evolving

pathogens, such as influenza A, for example. In accordance with the results presented

here, it instead argues for a critical role of demographic and ecological factors.
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Important for this discussion are the findings of this Chapter with regards to the impact

of demographic stochasticity and spatial structure on the previously proposed effects

of protective and enhancing immunity to dengue viruses. Forinstance, ADE was

found to induce a signature in the epidemiological age-profiles that is characterised

by a longer period for first infection than the time required for heterologous exposure.

This highlighted that, contrary to the expectations from homogeneously mixing ap-

proaches, the populational effects of ADE are not simply to increase the overall force

of infection but are rather manifested asymmetrically between primary and secondary

infections, reflecting a weakened effect in primary cases within structured host pop-

ulations. At the same time, both the mean ages of primary and secondary infections

in the model system appear to suggest a low probability for sequential challenge dur-

ing the empirically proposed 2-9 months period of serotype-transcending immunity

[Sabin, 1952]. In fact, in line with this framework’s results, others have estimated the

heterologous exposure period to be around 3-4 years [Gibbons et al., 2007].

While these findings do not question the pathological or clinical significance of im-

mune interactionsper se, they suggest that the strength of within-host serotype in-

teractions, and therefore the consequences of acquired immunity, are unlikely to be

the sole drivers of the complex epidemiological dynamics ofdengue. Moreover, the

discrepancy of these results to previous ODE-based modelling predictions, which fo-

cused primarily on reproducing the qualitative dynamics ofincidence time series, fur-

138



CHAPTER 4 - MODELLING THE DENGUE VIRUS EPIDEMIOLOGY

ther highlight the need to consider multi-scale data integration in modelling systems.

A starting point, pursued in this Chapter, is to consider well described spatial sig-

natures, such as highly heterogeneous sero-conversion rates and serotype prevalence

levels. Another promising direction is to simultaneously model the epidemiology and

population genetics of the pathogen (see Chapter 5 on page 142). Similar approaches

have significantly contributed to the understanding of the population dynamics of the

influenza A virus, for example, by allowing to differentiatewhich, of the alternative

immunological mechanisms that reproduce its population dynamics, also reproduce

key phylogenetic signatures [Ferguson et al., 2003; Koelleet al., 2006a; Minayev and

Ferguson, 2009].

In summary, these results have highlighted the importance of considering host spa-

tial segregation and stochasticities in disease transmission to understand the epidemi-

ology of dengue and other related pathogens. While previousstudies have demon-

strated how immune interactions may influence the population dynamics of multi-

strain pathogens, the inclusion of host and vector ecologies adds to this understanding

and provides complimentary hypotheses about the underlying causes for the oscil-

latory nature in incidence and serotype distributions thatcommonly characterize the

complex epidemiologies of multi-strain host-pathogen systems.
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4.5 Tables

Table 4.1:Parameters used in the directly transmitted multi-strain framework.

definition value
β transmission rate 0.1175
c contacts per host 10 per day

1/γ infectious period 3 days
1/ν average life-span 50 years
µ external infection rate 0.00001 per day
N human host population size 100000

Values based on Alonso et al. [2007].
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Table 4.2:Parameters used in the vector-born multi-strain framework.

definition value ref.
1/δh intrinsic incubation period 2 days (2-7) [1]
1/γh human infectious period 4 days (4-12) [2]
1/αh period of temporary cross-immunity2-12 months (2-12) [3]
ǫh→v human-to-vector transmission 0.5 per bite (0.33-1) [4]
φh ADE enhancement 1-2 - -
M vectors per human host 0.7-1.2 (0.3-20) [5]
av mosquito biting rate 0.6 per day (0.33-1) [6]

1/δv extrinsic incubation period 6 days (6-12) [7]
ǫv→h vector-to-human transmission 0.5 per bite (0.33-1) [8]
θ external infection rate 0.000005 per day - -

Nh human host population size 100000 - -
ω daily mobility 0.0001 (0-1) - -
a Gompertz parameter (human) 0.0002 - -
b Gompertz parameter (human) 10 - -
νh human average life-span 67.5 years - -
a Gompertz parameter (vector) 0.003 - -
b Gompertz parameter (vector) 10 - -
νv vector average life-span 23 days (8-42) [9]

References: [1] Halstead [2007]; [2] Gubler et al. [1981]; Vaughn et al. [2000]; [3]
Sabin [1952]; [4] Armstrong and Rico-Hesse [2003]; Sabin [1952]; [5] Focks et al.
[2000]; [6] Trpis and Hausermann [1986]; [7] Watts et al. [1987]; [8] Armstrong and
Rico-Hesse [2003]; Sabin [1952]; [9] Trpis and Hausermann [1986]
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Modelling the Dengue Virus Phylodynamics

Abstract

As demonstrated in the previous chapters, demographic stochasticity may be a deter-

minant of the population dynamics of dengue viruses. To further explore its role at

the scale of viral genetics, the discrete multi-strain framework of Chapter 4 is here

expanded to implicitly model the transmission and neutral molecular evolution of the

virus. By comparing model output withex novoempirical estimations from serotype

genetic data, it is shown that non-selective factors are sufficient and parsimonious

drivers of DENV’s typical phylogenetic structure and qualitative dynamics of genetic

diversity. Importantly, cross-immunological reactions are found to cause significant

signatures on simulated phylogenies, which are incompatible with the empirical ex-

pectations. By integrating, for the first time, key multi-scale factors of DENV’s popu-

lation biology, these results reinforce the hypothesis that demographic and ecological

factors are the most important drivers of the complex dynamic behaviour of dengue

viruses.

5.1 Introduction

RNA-based pathogens, such as the influenza A and dengue viruses, present rapid evo-

lution occurring at a similar time-scale as their host’s ecological dynamics. Their

genetic diversity is thus shaped in direct response to changes in host demographic fac-
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tors, such as population size, segregation or movement, which provides measurable

connections between population dynamics, viral evolutionand transmission.

In recent years, a multitude of studies have utilized sequence data to investigate such

connections, unifying key evolutionary and epidemiological processes into a single

framework known as phylodynamics [Grenfell et al., 2004]. Understanding a pathogen’s

phylodynamic behaviour can provide relevant information on the origin of epidemic,

resistant and virulent strains, as well as elucidate how persistence is achieved in the

face of herd-immunity or demographic and climate change. These approaches have

therefore the potential to predict transmission patterns and provide new opportunities

for control.

The foundation of the phylodynamic framework is the analysis of correlations between

genetic and epidemiological patterns in time and space. Pathogens under strong pos-

itive selection have had a great deal of attention in phylodynamic approaches, given

their propensity to exhibit consistent and universal patterns, both at the genetic and

epidemiological levels. Two prime examples are the influenza A virus [Bedford et al.,

2011; Grenfell et al., 2004] and the immuno-deficiency virus1 [Edwards et al., 2006;

Gray et al., 2011], for which selection, at different ecological scales, promotes the

continuous generation of antigenically novel strains thattemporarily escape the host’s

immunity. As a consequence, phylogenetic trees present highly imbalanced (ladder-

like) shapes, characterized by temporal clustering of similar variants with fast and
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recurrent lineage turnover. In contrast, pathogens under weak positive selection, such

as DENV or the measles virus (MEV), can present inconsistentbut generally more

balanced phylogenetic structures, with varying degrees ofvariant co-existence in time

and space [Bedford et al., 2011; Grenfell et al., 2004].

As discussed in previous chapters, a multitude of alternative and potentially comple-

mentary mechanisms, based on cross-immunological reactions, can reproduce dengue’s

complex epidemiological dynamics within model systems. Importantly, as is the case

for influenza, these imply that within-host processes can generate significant selective

pressures at the level of the population, which could affectthe molecular evolution

of the viruses. However, long term genetic or phylogenetic signatures, linked to the

proposed mechanisms, are yet to be demonstrated for dengue.

In line with other vector-borne flaviviruses, such as the yellow fever virus (YFV) and

the japanese encephalitis virus (JEV), strong purifying selection dominates DENV’s

molecular evolution [Bennett et al., 2003; Holmes, 2003; Holmes and Twiddy, 2003;

Weaver and Vasilakis, 2009; Zhang et al., 2005]. While this could predict generally

constant intra-serotype population dynamics, genotype spatio-temporal patterns such

as emergence and competitive exclusion, have nonetheless been recovered from data

[Bennett et al., 2003; Holmes and Twiddy, 2003; Myat Thu et al., 2005; Weaver and

Vasilakis, 2009; Zhang et al., 2005]. Interestingly, majorphylodynamic studies on the

global behaviour of DENV3 and DENV4 have reported negative spatial correlations
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between genotypes [Araújo et al., 2009; Villabona-Arenasand Zanotto, 2011]. This

reported rarity of genotype co-circulation, of which DENV2appears to be an excep-

tion [Hang et al., 2010; Rico-Hesse et al., 1997], has been suggested to be the result

of intra-serotypic cross-protective immunity that hampers the co-circulation of viral

variants of the same serotype [Villabona-Arenas and Zanotto, 2011; Zanotto et al.,

1996] . In contrast, within genotypes, the diversity of viral subgroups appears to be

abundant with lineage co-circulation and intermittent turnover being a common phe-

nomena [Bennett et al., 2010, 2003; Foster et al., 2003; Messer et al., 2003; Myat Thu

et al., 2005; Sittisombut et al., 1997; Weaver and Vasilakis, 2009; Wittke, 2002].

While some reports have suggested the action of weak positive selection [Bennett

et al., 2003; Twiddy et al., 2002], the majority seem to attribute turnover to stochas-

tic effects. For example, a recent report that explored the phylodynamics of DENV4

from in situ evolution in Puerto Rico [Bennett et al., 2010], found recurrent losses in

sequence diversity, highlighting population bottlenecksand arguing for an active and

frequent role of genetic drift, meaning that the success of viral variants will not always

reflect their fitness. By adding a spatial dimension into similar analysis for Viet Nam

sequence data, others have demonstrated that the genetic diversity of different lineages

can be maintained at unequal levels, even in the absence of differential fitness, point-

ing in the direction of demographic heterogeneities as a determinant factor [Rabaa

et al., 2010; Raghwani et al., 2011]. This is in agreement with recent studies suggest-

ing that throughout time, dengue outbreaks tend to be spatially limited [Cummings
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et al., 2004; Massad et al., 2008; Salje et al., 2012; Thai et al., 2010].

These and other studies have contributed to clarify DENV’s epidemiology from phylo-

genetic observations (and vice-versa), although a unifying perspective is yet to be de-

veloped. This Chapter presents a thorough description of the expected phylodynamic

behaviour of DENV serotypes. For this, a meta-population ofhuman and mosquito

hosts is modelled as in Chapter 4, with explicit neutral molecular evolution of viral

sequences. This discrete and multi-scale approach is used to analyse the ubiquitous

phylodynamic patterns emerging from the interaction of keydemographic, epidemio-

logical and evolutionary processes that shape DENV’s population biology.

