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Abstract

In under 6 decades dengue has emerged from South East Astgdmb the most
widespread arbovirus affecting human populations. Retiamhatic increases in epi-
demic dengue fever have mainly been attributed to factarh as vector expansion
and ongoing ecological, climate and socio-demographiagbés The failure to con-
trol the virus in endemic regions and prevent global sprdatsanosquito vectors
and genetic variants, underlines the urgency to reasses®ops research methods,
hypotheses and empirical observations. This thesis cee®d set of studies that in-
tegrate currently neglected and emerging epidemiologgcalogical and evolutionary
factors into unified mathematical frameworks, in order ttidreunderstand the con-
temporary population biology of the dengue virus. The olegepidemiological dy-
namics of dengue are believed to be driven by selective $azngerging from within-
host cross-immune reactions during sequential, hetevolognfections. However,
this hypothesis is mainly supported by modelling approachat presume all hosts
to contribute equally and significantly to the selectiveeef of cross-immunity both
in time and space. In the research presented in this thasishiown that the previ-
ously proposed effects of cross-immunological reactiosasveakened in agent-based
modelling approaches, which relax the common determaéstd homogeneous mix-
ing assumptions in host-host and host-pathogen interecti€rucially, it is shown
that within these more detailed models, previously regbtteiversal signatures of

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



and natural stochastic processes alone. While this castnath the proposed role of
cross-immunity, it presents demographic stochasticitg parsimonious mechanism
that integrates, for the first time, multi-scale features@figue’s population biology.
The implications of this research are applicable to mangmogathogens, involving
challenging new ways of determining the underlying cause¢seocomplex phylody-

namics of antigenically diverse pathogens.
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CHAPTER 1

Introduction to the Population Biology of Dengue

The dengue virus (DENV) is now the most widespread mosduotarvirus affecting
human populations. During the last few decades it has istrgly become a major
public health problem with a significant economic and soomdact in South Amer-
ica and South East Asia [Halasa et al., 2012; San Martin.ef@10]. Insufficient
resources for mosquito control in key regions, lack of paditwill, increasing urban-
ization, climate change and misguided public health pedicire some of the reasons
why prevention and control have been generally disappwrChareonsook et al.,
1999; Gubler, 2002, 2011; Guzman et al., 2010; Halstead3;288n Martin et al.,

2010].

Whereas hyper-endemicity was classically a unique epiolegical property of South
East Asia, globalization trends of the last few decades lchamged this situation
[Maramorosch et al., 2008; Rico-Hesse, 2010]. Its two maictors, theAedes ae-
gyptiandalbopictusmosquito-species, have withessed rapid expansion waitdali

lowing for DENV endemicity in more than 100 countries [Haksdl, 2007]. The World
Health Organization (WHO) now estimates that approxinyadeb billion people, or
~55% of the world’s population, live in countries affectedasr the brink of being

affected by dengue (figure 1.1 on page 15) [Gubler, 2002, ;20alktead, 2008].

Apart from the fast geographical expansion of recent yekmsgue has also increased

14



CHAPTER 1 - INTRODUCTION TO THE POPULATION BIOLOGY OF DENGUE
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Figure 1.1:Consensus on Dengue Virus Geographical Presenc&he map combines information
from different sources to show the degree of consensus abéther dengue transmission occurs in
each region. Categorization is made over a spectrum: caeenptgmsensus on absence in dark green,
indeterminate consensus in yellow, and complete consemspiesence in dark red. Figure reproduced
from Brady’set al. evidence-based literature review [Brady et al., 2012]. §darches were performed
for the period 1920-2009 and last updated on the 8th of Fep2@12. Geo-spatial information was
extracted using site descriptions within 2,838 publisheitlas. Data sources were included only if
cases were confirmed as resulting from indigenous (not itegptransmission events.

in epidemic activity in long standing endemic regions of tBoimerica and South
East Asia (figure 1.2 on page 16). Here, most endemic cosritaee absent or poor
dengue surveillance systems such that unexpected episl@fien occur, creating
overwhelming situations in health systems [Gubler, 2002]common response is
the use of ultra low volume (ULV) insecticide sprays to cohthe vector [Beatty
et al., 2010; Horstick et al., 2010]. However, due to the eiséed high costs, these
initiatives are generally of short duration and insufficienprevent future outbreaks.
Furthermore, from the perspective of the local populatitims visible nature of such
approaches render a false sense of security, which in tiduees awareness and con-

trol against vector breeding sites, in and around habitatjGubler, 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, Nortlsauth America. Asia excludes regions of
Australasia. A steep increase can be seen in the last 2 dedéidere reproduced from Bradyes al.
evidence-based literature review [Brady et al., 2012]. §¢wrches were performed for the period 1920-
2009 and last updated on the 8th of February 2012. Geo-bpdtiemation was extracted using site
descriptions within 2,838 published articles. Data sosiwere included only if cases were confirmed
as resulting from indigenous (not imported) transmissizenés.

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

The epidemiological picture of dengue in other areas of thednvs variable. In

Africa, dengue has always been overshadowed by other diselated problems and
characterized by poor surveillance with no official repugtto the World Health Or-
ganization. Recently, outbreaks of dengue-like illneseeweported in dry countries
of Eastern Africa and South West Asia, such as Pakistan,i @aabia, Yemen, Su-
dan and Madagascar [Guzman et al., 2010]. In 2009, two majdemics occurred
in the isolated and dengue-free populations of Cape Verdn{e et al., 2010] and
Mauritius islands [Issack, 2010]. Given these reports &edoresence of theegypti

andalbopictusvector-species, the current epidemiological situatioAfinca is be-

lieved to be worse than previously acknowledged [Gubled22Guzman et al., 2010;

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

16



CHAPTER 1 - INTRODUCTION TO THE POPULATION BIOLOGY OF DENGUE

been endemic in Mexico and has recently emerged in Floridalaras in the United
States, following multiple reports on the settlemenfefles aegypfiGuzman et al.,
2010]. In Europe, sporadic epidemics in Italy, France arekGe have been described
in recent years, some attributed Aedes albopictugCavrini et al., 2009; Gautret
et al., 2010; Gjenero-Margan et al., 2011]. The increasimglver of reports on au-
tochthonous and imported infections to non-endemic casmtrighlight the need to

study the ecological barriers that determine DENV’s ineasiuccess.

Of extreme importance is the worldwide emergence of preasljounreported severe
forms of disease, cases of which first appeared in Thailaadidtlaa Philippines in

the 1950s, turning into a worldwide phenomenon within twoatkes [Gubler, 2002].
Some researchers believe this to be partially explainechéneased epidemic activ-
ity, which could have led to selection of viral variants wiffeater epidemic potential
and concurrently more virulent phenotypes [Gubler, 200@pfesse, 2010]. In con-
trast, others believe this to be the result of complex immigaztions dependent on
the host’s history of infection and increasing propensftgequential challenge, pro-
moted by heightened persistence and co-circulation of vadants [Halstead and

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

17



CHAPTER 1 - INTRODUCTION TO THE POPULATION BIOLOGY OF DENGUE

1.1 The Dengue Virus

Classification based on genomic organization, homologyatigenic cross-reactivity
places the dengue virus (DENV) into tR&avivirusgenus of the viral familylaviviri-
dae[Calisher et al., 1989]. More than 70 flaviviruses have bedasidentified [Kuno
et al., 1998], many of which are important human pathogetding the hepatitis C
virus (HCV), the Japanese encephalitis virus (JEV) andoyefiever virus (YFV).
Amongst the ones that require blood-feeding mosquitoegréarsmission, DENV
is responsible for the highest human morbidity and mogtgMaramorosch et al.,
2008]. The pathogen’s population comprises four antigglyidistinct viral groups
(serotypes DENV1-4, figure 1.3 on page 19) that presentaimpdpulation dynamics
and are the cause of clinically indistinguishable illnessehumans. Serotypes were
initially defined by their limited cross-reactivity in vans serological tests [Calisher
et al., 1989]. More recently, nucleic acid sequencing teghes have confirmed se-
guence similarity and also identified genetic subgroupmeayes, commonly denom-
inated as dengue genotypes (figure 1.4 on page 20) [Weav&faaiidkis, 2009]. The
overall amino acid sequence similarity among serotypegasbetweer: 60— 80%

[Irie et al., 1989].

18



CHAPTER 1 - INTRODUCTION TO THE POPULATION BIOLOGY OF DENGUE

5% nucleotide

_|' Thai/0673/80
Thai/0442/80

[ FrGuiana/89
r Braz/90

sequence divergence

MRCA<=200

ears ago
y 9 .

Braz/111/97
Braz/233/97
Braz/MR/01

Parag/259/00

— Argen/297/00
Ar%en/293/00

ICoast/Abidjan/98

Thai/0488/94
Thai/0097/94
Sing/S275/90
Thai/0102/91

Thai0049/01

Thai/0336/91
Thai/0323/91
Djibouti/98
Chinléuangzhou/so
Thai/0081/82
Thai/0008/81

Jap/Mochizuki/43

Indon/A88/88
Thai/1687/98
Thai/1283/98

Thai/0104/93

Thai/0055/93
94 Thai/0007/87
Thai/0010/87

97

years ago

97

PRico/1328/77
Ven/2/87
Ven/131/92
Peru/1797/95
Peru/291396
Peru/1950/95
Thai/284,

284/90
Chin/04/85

MRCA<=600
years ago

NGuinea/NGC/44

97 Thai/16681/64

Thai/38/1974
Thai/1974

{ Thai/179/97
Thai/476/97

Thai/734/00
DomRep1981

Jam/N1409/83

Mart/1998

Ven/Mara4/90
Braz/64022/98

Thai/498/84
Thai/168/79
Thai/NHp14/93
Thai/433/85
Thai/26/88
Thai/55/99
Thai/K10/94
Thail263/95

Thai/NH73/93
China/FJ11/99
_E Austral/TSV01/93
BFaso/1349/82
Thai/87/77
04 |—Er Thai/0485/01
Th0/348/91

Martin/99
SriL/00
Phil/H87/56

DENV1

DENV3

DENV2

DENV4

Figure 1.3:Phylogeny of the Dengue Virus (serotypes)Phylogeny of all DENV strains isolated
and available in the GenBank library (until 2008/2009).dbgpes are identified on the far right. Strains
are either in grey or black, belonging to the sylvatic andlepiic cycle, respectively. Sylvatic strains
of DENV3, coded with "?”, have not been isolated but belieteedirculate in Malaysia [Maramorosch
et al., 2008]. Reproduced from figure 2 of Weaetral. with permission from the authors [Weaver
and Vasilakis, 2009]Original legend: Phylogenetic tree of DENV strains from all 4 serotypes dstiv
from complete open reading frames available in the GenBaém&rly. The phylogeny was inferred
using Bayesian analysis (1 million reiterations) and alfrizontal branches are scaled according to
the number of substitutions per site. Bayesian probabikityes are shown for key nodes. Virus strains
are coded by abbreviated country of collection/strain namar of collection.
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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 (2@08/2009). Genotype classification/name
is on the far right. Strains that are identified in black beltmthe epidemic cycle. 15 sylvatic strains
are hidden for visualization purposes (dashed branch,) grégnotypes were originally defined by
Rico-Hesset al. as clusters of viruses with sequence divergence lower téawiéhin a short genome
region in the E/NS1 genome junction (figure 1.5 on page 219dResse, 1990]. Reproduced from
figure 5 of Weaveeet al. with permission from the authors [Weaver and Vasilakis, B0@riginal
legend: Phylogenetic relationships of DENV-2 strains from the GamiBlibrary. The phylogeny was
inferred based on complete E gene nucleotide sequencesayediBn analysis (1 million reiterations)
using MrBayes 3.1. Bayesian probability values are showikéyg nodes. Virus strains are coded by
abbreviated country of collection/strain name/year ofection.
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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 and virus to produce both structural
(shaded grey) and nonstructural (white) proteins. Thedeim is responsible for binding and fusion
and is involved in key determinants of host range, tropisih @rulence. A short sequence of the
genome region in the E/NS1 junction is used to define DENV ggres as originally proposed by
Rico-Hesseet al. [Rico-Hesse, 1990]. Diagram based on figure 1 from [Weavdn\éasilakis, 2009]
and figure 1 from [Fernandez-Garcia et al., 2009].

A single positive-sense RNA molecule®11 kilobases in length, encoding one open
reading frame, composes DENV’s genome (figure 1.5 on page Pi¢ structural
proteins - core, premembrane and envelope - constituteithleparticle and are the
main target of antibody-mediated responses. The remag@awngn non-structural pro-
teins are involved in viral replication, assembly and matioh of host cell responses
[Fernandez-Garcia et al., 2009]. Experimental recomhinamants have not yet been
reproduced, and the role of recombination in the populdtiology of DENV remains

controversial [Maramorosch et al., 2008; Weaver and \kisiJ2009].

Although RNA-based viruses generally present rapid ewmiubccurring at a sim-
ilar time-scale as their host's ecological dynamics [Ged#inét al., 2004], studies
have demonstrated that strong purifying selection dorag\&ENV'’s recent evolu-
tion [Bennett et al., 2003; Holmes, 2003; Holmes and Twid2}03; Weaver and

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

21



CHAPTER 1 - INTRODUCTION TO THE POPULATION BIOLOGY OF DENGUE

flaviviruses have evolved to replicate efficiently in botk trertebrate and arthropod
hosts, expressing a compromise genome in which most amidachanges are ex-
pected to be deleterious and selectively removed from tpelpton [Holmes, 2003;
Holmes and Twiddy, 2003; Weaver and Vasilakis, 2009]. Tlo& [a recombination
further limits the fixation and emergence of single, positnselected mutations due
to clonal interference [Grenfell et al., 2004; Miralles &t 4999]. Since mutations
that take place in one host may be selected against in the ot of the major im-
plications of purifying selection is low, nonsynonymousgatsity [Woelk and Holmes,
2002]. Therefore, as described by Holngsl., more variation can be found within
hosts than amongst them [Holmes, 2003]. The consequendietedérious pressures
are illustrated in figure 1.6 (on page 23), which compareg#retic diversity along
the genomes of DENV and hepatitis C virus (HCV), a directhnsmitted flavivirus.
Two main differences are observed. First, in sharp contwst HCV, diversity is
uniformly distributed along DENV’s genome, suggesting kveano asymmetries in
selective pressures, even between structural and fuattgemes. Second, HCV's
antigenic types present slightly different landscapedicative of dissimilar evolu-

tionary histories or selective pressures amongst thentaria

At the same time, reconstruction of DENV’s evolutionarytbrg has been difficult
due to the weak resolution of thdaviviridae phylogeny [Kuno et al., 1998; Weaver
and Vasilakis, 2009]. Observations were made in the lat®@487dengue-like viruses

and respective animal reservoirs in Asia and West Afric&kéhi 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 la (H@yand 1b (HCV1b) is presented. The
different genome segments are identified between verdeahed lines. Diversity, D, is estimated with
a sliding window approach (in this example, windows are Kn@06leotides). There ar&l- K)+1 win-
dows in a genome of sizZdé. D is the average, giveN seqssequences, of the mean number of different
nucleotidesiiDN) found in all positions of a given windoww (see equation bellow). For each variant,
100 different full genome sequences were randomly selémtetdata available in Genbank. The per-
centage of data used (Y-axis, right) recognizes gaps indkee (A) DENV data contained sequences
from Africa (AF), South America (SA), South East Asia (SEERst Asia (EA), the Caribbean (CA)
and North America (NA), for a period spanning 1956-20DENV1 - SA, NA, AF, CA, EA, SEA,
1987-2009DENV?2 - SA, SEA, NA, CA; 1972-2009DENV3 - SA, SEA, CA; 1983-2010DENV4

- SA, SEA, EA; 1956-2011(B) HCV data contained sequences from the United States of Ameri
(USA), China (CH) and Europe (EU) for a period spanning 12808. HCV1a - USA, EU; 1989-
2007.HCV1b - USA, CH, EU; 1989-2008. For comparison, DENV1-4 diversitpresented in grey.

Dy = (§ nDN)/K/Nseqs

i=1
Since then, a wide number of sylvatic strains (i.e. of anionajin) have been isolated
and reported to belong to each of the human-bearing setppeposing a zoonotic
origin (figure 1.3 on page 19) [Holmes and Twiddy, 2003]. ddirction of dengue

(serotypes) into the human population was extrapolate@ve taken place at differ-
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ent time points, with DENV2 being the oldest with endemicembial. The age of
(DENVZ2's) most recent common ancestor was further estidhtde approximately
1000 years, roughly corresponding to some of the first rerdlengue-like illnesses

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

It is likely that the genetic distance between currentlguliating serotypes is a by-
product of allopatric evolution due to ecological partiiog of ancestral, sylvatic
strains [Holmes and Twiddy, 2003; Weaver and Vasilakis,920This hypothesis is
sustained not only by DENV’s current population structumet also by studies that
report sylvatic and endemic (i.e. human bearing) strairextobit similar evolution-
ary rates [Twiddy, 2002]. Furthermore, experimental sgates for human and vector
infection have shown the presence of small reproductiiergifices [Vasilakis et al.,
2007], which suggests that their infection potential isiEmand the low number of

reported sylvatic cases may be due to ecological barriers.

1.2 Endemic Transmission Cycle

The oldest record of dengue-like iliness dates from tReéntury of the common era
in the Chinese literature [Holmes and Twiddy, 2003]. Moieergly, historical records
propose that between the"l@nd the second decade of thé"2fenturies, at least five
pandemics of dengue-like illness have occurred amongstadfindia, Oceania and

the Americas [Maramorosch et al., 2008; Weaver and Vasi|&@009]. Epidemics
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have been described around areas with large reservoirstef,vedong coastal lines,
inland upstream rivers and seaports. Even though the alidiescriptions fit with
contemporary diagnosis of dengue, other mosquito-bomat diseases with similar
symptomatic manifestations, such as chikungunya or yeléser, might have been
the cause of some of the described occurrences. Awarenatngtie as a public
health issue is recent and a growing phenomenon initialynoted by events that
took place during and immediately after World War Il (WWIMaramorosch et al.,
2008]. Movement of supplies and military vehicles over laligfances resulted in the
importation of the mosquito vectors into new geographieglons. The last years of
the war coincided with reports of several epidemic everiectahg military personnel
in regions such as the Caribbean, East Africa, Japan, Newe@uHawaii and Aus-
tralia [Maramorosch et al., 2008; Weaver and Vasilakis,200he end of WWII in
the Pacific setting led to general patterns of uncontrollédmnization. Millions of in-
dividuals moving into urban areas with inadequate watdribigion systems resulted
in domestic water storage practices that still persist.hSlemographic changes al-
lowed for the establishment of high population densitiethefaegyptimosquito. At
the same time, the absence of reports in the Americas wasodine tinitiation of
eradication measures agaiagidesmosquitoes by the Pan American Health Organi-
zation (PAHO). Successful eradicationadgyptiwas achieved in most countries, but
relaxation and complete suspension of the program in tleell860s led to a grad-
ual reinfestation of almost the entire South American cwrit [Maramorosch et al.,

2008]. Not surprisingly, this resurgence led to the reidiiction of DENV. Its epi-
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demiology in the Americas until the beginning of the 1980s wharacterized by the
absence of severe epidemics and the circulation of sing@yges at any point in
time and space [Maramorosch et al., 2008; Weaver and Vasil2809]. This trend
changed with the arrival of viral variants from South EasisA8y the end of the 20th
century, multiple DENV serotypes were present in most endeagions with the an-
nual incidence of dengue and severe haemorrhagic episodeasing dramatically

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

As described earlier, transmission of DENV to humans is igaattributed to the
mosquito vecto”Aedes aegyptiOther species, which generally appear to express re-
duced susceptibility, a longer extrinsic incubation peé(i&lP) and lower transmission
capabilities, have also been identified as viable vectorglphson and Rico-Hesse,
2006; Halstead, 2008; Paupy et al., 200¥edes albopictysconsidered DENV’s
secondary vector, has gained notoriety in the last decade @lbservations of fast
worldwide spread and sporadic sustained transmission iogeuand the Americas
[Gautret et al., 2010; Gjenero-Margan et al., 2011; Guzntal.£2010]. A second
transmission route occurs in healthcare-related enviemsthrough unsafe manage-
ment of blood products [de Wazieres et al., 1998], althahgHrequency of such oc-
currences and epidemiological importance are largely owknWilder-Smith et al.,
2009]. Aegypti'sbreeding and feeding behaviour allows it to surpass in epioleg-
ical importance all other viable vector-mosquito specieslividual mosquitoes are

highly domesticated and lay eggs in any type of artificialewabntainer found within
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and around human habitations, which work as safe and largesar producing spots.
Adults are optional hematophages, mainly feeding on pofteit juice and other bi-
ological fluids. Females require blood for egg productiod are anthropophilic with

a characteristic 'nervous’ feeding behaviour that gemefahds to multiple bites per
single blood meal, possibly in different individuals [Scet al., 2000]. Reports of
limited susceptibility within and betweeaegyptipopulations suggests that its recent
success as an epidemic vector might be due to behaviourahdga and current eco-
logical context rather than viral adaptation to the spej@sierson and Rico-Hesse,

2006; Maramorosch et al., 2008].

Dengue incidence patterns within endemic regions gelygoadisent epidemic cycles
highly correlated with seasonal variations in vector pagiah size (figure 1.7 B on
page 28), in addition to oscillatory prevalence levels sfsérotypes (figure 1.7 A
on page 28) [Nisalak et al., 2003]. Incidence patterns areeliby a complex in-

terplay of local factors, from the abundance of susceptibimans and their age, to
climate, viral traits, density and distribution of vectadividuals [Johansson et al.,
2009; Morrison et al., 2010; Nagao et al., 2008; Tsuzuki e2&I09; Williams et al.,

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

of serotype cyclical behaviour, which seem to be a univdesgture of dengue epi-
demiology. Given the presence of strong, long lasting, @eglsepidemic troughs, a
subject of great discussion is how viral persistence iseagul. Phylogenetic anal-

ysis show that the absence of reported cases can be folloyessbrgence 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 dominancerajuk’s four co-circulating serotypes

(DENV1-4). Data from [Lourenco and Recker, 2010B) Monthly DHF incidence reveals a strong

seasonal component, which is not reflected in serotype digsamescription of the data can be found

in Section 1.5 on page 58.

viously circulating genetic variants, proposing persistin the vector population,
reintroduction from nearby locations or continuous sikeahsmission [Bennett et al.,
2010, 2003; Carrington et al., 2005]. The latter could be tudgne high number of
asymptomatic DENV infections (Section 1.4 on page 30) thatlew the true levels
of ongoing transmission during off-season periods. Tleeegfthe frequent absence

of clinical cases might not necessarily reflect viral exiiore. A possible contribut-
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ing factor for persistence could also be vertical transimis§rom female adults to
offspring), which has been proposed for multiple mosquitecses, includingegypti
andalbopictus[Bosio et al., 1992], and may enhance DENV’s persistencerbyig-
ing a human-independent reservoir for the pathogen. Therdhawever, contrasting
field and laboratory measures of its efficiency [see TableAdiams and Boots, 2010,
for review], possibly due to experimental artificial selentor asymmetries between
viral and mosquito strains. Nonetheless, recurrent loskveisity has been reported
in the viral population [Bennett et al., 2010; Raghwani et 2011], which demon-
strates that population bottlenecks are real. Althougbdlaee generally attributed to
ecological features, such as fluctuations in vector dessiiral factors also appear to
be relevant. For instance, the extrinsic incubation pasdeémperature dependent due
to constraints in viral replication, becoming longer dgroold seasons and therefore

restricting the virus’ transmission potential [Watts et 4087].

1.3 Sylvatic Transmission Cycle

The transmission cycle of sylvatic viruses takes placeiedoenvironments of South
East Asia and West Africa between nonhuman primates andesat#®edesnosquitoes
(Section 1.1 on page 18, and figure 1.1 on page 22). Rural gt living in close
proximity to forested or plantation areas are periodicakyposed to such variants
[Holmes and Twiddy, 2003; Weaver and Vasilakis, 2009]. #&sithave shown that

the canopy-dwellinghedes furcifetis not only highly susceptible to sylvatic DENV
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but also regularly disperses from the forests to humangeka suggesting a role in
sporadic primary transmission [Maramorosch et al., 2088tondary transmission is
rarely reported, which may be a result of limited human-¢gter transmission poten-
tial or underdetection due to low pathogenicity. An altéineaexplanation could be
the rarity of peridomestic vectoradégyptiandalbopictug in such small human pop-
ulations. Both the ability of peridomestic mosquitoes tmamit sylvatic DENV and

the lack of evidence that genetic adaptation is requiredytwatic strains to replicate
efficiently in humans, propose an ecological barrier forrdu@ty 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 nwith the majority of

cases believed to be asymptomatic [Kyle and Harris, 20@8§sults in a short-lived
febrile illness commonly denominated dsngue feve(DF), generally characterized
by arthralgia (joint pain), myalgia (muscle pain), low-deafever and retro-orbital
headaches [Balmaseda et al., 2006; Burke et al., 1988; Véichret al., 2011]. In

some cases it may progress to more severe and life-thregtemims -dengue haem-
orrhagic fever(DHF) or dengue shock syndron@SS) - with manifestations of cir-
culatory failure, vascular permeability and haemorrhayimptoms [Gubler, 1998;

Halstead, 2007].
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Several risk factors for developing DHF/DSS have been desttrincluding: host ge-
netic background [Gubler, 1998; Guzman and Kouri, 2008]psdary heterologous
challenge [Dejnirattisai et al., 2010; Halstead et al., (Halstead and O’Rourke,
1977; Rothman and Ennis, 1999], viral genotype [Armstromg) Rico-Hesse, 2001;
Cologna et al., 2005], order of infecting serotype [Gibbehal., 2007; Guzman and
Kouri, 2008; Nisalak et al., 2003], time between infectif@szman and Kouri, 2008;
Kyle and Harris, 2008] and age of infection [Anders et al12(Nisalak et al., 2003].

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

strong evidence that the risk of developing severe diseas®e several times higher
when compared to primary infection [Burke et al., 1988; Gamnand Kouri, 2008;

Kyle and Harris, 2008; Sangkawibha et al., 1984; Thein ¢.aB7].

A typical firstimmune reaction is characterized by an itligialow antibody response
during which Immunoglobulin M (IgM) antibodies (the gereresponse to the pres-
ence of any antigen), are the first to arise (figure 1.8 on p&ye BENV specific
Immunoglobulin G (IgG) antibodies are generally detectetbw titre by the end
of the first week, thereafter increasing until week two. Aoty concentration then
slowly decreases, stabilizing at levels that confer ldfieg homologous immunitf.e.
sero-specific protection to reinfection) [Halstead, 200¥few studies have demon-
strated the existence of sero-specific immune responsisgldsr up to 40 years in
individuals from Cuba [Guzman et al., 2007; Sierra et alQZpJapan 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 Immuidglin G (responsive to any
exposure to antigen) and Immunoglobulin G (DENV specifie3pectively. "Febrile illness” can man-
ifest either as DF or mild/asymptomatic disease prone to issed by passive surveillance systems.
Progression to severe disease (DHF/DSS) is rare and glgnasabciated with post-viraemia period
(Section 1.4 on page 30). Figure reproduced and changedithission from Scott Halstead [Hal-
stead, 2007].

