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. ABSTRACT |

Dengue has been a public health problem in over 120 tropical and subtnopical countries. It
is estimated that there are approximately.3.6 billion of the world’s populiation at risk of |
: ,de‘n'gue' virus'(DENV) infection, andbabout 70-'5..00 rnill.ion DENV infections annuaily.
Every year, about 36 miilion cases of dengue fever, of whieh about 2.1 v‘million cases are
‘dengue hae’mo‘rrhagic fever'and d‘engue sliock syndrom.e'(DHF/DSS‘) tesulting in 21,000
E 'deaths among children and young adults, are reported [1]. The disease pathogeneSIS is still h
3 poorly understood Effective ant1v1ral drug, vaccine and animal model for the disease are

) 'not available We conducted two global gene expressmn microarray studies and a genome-

 wide assoc1at1‘on study in order to identify prognostic ‘markers of severe dengue- in

' VietnarneSe. patients and to identify _genetic inatkers that confer 'susc'eptibilit'y to dengue |
| ian‘d _DSS». The results show that acute DENV infection is associated with over;presentatiOn
_iiof | transeriots that are rel.ated to | interferon-indueible transcripts and .eanonical gene -
'ontology terms ‘that included response.to virus, immune response, innateimmune response
f‘arid inflammatory r'esponse. Pathway ‘_a_nd network analysis identiﬁed _STATI; STAT2,
STATé’, IRF7; IRF9, IRFI, CEBP_E and SP.l as key transcriptional factors .mediating.th..e S
.'early res_po‘ns.e. Interestingly, the only differences in t}ie transcriptional signatures-of.ear]y
DSS and unlcomplica_tedi dengue cases were the Vgreater abundance of sey‘eralneutrophil_
associated‘ transcripts in patients who ptogteSsed to DSS. AHost genetic study identifi ed
B several smgle nucleotide polymorphlsms (SNPs) that show strong ev1dence for association '
‘ | ‘»w1th dengue or DSS. None of the SNPs was 31gn1ﬁcant at suggestive genome-w1de level
but ontology analysns of genes 1mplicated by assoc1ated SNPs suggests blologlcally
- plausible functional relationships between the genes. This thesis provides insights into host . -
o 1 gene" response in DENV infection and also host genetic susceptibility to dengue which in

“turn could be useful hint for future studies in the field. - . |
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1.1 Dengue
Dengue is an acute disease caused by one of four antigenically distinct serotypes of dengue
virus (DENV). It is presently the most common arthropod-borne viral disease of humans.
Dengue has been a public health problem in many countries. It is estimated that there are
approximately 3.6 billion of the world’s population in over 124 nations that are at risk of
DENYV infection, and about 70-500 million DENV infections annually. Every year, about
36 million cases of dengue fever, of which about 2.1 million cases are dengue
haemorrhagic fever and dengue shock syndrome (DHF/DSS) resulting in 21,000 deaths
among children and young adults, are reported [1], Dengue fever (DF) epidemics have
occurred not only in Asia, but also in other countries and regions such as the South Pacific,
Australia, and Central and South America [3-5], Figure 1.1 shows the countries and areas
that are at risk of dengue. Dengue is characterized by fever, rash, headache, eye pain,
arthralgias, myalgias, and haemorrhagic manifestation. These symptoms normally appear

within 3-5 days of infection.

Figure 1.1: Countries and areas at risk of dengue transmission [1],



Chapter I: Introduction
The first well-documented outbreak of DHF took place in Manila in 1953/1954 and was
followed by a larger outbreak in Bangkok in 1958 [6], During the rest of the 20th century,
the disease has spread widely to many countries across Southeast Asia and America,
increasing both the number of countries affected and case numbers [7, 8], The number of
countries reporting dengue outbreaks has been increasing yearly, from 35 countries from
1990-1999 to nearly 70 countries from 2000 to 2005 [9], Figure 1.2 shows global burden

of dengue in terms of case prevalence and number of countries affected.
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Figure 1.2: The global burden of dengue in terms of case prevalence and number of
countries affected. Average yearly number of dengue cases is depicted by bars, and the

number of countries reporting dengue is shown in the line.

1.2 Dengue epidemiology in Vietnam

1.2.1 Historical information

A dengue-like illness was first recorded in Vietnam in 1913 and epidemics occurred in the
north and the central provinces [10], The first DF1F outbreaks occurred in 1963. After
1975, many district and commune level health posts were established; doctors and nurses

received improved training and acquired experience in diagnosing and treating dengue and
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consequently the mortality rate has declined significantly [11]. These efforts, however,

could not prevent the geographic expansion of dengue epidemics throughdut Vietnam.

- 1.2.2 .Déngue epidemiology in the south of Vietnam .since 1998
‘Dengue has been a public health problem in Vietnam for over 30 years with tens‘ of
' ~ thousands of caées reported every year. Tfle majority 6f hospitalised cases of dengﬁe occur
in the 20 southern provinces. Figure 1.3 summarises the ‘morbidity and mortality of dengue
in the last 10 yéars from 1998 to 2007. The mbrtality rate hés declined ffom approximately
| _ 0.3% to lesé than 0.1% during this périod. The disease} is réported every _rﬁoﬁth of the yéar
Vbut the beak of transmission occurs during the rainy season (from May to Novembér). In
. 2007, patients witﬁ DHF or DSS répresented 85% of all .hospitalised dengue cases reported
with the méjority of therﬁ Béing éhildren 'l‘esis than 15 years‘of age [12]. All four serotypes
of DENV‘ Qere_foﬁnd to éd-circulaie in Vietnam but each serbfype has been .do'miﬁént for
different beriods of time. DENV3 was aominant in the epidemic in. 1998 but DENV2 was

the main serotype in 20‘0.3-2‘006 peribd followed by DENVI from 2007 until now. |
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R Figure 1.3:‘Dengue case burden and mortality rates in the southern Vietnam from'1998 to -
2007 [12] ‘The grey bars represent case number by year and the line represents the

' mortality rate.

13 Dengue vector -

.Mosquitoes were demonstrated as vectors of DENV: through epidemiologic and»

t experimental observations by Graham in 1903 [13] Up to now all the known DENV” '

»:.vectors belong to the genus Aedes particularly A ae@zptz— the pr1nc1pal vector and A |
albopictus the secondary vector [13 15] Mosquitoes belongmg to the genus Aedes have ‘

" African Asnan or Australian origms Most of them breed in the forest in tree holes or

‘ other natural water contamers The male mosqu1toes only’ suck the j JUICC from plants while A
"":‘the females rieed a blood meal to lay eggs. Female mosquitoes feed on a variety of ammals '

4 ‘.monkeys and occasronally humans. In contrast, A. ’aegypti and albOpictus have adapted to
liveﬁ in peri-urban. and urbanl enyironments'with human‘s as ’a‘:majo'r feeding target. _Their.‘

-'...'larvae' can be found in"artiﬁcial- and natural water- containers indoors or outdoors.

| -_-' Compared to A. albopzctus A. aegyptl 1s‘'more domesticated [13] A aegyptz prefer to lay

".their eggs mto clean water, where their eggs hatch into larvae w1th1n 48 hours. The larvae

‘become pupae — a short resting, non-feeding period before'em'erging a__s adult mosquitoes.
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This cycle tal<es appror(imately 7-14 days. The mosquito lives for 15 days on average -
'. though it can be as long as 174 days [13]. A. aegypti usually feeds in mid-morning and late
afternoon brtmg 2 3 tlmes for a smgle blood meal [16]. These feeding habits of Ae. aegypti
" assist in the transmlssron of DENV, wrth multrple persons living in the same household at
- risk of exposure. Although the dispersal of adult mosquitoes from their place of hatching is
‘ reported as limited [16], mo'squitoes'infe‘cted with DENV can appear in another distant
place or another continent, consistent with movement of people by_train, bus, boat or
A _airplane. Persons with dengue may introduce the virus toa new population when they go

travelling if s_uitable_'vectors are available.

Ambient temperature is considered a critical factor in DENV transmission. It influences
the .mosqui.toe‘s’ breeding and their lifespan, and affects the dynamics of virus replication in
vectors such that hlgher temperatures favour more rapicl dissemination ot DENV in the
mosqultoes body [17] The densrty of A. aegyptz addrtronally depends on artificial
vbreedmg sites because of their domestlcated characterrstlcs After DENV mfect10n
mosdmtoes retam the capacrty to transmlt DENV for life [18] Eyrdence. for vertrcal
transmrssron of DENV has been collected in the laboratory and to a limited extent 1n the
field [19 20] but its w1der 1mportance in the eprdemlology of dengue IS. poorly

E 'understood

1.4 Dengue case classnf cation [1]

With a wide spectrum of clinical presentatlons the outcomes and clinical evolutron of
dengue are unpredrctable._Whrlevthe majority of patients recover from dengue, a small
proportion p_rogress to severe disease which is ‘characterized. by plasma leakage with or
- without haemorrhagic manifestations. Appropriate treatment could help to prevent patients
from progressingl-from non-severe to .severe disease.- However, to det'me the group of

patients who progress to severe disease is very difficult. WHO classify dengue cases into 2



Chapter 1: Introduction
main groups - severe dengue and mild dengue, which in turn is subdivided into 2 groups -

dengue with and without warning signs. Figure 1.4 summarises dengue case classification

by WHO.
DENGUE £ WARNING SIGNS SEVERE DENGUE
iwarning +
signs
CRITERIA FOR DENGUE + WARNING SIGNS CRITERIA FOR SEVERE DENGUE

Probable dengue W arning signs* Severe plasma leakage

live in /travel b dengue endemic area. * Abdominal pain or tenderness leading to:

Fever and 2 of the following criteria: ¢ Persistent vomiting « Shock (DSS)

¢ Nausea, vomiting * Clinical fluid accumulation * Fluid accumulation with respiratory

* Rash ¢ Mucosal bleed distress

¢ Aches and pains Lethargy, restlessness

Severe bleeding

* Tourniquet test positive Liver enlargment >2 c¢m

as evaluated by clinician

* Leukopenia Laboratory: increase in HCT

. . . . Severe organ involvement
* Any warning sign concurrent with rapid decrease

in platelet count e Liver: AST or ALT>=1000

¢ CNS: Impaired consciousness

Laboratory—conflrmed dengue * (requiring strict observation and medical

. . * Heart and other organs
Ilmporlant when no sign of plasma leakage! Intervention! g

Figure 1.4: WHO Dengue case classification. WHO classify dengue cases into 2 main groups -
severe dengue and mild dengue, which in turn is subdivided into 2 groups - dengue with and

without warning signs. [1]

After the incubation period of 4 to 10 days after the bite of an infected mosquito, the
disease begins abruptly [1]. In the febrile phase, which usually lasts 2-3 days, patients
often present themselves with facial flushing, skin erythema, body ache, myalgia,
arthralgia and headache, anorexia, nausea and vomiting. Mild haemorrhagic manifestations
may also be observed including petechia and mucosal membrane bleeding (e.g. nose and
gums). Laboratory findings in this phase will show a progressive decrease in total white
cell and platelet count. The critical phase is normally around the time of defervescence
(when the body temperature drops to 37.5 -38°C) on days 3-7 of illness. The beginning of

this phase is associated with a measurable increase in capillary permeability often revealed
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by an increased haematocrit level. Plural effusion and acites may be detectable depending
on the degree of plasma leakage. When plasma leakage is critical, patients can develop
shock. During prolonged shock, progressive organ impairment, metabolic acidosis and
disseminated intravascular coagulation may occur as the result of organ hypoperfusion.
Organ impairment such as severe hepatitis and encephalitis may also occur without severe
plasma leakage or shock. The recovery phase occurs 24 - 48 hours after critical phase and
is characterised by the return of laboratory findings to a normal range and clinical

improvement. These phases of dengue illness are depicted in figure 1.5.

Days of illness

Temperature
-40;
Dehydration Reabsorpfion
Potential dinical issues fluid overload
Organ impairment
Platelet
Laboratory changes
Hematocrit
IgM/IgG
Serology and virology Viraemia
Course of dengue illness Febrile Recovery phases

Figure 1.5: The course of dengue illness. There are three main stages of the disease which
are febrile phase, critical phase and recovery phase. The febrile phase normally occurs in

the first 72 hours which is followed by the critical phase in the next 72 hours.
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| 1.5_Clinical management
’Tllere'are no specific anti-viral tllerapies available to treat dengue. Supportive‘ care is the
mainstay of dengue treatmentl Using analgesics with acetaminophen is recommended, but |
not .aspirin to avoid Reye’s syndrome associated yvith dengue. Early plasma volume
replacement by oral fluid or ﬂuid transfusion (Ringer’s lactate or dextran 40) can modify
the seyerity and prevent shock. Dengue mortality can be reduced with regular monitoring
| of vntal sngns careful ﬂUId management when requlred and good nursing care. [21].
: Recently, several randomlsed control trials have been conducted to evaluate the efﬁcnency
~.of the 1mmunomodulators chloroqume [22] and predsmolone (unpubllshed data) and of the
'. 'ﬁrst-antiviral drug (a polymerase inhib‘itor,deyeloped for tlle treatment of Hepatitis C virus
infection) in the treatment of dengue. Thls indicates that there is a research interest and that
are deyelopments in the‘ treatment | of dengue, and that treatment for dengue other than

supportive care may become available in the near future.
" 1.6 Laboratory diagnosis of DENV infection . -
o ‘Dengue can be diagnosed by different methods which include serology, virology and .

) ',molecular techniques’ A patient can be laboratory confirméd with dengue if he/she has

E ;'dengue-hke clmlcal symptoms and the presence of a) IgM seroconversion or hloh and

,rlsmg levels of DENV reactive IgM/IgG in palred plasma spemmens or b) DENV viremia

detected by virus 1solat10n or RT PCR or c) NSl antlgenemla :

161 MAC’-ELISA
The IgM antlgen capture (MAC) ELISA is a sensitive and relatlvely specxﬁc method used
i _for detectmg DENV-reactlve [gM in serum or plasma [21] The antlgens used in this assay
N . are usually inactivated viral partlcles [23]. Acute dengue is defined by rising levels of IgM
. anti:bodies and/or by fourfold or greater increase in IgGin’paired sera/plasma samples ‘[21]. |

-Primary and'secondary dengue can be deﬁnedv by the molar ratio of IgM to IgG ratio in
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-i'.acut'e illness [23, 24]. In this context, the term “seeondary dengue” describes - the
“serological proﬁle of the immune response rather than definitively determining that this
*-was the patient’s 2nd DENV infection, since it could also be the 3td or even 4th exposure
[25]. The advantage of the MAC ELI.SA is that it is relatively inexpensive and simple [23,
24] . The main limitation .ovf serology for dengue is that it is poorly sensitive in the first few
: dayso»fv illness and in places whel*e multiple antigenically-related flaviviruses co-circulate
8 appfopriate specificity controls must be included in Aeaeh assay. The WHO/TDR recently
reviewed the ‘performanee of several commercial assays for the detectioh of dengue IgM.
The naain findings were that the test sensitivities (6l.5% to 99%) and specivﬂcities (79;9% ‘

10 97.8%) vary in different commercial tests [26]

.1.6.‘2 DENV nucleic acid detection

Denoue can be diagnosed by detectmo DENV RNA in tlssue or plasma samples usm°.
reverse- trahscrlptase polymerase chain reactlon (RT PCR) methods [27 28]. Infectmg
- 'serotypes ‘of DENV can beldetected based on the differences in amplicon slzes (28].
Altematively; real time RT-PCR ﬁsing specific primers and fluorescent probes can be used '
[29.,330]. l’rimers f‘an,d probes for DENV vdetec'tion have targeted conserved sequences in the
C-prM junctioh or NS5 region olr the 3’ nonécoding regien [28, 31, 32]. RT-PCR. can detect :
"~ DENV RNA in the early days of illhess when the patient is still viraemie» [.214, 33].
HoWeyer, it is not suitable fer routine dlagnosis in all settihgs because. it is expensive in

“terms of specialized training, equipment and reagents.

'. 163 . DENV NS1 protein detection
. DENV NSl can be detected in perlpheral blood in the acute phase and has been detected
- until the 9th day of lllness even when DENV RNA could not be detected by polymerase
: cham reaction (PCR) [34]‘ In general, the specificity of NSI comr_nermal tests is high

- (~100%) but the sehsitivity has varied in diffetent studies. The senlsitivity of NS1 tests also

10 .
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depends on the day of illness tbc sample was collected [35, 36].vThe highest sensitivitvaas
documented within the first three days of illness [36]. Primery dengue is usually associaled
with higher NS1 detection sensitivity [36, 37] relative to secondary dengue as measurable
" DENV-reactive IgG/M in plasma may- reduce NSI1 sensitivily in. secondary dengue -
1nfcction [36 37] Combmmg NSl and MAC ELISA diagnostlc tests can increase the

p051t1ve rate of diagn051s in the acute phase of 1llness (38, 39].

1.6.4  Virus isolation in cell culture
DENV from serum, plasma, blood or tissue is 1solated by 1noculat1ng the climcal spemmen '

mto suitable cell lmes followed by 1dent1ﬁcatron wrth serotype spemﬁc anti-DENV

monoclonal antibodies (mAb) by immuno- ﬂuorescence assay [21] A mosquito cell line B

(e.g. C6/36) is most commonly used because of greater sensitivity than mammalian cells-
(ev.g. Vero, BHK) [40, 41]. Although viral isolation gives a definitive diagnosis of dengvue,v
it is not suitable for rontine diagnosti.c’ laboratories because it is time‘consumin'g (taking >

5 days for cultures to become poSitiye) [40, 42]. -

: 17 Dengue virus -
‘ .~ There_ are four an‘tigenically _dislinct serotypes of rlenglie Virus (DENV1-4) tha‘r have been |
 identified so ‘far.' Dengue virus belongs to genus.Flaviyirus» witbin .tbe Fldyiviriclne’ family. -
| Flavivirus genus consists of about 70 ﬂc.z‘vz"\'{iruses,. many of “vyhich are'arth‘ropod;vborne
| human pethogens . ceosing ai variety of A(liseases,‘ such as _West ‘Nile VlrllS,." Jaipanese :
- , | Encephalitis virus,i and Yellow ‘feverviriis [43]. DENV is a small, enveloped virils yvith a
- diameler of about" 50 nanomelres. ;l“he virus is a‘ single-stranded genomic RNA of positi_ve
polerity apbrox‘imately.l 1kb in length l44].~ The genomic RNA of the virus 1s surrounded
by an viclosvahedral or isometric nucleocapsid about 30nm in diameter (review [45']). The
m‘icleoca‘psid‘is, sUrrounded by a lipid bilayer' about 10nm deep into ‘which'the viral -

structural protein M and the envelop glycoprotein (E) are embedded [46]. The genome of

11
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' DENV contains a 5’ untranslated region (UTR; 100 n.u.cleotides), a single open readingr
frame encodlngv for the viral polyprotein and 'a 3’: untranslated region (3°-UTR; ~400
" nucleotides). The 5° and 3> UTR are very lmportant in both viral replication or translation
.[47-50]. The open readingvframe of DENV encodes for a polyprotein , which is co- and
' post—translationally processed into three structural proteins (C, M and E) and seven non-
| structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B and NSS5) [45]. The highly
- basic 12 -14 kDa capsid (C) protein forms t‘he viral nucleoeapsid together with the genomic
. RNA This protein is rieh in lysine and arginine residues and contains 114 amino acids.
S During infection, the C }arotein localises to the nuclei of i.nfected cells‘ [Sl]; tlle premature
L M (PrtM), a glyooprotein precursor (18.1. -19kDa, 166 ami'no‘ acid), prevents the E protein

RIS undergoing low—pH" induced conformational changes prior to. viral maturation by forming

" prM — E heterodimers [52). E protein (55 - 60 kDa, '493 ~ 495 amino acid) which is

’ exposed on the surface of the virion, is a35001ated with virus binding and fusmn of viral

' and cellular membranes durmg receptor- medlated endocyt051s [53 54] Most of the non- -

'-'1structural proteins are mvolved 1n viral I’CpllC&thl’l. NSS is a RNA-dependent RNA
ool)flnerase and carties an additional N-terminal methyltransferase domain_ important for. '
viral repllcatlon [55] NS3 acts as the vnral serme protease whrch requrres the cofactor
‘NS2B for full act1v1ty Furthermore NS3 contains an RNA hellcase and nucleotide
R trlphosphatase activity 1mportant for repllcat1on of the v1ral RNA [56 57] Funct1ons of the.
. other protems (NSI, NS2A,~ NS2B, NS4A and NS4B) are poorly_ understood. NS1 protein
'(4‘16.-50 kDa, A3‘52 amino acld) is secreted by infeeted cells or associated.With. the infected
cell membrane [58 59] NSl is also assumed to act at early stage in ‘Viral RNA rephcatlon‘

- and may also be 1mportant for the pathogenesrs of DHF [60 62]

12
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1.8 ‘Immunop-athogene‘sis in DENV infections
- 1.8.1 Humoral response in DENV infection’
'DENV-reactive antibodies may be involved in virus neutralization, complement lysis, and
Jantibody—dependent' cellular cytotoxicity (ADCC). Antibodies neutralize the virus through
inhibiting viral fusion and viral membrane attachment [63]. Antibodies against E proteins
are elicited in the early phase of illness_ and are amongst the most abundant populations of

antibodies folloWing DENV infection [64]. Animal models have revealed that passive

transfer of antibodies against structuralz and non-structural proteins may protect against o

lethal DENV challenge [65 67] Antibody can have v1ral neutralizmg activity through
N 1nh1b1t1ng v1ral fusion and v1ral membrane attachment [63] and can involve in antlbody-: ‘~
» mediated cell lysis through ADCC a mechamsm through which DENYV infected cells are
'recogmzed and lysed by natural killer cells wrth promotlon by specrﬁc antibody and‘
' complement ADCC may be associated W1th dengue pathogeneSis because this mechanism
~was observed in acute sera from DHF/DSS patients but not from DF patients [68]. ADCC
'»‘has been postulated to be a host immune mechanism of controllmg DENV mfection in the

very early phase of disease [69]. ¢

- 1.8.2 Cellular immune responses in dengue

The innate« immuneresponse'plays a yery impo‘rtant role in antiviral immunity to DENV in
| both primary and secondary dengue The role of ADCC in denoue pathogenesrs is not well
understood but early activatlon of NK ce]ls was found in DHF/DSS patlents [70 72].
.Moreover, the percentage of CD8 T cells and NK cells expressing CD69, a transient cell'~

' activation‘ marker, was higher in children with DHF than 1n those with DF [70].