5.2 Materials and Methods

5.2.1 Sequence Data

Sets of sequence data were obtained by querying Genbank, perviral species and geo-

graphical region, to representin situ evolution as much as possible. Sequences were

aligned with the Bio3d package for R [Grant et al., 2006]. DENV data sets were

analysed per serotype. Summary information on the species and data can be found in

tables 5.3 and 5.4 (on pages 186, 186).
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5.2.2 Empirical Phylogenetics

Maximum likelihood phylogenetic reconstruction was performed inRwith thephang-

orn package, using a Tamura 3-parameter model (TN93) of substitution [Tamura et al.,

2011].

5.2.3 Epidemiological Model

The modelling framework is the same as the one analysed in Chapter 4 (on page

113) but with significantly larger host-population sizes of3.5 million humans and, on

average,≈ 4 million mosquitoes. A burn-in period of 25 years is discarded for model

output analysis. The basic reproductive ratio is kept at≈ 6 in line with Chapter 4.

5.2.4 Evolutionary Model

Evolution is assumed to be neutral at all biological levels.Recombination is not con-

sidered given the reported rarity of such events for DENV (see Chapter 1 on page 14).

For simplicity, a single consensus sequence is modelled perinfected individual host.

The transmission chain from the epidemiological model is used to define the discrete

dynamics of the viral population. In here, hosts are seen as viral demes undergoing

a birth (transmission to host or mutation) and extinction (recovery or death of host)

process. At evolutionary timet = 0, all viral demes are initialized with the same ge-

netic sequence. With time, molecular evolution follows an infinite sites model, with
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Figure 5.1:Example of Simulated Viral Evolutionary Dynamics and Tree- Short example on the
simulated evolutionary process within the evolution modeland the resulting evolutionary tree.(left)
Mutational process fort ∈ [0, 4] at the level of the population. At each time step, viruses can generate
offspring (mutate) with a fixed probability creating new variants (blue virions) and may also get extinct
(red virions). The probability of generating offspring is linearly dependent on the number of copies in
the population, which depends on the number of hosts it infects. (right) The resulting multichotomous
evolutionary tree, in which the branches have no scale.

changes occurring according to a fixed molecular clock [Gillespie, 2004; Page and

Holmes, 1998]. As all viruses are initially the same, an evolutionary burn-in period of

10 years is considered before using any simulated sequences.

Since evolution is modelled forwards in time [Arenas, 2012], the final output is the

complete, multichotomous evolution tree, in which: (i) theroot is the initial sequence;

(ii) all internal nodes represent ancestors of mutational events; (iii) tips represent either

extinct or extant viral sequences (see an example in figure 5.1 on page 148). Individual
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Figure 5.2:Example of Simulated Phylogenetic Tree- To obtain an example of a simulated phy-
logeny, the evolutionary tree in figure 5.1 (on page 148) is pruned by sampling 5 out of 12 possible
viruses. The multichotomies are solved by adding randomly small branch lengths in series of di-
chotomies, keeping the total branch lenghts between viruses (nodes). Branch lenghts can be considered
in time units(left) or genetic distance, i.e. number of mutations from the parent node(right) . Each
node’s depth can be different depending on the unit used (node 12) but the relationship between the
nodes, and thus the tree’s topological shape, is preserved.

nodes are tagged with meta-information, such as generationtime and spatial location.

Inwards migratory events are assumed to not result in gene flow. That is, externally

introduced incidence cases are adopted from within the meta-population, chosen ran-

domly from the circulating variants. This allows to model and analyse a virtually

isolated viral population.
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5.2.5 Simulated Phylogenetics

The complete multichotomous evolution tree from the evolutionary model is pruned

to obtain a representative phylogenetic tree (see an example in figure 5.2 on page 149).

Multichotomies are solved by conversion into a series of dichotomies with potential

branches of length zero, preserving the order in which nodeshave been generated and

their position in the appropriate scale (mutational distance or time). For the results,

tree size is chosen to be within{10, 25, 50, 100, 150, 200}, to mirror the existing range

in empirical data sets collected from Genbank.

5.2.6 Simulated Population Genetics

Within the evolutionary model,Nseqsequences are randomly sampled from the human

population per time step, which are used to estimate: (i) sequence pairwise differ-

ences,Π, (ii) segregating sites,S, and (iii) the Tajima D statistic (using the Watter-

son estimator for segregating sites) [Gillespie, 2004; Page and Holmes, 1998; Tajima,

1989].

5.2.7 Empirical and Simulated Phylogenetic Shape

Tree shape is estimated using the Colless Index, a measure oftopological imbalance

independent of branch lengths and hence of the underlying molecular clock assump-

tion [Colless, 1982]. The index considers the sizesB andS of the 2 groups of terminal

nodes that descend from each of then− 1 internal nodes, withB >= S. Its quantifica-
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colless index 0.429colless index 1
highly imbalanced

colless index 0
highly balanced

Figure 5.3:Examples of Colless Index Measures- Examples of phylogenetic trees and their Col-
less Index (see main text on page 151). The topologies are increasingly balanced from left to right
(decreasing Colless Index).

tion is then based on the difference betweenB andS, summed over alln− 1 internal

nodes, for a total ofn terminal nodes:

C =
2

(n(n− 3)+ 2)

n−1
∑

i=1

(Bi − Si) . (5.1)

For a given species, the index converges to an expected valuegiven a sufficiently large

number of samples, and varies between 0 and 1 for maximum balance and imbalance,

respectively [Rogers, 1994, 1996]. An example can be found in figure 5.3 on page

151.
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To fit the index’s convergence and estimate its expected value for a sample size 200 se-

quences, a weighted, two parameter (a, b) nonlinear least-squares estimation (index∼

a ∗Nb) is performed (weights being the sample size). The same method is applied for

both the empirical and simulated trees.

5.2.8 Surrogates of Meta-population Dynamics

Four summary measures, here referred to asdynamical surrogates, were created to

summarize the dynamic behaviour of the meta-population when varying model pa-

rameters. An example on how these measures are used to understand changes in the

topological shape of the simulated phylogenetic trees is presented in figure 5.4 on page

153. The description of each dynamical surrogate can be found bellow.

Risk of Extinction

This surrogate proxies the risk of local stochastic extinction. It is a measure of the

percentage of time a serotype spends circulating bellow a threshold, defined as 10

human individuals per 100.000. Hence, high percentage indicates high risk for local

extinction and low percentage otherwise.

Variant Spatial Range

To address the average spatial dispersion of variants of thesame serotype, each com-

munity is conceptually assigned to a district, from 16 possible (4x4) of equal size.

The number of unique districts in which each variant is persistent is measured per
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Figure 5.4:Exemplifying the Use of Dynamical Surrogates- Dynamical surrogates (risk of ex-
tinction, serotype period, variant spatial range and spatial variation of the immunity landscape) are
calculated and averaged for sets of simulations when varying model parameters (see main text on page
152 for their description). The correlation of these measures is then addressed two-by-two, as well as
with the measure of topological shape (Colless Index) of theresulting phylogenetic trees. This figure
illustrates an example where only tree relationships are addressed (Colless Index with risk of extinction
and variant spatial range, as well as serotype periodicity with spatial variation of the immunity land-
scape). The pie charts show the strenght and type of correlation, from 0 to 1, with blue for positive and
red for negative correlations.

time step. The average for all variants is used to quantify this surrogate, which there-

fore proxies the degree of spatial dispersion.

Spatial Variability of Immunity Landscape

This surrogate proxies the spatial heterogeneity in the immunity landscape of a sin-

gle serotype. It is calculated through the standard deviation of susceptibility across

communities and thus mirrors to what degree transmission islocalised or widespread.

That is, if spatial variation is high, viral circulation is spatially restricted in time. In
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contrast, if variation is low, spatial restrictions for transmission are expected to be low.

Serotype Period

This surrogate is simply the dominant frequency in serotypedynamics. It is relevant

only within the context of other dynamical surrogates whichsummarize spatial in-

formation. This is because the frequency with which a serotype oscillates may have

ambiguous meanings. For instance, longer periods can reflect two scenarios: slow

consumption of the susceptible pool causing flatter oscillations in serotype prevalence,

or, fast consumption of the susceptible pool which causes sharp prevalence oscillations

with long periods of waiting for population turn-over. However, the speed at which

susceptibles are infected leaves signatures in the variation of the immunity landscape

of the population, and together these surrogates are informative for the behaviour of

serotypes in time and space.

5.3 Results

Validation of the simulated epidemiology, population genetics and phylogenetic shape

is performed by comparing the model output to empirical expectations. While the first

is based on literature reports and the results of Chapter 4, the expectations of phylo-

genetic shape and population genetics are estimatedex novofrom Genbank genetic

sequences. Initially, fourteen different viral species are considered, of which nine are

included in the results and general discussion, while the rest are excluded on the basis
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of insufficient information (table 5.3 on page 186).

5.3.1 Empirical Phylodynamics

Phylogenetic Shape Expectation

To address the expectation on phylogenetic shape, the Colless Index is used as a mea-

sure of topological imbalance on trees obtained from a maximum likelihood (ML)

reconstruction (see Materials and Methods) [Colless, 1982]. A useful expectation

is the index’s value for trees generated under an equal-rates Markov model (ERM),

which assumes equal branching (extinction and speciation)rates for all genetic vari-

ants. Within a single species, measures that deviate from the ERM’s expectation in-

dicate the existence of asymmetric biological pressures amongst the extant variants

[Rogers, 1994, 1996]. Between species, divergence in measures of Colless Index are

a reflection of multi-scale biological asymmetries, ranging from genetic constraints,

to ecological and selective pressures [Grenfell et al., 2004; Kirkpatrick and Slatkin,

1993]. In figure 5.5 (on page 156), Colless Index measures forphylogenetic trees

of varying sizes (open circles) for four viruses - rotavirusA (ROTVA), influenza A

(H1N1), DENV1 and DENV2 - are exemplified. The estimated measures are fitted to

derive an expected value of the index for trees of size 200 (see Materials and Meth-

ods for details on page 151). The figure further summarizes the resulting indexes for

9 viruses, including DENV serotypes. More fittings are illustrated in figure 5.6 (on

page 158) and the abbreviations of the viruses’ names can be found in table 5.3 on
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Figure 5.5:Colless Index Expectation for Several Viruses- Estimation of the Colless Index for
empirical data sets of varying size (open circles).(left) Example of fittings for four viruses.(right)
Summary of the estimated Colless Index for 9 viruses. The index is normalized to the expected value
under the equal-rates Markov model (ERM, dotted lines inleft). Multiple levels are estimated, with
influenza A H1N1 viruses presenting the highest phylogenetic imbalance. For fittings of all viruses see
figure 5.6 on page 158. Abbreviation of virus’ names can be found in table 5.3 on page 186.

page 186.