In addition tohomologous immunitySabinet al. suggested the existence of a short
period of cross-protective immunity to all serotypes upecorery to infection (tran-
scending immunity). Evidence was collected after World War human volunteers,
which described complete heterologous immunity lastingaup months and partial
immunity up to 9 months after primary infection [Sabin, 12592 more recent stud-
ies, for example, the neutralization of DENV2 viruses byasmmtaining monospecific
DENV1 antibodies has also been demonstrataditro [Kochel et al., 2005, 2002]. In
this instance, however, immunity did not appear to prevaeciions but rather down-

regulates their clinical outcome.
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So far there are contrasting reports and no consensus orudiigatjive behaviour
of acquired immunity after secondary infection. This is niyaidue to the rarity of
third and fourth infections in clinical data and difficukien assessing the history
of infection of single individuals given short periods ofagma and high antibody
cross-reactivity (see bellow) [Gibbons et al., 2007; Nakadt al., 2003]. It is there-
fore commonly assumed that recovery from secondary imtedaifers protection to
further challenges. Whether this completely preventsciide or merely provides

clinical immunity, is still an open question.

Although reports on concurrent human infections with mboentone DENV serotype
are present in the literature, not much is known on its impadisease progression

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

Flaviviruses are known to induce the phenomenowrajinal antigenic sin(OAS)

in which B-cell clones sequentially challenged by virusethe same family will ini-
tially respond by synthesizing antibodies with higher atf§ito a previous infecting
virus [Francis, 1960; Halstead et al., 1983]. Such subaérimng antibodies, when
attached to viral particles, form an immune complex thatfeaititate the infection of
monocytes, macrophages and dendritic cells through fitaggment crystalizablé-c)
receptors [Dejnirattisai et al., 2010; Halstead and O’'Reut977; Jessie et al., 2004;
Rothman and Ennis, 1999; Whitehorn and Simmons, 2011].eDéty via such routes

further suppresses innate immune responses and actim&egukin-10 production
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at an early phase of infection [Green et al., 1999a,b; UbdlHalstead, 2010]. This
creates a cascade of regulatory changes that facilitafgession and synthesis of
pro-inflammatory cytokines, and also biasetlular-basedTH1) to humoral-based

(TH2) responses, inducing a positive feedback that favanrsicrease in the rate of
intracellular infection and consequently in viraemia le&ernandez-Garcia et al.,

2009; Whitehorn and Simmons, 2011].

In dengue infection, this cascade is recognized and comymefdrred to asintibody-
dependent enhancemdADE) and can occur during heterologous DENV challenges
[Balsitis et al., 2010; Halstead et al., 2010; Wrammert et2012] or in the pres-
ence of transplancental antibodies of maternal origin [Cétaal., 2009]. As a result,
secondary challenges are generally dominated by crosty@ammunological re-
sponses [Bukowski et al., 1989; Dejnirattisai et al., 20&8]well as higher viraemia
levels [Libraty et al., 2002a; Vaughn et al., 2000] and maeese disease manifes-
tations [Gubler, 1998; Rothman and Ennis, 1999]. Some relsees have proposed
that the delayed specific response due to OAS may increashdmees of establish-
ing infection upon an infectious mosquito bite, while the Bdnediated increase in
viraemia may affect the human-to-vector transmission @odly per bite. Both these
hypotheses increased susceptibility and transmissibility in hetegius infections
have been widely explored in modelling approaches to DENWjsulation dynamics
(Section 1.5 on page 37). Importantly, viral titres haverbskeown to peak earlier

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

At the same time, the relatively high sequence similarityieen DENV1-4 also con-
tributes significantly to the cross-reactivity of memorgdls [Bukowski et al., 1989].
This has been explored by Rothman and Ennis to propose a mbaehunopatho-
genesis of vascular permeability, a key signature of seslesease manifestations
[Rothman and Ennis, 1999]. The model posits that upon mdiwcgll infection,
either through normal or ADE-mediated means, these tagjkt directly stimulate
T-cells that proliferate and produce pro-inflammatory t§psytokines, which directly
affect vascular endothelial cells to produce plasma leak&be correlation of the lat-
ter with secondary challenge could then be partially exgdiby the quicker kinetics
in activation of cross-reactive memory T-cells extant frbrat infection. The three
main expectations of this model have been explored in sksterdies, which demon-
strated that secondary challenges developing into DHF/Bf&® present (i) higher
T-cell activation [Green et al., 1999a; Kurane et al., 20{ii)] pro-inflammatory cy-
tokine storms [Green et al., 1999a; Kurane et al., 2011], aimdpreferential expan-
sion of cross-reactive T-cells [Loke et al., 2001; Mathealet1998]. Nonetheless, the
phenomenon of increased risk for severe disease in infantsot be easily reconciled
with this model, as in these cases, the individual's immuaetions to infection are
not ruled by cross-reactive TH1 responses but are rathéyoalytbased of maternal

origin [Chau et al., 2009].
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Discriminating between the protective and potentiallyedse enhancing role of TH1
and TH2 responses is difficult due to inadequacies of exmariah animal models.
For example, research in immunocompetent mice has showgéehatic differences
in antibody Fc regions deny the ADE phenomenon [Balsitislet2®10] and that
DENV replication is poor [Gubler, 1998]. The use of gendtjcenodified host lin-
eages is a partial solution [Cassetti et al., 2010; Shrassh,e2006] but introduces
doubts about the generalization of the disease-relateduimemesponses to the hu-
man counterpart. On the other hand, research conductednduman primates has
demonstrated that these animals do not develop diseageseatbles DF/DHF. Also,
these experimental models are expensive and suffer fromiet characterization of
DENV-specific immune responses, restricting their usefsdnfor understanding the

human counterpart [Cassetti et al., 2010].

Finally, there are major difficulties in assessing the mstaf infection of single hu-
man individuals. For example, in both primary and secondallenge the period
of viraemia coincides with the development of mild diseasenot necessarily with
manifestation of severe symptoms, as the latter tends tedmemted with periods of
exacerbated immune response which typically appear aeritus has been cleared.
Given that mild manifestations of dengue are easily mistd&eother uncomplicated
febrile illnesses and that individuals generally seek madssistance only upon se-
vere symptoms, case detection based on passive surveiigatems is difficult as the

majority of infections are not detected or being so too latevirus isolation. Sero-

36



CHAPTER 1 - INTRODUCTION TO THE POPULATION BIOLOGY OF DENGUE

logical assays are thus the most common method for diaggiwsis their inexpensive
nature and feasibility for longer periods after exposung4@an et al., 2010; Halstead,
2007]. However, persistence of 1gG, which cross-react betwDENV serotypes,
severely hampers the evaluation of the host’s history aatibn via Hemagglutina-
tion assays [Halstead, 2007]. An emerging alternativersadn-structural protein 1
(NS1) enzyme-linked immunosorbent assays (ELISA). Thislde protein is highly
persistent in the blood after the onset of symptoms [Tridoal.e2011] and has also
been implicated with theomplement systeamd pathways related to vascular leakage
[Avirutnan et al., 2006; Lin et al., 2012]. Yet, its role inddopment of severe disease
is still highly debatable. For instance, NS1 levels in plaszan correlate with viral
titres and may be higher in patients with DHF [Libraty et 2002b], but its clearance
is faster in secondary infections [Tricou et al., 2011]. Phetein’s kinetics also ap-
pear to be dependent of the infecting serotype [Duyen é2@1l.]; Tricou et al., 2011]
and there are reports of low concentrations during DENV&dtibns, a serotype gen-
erally acknowledged to be statistically linked to seversedse [Rico-Hesse, 2010;

Vaughn et al., 2000].

1.5 Theoretical Approaches

Mathematical models of disease transmission are usefigl toanalyse epidemiolog-
ical and experimental data. They are also crucial simuaibcomplex scenarios that

allow to circumvent real world constraints such as lack sbraces 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 thedlesade. This figure is a reproduction of
material published in a review on dengue modelling by Andretial. [Andraud et al., 2012].

of environmental, human and animal experimentation. Drivg a raising trend in
awareness to dengue, the number of mathematical models population biology
has steadily increased in recent years (figure 1.9 on paggd8eviews, see An-
draud et al., 2012; Johansson et al., 2011]. The most conynusald approach is
that of dynamical systems defined with deterministic ordirdifferential equations
(ODE). This section contextualises the results of a smdlsstiof such studies that

are of relevant nature to the research presented in thisthes

Immunity and Population Dynamics

As with many other antigenically diverse pathogens suchasfluenza A virus [Fer-
guson et al., 2003] or the malaria parasite [Gupta and D&4;1Recker et al., 2004],

dengue’s population dynamics present a seemingly conyadbiéhaviour between its
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antigenic types (Section 1.2 on page 27). The majority alisgihave therefore fo-
cused on cross-immunological mechanisms to explain demgudti-annual oscilla-
tions in serotype prevalence. In fact, a recent review oigdemodelling by Andraud
et al. has showed that 24 out of the 42 relevant studies have foaustite population

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

Even though observations of varying prevalence levels ol szrotype in time had
been presentin the literature since the 1950s, the firsy stumbldress a possible mech-
anism for serotype oscillatory behaviour was based on aenatical model of trans-
mission. By modelling an endemic population with two ciatirlg serotypes, Fergu-
sonet al. showed that varying degrees of ADE in secondary infectiaugccgenerate
oscillatory patterns qualitatively similar to the empationes [Ferguson et al., 1999a].
Analysis of the model's dynamics further suggested that AD&d act to favour the
coexistence of serotypes. An important assumption washigaer viraemea levels
in secondary heterologous infections, due to the ADE phemam, can lead to an
increase in the probability of human-to-vector transnoisgper mosquito bite - the
enhanced transmissibility hypothesis. Thus, strainsukdtng at low frequency can
be rescued by inducing moderate levels of enhancementamdacy infections. With
evidence from a short time series of dengue incidence fromiddeand an hypoth-
esis for a biological mechanism, the authors proposedygeraiscillatory behaviour
as a universal feature of dengue’s epidemiology. Soon, dfiealak and colleagues

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

Further expanding Fergusoret al. mathematical framework to allow for the cir-
culation of N serotypes, Cummingst al. revised the ADE model [Cummings et al.,
2005]. The authors showed that the selective advantageratima enhancement is
higher when multiple serotypes co-circulate by supportegsistence during periods
of low-frequency circulation, thus reinforcing the origlrobservations. Evolution-
ary constraints on ADE were also proposed, since greatelsl@f enhancement can
lead to large amplitude oscillations and stochastic ettinc This in turn suggested
that ADE may provide a mechanism that favours the co-citmreof antigenically

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

agents in single host populations.

Other studies have analysed variations of the ADE model byrasg different out-
comes from immune enhancement. For example, Kawageiaii showed that ADE
can explain the genetic dissimilarity between DENV seresyphen enhancement
leads to a higher mortality rate due to manifestations oésedisease [Kawaguchi
et al., 2003]. Varying levels of cross-immunity were used @soxy for serotype anti-
genic similarity to explore a spectrum of antigenic disegnith the extremes of high
and low protective immunity representing similar or disgamviruses, respectively. It
was shown that serotypes circulating at low-frequency raustride the pressures of

both cross-immunity and enhanced mortality in order to g@eAs a consequence,
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there was a strong selective drive for greater immunoladgiiséance (i.e. low cross-
immunity). The results demonstrated that the effects of Abdticed mortality, in
terms of serotype coexistence, were opposite to what had fregiously suggested
for transmission enhancement. The authors thus demaoedstiat high mortality due
to ADE may lead to an evolutionarily stable viral populatioomprising dissimilar

variants.

Adams and Boots unified (partially) protective cross-imityvith previously hy-
pothesized ADE assumptions of increased transmissifslityceptibility and mortal-
ity into a single framework [Adams and Boots, 2006]. Withstlipproach, the au-
thors demonstrated that the proposed effects of enhancedlityo(as assumed by
Kawaguchiet al) were crucially dependent on other factors, such as caiioie
and a very long infectious period. Therefore, the seleqinessure towards higher
immunological distance derived from ADE-mediated motyalvas found to be too
small, under more strict dengue-like assumptions. It wag astablished that higher
mortality was the only type of enhancement that could notagpce the empirical
cyclical epidemic behaviour. Importantly, susceptigilind transmissibility enhance-
ment favoured stable coexistence of different serotypes av high levels of cross-
immunity, corroborating the studies by Fergusral. and Cumming®t al. [Cum-

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

Further expanding on previous work, a comprehensive cosgainf a multitude
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of ecological and immunological determinants for dengee®lemiological patterns
was done by Wearing and Rohani [Wearing and Rohani, 200&jed@an Sabiet al.

observations, their framework included a short period oftype transcending immu-
nity after recovery, rather than a life-long, partially ssgprotective immunity [Sabin,
1952]. Their results showed that for a fixed amplitude in seakty, short periods
of heterologous immunity were sufficient to reproduce dyiearoonsistent with data.
Inclusion of moderate amounts of enhancement due to ADE widfecompatible

but not necessary to explain the desired patterns. Usingcaastic formulation and
varying host population size, they further demonstrated thoderate levels of en-
hancement in transmissibility together with a short penbttanscending immunity
robustly reproduce viral dynamics and persistence pataserved in Thai province

data.

While most theoretical studies concentrate on patternsoofpetitive exclusion in
serotype cyclical replacement, Adaresal. have focused on particular phase ob-
servations amongst serotypes [Adams et al., 2006]. By lebimg epidemiological
and phylogenetic signatures between DENV4 and other gesfysuch as oscilla-
tory prevalence and clade replacement events, the autrapeged significant asym-
metric, cross-immunological reactions. The effect of sinmune interactions was
analysed using a two-serotype mathematical model withoseddorcing and envi-
ronmental stochasticity. Numerical simulations demaistt that moderate levels of

cross-immunity could explain the observed out-of-phadtepss between DENV1
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and DENV4 in prevalence data. In contrast, the in-phasdlaisons observed for
DENV1-3 required either weak or very strong cross-immunig sequential infec-
tions are frequently observed for DENV1-3, the latter hjaesis was not further
pursued. Comparison between protective and enhancingtefté immunity also
revealed a determinant role on the epidemic period, witheraté levels of cross-
protection better reproducing the empirically observedgas of 8 to 10 years in
serotype prevalence. Finally, the authors suggested thefuarge-scale individual-
based models, as the ones used in the context of influenzargusen et al., 2003;
Koelle et al., 2006a], to further address the links betwéerdtivers of the population

dynamics and phylogenetics of dengue variants.

A commonly criticized feature of frameworks based solelyt@nsmissibility in-
creases due to ADE is their dependence on high enhancemelsttie desynchronise
serotype prevalence. By assuming that increases in sisitigpand transmissibility
might be a concurrent phenomenon in individual hosts, Reekeal. showed, under
a model system, that the required levels of such enhanceroeuatd be much lower
and closer to biologically plausible values than the onssimgd in previous studies
[Recker et al., 2009]. The resulting dynamics were theeesless prone to high ampli-
tude oscillations, either in overall incidence or serovptence, lowering the risk of
viral extinction, an essential consequence of ADE enhaeo¢mas 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 conipletenity is acquired
after recovery from secondary infection. In Andrauetsl. recent review on influen-
tial models of dengue, only 2 out of the 42 considered stuthelsused more than 2 se-
guential infections in their frameworks [Andraud et al.12] This trend has emerged
mainly due to the rarity of third and fourth infections magimodel parametrization
difficult, but also from its simplifying power in mathematicsystems. Interestingly,
one of the first theoretical approaches was also one of thedesidering the possi-
bility of more than two sequential infections [Fischer analdtiead, 1970]. The main
hypothesis of the study was whether fitting a model to ageiséd data could ad-
dress the relative weight of secondary and tertiary indextiin the development of
severe disease. The results demonstrated that the bestifitardy be achieved when

assuming a strong correlation to secondary heterologdestion.

Recently the twice-infected protected assumption wadexgdd by two theoretical
studies [Chikaki and Ishikawa, 2009; Wikramaratna et &1,0. Wikramaratnat al.

focused on the qualitative differences of relaxing the agsion of complete immu-
nity after secondary infection. Their results, based on ardtgpe modelling frame-
work, demonstrated that relaxation of this assumption neasly derived into the
epidemiological patterns of dengue. Inclusion of third &marth cases significantly
increased the force of infection even though the reprodeiciumber (see bellow),
remained the same. This in turn reconciled realistic sero«ersion age profiles in

the four-infected protected simulations with low valuesdengue’s transmission po-
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tential. There are a number of reasons why high values fdvdk& reproductive ratio
of dengue are unlikely. For instance, while other vectamk@athogens, such as the
malaria parasite, have evolved immune evasion mechangspnsibng their infectious
period and overcome transmission bottlenecks, dengueredatizely short period of
infection of just a few days (Section 1.4 on page 30). Furtlfteeaegypti'slife-span
and long extrinsic incubation period severely constraguéctors’ success in trans-
mitting to a significant number of hosts. Overall, this studlgkes a strong case that
high seroconversion levels to dengue viruses, charatitasianany endemic regions,

may not reflect high reproductive ratios.

Endemicity in the Light of Host Demography, Ecology and Contol

As described in the previous section, most theoretical vaorkiengue’s epidemiol-
ogy has focused on cross-immunological and competitiviefadetween the virus’

variants. However, the worldwide increases in clinicalglenare more generally a
consequence of large-scale trends, such as vector expadsimography and climate
change [Halstead, 2007, 2008; Kyle and Harris, 2008; Marasth et al., 2008]. Lo-

cal epidemiologies thus emerge from a mixture of regiondl gliobal determinants.
Notably, only a few studies have focused on such factors tteibanderstand the

drivers of dengue’s contemporary population dynamics.

An interesting and recent trend in epidemiological datehes apparent increase in

mean age of infection in endemic countries of South East j&ianmings et al., 2009;
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Nisalak et al., 2003]. Based on such observations in Thaij ékegao and Koelle have
proposed that decreases in local transmission, for instdne to control, may act to
increase the number of clinical cases [Nagao and Koelle§20Dhe authors based
their hypothesis on the crucial assumption that dengue énohemic stability This is
an epidemiological state characterized by low levels cdake under the premise that
the probability of developing symptoms increases with aggkthat transmission in-
tensities are high such that individuals get infected angoages [Aguas et al., 2006;
Coleman et al., 2001]. Pursuing this conjecture, the aathtarted by identifying a
concurrent raise in DF/DHF and mean age of infection in Tleagdand developed
a mathematical model to reproduce the increase in age aftiafeand clinical cases
using non-stationary decreases in transmission potefitig model was based on the
assumption that individuals undergoing a period of trandizey immunity could sero-
convert if challenged with another serotype. This was baseekperimental work in
monkeys, reporting that sero-conversion is possible issprotected individuals and
that detectable viraemia is not necessary to sero-coriechiel et al., 2005; Kraisel-
burd et al., 1981]. However, it is so far not clear if this ispible in humans as well.
More so, the correlation of symptomatic episodes with iasnmeg age is still unclear
due to contrasting observations and the strong correlatitnsecondary challenge,
prone to happen at older ages [Burke et al., 1988; Gibbonk,&2007; Lin et al.,
2010; Thai et al., 2011]. Nonetheless, this study highéghtow moderate reductions

in transmission can have counterproductive effects in tdmtaxt of dengue.
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The results of Nagao and Koelle are reminiscent of dengymed&eeaniological situa-
tion in Singapore. In this island city-state, the pathogg@mévalence was successfully
reduced between the 1970s and mid 1990s by implementingprigosector-control
measures. Although entomological indices have been maatat low levels since
(e.g. ® 1-2% of house index), major epidemics re-emerged in thella@®s [Ooi
et al., 2006]. Recent modelling work has suggested thaessfal control resulted in
an estimated 10% decrease in Singaporean herd-immunityquade [Oki and Ya-
mamoto, 2012]. Resurgence may therefore be an expectedqoersce of a reduced

epidemic threshold for dengue viruses.

In a more recent publication, Cummingsal. focused on human demographics to
explain the increases in age of infection [Cummings et &09. Under an age-
stratified transmission model, it was shown that demographifts towards lower
birth and death rates could easily accommodate the obsagedhanges in clinical
incidence. This study thus presented a parsimonious merhdnat is independent of
reductions in transmission (as proposed by [Nagao and &dz0i08]). Importantly, if
symptomatic dengue truly correlates with older ages, aslptipns across the world
are undergoing a general ageing trend, these results woeditpa continuous rise in

symptomatic dengue.

Small islands frequently present intermittent outbreaks th an increased risk for

pathogen extinction. These ecologically isolated pojutat are therefore useful
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models to address determinants of persistence. Likewsssyusceptibility is gener-
ally high and accumulates between major epidemics, trasssam is less influenced
by (unobserved and unmeasurable) herd-effects, simpdjfyie estimation of key fac-
tors such as transmission potential or dispersal ratesstundy by Favieet al,, typical
characteristics of dengue outbreaks were analysed fordbeElsland, where a small
and immunologically naive population is concentrated imgle village [Favier et al.,
2005]. It was demonstrated that homogeneous mixing modelsl @ot reproduce the
epidemic shape and duration in a naive host population.dirast, using the method-
ology of individual-based modelling, the authors propa$ed contact heterogeneity,
either at the individual or population levels, is necess@ihese results highlighted the
importance of considering natural variation in dengue g specially in the light
of the spatio-temporal, heterogeneous nature of mosqistakditions, even within

small spatial scales.

In contrast to small populations, hyper-endemic regiomrs@mt recurrent epidemics
with patterns emerging at wider spatial ranges. Using abatcidence data from
Thailand, Cumming®t al. demonstrated the existence of a spatio-temporal travel-
ling wave of DHF emanating from Bangkok to outer regions vétiperiodicity of
approximately 3 years [Cummings et al., 2004]. Accordinthimauthors, such fixed
periodicities might reflect important host-pathogen feadusuch as serotype replace-
ment or human densities, although the influence of climatictdiations could not be

ruled out. Interestingly, other studies have demonstriaieztse 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 wgu®pose that human
density is not the sole driver of such phenomena and urbamneseare not necessar-
ily their epicentre. Using an approach based on ODE metadptipn modelling of
both human and mosquito individuals, Adams and Kapan welee tabaddress the
importance of host segregation and movement [Adams andrK&089]. Within the
meta-population setting, human hosts were allowed to disp@mongst subpopula-
tions. Using numerical simulations, it was found that ircide levels were practically
independent of the time that human hosts spent in distaqogubations, based on
the assumed frequency-dependent biting rate of the vaatomjosquito individuals
bite with a fixed frequency, independently of human avalighbboth in numbers and
time). Together with reports of the patchy nature of vectmpylations [Higa, 2011,
Nagao et al., 2008], this led to the proposal of hubs or reserfor transmission.
These localities, frequently visited by humans and infiatiéh the vector, would con-
tribute massively to the persistence of the pathogen, ewidgntly of the duration of
the visits. Importantly, the study also highlighted how faummobility together with
heterogeneous mosquito populations might explain thecdiffes in disease control

despite increased investment in vector control.

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

cal transmission from female individuals to their offsgrifV/T). Due to contrasting
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reports from field studies and consequent difficulties in ehgirametrization, VT
has generally not been considered in theoretical studieshd most relevant pub-
lication to date, Adams and Boots reviewed a variety of field experimental VT
measures. Using a mathematical model, the authors foundhigaanost commonly
reported range for adult-to-egg infection per oviposi{ibA4%) does not allow VT to
be a key determinant for long term viral persistence [AdantsBoots, 2010]. These
results emerged from the vector’s rapid life-cycle in whiehtically acquired infec-
tions are multiplicatively diluted with every generaticd@onsequently, DENV might
be rapidly lost in isolated populations in the absence ofldicgtion in the human
hosts. Alternative mechanisms such as silent transmissiogintroduction from ex-
ternal reservoirs were suggested to be more relevant det@nts of viral persistence.
In an alternative discrete and stochastic scenario, pensis of DENV might occur
in a disjoint set of subpopulations and asynchrony in sugiseem could prolong the

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

The Basic Reproductive Number

A key concern for the area of theoretical epidemiology is tivbea single infectious
host may start a population-wide epidemic. In theory, ab@ak is likely to happen
if the average number of infectionR4{) produced by an infectious individual is bigger
than one; since, otherwise, transmission fades away. lptipailation in considera-
tion is completely susceptibl®, is referred to as the basic reproductive number or

Ro. In contrast, in the presence of herd-immunity, it is reddrtoR;, the effective
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reproductive number. Importantly, in the case of mosqghim pathogens, the repro-
ductive number covers a complete vector-host transmissiole and will therefore
take into account several mosquito and human factors. Tihekele incubation peri-
ods, transmission probabilities from one host-speciebdmther, infectious periods,

vector feeding behaviour, life-expectancies, etc.

Differences inR, estimations for a given pathogen may be attributable to etyar
of multi-scale factors, from real geographic and tempoealation in transmission,
to differences in methodology or assumptions in modellirmmeworks, not with-
standing biological asymmetries in host and pathogen gebatkgrounds. Another
relevant issue is the frequent discrepancy between thamneahe detected number of
infections, since surveillance systems, specially th@s®e8 in passive strategies, do

not capture the full extend of outbreaks.

For pathogens, such as the dengue virus, that frequentheasymptomatic or mild
disease, underestimation of incidence rates severely éx@npe evaluation of the
transmission potential arfg, from incidence data. Moreover, field and experimental
guantification of biological parameters, specially thoslated to the vector, is gen-
erally affected by high levels of uncertainty. This has heglin a wide range oR,
estimations for dengue, from values close to 1 to bigger 2@ndepending on lo-
cation and the methods used (table 1.1 on page 52). One wayeofaming these

problems is by analysing seroconversion data. The lattewslfor an approximate
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Table 1.1:R, estimates from modelling studies.

Study | N | Cross-protection | Enhancement Median Ry 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 Infectiousne
Table reproduced from Johanssetral. [Johansson et al., 2011].
References: [1] Koopman et al. [1991] ; [2] Newton and Rgit®92]; [3] Marques et al. [1994]; [4]
Ferguson et al. [1999a]; [5] Massad et al. [2001]; [6] Masskal. [2003]; [7] Favier et al. [2006]; [8]
Chowell et al. [2007]; [9] Coelho et al. [2008]; [10] Nagacodakoelle [2008]; [11] Degallier et al.
[2009]; [12] Cummings et al. [2009]

examination of real case numbers and of the current inmgrzdblandscape. By

using age-stratified indexation of such seroconversi@srane can estimate the time-

dependent and serotype-specific forces of infection ared pdssibleR; values. This

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

ductive numbers so far, which lead to estimations betweemd46g[Ferguson et al.,

1999b].
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Thesis Qutline

The ideas explored in this thesis derive from a growing neduktter understand the
contemporary epidemiology and evolutionary dynamics efdangue virus. The ma-
jority of theoretical work on the epidemic behaviour of daadnas concentrated on vi-
ral competition effects, arising from protective and/onancing cross-immunological
reactions within the human host. Mathematical models hanexglly been successful
in reproducing DENV'’s population dynamics, which, alikbet antigenically diverse
pathogens such as the influenza A virus or rotavirus, areacteaized by seasonal
population fluctuations in the form of epidemic outbreaksddition to oscillatory

prevalence levels of the constituent antigenic variargsofgpes). However, these
approaches have also derived into a multitude of slighffedint biological assump-
tions that reproduce the observed patterns equally wellfaGaliscerning between
alternative or potentially complementary mechanisms heendifficult due to our

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

ascertain a definite mechanism for dengue’s populatiorewichamics, through ap-
proaches based on incidence time series alone, highlightsded to shift theoretical
research towards multi-scale data integration. The aintigfthesis is to integrate
epidemiological, ecological and evolutionary factorgiahified mathematical frame-

works.