~ Specific T cell proliferation against DENV and other flaviviruses was observed when
healthy adult volunteers received a monovalent live-attenuated candidate vaccine. CD8+

. .cytotoxic T cells can ,recognise DENV NSI1, NS3 and E protein [73]. DENV-reactive

13



.Chapt.er 1: Introduction
CD4+/ CD8+ T cells can pfodﬁqe }IFN-y, TNF and chemokings that were efﬁcient' at lysiﬁg
DENV-infecfed cells in-vitro [74]. Memory serotype cross-reactive T cells were
,hypothes'ized to contribute to the pathogenesis fn secondat;y infection by producing high

levels of inﬂammétory cytokines during the acute phase [75, 76].

1.8.3 Cytqkine and Cﬁemokine re§p0nses in .dengue
.Hoét gene-expression sfudies' o_f acute dengué pétients indicated thatvcytovkine-related genes A
. were upregulated in patients witﬁ sévere dengue relativev to patients With mildvAdengvue [77,

..'./8]. In-vitro and ex-viQO studies showed that DENV infection can induce the bsecretion of |
f ' ";eVeral cytokines and chemokinés such as tumor necrosis ‘f"ac‘tor alpha (TNF d), interferdn
PNy, interleukin-6/8/10 - (L6, IL-8, and IL-10), or RANTES [79-81). The
o;zérl.oroduction- of vpr'o_‘.-'in‘ﬂammatory and anti-ihﬁammatorj cyfékines Wéé 3156 observed in’

Viétnamese infants with dengue [82].

| .El.evat.ed:leve.l.s of cytokines and cﬁemokines during scco_nda?y inféction ‘by »infected and
| : act.ivated_‘mdnon‘ucl.ear phagocytés and T cells, énd driven by the viral antigenic _blirde.n,
canv"p'artly expléin the vascﬁlér léékﬁge phenomenon, the hall mérk of severe dengue. In V
'}:)riméryi dengue in int“ants, .rr'l.emory DENV-reactive T cells are not relevant t§ thé
S inﬁme:diate"hc')st} responée;-Noﬁethe_less, .elevatv.ed. levels of inﬂamrﬁatory cytokines 'have-:
o b.eaen described in Vietrnlan;ese’ihf’ants with prlmary dengue [82]. Méleﬁﬁles such as MC.P-.I
_land TNFQ, Which aré eiévated in DHF/DSS cases, h‘avve Weli éharacterizea ;Iésodiiatory '
effeéts in animal models ahd'endothelial ;:ell ménolayers [.83, 84]... TNfa enhar‘lc.:ed.
. endothelial cells to prodﬁce reactiv;: nitrogen and oxygen species _which rhay then induce

‘the haemorrhagic manifestation [85]. Interestingly, an in-vitro Study has revealed that the

o éheino_kine IP-10 competes with DENV in bindiﬁg heparan sulphate on the cell surface. IP-

vl(.) is also abundantly expresséd during acute DENV infection [86, 87]. Generaliy,' there is -
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Chapter 1: Introduction
- a widely held view that cytokines and chemokines contribute to the immunopathogenesis

of dengue.

' 1.9 | Risk facto;'s fér severe dengﬁe A
-~ 1.9.1  Viremia -
| Higher peak viremia titres were observed in children with DHF relative to children with
DF, and in secéndary ihfecti_oﬁs relative to primal"y' infections [33, 88]. Higher viremia was
- also observed in adults witﬁ DHF relati\}e to those with DF Furthermore, viremia was
-aemonétrated to persiSt.Ioﬁge.r in DHF patients than in DFlpatient.s [89]. The' kinetics of
“DENV.infe.ctiOn prior to disease oﬁset remains poorly charécterised and véry difﬁculf to
Sf‘udy. Studies in Vietnamese patients With DSS Showed that the Qifemfa declined to évery
low level at the time oﬁ shoék (B. Wills. persoﬁal éorﬁmunication). A majority -of studies - -
~ have described viré?nia in plasma so that th.e results may not be répréseﬁtative 6f infecti_dn
in 6ther organs of the Body’ [90, 91]. o | |
©1.9.2 ° Virulence
Dengué virus.sérotypes are hypothesised to héve evolved inaépendently [92]. All four
serotypés vc‘an cause DHF/DSS but DENV2 is more frequently aséociated with 'sévere .
dengue [93-95] followed by DENVI and D'Est [96-98] and DENV4 [99]. There are
mariy différent genotyp:és'and strains withiin cac}h. génofype,- éach of which may contribute
: differently to diséase ‘outhmes.' For examp‘le,‘ the DENV2 American genbtype was -
demonstrated té be _asso‘ciated with DF and very few DHF/DSS .casesbin I;eru during aﬁ '
o 'vepvidemic} in 1995 Whefe' the majority of pa'tients‘ had se;bndary dengue [100]. In
~ comparison, the 1981 ep_i.demic. of DENV2 Asian 2 genotype in Cuba resulted in abo‘ut
B 300,000 iﬁfectioné and _a?ound 30,000 cases of DHF/DSS with 158 deaths [101, 102] . Tbisr
suggeéted that certain serotypes or genotypes may be more Qirulent 'than the; others. This

“may be because certain serotypés or genotypes have high replication fitness [103]. ADE
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, 'may. also play a role in this phenomenon as it provideé competitive advantages to viruses
tﬁgt undergo enhancement through incr.easing virgl replicétion [104]. Natural positive
: seleption may also contribute to the»ﬁtn’ess of the DENV as it was shown that this selection
was different between‘ser-otypes [105]. However, the virulence' of DENV is very hard to

assess because there is no good animal model of DHF/DSS. .

1._5.3 Antibody-dependent enl'1a>ncemént (AbE)"

Antibody-dependent enhangﬁement (ADE) is a phenomenon in which non-neutfalizing,
. cfoss-reactive anfibodies elicited by a primarbeENV infection, or -acquired paﬁssiv_ely by
. verticél frarismission, enhance the infectivity of DENV for Fé receptor-bearing cells [106]. ~
Tﬁis model postula;es fhatisub-neutralizing lei;els of .VD..EN.V-reactive igG enhance the
"in‘fecti'vity of virﬁs for Fc feééptér bearing cells. This.proc.ess would then theorétiéally'
result iﬁ increased‘ Qiral ‘burde.ns énd rﬁore severe clinida} ,syr’hptoms. The ADE
N pheﬁamenon is well established in vitro énd was first described by Halstead ei_ al in 1977
>[1 07]‘, The target c>e1vls‘ in the‘se_.experi.meﬁ;s ‘wéfg: uéuall‘y‘ prima:te Céll iines expressing F c
- receptors on their sQurfaces. -Incul.)a.lt_ing_'Flaviviru;v antis‘era' w_ith DENVi couid enhance
_.;i:ral infeCtioh in hu'nianvperillj}‘l.era] blood lﬁo'nanuclear phagocytés [108]. ADE éqtivity'has‘
also been obsé.rvcd in Fc'-rece'ptor‘posi_tive K562, U937, 'and .Réji-l' cells ‘[109‘]‘. ADEJ
'gcti\‘litsr has b.een‘documer‘_lt.ed in rhe-sus“vmonkeys which héd béerj passively trbz‘iﬁsferrédi
- diluted huméﬁ anti-DENV imrﬁuné: serﬁfn.‘ Subsequent DENV infection of these mbnkeyé '
sh_oWéd the ratio .,Of iﬁfeétion enhahcerﬁent raﬁged from 2;7 to 51.4 [110]. Si‘milarly,Aa
signiﬁcantly_ | ng'eaterv vireamia ititré ‘was o_bservedv iﬁ .inonkey_s which’.,received non-
neutfalising' of mOchional anti-DENV ‘arivtigody.‘com}')‘ared with those receig}ing PBS
[109]. | | | | |
- _Thé “eviden‘ce to ’suppb& the ADE. hypotheseg‘ has been rric.)stly‘ inferred fro;n

epidemiological data that demonstrates secondary infection is a risk factor for severe
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Chapter 1: Introduction
disease. In one prospective study of Thai children, the DENV infection enhancing activity
of pre-infection sera for primary human monocytes positively correlated with clinical
outcome, i.e. children with pre-illness sera that showed high levels of infection-enhancing
activity developed more severe disease [111]. However, this study has not been replicated.
In a more recent study of Thai children, there was no correlation between the DENV-

“infection enhancmg activity of pre- -infection sera for K562 cells and the clinical phenotype
Aof these children when they were exposed to DENV [112]. In infants, Kliks et al showed a
: correlation between the age of disease onset in Thai infants (n=13) and the dilution at
‘_ which cord sera maximally enhanced infection of primary monocytes [113]. It was-also ’
shown that infants at 6-9 months old‘ are more vulnerable to DHEF/DSS. This.may be
.because _of the decline of Amatern‘al-derived anti-DENV antibody to a subneutralising level
_that enhances infectivity of DENV [1.1_4]V. However, ADE cannot solely explain disease
‘pathog_enesis as ‘there are still DHF/DSS cases with primary DENV infections [93].a.nd

~ - only a small proportion of all secondary dengue infections develop DHF/DSS: - -

-1.9.4  Dengue and genetic predisposition -

_Genetic polymorphisms include single nucleotide polymorphisms (SNPs), gene copy
- .number variants and genetic'deletions. These subtle changes might,very well‘have
important-'consequences for susceptibility to disease [ll5] Genome-wide association
studies have been used to identify genetlc variations that confer susceptibility to viral -
~ diseases such as HIV and HCV 1nfection A polymorphlsm near the IL28B gene was
~shown to be assoc1ated with a two-fold‘ change in response' to treatment in both the
European. and African population [116] and with better clearance of the virus in the same
E populations [117]. A polymorphism in the IL28B‘ gene was 'also demonstrated to be
| assoc1ated with the response to treatment in the Japanese population [l 18]. Polymorphlsms
in the HLA-DP gene were also shown to be associated with susceptibihty to HBV infection

in Han-Chlnese and Thai people [119]. In DENV 1nfectlon, indirect ev1dence 1mplicat1ng
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host genetic backgroundto DHF/:D“SS‘was_observed in Cuban dengue epidemics whereby a
3 reduced risk for DHF/DSSLwas observed in those with an African ancestry compared to
those with European‘ ancestry [94, 102, 120-124]. These Cuban observations are of
signlﬁcant epidemiological ‘lnterest,— as the differences in susceptibility to DHF among
: racial groups ln Cuba coincide with the low susceptibility reported in African and Black

| Caribbean. populatons [125,126].

' A.Although dengue v1rus has been repeatedly 1solated in Afrrca and DF is known to be

: presented in 19 countries in this contment there are only sporadic reports of DHF cases -

. [125 127 128] An addmonal observatlon is that in Haiti, despite the presence of viral rlsk

'factors, no. DHF/DSS cases have been reported [126] The dengue epldemlologlcal

observatrons related to ethnicity in Africa, Cuba and Halt_l could indicate the sharmg ofa
common .gene'tic' bacl{ground that moderates the clinical outcome o.f DEW infection in

' individuals Awho have an African genetic background.lBearing,in mind ‘the central role of

' _immunological mechanisms in the pathogenesis of DHF , the genes associated with the

S immune response must be considered carefully in the context of human genes regulating

denoue dlsease severlty, whlch mloht be dlstrtbuted unequally in Black mdwrduals and :

v. '; Whlte 1nd1v1duals

o ‘HLA genes have been among the most studied polymorphic genes in dengue Early case-
o control studles of serologlcally determmed HLA class I alleles in DENV mfected patlents .
-were performed in Cuba durmg the 1981 DENV2 outbreak A posrtlve assocratlon of

 HLA-AI, HLA B and HLA CW1 with DHF was shown [129] Other serologlcal studies of

- HLA class I alleles have been performed in. ethmcally and geographlcally dlstmct

: populat1ons in Tharland sug estmg an increase in the frequency of class I serotype HLA-

A2 in DHF patrents [130].

18



Chapter 1: Introduction
The study of the HLA association with dengue illness was reconsidered again in 2001 by
N I.-Isin'et al. using molecular analysis of HLA class I allele profiles in Vietnamese patients.
These authors demonstrated evidence for associatlon of alleles of the HLA-A locus with
suseeptibillty to DHF [131]. More recently, a second and larger case-control study in
ethnic Thai cases conﬁrmed the association of classical HLA class I alleles (A2, A*0207,
B46, BSI)'. wlth the clinical outcome, in previouslyv dengue -immunologica]ly primed

individuals [132]. -

A rnolecular approach' to HLA case-control' studies was reconsidered in Cuba, which
" 'represents a unique scen‘ario to perform‘ genetic studies of DI-IF resistance/susceptibility
' [121 122 133] A significantly mcreased frequency of HLA I alleles A*31 and B*15 was
. found in Cuban individuals wrth a hrstory of symptomatlc DENV infection compared to

'controls HLA II alleles DRB1*07 and DRB1*04, on the other hand showed an elevated

4frequency in controls compared with dengue cases. Genes in the class III region encode a '

. number of protems mcludmo complement protems (C4A C4B , C2), TNFa and TNFf and'
"'”heat shock protems [134] Hsm et al studied promoter polymorphisms in the TNFa gene |
_but did not fi nd an association with DHF, and Fernandez Mestre. et al. reported a
51gn1ﬁcant increase of the TNF 308A allele in patlents with DHF [135] Table 1.1

| summarises the _assocratlon of HLA polymorphlsms'wnh the outcomes of dengue.

. The number of studies on polymorphrsms within non-HLA genes remams low. Hsin and
: colleagues 1nvest1gated the association between susceptrbrllty to DHF and polymorphic

‘ non-HLA alleles such as vitamin D receptor (VDR) Fcy receptor II (FcyRII) IL-4) IL-

L lRA and mannose-bmdmg lectm [136] They found that variant at position 352 of the -

-vntamm D receptor (VDR) gene was assomated with re51stance to severe dengue (P=0.03) :

and variant at position 131 of Fcy receptor II may be assocrated with protectlon from DHF.
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It has been reported that there is a stronger association of the allelic variant of a DC-SIGN1

- codifying gene CD209, DCSIGN1-336, and the risk of DF compared to DHF or population

controls. DC-SIGN1 is a dendritic cell—speciﬁc ICAM-3 grabbing non-integrin which are

- essential for productive infection of dendritic cells [137]. - ‘

_ 'Recently assocrat1ons between TAP and HPA gene polymorphlsm and dengue were
‘descrlbed suggestmg that the heterozygous pattem at the TAPl 333 locus and HPAla/la
‘and HPA2a/2b genotypes confer suscept1b111ty to DHF The HPAla/lb genotype was

determmed tobea genetlc nsk factor for DSS [138].

As the aforementioned studies demonstrate 1nvest1gatlons mto the genet1c basrs of
- Vsuscept1b111ty to dengue have made €normous strldes since the completlon of the human
genome sequencmg prOJect. Nevertheless, this field of research 'is dominated by case-
control association studies of small sample'sizes, uncertain case ascertainment and _vtlith |
.,'unknown' let/els_ of populatiOn _stratiﬁcation (genetic admixture in one population that.
"obscures‘any me_aningful study of genetic association). Typlcally, these studies.examincd
: p.olyr_norph»isms in a}limited n‘umher of candidate genes for which there was some a priori
A ration'ale for their investigation. For the vast majorit)r of. case-control association studies
there was never an attempt to rephcate the genetic association in elther the same or

) drfferent population.

A. .-lmprovements in tek:hnology that ‘perm.it high—throughput.' genotyping of | genetic
- "polymorph1sms have allowed a genome wrde approach to investigating host genetrc
suscept1b1hty Essent1al to this approach are large sample sizes in order to make statlstlcal
“ correction of the number of compansons “bemg made. Rephcatlon of the genetlc

association in a second population is now considered an essential validation step.
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_. Table 1.1: Summary of association of HLA geneé with outcome of dengue [2].

HLA of Interest Case (i) vs Control® (n) freq. in freq. in pvalue  Country ~ Citation
. case  control )
HLA class 1
. HLA-A
© .. HLA-AL- 1” DHE (8) vs control (138) (.25 003 QU35  Thailand * Chiewsilp ct al., 1981 |57}
DSS (87) vs contral (276) 031 008 <I07* T Cuba Paridoa-Perez, et al., 1987 [38)
HLA-A2 2° DSS (41) vs contral (138) 0.68 051 0.047  Thailand Chiewsilp et al., 1981
) 2D (106) vs control (140} 0537 03¢ 00003 Thailand Stephens et al., 2002 [39]
2" DHF (103) vs control (140) - 051 034 00076 Thailand Stephens ct al.
HLA-A®203 2% DF (106) vs control {140) 034 019 000048 Thailand Stephens et-al.
HLA-A%0203 . 2" DHF (103) vs P D (106) 417 034 0.01 Thailand Siephens et al.
- HLA-A%207 2% DHF (103) vs control {140) 028 014 0012  Thailand Stephens ct al.

. HLA-A®24 . DHEF (309) vs conirol (251) 035 0259 0021 Vietnam Loke et al., 2001 [60]

- HLA-A%24 DSS (53) vs contro} (62) 035 025 004 HCMC Vietam Lan ei al., 2008 [61)
HLA-A*24 DSS (37) vs control (50) © 0375 025 - 0029 Vihn Long Vietnam Lan ef al., 2008
HLA-A%29 DSS (§7) vs control (276) 062 00l <0.001 Cuba Paradoa-Perez ct al., 1987
HLA-A%3] DF and DHF (120) vs control (189)  0.045 - 0008 - <10™!  Cuba Sicrra et al., 2007 [62)

HLA-A®3 ~ DHF (309) vs conmrol (251) 01 0183 0014 Viemam - Loke et al., 2001
HLA-B ) : : - . .

HLA-B blank . AIIDSS (41) vs control (138) 007 Q01 <0.02 -~ Thailand Chicwsilp ef al., 1981"
‘ "~ DSS (87) vscontrol (276) 036 011 <10 Cuba Paradoa-Perez et al,, 1987
) 2°DSS (1) vs conirol (138) 007 023 <005  Thailand Chiewsilp et al., 1981
HLA-BI3 DF and DHF (120) vs heathy 0.156 0044 0.00005 - Cuba Sierra et al., 2007
' ~control (189) : C .
HLA-BIS . . 2" DF (106) vs control (140) - 005 016 - 0012  Thailand Stephens ct al., 2002

" HLA-B62 2° DF and DHF (209) vs control (140) - 0005 005 0016  Thailand Stephens et al.
HLA-B76 2% DF and DHF (209) vs control (140) 0.04 007 0005 . Thailand Stephens et al.
HLA-B77 2 DE (106) vs contsol (140) 017 006 0009 - Thaifand Stephens et al.
HLA-BS . . o P pr (H03) vs control (140) 017 006 0021 -~ Thailand Stephens et al.