As expected from reports of strong positive selection and highly imbalanced phyloge-

nies [Ferguson et al., 2003], tree imbalance is found to be higher for theOrthomyx-

ovirus family (influenza viruses). Within this group, H1N1 from theInfluenzavirus

A genus presents≈ 4.5 times more imbalanced topologies than the neutral expecta-

tion. It is also notably higher than FluVB from theInfluenzavirus Bgenus, which

is in agreement with weaker signatures of selection amongstthose viruses [Ferguson

et al., 2003; Nobusawa and Sato, 2006]. On the other hand, thechildhood pathogens

MUMV and MEV, as well as the arboviruses DENV and JEV, presentmore balanced
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topologies. The fact that species with significantly different life-cycles show similar

topologies suggests shared genetic constraints, such as purifying selection or clonal

interference [Grenfell et al., 2004; Miralles et al., 1999]. However, it does not easily

explain the high deviation from the ERM’s expectation observed for all viruses, which

could be due to shared host demographic or ecological factors, for instance.

Population Genetics Expectation

To address the expectation on general signatures of the population genetics of DENV,

the Tajima D statistic is calculated for sets of full genome sequences per region and

per year (see Materials and Methods) [Tajima, 1989]. The statistic, D = Π − S, con-

siders measures of genetic diversity based on the number of pairwise differences (Π)

and number of segregating sites (S) in the sample. While the first takes into account

the frequencies of variants, the second accounts simply forthe number of polymor-

phic sites. Under a neutral model of evolution and for idealized populations of con-

stant size, the expectation of this statistic is zero. Measurements of negative values in

real populations are indicative of an excess of low frequency polymorphisms, while

positive values are attributed to an excess of polymorphisms in intermediate frequen-

cies. The Tajima D is therefore a valuable measure for the population dynamics of a

pathogen’s genetic variants.

The Tajima D’s estimation for DENV1-4 genetic data is presented in figure 5.7 (on

page 159). Two types of distribution are found. While DENV1,3 and 4 demon-
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Figure 5.6: Colless Index Expectation for All Viruses - Fittings of the expected Colless Index
for all data obtained from Genbank (see Materials and Methods). The data of 5 viruses presented
unexpected or insufficient material for discussion and weretherefore excluded: (i) CHIKV, (ii) RSV
and (iii) YFV presented a lack of data sets with sufficient size; (iv) WNV did not present a clear
convergence with increasing number of sequences, which mayhave resulted from the presence of
numerous animal derived samples; (v) the estimation of DENV4 was above all other dengue serotypes,
which appeared to be caused by a lack of sets with sufficient size. Abbreviation of virus’ names can
be found in table 5.3 on page 186. The expected value under theequal-rates Markov model (ERM) is
represented by the dotted line.

strate a strong bias towards negative values, DENV2 presents a distinctive population

genetics signature with a zero centred distribution. The fact that all distributions over-

lap in frequent negative values is indicative of shared evolutionary pressures amongst
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Figure 5.7:Tajima D Expectation for Dengue Serotypes- The neutral expectation of the Tajima
D statistic is for zero centred distributions (solid grey lines). DENV1, 3 and 4 present negative biased
distributions. Negative values are indicative of an excessof low frequency polymorphisms in the popu-
lation, which may be caused by purifying selection, population growth after bottleneck and/or inwards
gene flow. Positive values can be attributed to balancing selection, ongoing bottlenecks or positive se-
lection, population segregation and/or inwards gene flow. DENV2 is often reported to be under weak
positive selection and the only serotype presenting significant genotype co-circulation (see text, page
145), which may explain the balanced distribution. Data includes full genome sequences, per region,
per year (see table 5.4 on page 186).

serotypes. Since viral persistence must take place in similar ecological contexts, it is

possible that pathogen extrinsic factors (i.e. non-genetic) may play a determinant role.

Alternatively, negative Tajima D values could be a consequence of purifying selection

pressure acting on DENV’s genome, which can hamper the emergence of variants and

result in a viral population rich in low frequency polymorphisms.

As mentioned earlier in this Chapter, phylodynamic studieshave highlighted the unique

behaviour of DENV2 genotypes, which demonstrate frequent co-circulation [Hang

et al., 2010; Rico-Hesse et al., 1997]. Moreover, in contrast to the other serotypes,

genetic variation within DENV2 has long been implicated in episodes of weak posi-

tive selection [Cologna et al., 2005; Gubler et al., 1978; Rico-Hesse et al., 1997]. Both

these facts will move the Tajima D to the positive spectrum, and may therefore explain
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Figure 5.8: Tajima D Dynamics During DENV2 Genotype Replacement Event in Southern
Viet Nam - (left) Population dynamics of serotype 2 in southern Viet Nam between 1999-2008 as
described in chapter 2 on page 60. The invading Asian-1 genotype (cyan) is detected in 2002 (black
dotted vertical line) and replaces the resident, Asian/American type (blue). The relative prevalence
of DENV2 is represented by the black dashed line. The cosmopolitan genotype (magenta) appears in
the population in the mid 2000s.(right) Tajima D during the replacement event, calculated with data
obtained from Genbank using the sequences published by Rabaa et al. between 2001-2008 [Rabaa
et al., 2010]. The statistic is positive during the period inwhich DENV2’s population is composed
of intermediate frequencies of each genotype, peaking whenmixing is maximum (red dotted vertical
line), returning to negative thereafter.

DENV2’s centred distribution. To illustrate this, the Tajima D is calculated for the ge-

netic sequences collected during the Viet Nam genotype replacement event described

in Chapter 2 (figure 5.8 on page 160). Positive values are found during the period of

competitive exclusion, peaking when genotype frequenciesare intermediate.

5.3.2 Modelled Phylodynamics

The agent-based epidemiological model is set within the context of a structured host-

population of human and mosquito individuals within a highly endemic scenario. In

order to model the evolution of viral sequences, host numbers are significantly in-

creased to achieve large and effective pathogen populationsizes. Analysis of the

modelled phylodynamics is performed in 3 major steps:
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(i) Simulated Topological Shape- to measure the shape of simulated phylogenies,

the epidemiological and evolution models are run with parameters set to values within

a biologically relevant interval (see table 5.2 on page 185). A parameter sweep ap-

proach is used to find default values of community size, host mobility and mutation

rate. This is performed by approximating the Colless Index of simulated trees to the

empirical estimation for DENV1, which is used as reference.The index measure re-

sulting from the default parameter set is then used as a second reference to quantify

the effect of independent model parameters on tree shape.

(ii) Simulated Population Genetics- based on the range found for the Colless Index in

step (i), three parameter sets with contrasting topological observations are chosen to

analyse their population genetics in detail.

(iii) Simulated and Empirical Phylodynamics- the obtained measures of topologi-

cal shape (i) and population genetics (ii) are integrated and placed within the context

of DENV’s empirical expectations.

Simulated Topological Shape

Estimation of the index for simulated trees is performed with the same approach as

with the empirical data - by fitting convergence with increasing tree size (see Ma-

terials and Methods and figure 5.5 on page 156) ). The first example is illustrated

in figure 5.9 (on page 163) where changes in the mutation rate,host mobility and
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population structure are considered. For each parameter variation, 10 trees of sizes

s ∈ {10, 25, 50, 100, 150, 200} are generated from stochastic simulations of the epi-

demiological and evolutionary models. The Colless Index values obtained for each

tree size (grey points) are used for fitting, which is represent by the lines in the figures:

the best approximation to DENV1’s empirical estimation is in green (also called the

default parameter set), the empirical estimation for DENV1in orange (as in figure 5.5

on page 156) and the remaining parameter sets in black (dashed). The index fittings

for other parameter variations are shown in figure 5.10 on page 164. The parameter

ranges used in all figures can be found in table 5.1 in page 163.

The Colless Index that best approximates DENV1’s estimation (in green, solid) is fur-

ther used has reference to normalize the obtained change in tree shape when varying

all model parameters. The effect of each parameter variation is presented in % change

of the Colless Index in figure 5.11 (on page 165), where the ordered changes highlight

both increasing and decreasing effects on topological shape. The example phyloge-

nies are from the extreme sides of the obtained Colless Indexrange and demonstrate

how variable the topologies can be.
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Figure 5.9: Colless Index Fitting for Simulated Phylogenies - mutationrate, community size
and host mobility - Parameters were set to a default value within biologicallyrelevant ranges (ta-
ble 5.2 on page 185). A parameter sweep approach was used to find default values of community
size, host mobility and mutation rate. For each parameter set, the model run for 10 independent
stochastic simulations and Colless Index measures (grey points) were made on trees of varying sizes
(10, 25, 50, 100, 150, 200). Fitting of the simulated and empirical trees was therefore performed in the
same way, as described in figure 5.5 on page 156. DENV1’s empirical estimation is in orange (solid)
and the ERM expectation in black (dotted). The green line represents the fitting that best approximates
DENV1’s estimation and was used to define the default parameter set.

Table 5.1:Parameters ranges used to generate trees for Colless Index estimation.

parameter range used parameter range used
community size 108 - 2187 mobility ω 0.0001 - 0.2
seasonalityM 0.7,1.4 - 1.4,1.4 mutation rateµ 0.001 - 0.02

transmissibilityǫ 0.4 - 0.8 latency periodδh 1 - 12
transcending periodαh 0 - 9 ADE enhancementφh 0 - 1.5

partial immunity 0 - 0.75 n. infections 1 - 4
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Figure 5.10:Colless Index Fitting for Simulated Phylogenies - eco-epidemiological parameters-
Parameters were set to a default value within biologically relevant ranges (table 5.2 on page 185). Here,
changes in various model parameters are considered and their effect on the converge value of the Colless
Index measured. For each parameter set, the model run for 10 independent stochastic simulations and
Colless Index measures (grey points) were made on trees of varying sizes (10, 25, 50, 100, 150, 200).
Fitting of the simulated and empirical trees was therefore performed in the same way, as described in
figure 5.5 on page 156. DENV1’s empirical estimation is in orange (solid) and the ERM expectation in
black (dotted). The green line represents the fitting that best approximates DENV1’s estimation.
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Figure 5.11:Colless Index Ranges for Simulated Phylogenies Under Parameter Changes- (left)
Best approximation to DENV1’s imbalance of figures 5.9 and 5.10 (pages 163, 164) is used to normal-
ize all the resulting index estimations. The effect of each parameter variation is presented in % change.
(right) Example of trees with low (top) and high (bottom) values of Colless Index.
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When varying model parameters, the dynamical features of the meta-population change.

To understand which changes may justify the resulting topological shapes, the cor-

relations of the Colless Index and four surrogates (i.e. summary measures) of meta-

population dynamics are investigated (see Materials and Methods on page 152 for

surrogate definition). As shown in 5.12 (on page 167), the Colless Index (left column)

is found to be positively correlated with extinction risk (first row) and negatively cor-

related with variant spatial range (left, third row). This means that, in general, phy-

logenetic trees with imbalance above the expected for DENV serotypes are a result

of meta-population dynamics presenting both increased risk of extinction and narrow

spatial ranges for the co-circulating variants. However, as shown by the unordered list

of parameters along the Colless Index scale of figure 5.11 (onpage 165), each param-

eter presents a specific relationship with the resulting topological shape. To addressed

this in more detail, parameters are further categorized into three classes - immunologi-

cal, ecological and viral - and their separate effect on the Colless Index and surrogates

is summarized and described bellow.