While previous models have only focused on the dynamics afjde’s antigenic

54



types (serotypes), Chapter 2 introduces a new approachdtessithe determinants
of the population dynamics of newly emerging and potentiatlvantageous viral lin-
eages (genotypes) within serotypes. Results from nunerioalations show that the
success of new genetic variants is mainly determined byhagii processes, strong
clonal interference (i.e. viral competition) and the imntyfandscape of the human
population at the time of emergence. These findings shovagieat from the well doc-
umented purifying pressures acting on dengue virusesy tahmrs severely restrict
the emergence of genetic variants and dictate the obsesuehdcal behaviour of
genotypes. Importantly, the results suggest that thetsftddemographic stochastic-
ity could extend to the population dynamics of dengue’sgeamtic types (serotypes),
which has not been considered in previous modelling appexac To address this,
an agent-based framework, allowing variation to be comstl@t multiple biologi-
cal scales, is developed and analysed throughout Chapters & the light of the

eco-epidemiological context of dengue.

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

host-population structure is introduced. Before expagdmepidemiological frame-
work to a dengue-like system in Chapter 4, a simple analggpeiformed on model
behaviour. It is demonstrated that demographic stochigsca parsimonious driver
of persistent, oscillatory epidemic behaviour for singlais pathogens. In addition,
when considering a spatial dimension, stochasticity iswtto play a major role in the

emergence of spatially heterogeneous immunity landscjese are crucial but of-
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ten overlooked factors of multi-strain systems, speciallynose whose empirical ob-
servations are believed to be driven by viral competitioa thucross-immunological

mechanisms, as their strength is dependent on the hodtsiagof infection.

In Chapter 4 the agent-based model is further expanded licd@dour co-circulating

antigenic types. Contrary to expectations from ODE-baselii+serotype models, in

which the dynamics inevitably converge towards a stabldiegum in the absence of
explicit competition, this model exhibits persistent datory behaviour in serotype
prevalence. These observations can be explained by stmchédferences in each
serotype’s effective transmission, which are amplifiediinet and generate highly
asymmetric immunity profiles within the population, thusimtaining each serotype
in an independent transient state driven by susceptibilitythe specific context of
dengue, it is demonstrated that the inclusion of a mosqgeittor and host-population
structure under dengue-like eco-epidemiological parametlues is compatible with
the emergent oscillatory behaviour. Apart from qualitijvand quantitatively repro-
ducing general epidemiological characteristics of theaghyical behaviour of dengue,
the inclusion of a spatial dimension advances on model attid by reproducing

well documented dengue spatial features, including wikesdpidemics, heteroge-
neous sero-conversion landscapes and spatial epiderstechg. Importantly, when
compared to observations from ODE systems, the effects bb# period of tran-

scending immunity and infection enhancement due to ADE wexakened within the

agent-based framework, due to random effects and populstiiocture.
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Aiming at developing a thorough description of the expegteglodynamic behaviour
of dengue serotypes under a model system, the frameworkagt€h4 is expanded in
Chapter 5 to include neutral molecular evolution of virajences. This multi-scale
approach is used to analyse the ubiquitous phylodynamierpatemerging from the
interaction of key demographic, epidemiological and ettohary processes, by com-
paringin silico summary measures of population genetics and phylogerteties
novoempirical estimations from serotype genetic data. Addindpé results of earlier
chapters, it is demonstrated that factors mostly of stdachasd non-selective nature
are sufficient and parsimonious determinants of frequestiserved multi-scale fea-
tures of dengue’s population biology. These include sigmeatof purifying selection,
temporal patterns of genetic diversity and typical phyluges shape. Importantly,
while the results of Chapter 4 suggest that cross-immummabgiechanisms are not
necessary to reproduce the epidemiological behaviour gk in the presence of
demographic stochasticity, their consideration when riiodeviral evolution lead to

significant deviations from empirical expectations on pigg@netic shape.

Together, the results present in Chapter 2, 4 and 5 do noteadein questioning
the pathological or clinical significance of cross-immugtal interactions between
dengue viruses. However, this material strongly suggéstisstuch mechanisms are
unlikely to be the main drivers of key universal signatunesiengue’s population

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

e The consensus map on DENV presence (figure 1.1 on page 15)usimeak
occurrences (figure 1.2 on page 16) were reproduced fronriadgiablished in
the Public Library of Science (PL0S) to which the Creativer@oons Attribu-

tion License (CCAL) applies.

e The general phylogenetics of DENV serotypes (figure 1.3 agpepEd) and
DENV2's genotypes (figure 1.4 on page 20) were reproduced Meaver and

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

e The immune response to DENV during primary infection issthated in figure
1.8 (on page 32). It is a reproduction of published materyabbott Halstead,

with permission from the author [Halstead, 2007].

e Data on yearly patterns of dengue disease hospitalizatidnelative serotype
abundance in Southern Viet Nam were kindly provided by thegde surveil-
lance programme at the Institute Pasteur, Ho Chi Minh Citgurgs 1.7 A on

page 28, and 2.1 on page 63.

e Data from Thailand, was reproduced from Agugral. with permission from

the authors (figures 1.7 B on page 28) [Aguiar et al., 2011 S#og0s, 2012].

e Spatial serotype data was provided by C. Simmons from thei@xdniversity
Clinical Research Unit, Ho Chi Minh City (HCMC), Viet Nam, peesenting

290 dengue cases in children presenting to the outpatiep&rtnent of three
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large hospitals in HCMC during the season 2010/2011 (figdré<$ on page

127). Spatial information was based on residency of thepati

The illustrations on counts of DENV2 genotypes, during daegment event in
Southern Viet Nam, were reproduced with authorization efalithors (figure

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

Data for serotype spatial distributions in Thailand, dgtine 2005/2006 season,
was obtained from Friedt al. and Veeraseatakeit al. and was further repro-
duced in figure 4.4 C (on page 127) [Fried et al., 2010; Veetakel et al.,

2007].

A range of estimates dR, from relevant theoretical studies is presented in table
1.1 on page 52. Values and references were taken from a réyidehansson

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

The number of published mathematical models on dengueslatbpn dynam-
ics, illustrated in figure 1.9 (on page 38), was taken fromrand’set al. review
[Andraud et al., 2012] published under the Creative Comn#dtribution Li-

cense (CCAL).

59



CHAPTER 2

The Determinants of the Invasion Dynamics of Novel

Dengue Genotypes

Abstract

In a recent report by Hanet al., a major replacement event was described for South
East Asia where the Asian-1 genotype of serotype 2 repléeeetsident Asian/American
type. When comparing viraemia in human patients, the astfoamd significantly
higher levels amongst the ones infected with the Asian-Dbtyge. It was proposed
that this altered phenotype could justify the replacemeaheby enhancing the per-
bite probability of transmission from humans to mosquifeesbite. In this Chapter, a
model system is developed to investigate the general detants of the invasion dy-
namics of a novel, advantageous DENV genotype in an endestting. The results
demonstrate that replacement events can be explained kyetition between geno-
types of relatively small fithess differences which, althlowsufficient for displace-
ment, do not interfere with the overall serotype dynamiagtiermore, the invasion
success and total time required for fixation are stronglyerfted by viral competition
and the epidemiological landscape at time of introductidgs.a consequence, novel
genotypes can face a high risk of stochastic extinctionitketeir fithess advantage.
The rarity of markers for positive selection in DENV’'s maléar evolution has often
been explained by strong purifying selection whereby thestraints imposed by a

two-host life cycle are expected to result in a high rate détdeious mutations. The

60



CHAPTER 2 - THE DETERMINANTS OF THE INVASION DYNAMICS OF NOVE DENGUE GENOTYPES

results presented here demonstrate that even highly bahefictants are under se-
vere threat of extinction, suggesting that stochasticceffand genetic drift beyond

seasonal bottlenecks are equally important in shapinguesgiral evolution.

2.1 Introduction

Despite a general bias in the literature towards studiesthas single-gene approaches,
spatio-temporal patterns of genotype replacement in eicdegions have been widely
recovered from data [Bennett et al., 2003; Holmes and Twid@93; Myat Thu et al.,
2005; Weaver and Vasilakis, 2009; Zhang et al., 2005]. Withéxtrinsic pressures
on DENV, such as seasonal or human-forced reductions iwvpopulation size or
abundance of susceptible hosts, it has been proposed tigtigdrift plays a major

role in the observed phylodynamics [Myat Thu et al., 2005ttk&, 2002].

Following earlier reports on inter-serotypic differennesirulence (e.g. [Gubler et al.,
1978]), one of the first convincing evidence for a genetiedatnant in disease out-
come came from epidemiological studies suggesting thaDBRV2 Asian geno-
type was associated with higher frequencies in DHF comptardéide American type
[Rico-Hesse et al., 1997In vitro studies have since shown that the Asian genotype’s
replication rate in human monocyte-derived macrophagesiandritic cells is higher
[Cologna et al., 2005]. There is also evidence that the véxtaore susceptible to this

genotype [Armstrong and Rico-Hesse, 2001] and may als@ptesshorter EIP [An-
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derson and Rico-Hesse, 2006]. These reports providedanahixplanation for the
replacement patterns observed in the Americas, whereadispient of the American
genotype (by the Asian) has taken place in several countriescent years [Bennett

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

A similar replacement event has occurred in South East Agih, Asian-1 having
displaced the resident Asian/American viruses within Watn, Cambodia and Thai-
land [Hang et al., 2010]. In the report by Hagipl,, some intriguing aspects about the
invasion dynamics of Asian-1 were demonstrated. A phylegjemnalysis suggested
that the genotype was introduced into the population yesiae it had been detected,
and once discovered, it reached fixation within a relatigblgrt period of time (figure
2.1 B on page 63). The rate at which the replacement took @aggested a sig-
nificant reproductive advantage. While this could have jgted signatures in total
incidence dynamics, there was no discernible change inghegbefore or after the
fixation event (figure 2.1 A on page 63). In search for fitnegaasetries between the
genotypes, the authors quantified both the infectivity llewenosquitoes and degree
of viraemia in human patients. While the first provided weagort, viraemia was
significantly higher for the invading type, which sustaireed hypothesis of higher

probability of transmission from humans to mosquitoes.

Eveniffithess advantages in a specific viral trait playedasilee role in this event, the

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

ological landscape in which they arise. Here, using a mogskes, the combined
impact of immunity, viral fithess and transmission on theasien and replacement

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

2.2.1 Description of the Model

The model is an extension of the mathematical frameworkyaed|by Reckeet al,
here expanded to include a period of transcending immunityaavector component
with seasonal forcing in mosquito biting [Recker et al., 200n summary, the ef-
fect of maternal antibodies is disregarded and human iddals are assumed to be
born susceptible to all viruses. After recovery from prignafection the host retains
life-long immunity to the infecting serotype and shortretranscending protection
against all other viruses. As temporary immunity wanesjviddals become sus-
ceptible to secondary, heterologous infection. Due to #nigyrof reported third and
fourth infections, it is assumed that recovery from second#ection fully protects

against further challenges [Gibbons et al., 2007; Halst2@d8].

To investigate the invasion patterns of an emerging vartauat genotypes of serotype
2 are considered, an invading (DENVZ2") and a resident (DENW2s assumed that
there are no antigenic differences between the competingtgees, in accordance

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

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

change in susceptible, infected with, temporarily immunesgovered from, dengue
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virusesi (i =DENV1, DENV2, DENVZ2’, DENV3 or DENV4):

ds" hnh v, hlch

= = W"N"=| XA+ u|S (2.1)
dip h h,  hyh

dxh

= o @ X (2.3)

d

d—Rj = ahXih - [Z yh/l\j’ + yh] Rh (2.4)
t i

dIE h v h . hyh

a9t - ’y/liR?_(o-i-i'ﬂ)lji (2.5)

drR’

j#i

The force of infection of serotypeaffecting the human populationy, is given as

v

A =" (2.7)

with i representing the mosquito biting rate gyd" the vector-to-human transmis-
sion probability. o and Yo" are the respective durations of infection and cross-
immunity. Given dengue’s short period of infection, the gibgity of co-infections

by two or more serotypes is not considered. The human pdpulaize N" =
S"+ Zi(IM + X + R+ 3;17) + R) is assumed constant and infection has a neg-

ligible effect on the average death rgi&,
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To account for seasonal variation, a periodically forcdthbirate is set to:

n =10 (1+ esint)"), (2.8)

wherek is a positive integer influencing the length of the transioisseason, such

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

The dynamics of the mosquito population are given as follows

ddst = ,u"N"—(Z/lih+y"]S" (2.9)
i

ﬂ Ahsv_ vy (2.10)

It iSY = ul; :

with the force of infection from humans to mosquitoes given a

h—v
/lih:n'B;\lh (l{‘+2¢|§}] (2.11)

In accordance with Recket al, antibody-dependent enhancement is assumed to act
by increasing both susceptibility to, and transmissipitif secondary, heterologous

infection by factorgy and¢, respectively.

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

bility from human to mosquito, e.g. through increased viead, 55", (ii) longer
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life-expectancy of mosquitoes infected with DENV2’ to ewel a shorter EIR,,
(iif) longer infectious period in humans/&,, and (iv) an increased level of enhance-
ment of secondary infectiong,. These are formulated around a degree of fitness

advantagep;, given by:

5V = B+ pp) (2.12)
1y = Hy/(L+py) (2.13)
oy = o2/(1+p,) (2.14)
¢ = ¢2(1+py) (2.15)

In line with the suggestion by Hangt al., most of the analysis is concentrated on
the fitness advantage due to increased viral load and thosntiasibility from the

infected human individual to the mosquito vecy;¥ [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 maalplistic nature, such
as invasion success, the above model was further implechentestochastic frame-
work using a Gillespie algorithm [Gillespie, 1977]. Stosha simulations are ini-
tialized with equilibrium population status derived frohetdeterministic 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 dynamwfickengue, presenting cyclical behaviour in
serotype prevalence (coloured lines) and semi-regulaeepic outbreaks (total incidence per month,

grey).

2.3 Results

2.3.1 General Model Behaviour

The general dynamics generated by the model under paravadtess given in Table
2.1 (on page 87), prior to the introduction of a novel DENV2\gtype, are charac-
terised by semi-regular epidemic outbreaks and asynchsoogclical behaviour in
serotype prevalence (figure 2.2 on page 68). In accordaribgvavious studies [Fer-
guson et al., 1999a; Recker et al., 2009; Wearing and RoR@@a6g], a wide range of
incidence and serotype dynamics with different perioghisitan be reproduced under
changes to key parameters values, especially those getatthe degree of enhance-

ment of secondary infection or the period of temporary ciosaunity (not shown
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here, see [Lourenco and Recker, 2010]). For the remairfdéisochapter, however,
parameter values are kept constant to allow better congparisetween 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 siendaere the invading
genotype (DENV2’) has a small fithess advantage over theleasitype (DENV2).
In this case, higher fitness is realised through enhancaedrtiasibility (45%, pg =

0.045) from infected human individuals to the mosquito vesitoe.g5 " > gV,

In agreement with empirical observations, important fezgwf the invasion dynamics
are highlighted in figure 2.3 A (on page 70). Despite the eyedriast rate at which the
advantageous genotype replaces the resident type, thargigsificant lag between
the point of introduction and the time when DENV2’ would reac detectable level
of prevalence within the population - here referred todagection threshold Fur-
thermore, in spite of an expected temporary rise in dengtidence, compared to the
situation without invasion, the overall dynamics in botbadise incidence and serotype
prevalence remain largely invariant (figure 2.3 B on page Thjs suggests that both
the time lag between introduction and detection, as welhasdpid exclusion of the
resident genotype, as reported by Ha@l., can be reproduced by a relatively small

fithess 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 kv frequency and a subsequent shift
in dominance and competitive exclusidiB) The cyclical serotype behaviour remains invariant to the
introduction of DENV2’ (cyan line), which enters the poptiga at timet = 12595 (pink arrow) and
drives the resident type, DENV?2 (blue line), to extinctitea~ 13 years. In accordance with empirical
observations (figures 2.1 A,B on page 63), no major changteeirepidemiology are observed. The
fitness advantage is due to increased human-to-vectontissisn ratefs = 0.045). Other parameters
asin Table 2.1 on page 87.

The same qualitative behaviour can be found when consigletimer viral traits, that
might confer a fithess advantage. That is, shortening the(gJIPR increasing the

duration of infection 4,) or the level of enhancement of secondary infectiog),(
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Figure 2.4:Dynamics of an Invading Genotype Given Differences in ViralTraits - Frequency of
DENV?2’ relative to DENV2 during replacement. In generak thvasion dynamics are similar when
considering different viral traits expressing higher f#gsein this caséA) human-to-vector transmissi-
bility pg, (B) EIP p,,, (C) duration of infectiorp,-, and(D) level of enhancement of secondary infection
pg. The system was more responsive to the viral tigjtandp, .

have similar effects as increasing the transmission piibtyatoom infected humans
to mosquitoesds) (figure 2.4 on page 71). Notably, the human-to-vector trassion
(o) and human infections periog/) viral traits are the most responsive, leading to
fast replacement under similar degrees of fitness advai(tiggee 2.4 A,C on page
71). It is also observed that the synergistic effect of conmlyg different viral traits
can be additive (figure 2.5 on page 72). Hence, the same awvaynamics can be

obtained with combinations of very small enhancements irubitude of traits.
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Figure 2.5:The Synergistic Effect of Viral Fitness Assuming Changes ithe Human Infectious
Period and Human-to-Vector Transmission- The graph demonstrates the increased rate in competi-
tive exclusion of the resident genotype DENV?2 for varyingglis of viral fithess of DENV2' expressed

as a longer human infectious periqg,J and increased human-to-vector transmissig). (Equal fit-
ness differences, either expressed as lopger increasegy lead to similar emergence and fixation
times. The effect ob, andpg on the invasion dynamics is additive. Other parameter gahisdn table

2.1 on page 87.

2.3.3 The Effect of Viral Fithess and Time of Introduction

As shown in figure 2.3 (on page 70), a small increase in trasshility from hu-
man to mosquito seems sulfficient for a novel genotype to aigph resident type
within a short period of time. The actual rate of competitaxelusion and overall
time from introduction to fixation, however, is likely to depd on multiple factors
such as fitness level, transmission settings, viral cortipetand the immune profile
of the human population. Increasing viral fitness, for ins& accelerates the rate
at which the invading genotype drives the resident type tmetxon, resulting in a
shorter period between introduction and fixation (figure 2.dn page 71). Varying
the fitness advantage from 8% to 28% reduces the time to fixétoom ~ 8 years
down to~ 2 years, for example. However, this increase in viral fitriess a major

effect on dengue incidence patterns and the dynamics ofttiex serotypes (figure

72



CHAPTER 2 - THE DETERMINANTS OF THE INVASION DYNAMICS OF NOVE DENGUE GENOTYPES

(A)

no introduction
o 1000 10 o
8 Ccases DENV1 o
S — DENV2 a
S 800 =— — DENV3 =] 0.8 ©
— DENV4 )
Q o
Y 600 = 06 o

C
5 o
S 400 'Y'\ 04 B
[u] - Y s
£ Q
Z 200 »J f“/ ’_// 0.2 0
e =1/ / / 2 >
C ) \/ ©
g 0 \/ \./ 00 @
N L e e I L B N L I B N .
1250 1254 1258 1262 1266 1270 1274
(B) time (years)

pp=0.045

8 1000 1.0 8
[cases DENV1
8 — DENV2 5
8 800 = DENV2 =08 @
— — DENV3 P
~ DENV4 5
Y 600 = A 06 o
5 Q
2 400 0a B
£ J / i
> » ’ f"‘/ o
€ 200y ) J rHqo2 2
5 ./ ~ )
E r NS \Fﬁ-n-'- 00 &
rrrrr: T T T :

T ™ T
1250 1254 1258f 1262 1266 1270 1274

(C) time (years)
pB=0.280
= 1000 109
[Jcases DENV1

o — DENV2+2 5
S 800 - —DEw3 A\ 408 ©
= DENV4 >
2 2
Y 600 - 06 o
g >
©

‘G 400 Y ™\ ' 0.4 g
= L/ K
£ 200 Yy ) 02 >
s ADALS | =

T T 0.0

'I'II'I'f'I' e
1250 1254 1258 1262 1266 1270 1274

time (years)

Figure 2.6:The Effect of Viral Fitness on Fixation Time and Epidemiology - (A) Reproduction
of figure 2.2 (on page 68) for direct comparis¢B) Reproduction of figure 2.3 (on page 70) for direct
comparison. It presents an introduction at the same timet path o = 0.045. No epidemiological
signatures are observel) Higher fitness advantages, hege= 0.28, can have a significant effect on
both incidence and serotype dynamics - invasion develdpsairtlear outbreak followed by a severe
trough in the serotype’s prevalence (for visualizationpmses, the frequency of both DENV2 and
DENV?2' are aggregated into the relative prevalence of g@®P, 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 epidemicreakbshortly after the
introduction, followed by a long period of low prevalencesefotype 2, which could

endanger its continuous persistence.

At the same time, théme point of introductior(TPI) also influences the time taken
for a novel genotype to reach fixation. Figure 2.7 A (on pagepfésents the in-
crease in frequency of DENV2’, relative to the resident DEI\Yor two different
TPIs. While the overall time to fixation is dependent on the, TiRe actual rate of
replacement remains largely constant. In other words,ithe taken from DENV2’
passing a detection threshold to nearly achieving fixatieplécement time) is inde-
pendent of the TPI and therefore independent of the ovaralkeniological status of
the host population (figure 2.7 B on page 75). On the other ithedime lag between
introduction and the point when it has spread sufficienttydietection, oemergence

time, is strongly influenced by the epidemiological status ofgibpulation.

2.3.4 The Effect of Competition on Emergence Time and Invasn
Success

To further investigate the determinants of fixation timeuanber of invasion events
are simulated at various TPIs over several years. The negulime to fixation is
recorded for each event with respect to several populatiofiigs: (i) the number of

naive individuals and (ii) serotype 2 susceptible indiatiythe (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 differenttie points of introduction (TPI). Despite

a discernible difference in the total time for DENV2’ to rédixation, the actual replacement time (i.e.
the time taken from passing a detection threshold to neadghing fixation; highlighted as parallel
dashed lines) remains approximately the same. That is, iffegethces in fixation times are mostly
due to differences in the initial expansion period of theanling genotype before it reaches widespread
detection level (here arbitrarily set at 10% relative plemee). (B) The relative fithess advantage of
the invading genotype has a significant effect on replacétivere as seen by the changing colours in
vertical lines. However, it remains mostly invariant to time TPI (horizontal lines). All parameters
as in Table 2.1 (on page 87) apgl= 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). Tipdots present the evolution of variables that
define the host population status at each TR). Number of susceptible individuals(B) Dengue
prevalence(C) Serotype 2 susceptiblefD) Seasonality (biting rate, y-axis in years). No correlation
is found between natural oscillations in the variables axatifin time. The latter increases within the
time range considered. All parameters as in Table 2.1 (os f@yangy = 0.045.

and (iv) seasonality (i.e. mosquito biting frequency) attime of introduction (figure
2.8 on page 76). During this period of introduction eventajide range of fixation
times are observed, which do not appear related to the salagsaillations of the
population profiles. Instead, fixation time appears linkeddriods of increasing and
decreasing susceptibility (figure 2.8 A, C on page 76), wkistgests a possible role

of viral competition for susceptible hosts.
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Stochastic Simulations

The results so far suggest that novel advantageous gesatgpdace long periods at
very low prevalence before emerging and can also suffer etitign for susceptible
hosts from the resident viruses. However, these obsensdiee based on a determin-
istic system. Within a more realistic setting, they sigrifyenhanced risk of stochastic
extinction for the invading virus despite a possible adagabus phenotype. To better
address the probability of success of the invading genotys¢ochastic formulation

of the model is used in the following sections (see Materaald Methods, page 67).

A number of invasion events are simulated over a period oérs¢wears and the
success rate of invasidhere defined as the successful introduction into a pojulati
followed by competitive exclusion of the resident type)asarded. As demonstrated
in figure 2.9 A (on page 79), the invasion success shows atiatery behaviour
which is negatively correlated to total dengue prevalendthetime of introduction.
This suggests that the invasion of a newly advantageoustymnoan be hampered
by viral competition during epidemics and favoured duriffgseason periods. More-
over, the maximum success rates are found to be dependeah@megatively cor-
related with, serotype 2 prevalence (figure 2.9 B on page S@ce the replacement
time (i.e the time taken from passing a detection threshmidearly reaching fixa-
tion) appears to be independent of the time of introductigule 2.7 B on page 75),

the relationship between serotype 2 prevalence and thettiramergence is further
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explored. Figure 2.9 C (on page 79) clearly illustrates #ratnvading genotype of
DENV2, entering the population during periods of high ptexae of that serotype,
faces significantly longer emergence times than if intreduduring periods of low
prevalence. In general, these observations do not change edmsidering fitness ad-
vantages in other viral traits (figures 2.10, 2.11, 2.12, ages 80, 81, 82), apart from
ADE enhancement which translates in the lowest success oétavasion, possibly
due to its restricted effect to secondary infection. Togethese results indicate that
the fate of the novel genotype is strongly determined by bu#r- 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 Emegence Time For Fit-
ness in Transmission (A) The invasion success (orange line) of the invading genatgp#lates out

of phase with total dengue incidence (grey line) at the tifiatooduction (TPI).(B) The highest rates
of successful invasions can be observed for low relativegbeace of serotype 2 (blue line) at the TPI.
(C) The red crosses show how the average emergence times d.petiibd between introduction and
reaching a 10% detection threshold, of successful invasients increases with the relative prevalence
of serotype 2 at the TPI (blue line). Standard deviationseaon 10 simulated successful invasion
events, are shown as grey bars. Parameters as in Table 2ader87) ang; = 0.045.
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Figure 2.10:The Effect of Viral Competition on Invasion Success and Emegence Time For
Fitness in EIP - (A) The invasion success (orange line) of the invading genotgodlates out of
phase with total dengue incidence (grey line) at the timentsbduction (TPI)(B) The highest rates
of successful invasions can be observed for low relativegbeace of serotype 2 (blue line) at the TPI.
(C) The red points show how the average emergence times, i.getied between introduction and
reaching a 10% detection threshold, of successful invasients increases with the relative prevalence
of serotype 2 at the TPI (blue line). Standard deviationseaon 10 simulated successful invasion
events, are shown as light blue bars. Parameters as in Tdbler2page 87) ang, = 0.045.
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Figure 2.11:The Effect of Viral Competition on Invasion Success and Emegence 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 (gres)lat the time of introduction (TPI{B) The
highest rates of successful invasions can be observedvordiative prevalence of serotype 2 (blue
line) at the TPI(C) The red points show how the average emergence times, i.getiwd between
introduction and reaching a 10% detection threshold, ofesgful invasion events increases with the
relative prevalence of serotype 2 at the TPI (blue line).n&&ad deviations, based on 10 simulated
successful invasion events, are shown as light blue baranfeders as in Table 2.1 (on page 87) and
po = 0.045.
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Figure 2.12:The Effect of Viral Competition on Invasion Success and Emegence Time For
Fitness in ADE - (A) The invasion success (orange line) of the invading genobgoélates out of
phase with total dengue incidence (grey line) at the timentsbduction (TPI)(B) The highest rates
of successful invasions can be observed for low relativegbeace of serotype 2 (blue line) at the TPI.
(C) The red points show how the average emergence times, i.getlied between introduction and
reaching a 10% detection threshold, of successful invasients increases with the relative prevalence
of serotype 2 at the TPI (blue line). Standard deviationseaon 10 simulated successful invasion
events, are shown as light blue bars. Parameters as in Tdbler2page 87) ang, = 0.045.
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2.4 Discussion

The invasion pattern of a novel dengue genotype into an eildpopulation was
analysed. In the modelling framework it was considered thatinvading genotype
possesses a fithess advantage over the resident type. Mostregults were based on
the assumption of enhanced transmissibility from infed¢techan individuals to the
mosquito vectors. This followed the findings by Haetcal., who reported increased
plasma viraemia levels in patients infected by Asian-1 DENAfuses during a geno-
type replacement event [Hang et al., 2010]. In contrast berostudies, Hang and
colleagues did not find increased infectivity of Asian-lugies taaegyptimosquitoes
per se However, it is easy to envisage how higher viral titres deehhance the per
bite probability of human-to-vector transmission [Arnostg and Rico-Hesse, 2001,

2003].