" HLA-B#31 2 DRE (103) vs 2° DF (106) 016 - 006 003 - Thailand Stephens ct al.
HLA-B*51 2" DHF (103) vs control (140) 016 0084 00052 Thailand Stephens et al.
HLA-B#32 ~ 2" DF (106) vs conirol (140) S04 002 00067 Thailand Stephens et al.
HLA-B#2 2% DHF (103) vs 2° DF {106) © 000 011 -00049  Thailand Stephens ct al.
HLA class 1l
HLA:DR _—
: HLA-DRT . DF (64} vs control 201) 0328 0139 0.0037 Brazil Polizel ot al., 2004 |63]
. HKA-DRBI*M 2% DF and DHF (77) vs control (189) 0081 0142 - 0001 Cuba Sierra et al., 2007
© -+ DF@7)wsDHF(34) 0064 0.33 0011 Mexico LaFleur et al,, 2002 {64]
HLA-DRBI*07  DF and DHF (120} vs healthy 0.07 0.197  0.0001  Cuba Sierra et al,, 2007
o control (189) : -
HLA-DRBI*0901  DSS (14 vs control (61) 015 032 0008 Vietam Lan et al., 2008
HLA-DR1I -~ DF @7} vs DHE 34) - 0.02 0.12 0003 Mexico LaFleur et al., 2002
HLA-DQ , o . ' '
- HLA DQI DF (64) vs control (201) 0.796 0577 00052 Brazil Polizel et al., 2004

¥ Control groups arc comprised of sympatric, healthy, age and sex matched individuals of the same cihnicity as DENV paticnt cohorts.
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- 1.9.5  Global host ge‘ne response an.d prognostic markers of severe dengue
' vWith a wide spectrum‘ of clinical presentations, the outcome and clinical evolution of
.dengue are unpredictable. While the majority of patients recover from‘dengue, a small
- proportion progress to seyere disease which is characterized by plasma leakage with or
without haemorrhagic manifestations At the present ‘there are no specific therapies for
| _dengue and treatment of patients with DSS is lrmrted to supportrve care. Early diagnosis -
which helps to decrde appropriate intervention mrght help to’ _prevent pat1ents from
_'developmg' DSS. However, to define the group of patients who progress to DSS is very
difﬁoult [1]. Complicationsoif dengue (e.g. cardiovascularshock) typically oecur between
N . the 4th and '6-th days of illness. There is: thus a window of time in the first few days of
illness where it should vbe possible to establish a diagnosis [36]‘ and potentially, make a .
, prognos1s of dlsease severity with a host or vrral b1omarker The identification and: '
- ‘development of tools to detect prognostic markers of DSS could allow for 1mproved
‘patien.t‘ triage,:CIOSer clinical monitoring, or in the future, treatment. with anti-viral or.

immune modulating therapies.

Gene eXpression microarrays may provide a comprehensive understanding of the host gene
' response in infectiousﬂl diseases Whole blood samples or samples‘ Wthl’l are av
subpopulation of cells (PBMCs Neutrophlles Band T cells) were often used for these
. ‘methods The use of whole blood involves less mampulatron of the specrmen Furthermore
the use of whole blood gives a comprehensive picture of gene expression durmg the

B : systemic host respons‘e to infection and reﬂeets theov'erall interaction 'within a complex

‘system. However, two ehallenges remain when choosing ‘whole blood samples. Firstly, an

.important gene expression pattern may be undeteetable in samples thatcontain m‘any .cell

types like - whole blood partrcularly, a pattem generated by a rare cell’ population |

Secondly, the gene express1on data might not be a reﬂectron of the real difference between

two groups of samples if there are differences in the _number of sub-cell types between thev
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groups. This means that the resulting gene tr}anscript data nta&, simply be a reflection of the
_sum of the unique; constitutive transcript profiles from each cell type, rather than an actual
'inerease or decrease in transcript levels within a given cell type in the response to the

infectien er stimulus [139] [l40].‘ It was also sllown that different cell types (Neutropniles,
lymphecytes,_etc) in ;‘whole blood contribute to variations in gene expression.in whole
blood samples in healthy_ people. 'Hovt/ever,. it was also demonstrated that intrinsic
1 :individual differences: are not the dominant seurce of variation in gene expression among
llealthS/ people and that it is feasitlle of using gene exp.ression in whole blood as a basis‘fovr

" detection and diagnosis of disease in human patients [141].

. Recently, sevel*al studles have been performed that describe gene expfession proﬁles in
- : bloodsamples-from dengue patients [77, 78, 142-145]. Simmons et al described vt/hole..
blood transcriptiona]:'signature in Vietnamese adults ‘with DHF enrolled around the time ot _
defervescence [78]. The_'timin_g of sample collection is clearly a ‘nﬁajor factor in studies of
the-transcriptienal signatute, W1th samples collected during the fel)rile pl1ase havlng a
ellaracteristic anti-viral preflle, i.e. with interl‘eron;stimulated genes highly preminent [78].
A.Studies .of PBMC (i.e...minus the neutrophil population) have also been deseribed [l42, .
143]. Nascitnento et al. used PBMC isolated from patients infected with DENV at different '-
times in the d1sease course. PBMC samples were collected from patlents w1th DF DHF
‘and non- dengue patlents on illness days ranging from day 1 to day ll All DHF- patients
'were grade I and II accordmg to WHO classification. The author determmed 4 genes

., (PSMB9 MTZA C3aR1 and HLA-F) that d1st1ngulsh DF from DHF based on Linear

| * Discrimination Analy51s (LDA) Caveats to th1s result are that the major1ty of samples used

in thlS study were collected 7 days after onset of disease and patients with llfe -threatening

'~ DSS were not present in the study population.
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In a. gene expression array study. in Thailand, Ubol et .al 4used sampleskthat were collected
from 5 DF and 4 DHF patients at various times before defervescence (ranging from day -1
Ato day -4) ). The standout l‘eatures were the up-regulation of interferon-related genes, CD59
: and IP-lVO' in PBMC from DF patients compared to PBMC from DHF patients. The author
| hvypothesised that- mild dengue (DF) developed ‘because of a more robust Il?N response |
' leading to a reduction in the number of viru_s-infected cells, virus production and cell
_ damage. However, given the very small sample size and inconsistencies in timing of the

- samples, this study was unable to determine prognostic markers of DSS.

1 10 Knowledoe Gap
In the context of host genetlc suscept1b111ty to dengue desplte many candldate gene stud1es |
‘ .havmg'been performed, there is still a major lack of understandmg from a genome;wrde
" '. perspectlve of the’g.eneti’c determina’nts'of ‘susceptibility. A major limitation of previous

' studies has been relatively small sample sizes.

o Inthe context of und.ers:tanding ge.ne eXpression and identi.fying prognostic markers most
.'prev1ous studles (mcludmg from V1et Nam) have been small in sample size and rarely
1ncluded patlents with l1fe threatenmg DSS. Sample tlmmo is also an issue that must be |
taken 1nto account Investlgatlng samples collected on day 4 of illness may only help B
_explam the consequence of what happened well before the patlents developed shock and.

- could not be used to pred1ct dlsease outcomes
| 1.11 Objectives of the thesis -
N The p'athogen.esis of severe dengue remains incompletely understood and effective drugs

~ and vaccines are currently not available. Predicting the outcome of a DENV infection is an-

o 'importan't goal that could help to determine disease mechanism and also help to improve

treatment Cl1mcal exper1ence has 1dent1ﬁed several features (eg abdommal pam'.

" persnstent vom1tmg) as bemg associated with DSS however many of these mamfestatrons

2



Chapter 1: Introduction
- oceur near the time of shock rather than early in the illness. In this thesis, we aim to

‘determine prog'nostic markers of severe dengue by using global - gene expression
_ yr.nicroarray. The first study (Chapter 3) focuses on exploring differences in acute responses
between» uncomplicated dengue and DSS on day 4 of illness. This study lool(sat
differences in the whole blood transcriptional profiles between children with DSS and

children with uncomplicated dengue on day 4 of illness.

"l“he study lde_scribedr in Chapter'v4 was designed to identify prognostic markers of DSS b.y
looking at differences in early transcriptional proﬁles inVAtheA whole .vblood of de.ng‘ue
w pétients With uncomplicated dengue and patients with seycre dengue.(DSS). The.seb patients
were class‘i‘ﬁ'ed based on the. most up-to-date WHO clinical guideline [l]._ Furthermore, the -
. sa.mp_leswer‘e collected a't. less.than‘72hrsvafter disease onset and the DSS samples were.

- very well»matéhed with uncomplicated dengue patients by'age sex and infecting DENV

. _serotype To our knowledge thls study has the largest sample size to 1nvest1gate early in

. vivo transcrlptronal proﬁles of dengue patrents with dlfferent and hlohly relevant cllmcal'

presentatlons We. also showed in the study -that there was. no ev1dence of viral
‘phylogenetrc structure that related to clinical outcomes Key molecules of acute dengue"' :
'were also 1dent1ﬁed usmg network analysns of d1fferent1al expressed transcrlpts in acute

.- dengue samples relative to convalescent den.gue samples.

. In this thesis, we also aimed.to identify SNPs that are associated with dengue and also’
-~ SNPs that distinguish severe dengue from uncomplicated dengue.' We performed genome
’ wide association case control- study'to investigate'frequency of 250K SNPs in- cases

' (mcludmg DSS patlents and uncomplrcated dengue patlents) and in populat1on controls,

(cord blood samples) The ‘aim of thlS study was to determme SNPs that confer the a

| susceptlblllty to dengue The most srgmﬁcant SNPs were followed up- in a new cohort In

addltlon, to 1dent1fy SNPs that are assocnated w1th severlty of dengue we conducted a'
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genome wide _aésociafion case control study to investigate 500K SNPs in cases (severe
dengue paﬁents) and in controlé (mild dengue patients). The top significant SNPs were
genotyped again in a new set of samples with larger sample size. Despite no genome-wide
.'signiﬁcant SNP was identiﬁed,’we identified several SNPs that showed strong evidence for

association with susceptibility to dengue and DSS'
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Chapt‘er 2 Materials and Methods
.2.‘1 v- Methods , -
211 AA Patient diagnosis _
2.1.1.'1 ' Serology for Detection of DENV-reactive IgM/IgG by Panbio ELISA
'.DENV antigen (Dengue 1-4 recombinant E proteins) was first diluted 250 ti_mes with
antigen- diluent (Phosphate buffered saline) by mixing 10 pl .of antigen with. 2.5 ml of
| antigen diluent. The diluted antigen was then mi.Xed wi_th. an equal amount of l\/IAb Tracer
: (I—lorseradish peroxidase 'conjugated monoclonal antibody) and kept: at room temperature
‘until used. At the sarne time, plasrna samples, positive- controls negative controls and
. callbrators were drluted 100 ‘times with sample diluent (Trrs buffered saline (pH 7.2-7. 6)) -.
by addmg 10ul of sample to 1000 pl of sample dlluent The diluted samples controls and

callbrators were prpetted into the assay plate (Antr-human IgM/IgG Coated M1crowells)

' and 1ncubated for lhr at 37°C After mcubatlon the assay plate was washed 6 times w1th

‘ Wash buffer (20x concentrate of phosphate buffered salme (pH 7.2-7. 6) wrth Tween 20)

", before lOOul of the antlgen Mab was p1petted into the assay plate which was subsequently '

- : " 1ncubated for 1hr at 37° C and washed 6 trmes w1th Wash buffer After washmg, 100ul of

- TMB (a mrxture of 3,3.5 5'-tetramethylben21d1ne and hydrogen peroxide in a citric- acrd -
citrate buffer (pH 3 5 3. 8)) was added into each well and 1ncubate for 10 mmutes at room
: temperature for blue color to develop The reaction was stopped by addmg 100 ul of Stop.

" solution 'into each ‘well. Fmally, ‘the absorbance ‘of each well was measured  at the .

B wavelength of 450 nm.
Data calculation and interpretation
* Panbio units = Index value x 10. |

' Index value was calculated by drvrdmg the sample absorbance by the cut- off value Cut-
off value was calculated by multlplymg the average of the trlpltcates of the Callbrator by

" the callbratton factor whlch is spec1ﬁc for each batch

- 28



C hapter 2: Materials and Methods

Table 2.1: Panbio Elisa data interpretation

IgG Panbio Units | IgM Panbio Units Results

<9 <18 ° » Negative
9-1 18-22 , Equivocal
>9 ' >22 Positive

2.1'.1.2.': Serology for Detection of DENV-reactive IgM/IgG by MAC/GAC ELISA
Supernatant from DENV1-4 or JEV (Japanese Encephalit_i.s_ virus) infected C6/36 cells and
: 'anti-l)ENV or JEV mouse monoc]onalvantibodies were supplied by Venture Technologies
(UNIMAS Research Park, University Malaysia Sarawak, Malaysia). Brieﬂy, ELISA plates |
(Maxisorp, Nunc) were coated 'with 100pu1 anti—human IgM (AO425-Dako Company) or
anti-human IeG r12136-Sigma Company) at a dilution at 1:2000 overnight at 4°C. Plates
,were washed and then blocked With 200 ul phosphate buffer saline (PBS) 3% Bovine
" : Serum Albumm (BSA) per well for at least 2 hours at room temperature. Samples posmve
and negative controls were diluted at l 100 in PBS 0. 05% Tween 20. After the Z"d wash
- lOOul of dlluted plasma 1/ 100) and controls were added and incubated for 2 hours at room
temperature After washmg ﬁve times, IOOul of antlgen (pooled supematants “from C6/36
- cultures of DENVl -4 or of JEV) was added to each well and mcubated at 4°C ovemight

 After washmg, the assay was contmued w1th a 1-hour incubation with a cockta1l of mouse

o ‘monoclonal antibodies to DENVI -4 E protem and JEVE protein and then bound mAb

- detected by 100pl of a 1:2000 dilution of anti-mouse Ig Horseradish Perox1dase (HRP)
'(P260-DAKO Company). After washmg, substrate o-phenylenediamme dihydrochloride
(OPD) was used to deveIOp coIOur metric reaction which then being stopped by additionvof :
R 50ul 10% H2804 The Optical Density (OD) was read at 490nm The IgM ‘and IgG posrtive |

- control sample was a pool of acute plasma from Vietnamese dengue patients The neoative ‘
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' control sample was a mixture of plasma collected from healthy adult Vietnamese blood
donors with no recent history of dengue. Wells with PBS in place of DENV antigen were
'tlsed to define the background absorbance \lalue. Negative control value (ODNC) was
vdeﬁned by mean OD value of.3 negative controls minus mean OD of 3 background wells

(ODB). The assay cut-off (ODCO) was deﬁned'as 5x ODNC. The sample ratio (RS) was
3 calculated by taking the sample OD (ODS) minus mean background (ODB) and dividing
by the assay cut-off i.e.: RS = (ODS.— ODB)/ ODCO]. The interpretation of results was as

follows:
. IfRS < 0‘.8,> result was intenpreted as negative B
eI RS > 1.2, result was interpreted as positive
- I‘f RS from 0.8 — 1.2‘, re_sult was interpreted as equivocal

2113 NSI antigen-captut'e ELISA

H2 ‘1V 1.3 .’1 ' Assay procedure

The Platella Dengue NSl Ag kit is a ‘one step’ sandwnch — format mlcroplate
enzyme 1mmunoassay for the qualltatlve‘or semi- quantltatlve detection of DENV-NSI
antlgen in human plasma or serum. Tests were carried out accomdmg to the manufacturer s

B | ‘inStructions. Bfieﬂy, 50 pl of plasma or control sera [including cut-off (in ddplicates),one ,
negatilve and one positive control sera w_ere incubated directly _and -simultaneou'sly. with

' 50 pl of diluent and 100 pl of diluted conjdgate at 370 C for 90 'min in microplate Iwells“

_ The plate was washed six times with 1x washing solut1on (TRIS-NaCl —pH 74 1%
o Tween :20), then immune- complexes were detected by usmg a color development |

- ‘reactlon [160 pl MIX of TMB Substrate Solution (citric ac1d and sodlum acetate pH 4 0,

o H202 - 0.015%, and DMSO. - 4%), and TMB hromogen (0.25% of. 33’55’

: 'tetramethylben21d1ne)] After-30 mins of incubation in the dark at room temperature, the

o enzymatlc reaction was stopped by lOO ul of IN sulfurlc aClCl solutlon The OD was read at |
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dual 450/620 nm. The presence of NS antigen was based on comparison of the OD of the

sample with the cut-off of control. All samples were tested in a single well.

'2.1.1.3.2  Calculation and interpretation of results

Thé sample ratio (RS) was expressed by the following formula: RS = ODS/ODCO, Where
- ODS: Optical d.ensity (OD) obtained on the sample

- ODCO: Cut-off value corresponding to the mean OD values of the duplicate contro'l

wells; and which must be >0.2.
'Result interpretation:

| ~ * If sample ratio was <0.5: sample was non-reactive for dengue NSI antigen,

. and interpreted as negative

*If sample ratio ranged between 0.5 and 1.0: ‘sample was considered

‘ equivocal for dengue NSI antigen, and interpreted as equivocal.

* If sample ratio was >1.0: sample was reactive for dengue NSI antigen,‘ and

- interpreted as positive. .-

| ,..2‘.1.1.4 | ‘ DENV serotype‘ identification and vireamia duantification ‘_
- _ 2.1.1.4.1 RNA extraction and cDNA genera‘t.ion A
in initial experiments a vdiluted suspension of equine arteritls virus (EAV) was added to
each plasma sample prlor to RNA extraction. The EAV served as an internal control for
‘both cDNA generatron and real time RT PCR We deﬁned the dilution of EAV suspension
'and the volume of this dlluted suspensron following our standard operatmg procedure
DENV RNA was extracted from patient’s plasma using the QIAamp Viral RNA Mini Kit
(Catalogue No 52906 Q1agen US) [146] We performed the experlment accordmg to

manufacturer s handbook For each sample we used SOpl plasma specrmen and
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approximately 20ul EAV diluted suspensicn' and then harvested 601L] stock of concentrated
| DENV/EAV RNA. RNA was reverse transcribed to cDNA throu gh two steps with reagents
; described in table 2.2. Mix 1 (10pl) and RNA (16u1) was incubated at 65°C for 5 minutes -
'1 Aand then instantly put on ice while adding mix 2 (14pl) in. The cDNA was made at 50°C

for 60 minutes and finally stored in -20°C.

2.1.1.42 DENV serotypes ldentlﬂcatlon by real time RT-PCR
A real-tlme quantltatlon Taq Man RT- PCR assay was performed based on a method

described by Laue etal [147] DENV speclﬁc prxmers/probes were also adapted from Laue

et al and descrlbed in Simmons et al [148] Brleﬂy, 2ul ¢DNA from each sample was used -

| in multlplex real-time RT-PCR that contamed both DENV and EAV specific prlmers and
'probes Prlmer sequences for DENV and EAV are dCSCI‘led in table 2.3. Reagents
' (volume/reactlon) usmg ll’l‘thlS assay was llsted in table 2.4. A lmearlzed plasmld
contammg the cloned target ampllcon was used to make a standard curve for each assay
' Results were expressed as cDNA equ1valents per mllllhter of | plasma The limit of
‘ detectxon for DENVl DENV?2, and DENV3 was 10 coples/ reactlon For DENV4 the .
detectlon 11m1t was 100 coples/ reaction. The detectable 51gnal from the internal control ’
amplicon deﬁned the valldlty of the assay (Ct value range from . 30- 35) PCR cychng
_cond1t1ons wete 95°C for 14 mm and then 95°C for 30 sec, 60°C for 30 sec, and 72°C for |

- 30 sec for 45 cycles.
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Chapter 2: Materials and Methods

Mix 1 | Reagents Volume Supplier
(concentration)/ ‘
: reaction

Random hexamers (100pug/ml) | 2pl ‘ Roche, Lewes, UK
10mM dNTP ' 2ul QIAgene
De-ionized water opl

Mix 2 | 5X buffer 8ul Invitrogen
DTT . 2ul Invitrogen
Rnase Inhibitor (40U/pul) 0.8l Invitrogen Cat No.
' 10777019 :
Superscript - 11T reverse | 0.4pul Invitrogen . Cat No.
transcriptase (200U/ul) ' 18080-094 - :
De-ionized water 2.8ul ‘
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Chapter 2: Materials and Methods -

- Table 2.4: Reagents for real time PCR

Reagents Concentration | Volume (ul)
(Cat. No., Company) , DENV1 | DENV2 | DENV3 | DENV4
FW+ RV DENV Primer 55nM_ | 3 |3 3 3
FW + RV EAV Primer 55nM_ 3 3 3 3
MgCI2 25mM 2.5 3.5 3.8 125
Buffer 10X ' 2.5 2.5 2.5 2.5

.| ANTP (3622614001, Roche) 10mM 1 1 1 1

| DENV Probe S 1uM 5 2 6 5

EAV Probe ' : 5uM ‘ 1.5 1.5 15 |15
Taq (203209, Qiagen) sU/ul - 0.2 0.2 0.2 0.2
H20 (W4502, Sigma)- 4.3 6.3 2 4.3.