Ecological Parameters and Topological Shape

For ecological parameters, i.e. community size, host mobility and seasonality, the

Colless Index is found to be mostly correlated with risk of extinction (figure 5.13

on page 167). In the presence of considerable risk, local extinction is not experienced

equally amongst viral variants, not only due to stochasticity but also local herd-effects.

This in turn translates into asymmetric branching probabilities for the co-circulating
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Figure 5.12:Effects of All Parameters in Topological Shape and Surrogates of Meta-population
Dynamics- Four surrogates are used to summarize meta-population dynamics (see Materials and Meth-
ods). The correlation of dynamical surrogates with the range in Colless Index of figure 5.11 (on page
165) are presented. In general, tree imbalance is associated with increased risk of extinction and nar-
rower spatial ranges. However, each parameter has a specificrelationship with the Colless Index. This
is further analysed in figures figures 5.13 on page 167, 5.14 onpage 169 and 5.15 on page 171.
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Figure 5.13:Effects of Ecological Parameters in Topological Shape and Surrogates of Meta-
Population Dynamics- Four surrogates are used to summarize meta-population dynamics (see Mate-
rials and Methods).(left) Changes to topological shape when varying parameters - increases in blue,
decreases in red. Values are the normalized changes to simulations with the default parameter set (lines
with zeros, table 5.2 on page 185, see main text).(right) The surrogate of risk of extinction is the
strongest determinant of topological shape when varying this class of parameters.

variants and thus explains the positive correlation with topological imbalance. In-

terestingly, the relationship of each parameter with the index (and therefore the risk
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of extinction) is reminiscent of previous observations in the dynamical behaviour of

meta-populations. For instance, both community size and mobility are reported to

have a non-monotonic relationship with extinction, such that persistence is gener-

ally maximized for intermediate values of such factors [Grenfell and Harwood, 1997;

Keeling, 2000]. The same is observed here, with intermediate population structures

and host mobility deriving the lowest index measures, that is, more balanced phyloge-

netic trees.

Viral Parameters and Topological Shape

The parameters considered to be intrinsic to the virus are the mutation rate, the prob-

ability of transmission between hosts and the latency period. Under a slow molecular

clock, it is expected that the majority of viruses will not experience genetic change

within their life-time. As a consequence, phylogenetic shape is highly influenced by

the sporadic occurrence of mutations resulting in imbalanced topologies as seen by

the negative and monotonic relationship between low mutation rates and the Colless

Index in figure 5.14 (on page 169). Interestingly, the index appears insensitive to inter-

mediate rates within the interval ]0.004, 0.016[, corresponding to a substitution rate of

≈ ]1.4, 5.5[×10−4 per site/year. This range not only derives imbalance levelsthat are

closest to the empirical expectation but also overlaps withDENV’s real substitution

rates [4.55, 11.58]× 10−4 [Twiddy, 2003], which suggests that thead-hocvalues here

used for the mutation rate are within a reasonable domain.
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Figure 5.14: Effects of Viral Parameters in Topological Shape and Surrogates of Meta-
Population Dynamics- Four surrogates are used to summarize meta-population dynamics (see Mate-
rials and Methods).(left) Changes to topological shape when varying parameters - increases in blue,
decreases in red. Values are the normalized changes to simulations with the default parameter set (lines
with zeros, table 5.2 on page 185, see main text).(right) The surrogates of risk of extinction and variant
spatial range are the strongest determinants of topological shape when varying this class of parameters.

As the mutation rate does not have an effect on the meta-population dynamical be-

haviour, changes in the latency period and transmissibility are entirely responsible for

the strong correlation of topological shape with risk of extinction and variant spa-

tial range shown in figure 5.14. Intuitively, increases in these parameters result in

lower extinction risk and wider spatial ranges (as seen by the negative correlation be-

tween the two), and thus favour balanced branching probabilities for the circulating

viruses, deriving equilibrated topologies. Hence, similarly to the effects of the ecolog-

ical parameters, the Colless Index is strongly and positively correlated with the risk of

extinction and negatively correlated with variant spatialrange.
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Immunological Parameters and Topological Shape

From the three parameter classes, the ones related to immunity result in the clearest

monotonic and positive relationship with topological shape as well as the highest im-

balance measures (figure 5.15, left, on page 171). However, the Colless Index appears

only correlated with risk of extinction and spatial range. The significant influence of

variant spatial range on topological shape can be explainedby the dependency of the

cross-immunological reactions on local histories of infection. That is, as variant spa-

tial range changes, so does the strength of immunological parameters in generating

asymmetries in variant success and therefore branching probabilities. For example,

when the spatial range is low, variant segregation is prone to happen and viruses will

experience different local cross-immunological effects and therefore branching proba-

bilities, resulting in highly asymmetric trees. In contrast, in a setting presenting wider

spatial range, local histories will be less heterogeneous and variants will experience

weakened herd-effects and less asymmetries in selective pressures, resulting in more

balanced topologies. The slightly weaker relationship with the risk of extinction can

be justified by the contrasting dynamical effects of the parameters in this class. For

instance, all parameters have similar outcomes on tree imbalance but ADE is expected

to contrast with the other parameters in its effects on viralpersistence.
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Figure 5.15: Effects of Immunological Parameters in Topological Shape and Surrogates of
Meta-Population Dynamics- Four surrogates are used to summarize meta-population dynamics (see
Materials and Methods).(left) Changes to topological shape when varying parameters - increases in
blue, decreases in red. Values are the normalized changes tosimulations with the default parameter set
(lines with zeros, table 5.2 on page 185, see main text).(right) The surrogates of risk of extinction
and variant spatial range are the strongest determinants oftopological shape when varying this class of
parameters.

Simulated Population Genetics

As described above, the risk of extinction and variant spatial range are the two most

influencial dynamical surrogates on topological shape. Therelationship of each with

the Colless Index is summarized in figure 5.16 (on page 172) for all combinations of

parameters tested. Three parameter sets (identified in figure 5.16 by the red, orange

and blue points) are used as reference to analyse in detail the simulated population

genetics: (i, orange) the parameter set that derives the lowest imbalance, which con-

siders 12 days for the intrinsic incubation period; (ii, blue) the default parameter set

that results in the same imbalance as the empirical expectation of DENV1; and (iii,
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Figure 5.16:Determinant Dynamical Surrogates of Topological Shape- Normalized values of the
Colless Index and of the two most influential dynamical surrogates -(left) risk of extinction and(right)
variant spatial range. Coloured points present parameter sets that reproduced the lowest (orange), the
closest to DENV1 (cyan) and highest (red) imbalances. Points in grey (outliers) highlight parameter
sets with less than expected imbalance for high surrogate measures.(left) Risk of extinction. Outliers
are parameter sets considering 1 infection and partial immunity of 0.75. (right) Variant spatial range.
Outliers are parameter sets considering host mobility 0.1 and 0.2.

red) the parameter set that derives the highest imbalance, which considers 9 months

of temporary, transcending cross-immunity.

When considering a 12 day intrinsic incubation period (orange point in figure 5.16

on page 172), the population genetics of single serotypes show general signatures that

are expected from a very low risk of extinction. For example,the serotype dynamics

are characterised by a high prevalence base-line, low variability in epidemic behaviour

and enhanced co-circulation (figure 5.17 A on page 173). As a consequence, the two

measures of genetic diversity present only weak signaturesof population bottlenecks.

That is, the natural fluctuations in transmission potentialdo not equate to similar vari-

ation in diversity, as the number of segregating sites and pairwise differences are gen-

erally increasing in time (figure 5.17 B). There is also a dominance of negative Tajima

D, which reflects an excess of low frequency polymorphisms (figure 5.17 C). This is a
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Figure 5.17:Simulated Population Genetics and Phylogenies When Using 12 Days of Intrinsic
Incubation Period (Lowest Colless Index- (A) Serotype dynamics per month.(B) Effective popula-
tion sizeNe(human and vector carriers, black); serotype relative prevalence (orange); pairwise genetic
diversityΠ (blue); number of segregating sitesS (cyan). Normalization with maximum value per
series.(C) Effective population sizeNe(human and vector carriers, black); Tajima D (magenta). Nor-
malization with maximum value per series.(D) Phylogenetic tree with colours indicating the number
of mutations accumulated (genetic distance).

result of the low risk of extinction that maintains each variant’s population size stable,

such that most variants persist long enough to diversify. Asillustrated in the phy-

logenetic tree of figure 5.17 D, the intra-serotype population is composed of several

variants in time, resulting in a highly balanced phylogenetic structure, similar to those

observed for childhood pathogens such as MEV, but contrasting with the expectation
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Figure 5.18:Simulated Population Genetics and Phylogenies When Using the Default Param-
eter Set (Closest Colless Index to DENV1)- Vertical dashed lines highlight population bottlenecks
with phylogenetic signatures.(A) Serotype dynamics per month.(B) Effective population sizeNe
(human and vector carriers, black); serotype relative prevalence (orange); pairwise genetic diversityΠ
(blue); number of segregating sitesS (cyan).Π andS had a lagged response toNe of ≈ 15 months.
Normalization with maximum value per series.(C) Effective population sizeNe (human and vector
carriers, black); Tajima D (magenta). Normalization with maximum value per series.(D) Phylogenetic
tree with colours indicating the number of mutations accumulated (genetic distance). Red arrow marks
lineage recycling (see main text).

for DENV [Grenfell et al., 2004].

Under the default parameter set (blue point in figure 5.16 on page 172), the simu-

lated population genetics and phylogenetics present contrasting patterns to what is
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observed when considering 12 days of intrinsic incubation period, which is mainly

due to the presence of a moderate risk of local extinction. For instance, serotypes

often present very low prevalence levels (figure 5.18 A on page 174) and the num-

ber of segregating sites and pairwise differences are no longer an increasing function

of time, but show instead a mixed behaviour between periods of linear increase and

significant reduction, indicative of population bottlenecks (figure 5.18 B). The lat-

ter are mostly associated with the natural troughs in serotype prevalence dynamics

and not with seasonal variation in transmission potential.A closer inspection to the

time series reveals that the response of the measures of genetic diversity lag≈ 15

months behind population size variation. Overall, the Tajima D has a tendency to-

wards negative values, indicating a population rich in low frequency polymorphisms,

but with recurrent incursions into the positive spectrum (figure 5.18 C). The periods

of positive Tajima D, which occur for small population sizes, are a result of substan-

tial reductions in the number of segregating sites in comparison to changes in variant

frequencies (figure 5.18 B). Within the neutral framework, this can be explained by

the nature of population crashes, which induce extinction pressures that should affect

equally all co-circulating variants, therefore maintaining the relative frequencies of

dominant lineages but eliminating low frequency polymorphisms to a higher degree.