By focusing on a small increase in transmissibility duringrary and secondary
infections, the results presented here demonstratedtibabtal time for genotype
replacement is composed of two phases. First, the invagipg tirculates at very
low prevalence levels for several years, after which a rapiét in dominance and
competitive exclusion of the resident type takes place. Sdree pattern of invasion
was described by Hangf al,, as the Asian-1 genotype was first detected in 2003 de-
spite phylogenetic analyses dating the introductory egentetime during the late

1990s [Hang et al., 2010]. If this is a universal signaturéhef population dynam-
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ics of dengue viruses remains an open question, mostly beaaplacement events
are generally identified in phylogenetic analysis and tlewgdence frequencies of the

intervening types are rarely measured in time.

Of particular interest is the time lag between introducaod emergence, when detec-
tion of the new genotype might be difficult by surveillancsteyns based on low viral
sampling numbers and/or infrequent genotyping. Furtheemras the epidemiological
patterns would remain largely invariant, passive suraeridke systems based simply on

case numbers could also easily fail to detect this intratgpe replacement event.

Apart from increased transmission from infected humandhé&nosquito vectors,
other viral traits were also considered, including longeectious periods, increases
in ADE enhancement and shorter EIP. While the actual viat ttid not alter the
overall replacement dynamics, it was found that differeaits can have asymmet-
ric effects on time and success of fixation. Importantlyytban also have addictive
effects and thus the combination of very small individuahamcements in multiple
viral traits may be sufficient to explain selective replaeeis. This is particularly the
case for events, such as the one of the Asian-1 genotype ith &ast Asia, that do

not present major shifts in the sero-epidemiological pastef dengue.

In addition to viral fitness, the time point at which a novehgtype enters a popu-

lation was found to be crucially important in determining ihvasion dynamics and
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ultimate success. Whereas the relative fithess advanttegteaf the overall time be-
tween introduction and fixation, the epidemiological peofilore strongly determined
the period of low level prevalence before the advantageenstgpe emerged. Various
epidemiological factors were tested for their influencetengmergence time but only
the relative prevalence of serotype 2 was found to have ag#biect. In fact, while
transmission intensities strongly affected invasion sascthe level of prevalence of
serotype 2 within the population determined both the irMasuccess rate and, inde-
pendently, the period before the invading genotype wolddhia sufficient level to be
widely detectable. These results thus demonstrated thatlype interactions, clonal
interference and the current epidemiological landscapeheae a big influence on

intra-serotype dynamics and therefore the observed waligon.

There is considerable interest in determining the evahaiip processes that under-
lie the observed structures and genetic variation of demgues populations (both
inter- and intra-serotypic). Overall, low estimates of ifes selection and the fact
that dengue has a two-host life-cycle are commonly usedatcegburifying selection
as the strongest selective force acting on DENV’s moleaualution [Holmes, 2003;
Klungthong et al., 2004; Zhang et al., 2005]. Itis also cteat dengue viruses exhibit
strong spatio-temporal variations, and genetic drift reenlproposed to play a major
part in dengue evolution where the replacement of viraldges or clades could be
explained through stochastic processes alone. For exampleated bottlenecks due

to large seasonal fluctuations in mosquito densities inty the emergence of novel
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and possibly advantageous genotypes could be a recurrenopitenon followed by
a strong probability for extinction in the subsequent dasiting seasons, explaining
the weak signature for positive selection in the data (coegpto purifying selection).
This in turn would also suggest that the success of a genalypg not always reflect

its viral fitness [Bennett et al., 2010; Holmes and TwiddyQZ0

Indeed, the results presented here have clearly shownakiat genotypes, specially
those that arise during large epidemic outbreaks, can figterisks of extinction de-
spite possessing a fitness advantage. Even successfuypesgdte. those that eventu-
ally reach fixation, potentially undergo prolonged perioti®w frequency which can
span for several transmission seasons independently epidemics therein. There-
fore, low measures of adaptive evolution for dengue virgsesbe partially explained

by eco-epidemiological factors.

DENV'’s two-host life-cycle implies a significant evolutiary constraint whereby the
majority of newly arising variants are likely to be deleters and selectively removed
from the population. The results presented here indicateithaddition to purifying

selection, the epidemiological landscape, clonal interfee and stochastic effects

might be equally important determinants of dengue’s vivalation.
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2.5 Tables

Table 2.1:Parameters used in the deterministic and stochastic simutans.

definition value

u | host lifespan 70 years

a | temporary heterologous immunity 5 months

o | infectious period 3.65 days

v | susceptibility enhancement 1.33

¢ | transmissibility enhancement 1.66

pp | increase in human-to-mosquito transmission O<pp<1

po | increase in infectious period 0<p,<1

ps | increase in enhancement of secondary infections 0<p,<1

NM | host population size 9 million

NY | vector population size 22.5 million

u’ | vector lifespan 16 days

€ | amplitude in seasonality 0.3

o | biting rate 115 per year (0.3#%)

BV | transmission probability humasmosquito 0.9
BN | transmission probability mosquitshuman 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 Tabt:age 141.
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CHAPTER 3

Developing an Individual-Based, Spatially Explicit

Framework

Abstract

The results of Chapter 2 suggest that non-selective presane a significant determi-
nant of the population structure and dynamics of denguetgpas. It is thus possible
that stochasticity plays a previously unforeseen role ingde’s overall population
and epidemiological dynamics. As a first step to study theaichpf demographic
stochasticity in the epidemiological dynamics of denghés Chapter describes the
development and output of an individual-based, spatiatiylieit and single-strain
host-pathogen model. Contrasting to deterministic exgierts of convergence to-
wards a stable equilibrium, the individual-based modaiitggresents persistent os-
cillatory behaviour in disease incidence, solely drivendeynographic stochasticity.
When host population structure is introduced, the stoahaature of local transmis-
sion leads to the emergence of spatially heterogeneous mityriandscapes. These
results highlight the role of natural variation and stoticé#ty in commonly observed
spatio-temporal features of single-strain host-path@gstems, with important impli-

cations for multi-strain systems.
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3.1 Introduction

The most usual modelling methodology in host-pathogeresysis the use of ordinary-
differential equations. Common to the continuous and datestic class of such
models is their propensity to exhibit damped oscillatiormaiad an approaching equi-
librium, in which the rate of new infections equals the lassf the infectious pool
due to (host) recovery and death [Anderson and May, 1992¢dlity, however, many
infectious diseases will not remain in this state of equillitm but instead exhibit per-
sistent oscillations, ranging from seasonal increasexidénce rates, to multi-annual
outbreaks. Empirical evidence points to a variety of ndtorachanisms by which
host—pathogen interactions and their ecological contxtoe significantly altered in
time and space, possibly inducing the observed oscillgtatierns. The most com-
mon are changes in host social behaviour, climatic fluatnati host-pathogen adap-
tation, strain competition and pulses in host natality, taldy or migration [Altizer
et al., 2006]. Accordinglyperiodic forcingis often incorporated into deterministic
susceptible-infectious-recovered (SIR) models, whiclvesahe underlying system
away from its natural equilibrium into a regime characediby periodic oscillations,

akin to those observed in nature [Altizer et al., 2006; Baawath Earn, 2003].

While ad-hoc forcing is generally sufficient, its inclusiommathematical frameworks
has the drawback of extra parametrization. Moreover, itisaiways clear which,

amongst possible biological drivers, such as host-sedbehaviour or climate fluc-
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tuations, justify the introduced periodicity chosen togeflthe empirical one [Altizer
et al., 2006]. Alternativelydemographic stochasticityr natural variability, inher-
ently present in individual host-pathogen interactiorss been shown to be a par-
simonious driver for the emergence of persistent oscijab@haviour in dynamical

systems [Alonso et al., 2007; Bartlett, 1957; Verdasca.e2@b5].

From the point of view of continuous deterministic framelugrstochasticity is a
source of perturbations that allow the system to remainiarsstent regime instead of
approaching an expected equilibrium. Seemingly globaabelurs can thus emerge
as bottom up phenomena based on a wide spectrum of locatdreataviours [Breck-
ling et al., 2006; DeAngelis and Mooij, 2005; Hanski, 199Bhportantly, stochastic
formulations have often generated richer dynamical piggsethan their deterministic
counterparts, and have contributed to a more complete stasheling of the modelled
systems [Bolker and Grenfell, 1993; Buckee et al., 2011;s68be, 1981; Durret and

Levin, 1994; Favier et al., 2005; Verdasca et al., 2005].

In recent years, mathematical modellers have become siogdg concerned with
the role of stochasticity and heterogeneity, slowly shgttowards frameworks that
incorporate such factors at multiple biological levels §ithn et al., 1988; Levin et al.,

1997]. Mathematical frameworks that readily incorporageatial dimension, stochas

ticity and variation at multiple scales, such as agent-thasedels (ABM), are becom-

ing of particular interest [DeAngelis and Mooij, 2005]. Inebretical ecology, for
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example, some studies have addressed the effects of dgrhagstochasticity on the
population dynamics of predator-prey systems, or in théitgtige behaviours of ide-
alisedmeta-population®f single and multiple species [Levins, 1969; McKane and
Newman, 2005; Simonis, 2012]. In theoretical epidemio]agythe other hand, stud-
ies have mostly focused on single-strain host-pathogetesgs[Alonso et al., 2007,
Keeling, 2000; Verdasca et al., 2005] and the role of nattamétion in the population

dynamics of multi-strain pathogens has not yet been adefless

In this chapter, an agent-based model with spatially eiplast-population structure
is developed and the effect of stochastic amplification enegpidemic behaviour and
spatial distribution of a single-strain pathogen are aswdy The underlying frame-
work will serve as the starting point of Chapter 4 (on page)litdwhich the effects
of demographic stochasticity are studied in the context wiudti-strain dengue-like

pathogen.

3.2 Materials and Methods

3.2.1 Epidemiological Framework

The model presented is an agent-based, discrete and dioctiagle-strain host-
pathogen systenThe population is divided into different classes, eachasgnting an
epidemiological state, akin to those defined in a classi¢ahiiGmework and extended

to include arexposedset of carriers not yet infectious [Anderson and May, 1992-K
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mack and McKendric, 1927; Otto and Day, 2007]. At each tinep,sndividuals may
transit between states, expressing only one at the time.p®dpelation-level deter-

ministic system provides the backbone for host state tiiansi defined as follows:

ds

i UN = (1 +u+6)S (3.1)
O = US+5-(y+uE (3.2)
e+ (3.3)
da ~ 7 K '
drR

== = 5l —uR 4
m ol —puR, (3.4)

whereA, 1/y,1/u, 1/6 are the force of infection (see bellow), the latency peribé,

expected life-span and infectious period of the host, rdspy. The host population
size,N, is assumed to be constant. In discrete systems, such asnihigpathogen
extinction is possible. When the disease-free states drthadocus of study, high
values for transmission parameters or externally acquiredtions (a proxy of host
migration or mobility), are often considered to assureigggace [Anderson and May,

1992]. Here, a small number of externally acquired infewi@) is used.

State changes are addressed as probabilistic events pediurad, with probabilities
equal to the corresponding rates in the deterministic fétatran. For example, the
probability of an infectious individual recovering B_r = ¢ per time step. On av-
erage, each infectious host will spenthXime steps in staté (although the values

of the model’'s parameters are fixed, demographic stocltgsscassured from the
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probabilistic and discrete nature of state transitions).

A standard incidences considered, where the averagmtact ratebetween individu-
als is a constar@, and does not scale with population size (as opposethis-action
incidenc@. The force of infection, is defined ast = €C x | /N, with € being the
probability of infection given an infectious contact. Widlemographic stochasticity
present, the number of new infections (incidence) can teeWiam the deterministic
potential @S + #S) and can be quantified in time by tle&ective incidence ratio

incidenct)

RRPEGREOR

(3.5)

3.2.2 Population Structure and Connectivity

In ecology, a meta-population is a conceptual populaticsirgjle or multiple species
whose distributions can be formalized as a system compdsedei of patches, con-
nected by dispersion rates and subjected to local extm¢Goenfell and Harwood,

1997; Hanski, 1998; Levins, 1969]. Setting a pathogen aspleeies of interest, the
direct analogy in epidemiology is to consider hosts as pgpheharbouring patches,

subject to infection, recovery and death [Grenfell and Heogly 1997].

An alternative approach, such as the one taken here, defelsgs as communities
of hosts and dispersion as transmission events betweemtstches. This allows

to explore both the microscopic (individual) and macroscdeco-spatial) effects of
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Figure 3.1:Approach to Meta-Population Structure - Schematic of a meta-population in a 6x6
lattice. Each communit€; hasK; neighbours. Localities are exemplified by the coloured comm
nities surroundin@a, Cg andCp. Each community includes a population of homogeneouslyngix
hosts. Contacts of individuals residing@; are mainly local, with equal probability within the local-
ity ({Cj, K;}). Long distance contacts due to mobility, for example betwa host irCp andCc can
happen with probabilityy.

demographic stochasticity, by segregating hosts into-dedihed social units - for ex-
ample families, villages, towns, cities or countries - #iere modelling ecologically

relevant host-population units for pathogen persistendesgolution.

In this framework, spatial structure is added by subdivgdime host population into a
spatially organized set of communities (patches), fornaisguared and non-wrapping
lattice with x rows/columns and community size In this setting, each community
C; hasK; neighbours, with the s¢C;, K;} defining alocality (see figure 3.1 on page

94).

To include host movement, a connectivity parametés considered. Herey defines
the probability of an individual’s contact happening withother individual from a

distant community, and is therefore the expected propodfdong distance contacts
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of a host/community per time step. It contrasts with othetaapopulation formu-
lations that generally define connectivity as a constanwvémeent) rate between all
subpopulations [Earn et al., 2000a; Keeling, 2000]. HostommunityC; have con-
tacts within their locality with probability (+ w), i.e. amongst individuals withi@;
and its neighbouring communitié§; and outside with probability.. Mixing within

the locality is assumed to be homogeneous

The parametew can also be interpreted as thetward connectivityevel of the host
population, i.e. the number of infective contacts a singfedtious individual is ex-

pected to have outside its locality during the infectiousquk

Qi = C% c[0,~ Ry , (3.6)
where
Cey
o~y 3.7
Rl T (3.7)

is the basic reproductive number.

For the analysis of spatial clustering across the metadptipa, such as susceptibility
or herd-immunity pockets, the Ripley’s H-function is usedhich has been success-
fully applied to multiple biological scales in host-patleogsystems [Kiskowski et al.,
2009; Liebman et al., 2012]. With the original function (tkdunction), aggregation

within a certain area is identified if the average number afifsqoccurrences) within
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a distance of another existing point (occurrence) is statisticallgager than that ex-
pected for a random distribution. The H-function is a noirsion of the K-function

such that the expected value is O:

n N,
K(r) = %Z pﬂ(r), L) = VKO) =7, H(r) = L(r) —r. (3.8)

i=1

This allows for the point distribution to be tested agaihst hull hypothesis that the
points are distributed randomly and independently. Thaa igositive value oH(r)
indicates clustering over the spatial scglevhereas a negative value indicates disper-

sion.

3.2.3 Host Mortality

Initially, age-independent mortality is assumed, in whagath events have a fixed
probability of 4 per time step, according to the mean life expectancy /af 1An

age-dependent method is later considered, in which thedlagendent part of the
Gompertz-Makeham (GM) law of mortality is used to derive -ageociated death

probabilities [Gompertz, 1825]:
u(X) = (ae)e b (3.9)

wherex is the host agea andb the Gompertz function variables. Figure 3.2 on page

97 presents an example of this function, showing the deatbgilities per age and

96



CHAPTER 3 - DEVELOPING AN INDIVIDUAL-BASED, SPATIALLY EXPUCIT FRAMEWORK
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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 poaulation of N~ 1 million individuals.
(A) Death probability per age. Death events are assessed pestap (day), with probabilitp =
u(x)/364, wherexis the individual's age. Parametexrs- 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 isvieitbby 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 illestrat figure 3.3 (on page
99) in the absence of population structure, i.e. in an homegesly mixing scenario.
As expected, the dynamics of hosts with specific epidemiockdgtates approximate
the deterministic counterpart. Nonetheless, some nualeimulations do not de-
velop into outbreaks due to pathogen extinction, while @hgresent variations in
peak height or epidemic length, due to amplified stochasfects happening at the
individual level. That is, during outbreaks, demographickasticity causes the trans-
mission success of the pathogen to deviate from the detesticipotential (figure 3.4
A on page 100), especially when the number of infected iddiais is small. The
same effect is observed in the length of the latency perivalsndividuals experience
(figure 3.4 B). While its average is close to the determiaistipectation of Ly days,

significant variations are observed simply due its prolstisinature in the model.

This variability, arising at multiple scales within a siegépidemic, has important
effects in the long term dynamics of the single-strain sysfalonso et al., 2007;

Verdasca et al., 2005]. An example is illustrated in figufedh page 101, where the
discrete homogeneous model is shown to follow the expecesahrbehaviour of the

continuous model but does not converge to the determir@gtidibrium.
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(A) susceptibles & recovered
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Figure 3.3:General Dynamic Behaviour of Single Epidemics When Assumin Homogeneous
Mixing - (A,B) Comparison of the output of deterministic (black lines) agent-based SEIR simu-
lations. Ten solutions are presented for the ABM, 2 noniptnst. The dynamics of the susceptible
(green), recovered (blue) and infectious (orange) clamsegresented. Parameters: 0.05,6 = 5d72,
y=2d"1, u=60y" C=5,0=0,N= 10000, initial infectioug = 10 (Ry ~ 1.25).
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Figure 3.4:Short Term Effects of Demographic Stochasticity Within Sirgle Epidemics When
Assuming Homogeneous Mixing (A,B) Demographic stochasticity acting on the effective incizken
and on the time spent in the exposed class for one agent-basathtion (thick line in figure 3.8

on page 99)(A) Black line is the expected effective incidence ratio, @schre the deviations during
the epidemic.(B) Distribution of latency periods experienced by hosts. &ipns on the horizontal
axis of the cross and diamond are the expected and resultag period, respectively. Parameters:
€ = 0056 =5d"%y =2d1 =601 C=56=0,N= 10000, initial infectiousd = 10

(Ro ~ 1.25).
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Figure 3.5:Long Term Effects of Demographic Stochasticity When Assuntig Homogeneous
Mixing - Comparison of the output of one deterministic (black,dadind agent-based SEIR simula-
tions. The dynamics of thgd) susceptible (green) an@®) infectious (orange) classes are presented.
The ABM follows the expected mean behaviour but presentsigtent oscillatory behaviour. Parame-
tersie = 0.3,6 = 4d7t, y = 2d™%, u = 60y, C = 10,0 = 1 per monthN ~ 1 million (Ry ~ 12).
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3.3.2 Expanding the Framework: Age-Dependent Mortality

In a continuous age-independent framework, such as thdloagated in figures 3.3
to 3.5, the parameterdefines the rate at which population turn-over takes pléees, t
defining the mean life expectancy of the individuals gsylears. Within a discrete and
agent-based system, however, this does not equate tdiceadjs-profiles and may in-
troduce undesired biases. Figure 3.6 (on page 103) comih@rase of age-dependent
and independent mortality rates and their age profiles. oligh, the resulting mean
life expectancies at equilibrium are similar for both mettdfigure 3.6 A), the age
distributions are significantly different (figure 3.6 B). Wiage-independent mortality
the age span is widely unrealistic and the mean age therbkigine Biases in model
output are therefore expected depending on transmissiefsleThat is, for instance,
if transmission is high and exposure expected at early ages,ine individuals might
be alive for twice as long as defined py To avoid such effects, the age-dependent

method is preferred for the discrete approach and usedfterea

102



CHAPTER 3 - DEVELOPING AN INDIVIDUAL-BASED, SPATIALLY EXPLUCIT FRAMEWORK

(A) life expectancy

] o

frequency

T T T T T
50 100 150 200

0.00 0.02 0.04
|

o

age (years)

(B) final age—profile

0 50 100 150 200

frequency
0.000 0.015 0.030
|

age (years)

Figure 3.6:Effects of Age-Dependent and Age-Independent Mortality Rees- Comparison be-
tween age-dependent (black) and age-independent (greyalityousing the ABM forN ~ 1 million
individuals. Age-independent parametes 67.5y~. (A) Frequency of death events per age at equi-
librium, diamonds are the mean life span. Deviations frompeeted mean is due to demographic
stochasticity. Parameters as in figure 3.2 on pagéB)7Age-profiles at equilibrium. Circles are mean
age. The age-independent method produces an unrealistiprafjle 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 modifgtamixing and can there-
fore alter global dynamics. To start addressing their éffanixing is assumed to be
independent of spatial structure by setting the probahdlitiong distance contacts,
or connectivity, to be maximumu( = 1). In this case, the system’s dynamics are ex-
pected to be invariant to the level of (explicit) structudeled to the population, and
behave similarly to an homogeneously mixing system. Thilkistrated in figures 3.7
A,B (page 105), which show the dynamics of the susceptibteiafectious portion

of the population when considering three different levélstaicturing. As expected,
the mean epidemic size and period is invariant to structbemges and equal to the

homogeneous model (single community) of figure 3.5 on pade 10

When structure is present and connectivity is maximun=(1), the probability of a
transmission event taking place in a specific community/Nc1 with Nc being the
number of communities. Hence, even though the pathogerslaeulating indepen-
dently of the spatial dimension, not all communities or B@stperience equal forces
of infection in time and space. This is shown in figure 3.8,chipresents the suscep-
tibility levels within single communities for meta-poptitans with low and medium
structure whemw = 1. Although both meta-populations present the same avézage
of susceptibility, as demonstrated by their dynamics inrBgdL7 (on page 105), the

more structured population shows higher spatial hetemgerihis is a result of the
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Figure 3.7:General Dynamics When Assuming Homogeneous Mixing With Exjit Population
Structure - Examples of similar dynamics ¢A) susceptible an(B) infectious hosts in a homogeneous
mixing system ¢ = 1). The level of explicit structure in the host populationasied: no structure, low
structure (community size 62500, 4x4) and medium strudwommunity size 5000, 20x20). Quanti-
tative measures of the epidemic behaviour - mean and epidesniod - are independent of structure
(no structure: 169.7, 2.4; low structure: 169.2, 2.5; medatructure: 168.9, 2.3; average of 25 simu-
lations). Parameters as in figure 3.5 on page 101 with agerdiemt mortality as in figure 3.2 on page

97.

reduced probability of cases happening in each communttyinwcreasingNc, allow-

ing for local variations to accumulate. Hence, it is easynasage how relaxing the

homogeneous mixing assumptian £ 1) and allowing transmission to become more

localised, as is often the case for real host-pathogenmagsigan result in significant

spatio-temporal dynamical changes.
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Figure 3.8: Emergence of Susceptibility Landscapes When Assuming Horgeneous Mix-

ing With Explicit Population Structure - Susceptibility landscapes while assuming homogeneous
mixing (w = 1). The probabilistic nature of transmission events hajmgeat each community

(p = 1/Nc, Nc=number of communities) dictates that spatial variation emerge even though the
pathogen keeps circulating independently of the spatmakdsion. The level of explicit structure in the
host population is varied(A) low structure (community size 62500, 4x4) afi®) medium structure
(community size 5000, 20x20). The epidemic dynamics argjuré 3.7 on page 105. Parameters as in
figure 3.5 on page 101 with age-dependent mortality as indi§L2 on page 97.

3.3.4 Expanding the Framework: Host Mobility

The effects of relaxing the assumption of homogeneous miamlocal variation are
illustrated in figure 3.9 (on page 107). It is shown that #orain local susceptibility
across the meta-population increases with decreasingectimity, a result of reduced
community synchronization (i.e. timing and epidemic si2édtably, the relationship
between connectivity and local variation appears to beragg into three regimes:
(1) when contacts outside the locality dominate and locaitian does not build up
(white area,Qqyt > Ry/2); (2) when contacts inside the locality dominate with at
least one contact outside being expected, leading to shghtases in variation for

decreasing connectivity (light-grey are@q: € [1, Ro/2]); and, (3) when less than
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Figure 3.10

Susceptibility landscape for 1 simulation with varying oentivity (blue and red points in figure 3.9

on page 107). Mean susceptibility0.08, light blue, as before (figure 3.7 A on page 105). Parammeter

as in figure 3.7 on page 105 for high structuring (communitg §00, 50x50)N ~ 2 million.
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one contact outside the locality is expected, resultinggnicant increases in local

variation for slight decreases in connectivity (dark-gaega Qo < 1).

The spatial patterns of the emergent local variation akedifferent depending on the
level of connectivity. Figure 3.10 (on page 107) presene@ample that compares the
susceptibility landscapes that result from meta-popuotetihat differ by whether long
distant contacts are possible. Qualitatively, there ageiitant differences between
the two scenarios with the meta-population with higher emtinity presenting high
variation between adjacent communities. These differenar be quantified using he
H-function (see Materials and Methods on page 95), whichsunes the spatial scale,
i.e. radius in terms of number of communities, of areas wirtthilar susceptibility
levels (figure 3.11 on page 109). As expected from the finexgdadistribution of the
susceptibility landscape of the population with frequastaht contacts, variation be-
tween close ranged communities is so common that clusteyimgf detected. In con-
trast, the patchy distribution from the population in whichnsmission is restricted
within localities reflects that communities in close rang&éisimilar susceptibility

levels and thus clustering is detected.

Overall, these results suggest that the level of heteratyanghe susceptibility land-
scape of the meta-population is significantly influencedhigydonnectivity between
individuals, and a wide range of landscapes can be reprddndependently of other

biological parameters, including the ones that define thieqogen 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. Climjenf susceptibility is consistently
detected for radius above 12 communities wlikg, = 0 (H-function> 0, red) but the fine-grained
distribution forQg,; only allows to detect dispersion (blue).

3.4 Discussion

Following the observations of Chapter 2 that natural stetbities may play a sig-

nificant role in the population structure and dynamics ofgienviruses, the question
of whether demographic stochasticity plays a more genetalin the overall epi-

demiological behaviour of dengue was raised. To addressltbivever, a stochastic,
spatially explicit and multi-strain framework is requireds a first step towards the
implementation of such a framework, this Chapter presettieddevelopment and
analysis of an agent-based, single-strain model with exgiost-population struc-
ture. The results here presented have confirmed and exppneledus reports on the
effects of demographic stochasticity in the epidemiolabttynamics of single-strain

pathogens.
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Specifically, it was found that demographic stochastictyaiparsimonious mecha-
nism that can lead to persistent oscillatory behaviour sease incidence. It allows
the dynamical system to remain under the influence of théiegiattractors or repel-
lors, while generating sufficient perturbations to be kagt fransient, non-converging
regime. In the case of this framework, demographic stoadigstvas sourced from
the discreteness of individuals and the probabilistic reatif the host-host and host-

pathogen interactions.

Adding to the results of previous studies that did not actdona spatial dimen-
sion, it was demonstrated how amplification of stochastexes at the individual level
can drive the emergence of heterogeneous susceptibiitlstapes. This is a com-
mon property of real host-pathogen systems that often pregmtial asymmetries
in seroconversion rates [Anderson and May, 1992; Veerakela¢t al., 2007]. Het-
erogeneous spatial distributions further reflect the erist of spatially segregated
susceptibility pockets from which various epidemiologiphenomena can emerge,
such as wave-like epidemics [Cummings et al., 2004; Greetfel., 2001; Thai et al.,
2010] and allopatric persistence and emergence of pathstgaeins [Grenfell et al.,

2004; McElroy, 2011; Verdasca et al., 2005; Weaver and &fisi) 2009].