. DENV serotype-specific quantitative RT-PCR was performed to determine viral serotype

and viremia in the enrolment plasma samples collected from each patient.’

. 2.1.1.5 : Algorithm for laboratory conﬁrmation of dengue
The laboratory confirmation of dengue was based on the results from IgM/IOG captured
- ' Panbro ELISA. In brref patrents who with negatlve serology results m paired samples
collected at least 4 days apart and w1th the second sample bemg collected on day 6 of .
' ,.lllness onward were reoarded dengue negatlve A pat1ent was determmed to -have recent
dengue (but not acute dengue) 1f there was no lgM response and IgG unit are between 10-.
20 units with second sample bemg collected at least on day 6 of 1llness A patrent is hrghly
suggestwe to have primary dengue 1nfect1on if there is only lgM response (>l 1 umts) and
‘IgG negatrve (<18 umts) with second sample bemg collected after day 6 of illness. A ,
' patrent is hrghly suggestwe to secondary dengue 1nfect10n if he/she is positive wrth IgG

(>22) and negative with IgM (<9).

AThe laboratory conﬁr_mation of dengue co‘u‘ld also{based on 'algorithm that were developed
L based on results fromeither" 1/ capture IgM and IeG ELISA using ‘DENV/JEVV antigens '
| ,and mAb reagents which was provxded by Venture Technology (Sarawak Malaysra) 2/

. | mternally—controlled and serotype- spemﬁc real time reverse transcrlptase PCR (RT PCR) |

“assays to express the cDNA equ1valents per mlllllrter of plasma 3/ NS1 Plateha ELISA-

b, based assay provrded by BroRad (Hercules CA) to detect DENV NS1 protems in plasma
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A summary of the criteria for “laboratory-confirmed acute dengue” acute dengue
conﬁnﬁation is shown in figure 2.1. Primary and secondary infectivon was distinguished by
the magnitude of IgG ELISA Units in early convalescent plasma samples taking into
account the day of illnéss. |
‘Plasma samples. For. sero]ogxcal diagnosis require 2 samplés with 2nd

-sample collected 6-or more days after illness onset .. Any .of the first 4
parts is sufficient for a “lab. confirmed dlagnosw

|

yes

RT PCR -or NS1 positive A
ord A
IgM seroconversion in MAC ELISA from S1 to© =,
S2 (IgM DENVSIEV IgM) :
or l | “Lab.Confirmed.
I:,M positive in MAC ELISA in S1 or S2 and yes - acute dengue.
GAC:seroconversion ' '
Or l
IgM positive in MAC ELISA in S1 and $2, and Units in'S2 2%,
>20 and S2 at least 1.2 x S1 and IgM DENV>IgM JEV-
No 1 _ »
IgM posmve in MAC. ELISA in a single specmen OR IgM ‘ yes " Recent DENV:
positive in paned specimens. but'no significant rise in Units —_— ‘infection
~and IgM DENV>IgM JEV: ‘
‘ , No;l_' o L yes :Acute flavivirus infection.-In
IgG seroconversion in GAC ELISA fom Sito 52  ——* Vietnam, propably DENV
No l . | .
IgG positive in GAC ELISA in S1 and S2 =, Recentflavivirus
b - infection:
No

serolog:cally negatlve in paxred sample< w1th 2"d sample collected 6 or.more
days after illness.onset” and >2 days after 1 sarr_lple If samples are negative
“but do not meet these timing criteria thencall “indéterminate”

Pigure 2.1 Algorithm for laboratory confirmation of dengue

2.2 Classification of patients

Disease severity was determined based on WHO classiﬁcat_iovn criteria [1]. bengué infected
patienfs were divided into 2 groups: uncomplicated dengue and dengue shock 's_yn(virome.
" Uncomplicated dengue was the term used to classify patients with DENV infecfions'that'
were treated in the generai ward and that no special treatment is needed.
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uncomplicated Dengue

31 . Introduction

Dengue _haemorrhagic fever »(DHF_) is a Asevere presentation of DENV infection. DHF is
characterized by fever, myalgia, thrombocytopaenia and a capillary leak syndrome. At its
most severe, capillary leak Vresults in hypovolemic shock or dengue shock syndrome
~ (DSS); this requires urgent intravenous ﬂuid resuscitation to restore intravascular volume.
A risk ‘factor for l)HF/DSS is secondary infection by a DENV serotype distinct from the | _V

individual’s prevrous DENV mfectlon history [93, 149, 150] The basis for secondary

L mfect1on as a risk factor for severe dlsease has been ascribed to the mfectlon-enhancmg' :

,p’otential of sub-or non-neutralising ‘antibodies from a previous infection [106], cross-
~ ,‘reactive memory T cells tha‘t‘secrete vasodilatory cytokines [75, _1131,.151], and host
genetic pre-disposition [132, 136] . Studies to’in\v/estigate the pathogenCSis of dengue are 4
: made more challenginé by theabsence of a robust animal model of disease.
‘There"remalns con'si.derable uncertainty as to how the DENV-host interaction results in
. vascular leak ':the most'important clinical characteristic of DHE. Early'viral load in‘ viyo
‘A..appears to be 1mportant as DHF patlents have snomﬁcantly hloher serum viral loads and - )
NSI1 concentrations, p0531b]y driven by antlbody dependent enhancement than DF cases "
[33_, 88]. DI—_lF has also been associated with a robust host inﬂammatory immune response;

significantly greater plasma concentrations of inflammatory cytokines [79, 152, 153] and

- . actlvated lymphocytes are found in patlents with DHF than in cases with DF [75 152]

».Type I mterferons (IFN- oc/B) are hkely to contrlbute to host defense agamst DENV
infection. MICC deﬁc1ent in IFN-o/B receptors are.more suscept1ble to DENV infection
[154] and in vitro, IFN- -a/3 can protect cells agamst DENV 1nfect10n [155] Once mfected :
however, DENV non- structural proteins can funct1onally attenuate the act1v1ty of IFN-a/B-
mediated ant1v1ral mechanisms, suogestlng an evolved viral strategy for.escapmv early
. mnate 1mmune defenses [156 157]. Finally, the process of antlbody-dependent
enhancement of infection may result in attenuation of a/B-interferon-mediated
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upregulé_tion' of trahscription factors ‘important to innate antiviral effector mechanisms
[158]. |
“Genome-wide gene expression studies representi an opportunity to identify novel markers
associated With dengue irhmunity and disease pathogehesis. Ubol et al [142] demonstrated
an early difference in the transcriptome between: children with DF and DHF, and WeA
| préviously found that transcripts froﬁ Type 1 interferon stimuiated genes (ISGs) were less.

: . ébundant in éduit DSS pétients '[78].

: 32 Purpose's>of tllle'st.udy
The pres»e‘nt créssésectiénél studiy des’cfibés_ global patterhs of gene transcript abundance in
: who]e-‘leOd ffoﬁ two groﬁps of pédiatrié dengﬁé patient‘s.who éxhibit markedly different
clinical bhéﬁotypes after identiqa_l illness ‘_durations. The key géal ‘was to identify

- transcripts that distinguish severe dengue from uncomp]icafcd dengue.
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3.3 Materials and Methods - |
':3.3.1. Samples collection .
" Patients for microarray and quantitative PCR experiments were enrolled at the Hospital for
| i "l’ropical Diseases, Ho Chi Minh City, Viet-Nam between July and November 2005. All the
”patients were children (less than 15 years of age) For each patient, blood samples were
| collected at fourtrme pomts at admission (study day 1), day 2, day 4 and convalescence a |
‘month after discharge from hospltal). Whole blood samples used for microarray were
' }collected into Paxgene blood RNA tube '(Qiagen).. The sample collection and storage
- pro'cedu.res were as instructed by the manufaotu_rer. Samples used for'dia.gnosis and
v :laboratory tests were collected .into EDTA tubes(BD)‘ Daily haematocrit and platelet
“count data were collected from" hospital notes and recorded into standard case record :
~ forms. WI—lO classification cr_iteria‘ [él]'were applied to each case after review of study .
' ‘notes Written informed 'consent was obtained‘ from the plarent or guardian of each patient
' The study protocol was approved by the Sc1ent1f ic and Eth1cal Committee of The Hospital -

for Tropical Disease and the Oxford Umver51ty Tropical Research Ethical comm1ttee

~3.3.2  Expression microarray "
V' “In this experlment 'RNA was converted into cRNA, labelled and hybridized to the gene

o chip Figure 3.1 summarlses the cRNA synthesis procedure

3321 Extractlon of whole blood RNA for gene expressron mlcroarray |
. 'Whole blood (2 5ml) was collected directly into PAXgene RNA tubes (Qiagen Sussex,
o IQ'UK) RNA extraction was performed using Paxgene RNA krts (Qiagen Sussex UK) RNA

- quantity and quality was assessed by spectrophotometry (Nanodrop)

o . 3.3 2.2 Reverse transcrlptlon to synthesnze first strand cDNA

RNA samples were brought to 11pul (contammg approx1mately 500ng RNA) usmg RNase-

'free water and then placed into non- stick sterile RNase- free, O 5ml mrcrocentrlfuge tubes
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For a single sample, 9|il of the reverse transcription master mix (Ipl T7 Oligo(dT) primer,
2pl 10X first strand buffer, 4pl dNTP mix, Ipl RNase inhibitor, Ipl ArrayScript) was
used. After the reaction tube was mixed 2 or 3 times by pipetting up and down and by
flicking, followed by a brief centrifugation to collect the reaction in the bottom ofthe tube,
it was incubated for 2 hours at 42°C. After incubation, the tube was centrifuged briefly (~5
sec) to collect the reaction mixture at the bottom ofthe tube.

T7 Oligo<cJT> Primer Ty

TTTrT-T7 iSSS
TTTT -T7 2 hr

AAAAN-3"
-TTTT - T7—-5*

3
DNA

.AAAA-T7-3.
TTTT-T7-5°
dsDNA transcription template

enzymes
sa Its

RNAs

excess primers

. AAAA-T7-3'
TTTT-T7-5'

50
dsDNA transcription template

fSgM 4-14 hr

3 uUuuu-s'
Uuuu-5'
3 uUuuu-s'

biotin labeled cRNA

enzymes
salts

* unused NTPs

uuuu-5’
Uuuu-s'
3 Amk- — I—UuUuu-5-

biotin labeled cRNA
Figure 3.1: cRNA synthesis procedure. mRNA in the total genomic RNA was first
reversed transcribed into first strand of cDNA. The first strand cDNA product served as the
template for the double- strand cDNA synthesis. After purification, the double-stranded
cDNA was in vitro transcribed into antisense RNA which was biotin labelled.
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3.3.2.3  Second strand cDNA synthesis o

For each sample, 80ul of the second strand master mix (63ul nuclease free water, 10ul
IOXY second Vstrand buffer, élul dNTP mix, 2ul DNA polymerase, 1ul - Rnase H) was
prepared in a nuclease-free tube followed by transfer to each sample and n1ixed by
| pipetting up ‘and' down 2-3 times ‘and by ﬂicking the tube 3-4 times. The reaction tube was
then centrifuged .brie.ﬂy to collect the reaction to the bottom of the tube before incubated at
16°c for 2 hours. After incubation, the reaction was put on ice imrnediately before cDNA

- purification.

| ‘ 3 5“1 1 ‘ch\lA purification

‘The' double stranded cDNA product was purif ed by m1x1ng 250ul with cDNA bmdmg
' _ buffer before ‘being passed through a cDNA filter cartridge by centrlfugatlon (1 minute at~‘
10,000 rpm) followed by washing with 500 ml of wash buffer through centrifugation a
rninute at l(l,OOO rpm). Next; the cDNA filter .cart‘ridge was transferred to a-cDNAfe]ution |

: 'tube and eluted by 10pl preheated (at 50 55°C) nuclease free water by centrifugation for

1.5 minute at 10 OOOg until the nuclease free water is through the filter. Second elution was

performed by usmg 9ul of nuclease free water and centrifuge for 2 mmutes at 10 OOOg

A Fmally the pur1ﬁed double stranded cDNA sample (~17.5 ul) was collected

3324 | ln yitro transcription to synthesize antisense RNA

Antisense RNA was syntheswed using.in vitro transcription technology The IVT master
-V ‘mix (2 Sul T7 10X reaction buffer, 2.5ul T7 enzyme mix, 2 5 b1ot1n-NTP mlx)
v-'(www.ambion.com) _Was prepared at room - temperature into ‘av nuclease-free

. _._microcentrifuge .tube and mixed by gently ‘vortening. 7..5ul-,of IVT master mix was
- transferred to.each sample then the reaction tu.b.e was mixed by pipetting up and down' 2—3v
' tirnes or by ﬂicking. The tube was c‘entrifuged brieﬂy to-collect the reaction mixture in the

bottom iof the tube. To enable the in vitro transcription process the reaction tube was‘

“mcubated at 37°C for 4 to 14 hours using a hybridization oven to prevent condensatlon
' - 42
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After incubation, 75pl of nuclease free water was added to the cRNA sample to bring the

final volume to 100pl.

3325 cRNA purification

cRNA product was purified in order to remove enzymes, salts, and unincorporated
nucleotides from the cRNA. 350gl of cRNA binding buffer was first added to each sample
then 250pl of 100% ethanol was added before the mixture was mixed by pipetting up and
down 3 times. The mixture was then transferred to a cRNA filter cartridge
(www.Ambion.com) followed by a 1 minute centrifugation at 10,000g. After the flow
through was removed, the cartridge was placed into a cRNA collection tube before being
washed two times with 650pl wash buffer by centrifugation for 1 minute at 10,000g. After
the cRNA filter cartridge was placed to a new cRNA collection tube, cRNA was eluted
from the cRNA filter cartridge by applying 100pl preheated Nuclease free water (50 -
60°C) to the centre of the cRNA filter cartridge and centrifugation for 1.5 minutes at
10,000g until the nuclease free water was through the filter. At the end, approximately

100gl ofthe cRNA was collected in the cRNA collection tube.

33.2.6 Array hybridization

Hybridize Ethanol
Sample 1st Wash Wash 2nd Wash
3rd Wash Detect Bloch
Signal

Figure 3.2: Array hybridization, washing, staining and scanning steps
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'The procedures of hybridization, washing and staining of the bead chip were ,d_escribed in
figure 3.2. For each array, 850ng cRNA sample»was prepare’d in 11.3 pl of RNase free
_water and left at room temperature for 10 minutes to resuspend cRNA. For each bead chip
of 8 samples, a hybridization mixture was prepared by m1xmg 125ul of HYB E1l buffer
7_(preheated in 55°C for -10 minutes) with 75p1 of formamlde Firstly, 22. 7p.l of
hybridization mix (HYBEI + formamide) was added to 11.3 pl of cRNA sample. Next, the

‘mixture (34pl) was preheated at 65°C for 5 minutes before being loaded onto the centre of

the array. After all 8 samples were loaded the beach chip was loaded into the Hyb

cartridoe before bemg placed on the Beadchip Hyb wheel in preheated oven and mcubated ,

' for 16 to 20 hours at 55°C. After the 1ncubation the chip was washed by using 250 ml of

- Wash EIBC solution on. n the orbital shaker for 15 minutes, 250ml of absolute ethanol for lO

mmutes, and the second 250 ml of Wash E1BC buffer for 2 minutes. After being washed,
~ the beadchip was blocked with 4 _ml of block E1l buffer in 10 minutes, stained with2. ml of
Block El buffer and streptavidin;Cy3 (2‘ul of 1 mgiml stock' per chip) in. 10 ,minutes,
| washed again by 250 ml of ‘wash E1BC buffer for 5 minutes, and.dried for four minute‘s by- -
centrifugation at 275 rcf at room temperature Finalily the beadchip was scanned on the )
| , ‘Illumma BeadArray Reader. The gene expression data was extracted from images collected .

from Tllumina BeadArray Reader.

333 | Quantltatlve RT-PCR

RNA samples used in thls experlment were extracted from whole blood us1ng Paxgene
. blo‘od RNA k1t The RNA concentration was first normalized to the same concentration of -
| .'250ng/ul using RNase free water. Next, RNA was reversed transcrlbed into cDNA by
} mirring 50ul of 2X of reyerse transcription master m1x (10pl reverse transcription buffer,
| 4ul 25X dNTPs, lOul 10X random primer, Sul.MuItiScribe l{everse transcriptase (SOU/ul o
),”and'S_Oul. nuclease free water) with 50ul of 250ng/ul RNA. The reaction _tube‘was then
._' loaded to the therrnal cycler. The cDNA cy.cling conditions were .25'°C'for l(i minutes and ‘
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37°C for 120 minutes. The cDNA sample was mixed with Tagman universal PCR master
mix and loaded into micro fluidic cards (Applied Biosystems). The micro fluidic card was
then run in the ABI Prism 7900HT Sequence Detection Systern. The data was obtained and

analyzed using SDS enterprise software.

334 Microarray data analysis and statistics
3.3.4.1 " Data extraction and quahty control '
The raw expressmn mten51ty data was extracted from the arrays using Beadstudlo software

.' (Illumma Inc.). This software was used for data quahty control (QC) and for obtalmng raw

o mten51ty data of transcrlpts mcluded in the array. The raw mtenS1ty data exported from

: Beadstudio mcludes probe mten51ty data or gene intensity data. Both of the data formats ‘
can be used for analy51s The raw data was normahzed to the background by subtractmg

| B the background'51gnal.

3.34.2 " Data'normalisa_tion an:d analysis .