The resulting phylogeny also presents signatures coincident with crashes in effective

population size (figure 5.18 D). These are characterized by severe pruning of the co-

circulating variants, prior to periods of positive Tajima D. The topological shape is

nonetheless semi-balanced with varying degrees of variantco-existence in time. No-
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tably, the phenomenon of lineage recycling, previously reported in dengue endemic

regions [Bennett et al., 2010, 2003; McElroy, 2011] and characterized by the domi-

nance of previously circulating variants that have undergone periods of several years

with low or absent reporting, is observed sporadically (redarrow, figure 5.18 D). This

phenomenon is possible under the default parameter set thatinduces moderate risks

of local extinction and thus allows variants to circulate atdifferent frequencies, possi-

bly in different locations where transmission pressures vary and may allow allopatric

diversification and temporary refuge.

Finally, when considering 9 months of transcending immunity (red point in figure

5.16 on page 172), population bottlenecks driven by enhanced viral competition and

risk of extinction result in stronger genetic and phylogenetic signatures (figure 5.19

on page 177). As described above for the default parameter set (figure 5.18 on page

174), variant frequencies are once again less sensitive to population bottlenecks than

the number of segregating sites. In this case, however, thisis also observed during

population expansions in which the number of pairwise differences increase slower

than the number of segregating sites (figure 5.19 B). This means that the frequen-

cies of the circulating variants have the tendency to remainstable for long periods of

time independently of population size, which may be a reflection of the selective pres-

sures now present due to transcending immunity. As a consequence, and contrasting

the observations for the default parameter set in which immune competition was not

present, the time lag between diversity by pairwise comparison and population size
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Figure 5.19:Simulated Population Genetics and Phylogenies When Using 9Months of Tran-
scending Immunity (Highest Colless Index)- Vertical dashed lines highlight population bottlenecks
with phylogenetic signatures.(A) Serotype dynamics per month.(B) Effective population sizeNe
(human and vector carriers, black); serotype relative prevalence (orange); pairwise genetic diversity
Π (blue); number of segregating sitesS (cyan). Π andS had a lagged response toNe of ≈ 22 and
≈ 16 months. Normalization with maximum value per series.(C) Effective population sizeNe(human
and vector carriers, black); Tajima D (magenta). Normalization with maximum value per series.(D)
Phylogenetic tree with colours indicating the number of mutations accumulated (genetic distance).

is now found to have increased from≈ 15 to≈ 22 months. In contrast, the delay in

response of the number of segregating sites remains the same(≈ 16 months). The re-

sulting phylogenetics present a highly imbalanced topology (figure 5.19 D), which is

characterized by temporal clustering of similar variants during population expansion

and severe pruning during bottlenecks. Both of these signatures can be explained by
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Figure 5.20:Summarizing Empirical and Simulated Dengue Phylodynamics- (left) Tajima D
distributions (joint of 10 simulations) for each of the parameter sets modelled (table 5.2 on page 185 and
figure 5.9 on page 163).(center) Estimations of the empirical Tajima D distribution for eachDENV
serotype (figure 5.7 on page 159).(right) Relationship of the Tajima D and Colless Index for both the
empirical and simulated data. A positive relationship is found. In addition, model output covers most
of the variation found in the empirical data.

the presence of viral competition due to transcending immunity. On one hand, pruning

reflects more severe population bottlenecks since variantsnow face both the seasonal

and inter-serotype troughs plus transcending herd-effects. On the other hand, pop-

ulation expansions are now populated by variants that successfully evade locations

with significant (temporary transcending) herd-immunity and are thus characterized

by growth and diversification of genetically similar viruses, explaining the phyloge-

netic clustering over time.

Simulated and Empirical Phylodynamics

As described above, the Tajima D distributions of the simulated population genetics

are generally biased towards negative values (figure 5.20, left, page 178), in line with

the empirical expectation of DENV1, 3 and 4 (figure 5.20, centre, and figure 5.7 on
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page 159). Furthermore, the mean simulated Tajima D is foundto be positively corre-

lated with the Colless Index (figure 5.20, right), which can be explained by the general

effects of the parameter variations here considered. That is, starting from the default

parameter set that best approximated DENV1 empirical expectations, the majority of

parameter variations derives into higher risks of extinction and more restricted spatial

ranges. This, as demonstrated in the previous sections, results in asymmetries in vari-

ant success and more imbalanced topologies. At the same time, these asymmetries

induce differences in variant relative prevalence levels in time and space, which is a

driver for higher Tajima D values. However, it should be noted that some of the con-

sidered parameter sets may deviate from the dengue-relevant biological ranges. This

relationship between the Tajima D and Colless Index is therefore a general expecta-

tion of host-pathogen systems and not necessarily specific to the dengue setting here

modelled.

5.4 Discussion

Understanding the population structure and dynamics of a pathogen within a phylody-

namic perspective can provide relevant information on its epidemic and evolutionary

behaviour. So far, the links between DENV’s population genetics, phylogeny and

complex epidemiological dynamics have been hard to addressgiven the relative small

scale of the reported studies, which are often restricted bythe numbers of genetic

samples, data from a single serotype or short periods of observation including only a
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few seasons. In this chapter, the general phylogenetic shape and qualitative population

genetics of dengue viruses were estimatedex novofrom sequence data and their ex-

pectations compared to simulations from an epidemiological and neutral evolutionary

model.

The resulting empirical estimations for phylogenetic shape showed that DENV’s typ-

ical levels of topological imbalance are at least two times lower than those presented

by populations of influenza A viruses. In fact, DENV’s phylogenies exhibited sim-

ilar imbalance to other genetically conserved pathogens, such as MUMV and JEV.

When simulating the epidemiology and evolutionary processof DENV in a stochastic

and spatial setting within the meta-population model developed in Chapters 3 and 4,

a wide range of topological shapes could be obtained fromin silico phylogenies. It

was found that the variation in topological shape was predominantly correlated with

two concurrent dynamical features of the meta-population -the risk of local extinction

and variant spatial range (the average degree of spatial dispersion amongst viral vari-

ants). Past studies have often reported the presence and role of spatial heterogeneities

in dengue’s epidemiological behaviour [Johansson et al., 2009; Morrison et al., 2010;

Nagao et al., 2008; Tsuzuki et al., 2009; Williams et al., 2010], as well as recur-

rent population bottlenecks with high risk for viral extinction [Bennett et al., 2010;

Williams et al., 2010] along with demonstrations that outbreaks may be driven by a

limited set of spatial clusters [Cummings et al., 2004; Massad et al., 2008; Salje et al.,

2012; Thai et al., 2010]. It is therefore plausible that these spatio-temporal features,
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common to dengue endemic regions, are natural determinantsof dengue’s observed

phylogenetic structures.

Importantly, the consideration of cross-protective or enhancing immunity between

dengue serotypes was not necessary to simulate phylogenieswith DENV-like topolog-

ical shape. In fact, while the results of Chapter 4 suggest that immuno-based mech-

anisms are not necessary but still compatible with the epidemiological behaviour of

dengue, their consideration when modelling viral evolution in this Chapter has lead

to significant deviations from empirical expectations. By comparing model results to

the empirical imbalance found for phylogenies of viruses from other viral families,

it was found that even intermediate levels of ADE or short periods of transcending

immunity, well within reasonable biological ranges for dengue, would generate phy-

logenetic trees with imbalance levels close to, or higher than, influenza B viruses. It

cannot be ruled out, however, that the strong effects of immunological interactions are

an artefact of the underlying framework. For instance, realpopulations may have sub-

stantially different structural organizations or might not be as well connected locally,

while mosquito populations are generally patchy and volatile. Thus, it is possible that

the simplifying spatial assumptions of the framework enhance co-circulation and the

strength of cross-immunological interactions in the simulated phylogenies. However,

their effects on the epidemiological dynamics, as described in Chapter 4, suggests that

this is not the case. It should also be noted that, while theseresults are innovative

for the understanding of the roles of both protective and enhancing immunity in the

phylodynamic behaviour of dengue, they are specially so forADE. That is, protec-
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tive immunity has been previously reported in modelling studies to be the main driver

of the high imbalance present in influenza A phylogenies [Bedford et al., 2011; Fer-

guson et al., 2003; Koelle et al., 2006a; Minayev and Ferguson, 2009]. Importantly,

such studies rely on concurrent observations that influenzaviruses undergo continu-

ous antigenic change, while there is no evidence of similar genetic trends in DENV’s

molecular evolution that could justify the temporal clustering of similar variants or

the fast and recurrent turnover reflected in thein silico trees in the presence of cross-

immunity.

In this modelling framework, various parameter combinations were tested and their

impact on dynamical properties of the meta-population weremeasured and compared

to the resulting topological shapes. As mentioned earlier in this section, it was found

that from all the observed dynamic changes taking place while varying parameters,

topological shape was mainly and negatively correlated with changes in variant spatial

range and positively correlated with changes in the risk of extinction. These observa-

tions followed the expectation that the branching probabilities of the co-circulating

variants will be increasingly asymmetric when the degree oflocal extinction is con-

siderable and the variant’s spatial range is narrow.

The ex novoestimations of general signatures of the population genetics of dengue

serotypes was done through measurements of the Tajima D statistic on empirical ge-

netic data. A general tendency for negative Tajima D measurements was found for
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serotypes 1, 3 and 4, which suggests that in real populationsa vast number of low

frequency polymorphisms exist that suffer significant extinction pressures and rarely

emerge, which can be partially explained by the strong purifying selection imposed

by DENV’s two-host life cycle (see Chapter 1 on page 21). Interestingly, this evolu-

tionary model readily reproduced Tajima D in similar rangesto those estimated from

the genetic data. With evolution and transmission assumed to be neutral at all biolog-

ical levels and following the results of Chapter 2, it is thuspossible that demographic

stochasticity, in the context of dengue, is sufficient to maintain a population rich in

low frequency polymorphisms.

At the same time, a close analysis of the simulated population genetics demonstrated

a natural tendency for local stable variant frequencies, which was reflected in a gen-

eral time lag between the effective population size and measures of genetic diversity.

Similar lagged responses have been demonstrated for endemic countries between es-

timated effective population size and sample counts from epidemics [Bennett et al.,

2010; Raghwani et al., 2011]. Interestingly, some authors have reported that troughs

in estimated population sizes are less pronounced than in case counts, arguing for

a limitation in the inference approach to resolve amplitudes of highly variable (epi-

demic) dynamics [Bennett et al., 2010]. However, the same phenomenon is observed

in the measures ofin silico population genetics in this Chapter, and others described

elsewhere [Raghwani et al., 2011], suggesting that dengue serotypes may be able to

maintain genetic diversity between seasons, possibly through silent transmission, as
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the majority of infections are mild or asymptomatic and not detected by surveillance

systems (see Chapter 1 on page 30).