It was also shown that a variety of susceptibility landssa®m practically homo-
geneous to highly heterogeneous, can be generated solelsripjmg demographic

factors such as population structure and host mobilityha dbsence of biological
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changes. As spatial variation in susceptibility furthernoris asymmetries in the im-

munity profile of hosts across the meta-population, thismiéaork becomes a relevant
tool for studying the role of eco-demographic factors intepgemporal patterns of

sero-conversion, which are often found to be significanffecent between urban and
rural or developed and developing regions, for instanceadufition, due to the age-
dependent mortality here considered, herd-immunity isesgeciated, which means
that the framework readily allows to consider age-effeatsansmission probabilities

or contact patterns, which are crucial for control and va&ion strategies.

Given these observations for a single-strain pathogespibssible that within a multi-
strain host-pathogen system demographic stochastiaitlgl @so result in significant
spatio-temporal differences in the immunity landscapesach strain. Hence, an
expansion of this model into a multi-strain framework istmadarly useful for the
study of antigenically diverse pathogens whose populaligmamics are often be-
lieved to be driven by within-host cross-immunologicalatans that are dependent
on the host’s history of infection. The dengue virus is onaneple, whose theoretical
research has mainly focused on mathematical models ofniaa®n addressing the
temporal and dynamical effects of protective and/or enimgncross-immunological
interactions between its four co-circulating serotypesc{®n 1.5 on page 37). Cru-
cially, these models have not considered demographicti@riand have thus not been
able to account for the reported differences in serotypgamhstribution and conse-

guent heterogeneous sero-conversion rates [Fried eD4l0; Raghwani et al., 2011,
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Veeraseatakul et al., 2007]. Hence, the impact of heteemenimmunity landscapes
on the proposed effects of cross-immunological reactisrsoifar not known in the
context of dengue. To address this, the next Chapter pses@néxpansion of the

single-strain framework to include the co-circulation ailtiple antigenic strains.
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CHAPTER 4

Modelling the Dengue Virus Epidemiology

Abstract

To address the effects of demographic stochasticity inirstriin systems in gen-
eral and dengue in particular, the agent-based, singd@dtamework of Chapter 3 is
modified to allow for the co-circulation of multiple strainéthe same pathogen. The
expanded framework is shown to exhibit all of the expectedespiological dynamics
of continuous multi-strain models, even in the absence afume competition. After
a second framework expansion to include host-populatrocisire, a mosquito-vector
and dengue-like biological parameters, it is also shownhtti@previously proposed
populational effects of cross-immunological reactionsMaen dengue serotypes are
weakened when considering a spatially explicit host-pafah structure. Impor-
tantly, the addition of the spatial dimension further adesion model validation
by reproducing well documented spatio-temporal featufedeague data, such as
wave-like epidemics and spatially heterogeneous sereetsion distributions. The
obtained results integrate, for the first time, key temparal spatial characteristics
of dengue’s epidemiology and propose that cross-immumgdbgeactions are not the
main drivers for the complex dynamic behaviour of denguetgpes and argue for a

critical role of demographic and ecological factors indtea
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4.1 Introdution

The epidemiological dynamics of many antigenically dieemathogens are often
characterized by sequential dominance of strains in timédilé\& pathogen’s epi-
demic periodicity can be partially explained by temporanarges such as climatic
fluctuations or host social behaviour [Altizer et al., 2008 timing by which one
dominant antigenic strain is replaced by another is oftarobsync with such pres-
sures. Influenza A viruses, for instance, present yearlgespics driven by a com-
plex interplay of favourable climate and host-behavioutig&r et al., 2006], while at
the same time exhibiting multi-annual oscillations of itgigenic subtypes [Ferguson
et al., 2003]. Similarly, cases of dengue fever (mild andese)follow a strong sea-
sonal signature, while dengue serotypes generally preseitations in prevalence

that peak every 8-9 years (Section 1.2 on page 27) [Nisalak,&003].

In order to explain strain replacement dynamics, theaakstudies have often con-
centrated on factors such as cross-protection or crosmaeriment of infection be-
tween strains. In time, these within-host mechanisms ciam tfmporary advantages
to subsets of strains through competition for susceptiblgshand can thus cause
their amplification and subsequent decline. This selectieehanism has been pro-
posed to underlie the population biology of a variety of hamathogens, including
the influenza A virus [Ferguson et al., 2008lasmodium falciparunjiGupta and

Day, 1994],Vibrio cholerag[Koelle et al., 2006b], dengue virus (Section 1.5 on page
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37), respiratory syncytial virus [White et al., 2005] andarorus [Pitzer et al., 2011].
In the case of dengue, different immunological interacionthe form of antibody-
dependent enhancement or temporary and/or partial cnassHnity have been pro-
posed independently as the driving forces behind its coxgyédemiology (Section
1.5 on page 37) [Adams et al., 2006; Aguiar et al., 2008; Cumgset al., 2005; Fer-
guson et al., 1999a; Nagao and Koelle, 2008; Recker et &19;20earing and Rohani,
2006]. Although the ODE-based models in these studies haaktatively captured
the virus’ epidemiological dynamics, they have not congdenatural variability in
the host population or in disease transmission across timdespace, and thus have
not accounted for observed differences in incidence aratyga distributions within

endemic regions [Fried et al., 2010; Raghwani et al., 20&&r&seatakul et al., 2007].

The consideration of spatio-temporal variability is oftgarar importance for the un-
derstanding and control of vector-borne pathogens sucbragug, where the underly-
ing drivers of the observed epidemiologies may be confodiyesubstantial spatial
heterogeneities and time fluctuations in vector densitiesugh space and time. In
addition, from the results of Chapter 2 (on page 60) as wefirggdogenetic studies
[Bennett et al., 2010; Myat Thu et al., 2005], it is possillattdemographic stochas-
ticity is a determinant factor of the observed populatiandure of the pathogen.
Following the results of Chapter 3, there is also a genenaéetation that the natu-
ral emergence of oscillatory behaviour by stochastic m@assgle-strain pathogen

systems could be replicable for a system with multiple cowdating strains. That
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is, each strain may be kept in a transient, non-convergiggne, leading to inde-

pendent oscillations in time. This, however, has not yehleelored in modelling

frameworks and the role of demographic stochasticity inotheerved population dy-
namics of multi-strain pathogens is unknown. Moreoveryésellts of Chapter 3 have
also implicated demographic stochasticity in the emergaiheterogeneous immu-
nity landscapes, which, if presenting significant asymmagtbetween the circulating
strains, must influence the proposed effects of within-bosds-immunological reac-
tions that are dependent on the host’s history of infectldowever, this has also not

been addressed in previous modelling studies.

Here, using an extension of the agent-based framework gbt€h&, stochasticities
underlying host-pathogen ecologies are shown to give aggetsistent oscillations
in multi-strain pathogen systems, even in the absence afigitompetition between
antigenic types. In the context of dengue, natural asymeseim the local transmis-
sion success of serotypes, both in time and space, are sh@e&nérate heterogeneous
immunity landscapes that weaken the selective effectsagseimmunological reac-
tions previously described for continuous, determiniatid homogeneously mixing
frameworks. Complimentary to immune interaction, host dgraphic factors and
vector ecologies thus emerge as important drivers of désgpatio-temporal dy-

namics.

116



CHAPTER 4 - MODELLING THE DENGUE VIRUS EPIDEMIOLOGY

4.2 Materials and Methods

In order to model the population dynamics of dengue, the talgased model devel-
oped and described in Chapter 3 (on page 91) is expandeditidilynconsiders a
directly transmitted pathogen consisting on four antigagpes, later being modi-
fied to include a mosquito-vector and host-population stmecto explicitly address
dengue epidemiology. A full parameter list with values, ested biological ranges
and references can be found in tables 4.1 and 4.2 (on pageathdlihe models are

described bellow.

4.2.1 Individual-based Models

The direct-transmission model is based on the SIR epidegicdl framework of
Chapter 3 with no population structure. For simplicity, Ibgical asymmetries be-
tween the co-circulating strains as well as co-infectiom assumed to be negligi-
ble. Recovery from infection results in strain-specific gbete immunity. There is
no incubation period, the transmission probabilitysis= 0.1175, the daily contact
rate per host = 10, the infectious period/¥ = 3 days, the average host life span
1/v = 50 years, a daily external infection rateuis= 1E — 5, and host population size

N = 100000.

For the dengue model, mosquitoes are added to the systememgiietlike eco-

epidemiological parameter values used (see Table 4.2 om p&b). Only the sus-
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ceptible, exposed and infectious states of the adult tdges of the mosquitoes are
considered. To account for seasonal variation in vectositles, an annually driven
mosquito birth rate is used, with the maximum number of wecper human in the
rangeM = [0.7 — 1.2]. Mosquitoes have per-day biting rate af = 0.6, and the
probabilities in human-to-vector and vector-to-humangraission are considered to
be equal .., = 0.5). The intrinsic and extrinsic incubation periods are assiito
bed, = 2 ands, = 6 days, respectively. The resulting basic reproductive benms
Ro ~ 4 in the absence of seasonality aRgl~ 6 with seasonality included [Fergu-
son et al., 1999b]. Following infection, individuals retdull immunity against the
infecting serotype but remain susceptible to all othersr dtmplicity, co-infection
with two or more serotypes is not considered. Immunologidaractions are consid-
ered in the forms of (i) temporary serotype-transcendingumity, where individuals
are fully protected against all other serotypes for a pefigd, (months); and (ii)
antibody-dependent enhancement through an increasedemislity and infectivity

of heterologous, secondary infectioms,

With the introduction of the mosquito-vector, the basicrogjuctive ratio needs to
accommodate relevant human-vector interactions for #restnission of the dengue
virus. The resulting expression is a variation of the RosszDbnald model’s expres-

sion for the human malaria parasite:
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M 8\2, Ev—h€h—v OvOn
wlyn + vn)(6n + vn) 6y + W)

(4.1)

wherevy, andvy, are the life-expectancies resulting from the age-dependertality
rate. This same approach as been used by Wearing and Roheaniifig/and Rohani,
2006] in a deterministic model of dengue exploring ecolajend immunological

determinants of dengue epidemics.

4.2.2 Population Structure and Connectivity

As described in Chapter 3, host-population structure igddhy subdividing hosts into
a spatially organized set of communities of sizeorganized into a squared and non-
wrapping lattice withx rows/columns. Each community; hask; neighbours, with
the sef{C;, k;} defining alocality. For each host in community;, contacts take place
randomly amongst individuals of the locality, that is, viitlC; and its neighbouring
communitiek;. Contacts outside the locality take place with probabilityA detailed

description can be found in the Methods section of Chapter Sage 93.

4.2.3 Host and Vector Mortality

Age-dependent mortality rates are used, as described iméfleods 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 seestgpross the population,
the cross-correlation coefficient, or Pearson’s corm@tatoefficient, is used. The
coefficient is a measure of the correlation between two kg X and Y, and is
defined as the covariance divided by the product of theidstahdeviations:

coUX,Y)

4.2
50y (4.2)

PXyY =

Its values are between -1 and 1, indicating perfect negatielation or perfect pos-
itive correlation between the two variables, respectivdlyzero, the variables are
unrelated. Here, the incidence time series of communitiesised as input variables
with the expectation that values towards 1 signify incneggipidemic synchrony be-

tween communities.

4.2.5 Dengue Serotype Data

Spatial serotype data was provided by C. Simmons from the@x}#niversity Clin-
ical Research Unit (OUCRU), Ho Chi Minh City (HCMC), Viet Namepresenting
290 dengue cases in children presenting to the outpatiepisranent of three large
hospitals in HCMC during the season 2010-2011; spatiakin&tion was based on
residency of the patient. Data for Thailand during the 2R066 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 pgtm, comprising four co-

circulating strains under the assumption of homogeneoumgjiis analysed. Unless
stated otherwise, immunological interactions betweeairstrare restricted to the pre-
vention of super-infection, i.e. cross-immunity is not smered to have an effect

beyond the duration of infection.

Contrasting the predictions of deterministic multi-strenodels, in which the dynam-
ics inevitably converge towards a stable equilibrium in &sence of explicit com-
petition, the system exhibits oscillations in the total to@mof infections and relative
strain prevalence (figure 4.1 A on page 122). In agreemehttive results of Chapter
3 as well as previously studied single-strain systems [#doet al., 2007; Verdasca
et al., 2005], these dynamics are driven by the amplificadf@tochastic effects at the
individual level, which keep each strain in a transientmeginstead of approaching
the expected deterministic equilibrium. At the same timigis desynchronization
is dictated by short-term differences in each strain’sgmaission success that accu-
mulate in time, generating significant asymmetries in theimity profile of the host
population. Consequently, the epidemic periodicity ofitidividual strains is found

to be in the same range of the one obtained for total incidarecefor the pathogen
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(figure 4.2 on page 124).

To investigate the effect of stochastic amplifications ongiee’s epidemiological dy-
namics and inter-epidemic periods, a vector populatioruithér incorporated into
the model, using dengue-relevant eco-epidemiologicarpater values (Table 4.2 on
page 141). The resulting dynamics show a significant ineréaswverage disease
prevalence (figure 4.1 B on page 122), which is driven by ahsligcrease inR,

(Ro = 3.5vs. Ry ~ 4 in the vector model) and, more importantly, a reductiornm t

risk of stochastic extinction due to the inclusion of vinatubation periods.

Further including seasonality, through annual variationeosquito densities, results
in dengue-like epidemiological dynamics with a distincasenal signature, strong
multi-annual periodicities in incidence and fluctuatingtdbution in serotype preva-
lence (figure 4.1 C on page 122). Again, due to variatioRjIifnow ~ 6), this is ac-

companied by a considerable increase in peak incidencks lamd 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 directlggraitted pathogen show irregular oscillations
in total (black lines, top graphs) and strain-specific (coéal lines, bottom graphs) incidences even in
the absence of immunological interactions or asymmetriwéden pathogen strainBy ~ 3.5). (B)
Changing the system to describe a vector-transmitted gathand including the associated intrinsic
and extrinsic incubation periods results in an overalléase in mean incidence and decrease in the
risk of stochastic extinctiorRy ~ 4). (C) Further including seasonal variations in mosquito desssiti
results in multi-annual epidemic outbreaks followed byesevransmission bottleneckRy(~ 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 loca&kled power spectrum (LWPS) across
time and is analogous to a traditional Fourier spectrumaFirectly transmitted homogeneous mixing
framework, each strain’s periodicity is dominated by a Erfgequency 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 demonstragesytithronising effects of
vector ecology on the persistence and epidemiologicapetiof vector-born pathogens
within an homogeneous mixing setting. To examine the etiébbst spatial segrega-
tion, the framework is restructured into a meta-populatoymulation by subdividing

the human and mosquito hosts into sets of spatially arrangeununities (see Sec-
tion 4.2 on page 117). Within this set-up, individuals arsuased to get infected
predominantly by mosquitoes of their own and surroundingmoainities, with long
distance contacts, due to host movement, taking place wiatvand distance inde-
pendent probabilityw. These assumptions are in accordance with previous studies

showing that human movement, in contrast to vector dispassa stronger determi-
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nant of dengue’s epidemiology [Adams and Kapan, 2009], &adly reports of rapid
geographical spread of specific viral lineages [Rabaa e2@1.0] despite the limited
flight range ofaedesmosquitoes [Harrington et al., 2005; Maciel-De-Freitaslet

2007].

With the addition of this spatial setting, more defined saakdynamics are observed,
as well as a lower variability in the epidemic behaviour (fegd.3 B on page 126). In
general, the incidence dynamics are qualitatively analedo empirical time series
(figure 4.3 A). The periodicity in serotype prevalence atsgéases and settles onto a
8-9 year cycle (figure 4.3 C), in line with that observed ingiem endemic countries

[Nisalak et al., 2003] and dengue’s phylodynamics in Thalladams et al. [2006].

In agreement with earlier work and the results of Chaptepatial segregation be-
tween hosts and demographic stochasticity are found toneehglobal persistence
but at the same time facilitate local extinction [Earn et2000a; Keeling, 2005; Ver-
dasca et al., 2005]. This creates spatially heterogenemusinity landscapes, upon
which individual serotypes can be sequentially selectedaanplified. Consequently,
the population-wide serotype prevalence is highly hetenegus and frequently ex-
hibits locally propagating waves (figures 4.4 A, B on page)1®@hich can offer a

parsimonious explanation for the geographical differermeserved in real serotype

distributions (figures 4.4 C, D).
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Figure 4.3:Dengue Epidemiological Dynamics With Population Structue - (A) Monthly DHF
incidence reveals a strong seasonal component, which iefietted in serotype dynamics. Descrip-
tion of the data can be found in Section 1.5 on page . Structuring the host population into a
(20 by 20) lattice of smaller sub-communities results indovepidemic variability in the simulated,
epidemiological time series and higher out-of-seasorl piessistence. The incidence dynamics are
qualitatively analogous to empirical time seri€€) The global wavelet spectrum (GWS) is obtained
by averaging the local wavelet power spectrum (LWPS) adio®s and is analogous to a traditional
Fourier spectrum. The strongest period in total incidenee,for the pathogen, is determined by the
annual variation in vector densities, whereas the seratypking settles close to a 8-9 year periodicity,
similar to what is observed in dengue-endemic regions [hliset 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,rsheva snapshot of the population-wide
susceptibility level to DENV1 (year=80 of the time seriedigure 4.3 on page 126)B) The spatial
prevalence of individual serotypes is equally heterogaaemd driven by serotype-specific suscep-
tibility, as demonstrated by the cumulative incidence of\DH for the following 3 seasons(C,D)
Significant differences in serotype prevalence within iplétgeographical scales during a single sea-
son in data from both Thailand and Ho Chi Minh City. These wldo¢ hidden by just considering
aggregated data.

Spatial Synchrony

Figure 4.4 B (on page 127) further suggests the presencealided spatial coherence
in the epidemiological dynamics of close-ranged commesitiTo address this, the
spatial synchrony in the incidence of one serotype is medsagcross the diagonal of

the meta-population using the Pearson’s r correlatiorficosit (See Methods on page
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Figure 4.5:The Effect of Mobility in Serotype Spatial Coherence and Imnunity Landscape -
Spatial synchrony in serotype prevalence (DENV1) deceeasdth increasing distance between com-
munities (Pearson’s between communities along the diagonal as exemplified indigu6 on page
130). Low host mobilityw = 0.0001, forces transmission to be local and results in a higatgroge-
neous susceptibility landscape (top left, reproductiofigafre 4.4 A on page 127). In contrast, high
host mobility,w = 0.3, has an homogenizing effect, which also results in a lesabla, fine-grained
immunity landscape of the population (top right).

120). As highlighted by the results of Chapter 3, the ratetatkwhosts acquire infec-
tions in geographically distant communities has a sigmtiedfect on the immunity
landscape of the population. This is illustrated in figufe (@n page 128) for varying
values of mobility, which shows a transition to less vamabhd fine-grained distri-

butions of susceptibility levels to DENV1 with an increagirate of long-distance
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transmission events. As a result of a reduction in locallyuaed infection with in-
creasing mobility ¢ = 0.3), epidemic synchrony between neighbouring commesniti
is disrupted, causing an overall low but homogeneous dpaileerence across the
population. In contrast, if disease transmission is pradantly local ( = 0.0001),
a significant reduction in spatial synchrony is observedth\ggographic distance be-
tween communities (an example of desynchronized localrealds is presented in
figure 4.6 on page 130). This corroborates recent studiesisgdhat dengue cases
cluster at the level of households or neighbourhoods [&alg., 2012], whereas epi-
demics across larger regions might follow a power-law ttistron [Massad et al.,
2008] and/or wave-like behaviour [Cummings et al., 2004aiTét al., 2010], which
implies that outbreaks are predominantly driven by a lichget of spatial clusters in

time.

Contrasting with these results, migration (or disperdad)s previously been shown
to increase synchronization between local populationsEaal., 2000a; Hastings,
2001; Jansen, 1999]. Although this might seem countetinéuat first, it can be ex-

plained by the nature of long-distance transmission cenedlin this model. That is,
compared to a continuous migratory term often considergmamious studies [Earn
et al., 2000a; Keeling, 2000], the acquisition of an infectirom a host in a distant
community is here considered to be of probabilistic natttence, increasing mobil-
ity does not necessarily mean that introductions from distammunities will result

in sustained local transmission. As a consequence, higlhilitgobsults in less vari-
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Figure 4.6:Example of Serotype Spatial Synchrony Across the Meta-Popation - Time series

of DENV1 in different communities over a 100 years period.n&@yony along the diagonéh-C)
decreases with distance to communityCl,(bottom left corner of meta-population) (this is an example
for w = 0.0001 as described for the results of figure 4.5 on page 1€8)Cio and Cyo stand for
communities 2, 10 and 20 across the diagonal.

able immunity landscapes that also present patterns imcicaf the occurrence of
frequent short outbreaks (top right, figure 4.5 on page 1&8jportantly, the desyn-
chronizing effects of considering demographic stochagtio dispersal rates have

also been found in other, non agent-based modelling framey8imonis, 2012].

The Effects of Host Demographics

The influence of host demographic factors is investigatadane detail by indepen-

dently varying host-population structure and mobilitycreasing 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 variabilifipp left), extinction risk(bottom left), longer serotype
periodicities(bottom right) and serotype co-circulatigibottom right) . Increases in persistence also
cause higher mean incidence rafep left). Age of primary or subsequent infections is not affected by
structuring as the force of infection remains consttoy right) . For ease of comparison, except for age
of infection, all results are normalised to the values datifrom a homogeneous mixing model, with
ratios above 1 representing increases (blue) and belowreakees (red). Extinction risk is defined as
the amount of time the pathogen or individual serotype reslaéllow a critical threshold of 10 infected
hosts (human or mosquito). Co-circulation is defined as tieeage percent time wherel serotypes
are present in a given community. Points are the mean andté®vior 25 stochastic simulations.

and thereby decreasing the size of each community, forcargmission to become
localized, results in a decrease in serotype co-circulaind variability in total an-

nual outbreak size (figure 4.7 on page 131). The latter is aemprence of a reduced
propensity for large-scale, population-encompassingreaks due to restricted ac-
cess to the susceptible pool (the opposite mechanism chursgperiods of stochastic

fade-out in the homogeneous framework as illustrated irrd¢igul 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,counteracts the effects of population
structure (here a 20x20 lattice). The increase in epidemi@bility does not coincide with higher
mean incidence ratgop left), but is due to more frequent epidemic sparks (see immumnityseape,
right, of figure 4.5 on page 128 for an example with= 0.3). As mobility increases, serotype co-
circulation also increases and their epidemic periodisighortenedbottom-right) . The average age
of infection is not affected as the force of infection rensadonstangtop right) .

Although infection prevalence increases as a result of aaed risk of stochastic
extinction, the force of infection remains unchanged, and®/ the average age of

primary and secondary infection, which rests constantrastsire is increased.

In contrast to population structuring, increasing the pimlity of transmission be-
tween distant communities, as a proxy for daily host mopilias a homogenizing

effect (figure 4.8 on page 132). That is, it increases viraticoulation and the fre-
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Figure 4.9:The Effects of Immunological Interactions - Transcending mmunity - For ease of
comparison, the mean and variance of prevalence are ngedat the case of no immunological cross-
reactions X = 0), with ratios above 1 representing increases (blue) atehik decreases (red). The
effects of temporary cross-immunity/d,, on mean prevalence, epidemic variability and average age
of infection, only become apparent for periods beyond 12apths. Longer periods hamper variant
transmission, decreasing mean incidence rates and santlficincreasing the age of heterologous
infection.

guency of brief localized outbreaks. As explained abovis, risults in a less vari-
able but finely grained immunity landscapes (figure 4.5 tgptrion page 128). The
consequent increase in epidemic variability does not eqgteag similar change in
mean prevalence levels, however, highlighting again thpomance of localized herd-
immunity and local stochastic extinction [John and Sam2@00]. That is, the het-
erogeneous distribution of immunity within the spatiallyustured population (figure
4.4 A on page 127) severely restricts each serotype’s patgrtol of susceptibles
and thus counteracts the occurrence of population-widereaks that are otherwise
expected from the synchronising effect of higher mobiliEpf{n et al., 2000a; Keeling,

2000].
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The Effect of Immunological Interactions

In the previous sections, demographic stochasticity isvehim be sufficient for the
emergence of dengue-like epidemiological dynamics (figuBeon page 126), but
its influence on the previously proposed effects of crosswmological interactions
is not addressed. Here, transcending immunity and enhardetiue to ADE are
considered and their impact on incidence dynamics and agdextion is analysed.
Transcending immunity is assumed in the form of a short pesioprotection to all

viruses after recovery, as reported by Sabin et al [Sabis2]19vhile enhancement
due to ADE is assumed to take effect during secondary, Hetgos infections and

to result in increased transmissibility and susceptipditthe host.

Contrary to previous modelling predictions, temporaryssranmunity is not found
to have a strong effect on the simulated incidence and agefedtion. Only once
the period is considered to be longer than 12 months doevé & effect, by de-
creasing incidence levels and epidemic variation, as vgeteducing the probability
of secondary infection (figure 4.9 on page 133). From theceffef host demograph-
ics (population structure and mobility), described in tihewous section (figures 4.7
and 4.8 on pages 131, 132), it is clear that the time requedhtlividuals to ac-
guire a secondary, heterologous infection (here refeweakheterologous exposure
period or HEP) is in the order af 4years even with the relatively high basic repro-

ductive number ot 6 assumed throughout the simulations. Crucially, this igmu
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Figure 4.10:The Effects of Immunological Interactions - Antibody-Dependent Enhancement-

For ease of comparison, the mean and variance of prevalemoeanalised to the case of no immuno-
logical cross-reactionx(= 0), with ratios above 1 representing increases (blue) alumiiedecreases
(red). Antibody-dependent enhancemet, simultaneously increases susceptibility to and transmis
sibility of secondary, heterologous infections. It cause®verall increase in the force of infection and
more variable epidemic behaviour. Due to higher suscdipyilsind co-circulation, it also leads to a
drop in age of primary, and particularly secondary infattio
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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 imohagiical cross-reactions, with ratios above 1
representing increases (blue) and below 1 decreaseslfietdasing overall transmission by increasing
the per-bite probability of infectiorg...y, leads to higher mean and variance in prevalence but, in
contrast to ADE, affects the ages of primary and subsequoéettions equally.

higher than the reported 2-9 months of serotype-transngndimunity following a
primary infection [Sabin, 1952]. Hence, within this disereprobabilistic and spatial
framework, it emerges that individual hosts are infreglyechallenged by multiple

serotypes during the proposed period.
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Immune enhancement, on the other hand, here consideredett bbth suscepti-
bility to, and infectivity of, secondary infections thrdughe process of ADE, has a
more noticeable and anticipatory effect in increasing lolidkease prevalence and epi-
demic variability (figure 4.10 on page 135), which is in agneat with the results
from ODE-based approaches (Section 1.5 on page 37). Imogelasels of ADE re-
sults only in small decreases on the average age at whichidodis experience their
first infection, whereas the HEP shows a dramatic reducfidre decreases are due
to the combined effect of elevated serotype co-circulatiot increase in the per-bite
probability of infection during secondary, heterologoafections. When compared to
the effects of increasing the probability of transmissienmosquito bite (figure 4.10
on page 135), the impact of ADE on the age of first infectionasaeably weaker,

which can be explained by its dependence on secondaryiorisainly.