‘After rernoving ‘the noise,:by subtracting the background, the data‘was then nomaliaed
B usi.ng‘standard'nomialization procedures (Genespring GX7.3.softWare,' Silicon Genetics, ‘
- CA) for one‘colour array data. In brief,: data transi.“ormation was corrected for low sig.nal,

' »with i/'alues recorded at. less than 0.01 increased to the minimum (0.0i). Per-chip (mean) |
normahzatlon accounted for chlb varlablhty by dividing all of the measurements on each
ch1p by a 50th percentlle value. Per-gene normahzation accounted for variablhty betvreen
o probe sets for dlfferent genes Fmally, the data s was ﬁltered by whlch only genes that have |
the detectlon conﬁdence of greater then 0 999 (or P value <0. 001) in at least one sample_ :
W1ll be used for further analy81s ANOVA t-test (unequal variances, non- multiple o
correctlon.s, fal_se dlscovery/rate less than 5%) bu11t in Genesprmg software was used for all
| ,comparisons.hThe t-test criteria were: (1.) 5% of false _discover)i rate; (2A). Fold change

greater or equal to1.5. ‘
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3.3.4.3 Ingenuity Pathway Analysis

Ingenuity Pathway analysis (IPA) (www.ingenuity.com) is an approach that helps to .
determine canonical biological pathways that interested genes are .associated. Canonical
- pathways are well-characterized metabolic and cell signaling pathways. The. information«
contained in canonical pathways'comes from specific journal articles, revievv articles, text
- books, and KEGG Ligand. Theselsources were out together and formed the knowledge
»_ba‘se. The ratlo of canonical pathway was calculated by dividing the number of molecules
ina given pathvvay in the input gene list to the total number ol‘ molecules that make up that “ .
pathway.vn To determine whether a canonical pathway formed by thel genes in the upload
~ gene list are by chance or'biological associate‘d“, ,P value for each pathway was determine
‘based, on Right-tailed Fisher_’s _Exact Test. The signiﬁcance of the test. depends’ on the:
'lnumber of canonical pathtvay eligible genes in investigating gene list, and the total number
:of genes that are lcnown to be associated with that canonica'l pathway_ in the knowledge™ .-
' base In our analysrs we use cut-off of P value at 0.05. |
- 3.3.4.4 | PCR Data analysrs
" The cycle threshold (Ct) value of each transcrlpt obtained in real- time PCR assay was
analyzed manually through checkmg the amphﬁcatron curves to remove the spurrous
| ,‘srgnal. Transcrrpts wrth too low amphﬁcatlon s1gnals (Ct > 36) were also removed. The

’expressron data was then analyzed usmo SDS software and RQ manager software (Apphed

: Brosystems) Relatrve quantlﬁcatlon value (RQ value) was calculated as descrrbed below

. T_ranscrrpt abundance data (threshold (Ct) value)_ for each gene was manually checked to

o remove' the false positive values using -SDS2.2 software. and RQ Manager (Applied,

| Blosystems) Relative transcrrpt abundance was determmed usmg the delta- delta Ct
_ method (Lrvak et al 2001) In brief, this method uses a smgle sample termed the calrbrator-
sample, asa comparator for every ‘unknown sample s gene expressron level. The callbrator _ 'l

. can be any sample chosen to have all of the genes expressed (Ct value of less than 36' "
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cycles). The calibrator is analyzed 6n every assay plate with the hrﬂmown samples of
interest. >The relative fold difference is calculated using the formula: Fold induction = 20
[’fAC‘], where AACt = [Ct of ‘gene of int.erest in unknown sample — Ct of 18S gene in
unknown sample] — [Ct gene of interest in‘calibrator — Ct of 18S gene in calibrator]. The
fold-differcﬁce in transcript abundance in samples derived from patients with different

clinical phenotypes was compared using the Mann-Whitney test using Multi-experiment

Viewer software ( http://\xr\vw.tnnéi;org). -
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3.4 Results

3.4.1.  Gene expression mieroarray

'3.4.1.1 : S'ample collection

From July to November 2005, We prospectively enrolled 1.11 children. with acute dengue

into a- study of transcr:ptlonal responses in whole-blood at The Hospital for Troplcal

N ', Dlseases (HTD), HCMC, Viet Nam. Usmg WHO c]a531ﬁcat10n criteria, 27 patients had

DSS (pu]sc pressure <20 mmHg with poor perlpheral perfusion and rap1d weak pulse),
' ‘_‘and “were admitted to‘ the intensive care unit and received approprlate resuscrtatlon. The
- remaining 84 .patients had dengue without evidenoe of :cardiovascular _comp'romise,
- including patient groups with Dengu‘e Fever,vDHF grades I'and II. We ha\v/e used the term
’. _un_complicated dengue to refer to these hospitalized patients as they did not require any

significant clinical interventions 'and were managed throughout on the general dengue

. Award From the 27 patients w1th DSS we selected RNA samples from 9 patlents who

'presented to hospital with DSS on the 4th day of illness (w1th the day of onset of symptoms '

' .taken as day 1) for mxcroarray analy51s For each DSS pauent an age- and (where possxble) '

- sex- matched control patlent with uncomphcated denoue and with an identical duration of
1llness was selected Table 3.1 summarises the basehne characterlstlcs of patients used for

microarray study. =
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Table 3.1: Baseline characteristics of patients included in microarray study

| _Vériable Uncomplicated dengue DSS P-value’
N=9) (N=9)
N (%) or Median N (%) or Median
- (range) (range)
Male sex 5 (55.6%) 4 (44.4%) ..
Age(years) 9-14 10-14
Day of illness 4 4
:| Febrile 9 (100%) 0 (0%)
Fever day € 25(4t0-1) - 0
Infecting serotype :
.| DENV-1 4 1
| DENV-2 -5 .7
DENV-3 0 -0
DENV-4 0 1
Clinical seventy
DF 7
DHF II 2. .
| DHFIII - 8
DHF 1V - 1
. Mean viraemia 48317364 . 819735 0.006
cDNA copies/ml. - (19775 -163000000) (24 — 4234125)
‘| Secondary infection - 9(100%) 9 (100%)
Platelet nadir 44,000 24,000 - .
. (34,000-110,000) (11,000-86,000)
% haemoconcentration 15.11 (-9-22) .. 28(13-53) 0.001
CD3+ T cells b 649 (262 - 1097) 845 (599 -1387) .
CD3+/CD4+ T cells ‘ 331 (161 - 649) 371 (155 - 561).
CD3+/CD8+ T cells 207 (67 -309) 417 (293 - 752) 0.01
CD19+ B cells 196 (75 - 352) 229 (109 - 502)
CD16+/CD56+ NK cells 124 (37 - 424) 148 (51 - 236)

- Notes:

" Mann-Whitney test

- ® The absolute count (cells/ pl) of lymphocyte subsets i in each sample was determined by

flow cytometry

© the day of defervescence was regarded as fever day 0 -
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The aim of this study was to describe early whole-blood transcriptlonal responses in two
4 oroups of paediatric patients(.n=9 per group)vcomparing, a) children with uncomplicated
dengue and b) children presenting with DSS. All patlents recovered fully The clinical and
haematological characteristics, including absolute counts of the major lymphocyte subsets,

of the 18 dengue patients are described in table 3.1. Patients with DSS had lower platelet-
" nadirs and, on the basis of cbanges in.. haemoconcentration, significantly greater vascular
leakage than uncomplicated dengue patients.(table 3.1). On the 4" day of illness, when
blood samples for microarray analysis were collected, patients presenting yvith DSS had o
-.signiﬁcantly higher absolute cou_nts of CDZ)’:_J'CDEl+ T cells (table 3..1), but significantlyv o

: lower plasma viraemia levels, than patients with uncomplicated dengue (table 3.1).‘

- 3.4.1.2 RNA for»microarray experirnents

" The ‘total RNA amount required in gene expression mi_croarray Was SOOng in total 11ul of
_ wate‘r RNA were isolated from the yvhole blood of the patients and measured by

‘Nanodrop‘ The quallty and quantlty of Rl\lA samples used for vm1croarray assay is

'summarlzed in table 3 2.
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- Table 3.2: Quantity and quality of RNA in samples used for microarray experiment

Sample code Patient group Time point

RNA (ng/uL) OD (260/280)

34.1.3

DF1093 DSS Day 4 54.51 1.91
DF1097 DSS Day 4 72.94 2.04
DF1105 DSS Day 4 149.20 1.96.
'DF1106 . DSS Day 4 32.89 2.01
- DF1107 DSS Day 4 - 102.91 2.13
DF1108 . DSS - Day 4 177.49 1.65
DF1110 =~ DSS Day 4 114.58 2.09
DF1114 DSS Day4 113.36 2.08
DF1115 DSS Day 4 69.46 2.15
DF1093 - DSS Convalescence  40.78 2.01
‘DF1097 DSS ‘Convalescence  84.93 211
- DF1105 DSS Convalescence  94.21 212
" DF1106 DSS. Convalescence  78.75 - 2.17°
DF1107 DSS Convalescence  66.86 2.17
DF1114 DSS Convalescence  219.2 2.11
MD1589 UC dengue Day 4. 117.74 2.11
.. MD1590 ©  UCdengue Day4 66.82 . 195
. MDI591 UCdengue  Day4 7143 1.87 -
"~ MDI1594  UCdengue Day4 . 66.56 2.10
MD1605 UC dengue - Day4 4921 2.14
" MDI1613  UCdengue  Day4 71.10 2.15
"MD1639  UCdengue Day4 85.07 - 1.92
MD1640 . UCdengue Day4 - 114.75 1.98
MD1641 UCdengue  Day4 68.46 2.05
~ MDI1589 - UCdengue . Convalescence 78.26 2.16
MDI1591 ~ UCdengue  Convalescence. 59.37 2.08
MDI1640 ©  UC dengue - Convalescence 85.11 2.09
.~ MDI1639 - UC dengue Convalescence  109.84 217
. MDI1605 UC dengue ~ Convalescence 127.84 2.12
‘MDI1613 UC dengue = Convalescence  99.32 2.1
Differentially expressed genes

. Gene expression microarray was performed for ~24,000 genes in each patiént using

~ Illumina .technoldgy. 'Ahalysis_ was focused on identifying transcripts - that We‘re:

o | differentially abundant between acute and convalescent samples and was restricted to those

" transcripts that were detected in at least one specimen. For the resulting 13,535 gene

51 .

"+ transcripts, we applied the following criteria in all comparisons: -



Chapter 3: Patterns of gene transcrzpts abundant in the blood of children with severe Dengue or
uncomplicated Dengue

- a) Gene transcripts were detected in at least 50% of samples. Detection confidence
was calculated based on the proportion of probes that were successfully detected relative to

the total number of probes for each transcript.

b) Mean fold-change between two conditions was 'gteater than 1.5 fold. The fold
difference was calculated based on the difference in mean of average normalised intensity

signal in each group for each transcript.
c) False discovery rate was less than 5%.

.By:, these criteria, microarray data analysis revealed 3,092 'g.enev transcripts that were
'diffetentially abundant (523 less abundant, 256§ enriched) in acute (day 4) samples frorn:
DSS patients compared to: six matched convalescent samples, and 2;4_71 gene transcr‘ipts-
"that yve‘r'e’differentially ahundant (267 lessi abundant, 2.204 enrlched) in acute (day 4l
samples from nncomplicated- dengue patients compared to six mat‘ched. convalescent

- samples. . There were 1197 genes common to the two gene lists.

I - 3.4.1. 4 Uncomplicated dengue: acute versus convalescent samples

"Unsuperwsed pathway analy51s of transcrxpts elther 51gn1f cantly enrlched (n—2204) or
: 'under-represented (n'—267) in acute samples (relatwe to six matched conva]escent samp]es) o

~ was used to identlfy biological themes in the transcriptome of patients with uncom,plicated

-+ ~dengue. Amongst transcripts significantly enriched in acute samples, genes in pathways

'assocviated with o.xidative» metabolism and mitochondrial dysfunction \Ivvere over—
: .representetl,' suggesting a highly :actlve metabolic state consistent with a host response .to
| ln.fection (ﬁgute 3.3). Of immune response pathw'ays the-interferon pathwaywas most
promment followed by IL- 10 antlgen presentatlon and IL-6 S1gna1mg pathways. In
contrast amongst transcnpts that were 51gmﬁcantly under- abundant in acute samples there
| .\yere no 'Slgmﬁcant molecular themes arlstng from pathway analysns, mosthkely because

oo of .the small nu_mber (n=267) of elements for analysis. Thus,lthe biological processes
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highlighted in the enriched population of transcripts are consistent with a metabolically
demanding host response in which interferon-driven immune processes and cytokine
networks are prominent.
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Figure 3.3: Pathway analysis of transcripts enriched in acute samples from uncomplicated
dengue patients. Shown are the top twenty canonical pathways identified by unsupervised
pathway analysis of filtered microarray data (Ingenuity Systems©) representing transcripts
enriched (n=2204) in acute samples (4th day of illness) from uncomplicated dengue
patients relative to matched convalescent samples (day 30). The strength of the statistical
association is indicated by the length of the bars. The ratio value reflects the proportion of

gene elements in the enriched gene list that belong to one of'these canonical pathways.
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3.4.1.5 DSS: acute versus convalescent samples

Surprisingly, unsupervised pathway analysis of transcripts significantly enriched (n=2569)
in acute samples from children with DSS did not identify any prominent pathway or
biological process. Unsupervised analysis of under-represented transcripts in acute samples
(n=523) implicated the death receptor, apoptotic and IL-10 signaling pathways as being
features of this “down-regulated” transcriptome (figure 3.4). However, the strength of the
association between these pathways and samples was not as robust as was observed
between acute and convalescent samples in children with uncomplicated dengue (figure
3.3). Remarkably then, at a time when capillary leakage had precipitated hypovolemic

shock in these afebrile DSS patients, the whole-blood transcriptome appeared benign.
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Figure 3.4: Pathway analysis of transcripts under-abundant in acute samples from DSS
patients. Shown are the top twenty canonical pathways identified by unsupervised pathway

analysis of filtered microarray data (Ingenuity Systems©) representing transcripts under-
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abundant (n=523) in acute samples (4th day of illness) from DSS patients relative to
rnatched convalescent samples (day 30). The strength of the statistical association is
indicated by the length of the bars. The ratio value reflects the proportion of gene elements

in the enriched gene list that belong to one of these canonical pathways.

The absence of a strong transcriptional 'signature in the blood of children with DSS is in
stark contrast to the prominent molecular themes identified in acute samples .in febri]e
children with uncomplicated dengue (figure 3.3). These differences between vacute and
conualescent samples were not because of intrinsic.differences_‘ between conva]escent
| samples m the tw‘o patient groups; un‘super\‘/ised comparison of these convalescent samples
fidenti_ﬁedjust 138 differentiallly abundant transcripts amongst 13535 transcripts analyzed;
‘CoIlectvively, these Idata suggest fundamental differences in the evolution of the
;transcriptional response between these two groups of children with identical durations of

‘ illness, but with different clinical phenotypes.

: 3416 Uncomplicated dengueversus DSS '.

'The transcriptional proﬁle's of 'acute (day 4) samples from.pa‘tients with uncomplicated
. ‘_deng‘Ue and those With‘ DSS (day"4) were compared.. directly to identify dif‘ferential]y'_

‘_‘expressed gene transcrlpts The ratlonale for thls comparlson was to compare the host
‘response in these two groups of patlents with 1dent1ca1 1Ilness hlstorles but dlstmct clinical
phenotypes and disease evolutron In unsupervrsed analysxs 1 749 transcrrpts were
: drfferent‘ra_lly abundant between acute uncompllcated dengue and DSS patients; transcrlpts

from 1.,030" genes ‘were enriched and 719 less-abundant in uncomplicated dengue patients.

" Unsupervised pathway analysis of transcripts Vsigniﬁcantly ‘enriched in unconrp]icated
: dengue patrents rmphcated the death receptor, interferon, apoptosrs IL 6, NFxB and IL-
10 sngnalmg pathways as immune- functron related processes drstmgu1shmg uncomplrcated '
dengue from DSS (ﬁgure 3.5). Unsupervised pathway analysis of transcrlpts less abundant
'A in uncomplicated dengue patients identit'red a diverse set of pathways (ﬁgure 3;6), with the'

.majority. associated with cellular metabolic activities and not immune function.
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Collectively, and in the context of the samples available, these data identify apoptotic and
immune-function related molecular pathways as defining the transcriptional difference

between these two groups of children with identical durations of illness, but with different

clinical outcomes.
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Figure 3.5: Pathway analysis of transcripts enriched in acute (day 4) samples from patients
with uncomplicated dengue relative to acute (day 4) samples from DSS patients. Shown
are the top twenty canonical pathways identified by unsupervised pathway analysis of
filtered microarray data (Ingenuity Systems©) representing transcripts significantly
enriched (n = 1030) in acute samples from uncomplicated dengue patients relative to acute

(day 4) samples from DSS patients. The strength of the statistical association is indicated
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by the length of the bars. The ratio value reflects the proportion of gene elements in the

enriched gene list that belong to one ofthese canonical pathways.
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Figure 3.6: Pathway analysis of transcripts under-abundant in acute (day 4) samples from
patients with uncomplicated dengue relative to acute (day 4) samples from DSS patients.
Shown are the top twenty canonical pathways identified by unsupervised pathway analysis
of filtered microarray data (Ingenuity Systems©) representing transcripts significantly
under-abundant (n=719) in acute samples from uncomplicated dengue patients relative to
acute (day 4) samples from DSS patients. The strength of the statistical association is
indicated by the length ofthe bars. The ratio value reflects the proportion of gene elements

in the enriched gene list that belong to one of these canonical pathways.
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' ‘3.4.2 RT-PCR validation of gene transcr‘ipt abundance -

TagMan RT-PCR assays were used to validate the relative abundance of transcripts
identified as differentially expressed between, 1) acute versus convalescent samples from
children nvith DSS and with uncomplicated dengue and 2), acute samples from children
‘with DSS versus uncomplicated dengue. The selection of gene transcripts to validate was
_inﬂnenced by two guiding themes- a) they were biqlogically replicated in the array (i.e.
relative eonsistent between patient samples) and b) immune-function related genes should
‘be prqrninent as these pathways distinguished uncomplicated dengue from DSS and in
B gene'rat, a focus on the immune transcriptome would serve the wider purpose of informing
mode]sof immunopathogenesis Validatit)n of gene transcript abnndance Was perfdrmed
with acute (day 4) RNA samples from ewht DSS patients (6 of who were included in the. -
mlcroarray) and elght matched uncompllcated dengue patients (51x were mcluded in

mlcroarray). :

3.4.2.1°  Acute versus convalescent samples in uncomplicated dengue

Sixty-nine trahscripts were selected for validation by ,RT-PCR assays from amongst all

transcripts significantly enriched in acute samples from uncomplicated dengue patients o

relative to convalescent s‘amples Emphasis was p]aced on validating canonical ISGs

' tInterferon stlmulated genes) as these were hlghly enriched i in the m1croarray (ﬁgure 3. 3)
- Of the 69 transcnpts selected 64/69(93%) were . also differentially abundant when |
measured by RT-PCR. The heat map in figure 3.7 shows differences in the pattern of gene
'expressidns of sarnples in bSS and uncomplicated'dengue patient. Figure 3.8A and 3.8B
show the similarity in fold ehange between expression microat‘ray a_lnd from quantitétive

PCR.;Table "3.3 shows the list of the genes validated by tagman PCR"
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Acute uncomplicated dengue Convalescent uncomplicated dengue
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Figure 3.7: Shown is a heat map of individual patients samples filtered on those transcripts
enriched in acute samples from patients with uncomplicated dengue relative to matched
convalescent samples (n=69) and which were selected for RT-PCR validation. The gene

names of canonical ISGs are underlined next to the heat map.
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Table 3.3: RT-PCR validation results of transcripts enriched in acute (day 4) UC dengue
patients relative to matched control samples (day 30)

Genbank

NM_ 002982
NM 005623
NM_001565
NM_ 172369
NMI17414
NM 004972
NM_ 000491
NM 000063
NM 014398
NM_ 003965
NM 002053
NM 000062
NM 001735
NM 002164
NM 003745
NM 080657
NM 022147
NM_004030
m\m\i
NM_001547
NM 198213
NM 173842
NM_ 006417
NM 022168
NM 015991
NM 001549
NM 003810
NM 006187
NM1J05533
NM. 001548
NMO16816
NM_ 016562
NM 052941
NM 012420
NM_030641
NMJ04049
NM 000593
NM_007315
NM_ 004054
NM_004001
NM_002038
NM_002462
NM 004223
NMJ00647
NM 002201
NM_003641
NM_005419
NM 005531
NM_006332
NM 002463
NM_005384
NM 003877

Symbol

CCL2
GO8
CXZHO
C1QG
USP18
JAK2
C1QB
a
LAMP3
CCRL2
GBP1
SERPINGI
Cs
INDO
SOCS1
cigd
1FRG28
IRF7
0AS2
IFIT2
0ASL
ILIRN
1F144
MDAS3
CIQA
IFIT3
TNFSF10

0AS3
IFI35

)
0ASI
TLR7
GBP4
IFITS
APOL6
JCL2A1
TAPI
STATI
C3ARI
FCGR2B
IF16
NE
UBE2L6
CCR2
18G20
[FITMi
STAT2
IFI16
1F130
MX2
NFIL3
S0CS2

Function

chemokine (C-C motif) ligand 2

chemokine (C-C motif) ligand 8

chemokine (C-X-C motif) ligand 10

complement component 1

ubiquitin specific peptidase 18

Janus kinase 2 (a protein tyrosine kinase)

complement component 1

coirplement component 2

lysosomal-associated membrane protein 3

chemokine (C-C motif) receptor-like 2

guanylate binding protein 1, interferon-inducible, 67kDa
serpin peptidase inhibitor, clade G

conplement component 5

indoleamine-pvrrole 2,3 diow genase
suppressor o fcytokine signaling 1

radical S-adenosyl methionine domain containing 2

28kD interferon responsive protein

interferon regulatory factor 7

2-5"-oligoadenylate synthetase 2,69/7 lkDa
interferon-induced protein with tetratricopeptide repeats 2
2-5"-oligoadenylate svnthetase-like

interleukin [receptor antagonist

interferon-induced protein 44

interferon induced with helicase C domain 1

complement component 1, q subcomponent, alpha polypeptide
interferon-induced protein with tetratricopeptide repeats 3
tumor necrosis factor (ligand) superfamily, member 10
2'-5-oligoadenylate synthetase 3

interferon-induced protein 35

interferon-induced protein with tetratricopeptide repeats 1
2',5"oligoadenylate synthetase 1,40/46kDa

toll-like receptor 7

guanylate binding protein 4

interferon-induced protein with tetratricopeptide repeats 5
apolipoprotein L, 6

BCL2-related protein A 1

transporter 1, ATP-binding cassette, sub-family B (MDR/TAP)
signal transducer and activator oftranscription 1,91kDa
complement component 3a receptor |

Fc fragment of IgG, low affinity lib, receptor (CD32)
interferon, alpha-inducible protein (clone IF1-6-16)
interferon-inducible protein p78 (mouse)
ubiquitin-conjugating enzyme E2L6

chemokine (C-C motif) receptor 2

interferon stimulated exonuclease gene 20kDa

interferon induced transmembrane protein 1

signal transducer and activator o ftranscription 2, U3kDa
interferon, gamma-inducible protein 16

interferon, ganma-inducible protein 30

myxDvirus (influenza virus) resistance 2 (mouse)

nuclear factor, interleukin 3 regulated

suppressor ofcytokine signaling 2
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Microarray
FC P value
7710 - 923&-05
5804 122E-03
913 2.30E-03
519 L52&03
21 5.01E-03
198 2.73E-02
180 9.81E-05
156 844E-03
121 220E-04
97 2.56E-06
93 1.66E-03
82 2.67E-04
8.2, 3.11E02
80  3.ISE-04
15 6.01E-06
73 6.37E-04
70 3.01E-06
62 3.65E-06
59 528E-04
57 4.00E-03
57 464E-05
53 415E-04
53 S.6IE-03
52 1.57E03
51 2.63E-05
49 530E-04
48 236E-04
47 14TE-03
44 344E-05
44 313E-03
43 . LO4E03
43 432E-04
42 1.60&03
42 9.48E-03
41 5.13E-03
41 4.95E-04
39 420E-04
37 439E03
36 6.33E-06
36 1.04E-03
33 L.I3E-03
32 3TE0
31 241 Er03
30 795E03
29 3.01E-04
29 1.97E-06
28 9.92E-04
24 9.01E-03
24 323E-04
24 2I8E-03
24 931E03
23 472E-02

Tagman PCR
FC P value
423 1.I9E-03
1045 1.19E-03
441 1.19E-03
382 LI9E-03
203 L19E-03
40 262E-03
228  LI9E03
193 1.I9E-03
108 1I9E-03
103 1.19E03
54 1.19E-03
101 1.19E-03
45 1.19E-03
9.1 1.19E-03
8.8 1.19E-03
138 LI19E-03
6.9 1.19E-03
76 1.19E03
139 L19E-03
84 1.19E-03
8.2 1.19E-03
6.8 L.19E-03
58 1.19E-03
54 1.19E-03
113 1.19E-03
18 LI9E-03
55 1.19E-03
6.8 1.19E-03
49 1.19B-03
70 1.19E-03
6.8 1.18E-03
48 1.19E-03
48 1.19E-03
41 1.19E-03
19 1.19E-03
35 49IE-02
29 1.19E-03
26 1.19E-03
43 1.19E-03
19 2.79E-02
6.6 1.19E03
59 1.19E-03
39 1.19E-03
31 1.19E-03
37 L.I9E03
42 119E-03
3.0 1.19E-03
30 1.19E-03
3.6 1.19E-03
34 1.19E-03
26 1.78E-03
23 279E02
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3.422 Acute versus convalescent samples in DSS

Nineteen transcripts were selected for validation by RT-PCR assays from amongst
transcripts differentially abundant in acute samples from DSS patients relative to
convalescent samples; of these, 11 transcripts were validated by RT-PCR, with transcripts
from the complement pathway most prominent. The heat map of the 11 transcripts in DSS
patients and UC patients is shown in figure 3.9. Figure 3.10 shows the fold change
determined in expression microarray and in tagman PCR. Table 3.4 shows the genes that

were validated by tagman PCR.