The dengue virus is a surprisingly conserved pathogen for its highly persistent nature

and complex population dynamics that are similar to other fast evolving and antigeni-

cally diverse pathogens. The material presented here proposes that previously hy-

pothesised determinants of dengue’s epidemic behaviour may not be compatible with

general signatures of its population genetics and phylogenetic structures. It does not,

however, argue against their existence or possible role in clinical outcome. Instead, it

demonstrates that their selective effect on viral variantsmust be negligible at the level

of the population in order to conform with empirical observations. Adding to results

of Chapters 2-4, it is therefore demonstrated that factors extrinsic to the virus, mostly

of stochastic and non-selective nature, are sufficient and parsimonious determinants

of the observed multi-scale features of its population biology.
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5.5 Tables

Table 5.2:Parameters used in the framework.

definition value ref.
1/δh intrinsic incubation period 3 days (2-7) [1]
1/γh human infectious period 4 days (4-12) [2]
1/αh period of temporary cross-immunity 0-9 months (2-12) [3]
ǫh→v human-to-vector transmission 0.5 per bite (0.33-1) [4]
φh ADE enhancement 1-1.5 - -
M vectors per human host 0.9-1.4 (0.3-20) [5]
av mosquito biting rate 0.55 per day (0.33-1) [6]

1/δv extrinsic incubation period 6 days (6-12) [7]
ǫv→h vector-to-human transmission 0.5 per bite (0.33-1) [8]
θ external introductions 2.2 per sero/year - -

Nh human host population size 3.5 million - -
ω daily mobility 0.001 (0-1) - -
µ infinite sites mutation rate 0.008 - -

Nseq (evo model) human samples per day 20 - -
a Gompertz parameter (human) 0.0002 - -
b Gompertz parameter (human) 10 - -
νh human average life-span 67.5 years - -
a Gompertz parameter (vector) 0.003 - -
b Gompertz parameter (vector) 10 - -
νv vector average life-span 23 days (8-42) [9]

References: [1] Halstead [2007]; [2] Gubler et al. [1981]; Vaughn et al. [2000]; [3]
Sabin [1952]; [4] Armstrong and Rico-Hesse [2003]; Sabin [1952]; [5] Focks et al.
[2000]; [6] Trpis and Hausermann [1986]; [7] Watts et al. [1987]; [8] Armstrong and
Rico-Hesse [2003]; Sabin [1952]; [9] Trpis and Hausermann [1986]
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Table 5.3:Abbreviations of virus’ names.

abbreviation name family
CHIKV Chikungunya virus Togaviridae
WNV West nile virus Flaviviridae
YFV Yellow fever virus Flaviviridae
JEV Japanese encephalitis virus Flaviviridae
RSV Respiratory syncytial virus Paramyxoviridae

ROTVA Rotavirus A Reoviridae
MUMV Mumps virus Paramyxoviridae
MEV Measles virus Paramyxoviridae
FLUB Influenza virus B Orthomyxoviridae

H3N2,H1N1 Influenza virus A Orthomyxoviridae

Table 5.4:Summary information of sequence data.

virus number of sequencestime period number of regions
YFV 520 1954 - 2010 36

CHIKV 2072 1953 - 2011 100
DENV1 3575 1944 - 2012 200
DENV2 4101 1944 - 2012 242
DENV3 3179 1966 - 2012 168
DENV4 1133 1956 - 2012 92
DENV1* 1389 1944 - 2011 63
DENV2* 906 1944 - 2010 83
DENV3* 672 1973 - 2012 72
DENV4* 109 1956 - 2011 20

H1N1 6272 1933 - 2008 208
H3N2 14319 1968 - 2008 315
FLUB 6212 1940 - 2012 189
JEV 1920 1935 - 2011 86
MEV 7559 1954 - 2012 275

MUMV 1165 1958 - 2012 80
ROTVA 7616 1977 - 2012 92

RSV 1720 1999 - 2010 17
WNV 18396 1931 - 2012 342

* full genome data sets.
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Summary and Conclusion

The main aim of this thesis was to better understand the contemporary population bi-

ology of the dengue virus through the expansion of previously proposed mathematical

models of transmission. Given the recent increase in the number of studies includ-

ing both epidemiological and genetic data, focus was placedon possible multi-scale

determinants of the ubiquitous patterns found in such data,by integrating epidemi-

ological, ecological and evolutionary factors into unifiedmathematical frameworks.

The results presented in Chapters 2, 4 and 5 have advanced on the current literature

by proposing that the population dynamics of dengue viruses, contrary to other anti-

genically diverse RNA viruses, are mainly driven by the natural variation present in

the transmission cycle and by underlying host-related demographic and ecological

factors. While this contrasts with previous hypotheses from modelling approaches,

there are key points in dengue’s population biology and evolutionary history, often

overlooked in the theoretical literature, that clearly suggest this to be the case.

Due to the lack of proof-reading mechanisms in the viral polymerases of RNA viruses,

these pathogens present rapid evolution that occurs at a similar time-scale as their

host’s population dynamics. Genetic diversity is thus shaped in direct response to

changes in host demographic factors, such as population size, segregation or move-

ment, thereby providing measurable connections between population dynamics, evo-

lution and transmission. A promising venue to study the behaviour and epidemic
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potential of RNA-based viruses is therefore to perform phylodynamic studies that

integrate data from multiple biological scales (i.e. epidemiological, ecological, de-

mographic and genetic). While this approach has been particularly successful to un-

derstand the population biology of other pathogens such as the influenza and west

nile viruses, the scarcity of studies presenting relevant genetic data has hindered its

usefulness in the context of dengue.

At the same time, the predominance of epidemiological studies in dengue’s litera-

ture has lead to the general focus of mathematical approaches on the possible de-

terminants of its seasonal signatures and seemingly competitive dynamics of its four

antigenic types (serotypes). Diverging from this trend, the stochastic model presented

in Chapter 2 is the first to address the dynamic behaviour of dengue’s viral lineages

(genotypes). In general, empirical studies suggest the within serotype diversity to

be mostly neutral and genotype co-circulation not common. The major contributing

factor restricting co-circulation is believed to be cross-protective immunity between

variants of the same serotype, while the overall conserved nature of the viral popu-

lation is generally attributed to purifying selection. Thelater is a common feature of

vector-transmitted pathogens, which have evolved to replicate and transmit amongst

vertebrate and arthropod hosts, thus expressing a compromised genome in which most

non-synonymous mutations are expected to have deleteriouseffects. By analysing the

dynamical properties of the invasion of novel dengue genotypes into endemic popula-

tions, Chapter 2 has demonstrated that even viruses with advantageous mutations can
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experience periods of several seasons (years) of low frequency circulation (waiting

time) before reaching sufficiently high numbers to outcompete the already established

(resident) viruses.

The fitness advantage expressed by the invading virus was found to be negatively

correlated with the length of the waiting time, such that highly advantageous mu-

tants could readily fixate. There are, however, strong reasons to believe that new

dengue variants do not harbour mutations that significantlyincrease their relative fit-

ness. For instance, the pressures of purifying selection negate the emergence of mu-

tants with significant fitness advantages as these would imply concurrent substantial

genetic/phenotypic change. Furthermore, as demonstratedin the modelling system of

Chapter 2, moderate to high fitness advantages produce fixation times and significant

signatures in the overall epidemiological dynamics that donot conform with published

data on genotype replacement events. Hence, one of the main expectations from the

results of Chapter 2 is that positively selected dengue mutants express low fitness

advantages that, although sufficient for competitive exclusion, will induce relatively

long waiting periods for emergence and will not interfere with the overall serotype dy-

namics. The latter implies that significant changes in the within-serotype population

structure are silent at the epidemiological level, thus explaining why such events are

rarely reported in the literature as their detection would require frequent and numerous

genotyping in time and space.
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In reality, the waiting times described above also signify an elevated risk of stochastic

extinction for the emerging dengue variants. Accordingly,when demographic stochas-

ticity was included in the analysis, the success (fixation) rate of the newly emerging

viruses was found to be negatively correlated with the waiting time, and surprisingly,

with the prevalence levels of the resident viruses at the time point of emergence (in-

troduction into the population). The later highlighted thepresence of strong viral

competition, or clonal interference, driven by the similarlevels of fitness amongst the

co-circulating viruses.

In combination, these results suggested that the reported low measures of genetic di-

versity and rare evidence of positive selection are not necessarily a unique result of

purifying selection. The generation and temporary circulation of advantageous mu-

tants may therefore be a more common phenomenon than previously acknowledged,

but their detection and emergence is highly restricted by clonal interference and a high

risk of stochastic extinction. In fact, the expected low fitness advantages of the emer-

gent genotypes implies that differences between viruses would be difficult to measure

in experimental settings, which could help explain why the majority of studies search-

ing for positively selected mutations in dengue viruses rarely find significant evidence.

The case study of the recent replacement event in South East Asia, included in Chapter

2, is one example, as the reported speed of displacement suggested the Asian-1 geno-

type to be under positive selection although no positively selected mutations could be

found.
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The effects of demographic stochasticity in the populationdynamics of dengue geno-

types had never been demonstrated in a modelling system. Chapter 2 thus raised the

question of whether the natural variation in host-host or host-pathogen interactions

could also significantly affect or shape the observed epidemiological behaviour of

dengue’s serotypes. Based on bothin vivoandin vitro observations, temporary cross-

immunity and ADE enhancement have been proposed to be the main determinants of

their dynamics. Nonetheless, two problems remain in the current literature: (1) a mul-

titude of different biological assumptions based on these cross-immunological mech-

anisms have been shown to reproduce the observed epidemiological patterns equally

well within modelling systems and thus a consensus on the exact driver(s) has not

been reached; and (2) because modelling studies have disregarded the less well re-

ported molecular scale, the link between dengue’s epidemiology and molecular evolu-

tion is not well understood and it is therefore not known whether genetic data supports

the hypothesis of the determinant role of cross-immunological reactions in dengue’s

epidemiological dynamics.

If temporary cross-immunity and ADE enhancement are thriving mechanisms of the

epidemiological behaviour of dengue’s serotypes, evolutionary theory predicts the

presence of significant selective pressures for antigenic change. However, the current

antigenic distance of human-bearing serotypes is a consequence of allopatric evolution

prior to zoonosis, contrasting with influenza A viruses for example, whose antigenic
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distance in time is a product of continuous genetic change selected by pressures for

immune escape. Without antigenic novelty, there is little evidence that the recurrent

oscillations in serotype prevalence are driven by immune escape (which in turn is sus-

tained by no observations of human reinfection with the sameserotype). Hence, our

current understanding of dengue’s molecular evolution suggests these oscillations to

be mainly a natural consequence of susceptibility turn-over to each antigenic type, in-

dependently of whether immunological cross-reactions determine certain features of

the observed dynamics. This was precisely the focus of the research in Chapter 4, in

which a dengue-like modelling system is shown to sustain oscillatory behaviour of

four serotypes in the absence of cross-immunological reactions.