4.4 Discussion

Stochastic effects have previously been suggested to bm@ortant driver for pop-
ulation oscillations in epidemiological systems of singteain pathogens (previous
Chapter and see also [Alonso et al., 2007; Bauch and Ear@, Ea0n et al., 2000b]).
This Chapter has advanced upon those findings by studyireffiénat of demographic
stochasticity on the dynamical behaviour of a multi-styzathogen within a spatially

explicit framework with particular focus on dengue.
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Adding to the results of Chapter 3, stochasticity was foumdbé a parsimonious
driver of oscillatory behaviour in strain prevalence, whis commonly found in epi-
demiological time series of antigenically diverse pathgyerThis self-emergent phe-
nomenon was driven by the temporal amplification of stocb&$tects generated by
the underlying probabilistic nature of the interactionsi@en the hosts and pathogen
variants. In the context of dengue, protective and infeegahancing effects of cross-
reacting antibodies and T-cell responses to dengue vihasesbeen well documented
both in vivo andin vitro [Dejnirattisai et al., 2010; Halstead and O’Rourke, 1977;
Sabin, 1952]. Therefore, immunological interactions hiregy been hypothesized
to drive dengue’s complex epidemiological dynamics. Havegiven the problem-
atic experimental models (see Chapter 1 on page 36) and akéness of continu-
ous modelling tools to replicate the dynamics under diffet®ological assumptions
(see Chapter 1 on page 37), their contributing effect iswgtitlear. Notably, dengue
viruses are under strong purifying selection with no cleand for continuous anti-
genic change [Weaver and Vasilakis, 2009], while ecolddicétlenecks and clonal
interference severely hamper the emergence of advantagé@motypes (Chapter 2
on page 60). Both these factors strongly support that théceyaeplacement of
dengue’s four serotypes may not be driven by the same itreanrsimmuno-based
selective forces that shape the phylodynamics of othegamigcally rapidly evolving
pathogens, such as influenza A, for example. In accordartbeha results presented

here, it instead argues for a critical role of demographdtegological factors.
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Important for this discussion are the findings of this Chapith regards to the impact
of demographic stochasticity and spatial structure on teeipusly proposed effects
of protective and enhancing immunity to dengue viruses. ifkstance, ADE was
found to induce a signature in the epidemiological age-@®that is characterised
by a longer period for first infection than the time requiredieterologous exposure.
This highlighted that, contrary to the expectations fronmlgeneously mixing ap-
proaches, the populational effects of ADE are not simplytwease the overall force
of infection but are rather manifested asymmetrically lBstwprimary and secondary
infections, reflecting a weakened effect in primary casehiwistructured host pop-
ulations. At the same time, both the mean ages of primary acdnslary infections
in the model system appear to suggest a low probability fqueetial challenge dur-
ing the empirically proposed 2-9 months period of serotiyypascending immunity
[Sabin, 1952]. In fact, in line with this framework’s ressjlbthers have estimated the

heterologous exposure period to be around 3-4 years [Ggobioal., 2007].

While these findings do not question the pathological or@dihsignificance of im-
mune interactionper se they suggest that the strength of within-host serotype in-
teractions, and therefore the consequences of acquiredimmtynare unlikely to be
the sole drivers of the complex epidemiological dynamicdarigue. Moreover, the
discrepancy of these results to previous ODE-based modqdliedictions, which fo-

cused primarily on reproducing the qualitative dynamicsoidence time series, fur-

138



CHAPTER 4 - MODELLING THE DENGUE VIRUS EPIDEMIOLOGY

ther highlight the need to consider multi-scale data irgggn in modelling systems.
A starting point, pursued in this Chapter, is to considerlwekcribed spatial sig-
natures, such as highly heterogeneous sero-conversemaat serotype prevalence
levels. Another promising direction is to simultaneouslydal the epidemiology and
population genetics of the pathogen (see Chapter 5 on p&e S#nilar approaches
have significantly contributed to the understanding of thpytation dynamics of the
influenza A virus, for example, by allowing to differentiatich, of the alternative
immunological mechanisms that reproduce its populatiamadyics, also reproduce
key phylogenetic signatures [Ferguson et al., 2003; Kaldd., 2006a; Minayev and

Ferguson, 2009].

In summary, these results have highlighted the importaf@®msidering host spa-
tial segregation and stochasticities in disease trangmiss understand the epidemi-
ology of dengue and other related pathogens. While pre\studies have demon-
strated how immune interactions may influence the populadgnamics of multi-

strain pathogens, the inclusion of host and vector ecosaaiels to this understanding
and provides complimentary hypotheses about the undgriyamises for the oscil-
latory nature in incidence and serotype distributions dmehmonly characterize the

complex epidemiologies of multi-strain host-pathogeriays.
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4.5 Tables

Table 4.1:Parameters used in the directly transmitted multi-strain framework.

definition value
B | transmission rate 0.1175
C | contacts per host 10 per day
1/y | infectious period 3 days
1/v | average life-span 50 years
u | 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.

1/6n | intrinsic incubation period 2 days (2-7) [1]
1/yn | human infectious period 4 days (4-12) [2]
1/ay | period of temporary cross-immunity2-12 months (2-12) [3]
év | human-to-vector transmission 0.5 per bite (0.33-1) [4]
¢n | ADE enhancement 1-2 - -
M | vectors per human host 0.7-1.2 (0.3-20) | [5]
a, | mosquito biting rate 0.6 per day (0.33-1) [6]
1/6, | extrinsic incubation period 6 days (6-12) [7]
€h | vector-to-human transmission 0.5 per bite (0.33-1) [8]
6 | external infection rate 0.000005 perday| --
Ny | human host population size 100000 --
w | daily mobility 0.0001 (0-1) --
a | Gompertz parameter (human) 0.0002 --
b | Gompertz parameter (human) 10 --
vn | human average life-span 67.5 years --
a | Gompertz parameter (vector) 0.003 --
b | Gompertz parameter (vector) 10 --
vy | vector average life-span 23 days (8-42) | [9]

References: [1] Halstead [2007]; [2] Gubler et al. [1981dughn et al. [2000]; [3]
Sabin [1952]; [4] Armstrong and Rico-Hesse [2003]; Sabi®g2]; [5] Focks et al.
[2000]; [6] Trpis and Hausermann [1986]; [7] Watts et al.§T9 [8] Armstrong and
Rico-Hesse [2003]; Sabin [1952]; [9] Trpis and Hausermdr@8p]
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CHAPTER 5

Modelling the Dengue Virus Phylodynamics

Abstract

As demonstrated in the previous chapters, demographibasticity may be a deter-
minant of the population dynamics of dengue viruses. Tah&rrexplore its role at
the scale of viral genetics, the discrete multi-strain feamrk of Chapter 4 is here
expanded to implicitly model the transmission and neutrallecular evolution of the
virus. By comparing model output witkx novoempirical estimations from serotype
genetic data, it is shown that non-selective factors arécgrit and parsimonious
drivers of DENV'’s typical phylogenetic structure and qtetive dynamics of genetic
diversity. Importantly, cross-immunological reactionre ound to cause significant
signatures on simulated phylogenies, which are incomieatth the empirical ex-
pectations. By integrating, for the first time, key multakefactors of DENV'’s popu-
lation biology, these results reinforce the hypothesisdieanographic and ecological
factors are the most important drivers of the complex dyeamhaviour of dengue

viruses.

5.1 Introduction

RNA-based pathogens, such as the influenza A and denguesjpgsent rapid evo-
lution occurring at a similar time-scale as their host’'slegwal dynamics. Their

genetic diversity is thus shaped in direct response to awimghost demographic fac-
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tors, such as population size, segregation or movementhwirovides measurable

connections between population dynamics, viral evolusiod transmission.

In recent years, a multitude of studies have utilized secgielata to investigate such
connections, unifying key evolutionary and epidemioladjigrocesses into a single
framework known as phylodynamics [Grenfell et al., 2004pderstanding a pathogen’s
phylodynamic behaviour can provide relevant informatiorttee origin of epidemic,
resistant and virulent strains, as well as elucidate howigtence is achieved in the
face of herd-immunity or demographic and climate changeeséhapproaches have
therefore the potential to predict transmission pattenas@ovide new opportunities

for control.

The foundation of the phylodynamic framework is the analg$icorrelations between
genetic and epidemiological patterns in time and spacénoBahs under strong pos-
itive selection have had a great deal of attention in phyhadyic approaches, given
their propensity to exhibit consistent and universal pageboth at the genetic and
epidemiological levels. Two prime examples are the inflaeghzirus [Bedford et al.,
2011; Grenfell et al., 2004] and the immuno-deficiency vityEdwards et al., 2006;
Gray et al., 2011], for which selection, at different ecabad) scales, promotes the
continuous generation of antigenically novel strains teatporarily escape the host’s
immunity. As a consequence, phylogenetic trees presehtyhignbalanced (ladder-

like) shapes, characterized by temporal clustering oflamvariants with fast and
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recurrent lineage turnover. In contrast, pathogens unéakyositive selection, such
as DENV or the measles virus (MEV), can present inconsidgighgenerally more
balanced phylogenetic structures, with varying degreesuiaghnt co-existence in time

and space [Bedford et al., 2011; Grenfell et al., 2004].

As discussed in previous chapters, a multitude of altereatnd potentially comple-
mentary mechanisms, based on cross-immunological reacttan reproduce dengue’s
complex epidemiological dynamics within model systemspdntantly, as is the case
for influenza, these imply that within-host processes carege significant selective
pressures at the level of the population, which could affeetmolecular evolution
of the viruses. However, long term genetic or phylogenegoatures, linked to the

proposed mechanisms, are yet to be demonstrated for dengue.

In line with other vector-borne flaviviruses, such as thdéoyefever virus (YFV) and
the japanese encephalitis virus (JEV), strong purifyinga®sn dominates DENV’s
molecular evolution [Bennett et al., 2003; Holmes, 2003Inks and Twiddy, 2003;
Weaver and Vasilakis, 2009; Zhang et al., 2005]. While tloisl@d predict generally
constant intra-serotype population dynamics, genotypéspemporal patterns such
as emergence and competitive exclusion, have nonethedessrbcovered from data
[Bennett et al., 2003; Holmes and Twiddy, 2003; Myat Thu et2005; Weaver and
Vasilakis, 2009; Zhang et al., 2005]. Interestingly, mgjbylodynamic studies on the

global behaviour of DENV3 and DENV4 have reported negatpegial correlations
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between genotypes [Aradjo et al., 2009; Villabona-Areaiad Zanotto, 2011]. This
reported rarity of genotype co-circulation, of which DEN¥@pears to be an excep-
tion [Hang et al., 2010; Rico-Hesse et al., 1997], has beggested to be the result
of intra-serotypic cross-protective immunity that hangptire co-circulation of viral
variants of the same serotype [Villabona-Arenas and Zan@@11; Zanotto et al.,
1996] . In contrast, within genotypes, the diversity of ¥sabgroups appears to be
abundant with lineage co-circulation and intermittenhtwer being a common phe-
nomena [Bennett et al., 2010, 2003; Foster et al., 2003; dfetsal., 2003; Myat Thu

et al., 2005; Sittisombut et al., 1997; Weaver and Vasil&2099; Wittke, 2002].

While some reports have suggested the action of weak pesglection [Bennett
et al., 2003; Twiddy et al., 2002], the majority seem to httté turnover to stochas-
tic effects. For example, a recent report that explored thagalynamics of DENV4
from in situ evolution in Puerto Rico [Bennett et al., 2010], found reent losses in
sequence diversity, highlighting population bottleneakd arguing for an active and
frequent role of genetic drift, meaning that the successraf variants will not always
reflect their fitness. By adding a spatial dimension into kinanalysis for Viet Nam
sequence data, others have demonstrated that the genetsityiof different lineages
can be maintained at unequal levels, even in the absencéerkdiial fithess, point-
ing in the direction of demographic heterogeneities as ardehant factor [Rabaa
et al., 2010; Raghwani et al., 2011]. This is in agreemert vatent studies suggest-

ing that throughout time, dengue outbreaks tend to be djydimited [Cummings
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et al., 2004; Massad et al., 2008; Salje et al., 2012; Thdi,&2@10].

These and other studies have contributed to clarify DENpfd@miology from phylo-

genetic observations (and vice-versa), although a urgfgerspective is yet to be de-
veloped. This Chapter presents a thorough descriptioneoéxpected phylodynamic
behaviour of DENV serotypes. For this, a meta-populatiohuwhan and mosquito
hosts is modelled as in Chapter 4, with explicit neutral roolar evolution of viral

sequences. This discrete and multi-scale approach is asathtyse the ubiquitous
phylodynamic patterns emerging from the interaction of #esnographic, epidemio-

logical and evolutionary processes that shape DENV’s @djm biology.

5.2 Materials and Methods

5.2.1 Sequence Data

Sets of sequence data were obtained by querying Genbankiy@lespecies and geo-
graphical region, to represemt situ evolution as much as possible. Sequences were
aligned with the Bio3d package for R [Grant et al., 2006]. DEdata sets were
analysed per serotype. Summary information on the spectedata 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 pered inR with thephang-
orn package, using a Tamura 3-parameter model (TN93) of substif Tamura et al.,

2011].

5.2.3 Epidemiological Model

The modelling framework is the same as the one analysed ipt€hd (on page
113) but with significantly larger host-population size3d# million humans and, on
averagex 4 million mosquitoes. A burn-in period of 25 years is dis@dor model

output analysis. The basic reproductive ratio is kept étin line with Chapter 4.

5.2.4 Evolutionary Model

Evolution is assumed to be neutral at all biological levBlscombination is not con-
sidered given the reported rarity of such events for DENé (Skapter 1 on page 14).

For simplicity, a single consensus sequence is modellethfemted individual host.

The transmission chain from the epidemiological model exu® define the discrete
dynamics of the viral population. In here, hosts are seernrasdemes undergoing
a birth (transmission to host or mutation) and extinctie@c@very or death of host)
process. At evolutionary time= 0, all viral demes are initialized with the same ge-

netic sequence. With time, molecular evolution follows afinite sites model, with
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viral population dynamics

@ evolutionary tree
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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 maated the resulting evolutionary tre@eft)
Mutational process far € [0, 4] at the level of the population. At each time step, virusas generate
offspring (mutate) with a fixed probability creating new zats (blue virions) and may also get extinct
(red virions). The probability of generating offspring iisdarly dependent on the number of copies in
the population, which depends on the number of hosts it isfégght) The resulting multichotomous
evolutionary tree, in which the branches have no scale.

changes occurring according to a fixed molecular clock §Spie, 2004; Page and
Holmes, 1998]. As all viruses are initially the same, an etrohary burn-in period of

10 years is considered before using any simulated sequences

Since evolution is modelled forwards in time [Arenas, 201B8¢ final output is the
complete, multichotomous evolution tree, in which: (i) tbet is the initial sequence;
(i) all internal nodes represent ancestors of mutationahts; (iii) tips represent either

extinct or extant viral sequences (see an example in figrerbpage 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) impd by sampling 5 out of 12 possible
viruses. The multichotomies are solved by adding randomiglsbranch lengths in series of di-
chotomies, keeping the total branch lenghts between \dr{rsmles). Branch lenghts can be considered
in time units(left) or genetic distance, i.e. number of mutations from the gavede(right). Each
node’s depth can be different depending on the unit usede(d@)l but the relationship between the
nodes, and thus the tree’s topological shape, is preserved.

nodes are tagged with meta-information, such as generati@and spatial location.

Inwards migratory events are assumed to not result in gene flbat is, externally
introduced incidence cases are adopted from within the-papalation, chosen ran-
domly from the circulating variants. This allows to modeldaanalyse a virtually

isolated viral population.
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5.2.5 Simulated Phylogenetics

The complete multichotomous evolution tree from the evohary model is pruned
to obtain a representative phylogenetic tree (see an examfiyure 5.2 on page 149).
Multichotomies are solved by conversion into a series ofaiomies with potential
branches of length zero, preserving the order in which nbdes been generated and
their position in the appropriate scale (mutational diseaar time). For the results,
tree size is chosen to be withih0, 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 modeNseqsequences are randomly sampled from the human
population per time step, which are used to estimate: (iusece pairwise differ-
ences/[II, (ii) segregating sites$, and (iii) the Tajima D statistic (using the Watter-
son estimator for segregating sites) [Gillespie, 2004 gRayl Holmes, 1998; Tajima,

1989].

5.2.7 Empirical and Simulated Phylogenetic Shape

Tree shape is estimated using the Colless Index, a meastopadbgical imbalance
independent of branch lengths and hence of the underlyingaular clock assump-
tion [Colless, 1982]. The index considers the siBesdS of the 2 groups of terminal

nodes that descend from each of the 1l internal nodes, witl8 >= S. Its quantifica-

150



CHAPTER 5 - MODELLING THE DENGUE VIRUS PHYLODYNAMICS

colless index 1 colless index 0.429 colless index 0

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 aredsingly balanced from left to right
(decreasing Colless Index).

tion is then based on the difference betw&:andS, summed over alh — 1 internal

nodes, for a total ofi terminal nodes:

2 n-1

For a given species, the index converges to an expectedgakerea sufficiently large
number of samples, and varies between 0 and 1 for maximumdeknd imbalance,
respectively [Rogers, 1994, 1996]. An example can be founfijure 5.3 on page

151.
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To fit the index’s convergence and estimate its expected\aha sample size 200 se-
guences, a weighted, two parameteib] nonlinear least-squares estimatiamex ~
a* NP) is performed (weights being the sample size). The sameadéshapplied for

both the empirical and simulated trees.

5.2.8 Surrogates of Meta-population Dynamics

Four summary measures, here referred tayasamical surrogateswere created to
summarize the dynamic behaviour of the meta-populationnwaeying model pa-
rameters. An example on how these measures are used to tamdeckanges in the
topological shape of the simulated phylogenetic treesasguted in figure 5.4 on page

153. The description of each dynamical surrogate can bedfbetiow.

Risk of Extinction

This surrogate proxies the risk of local stochastic exionct It is a measure of the
percentage of time a serotype spends circulating bellowesliold, defined as 10
human individuals per 100.000. Hence, high percentageatek high risk for local

extinction and low percentage otherwise.

Variant Spatial Range

To address the average spatial dispersion of variants &faime serotype, each com-
munity is conceptually assigned to a district, from 16 ploles{4x4) of equal size.

The number of unique districts in which each variant is [sesit is measured per
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colless
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between risk of
extinction and
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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 apatriation of the immunity landscape) are
calculated and averaged for sets of simulations when vauyiodel parameters (see main text on page
152 for their description). The correlation of these measis then addressed two-by-two, as well as
with the measure of topological shape (Colless Index) oféselting phylogenetic trees. This figure
illustrates an example where only tree relationships adees$ed (Colless Index with risk of extinction
and variant spatial range, as well as serotype periodidity patial variation of the immunity land-
scape). The pie charts show the strenght and type of caomléitom O to 1, with blue for positive and
red for negative correlations.

time step. The average for all variants is used to quantif/gtrrogate, which there-

fore proxies the degree of spatial dispersion.

Spatial Variability of Immunity Landscape

This surrogate proxies the spatial heterogeneity in theumity landscape of a sin-
gle serotype. It is calculated through the standard denati susceptibility across
communities and thus mirrors to what degree transmissilmeaised or widespread.

That is, if spatial variation is high, viral circulation ipatially restricted in time. In
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contrast, if variation is low, spatial restrictions fornsmission are expected to be low.

Serotype Period

This surrogate is simply the dominant frequency in serotyyggamics. It is relevant
only within the context of other dynamical surrogates whscimmarize spatial in-
formation. This is because the frequency with which a sg®tyscillates may have
ambiguous meanings. For instance, longer periods can tréflecscenarios: slow
consumption of the susceptible pool causing flatter osicitia in serotype prevalence,
or, fast consumption of the susceptible pool which causaggirevalence oscillations
with long periods of waiting for population turn-over. Hoveg, the speed at which
susceptibles are infected leaves signatures in the variafithe immunity landscape
of the population, and together these surrogates are iaftrenfor the behaviour of

serotypes in time and space.

5.3 Results

Validation of the simulated epidemiology, population gigggeand phylogenetic shape
is performed by comparing the model output to empirical etqteons. While the first
is based on literature reports and the results of Chaptéredexpectations of phylo-
genetic shape and population genetics are estimetatvofrom Genbank genetic
sequences. Initially, fourteen different viral species @nsidered, of which nine are

included in the results and general discussion, while theaie 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, thesSdfidex is used as a mea-
sure of topological imbalance on trees obtained from a maminfiikelihood (ML)
reconstruction (see Materials and Methods) [Colless, L1982 useful expectation
is the index’s value for trees generated under an equas-Megkov model (ERM),
which assumes equal branching (extinction and speciataia¥ for all genetic vari-
ants. Within a single species, measures that deviate frelERM’s expectation in-
dicate the existence of asymmetric biological pressuresngst the extant variants
[Rogers, 1994, 1996]. Between species, divergence in mesasil Colless Index are
a reflection of multi-scale biological asymmetries, raggirom genetic constraints,
to ecological and selective pressures [Grenfell et al. 4280rkpatrick and Slatkin,
1993]. In figure 5.5 (on page 156), Colless Index measurephiglogenetic trees
of varying sizes (open circles) for four viruses - rotavidigROTVA), influenza A
(HIN1), DENV1 and DENV2 - are exemplified. The estimated measare fitted to
derive an expected value of the index for trees of size 208 Ns&terials and Meth-
ods for details on page 151). The figure further summarizesdasulting indexes for
9 viruses, including DENV serotypes. More fittings are illaged in figure 5.6 (on

page 158) and the abbreviations of the viruses’ names caauvel fin 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 circle@gft) Example of fittings for four viruses(right)
Summary of the estimated Colless Index for 9 viruses. Thexrislnormalized to the expected value
under the equal-rates Markov model (ERM, dotted linekeft). Multiple levels are estimated, with
influenza A HIN1 viruses presenting the highest phylogematbalance. For fittings of all viruses see
figure 5.6 on page 158. Abbreviation of virus’ names can bedadn table 5.3 on page 186.

page 186.

As expected from reports of strong positive selection agtiliziimbalanced phyloge-
nies [Ferguson et al., 2003], tree imbalance is found to bkdrifor theOrthomyx-
ovirus family (influenza viruses). Within this group, HIN1 from th&#luenzavirus

A genus presents 4.5 times more imbalanced topologies than the neutral expecta
tion. It is also notably higher than FluVB from tHefluenzavirus Byenus, which

is in agreement with weaker signatures of selection amdhgse viruses [Ferguson
et al., 2003; Nobusawa and Sato, 2006]. On the other hanahilthood pathogens

MUMYV and MEYV, as well as the arboviruses DENV and JEV, preseote balanced
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topologies. The fact that species with significantly diiar life-cycles show similar
topologies suggests shared genetic constraints, suchrij@muselection or clonal
interference [Grenfell et al., 2004; Miralles et al., 199Bpwever, it does not easily
explain the high deviation from the ERM’s expectation oledrfor all viruses, which

could be due to shared host demographic or ecological dmrinstance.

Population Genetics Expectation

To address the expectation on general signatures of thdgimpugenetics of DENV,
the Tajima D statistic is calculated for sets of full genoragugences per region and
per year (see Materials and Methods) [Tajima, 1989]. Thiesstg D = I1 - S, con-
siders measures of genetic diversity based on the numbeiimiipe differencesI()
and number of segregating sit&) (n the sample. While the first takes into account
the frequencies of variants, the second accounts simplgheonumber of polymor-
phic sites. Under a neutral model of evolution and for idestipopulations of con-
stant size, the expectation of this statistic is zero. Mesments of negative values in
real populations are indicative of an excess of low frequeyalymorphisms, while
positive values are attributed to an excess of polymorphisnmtermediate frequen-
cies. The Tajima D is therefore a valuable measure for thelptipn dynamics of a

pathogen’s genetic variants.

The Tajima D’s estimation for DENV1-4 genetic data is présdrn figure 5.7 (on

page 159). Two types of distribution are found. While DEN\8land 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 Method'he data of 5 viruses presented
unexpected or insufficient material for discussion and weegefore excluded: (i) CHIKY, (ii) RSV
and (i) YFV presented a lack of data sets with sufficienesitiv) WNV did not present a clear
convergence with increasing number of sequences, which lraag resulted from the presence of
numerous animal derived samples; (v) the estimation of DEMW¥s above all other dengue serotypes,
which appeared to be caused by a lack of sets with sufficieat #hbbreviation of virus’ names can
be found in table 5.3 on page 186. The expected value undeqte-rates Markov model (ERM) is
represented by the dotted line.

strate a strong bias towards negative values, DENV2 presedistinctive population
genetics signature with a zero centred distribution. Thetfeat all distributions over-
lap in frequent negative values is indicative of shared@amhary 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 greyels). DENV1, 3 and 4 present negative biased
distributions. Negative values are indicative of an excésaw frequency polymorphisms in the popu-
lation, which may be caused by purifying selection, popatagrowth after bottleneck and/or inwards
gene flow. Positive values can be attributed to balanciregtieh, ongoing bottlenecks or positive se-
lection, population segregation and/or inwards gene flomNM2 is often reported to be under weak
positive selection and the only serotype presenting sirifigenotype co-circulation (see text, page
145), which may explain the balanced distribution. Datdudes full genome sequences, per region,
per year (see table 5.4 on page 186).

serotypes. Since viral persistence must take place inaimdological contexts, it is
possible that pathogen extrinsic factors (i.e. non-gehetay play a determinantrole.
Alternatively, negative Tajima D values could be a consegaef purifying selection

pressure acting on DENV’s genome, which can hamper the emeegf variants and

result in a viral population rich in low frequency polymorgims.

As mentioned earlier in this Chapter, phylodynamic stubdase highlighted the unique
behaviour of DENV2 genotypes, which demonstrate frequenticulation [Hang
et al., 2010; Rico-Hesse et al., 1997]. Moreover, in cohti@she other serotypes,
genetic variation within DENV2 has long been implicated msedes of weak posi-
tive selection [Cologna et al., 2005; Gubler et al., 1978pRtesse et al., 1997]. Both

these facts will move the Tajima D to the positive spectrumd, may therefore explain

159



CHAPTER 5 - MODELLING THE DENGUE VIRUS PHYLODYNAMICS

DENV2 genotype dynamics in Viet Nam
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Figure 5.8: Tajima D Dynamics During DENV2 Genotype Replacement Eventri Southern
Viet Nam - (left) Population dynamics of serotype 2 in southern Viet Nam betw&399-2008 as
described in chapter 2 on page 60. The invading Asian-1 gpadtyan) is detected in 2002 (black
dotted vertical line) and replaces the resident, Asian/Acae type (blue). The relative prevalence
of DENV?2 is represented by the black dashed line. The coslitap@enotype (magenta) appears in
the population in the mid 2000¢tight) Tajima D during the replacement event, calculated with data
obtained from Genbank using the sequences published byaRatz. between 2001-2008 [Rabaa
et al., 2010]. The statistic is positive during the periodrnich DENV2’s population is composed
of intermediate frequencies of each genotype, peaking wihigimg is maximum (red dotted vertical
line), returning to negative thereafter.

DENV2's centred distribution. To illustrate this, the Tap D is calculated for the ge-
netic sequences collected during the Viet Nam genotypacepient event described
in Chapter 2 (figure 5.8 on page 160). Positive values aredfaluming the period of

competitive exclusion, peaking when genotype frequeraiiesntermediate.

5.3.2 Modelled Phylodynamics

The agent-based epidemiological model is set within theéecaof a structured host-
population of human and mosquito individuals within a higehdemic scenario. In
order to model the evolution of viral sequences, host numbeg significantly in-
creased to achieve large and effective pathogen populatzms. Analysis of the

modelled phylodynamics is performed in 3 major steps:
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(i) Simulated Topological Shapeto measure the shape of simulated phylogenies,
the epidemiological and evolution models are run with pai@ns set to values within

a biologically relevant interval (see table 5.2 on page 1&5parameter sweep ap-
proach is used to find default values of community size, hastility and mutation
rate. This is performed by approximating the Colless Indesimulated trees to the
empirical estimation for DENV1, which is used as referentiee index measure re-
sulting from the default parameter set is then used as a deed@rence to quantify

the effect of independent model parameters on tree shape.