Acute DSS Convalescent

KLRGI
IL13RA1
PSHBS8
F13A1

IRF3
ILI2RB1 >
2

BCL2L1
C1QA

C1QB
ILIRAP J
IFIT2
FCGR3A
TLRS8

JAK1

S0CS3

MCP

C1QG

Figure 3.9: Heatmap represents 19 transcripts differentially expressed in acute DSS

patients relative to matched convalescent patients
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u Airay
0 Tagman

Figure 3.10: Reverse-transcription polymerase chain reaction (RT-PCR) validation of
transcripts enriched or less abundant in acute samples from patients with dengue shock

syndrome (DSS) relative to that in convalescent samples.

Table 3.4: RT-PCR validation of differential expressed genes in acute DSS patients (day 4)
relative to their auologous controls (day 30)

Microarray Taqman PCR
Symbol Function
Fold change P value Fold change P value

C1QB complement component 1, q subcomponent, beta polypeptide 90 1.48E-04 15.4 7.78E-04
CIQA complement component 1, q subcomponent, alpha polypeptide 4.8 1.85E-05 63 7.78F.-04
C2 complement component 2 4.0 6.48E-03 4.4 3.28E-03
IRF3 interferon regulatory factor 3 1.6 2.40E-03 15 6.32E-03
PSMB8  proteasome subunit, beta type, 8 15 8.57E-03 16 1.57E-02
IL12RB1 interleukin 12 receptor, beta 1 1.5 199E-02 1.6 3.28E-03
BCL2L1 BCL2-like 1 0.5 2.75E-02 03 2.32E-03
IL13RA1 interleukin 13 receptor, alpha 1 04 2.31E-04 06 2.74E-02
F13A1 coagulation factor XIII, Al polypeptide 0.3 5 55E-03 0.3 8.65E-03
K.LRGI  killer ceil lectin-like receptor subfamily G, member 1 03 4.24E-02 06 3.57E-02
ILIRAP interleukin 1 receptor accessory protein 0.2 7.97E-05 0.4 7.78E-04
3423 Acute uncomplicated dengue versus acute DSS

Fifty-nine transcripts were selected for validation by RT-PCR assays from amongst
transcripts significantly enriched in acute samples from uncomplicated dengue patients
relative to DSS patient); this included 47 transcripts also investigated in the comparison of
acute versus convalescent samples in uncomplicated dengue patients. Of these 59
transcripts, 30/59 (51%) were also differentially abundant when measured by RT-PCR.
The expression patents of these 59 genes in each DSS sample and UC dengue sample are
shown in figure 3.11. Figure 3.12 and table 3.5 show the fold changes of the 30 genes
determined in expression microarray and in tagman PCR. Collectively, these data generally
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validate one of the central findings in the microarray analysis; the general lack of a host-

defense profile in patients with DSS.

Acute DSS Acute uncomplicated
dengue

UBE2L6
OASI
TIPI
IFII6
TIRAP
HFKBIA
PRKCH
ZFIID

1IPL3
KLRDI
F13A1
ILI3RA]
FCGR3A
GBP2
TLR2
IRF]
TLR8
UBE2D3
TLR7
CASP4
cloa
FCGR2B
TLR4
KLRGI
IRFS

Figure 3.11: Heat map of individual patients samples filtered on those transcripts (n=59)
enriched in acute samples from patients with uncomplicated dengue relative to DSS
patients and which were selected for RT-PCR validation. The gene names of canonical

ISGs are underlined next to the heat map.
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Table 3.5: RT-PCR validation of transcripts differentially expressed in acute UC dengue
patients (day 4) relative to acute DSS patients (day 4).

Symbol

ecu
CCL2
INDO
CXCL10
GBP1
LAMP3
IFIT2
SOCS!
ILIRN
MDAS5

Cs

GBP4
IFIT1
USP18
CCRL2
[FRG28
[FITS
cigs

1F144
OAS3 =
TNFSF10
STATI
OASL
0AS2

Function

chemokine (C-C motif) ligand 8

chemokine (C-C motif) ligand 2

indoleamine-pyrrole 2,3 dioxygenase

chemokine (C-X-C motif) ligand 10

guanylate binding protein 1, interferon-inducible, 67kDa
lysosomal-associated membrane protein 3
interferon-induced protein with tetratricopeptide repeats 2
suppressor of cytokine signaling 1

interleukin 1receptor antagonist

interferon induced with helicase C domain 1

complement component 5

guanylate binding protein 4

interferon-induced protein with tetratricopeptide repeats 1
ubiquitin specific peptidase 18

chemokine (C-C motif) receptor-like 2

28kD interferon responsive protein

interferon-induced protein with tetratricopeptide repeats 5
radical S-adenosyl methionine domain containing 2
interferon-induced protein 44

2-5"-oligoadenylate synthetase 3

tumor necrosis factor (ligand) superfamily, member 10
signal transducer and activator of transcription 1,91kDa
2'-5"-oligoadenylate synthetase-like

2'-5"-oligoadenylate synthetase 2,69/71kDa

SERPING!serpin peptidase inhibitor, clade G

STAT2
IRF7
MX2
MX1
TIRAP

signal transducer and activator of transcription 2,1 13kDa
interferon regulator)' factor 7

myxovirus (influenza virus) resistance 2 (mouse)
interferon-inducible protein p78 (mouse)

toll-interleukin 1receptor (TIR) domain containing adaptor protein
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Microarray

Fold change
170.6

87.0

174

16.3

10.7

7.6

6.6

43

42

42

41
40

38
37
32
T’
3.0
2.9
2.9
2.8
2.8
2.7
24
22
2.0
2.0
2.0
18
1.6
TLS..

-

P value

60.10E-04
8.99E-04
2.67E-04
1.75E-04
1.55E-03
2.34E-04
3.39E-05
1.40E-04
1.80E-03
2.24E-05
2.09E-04
9.06E-07
1.73E-04
3.39E-05
L71E-04
2.38E-05
4.07E-03
3.09E-03
1.62E-03
3.08E-04
1.93E-04
1.94E-04
6.79E-03
4.87E-04
4.27E-02
1.33E-04
3.39E-03
2.82E-02
3.13E-02
1.07E-02

Tagman PCR

Fold change P value

19.6
124
8.4
70
21
4.1
37

24..

2.9

.23

18
2.5
2.6
2.0
2.8
1.9
L9
45
1.6
21
3.0
1.7
24
22
19

1.8
19

1.8
15
0.6

2.32E-03
2.32E-03
2.32E-03
1.63E-03
1.13E-03
1.63E-03
1.63E-03
7.78E-04
3.28E-03
1.13E-03
1.17E-02
7.78E-04
2.32E-03
2.32E-03
1.57E-02
2.32E-03
3.28E-03
7.78E-04
1.17E-02
3.28E-03
1.13E-03
1.63E-03
7.78E-04
2.32B-03
2.09E-02
7.78E-04
1.13E-03
8.65E-03
4.57E-03
8.65E-03
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3.5- l)iscussion
This study attempted to better understand DSS by defining the whole-blood transcriptome
.at the time of hypovolemic shock and comparing it to. matched convalescenee;samples and
" to well-matched children Awith acute uncomplicated dengue. A key Aand unei(pected finding
© was the relatively benign transcriptional profile of children vi/ith DSS relative to. their own
conyalescent s_amples and more starkly, relative to children with acute uncomplicated
~ dengue but withlan identical duration'of illness. In particular, transcripts belonging to
'pathways 'as'sociated with apoptosis cytokme SJgnalmg (IL-6, IL- lO) NFx-B, and
wmterferon ‘were less abundant in patlents wrth DSS at the time of cardiovascular
compromise, : despite the presence of a' measurable viraemia. These data highlight |
_Asigniﬁcant heterogeneity in”the type or timing of host immune 'res.ponses precipitated. by
DENV infection independent of the duration of illness.'.‘I.ndeed, this study suggests thatif a
whole-blood transcriptional sig.nature L contributes to capillary,‘ le.akage an_d-DSS‘,' then‘ it
occulrs b'efore hypovolernic sho‘cl( manil’ests. . | -
Capillary leakage leading to DSS is'the commonést serious complic_ation of d.engu'e in
' jchildren living in endemic settings. DSS_ typically oceurs ‘around the tiine of defervescence '
' a_nd' at a time when ther:dengu.e viral burden‘ is:in.steep decline.: Host immune responses, |
; A driven at least in part Aby overall viral antigenic mass, haye been repeatedly nominated as
" important in prom'oting clinically 'significant capillary leakage'(reviewed in [74]). The
B rationale t'or,the current study vyas to better understand the host response ‘at the time of
vascular decompensation in paed1atr1c dengue pat|ents The DSS patlents in this study
were afebrrle at the time of hypovolemic shock (day 4) and on average had 51gn1ﬁcantly
‘ lower ylraemlas than the comparlson group of children Wlth uncomplicated.dengue, who in
contrast Were all- still febrile.. Inessence then, although matched by duration of illness '
overall serologlcal response age and sex, these two groups of children had contrastmg '

' dlsease evolut1ons when samples for mrcroarray analysrs were collected
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Consistent with the concept that the patients in this study had different disease evolutions,
we observed starkly different whole-blood transcriptional proﬁles bettveen afebrile
ehildren with DSS .and febrile childr’en: with uncomplicated dengue, with the relative

abundance of transcripts from the type I interferon pathWay being one of the distingutshing '
- features. For exarnple, .transcripts for several can'onica:l ISGs were significantly more
- -abundant in samples from children with uncomplieated dengue than in either satnpies from
| _patients with acute DSS or matched convalescent samples. Several"of the ISGs (OASI,
N OA82 OAS3, IRF7, SOCSt STAT])-identit'led in this study Were also ahundant t’n the
transcrlptome of febrlle adult Smgaporean patlents W1th uncompltcated dengue [144] and

in experlmentally DENV mfected macaque monkeys [159] Collectlvely, these data and

 the observation that acute dengu_e is associated with elevated IFN-a levels [160], supports.

E 'the conceptv that ISG induction in whole-blood is a feature of the febrile phase of dengne. N
| These data are consistent with both in vitro [155 157] and in vivo (murine) [154] studles
 that suogest the IFN- o/p 1mmune.pathway makes.an 1mportant contrlbutlon to host defense .
| agamst DENV. mfect10n
| This study mforms models of dengue' pathogenesis in several ways.‘ Fifst, the transeriptome
of uncomplicated, febrtle dengue .patients tzvas asso‘ciated with many‘ of the transcnipti_onal :
- featu'res expectedvofv' a: systemic viral -infection in which,vth‘e‘ blood is a relevant
compartment in which to tnonitor host responses; Thus, genes and pathways relating to
o _oxidative metaho_lism, IFN-oc/B-stintulation, cytokine expression and apoptosis were all
nrominent in the transcriptional signature. These prominent genes and pathways may serve -
" asvcand‘idate .genes in futnrehost tgenetic studies of dengne' susceptibility. In contrast, t)SS' o

'.was associated with an ._underlying whole-blood transcriptional profile that from an’

' 1mmunologlcal perspective was bemgn A possible explanatlon for these phenomena is that = -

| the “host defense” transcrlptlonal proﬁle is observed well before the point of defervescence

'and cardlovascular decompensatlonm DSS patlents. In this scenario, a very high initial -
' | 69 . ’
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viral antigen.burden drives a rapid and robust “host defense” transcriptional profile that wanes
by the time of defervescence and cardiovascular decompensation as viral antigen is Icleared by
secondary humoral and cellular immune responses. Paradoxically, the rapidity and strength of
‘thlS antigen-driven secondary response along with other risk factors may largely account for
v' the extent of capillary leakage in children with secondary dengue [152] A concelvable but
perhaps less likely explanation for the missing “host defense” proﬁle at the time of
E decompensation in DSS patients is that it is attenuated throughout the course of disease. This.
attenuated response could be related to intri’nsic host-genetic influences on gene eapression or
it might also be a virus-mediated phenomenom ._either of which could result in higher initia],
viral burdens in vivo. In relation to‘this, the capacity of dengue virus non-structural proteins to
' inhibit the activation‘ of IFN-stimulated response elements' in vitro is well documented [156.,
157]. Finally, the ahsence ._of an inﬂammatory transcriptome at the time of cardiovascular
decompenSation may explain ivhy adjuvant corticosteroid use in patients vvith established DSS
' has little efﬁcacy- there is essentially little in the way of- an. mﬂammatory transcriptlonal
':response to modulate [161]
This current study ‘extends our prevxous observations 1n.adults with DSS [78] In contrast to -
our prevnous study, the present study was more comprehenswe n that it sampled RNA from
» paediatric patients matched by age, sex and duration of 1]lness and validated a wider panel of .
.transcripts by RT-PCR. A limitation of our current study is the relatively small sample size and
-lack of ..samp]es c‘ollected very early in‘theevolution of disease. In addition, we focused on
" children with DSS on the 4% day of their illne'ss; these “fast prooresso'rs” are not representative
: of the general populatlori of DSS patients in our hospltal setting. who on average experience
, hypovolemic shock on the 5Lh day of 1llness Future studies will focus on the very early host-
“viral events ‘in febrile children who subsequently progress to DSS. Ultimately, a better
understanding of the molecular evolution of DSS . could help identify novel biomarkers with
3 p.rognostic uti]ity and form the rationale for new clinical interventions in this. important
disease. - |
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CHAPTER 4

4. AN EA‘RLY WHOLE BLOOD TRANSCRIPTIONAL SIGNATURE ASSIOCIATED
WITH PROGRESSION TO DENGUE SHOCK SYNDROME IN VIETNAMESE

CHILDREN
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4.1 Introduction

‘ D.en’gue is the most significant mosquito born viral infection of humans. The dengue
pandemic has spread to the extent that between 70-500 million infectionsloccur each year
in over 100 countries resulting in ~;4O million clinically apparent cases and ~20,000 deaths

[162]. There are ne licensed vaccines for the prevention of dengue.

: Seyere dengue is cnaracterised by a haemorrhagic diathesis, thrombocytopenia and a
capillary leakage vsyndrome. In severe dengue, capillaty leakage ‘leads te life-threatening

.complications that can inelude cardiovascular shock, called dengue shock syndrome
(DSS), severe bleedingv er”rn'ore‘rarely, other n1ajor organ imp‘aixjment [1].‘.DSS is the
c’ommonest life;threatening.complication of dengue in children. Most cases of DSS are
associated with -secondary dengue virus (DENV) infections but the exact mechenisrn of
dlsease pathogene51s is not fully elucidated. The prevallmg view is that a combination of N
~host and viral characteristics interact and contribute to the expressnon of the clinical
phenotype. Host features implicated in‘ susceptibility to severe disease include ‘genetic
variation [2], previous leN'V infection histoty 93, 96; 149, 150], individnal propensity E
' ,.for capillafy_leékege that itself is influenced by age and sex [163]. Viral | genetic traits “
might élse be 'import'ant, with sotne lineages of DENV being'.virelogically [164] and
epidemiologically fitter [165] than o’thervs and more fretluently associated with se_‘verev '

disease.

Severe dengue is uncommon glven the total number of 1nfect10ns [166 167] Nevertheless,
there are no specific theraples for treatment of severe dengue and managcment is llmlted to .'
snpportlve care. In children, the most common compllcatlon is cardnovascular shock and
j this typically occurs between the'4th and 6thﬁdays of illness, during the so-ealled critical

phase where compensatory tnechanisr_ns ean ‘n'o longer maintain an adequate intravascular -

volume. There is therefore a window of time in the first few days of illness where it should
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be possible to establish a diagnosis [36] and potentially, make a prognosis of disease
severity with a host or viral biomarker before decompensation occurs. The identification of
prognostic markers of disease severity could allow for improved patient triage and

management, or in the future, treatment with anti-viral or immune modulating therapies.

42 Aim ofthé study- .

_ | The aim of this study_wes to identify whole blood transcriptional signatures in Vietnamese
| ,cnildren and adults tnat Were associated with _progression to DSS. Intriguingly, our findings
‘ identiﬁed several' neutropnil~associated transcripts as more abundant ‘in Vietnamese
patients Who progressed to DSS, suggesting a hitherto unrecognised association between |

neutrophil activation, pathogenesis and the development of DSS.

‘4.3 Materials and Methods

431 Sample collection

‘Th‘e study was conducted befween .2007“and 2008 bat ‘D‘ong Thap hospital, Doné Thap - '

- Province, Vietnam..‘ The s';udy' pfotocol Was approvedv by the >Scient'iﬁc and Ethical

‘ commlttee of Dong Tnao Hospital and the Oxford Tropica] .Reseérch.Ethical. committee.’

. _ Subjeoté for this stuAd‘y’ were recruited from Dong Thép noopita] (Dong Thap province, Vievt
| Nam).Pa'tients underwent screening in the outpatient clinic of Dong Thap Hoepital if tnere '
:..was_ a clinica‘l‘Asu.spic.ion.of d_engue and‘ il]nces durafion of less Vthan_ 72hrs. Plasma from A

| sc.reenedA patienté wos tested with an NS1 ELISA test (Biorad, ‘Califomia, USA). Patients; B

t_nét wefe NSI ELISA positive were admitted for fnrther observation' and participafion in

the study pfotocol if written informed consent was obtained from. the 'Apatient.s A(patients V

:}.14yrs) .o'r‘.frorn. the patient’s‘ parents/guardians (pati‘ents Sl4yfs)’. Blood samples for

- ahélysis of RNA (Panene tube) and plasma»Were collected at the time of enrolment (study

day 1), on study day 3 and at the time of discharge. Haematological data were recorded
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daily and all patients received an ultrasound within 24hrs of defervescence. Clinical and

haematological assessments were performedldaily.