However, it was in Chapter 3 that the fundamental mechanism for the sustained os-

cillatory behaviour was exemplified. There, in the context of a single-strain pathogen

under an agent-based modelling approach, demographic stochasticity was shown to

be sufficient to maintain the pathogen in a regime characterized by recurrent, semi-

periodic epidemics. Mechanistically, the effects of stochasticity were to generate suf-

ficient perturbations as to keep the pathogen in a transient and non-converging regime.

Importantly, in a natural system, the effects of demographic stochasticity should be in-

dependent of the number of co-circulating variants. That is, stochasticity is expected

to be independent between viral variants as it emerges from the natural variation in

host-host and host-pathogen interactions, which involve different individuals in time

and space for each variant. Hence, its effects must also be independent, and, in an
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ideal scenario in which variant interactions are minimal ornon-existing, each virus

should remain in its own transient regime. In Chapter 4, the expectations of the ef-

fects of demographic stochasticity in a multi-strain system were confirmed. There,

the agent-based model of Chapter 3 was expanded to include the circulation of four

antigenic strains with minimal interactions (i.e. only restricting co-infection) and the

resulting epidemiological dynamics were found to be characterized by persistent and

independent oscillatory behaviour of the co-circulating viruses.

With the goal of addressing the question raised in Chapter 2 of whether demographic

stochasticity was an important determinant of the observedepidemiological behaviour

of dengue serotypes, the model was further expanded to include a mosquito popu-

lation. The oscillatory behaviour was found to be compatible with the dengue-like

framework, proposing demographic stochasticity as a possible determinant of the ob-

served epidemiological behaviour of dengue serotypes. Importantly, stochasticity pre-

sented itself as a parsimonious explanation since its presence in the natural transmis-

sion cycle of the pathogen is certain, while the immuno-based hypothesis requires

that the within-host phenomena generate significant dynamical pressures at the level

of the population in time and space, which is dependent on a multitude of factors. For

instance, the proposed effect of ADE enhancement to change the transmission poten-

tial of specific serotypes is dependent on viral and host genotype, as well as the local

density of hosts undergoing heterologous infections, while the relevance of tempo-

rary cross-immunity in blocking a significant number of infections is limited by the
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chances of hosts being challenged during its period. Crucially, factors such as these

are tied to intrinsic assumptions in the modelling approaches of the studies from which

the immuno-based hypothesis was originally formulated: the deterministic nature of

transmission and the homogeneous mixing in the population.

To this point, demographic factors such as host-populationstructure and mobility

were also considered in Chapter 4 and their qualitative effects analysed. Overall,

the dynamic behaviour of the model was greatly influenced by demographic changes,

presenting the most quantitatively similar patterns to dengue epidemiological data for

host populations with intermediate- to high-structuring and with low host mobility.

Importantly, this followed the conclusions of an increasing number of publications

demonstrating that dengue transmission is highly localised at the level of houses and

neighbourhoods. Analysis of the dynamic behaviour of serotypes in space further vali-

dated the modelling approach by reproducing, for the first time in a dengue-like model

system, previously observed spatial features of dengue epidemiology such as wave-

like epidemics of the four serotypes and heterogeneous immunity (or sero-conversion)

landscapes.

Following the expectations from previous ODE-based modelling approaches, the epi-

demiological behaviour of dengue was also found to be influenced by immunological

factors in the agent-based framework of Chapter 4. However,the previously proposed

effects of transcending cross-immunity were found to be weakened in the presence of

194



CHAPTER 6 - SUMMARY AND CONCLUSION

stochasticity and population structure. The temporary nature of transcending immu-

nity dictates that its protective effects are dependent on the probability of hosts being

challenged by multiple serotypes within its duration. However, the average time for

sequential challenge (heterologous exposure period) emerging from the model system

was in the range of several years, such that the effects of transcending immunity on

the epidemiological dynamics of dengue only became relevant when its duration was

considered to be above 2 years, well outside the period of 2-9months proposed by

experimental reports. For this, the relaxation of the homogeneous mixing assump-

tion played an essential role, as it allowed for the possibility of local stochastic ex-

tinction, significantly reducing serotype co-circulationand therefore increasing the

heterologous exposure period. Importantly, this natural consequence of structured

host-populations is not considered in deterministic and homogeneous mixing models

of transmission, which suggested that the previously proposed effects of temporary,

transcending cross-immunity are exacerbated in such modelling approaches. Crucial

for the validation of the self-emergent heterologous exposure period of the model sys-

tem was the fact that other quantitatively relevant features commonly used to validate

dengue modelling approaches were reproduced for the same parameter values, which

included the ages of primary and secondary infection as wellas epidemic and serotype

periodicities. Although there have been no studies focusedon the estimation of the

time required for heterologous challenge in dengue endemicregions, some have re-

ported indirect quantifications. Importantly, these are inthe range of years, close to

the periods obtained in Chapter 4.
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In contrast to transcending immunity, ADE in heterologous infections was found to

comply to previous expectations from ODE models, which was due to the everlasting

predisposition of hosts to undergo immune enhancement after the first infection. In

fact, these results were evocative of the Cuban experience from the 1977’s DENV1

and 1997’s DENV2 epidemics in which it was demonstrated thatantibodies from the

first outbreak influenced the clinical outcome of secondary infections in the second

outbreak, even after 20 years. What was not clear, however, was if ADE also con-

tributed to overall elevated transmission in the second epidemic [Vaughn, 2000].

As mentioned earlier, the link between dengue’s epidemiology and molecular evo-

lution is not well understood, mainly due to insufficient data on the virus’ molecu-

lar evolutionary history. In recent years, the arrival of numerous next-generation se-

quencing techniques has started to change this scenario; however, it is still not known

which of the numerous hypothesis concerning the drivers of dengue’s epidemiolog-

ical dynamics are supported by genetic data. To address this, Chapter 5 presented

an in silico, unifying perspective on dengue’s phylodynamic behaviourby integrating

neutral evolution of viral sequences into the mathematicalframework of Chapter 4.

For this, summary statistics of phylogenetic shape and population genetics were com-

pared between model output andex novoempirical estimations from publicly available

serotype genetic data.
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The analysis of the topological shape of dengue’s phylogenies revealed these to be

highly balanced, indicative of weak positive selection andclose to the levels ob-

tained for other vector-born or genetically conserved pathogens such the Japanese

encephalitis, the mumps and the measles viruses. Furthermore, dengue’s population

genetics showed a general tendency towards negative TajimaD values, which is in

accordance with purifying selection maintaining a population rich in low frequency

polymorphisms that rarely emerge.

One of the most relevant conclusions from the phylodynamic model system was that

cross-immunity between dengue serotypes was not necessaryto generate data pat-

terns that are quantitatively similar to theex novoempirical estimations. As the

modelling framework assumed evolution and transmission tobe neutral (i.e. all vi-

ral variants were equally fit), selective pressures were notpresent. Therefore, other

factors intrinsic to the modelled system were fully responsible for the balanced phy-

logenies and dominance of low frequency polymorphisms. Notably, the analysis of

meta-population dynamical features revealed that the mostdeterminant factor for the

topological shape ofin silico phylogenies was the risk for local stochastic extinction

of the circulating viruses.

These phylodynamic results were in perfect agreement with the overall conclusion

of Chapters 2 and 4 on the role of demographic stochasticity for the ubiquitous pat-

terns found in dengue’s epidemiological data and genotype dynamics. However, while
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the results of Chapter 4 suggested that cross-immunity is compatible but not necessary

to reproduce the epidemiological behaviour of dengue’s serotypes in the presence of

demographic stochasticity, in the phylodynamic approach this was found not to be the

case. When modelling neutral viral evolution, it was demonstrated that even interme-

diate levels of cross-protective or cross-enhancing immunity, well within reasonable

biological ranges for dengue, resulted in phylogenetic signatures that significantly

deviated from theex novoempirical estimations. In fact, the phylogenetic trees re-

produced by the model system in the presence of varying levels of cross-immunity

were found to have ladder-like topologies, with imbalance levels between the ones

presented by empirical phylogenies of influenza B and influenza A viruses.

While not challenging the existence or role of transcendingimmunity and ADE en-

hancement in the within-host viral dynamics and clinical outcome of dengue infec-

tions, these results strongly suggested that in order to conform to empirical observa-

tions from genetic data, the selective effect of cross-immunity must be negligible at the

level of the population. In reality, this meant that the effects of cross-enhancing and

cross-protective immunity on the transmission success of dengue viruses is weaker

than commonly acknowledged in mathematical models of transmission. In the case

of ADE enhancement, it is possible that the assumption of higher levels of viraemia

in hosts undergoing a secondary heterologous infection does not necessarily corre-

late with the success of transmission to mosquito individuals. In fact, this relation-

ship is yet to be empirically demonstrated, while the shorter viraemia period of sec-

198



CHAPTER 6 - SUMMARY AND CONCLUSION

ondary heterologous infections further suggests a smallertime window for transmis-

sion that may counter-balance the relative increase in the probability of transmission

per mosquito bite. At the same time, the exact nature of transcending immunity

amongst dengue viruses is not fully understood. Experiments on human volunteers

have suggested that heterotypic (cross-reactive) antibodies remain elevated for short

periods after primary infection. Their presence appears toresult in complete cross-

protective immunity to secondary heterologous infection for only 1-2 months and par-

tial immunity for up to 9 months that results in mild disease manifestations. Hence,

the full extend of the protective effects of transcending immunity after 2 months is

not known, and there is not sufficient evidence to reject the hypothesis that protection

is only partially clinical and transmission still possible. Unfortunately, due to restric-

tions on human experimentation and unsuited animal models,this phenomenon has

not been the focus of extensivein vivoscientific research.

The phylodynamic approach further reproduced important temporal features of the

population genetics of dengue viruses. In general, geneticdiversity was found to be

insensitive to the seasonal variations in viral populationsize due to changing vector-

population densities. At the same time, there were strong signatures indicative of

viral population bottlenecks during the periodic multi-year troughs in serotype preva-

lence. Interestingly, a significant time lag was found between genetic diversity and

effective population size, similarly to previous reports of endemic regions. Together,

these results suggested that dengue serotypes may be able tomaintain genetic diver-
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sity between seasons even when facing significant risk for local stochastic extinction.

In reality, as introduced in Chapter 1, several factors could partially explain these

observations, from the generally mild and asymptomatic nature of dengue infections

that allow clinical counts to be virtually absent during off-season periods, to vertical

transmission in the mosquito-vector. However, as these factors are not taken into ac-

count implicitly in the modelling system of Chapter 5, thein silico results propose

that meta-population dynamics may play a determinant role in the maintenance of

dengue’s viral diversity. This is also in accordance with previous reports on allopatric

viral persistence, with variants circulating at differentfrequencies in different loca-

tions, and where transmission pressures vary due to local demographic of ecological

heterogeneities [McElroy, 2011; Raghwani et al., 2011].