(i) Simulated Population Genetiedased on the range found for the Colless Index in
step (i), three parameter sets with contrasting topold@ileservations are chosen to

analyse their population genetics in detalil.

(iif) Simulated and Empirical Phylodynamicesthe obtained measures of topologi-
cal shape (i) and population genetics (ii) are integrateti@aced within the context

of DENV'’s empirical expectations.

Simulated Topological Shape

Estimation of the index for simulated trees is performechwiite same approach as
with the empirical data - by fitting convergence with inciegstree size (see Ma-
terials and Methods and figure 5.5 on page 156) ). The first pkaim illustrated

in figure 5.9 (on page 163) where changes in the mutation hatst, mobility and

161



CHAPTER 5 - MODELLING THE DENGUE VIRUS PHYLODYNAMICS

population structure are considered. For each parameteativa, 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 Inddues obtained for each
tree size (grey points) are used for fitting, which is repnébg the lines in the figures:
the best approximation to DENV1’'s empirical estimationngyreen (also called the
default parameter set), the empirical estimation for DENarange (as in figure 5.5
on page 156) and the remaining parameter sets in black (dashiee index fittings
for other parameter variations are shown in figure 5.10 ore d&g. 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 estimdtiogreen, solid) is fur-

ther used has reference to normalize the obtained changeeistiape when varying
all model parameters. The effect of each parameter vamiaipresented in % change
of the Colless Index in figure 5.11 (on page 165), where theredichanges highlight
both increasing and decreasing effects on topologicalesh@pe example phyloge-
nies are from the extreme sides of the obtained Colless Iraleye and demonstrate

how variable the topologies can be.
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Figure 5.9: Colless Index Fitting for Simulated Phylogenies - mutatiorrate, community size
and host mobility - Parameters were set to a default value within biologicedlgvant ranges (ta-
ble 5.2 on page 185). A parameter sweep approach was usedltddiault values of community
size, host mobility and mutation rate. For each parametertiie model run for 10 independent
stochastic simulations and Colless Index measures (grieyspavere made on trees of varying sizes
(10,25,50, 100, 150 200). Fitting of the simulated and empirical trees was tfegeeperformed in the
same way, as described in figure 5.5 on page 156. DENV1'’s @aéstimation is in orange (solid)
and the ERM expectation in black (dotted). The green lineasgnts the fitting that best approximates
DENV1'’s estimation and was used to define the default pararset.

Table 5.1:Parameters ranges used to generate trees for Colless Indestienation.

parameter range used parameter range used
community size 108 - 2187 mobility w 0.0001 - 0.2
seasonalityV 0.7,14-14,1.4 mutation rateu 0.001 - 0.02
transmissibilitye 0.4-0.8 latency periody, 1-12
transcending perioa, 0-9 ADE enhancementy, 0-15
partial immunity 0-0.75 n. infections 1-4
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Figure 5.10<Colless Index Fitting for Simulated Phylogenies - eco-ep&miological parameters-
Parameters were set to a default value within biologicallgwant ranges (table 5.2 on page 185). Here,
changes in various model parameters are considered andfflieet on the converge value of the Colless
Index measured. For each parameter set, the model run fad&péndent stochastic simulations and
Colless Index measures (grey points) were made on treesyihgasizes (1025, 50,100 15Q 200).
Fitting of the simulated and empirical trees was theref@adggmed in the same way, as described in
figure 5.5 on page 156. DENV1's empirical estimation is inngra(solid) and the ERM expectation in
black (dotted). The green line represents the fitting that &pproximates DENV1's estimation.
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Figure 5.11Colless Index Ranges for Simulated Phylogenies Under Paraater Changes- (left)
Best approximation to DENV1's imbalance of figures 5.9 ardd%pages 163, 164) is used to normal-
ize all the resulting index estimations. The effect of eaatameter variation is presented in % change.

(right) Example of trees with low (top) and high (bottom) values ofl€ss Index. 165
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When varying model parameters, the dynamical featureseafigta-population change.
To understand which changes may justify the resulting togiohl shapes, the cor-
relations of the Colless Index and four surrogates (i.e. sang measures) of meta-
population dynamics are investigated (see Materials anthddis on page 152 for
surrogate definition). As shown in 5.12 (on page 167), théeSslindex (left column)
is found to be positively correlated with extinction riskgtirow) and negatively cor-
related with variant spatial range (left, third row). Thigams that, in general, phy-
logenetic trees with imbalance above the expected for DE&Ptgpes are a result
of meta-population dynamics presenting both increasé&difigxtinction and narrow
spatial ranges for the co-circulating variants. Howevesl@own by the unordered list
of parameters along the Colless Index scale of figure 5.1p&ge 165), each param-
eter presents a specific relationship with the resultingltgical shape. To addressed
this in more detail, parameters are further categorizexthnee classes - immunologi-
cal, ecological and viral - and their separate effect on tbkeSs Index and surrogates

is summarized and described bellow.

Ecological Parameters and Topological Shape

For ecological parameters, i.e. community size, host nitghkahd seasonality, the
Colless Index is found to be mostly correlated with risk ofimotion (figure 5.13

on page 167). In the presence of considerable risk, locadatidn is not experienced
equally amongst viral variants, not only due to stochasthmit also local herd-effects.

This in turn translates into asymmetric branching prohitadsl for the co-circulating
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surrogate correlations

colless index

risk of
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variant
spatial range

spatial var. of
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Figure 5.12 Effects of All Parameters in Topological Shape and Surrogats of Meta-population
Dynamics- Four surrogates are used to summarize meta-populatiamuigs (see Materials and Meth-
ods). The correlation of dynamical surrogates with the eangColless Index of figure 5.11 (on page
165) are presented. In general, tree imbalance is assoeidtte increased risk of extinction and nar-
rower spatial ranges. However, each parameter has a spetafionship with the Colless Index. This
is further analysed in figures figures 5.13 on page 167, 5.Jghge 169 and 5.15 on page 171.

colless index

community size= 108

community size= 192 ]
surrogate correlations

community size= 300 0
community size= 2187 ._ colless index
no mobility | 14 risk of
- extinction
mobility= 0.0001 11
— serotype
mobility= 0.001 0 period

variant

mobility= 0.1 )
spatial range

mobility= 0.2
high season M=[0.7,1.4]
high season M=[0.8,1.4]

moderate season M=[0.9,1.4]

spatial var. of
immunity landscape

no season M=1.4 2

Figure 5.13:Effects of Ecological Parameters in Topological Shape andugrogates of Meta-
Population Dynamics- Four surrogates are used to summarize meta-populaticamaigs (see Mate-
rials and Methods)(left) Changes to topological shape when varying parametersedses in blue,
decreases in red. Values are the normalized changes tcagiomd with the default parameter set (lines
with zeros, table 5.2 on page 185, see main tetight) The surrogate of risk of extinction is the
strongest determinant of topological shape when varyirsgdlass of parameters.

variants and thus explains the positive correlation wighotogical imbalance. In-

terestingly, the relationship of each parameter with tltkexn(and therefore the risk
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of extinction) is reminiscent of previous observationshie tlynamical behaviour of
meta-populations. For instance, both community size andilityoare reported to
have a non-monotonic relationship with extinction, sucét tbersistence is gener-
ally maximized for intermediate values of such factors j@e# and Harwood, 1997;
Keeling, 2000]. The same is observed here, with intermedapulation structures
and host mobility deriving the lowest index measures, thatiore balanced phyloge-

netic trees.

Viral Parameters and Topological Shape

The parameters considered to be intrinsic to the virus aentlitation rate, the prob-
ability of transmission between hosts and the latency pgetimder a slow molecular
clock, it is expected that the majority of viruses will notpexience genetic change
within their life-time. As a consequence, phylogeneticpghes highly influenced by
the sporadic occurrence of mutations resulting in imbaddrtopologies as seen by
the negative and monotonic relationship between low mutatites and the Colless
Index in figure 5.14 (on page 169). Interestingly, the indgxears insensitive to inter-
mediate rates within the interval.fiD4, 0.016[, corresponding to a substitution rate of
~ ]1.4,5.5[x10* per site/year. This range not only derives imbalance lewelsare
closest to the empirical expectation but also overlaps WHENV'’s real substitution
rates [455, 11.58] x 10~4 [Twiddy, 2003], which suggests that thd-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 Surrogtes of Meta-
Population Dynamics- Four surrogates are used to summarize meta-populaticanaigs (see Mate-
rials and Methods)(left) Changes to topological shape when varying parameterseases in blue,
decreases in red. Values are the normalized changes tcasiomsl with the default parameter set (lines
with zeros, table 5.2 on page 185, see main t€ktjht) The surrogates of risk of extinction and variant
spatial range are the strongest determinants of topollghiepe when varying this class of parameters.

As the mutation rate does not have an effect on the meta-gpuldynamical be-
haviour, changes in the latency period and transmissilaifié entirely responsible for
the strong correlation of topological shape with risk ofiestion and variant spa-
tial range shown in figure 5.14. Intuitively, increases iegh parameters result in
lower extinction risk and wider spatial ranges (as seen byndyative correlation be-
tween the two), and thus favour balanced branching prababifor the circulating
viruses, deriving equilibrated topologies. Hence, sinylto the effects of the ecolog-
ical parameters, the Colless Index is strongly and po$yte@related with the risk of

extinction and negatively correlated with variant spatge.
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Immunological Parameters and Topological Shape

From the three parameter classes, the ones related to inymeasult in the clearest
monotonic and positive relationship with topological shags well as the highest im-
balance measures (figure 5.15, left, on page 171). Howdnee€olless Index appears
only correlated with risk of extinction and spatial rangéeTsignificant influence of
variant spatial range on topological shape can be expldgdde dependency of the
cross-immunological reactions on local histories of itifat. That is, as variant spa-
tial range changes, so does the strength of immunologicahpeters in generating
asymmetries in variant success and therefore branchinzppiidies. For example,
when the spatial range is low, variant segregation is prof@ppen and viruses will
experience different local cross-immunological effectd therefore branching proba-
bilities, resulting in highly asymmetric trees. In contras a setting presenting wider
spatial range, local histories will be less heterogeneodsvariants will experience
weakened herd-effects and less asymmetries in selecegsynes, resulting in more
balanced topologies. The slightly weaker relationshighwlite risk of extinction can
be justified by the contrasting dynamical effects of the peai@rs in this class. For
instance, all parameters have similar outcomes on tredambabut ADE is expected

to contrast with the other parameters in its effects on yieasistence.
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Figure 5.15: Effects of Immunological Parameters in Topological Shape rd Surrogates of
Meta-Population Dynamics- Four surrogates are used to summarize meta-populaticamaigs (see
Materials and Methods)(left) Changes to topological shape when varying parameterseases in
blue, decreases in red. Values are the normalized chang@&sutations with the default parameter set
(lines with zeros, table 5.2 on page 185, see main texight) The surrogates of risk of extinction
and variant spatial range are the strongest determinatpological shape when varying this class of
parameters.

Simulated Population Genetics

As described above, the risk of extinction and variant spatinge are the two most
influencial dynamical surrogates on topological shape. réfaionship of each with
the Colless Index is summarized in figure 5.16 (on page 1t23lfeombinations of
parameters tested. Three parameter sets (identified ireflgab by the red, orange
and blue points) are used as reference to analyse in detadlitfulated population
genetics: (i, orange) the parameter set that derives thestonmbalance, which con-
siders 12 days for the intrinsic incubation period; (ii, &lihe default parameter set

that results in the same imbalance as the empirical expactat 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 sgates {left) risk of extinction andright)
variant spatial range. Coloured points present parametsitisat reproduced the lowest (orange), the
closest to DENV1 (cyan) and highest (red) imbalances. Bamgrey (outliers) highlight parameter
sets with less than expected imbalance for high surrogadesunes (left) Risk of extinction. Outliers
are parameter sets considering 1 infection and partial initpof 0.75. (right) Variant spatial range.
Outliers are parameter sets considering host mobility 6dlCa2.

red) the parameter set that derives the highest imbalarfiehwonsiders 9 months

of temporary, transcending cross-immunity.

When considering a 12 day intrinsic incubation period (geapoint in figure 5.16
on page 172), the population genetics of single serotypms gkeneral signatures that
are expected from a very low risk of extinction. For examghe, serotype dynamics
are characterised by a high prevalence base-line, lowhilityan epidemic behaviour
and enhanced co-circulation (figure 5.17 A on page 173). Asnaequence, the two
measures of genetic diversity present only weak signatifrespulation bottlenecks.
That is, the natural fluctuations in transmission poteitoahot equate to similar vari-
ation in diversity, as the number of segregating sites aimavig® differences are gen-
erally increasing in time (figure 5.17 B). There is also a dwance of negative Tajima

D, which reflects an excess of low frequency polymorphisngsi(@ 5.17 C). Thisis a
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Figure 5.17:Simulated Population Genetics and Phylogenies When Usin@Days of Intrinsic
Incubation Period (Lowest Colless Index- (A) Serotype dynamics per mont{B) Effective popula-
tion sizeNe (human and vector carriers, black); serotype relativeglesce (orange); pairwise genetic
diversity IT (blue); number of segregating sit&s(cyan). Normalization with maximum value per
series.(C) Effective population siz&le (human and vector carriers, black); Tajima D (magenta)- Nor
malization with maximum value per serig®) Phylogenetic tree with colours indicating the number
of mutations accumulated (genetic distance).

result of the low risk of extinction that maintains each &atis population size stable,
such that most variants persist long enough to diversify.illastrated in the phy-

logenetic tree of figure 5.17 D, the intra-serotype popafais composed of several
variants in time, resulting in a highly balanced phylogenstructure, similar to those

observed for childhood pathogens such as MEV, but coniastith the expectation
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Figure 5.18:Simulated Population Genetics and Phylogenies When Usingié Default Param-
eter Set (Closest Colless Index to DENV1) Vertical dashed lines highlight population bottlenecks
with phylogenetic signatures(A) Serotype dynamics per montt{B) Effective population sizéNe
(human and vector carriers, black); serotype relativeglesmce (orange); pairwise genetic diverdity
(blue); number of segregating sit8s(cyan). IT andS had a lagged response e of ~ 15 months.
Normalization with maximum value per seriefC) Effective population sizé&le (human and vector
carriers, black); Tajima D (magenta). Normalization witbximum value per serig®) Phylogenetic
tree with colours indicating the number of mutations acclated (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 agepl72), the simu-

lated population genetics and phylogenetics present &stimg patterns to what is
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observed when considering 12 days of intrinsic incubatienagl, which is mainly
due to the presence of a moderate risk of local extinctiorr. iffgtance, serotypes
often present very low prevalence levels (figure 5.18 A orepBf4d) and the num-
ber of segregating sites and pairwise differences are rgeloain increasing function
of time, but show instead a mixed behaviour between peribdiaear increase and
significant reduction, indicative of population bottlekedfigure 5.18 B). The lat-
ter are mostly associated with the natural troughs in speofyrevalence dynamics
and not with seasonal variation in transmission potentlatloser inspection to the
time series reveals that the response of the measures digdiversity lag~ 15
months behind population size variation. Overall, themajiD has a tendency to-
wards negative values, indicating a population rich in loggtiency polymorphisms,
but with recurrent incursions into the positive spectrumgufe 5.18 C). The periods
of positive Tajima D, which occur for small population sizage a result of substan-
tial reductions in the number of segregating sites in comparto changes in variant
frequencies (figure 5.18 B). Within the neutral framewolks tcan be explained by
the nature of population crashes, which induce extinctr@sgures that should affect
equally all co-circulating variants, therefore maintagpithe relative frequencies of
dominant lineages but eliminating low frequency polymaspis to a higher degree.
The resulting phylogeny also presents signatures cointigdih crashes in effective
population size (figure 5.18 D). These are characterizecetgre pruning of the co-
circulating variants, prior to periods of positive Tajima Dhe topological shape is

nonetheless semi-balanced with varying degrees of vac@eiistence in time. No-
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tably, the phenomenon of lineage recycling, previoushortgal in dengue endemic
regions [Bennett et al., 2010, 2003; McElroy, 2011] and abtarized by the domi-
nance of previously circulating variants that have undeegoeriods of several years
with low or absent reporting, is observed sporadically @gdw, figure 5.18 D). This
phenomenon is possible under the default parameter senthates moderate risks
of local extinction and thus allows variants to circulatelifferent frequencies, possi-
bly in different locations where transmission pressureyg aad may allow allopatric

diversification and temporary refuge.

Finally, when considering 9 months of transcending immu(réd point in figure

5.16 on page 172), population bottlenecks driven by entthairal competition and

risk of extinction result in stronger genetic and phylogensignatures (figure 5.19
on page 177). As described above for the default parametéfiggere 5.18 on page
174), variant frequencies are once again less sensitivefolation bottlenecks than
the number of segregating sites. In this case, howeverjdlaso observed during
population expansions in which the number of pairwise diifiees increase slower
than the number of segregating sites (figure 5.19 B). Thisnsi¢laat the frequen-
cies of the circulating variants have the tendency to rersthle for long periods of
time independently of population size, which may be a rafieatf the selective pres-
sures now present due to transcending immunity. As a coesegyand contrasting
the observations for the default parameter set in which imeezompetition was not

present, the time lag between diversity by pairwise congparand population size
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Figure 5.19:Simulated Population Genetics and Phylogenies When UsingMonths of Tran-
scending Immunity (Highest Colless Index)} Vertical dashed lines highlight population bottlenecks
with phylogenetic signatures(A) Serotype dynamics per montt{B) Effective population sizéNe
(human and vector carriers, black); serotype relative glesxce (orange); pairwise genetic diversity
IT (blue); number of segregating sit&s(cyan). IT andS had a lagged response e of ~ 22 and

~ 16 months. Normalization with maximum value per ser{€3.Effective population siz&le (human
and vector carriers, black); Tajima D (magenta). Normélirawith maximum value per serieg¢D)
Phylogenetic tree with colours indicating the number of atiohs accumulated (genetic distance).

is now found to have increased from15 to~ 22 months. In contrast, the delay in
response of the number of segregating sites remains the(safrtemonths). The re-
sulting phylogenetics present a highly imbalanced toppléigure 5.19 D), which is
characterized by temporal clustering of similar variantsrty population expansion

and severe pruning during bottlenecks. Both of these sigesican 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 pater sets modelled (table 5.2 on page 185 and
figure 5.9 on page 163)center) Estimations of the empirical Tajima D distribution for esddENV
serotype (figure 5.7 on page 15@%jight) Relationship of the Tajima D and Colless Index for both the
empirical and simulated data. A positive relationship isrfd. In addition, model output covers most
of the variation found in the empirical data.

the presence of viral competition due to transcending imtyu@n one hand, pruning
reflects more severe population bottlenecks since vanmavisface both the seasonal
and inter-serotype troughs plus transcending herd-sffe®n the other hand, pop-
ulation expansions are now populated by variants that sstuéy evade locations
with significant (temporary transcending) herd-immunitgare thus characterized
by growth and diversification of genetically similar virgsexplaining the phyloge-

netic clustering over time.

Simulated and Empirical Phylodynamics

As described above, the Tajima D distributions of the sitealgopulation genetics
are generally biased towards negative values (figure Se#0Qplhge 178), in line with

the empirical expectation of DENV1, 3 and 4 (figure 5.20, cerand figure 5.7 on
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page 159). Furthermore, the mean simulated Tajima D is feabe positively corre-
lated with the Colless Index (figure 5.20, right), which carelaplained by the general
effects of the parameter variations here considered. Bhatarting from the default
parameter set that best approximated DENV1 empirical égpiens, the majority of
parameter variations derives into higher risks of extotand more restricted spatial
ranges. This, as demonstrated in the previous sectiondtg@sasymmetries in vari-
ant success and more imbalanced topologies. At the samettiese asymmetries
induce differences in variant relative prevalence levelsme and space, which is a
driver for higher Tajima D values. However, it should be wotieat some of the con-
sidered parameter sets may deviate from the dengue-rélendogical ranges. This
relationship between the Tajima D and Colless Index is thezea general expecta-
tion of host-pathogen systems and not necessarily spegifitetdengue setting here

modelled.

5.4 Discussion

Understanding the population structure and dynamics offzogan within a phylody-
namic perspective can provide relevant information onpigemic and evolutionary
behaviour. So far, the links between DENV’s population gese phylogeny and
complex epidemiological dynamics have been hard to address the relative small
scale of the reported studies, which are often restricte¢thbynumbers of genetic

samples, data from a single serotype or short periods ofaditsen including only a
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few seasons. In this chapter, the general phylogenetiesragpqualitative population
genetics of dengue viruses were estimaraovofrom sequence data and their ex-
pectations compared to simulations from an epidemioldgicd neutral evolutionary

model.

The resulting empirical estimations for phylogenetic ghaipowed that DENV’s typ-
ical levels of topological imbalance are at least two tinoegdr than those presented
by populations of influenza A viruses. In fact, DENV’s phyéoies exhibited sim-
ilar imbalance to other genetically conserved pathogeamsh as MUMV and JEV.
When simulating the epidemiology and evolutionary procg$3ENV in a stochastic
and spatial setting within the meta-population model dgvedl in Chapters 3 and 4,
a wide range of topological shapes could be obtained frosilico phylogenies. It
was found that the variation in topological shape was predantly correlated with
two concurrent dynamical features of the meta-populattbe risk of local extinction
and variant spatial range (the average degree of spat@@mi®n amongst viral vari-
ants). Past studies have often reported the presence &nof spatial heterogeneities
in dengue’s epidemiological behaviour [Johansson et @092Morrison et al., 2010;
Nagao et al., 2008; Tsuzuki et al., 2009; Williams et al., @0hs well as recur-
rent population bottlenecks with high risk for viral extiron [Bennett et al., 2010;
Williams et al., 2010] along with demonstrations that oattks may be driven by a
limited set of spatial clusters [Cummings et al., 2004; Malsst al., 2008; Salje et al.,

2012; Thai et al., 2010]. It is therefore plausible that ehegatio-temporal features,
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common to dengue endemic regions, are natural determinadisngue’s observed
phylogenetic structures.

Importantly, the consideration of cross-protective oramding immunity between
dengue serotypes was not necessary to simulate phylogathd3ENV-like topolog-
ical shape. In fact, while the results of Chapter 4 suggedtithmuno-based mech-
anisms are not necessary but still compatible with the epiolegical behaviour of
dengue, their consideration when modelling viral evohlutiio this Chapter has lead
to significant deviations from empirical expectations. Bynparing model results to
the empirical imbalance found for phylogenies of virusesrirother viral families,
it was found that even intermediate levels of ADE or shoriquos of transcending
immunity, well within reasonable biological ranges for dar, would generate phy-
logenetic trees with imbalance levels close to, or highanttnfluenza B viruses. It
cannot be ruled out, however, that the strong effects of inwtagical interactions are
an artefact of the underlying framework. For instance, pealulations may have sub-
stantially different structural organizations or might be as well connected locally,
while mosquito populations are generally patchy and Melalihus, it is possible that
the simplifying spatial assumptions of the framework erdeaco-circulation and the
strength of cross-immunological interactions in the seed phylogenies. However,
their effects on the epidemiological dynamics, as desdnib€hapter 4, suggests that
this is not the case. It should also be noted that, while theselts are innovative
for the understanding of the roles of both protective anchanimg immunity in the

phylodynamic behaviour of dengue, they are specially sAIOE. That is, protec-
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tive immunity has been previously reported in modellingigta to be the main driver
of the high imbalance present in influenza A phylogenies {Betet al., 2011; Fer-
guson et al., 2003; Koelle et al., 2006a; Minayev and Fengu2009]. Importantly,
such studies rely on concurrent observations that influgimaaes undergo continu-
ous antigenic change, while there is no evidence of simeaegjc trends in DENV’s
molecular evolution that could justify the temporal clustg of similar variants or
the fast and recurrent turnover reflected inithsilico trees in the presence of cross-

immunity.

In this modelling framework, various parameter combinadiavere tested and their
impact on dynamical properties of the meta-population weeasured and compared
to the resulting topological shapes. As mentioned eami¢his section, it was found
that from all the observed dynamic changes taking placeewrdlying parameters,
topological shape was mainly and negatively correlatet ehanges in variant spatial
range and positively correlated with changes in the riskxhetion. These observa-
tions followed the expectation that the branching proliadsl of the co-circulating
variants will be increasingly asymmetric when the degrecdl extinction is con-

siderable and the variant’s spatial range is narrow.

The ex novoestimations of general signatures of the population gesneti dengue
serotypes was done through measurements of the TajimaiBtistan empirical ge-

netic data. A general tendency for negative Tajima D measeinés was found for
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serotypes 1, 3 and 4, which suggests that in real populatiorast number of low
frequency polymorphisms exist that suffer significantrmstibn pressures and rarely
emerge, which can be partially explained by the strong pungf selection imposed
by DENV’s two-host life cycle (see Chapter 1 on page 21). regéngly, this evolu-
tionary model readily reproduced Tajima D in similar rangethose estimated from
the genetic data. With evolution and transmission assumbd heutral at all biolog-
ical levels and following the results of Chapter 2, it is tipaossible that demographic
stochasticity, in the context of dengue, is sufficient tomtein a population rich in

low frequency polymorphisms.

At the same time, a close analysis of the simulated popul@@netics demonstrated
a natural tendency for local stable variant frequencieschvivas reflected in a gen-
eral time lag between the effective population size and oreaof genetic diversity.
Similar lagged responses have been demonstrated for endemitries between es-
timated effective population size and sample counts froidegpics [Bennett et al.,
2010; Raghwani et al., 2011]. Interestingly, some authax&heported that troughs
in estimated population sizes are less pronounced thansi caunts, arguing for
a limitation in the inference approach to resolve amplitudehighly variable (epi-
demic) dynamics [Bennett et al., 2010]. However, the sanempimenon is observed
in the measures oh silico population genetics in this Chapter, and others described
elsewhere [Raghwani et al., 2011], suggesting that dengnmypes may be able to

maintain genetic diversity between seasons, possiblyugirsilent transmission, as
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the majority of infections are mild or asymptomatic and netedted by surveillance
systems (see Chapter 1 on page 30).

The dengue virus is a surprisingly conserved pathogendadnighly persistent nature
and complex population dynamics that are similar to othgtrdaolving and antigeni-

cally diverse pathogens. The material presented here pegpihat previously hy-
pothesised determinants of dengue’s epidemic behavioymmicbe compatible with

general signatures of its population genetics and phyletiestructures. It does not,
however, argue against their existence or possible rolénital outcome. Instead, it

demonstrates that their selective effect on viral variamist be negligible at the level
of the population in order to conform with empirical obseiwas. Adding to results

of Chapters 2-4, it is therefore demonstrated that factdrasic to the virus, mostly

of stochastic and non-selective nature, are sufficient amsirponious determinants

of the observed multi-scale features of its populationdgyl
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5.5 Tables

Table 5.2:Parameters used in

the framework.

definition value ref.