43.2 Expression microarray (see Chapter 3, section 3.3.2)

..4.3‘.3 ‘ELISA assays

lilastase (ELA?_) in patient plasma samples was measured using aYPMN-EIastase ELISA kit
(ImmunDragnostlk Netherland) Plasma Defensin la (DEFIA) Bacterlcrdal/permeablhty- _
" _ increasing protem (BPI) and Myeloperoxrdase (MPO) were measured using capture ELISA

| aassays (Hbt, Hycult Biotechnology, Netherland). The limit of detectron was 120pg/ml for
ELA2, 50pg/ml for DEFIA, 250pg/ml for BPl and 0.4ng/ml for MPO. Plasma albnmin :
Aconcentrations were measured by capture ELISA Brieﬂy, ELISA plates (Maxisorp, Nunc,
Denmark) were coated w1th antr-albumm pAb (polyclonal rabbrt anti-human albumin
(Dako Co ) overmght and then blocked wrth 2% sklm milk (Merck) in PBS- T 0.05% for 1h
at 37OC Next samples and standards were added into the wells followed by addition. of
diluted brotrnylated antl albumin antlbody solution and 1ncubated for 1hr at 37OC Diluted
v‘streptavrdme HRP (PO397 Dako Co. Japan) was added and incubated for lhr at 370C’
before the OPD substrate was added (Slcrma, , USA). After the reactions were stopped by
'.dlluted sulphurrc acrd (10%), the OD.value was measured usmg a plate reader (Biorad,
C»alifornia, USA)and th.e result was‘analysed by Microplate software (Biorad? Californla,‘ |

~ USA).

- '4.3.4 : DENV genome sequencmg

L Vlral RNA was 1solated from patlents plasma samples (QIAamp Vrral RNA Krt - Qraoen

~ cat # 52906) and reverse transcribed to cDNA with superscript III reverse transcrrptase
o "(Invitrog'en -USA) random hexamers (Roche) and a specific oligonucleotide targeting the
k 3’ end of the target genome sequences. cDNA was then amphﬁed using a high ﬁdelnty

DNA polymerase (HotstarTaq - Qlagen Cat # 203205) and a pool of tagged specnﬁc
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primers to produce 14 overlapping amplicons. The details of primer sequences for whole
DENYV genome amplification are listed in table 4.1 - 4.3. Table 4.4 shows the Reagents and

thermal cycle conditions for whole DENV genome amplification

Each amplicon was ~2Kb in length. This amplification strategy provided 2-3X physical
coverage of each nucleotide site. The amplification products were sent to the Broad
Institute, USA for sequencing. The procedure for whole DENV genome sequencing is

demonstrated in figure 4.1.

Oxford Chnicaf Research Unit - HTD Dengue cDNA
Dengue RNA «t Rond KR
1 Fooled ut round
PCR product*
cxoxx  RNADoUU teva-w Tra&saipbui
Wi
14 x 1st Round PCR Amplicons
Viral wUbawi Dengue cDNA -2kb each =2X physical coverage
5S5BROAD (Samples transferred to the Broad)
ISSTITITI —
J
BCATES :
- 2SdPCIME- ey * St
~ oneQu*dr*nt .
of* 384 pUt« 00 roecM pUte* into
Mitide ocontewnx roundMi j- A
prnveri «nd twltd pntner
lotedm \ -  PCRMwter i> _ pun/Mispl* —b- <>
100csrl \ K[ Mu W m m m
gt -~
bt 4Ll Tmuftr to
£oSPO Production
Sanger Sequencing
Bidirectional M13 sequencing
of each product

Figure 4.1: Whole DENV genome sequencing strategy. Viral RNA was first isolated from
plasma sample, reversed transcribed into cDNA before being amplified into 14 overlapping
fragments in the first round of PCR. The products of PCR reaction were sent to Broad

Institute for sequencing.
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Viral genomes were seqﬁenc.ed using thé Broad Institute’s ABI directed ampliﬁcatiqn viral
: sequencing - pipeline  (see http://www.broadinstimte.org/annotation/viral/Dengue).
ArﬁpliCons wére then sequenced in the forward and reverse directions using vprimerl panels |
' cohsisting of 96 specific prifnér pairs that produce 500-700bp amplicons frdm the taréet

viral genome. Total coverage delivered post amplification and sequencingﬂ was ~ 8X.
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Table 4.1: Oligonucleotide primer sequences used for DENV-1 amplification in 14

fragments; Note: Y stands for C/T;.R for A/G nucleotide.

DENV-1 Forward Primer DENV-1 Reverse Primer Region
AGTTGTTAGTCTACGTGGACCG AYCACGATGTARCTCTCACCAA 1-2073
TICTAGCCATACCYCCAACAGC CTTCCACATTTGAGTTCTCTRCC 261 - 2469
AGCACATGCCATAGGAACATCC AYTTGGGTGTAGGAGTCACGCA 856 - 2953
TGAGACCCAGCATGGAACYGT YAGCACCGGAAGCCATGTTGTT 1873 - 4060
CYTGGACCATGAAAATAGGAATAGG JATRGTTCCATCATCTTGGACCTC 12289 - 4380
CATATGGYTGAAATTGCGTGACTC AACACCTICGTCYTCAATCTICTGG  i2017- 5070

- IATGGACTTGCAATGGGYATYATG TGCTICTGTCCAATGRGCGTGRT 3849 - 5993

TAGTGYTATGGGACACACCYAG TCCACACTGGCCATCCATARCA 4325 - 6678

GCYCAAGCTAAAGCATCACARG AAGGCGAGAAGTGGAACTCCTA . 15015-7116
CACGCYCAYTGGACAGAAGCAAA TCYACCACACTTGGCATGTARG 5975 - 8143
TCYGAACAAGGAGGAARAGCCTA TCTIGTTGTCCRAAGGGTGTGGT 6476 - 8627
AAAYTGAGGTGGTTTGTGGAGAG ACGGCTGAACAGATRGCATTAGC ;7754 - 9918
AGTGGAACCAGAGGTAGCCAAC GGTTTTTACATCCCCACGATGG 8368- 10465
ATYCCCATGGTCACACAAATAGC AGAACCTGTTGATTCAACAGCAC 8573-10735

Table 4.2: Oligonucleotide primer sequences used for DENV-2 amplification in 14

fragmgnts; Note: Y stands for C/T; R for A/G; W for A/T and K for G/T nucleotide)

77

DENYV-2 Forward Primer DENV-2 Reverse Primer Region
AGTAGTTA GTCTA‘CGTGGA CCG GATCCRAAATCCCARGCTGTGIC 1-2207
CAGATCICTGATGAATAACCAACG GATCCRAAATCCCARGCTGTGTC §7-2207

|CCAGAAGACATAGAYTGTTGGTIG TRCCTGCATGATTICCTTIRATGTC 619-2718
TGCCCAACACAAGGRGAACCYA ATCTTCCATGTRTCA TTGAGTGC 1156-3056
ATGGTGCARGCYGATAGTGGTT TAGGCTCCRTCTTCCAGTTCRG 2410-4589
YATGACAGGAGACATYAAAGGAATC {CTTCCARCCTCCTCCATAYGATA 2685-4773
ATGCIYAGGACCCGAGTAGGAA  |AGRCAAGCTGCTATRICATITCC 3541-5645
GCATGGAARGTGAGYTGCACAA TATTCRCCRTCAATGGCATCCAC 3967-6089
GIYACAAGGAGTGGARCATATGT AGRA GGGGAACTCCRATGTCCA 4984-7106
GCAGCYGGGATTITTIYATGACAG GTIYTICTCCTRIGITGCCAGTIC 5446-’.? 592
AGATGGYTGGAYGCTAGGATCTA TARTGCCATGAYGTTTCATGCTC 6301-8450

1ICTAGAWCCAATACCYTATGATCC GTGATTICTTGTGTCCCAKCCTG 7288.9197
GTGACATAGGGGARTCRTCACC GTARTCTGTGTATICCTCATTGCC 8003-10215
GCCATATTCACYGATGAGAACAAR AGAACCTGTTIGATTCAACAGCAC 8800-10723
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Table 4.3: .Oligonucleotide primer sequences used for DENV-3 amplification in 14

~ fragments; Note: Y stands for C/T; R for A/G nucleotide.

DENV-3 Forward Primer DENV-3 Reverse Primer Region
TGGACCGACAAGAACAGTTTC GGCTTTGTCTCCAATTCCAA 16-2086
GCATGATTGTGGGGAAGAAT TGTCGACCTGATTCCGCACA 468-2593
AGCCCTATTTCTTGCCCATT GTGAAGACTCCGAACCCGTA 844-2904
TTTCATGCATTGTGATAGGA GGGTTTGCTTTTGCCAAGTG 2358-4508
ATGGAGTGTGCGGAATCAGG TCTCCATCCTCCTCCGTATG =~ [2568-4765
ACATGATTGCAGGGGTTCTIC ATTGCCTGAATTCCATGAGC 3561-5560
TGGAGAACAGCCACCCTGATT TCACCCCTCCTCATGAGTTC 3962-6138
GTGGGGGTTGGAGTACAAAA. TIGCTTGTCTTGGGGAGTTC 4619-6769

. JCATTGAAAGGGCTCCCAATA ~ ITCCAGCAGCTGTCCITTTIIT 5217-7240
GATGTCTCAAGCCAGTGATT CACACTTTTCAGGTGGAAGA §796-7983
GAGACCTAGGTGGCTTGATG ATGGTAAGCCCACGTTTTGTA 6289-8479
CCCTAGCCACAGGACCAATA GTTCTCGAGGTCTGCCTTCG - 7404-9469

JCATGCCAACTGTGATTGAGC CAAATGGCTCCCTCTGACTC . 8119-10263
ACGAAACCATGGGATGTGGT: CATTTTCTGGCGTTICTGTIGC 8546-10679

~ Table .4.4: Reagents and thermal cycle‘conditions for whole DENV genome amplification

: Reagents pl/reaction Final concentration
- FW Primer (10 pM) - 0.5 ' 0.2 uM
RV Primer (10 uM ' 0.5 ‘ 0.2 uM
- DMSO - - 1.25 ' 5%.
10x HiFiTaq Buffer 2.5 ‘ 1x
~ dNTPs 10mM ' 1 - 0.4mM
HiFi Taq (‘SUfpl) 0.2 1 amit
- ¢cDNA 2 o
HO - - up to 25 ul A
PCR conditions for Whole Genome Amplification in 14 fragments
() " . Time ~ 'Number of cycles
94 2 mins . 1 cycle
4 30 sec I
60 ‘ 1 min - 25 cycles-
72 2 mins o
72 10 mins _ 1 cycle
4 hold
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4.3.5 Microarray data normalisation and analysis

Standard normalisation procedures in Genespring were used (ver.10, Agilent, Santa Clara,
CA, USA).V In brief, array normalisation was performed by dividing the mean of array
mtensnty value by the 75" percentlle value of all arrays. Gene normalisation was performed
by d1v1d1ng the mean value of the gene in each array by the 75 percenttle value of the
gene in all the arrays. Normalised data was then filtered based on expressmn data in which
: _o.nly transc‘ripts with detection confidence of lessvthan 0.001 in at least one out of 227
.samplesv v(total samples arrayed) under analysis were used. The detection P value was»"_ '
, calculated by Beadstudio software (_Illumina). After normalization, Signiﬁcance Analysis
. of Microarray (SAM) was vused‘ to detect transcripts that' were relatively more or less
., abundant in one group of samples Slgnlﬁcant genes were those w1th False Dlscovery rate

of less than 5 percent and fold dlfference between 2 groups of at least 2 fold.

4.3.6 | MultlExperlment Vlewer (MeV)

- MeV version 4. 2 was used to analyze m1croarray data. This software contams Slgmﬁcance '

| Analy51s of Mrcroarray (SAM) (Tusher at al. 2001) in its package SAM was -able to

_provide the False Dlscovery Rate (FDR) for mlcroarray data, whrch is the proportlon of
v genes llkely to have been 1dent1ﬁed by chance as bemg 81gmf cant. SAM can detect
: transcnpts that were relatlvely more or less abundant in one group of samples Slgmﬁcant
: genes were those wrth P value of less than 0.05 and fold dlfference between 2 groups of at '

‘least 2 fold.

437 InnateDB pathway analysns
4.3.7.1 Pathway & Gene Ontology AnalySIs of DE Genes using InnateDB

Illumina Probe IDs were mapped to NCBI Entrez Gene IDs and these were used to cross-‘

reference and upload genes represented on the arrays to InnateDB (www.innatedb.com) -
[168] along with associated gene expression data. A list of pathways mapping to the
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- uploaded genes was retumed and pathway analysis was undertaken to determine which
pathways were 'signiﬁcantly associated with‘up- and down-regulated genes using the
- Hypergeometric distribution test. InnateDB automatically tests for OVer-representation of
differentially ‘expressed ‘(DE) genes in vmore than 3,000 pathways from the Kyoto -
" Encyclopedia of Genes and Genomes (KEGG) database [169], the NCI-Nature Pathway
lnteraction Database (PID) (http://pid.nci.nih.gov), Integrating Network Objects with
'Hierarchies (INOH)’ pathway ' database (http.'//www.inoh.org/), - NetPath
(http ITWww. netpath org) and Reactome databases [170] The Benjamini and Hochberg
(BH) FDR correctlon [171] was applied to correct for multiple testing. Similarly,‘ thei
InnateDB Gene Ontology analy51s tool was used to 1dent1fy Gene Ontology terms [172]

that were s1gmﬁcantly assoc1ated w1th DE genes

AA 4372 A_In.nateD'B Moleeular Interaction Network Analysis
| InnateDB_ 'pathway‘ analysis can be _' very powerful in determining which annotated '
pathways are .‘most significantly associated with DE genes. Pathway.anaiysis, however,
v relies'on usingv the association'of DE genes to knownpbviological pathways, which are often.
annotated as relatiVely:simple linear cascades. Network analysis has the ‘ability to move the
“ investigationl from this simple view.of the signal]ing response to a more eornprehensive
o 'analysis ._df the molecular intera.ctions between DE genes and their eneoded proteins and
- RNAs, potentially allowing Aone‘to uncover asyet unknown signalling'cascades or
pathways, funetionally relevant sub-networks and the central‘mole.cules, or hubs, of these ,
: networks. By investigating netWorks that include interactions between DE genes and their
’ "non differentially expressed mteracting partners one has the potential to 1dent1fy key
' regulators of gene. expresswn even though these regulators themselves may not be

differentially expressed but regulated at the posttranscriptional level.
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TnnateDB contains databases of all human and mouse experimentally-supported molecular
interactions and bannotatiOn on more than.l0,000 manually curated human and mouse.
innate immunity relevant interactions. lnnateDB allows one to upload a gene list of interest .
along with associated gene expression data, and returns this data integrated in a molecular

interaction network context for visualization and further interrogation and analysis.

4.4 Results: i
4.4.1.1' ' Patient populations
Between June 2006 and Dec 2007 450 patients with denoue and less than 72 hrs of 1llness |
were enrolled into this: prospective hospital-based study Thirty ﬁve patients subsequently
» progressed to DSS as defined by WHO criteria (pulse pressure < 20 mmHg with poor
.peripheral perfusron and rapid weak pulse) [1] The remamlng 415 patients were deﬁned
- as havmg uncomplicated dengue” by the recently revrsed WHO criteria [1] as they d1d not
require any clinical interventions and' were managed throughout in/at the general infectious
disease.ward. Twenty;four DSS patients were .chosen for gene expression microarray .
_experiment.‘ Fdr each DSS ‘patient, 13 patients with uncomplicated dengue and matched by
- 'sex, infecting virus serotype, age (within 2 years).and day of illness were selected” as
* controls for virological investigations and host gene expression profiling. Subsequently, 56
. - patients with uncomplicated dengue infection were selected as controls., The demographic ‘
a_nd virological characteristics of the DSS and matche'd uncomplicated dengue patients are
, summarised in table 4.5. The median day of illness was 3 days (range 2-5) an_d the median
' - time to deferyes'cence was 3 days (range 2-3) (table 4.5')_. In patients who developed DSS, -

- the median time from enrolment to shock was 2 days (range 1-4).
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* Table 4.5: Baseline characteristics of patients included in micrOarray study

Clinical phenotypes. ~DSS (n =24) Uncomplicated dengue | P value’

‘ (n =56)
Median age (range) 11 (2-30) 10.5 (2 - 29)
Gender (Male (%)) 16/24 (67%) 34/56 (61%)
Median day of illness (range) 32-5) 32-5)

| Fever day (range) -3(-3t0-2) -3(-3t0-2)
Received i.v. fluids 24 (100%) 0 (0%)
‘| Median array sample date :
relative to date of shock (range) 2(-3-0) N/A
Primary infection 1(4%) 1(1.8%)
Unknown 1(4%) - 0 -
DENY Serotype
DENV1 " 16 (67%) - 41 (73%)
DENV2 7 (29%) - 15 (27%)
DENV3 0 (0%) 0
DENV4 0 (0%) 0
Unknown 1 (4%) 0
Viremia (Missing = 6) (Mising = 14) 0.7
Median (range) - 3.47E+7 4.18E+07
(3.11E+4 - 2.15E+9) (1.27E+5 — 1.46E+9)
NS1 ng/ml © (Missing=3) (Missing= 17) 0.048
Median (range) ~1002 (0.01 — 3842) 117 (0.01 - 3415)
: (Missing = 1) (Missing = 6)- - 0.7

Neutrophils v 275 _ 2.48
(x10° cells/u]) - (0.8-5.5) (0.7-8.4)

~ . Note: * “Fever day is the number of days relative to the time point when the pat1ent became

.‘ afebrile, deﬁned as fever day 0 * Mann- Whltney test P value :

4.4.2 : Virological comparisons betnveen patlents with DSS. versus-k'unc:omplicated
| dengue | H |

Patlents w1th DSS (n 21) had signifi cantly hlgher plasma NSl concentrations at the time
of enrolment than matched uncomphcated dengue controls (n 39) (table 4.1). Plasma k
- viraemia levels were nol 510n1ﬁcantly dlfferent between the two groups (table 4. 1) The"
consensus genome (nt 30- 10649) sequences of 15 DENV 1 and 3 DENV 2 from patlents
‘.w1th DSS were determmed dlrectly from plasmaand compare_d'phylogenetlcally by
' neighbour‘jolning methods ‘to consensus genome sequences sampled from 31 DlEZNV-l and
9 DENV-Z f;om matclled patients with uncomplicated dengue (flgufe 4.2 and figure }4.3j. :
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- All DENV- 1 sequences belonged to the genotype I lineage and there was no ‘evidence of a
phylooenetlc structure in the neighbour j Jommg tree that was related to chmcal outcome
(figure 4.2). All DENV-2‘ sequences belonged to the Asian-1 llneage and similarly,
' consensus‘genome sequences from DSS patients were not phjlogeneticelly disgtinct from

- ~ uncomplicated dengue cases (figure 4.3).
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Figure 4.2: Phylogenetic tree (Neighbor Joining method) of DENV-1 genome sequences.
The NIJ tree contains genome sequences deduced from the plasma of 32 DENV-1 infected
patients with uncomplicated dengue (grey highlighted tip labels) and 15 genomes sampled
from DENV-1 infected patients with DSS (black highlighted tip labels). Trees are mid-
point rooted and contain sequences from other DENV-1 viruses for reference only (black

tip labels).