The impact of meta-population features described in this thesis, such as host popu-

lation structures and host mobility, further corroborate the hypothesis that the ongoing

emergence and world-wide success of dengue is mainly due to current demographic

and ecological trends rather than viral adaptation. To understand its epidemiology

in the long-term, it is thus crucial to establish how dengue’s meta-population disease

dynamics correlate with more realistic host population structures. Importantly, the

discrete agent-based formulation of this framework allowsto readily consider differ-

ent structural organizations, such as small-world or scale-free topologies, as well as

spatial heterogeneities, such as natural variations in population size and density or

availability in vector breeding sites. Moreover, these areessential factors that need to
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be accounted for the planning of community-specific vector control strategies as well

as drug and vaccine intervention policies. The future use ofthe framework developed

in Chapters 3, 4 and 5 is therefore promising, specially in the light of the undergoing

trials of vector control throughwolbachiainfected mosquitoes [Frentiu et al., 2010;

Hancock et al., 2011; Hedges et al., 2008] and sterile-mosquito methods [Alphey et al.,

2010], as well as the forthcoming antiviral drugs [Lescar etal., 2008; Pastorino et al.,

2010] and multivalent human vaccines [Johansson et al., 2011; Schmitz et al., 2011].

Chapters 2, 4 and 5 have explored the pros and cons of old hypothesis posed by

ODE-based approaches in more complex host-pathogen systems and, importantly,

have suggested new parsimonious explanations for existingfeatures of dengue data

that advance our understanding of its population biology. Besides the positive contri-

bution to the current literature, there are three general implications from this material

that merit the future attention of empirical and theoretical research:

(I) The strong effects of demographic factors on dengue’s population dynamics ob-

tained from all the modelling approaches of this thesis corroborate the idea that a

natural ecological barrier is the main determinant for the rarity of sylvatic outbreaks

amongst humans. If so, with the ongoing demographic and ecological changes across

the globe, the sylvatic transmission cycles remain as a source for future reintroduction.

This is partially relevant in the light of vaccine introduction, as it is not known if the

vaccine-induced immunity is protective and/or enhancing against sylvatic viruses.
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(II) The phylodynamic model system presented in Chapter 5 demonstrated, that the

strong signatures in total incidence due to seasonal effects do not necessarily result in

significant reductions in serotype genetic diversity. This, together with other reports,

proposes that even within moderate transmission settings and highly structured host-

populations allowing for local extinction, the degree of persistence is still adequate to

maintain the pathogen population stable. To better understand this phenomenon, im-

proved estimates on the frequency of silent (non-clinical)transmission are required,

as well as a definite consensus on the role of vertical transmission in the vector pop-

ulation. This is particularly important in the face of vaccine deployment as the vacci-

nation threshold needs to be known to induce sufficient herd-immunity to effectively

reduce transmission.

(III) Given the newly identified factors (stochastic / driftin Chapter 2 and demographic

in Chapter 5) that contribute to the purifying signatures present in the population ge-

netics of dengue viruses, the emergence of advantageous variants may be a more com-

mon phenomenon than previously acknowledged (but their detection difficult). This

is likely to have implications for the emergence of vaccine escape orwolbachiaresis-

tance once the natural selective pressures of endemic populations change upon mass

interventions that may take place in the near future.

The overall results described in this thesis confirm the usefulness of multi-scale bi-
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ological modelling in the context of infectious disease epidemiology. Its results re-

define some of the presumptions present in dengue’s literature and strongly reiterates

human- and mosquito-related demographic and ecological trends as the most relevant

determinants of the virus’ population biology. The implications of this research mate-

rial go beyond the studied pathogen, involving challengingnew ways of looking at the

underlying causes of the complex phylodynamics of antigenically diverse pathogens.
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Glossary

allopatric or geographic evolution/speciation/transmission - Occurs when popula-

tions of the same species become geographically isolated toan extent that local

evolution/speciation/transmission occurs independently. 24, 110, 176, 191, 200

antibody-dependent enhancementor ADE - Subneutralizing antibodies attached to

clones of the infecting virus form an immune complex that canfacilitate the

infection of monocytic cells through their Fc receptors. Innate immunity re-

sponses are suppressed when cell infection happens with such immune com-

plexes and can lead to an increase in the rate of intracellular infection and vi-

raemia levels. 34

cellular-based or TH1-based response - Maximizes the killing efficacy of themacrophages

and the proliferation of cytotoxic CD8+ T cells. Also promotes the production

of opsonizingantibodies. 34

complement system- The complement system is part of the innate immune system.

It consists of a number of small proteins found in the blood that when stimulated

by certain triggers, proteases in the system cleave specificproteins to release

cytokines and initiate an amplifying cascade of immunological reactions that

include the adaptive system. . 37

contact rate - The number of individuals contacted by an infective host per unit of

time. 93
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demographic stochasticity - Inherent noise, or natural variability, in the reproductive

rates of individuals within a population. 90

detection threshold - Level of viral variant prevalence within the population neces-

sary to detect its present circulation (dependent on the surveillance system in

place). See emergence time. 69

eco-spatial - The association of ecological properties or determinants, such as re-

source availability or climate, to a spatial dimension. Linked to the concept of

spatially structured populations in ecology. 93

effective incidence ratio - Ratio between the potential and effective number of new

infections in a population. The potential is determined by the deterministic

backbone, i.e. the force of infectionλ. The effective depends on population

status and will vary in a stochastic framework. 93

emergence time- Time lag between the point of introduction/invasion of a viral vari-

ant and the time when it reaches a detectable level of prevalence within the

population. See detection threshold. 74, 78

endemic - The characteristic of being endogenously persistent in a given area. At-

tributed to diseases or pathogens. May also refer to pathogen variants that cir-

culate amongst human hosts, in contrast withsylvaticvariants. 24

endemic stability - This epidemiological state is defined by patterns of lower levels

of disease at higher transmission settings; possible if immunity is long lasting

205



GLOSSARY

and the probability of developing symptoms increases with age. Within such

scenario, decreases in transmission either by natural phenomena or human in-

tervention can increase the age at which individuals are challenged and therefore

the number of symptomatic cases. 46

exposed- Or latent, is the epidemiological state of a host, defined by being a carrier

of a pathogen but not (yet) able to transmit. It pre-seeds theinfectious state. It

is sometimes referred as the intrinsic incubation period for the human host, or,

extrinsic incubation period for the vector host. 91

extrinsic incubation period - The time required for the virus to develop to infectivity

within mosquito individuals [Anderson and Rico-Hesse, 2006]. 26

fragment crystalizable receptor - Protein at the surface of cells from the immune

system that participate in the protective functions. 33

genotypes - Viral subgroups within each serotype. Defined by Rico-Hesse et al.

as clusters of viruses with sequence divergence lower than 6% within a short

genome region in the E/NS1 junction (figure 1.5 on page 21) [Rico-Hesse,

1990]. 18

H-function - The H-function is a normalization of Ripley’s K-function,such that

the expected resulting value is 0. It allows for a point distribution to be tested

against the null hypothesis that the points are distributedrandomly and inde-

pendently. If positive, it indicates clustering over a spatial scaler, if negative it
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indicates dispersion.. 95, 96, 108, 109

heterologous exposure periodor HEP - The time required for individuals to acquire

a secondary, heterologous infection. 134, 138, 195

homologous immunity - Life-long sero-specific immunity to reinfection. 31

humoral-based or TH2-based response - Stimulates B-cells into proliferation, to in-

duce B-cell antibody class switching, and to increase neutralizing antibody pro-

duction. 34

locality - Area, within the meta-population, related to a certain community C j, de-

fined by the set{C j ,K j}, i.e. the community and its immediate neighbours. 94,

119

mass-action incidence- Type of incidence used in mathematical frameworks to de-

fine incidence as dependent of total population size. It implicitly assumes that

individuals have a contact rate that scales linearly with total population size. 93

meta-population - A population composed of a set of local communities (patches)

linked by dispersal rates (colonization rates) and subjectto the possibility of

local extinction. 91

non-structural protein 1 - is a DENV complement-fixing protein. It presents itself

in both membrane-associated and soluble forms. Its presence is detected in
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blood of patients around the time of viraemia increase and remains detectable

post-viraemia and symptomatic periods. Seecomplement systementry. 37

ordinary-differential equations or ODE - One equation is differential if it relates to

an unknown function and one or more of its derivatives. An ordinary differential

equation has only one independent variable. 38

original antigenic sin - Common phenomenon amongst infections with flaviviruses.

Under this biological mechanism, B-cell clones of human hosts sequentially

challenged by viruses of this family will respond by synthesizing antibodies

with higher affinity for a previous infecting virus than for the current one [Hal-

stead et al., 1983] . 33

outward connectivity - The number of possibly infective contacts a single infectious

individual is expected to have outside its locality during the infectious period.

95

periodic forcing - Periodic changes added to mathematical models of disease trans-

mission to reflect changes generally observed in data [Anderson and May, 1992]

(for example: explicit modeling of yearly increases in the number of vectors

leading to increases in incidence). 89

serotypes - Antigenically distinct viral groups that are epidemiologically very similar

and the cause of clinically indistinguishable illnesses inhumans (figure 1.3 on

page 19). There are 4 DENV serotypes. . 18
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silent transmission - Transmission that is not detected by surveillance systems. 28,

50, 183

single-strain host-pathogen system- Name given to an epidemiological framework

which considers a pathogen whose population is assumed to becomprised of

a single antigenic variant. When modelled, reinfection is not due to genetic

change enabling the pathogen to escape the immune system, but rather from

host-intrinsic loss of immunity with time. 91

standard incidence - Type of incidence used in mathematical frameworks to define

incidence independent of total population size. It implicitly assumes that indi-

viduals have a constant contact rate independent of total population size. 93

success rate of invasion- Defined as the successful introduction/invasion of a viral

variant into a population followed by competitive exclusion of the resident types

(fixation). 77

sylvatic - Attributed to diseases or pathogens exclusively (or predominantly) circu-

lating amongst non-human hosts. 19, 20, 23, 24, 29, 201

time point of introduction or TPI - Point in time in which a novel viral variant enters

the host population. 74

transcending immunity - Name given to immunity that protects against any anti-

genic variant of the same pathogen. For the context of dengue, seeheterologous

immunity.. 32, 46
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vertical transmission - Transmission from adult female mosquitoes to eggs. 29, 49,

200, 202
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Acronyms

R0 Basic Reproductive Ratio. 43

Rt Effective Reproductive Number. 43

ADE antibody-dependent enhancement. 27–29, 32, 33

DENV dengue virus. 16

DF dengue fever. 24

DHF dengue haemorrhagic fever. 24

DSS dengue shock syndrome. 24

EIP extrinsic incubation period. 21

Fc fragment, crystalizable. 27

GM Gompertz-Makeham law of mortality. 96

HEP heterologous exposure period. 125

NS1 non-structural protein 1. 30

OAS original antigenic sin. 26

ODE Ordinary differential equation(s). 31

TH1 cellular-based immune response. 27
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TH2 humoral-based immune response. 27

TPI time point of introduction. 72

VT Vertical Transmission. 42

WHO World Health Organization. 12

WWII World War II. 19
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