1/6y | intrinsic incubation period 3 days (2-7) [1]
1/yn | human infectious period 4 days (4-12) [2]
1/ay | period of temporary cross-immunity 0-9 months (2-12) | [3]
€y | human-to-vector transmission 0.5 per bite (0.33-1)| [4]
¢n | ADE enhancement 1-1.5 - -
M | vectors per human host 0.9-1.4 (0.3-20) | [5]
a, | mosquito biting rate 0.55 per day (0.33-1) [6]
1/6, | extrinsic incubation period 6 days (6-12) [7]
€h | vector-to-human transmission 0.5 per bite (0.33-1)| [8]
6 | external introductions 2.2 per sero/year | --
Ny | human host population size 3.5 million --
w | daily mobility 0.001 (0-1) --
u | infinite sites mutation rate 0.008 - -
Nseq | (€vo model) human samples per day 20 --
a | Gompertz parameter (human) 0.0002 --
b | Gompertz parameter (human) 10 --
vn | human average life-span 67.5 years --
a | Gompertz parameter (vector) 0.003 --
b | Gompertz parameter (vector) 10 --
vy | vector average life-span 23 days (8-42) [9]

References: [1] Halstead [2007]; [2] Gubler et al. [1981dughn et al. [2000]; [3]
Sabin [1952]; [4] Armstrong and Rico-Hesse [2003]; Sabi®g2]; [5] Focks et al.
[2000]; [6] Trpis and Hausermann [1986]; [7] Watts et al.§T9 [8] Armstrong and
Rico-Hesse [2003]; Sabin [1952]; [9] Trpis and Hausermdr@8p]
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Table 5.3:Abbreviations of virus’ names.

abbreviation name family
CHIKV Chikungunya virus Togaviridae
WNV West nile virus Flaviviridae
YRV 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,H1IN1 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
HIN1 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 cgraeary population bi-
ology of the dengue virus through the expansion of previopsdposed mathematical
models of transmission. Given the recent increase in thebeumf studies includ-
ing both epidemiological and genetic data, focus was placegossible multi-scale
determinants of the ubiquitous patterns found in such datantegrating epidemi-
ological, ecological and evolutionary factors into unifiméthematical frameworks.
The results presented in Chapters 2, 4 and 5 have advancée carrent literature
by proposing that the population dynamics of dengue virusastrary to other anti-
genically diverse RNA viruses, are mainly driven by the naltvariation present in
the transmission cycle and by underlying host-related dgaphic and ecological
factors. While this contrasts with previous hypothesemfraodelling approaches,
there are key points in dengue’s population biology andwiahary history, often

overlooked in the theoretical literature, that clearly gest this to be the case.

Due to the lack of proof-reading mechanisms in the viral pwyases of RNA viruses,
these pathogens present rapid evolution that occurs at iassitime-scale as their
host’s population dynamics. Genetic diversity is thus sldajm direct response to
changes in host demographic factors, such as populatien segregation or move-
ment, thereby providing measurable connections betwepulgibion dynamics, evo-

lution and transmission. A promising venue to study the bl and epidemic
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potential of RNA-based viruses is therefore to perform pyhamic studies that
integrate data from multiple biological scales (i.e. epit#ogical, ecological, de-
mographic and genetic). While this approach has been phatig successful to un-
derstand the population biology of other pathogens suclhesnfluenza and west
nile viruses, the scarcity of studies presenting relevanietic data has hindered its

usefulness in the context of dengue.

At the same time, the predominance of epidemiological stuth dengue’s litera-
ture has lead to the general focus of mathematical appreamhehe possible de-
terminants of its seasonal signatures and seemingly camapatynamics of its four
antigenic types (serotypes). Diverging from this trend,dtochastic model presented
in Chapter 2 is the first to address the dynamic behaviour ofjde’s viral lineages
(genotypes). In general, empirical studies suggest thieinvgerotype diversity to
be mostly neutral and genotype co-circulation not commadme fhajor contributing
factor restricting co-circulation is believed to be crgsstective immunity between
variants of the same serotype, while the overall conseratdra of the viral popu-
lation is generally attributed to purifying selection. Tlager is a common feature of
vector-transmitted pathogens, which have evolved to¢afdiand transmit amongst
vertebrate and arthropod hosts, thus expressing a comggdrgenome in which most
non-synonymous mutations are expected to have deletesffacts. By analysing the
dynamical properties of the invasion of novel dengue ggredynto endemic popula-

tions, Chapter 2 has demonstrated that even viruses widméalyeous mutations can
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experience periods of several seasons (years) of low freguarculation (waiting
time) before reaching sufficiently high numbers to outcotaplee already established

(resident) viruses.

The fitness advantage expressed by the invading virus waml ftube negatively
correlated with the length of the waiting time, such thathhygadvantageous mu-
tants could readily fixate. There are, however, strong reaso believe that new
dengue variants do not harbour mutations that significantsease their relative fit-
ness. For instance, the pressures of purifying selectigateehe emergence of mu-
tants with significant fithess advantages as these wouldyisgicurrent substantial
genetic/phenotypic change. Furthermore, as demonsirated modelling system of
Chapter 2, moderate to high fithess advantages produceofixaties and significant
signatures in the overall epidemiological dynamics thatakoconform with published
data on genotype replacement events. Hence, one of the wyaectations from the
results of Chapter 2 is that positively selected dengue misitexpress low fithess
advantages that, although sufficient for competitive estoly, will induce relatively
long waiting periods for emergence and will not interferéwihe overall serotype dy-
namics. The latter implies that significant changes in th@imiserotype population
structure are silent at the epidemiological level, thudarmg why such events are
rarely reported in the literature as their detection woalgliire frequent and numerous

genotyping in time and space.
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In reality, the waiting times described above also signifebevated risk of stochastic
extinction for the emerging dengue variants. Accordinglyen demographic stochas-
ticity was included in the analysis, the success (fixatiané of the newly emerging
viruses was found to be negatively correlated with the wgitime, and surprisingly,
with the prevalence levels of the resident viruses at the fimint of emergence (in-
troduction into the population). The later highlighted fr@sence of strong viral
competition, or clonal interference, driven by the simitarels of fithess amongst the

co-circulating viruses.

In combination, these results suggested that the repatedileasures of genetic di-
versity and rare evidence of positive selection are notsssrdy a unique result of
purifying selection. The generation and temporary cirtoiaof advantageous mu-
tants may therefore be a more common phenomenon than psgvecknowledged,
but their detection and emergence is highly restricted byallinterference and a high
risk of stochastic extinction. In fact, the expected lowdgs advantages of the emer-
gent genotypes implies that differences between virusesgdame difficult to measure
in experimental settings, which could help explain why ttegarity of studies search-
ing for positively selected mutations in dengue viruseslydind significant evidence.
The case study of the recent replacement event in South BastiAcluded in Chapter
2, is one example, as the reported speed of displacemergstegghe Asian-1 geno-
type to be under positive selection although no positivelgsted mutations could be

found.
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The effects of demographic stochasticity in the populatipnamics of dengue geno-
types had never been demonstrated in a modelling systenpt&Hathus raised the
question of whether the natural variation in host-host astip@athogen interactions
could also significantly affect or shape the observed epiolegical behaviour of
dengue’s serotypes. Based on biotkivo andin vitro observations, temporary cross-
immunity and ADE enhancement have been proposed to be thredetgrminants of
their dynamics. Nonetheless, two problems remain in theeatititerature: (1) a mul-
titude of different biological assumptions based on theéssssimmunological mech-
anisms have been shown to reproduce the observed epidgmadlpatterns equally
well within modelling systems and thus a consensus on thet ekaver(s) has not
been reached; and (2) because modelling studies have alidegthe less well re-
ported molecular scale, the link between dengue’s epidegyand molecular evolu-
tion is not well understood and it is therefore not known leegenetic data supports
the hypothesis of the determinant role of cross-immunahgieactions in dengue’s

epidemiological dynamics.

If temporary cross-immunity and ADE enhancement are thgvnechanisms of the
epidemiological behaviour of dengue’s serotypes, evohatty theory predicts the
presence of significant selective pressures for antigdr@oge. However, the current
antigenic distance of human-bearing serotypes is a coesequwf allopatric evolution

prior to zoonosis, contrasting with influenza A viruses feample, whose antigenic
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distance in time is a product of continuous genetic chanfgetse by pressures for
immune escape. Without antigenic novelty, there is littlelence that the recurrent
oscillations in serotype prevalence are driven by immueea@s (which in turn is sus-
tained by no observations of human reinfection with the saeretype). Hence, our
current understanding of dengue’s molecular evolutiorgssts these oscillations to
be mainly a natural consequence of susceptibility turn-tveach antigenic type, in-
dependently of whether immunological cross-reactionsrda@ne certain features of
the observed dynamics. This was precisely the focus of teareh in Chapter 4, in
which a dengue-like modelling system is shown to sustaiillagiry behaviour of

four serotypes in the absence of cross-immunological st

However, it was in Chapter 3 that the fundamental mechangsmnhe sustained os-
cillatory behaviour was exemplified. There, in the conteébd single-strain pathogen
under an agent-based modelling approach, demographicasticity was shown to
be sufficient to maintain the pathogen in a regime charaeterby recurrent, semi-
periodic epidemics. Mechanistically, the effects of stamstitity were to generate suf-
ficient perturbations as to keep the pathogen in a transiglthan-converging regime.
Importantly, in a natural system, the effects of demograptachasticity should be in-
dependent of the number of co-circulating variants. Thattischasticity is expected
to be independent between viral variants as it emerges fnenmatural variation in

host-host and host-pathogen interactions, which involiferént individuals in time

and space for each variant. Hence, its effects must alsodepémdent, and, in an
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ideal scenario in which variant interactions are minimahon-existing, each virus
should remain in its own transient regime. In Chapter 4, ttpeetations of the ef-
fects of demographic stochasticity in a multi-strain sgstg@ere confirmed. There,
the agent-based model of Chapter 3 was expanded to incledgrtiulation of four

antigenic strains with minimal interactions (i.e. onlytreging co-infection) and the
resulting epidemiological dynamics were found to be charaed by persistent and

independent oscillatory behaviour of the co-circulatingises.

With the goal of addressing the question raised in Chaptémiether demographic
stochasticity was an important determinant of the obseepetkemiological behaviour
of dengue serotypes, the model was further expanded tode@dumosquito popu-
lation. The oscillatory behaviour was found to be compatibith the dengue-like
framework, proposing demographic stochasticity as a ptesdeterminant of the ob-
served epidemiological behaviour of dengue serotypesottaptly, stochasticity pre-
sented itself as a parsimonious explanation since its pces@ the natural transmis-
sion cycle of the pathogen is certain, while the immuno-dasgothesis requires
that the within-host phenomena generate significant dycapressures at the level
of the population in time and space, which is dependent onlatade of factors. For
instance, the proposed effect of ADE enhancement to chéwegeansmission poten-
tial of specific serotypes is dependent on viral and hostypeo as well as the local
density of hosts undergoing heterologous infections, evthie relevance of tempo-

rary cross-immunity in blocking a significant number of ictiens is limited by the
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chances of hosts being challenged during its period. Gtycfactors such as these
are tied to intrinsic assumptions in the modelling appreaasf the studies from which
the immuno-based hypothesis was originally formulated: déterministic nature of

transmission and the homogeneous mixing in the population.

To this point, demographic factors such as host-populaiomcture and mobility
were also considered in Chapter 4 and their qualitativeceffanalysed. Overall,
the dynamic behaviour of the model was greatly influenceddmabgraphic changes,
presenting the most quantitatively similar patterns togdenepidemiological data for
host populations with intermediate- to high-structurimgl avith low host mobility.
Importantly, this followed the conclusions of an incregsimumber of publications
demonstrating that dengue transmission is highly localégehe level of houses and
neighbourhoods. Analysis of the dynamic behaviour of sges in space further vali-
dated the modelling approach by reproducing, for the finsétin a dengue-like model
system, previously observed spatial features of dengueepology such as wave-
like epidemics of the four serotypes and heterogeneous mitynior sero-conversion)

landscapes.

Following the expectations from previous ODE-based mauhpproaches, the epi-
demiological behaviour of dengue was also found to be infledrby immunological
factors in the agent-based framework of Chapter 4. Howéwepreviously proposed

effects of transcending cross-immunity were found to bekerad in the presence of
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stochasticity and population structure. The temporaryneadf transcending immu-
nity dictates that its protective effects are dependenherptobability of hosts being
challenged by multiple serotypes within its duration. Hoere the average time for
sequential challenge (heterologous exposure period)gngeirom the model system
was in the range of several years, such that the effects médeading immunity on

the epidemiological dynamics of dengue only became retevhen its duration was

considered to be above 2 years, well outside the period ofrd8ths proposed by
experimental reports. For this, the relaxation of the hoemegus mixing assump-
tion played an essential role, as it allowed for the pogsjhif local stochastic ex-

tinction, significantly reducing serotype co-circulatiand therefore increasing the
heterologous exposure period. Importantly, this natuosdsequence of structured
host-populations is not considered in deterministic antdgeneous mixing models
of transmission, which suggested that the previously pegceffects of temporary,
transcending cross-immunity are exacerbated in such nvoglepproaches. Crucial
for the validation of the self-emergent heterologous expoperiod of the model sys-
tem was the fact that other quantitatively relevant featew@mmonly used to validate
dengue modelling approaches were reproduced for the sarmmeter values, which

included the ages of primary and secondary infection asagetpidemic and serotype
periodicities. Although there have been no studies focusethe estimation of the

time required for heterologous challenge in dengue endesegions, some have re-
ported indirect quantifications. Importantly, these ar¢hm range of years, close to

the periods obtained in Chapter 4.
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In contrast to transcending immunity, ADE in heterologaufedtions was found to
comply to previous expectations from ODE models, which wast the everlasting
predisposition of hosts to undergo immune enhancemennt thiéefirst infection. In
fact, these results were evocative of the Cuban experignoe the 1977's DENV1
and 1997’s DENV2 epidemics in which it was demonstrateddhéibodies from the
first outbreak influenced the clinical outcome of secondafgations in the second
outbreak, even after 20 years. What was not clear, howewas,iflAADE also con-

tributed to overall elevated transmission in the secondespic [Vaughn, 2000].

As mentioned earlier, the link between dengue’s epidergioland molecular evo-
lution is not well understood, mainly due to insufficientalan the virus’ molecu-
lar evolutionary history. In recent years, the arrival ofmerous next-generation se-
guencing techniques has started to change this scenaweyhkg it is still not known
which of the numerous hypothesis concerning the driverseofjde’s epidemiolog-
ical dynamics are supported by genetic data. To addressGhmpter 5 presented
anin silico, unifying perspective on dengue’s phylodynamic behavimuintegrating
neutral evolution of viral sequences into the mathemafreehework of Chapter 4.
For this, summary statistics of phylogenetic shape andlptipn genetics were com-
pared between model output aexinovaempirical estimations from publicly available

serotype genetic data.
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The analysis of the topological shape of dengue’s phylagerevealed these to be
highly balanced, indicative of weak positive selection atase to the levels ob-
tained for other vector-born or genetically conserved pgéims such the Japanese
encephalitis, the mumps and the measles viruses. Furtheraengue’s population
genetics showed a general tendency towards negative T&iwvalues, which is in
accordance with purifying selection maintaining a popafarich in low frequency

polymorphisms that rarely emerge.

One of the most relevant conclusions from the phylodynanadehsystem was that
cross-immunity between dengue serotypes was not necefssggnerate data pat-
terns that are quantitatively similar to tlex novoempirical estimations. As the
modelling framework assumed evolution and transmissidoetmeutral (i.e. all vi-
ral variants were equally fit), selective pressures werepnegent. Therefore, other
factors intrinsic to the modelled system were fully resplolesfor the balanced phy-
logenies and dominance of low frequency polymorphisms.ablgf the analysis of
meta-population dynamical features revealed that the deistminant factor for the
topological shape ah silico phylogenies was the risk for local stochastic extinction

of the circulating viruses.

These phylodynamic results were in perfect agreement \Wwethotverall conclusion
of Chapters 2 and 4 on the role of demographic stochastiaitytie ubiquitous pat-

terns found in dengue’s epidemiological data and genotypamics. However, while
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the results of Chapter 4 suggested that cross-immunitynigetible but not necessary
to reproduce the epidemiological behaviour of dengue’stgpes in the presence of
demographic stochasticity, in the phylodynamic approachwas found not to be the
case. When modelling neutral viral evolution, it was dentiated that even interme-
diate levels of cross-protective or cross-enhancing imtgwvell within reasonable
biological ranges for dengue, resulted in phylogenetiaaigres that significantly
deviated from theex novoempirical estimations. In fact, the phylogenetic trees re-
produced by the model system in the presence of varyingdesetross-immunity
were found to have ladder-like topologies, with imbalaneeels between the ones

presented by empirical phylogenies of influenza B and intaehviruses.

While not challenging the existence or role of transcendmigunity and ADE en-
hancement in the within-host viral dynamics and clinicalcome of dengue infec-
tions, these results strongly suggested that in order tiboonto empirical observa-
tions from genetic data, the selective effect of cross-imityumust be negligible at the
level of the population. In reality, this meant that the efeof cross-enhancing and
cross-protective immunity on the transmission successeafjde viruses is weaker
than commonly acknowledged in mathematical models of més&on. In the case
of ADE enhancement, it is possible that the assumption didridevels of viraemia
in hosts undergoing a secondary heterologous infectios doe necessarily corre-
late with the success of transmission to mosquito indiMgluén fact, this relation-

ship is yet to be empirically demonstrated, while the shoriemia period of sec-
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ondary heterologous infections further suggests a smaiher window for transmis-
sion that may counter-balance the relative increase innbiegbility of transmission
per mosquito bite. At the same time, the exact nature of temding immunity
amongst dengue viruses is not fully understood. Experimmenthuman volunteers
have suggested that heterotypic (cross-reactive) andbadmain elevated for short
periods after primary infection. Their presence appeargsalt in complete cross-
protective immunity to secondary heterologous infectmmoinly 1-2 months and par-
tial immunity for up to 9 months that results in mild diseasanifiestations. Hence,
the full extend of the protective effects of transcendingniamity after 2 months is
not known, and there is not sufficient evidence to reject gpothesis that protection
is only partially clinical and transmission still possiblénfortunately, due to restric-
tions on human experimentation and unsuited animal moteissphenomenon has

not been the focus of extensiirevivo scientific research.

The phylodynamic approach further reproduced importamipteral features of the
population genetics of dengue viruses. In general, gedetersity was found to be
insensitive to the seasonal variations in viral populatize due to changing vector-
population densities. At the same time, there were stroggasiires indicative of
viral population bottlenecks during the periodic multiayéroughs in serotype preva-
lence. Interestingly, a significant time lag was found befwgenetic diversity and
effective population size, similarly to previous reporteademic regions. Together,

these results suggested that dengue serotypes may be atdntain genetic diver-
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sity between seasons even when facing significant risk fiad Istochastic extinction.
In reality, as introduced in Chapter 1, several factors a¢qartially explain these
observations, from the generally mild and asymptomatianeadf dengue infections
that allow clinical counts to be virtually absent during-eéason periods, to vertical
transmission in the mosquito-vector. However, as thederaare not taken into ac-
count implicitly in the modelling system of Chapter 5, timesilico results propose
that meta-population dynamics may play a determinant molthé maintenance of
dengue’s viral diversity. This is also in accordance witevpous reports on allopatric
viral persistence, with variants circulating at differéréquencies in different loca-
tions, and where transmission pressures vary due to loocabgeaphic of ecological

heterogeneities [McElroy, 2011; Raghwani et al., 2011].

The impact of meta-population features described in thesi#) such as host popu-
lation structures and host mobility, further corroboréie iypothesis that the ongoing
emergence and world-wide success of dengue is mainly duertent demographic
and ecological trends rather than viral adaptation. To tstded its epidemiology
in the long-term, it is thus crucial to establish how dengueéta-population disease
dynamics correlate with more realistic host populationdtires. Importantly, the
discrete agent-based formulation of this framework alltoveeadily consider differ-
ent structural organizations, such as small-world or sfrake topologies, as well as
spatial heterogeneities, such as natural variations iulptipn size and density or

availability in vector breeding sites. Moreover, theseesgential factors that need to
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be accounted for the planning of community-specific vectottiol strategies as well
as drug and vaccine intervention policies. The future ugsbeframework developed
in Chapters 3, 4 and 5 is therefore promising, specially énligpht of the undergoing
trials of vector control througkvolbachiainfected mosquitoes [Frentiu et al., 2010;
Hancock etal., 2011; Hedges et al., 2008] and sterile-mtsmethods [Alphey et al.,
2010], as well as the forthcoming antiviral drugs [Lescaalet2008; Pastorino et al.,

2010] and multivalent human vaccines [Johansson et all;ZRdhmitz et al., 2011].

Chapters 2, 4 and 5 have explored the pros and cons of old ggistposed by
ODE-based approaches in more complex host-pathogen systed) importantly,
have suggested new parsimonious explanations for exigtamtgres of dengue data
that advance our understanding of its population biologsi@es the positive contri-
bution to the current literature, there are three generglications from this material

that merit the future attention of empirical and theordtieaearch:

() The strong effects of demographic factors on denguefsufagion dynamics ob-
tained from all the modelling approaches of this thesisatworate the idea that a
natural ecological barrier is the main determinant for @uaty of sylvatic outbreaks
amongst humans. If so, with the ongoing demographic anegmal changes across
the globe, the sylvatic transmission cycles remain as aedar future reintroduction.
This is partially relevant in the light of vaccine introdiget, as it is not known if the

vaccine-induced immunity is protective and/or enhanciggrast sylvatic viruses.
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(I The phylodynamic model system presented in Chapterrbahestrated, that the
strong signatures in total incidence due to seasonal eftechot necessarily result in
significant reductions in serotype genetic diversity. Ttogether with other reports,
proposes that even within moderate transmission settimggf@hly structured host-
populations allowing for local extinction, the degree ofgigtence is still adequate to
maintain the pathogen population stable. To better unaiedsihis phenomenon, im-
proved estimates on the frequency of silent (non-cliniti@hsmission are required,
as well as a definite consensus on the role of vertical tressam in the vector pop-
ulation. This is particularly important in the face of vaoeideployment as the vacci-
nation threshold needs to be known to induce sufficient mardunity to effectively

reduce transmission.

(111) Given the newly identified factors (stochastic / dititChapter 2 and demographic
in Chapter 5) that contribute to the purifying signaturessent in the population ge-
netics of dengue viruses, the emergence of advantageaastganay be a more com-
mon phenomenon than previously acknowledged (but thegctien difficult). This
is likely to have implications for the emergence of vacciseape omvolbachiaresis-
tance once the natural selective pressures of endemicaiagnd change upon mass

interventions that may take place in the near future.

The overall results described in this thesis confirm theuwisess of multi-scale bi-
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ological modelling in the context of infectious diseasedepniology. Its results re-
define some of the presumptions present in dengue’s lirerand strongly reiterates
human- and mosquito-related demographic and ecologmad$as the most relevant
determinants of the virus’ population biology. The imptioas of this research mate-
rial go beyond the studied pathogen, involving challengieg ways of looking at the

underlying causes of the complex phylodynamics of anticglyi diverse pathogens.
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Glossary

allopatric or geographic evolution/speciation/transmission - Ogashen popula-
tions of the same species become geographically isolatead éxtent that local

evolution/speciation/transmission occurs indepengied, 110, 176, 191, 200

antibody-dependent enhancemenir ADE - Subneutralizing antibodies attached to
clones of the infecting virus form an immune complex that tailitate the
infection of monocytic cells through their Fc receptorsndte immunity re-
sponses are suppressed when cell infection happens withisucune com-
plexes and can lead to an increase in the rate of intracelhfiection and vi-

raemia levels. 34

cellular-based or TH1-based response - Maximizes the killing efficacy ofitteezrophages
and the proliferation of cytotoxic CD8+ T cells. Also proraestthe 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 bload then stimulated
by certain triggers, proteases in the system cleave spgcdieins to release
cytokines and initiate an amplifying cascade of immunatagreactions that

include the adaptive system. . 37

contact rate - The number of individuals contacted by an infective hostyret of

time. 93
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demographic stochasticity - Inherent noise, or natural variability, in the reprodueti

rates of individuals within a population. 90

detection threshold - Level of viral variant prevalence within the populatiorces-
sary to detect its present circulation (dependent on theeglance system in

place). See emergence time. 69

eco-spatial - The association of ecological properties or determinasush as re-
source availability or climate, to a spatial dimension. Kad 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 tleterministic
backbone, i.e. the force of infectioh 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 eal/vari-
ant and the time when it reaches a detectable level of pres@leiithin the

population. See detection threshold. 74, 78

endemic - The characteristic of being endogenously persistent iivengarea. At-
tributed to diseases or pathogens. May also refer to patheggants that cir-

culate amongst human hosts, in contrast witlvaticvariants. 24

endemic stability - This epidemiological state is defined by patterns of lowesels
of disease at higher transmission settings; possible ifumity is long lasting
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and the probability of developing symptoms increases wggh. awithin such
scenario, decreases in transmission either by naturalopiema or human in-
tervention can increase the age at which individuals arkestged and therefore

the number of symptomatic cases. 46

exposed- Or latent, is the epidemiological state of a host, defined by being aerar
of a pathogen but not (yet) able to transmit. It pre-seedsntieetious state. It
is sometimes referred as the intrinsic incubation perioadie 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,@0@6

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-ldestsal.
as clusters of viruses with sequence divergence lower tBanviihin a short
genome region in the E/NS1 junction (figure 1.5 on page 21¢dResse,

1990]. 18

H-function - The H-function is a normalization of Ripley’s K-functiosuch that
the expected resulting value is 0. It allows for a point disttion to be tested
against the null hypothesis that the points are distribudé@dlomly and inde-
pendently. If positive, it indicates clustering over a sgladcaler, 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 proliferatto in-
duce B-cell antibody class switching, and to increase aéming antibody pro-

duction. 34

locality - Area, within the meta-population, related to a certain camity C;, de-
fined by the setC;, K;}, 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. lticitpyl assumes that

individuals have a contact rate that scales linearly withltoopulation size. 93

meta-population - A population composed of a set of local communities (pathe
linked by dispersal rates (colonization rates) and sulife¢he 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 presisndetected in
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blood of patients around the time of viraemia increase anthies detectable

post-viraemia and symptomatic periods. $emplement systeemtry. 37

ordinary-differential equations or ODE - One equation is differential if it relates to
an unknown function and one or more of its derivatives. Anrad, 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 humanthaegequentially
challenged by viruses of this family will respond by synikeg) antibodies

with higher affinity for a previous infecting virus than fdre current one [Hal-

stead et al., 1983] . 33

outward connectivity - The number of possibly infective contacts a single infacdi

individual is expected to have outside its locality durihg infectious period.

95

periodic forcing - Periodic changes added to mathematical models of disease t
mission to reflect changes generally observed in data [Aoteand May, 1992]
(for example: explicit modeling of yearly increases in thember of vectors

leading to increases in incidence). 89

serotypes - Antigenically distinct viral groups that are epidemioicagly very similar

and the cause of clinically indistinguishable illnessekumans (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 syst@8s

50, 183

single-strain host-pathogen system Name given to an epidemiological framework
which considers a pathogen whose population is assumed ¢orbprised of
a single antigenic variant. When modelled, reinfection o$ aue to genetic
change enabling the pathogen to escape the immune systématier 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 impljcassumes that indi-

viduals have a constant contact rate independent of topallpation size. 93

success rate of invasion Defined as the successful introduction/invasion of a viral
variant into a population followed by competitive exclusif the resident types

(fixation). 77

sylvatic - Attributed to diseases or pathogens exclusively (or pmadantly) circu-

lating amongst non-human hosts. 19, 20, 23, 24, 29, 201

time point of introduction or TPI - Pointin 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 dersgeheterologous

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
R, Basic Reproductive Ratio. 43

R, 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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ACRONYMS

TH2 humoral-based immune response. 27

TPI time point of introduction. 72

VT Vertical Transmission. 42

WHO World Health Organization. 12

WWII World War Il. 19
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