84



Chapter 4: An early whole blood transcriptional signature associated with progression to
Dengue shock syndrome in Vietnamese children

D2V778FG_18S_Asllul507

D2VIS08FG.1981d1307 A sl

02VISI8FG_258_aug1707As]
D2V1675FG_321 sepl007Asl

D2V771FG_104_ASI_may2307
D2V1680FG_332 Sepl207Asl
D2V 1679FG_330_sepll07

H & nssmyjssjsNsnsr
DZV]GQ(WG%Z:{C{ZO7ASI
D2V708 31 069 sep406A*]

D2V 1682FG_338 sepl307AS 1
D2V709_31_092_sep1906As]
02V930FG_151_AslJunll07

D2VI1684FG_349_sepl807

MD1619_235¢05_ASI

MD1618_22Sep05_ASI
D2V1669FG_301_aug2907Asl
D2V1520FG_267 aug2107A51

D2V1674FG_319_*ep707Asl

D2VISI3FG_238_aug807As| Asian 1
D2V 1522FG_275_ayg2207As|
02V1515FG_246_augl307As]
D2VI509FG_222Jul2607Asl
D2VIS14FG_242_augl207Asl

D2V772FG_121_Asl_may3107

D2V929FG_189_A*1Julo07
D2VI1685FG 351 sep2307Asl

C2V779FG_187_Asllul607
H-TID2V706_31_056_aug2606As]
D2V764MD1181_declS03ASI

D2V704_31_03€_aug 1206Asl
rD2V760MD1092_«X2003AS1
j D2V1507FG_196Ju(1307Asl
1D2V16S4FG_2241ul2807

. D2V762MO1153_ded03AS1
AF022434
AF204177-Chinese-A4_1989_ASian2
M29095 NewGuinea_C_Asian2 Asian 2
la) AF204178_Chinese_43_1987_Asian2
—-Ooniinkan_repubfic
EU687231-AmAs_PR -2001_AmAs
MD902_16Jan03_AA
DF727_190ec03_AA
1(1) MD919_12Mar03_AA
MD510_24Apr0l_AA
MO0861 280ct02_AA Asian American
MDS863 290ct02 AA
_02V727_32_067_sepl06Am
[{_ DF593 24Apr02 AA
MDSI8_[IMay0l_AA
1MD5S4_1Uul01_AA
DV729_32_102_sep230SAm
I(I) D2V1004_33_220_novI006Am American
D2V723_31_218_dec2406Am
1D2V725_32_042_aug2006Am
JL/\]; . D2V73S_32_135_ortl806Cos .
1- D2V703_31_021_aug506Cos Cosmopolitan
I(D , AY74414740nga-1974-Amerkan
EU056811-tQT1950-199S_American
AY702040<0iumbia-1986_Amerkan
— EF108379-P§-1407-1970_monkev-syl

EF105384_19704ylv-hunianseru :
EF105378_1981-aedes-syl Sylvatlc

American

02

Figure 4.3: Phylogenetic tree (Neighbor Joining method) of DENV-2.The tree contains
genome sequences deduced from the plasma of 9 DENV-2 infected patients with
uncomplicated dengue (grey highlighted tip labels) and 3 genomes sampled from DENV-2
infected patients with DSS (black highlighted tip labels). Trees are mid-point rooted and

contain sequences from other DENV-2 viruses for reference only (black tip labels).
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: "4.4.3" Differences in host gene transcript abundance between the early febrile phase
of dengue and convalescenc'e' |

.After Vnormalization (seesection 4.3.5), we obtained 9870 ‘genes for downstream analysis.

We undertook an expansive interrogation of the host transcriptional signature in dengue by '
' . comparing transcrlptional profiles of 9870 genes in samples collected early in the acute
| pha‘se'(fever day -2 or- -3) from 80 acute dengue patients .(24 DSS and 56 uncomplicated

- dengue) with 34 convalescent control samples (18 severe dengue and 16 uncomphcated

o dengue) By SAM analy51s with a FDR <5%, we 1dent1ﬁed 860 dlfferentrally expressed

(DE)‘transcrlpts (fold change equal to or greater than 2, q value 55%). Of the 860 -

‘differentially abundant gene transcripts, 309 were less 'abundant and .551 were more' ,

abundant in acute samples relanve to convalescent samples InnateDB pathway, ontology o

- 'and network analysns of dlfferennally expressed (DE) transcrxpts was performed to 1dent1fy _
the molecular pathways, networks and blo.loglcal processes that dominate the whole blood
‘ transcriptional profile, and in particular, the major signalling hubs involved in thevearly '

© immune response.

B 444 . PathWays and Gene Dntology terms associated with' up.-regulated genes
: Many of the over- abundant DE transcrlpts are mterferon mduclble lndeed of the 551 up-
" .regulated genes, 173 (31%) were annotated as Type 1 mterferon mducrble by the B
' VInterferome database [173] Pathways that were sngmﬁcantly over- represented in up-
‘ Vregulated genes aftercorrectlon for mult1ple testing (FDR < 5%) included Systemzc lupus .

"erythematosus (KEGG database) Classzcal complement pathway (PID BIOCARTA) and -

| Complement and coagulatzon cascades (KEGG) The pathway - Systemzc lupus

erythematosus is lll(ely sngmﬁcant due to’ the 'overlap between this pathway and the
‘ complement pathways and because of the large number’of histone genes that are .up-' *

. _ _regulated. A number of complement and coagulation related genes were found to be up- :
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regulated (C1QA; C1QB; C1QC; C2; C3ARI1; CS; F9; PLAUR; PROSI1; SERPINAI;
SERPINGU). Prior to correction for multiple testing (which is conservative given the large
| number of pathways tested) a range of pathways was identiﬁed as being significantly over-
| represented. These pathways included Toll-like receptor signaling pathway, IL2_7-rnediated
~ signaling events, IL12-mediated signaling events, Chemokine signaling pathway, |
“Cyto“k,ine-cytokine receptor interaction, Lysosome, RIG-I-like receptor signaling pathway,
IFN-gamma pathway and the JAK-STAT pathway and regulation pathway. Many of these
‘are likely of “bio]ogical significance (de'spite betng below the statistical threshold). The top

20 most signiﬁcant pathways are highlighted in table 4.6.

The most significant GO terms associated with up-regulated genes (FDR <5%) included
~ response to virus, immune response, innate immune response and inflammatory response.

A full list of GO terms associated with up-regulated genes is described in table 4.7.'

4.4.5 Pathvways and Gene Ontology terms associated with down-regulated genes
Almost all of the 51gn1ﬁcant1y down regulated pathways were related to translation (table ‘
4 8) All these pathways are 51gn1ficant due to the down- regulatlon of genes encodmg

- r1bosomal subumt protelns The pathway hemoglobms chaperone was also 51gmﬁcantly

- over- represented due to the down-regulatlon of several genes mvolved in the heme

- biosynthesis pathway (ALAD; ALAS2; ERAF; FECH; HBB; HMBS). GO analy31s paints
- a similar picture to the pathway analysis with a number of terrns related to translation all

being stgniﬁcant_ (FDR < 5%) (Table 4.9).
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Chapter 4: An early whole blood transcriptional signature associated with progression to
Dengue shock syndrome in Vietnamese children

- 446 Network Analysis of leferentlal Gene Expression Profiles in Acute Vs.

- Convalescent dengue

.'InnateDB (Www.-innatedb.com) [168] was used to generate moleeular interaction networks.
The ﬁrst was a network consisting of only the interections' between differentially e;(pressed
_genes and thelr encoded products (AcuteDengue DE network figure 4.4), whlle the ,
_ second expanded upon this network by including all non- dlfferentlally expressed
interacting partners of the DE genes (AcuteDeng,me All network figure 4.5). The
AcuteDengn_e_DE network has 289 nodes and 429 edges, in comparison to the more

~ extensive AeuteDengue_All network, whieh had 4,364 nodes and 9,094 edges.
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Chapter 4 An early whole blood transcriptional signature associated with progression to

: : Dengue shock syndrome in Vietnamese children
The AcuteDengue DE network was analysed to identify network hubs and bottlenecks
»whleh may represent the key regulatory- nodes in the network. Using the “Degree”
algorithm ‘frotn the cytoHubba‘plug-vin [174] the top 5 hubs (i.e. genes/proteins that are
highly connected to other DE genes) in this network were idehtiﬁed as the transcription
| ; factors STATl and STAT2 (2X up regulated) the tyrosme kinase SRC (2X up-regulated), |
PTPN6 (SHPl) (2 5X down reoulated) and Clorfl103 (2X up-regulated). The" Hubba
- ] software_ also allows one to predict proteins that act as bottlenecks .m the_network.
: Bottleneeke are network nodes that are the key conrlecto_r‘proteins in a net\uork ahd have
many “shortest peths’; going through therrl, similar ,to.bridges or tunnels on a highWay map
[175]. Several of the hubs including STATI, SRC and PTPNG (SHP1), were identified as
bottlenecks in the ;network_; further éuppoxting theirvcentral tole in signalling. TRIP6 and
.'YJ AKZ bwete_ al_so ~identitled in the top S'hottle.rle'cks.'Ahalysis of ‘the AcuteDengue_All‘

: network,'Which cohsists of a.ll interactions ihvolving moleeules eucoded by DE' genes

_(tegardless of 'whether:interacting molecule is DE)' “also identified SRC STATI, ‘TRlPé -

_ SHPl Clorf103 ‘and JAK2 in the top 20 hub/bottleneck nodes (f igure 4 5)- SRC is the

. h1ghest-ranked hub in this network and SRC and STATl are the top 2 bottlenecks
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Chapter 4: An early whole blood transcriptional signature associated with progression to
Dengue shock syndrome in Vietnamese children

STATI

Figure 4.5: AcuteDengueALLnetwork - InnateDB Network of known protein-protein
and protein-DNA interactions encoded by DE genes and all known interacting partners in
acute Dengue patients in comparison to convalescent control samples. Nodes encoded by
up-regulated genes are shown in red; down-regulated in green. Analysis of this network
enables the identification of central regulators (hubs/bottlenecks) that are not necessarily

regulated at the transcriptional level.
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Chapter 4: An early whole blood transcrtpttonal signature associated with progresszon to
: Dengue shock syndrome in Vietnamese children
Two major dlfferentlally expressed sub- networks were 1dent1ﬁcd in the AcuteDengue DE
network The top-ranked network consisted of 23 nodes (including JAK2, JAK3, SRC
TLR2, IL2RG, SOCS1, SHP1, TRIP6 and many other JAK/STAT and SRC regulators). ’
‘The second-ranked sﬁb-network, also cOnsisting of 23 nodes, was enriched for nuclear- ’
localised proteins (13 nodes) and-in terms such as transcription co-repressor activity

» | (ATF3; DDIT3. (CEBPZ); ID3; NFIL3) ahd may fepresent aﬁ important transcriptional

re gulatory network.
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Chapter 4: An early whole blood transcriptional signaturé associated with progression fo

_ - : Dengue shock syndrome in Vietnamese children
447 Combining the Transcriptional Regulatory Network and the Physical

Interaction Network

InnateDB was also used to construct a network ‘of all predicted transcription factor (TF)

interactions with DE genes (TF network). This predicted trariscfiptiona] regulatory

network was then merged with the AcuteDengue ALL network. This combined network

. provides a much more comprehensive- picture of the connection between signalling and

- transcriptional regulation (figure 4.7).

‘Nodes w1th mgmﬁcantly more interactions w1th DE genes than expected by chance were
: hlghly enrnched in transcnptlon factors mvolved in IFN/NFkB s1gnallmg responses
“including STATl STAT2 STATS, IRF7 IRP9 IRFI CEBPB and SPI. IRFI forv
| example although not DE 1tse1f is predlcted to mteract w1th 100 DE “genes. Similarly,
_CEBPB is predicted to interact thh 88 genes ‘and 1s not 1tself DE. Gene expression ”
' onalysis alone would not reveal the mu.ltitu.de of trahscription factors that are likely thevkey

~ regulators driving the host response to dengue.
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Chapter 4: An early whole blood transcriptional signature associated with progression to
Dengue shock syndrome in Vietnamese children

Figure 4.7: InnateDB Network of known protein-protein and protein-DNA interactions
encoded by DE genes and all known interacting partners merged with the network of
CisRed predicted transcription factor-gene interactions involving DE genes in dengue
acute samples in comparison to convalescent control samples. Nodes encoded by up-
regulated genes are shown in red; down-regulated in green. Note: Nodes in this network

are not necessarily DE.
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Chrzpter 4: An early whole blood transcriptional signdture associated with prbgression.to
_ : Dengue shock syndrome in Vietnamese children
4.4.8 Differences in early host gene transcript abundance between DSS‘ and
uncomplicated dengue patients

The_identiﬁcation of prognostic markers of severe dengue is an important goal. We -
| .therefore compared gene transcript abundance on fever day 2 or -3 in the 24 DSS patients
and their 56 matched controls. By SAM analysis, twenty one transcripts were signiﬁcantly
o enriched in DSS patients relative to uncomplicated dengue patients '(FDR <5%, >2-fold
i difference in abundance). There were no s»ign‘iﬁcantly down-regulated transcripts in acute
'.'DSS patients 'co.mpared to acute uncomplicated dengue.patients.: Table 4"10 summarises
the list of 21 dlfferentlally abundant transcr1pts Prominent amongst these were. transcr1pts
thatcould be lmked to activated neutrophrls with 12 of the 21 d1fferent1ally expressed |
genes associated with act1vated neutrophlls m the shape of membrane-bound integrin
| “receptors (CEACAM6 CEACAM8) cytoklne decoy receptor (IL1R2), secreted proteases -
v' (CTSG ELA2) mﬂammatory molecules (SlOOAlZ) secreted antl-mlcroblal ,
protems/peptrdes (DEFl DEF4, BPI CAMP PGLYRPl) or oxidative enzymes (MPO).
We explored p0531ble functlonal relat1onsh1ps between the 21 differentially expressed:'
| genes usmg the Ingenurty Pathway analysrs (IPA) knowledge base. Unsupervnsed IPA
; -»network analysrs 1dent1ﬁed two clusters of 35 genes each that 1ncluded 18 of the 21
-dlfferentlally expressed.genes (figure 4.8). These two network 1nteractrons were h1ghly.
unhkely to have occurred by chance (P=10"" and P 10 2h, The f rst cluster mcluded 12
d1fferent1ally expressed genes and the second cluster mcluded 9 differentially expressed
. genes The neutrophll -associated CAMP and MPO, together W1th the decoy receptor
IL1R2 were found in both networks Cathepsm G (CTSG) and Elastase (ELA) wh1ch
R were found in the llst of 21 DE genes were the key’ elements of the first network whlle’ -
TNF -a and B—estrodlol were the key elements of the second network Strikingly, these data
- suggest gene expression.profiles from members of two overlapping networks d1scr1m1nate |
. between patients who progress to DSS from those with an uncomplicated disease course.‘ ‘
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Chapter 4: An early whole blood transcriptional signature asséciated with progreésion o
A Dengue shock syndrome in Vietnamese children
The differential abundance of neutrophil-associated transcripts in patients who progressed
to DSS was not sirﬁply a reflection of neutrophil levels in the sample as the nﬁean absolute
- count of neutrophils in each group was not significantly diﬁ’erént from one another-
(median (95%CI) DSS patients 2.75%10%/mm’ (222 - 3.33) versus 2.48*10%/mm’ (2.27-
3.105 in ﬁncompiicated dengue cases). These results indicated neutrophils are
: pheridtypically activated in 'children who subsequenﬂy develop DSS and suggests certain -
v néutrobhil-associated transcripts could have proghostic valu'eiin idenﬁfying patients at risk

of severe disease. =
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Chapter 4: An early whole blood transcrzptzonal signature associated with progression to
: Dengue shock syndrome in Vietnamese children

. 4.4.9 '. Plasma concentrations of Bacterlcldal/permeablllty -increasing protein (BPI),
Defensin-1a, Elastase 2 and Myeloperoxndase (MPO)

' | .To determine if the transcriptional proﬁle of neutrophil activation extended to the plasma .

. proteome, the plasma concentratlons of BPI, DEFIA, ELA2 and MPO were measured in

plasma samples' collected at».thersame study enrolment time point as the RNA used for
»expression array analysis. Plasma concentrations of all four proteins vvere significantly
higher at the time of study enrolment ln those children who developed DSS relative to»
' chlldren with uncomphcated dengue, although the absolute difference Was small (figure
4 9A- D) Plasma concentratlons of BPI, DEF1A and ELA?. were also srgmﬁcantly hrgher

in children who developed DSS compared to convalescent samples and healthy donor

- samples

- To understand if elevated concentrations of these neutrophil-associated proteins were
" independent of early haemoconcentration in children with DSS (i.e. reduced vascular
~ volume leading to higher plasma protein concentrations),_plasmaAalbumin levels in all

' samples were measured as a surrogate marker of the plasma protein concentration (ﬁgure .

4.9E). Levels of BPI, ELA2 and MPO were not sromﬁcantly correlated with the plasma S

-albumm concentratlon in the same sample suggestmg their elevated levels in plasma were
not merely a reﬂect1on of haemoconcentratlon at thrs time point (Pearson s correlatlon
. :A([Plasma albumm] Vs. [BPI] (r— -0. 04 P=0. 6), vs. ELA2 (r‘ 0.41, P 0.6), or vs. MPO
(r=-0.008, P= 0 9). In contrast concentrations of DEF1A were weakly correlated w1th the
. plasma albumm concentrat1on ([Plasma albumm] Vs. DEFIA (r—-O 176 P =0. 014)
: suggestmg at least some component of thrs measurement might have been mﬂuenced by

the reduced vascular volume. -
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Chapter 4: An early whole blood transcrzptzonal signature associated with progression to Dengue
: shock syndrome in Vietnamese chzldren

- 4.5 Discussion

This case-control study inVestigated the early whole blood transcriptional signature in children

who»subsequently developed DSS, the most common life—threatening complication of dengue

- in children. This study was rooted in clinical practice by focusing on the dengue syndrome that

always requires a clinical intervention, often in the setting of the intensive care unit.

- Strikingly, we'id'entiﬁed in the first ‘few days of illness, two'overlapping gene networl<s that
distinguished patients who developed DSS from those with uncomplicated dengue'. A feature

of these _networl(s was genes associated with neutrophil. activation and d}egranulation, |
suggesting | a hitherto unrecognised “association of neutrophils with pathogenesis  and

: expression of the overall disease phenotype.

Previous studies from our groups have described the whole blood transcriptional signature in

_ dengue patients by microarray analysis'[78 144 176]. The‘ tirning o.f sample collection is

. clearly a major factor in the transcnpuonal signature, w1th samples collected during the febnle

phase havmg a characterlsuc anti v1ral profile e.g. w1th 1nterferon stimulated genes highly ‘
' prominent [78 144 176] whilst those collected durmg the afebrile stage had a predominantly
| metabolic prof ]e [78 176] Studies of PBMC (1 e. minus the neutrophil population) have also
_ been described [142 143] In short however, all previous m1croarray studies of the dengue
: host response‘ have been relatively small in size, collected samples at heterogenous t1me-p01nts
and rarely mcluded patients w1th DSS, the commonest life threatenmg complication in
* children. Agamst this backdrop, the current study has a number of strengths notably the
matched case-control design, large sample size, early samplmg prior to defervescence ‘and
cardiovascular decornpensat_ion and inclusion of detailed g'enomic scale .information on the

- infecting pathogen. |
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Previous epidemiological, in vitro and in vivo studies have suggested phenotypic dlfferences )
can exist between virus lineages of the same serotype [100, 164, 1_.77]. We determined virus |
genorne bsequences and demonstrated that viruses from DSS patients in this study were not
vphylogenetically different from those in patients with uncomplicated dengue, implying that
host factors were more important determinants of the clinical course. In addition, the vjremia
N (as ‘measured by qRT-PCR) was not significantly higher in children “who subsequently - '

- developed DSIS, although the plasma NS1 concentration was, suggesting that antigen burden

- - maybea better corre]ate of severe clinical outcomes, as has been alluded to previously [60].

- Usihg a large sample size, we defined the major transcriptional features of the a'cute. response
to DENV 'rnfection’ during the febrile period. Cornplement, TLR and RIG-I signalling
pathways, interferon-stimu]ated genesvand Cytokinetchemokines and their receptors were the‘
maJor features of the transcrlptronal srgnature consistent w1th prev1ous studles '1n smaller
" numbers of febrile dengue panents [142 144 176]. Utlhsmg a systems brology approach that
| mvestrgated transcr1pt10na1 proﬁles in the context of their mo]ecular interaction networks, we
1dent1ﬁed the transcrlptlon factors STATl and STAT?2, the tyrosme kmase SRC, SHP] TRIP6
and JAK2 as. key central- molecu]es 1n these networks.r Furthermore, the top—ranked
.differential'ly expressed sub;network was enriched with 'molecules involved " in cytokine .
) 51gna]11ng and JAK/STAT pathways (1nc]ud1ng JAK2 JAK3 SRC, TLR2, IL2RG, SOCSI, -

: SHPl TRIP6 and many other JAK/STAT and SRC regulators)

) The top hub/bottleneck molecules in these netWorks form a densely connected network
_module w1th a varlety of known mteractlons between the nodes SRC phosphory]ates STATI

for example upon [FNastlmulatlon [178]. SHPI also interacts with SRC and regulates 1tsv '
: act1v1ty [179] SHPI has been shown to negatively regulate TLR- medlated productlon of pro-

inﬂammatory cytokmes by 1nh1b1t1ng activation of the transcrlptlon factor NF-kappaB and -
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MAP kinase while promoting TLR- and RIG-I-activated production of type I interferon by

| inhibiting the kinase IRAK1 [180]. JAK2 also interacts diréctly with STATI and SHP1. The
>interaction.between JAK2 and phosphorylated STATI is enhanced upon IFNa stimqlation
[178] .and reéults in STAT1 homodimer formatfon [181]. SHP1 (which is down-regu]z;ted)
: may inhibit jAK-STAT signalling by targeting SOCS1 (which is up-regulated) to JAK?2 [182,
'183]. TRIP6 interaéts with TLR2 and is a signallingmlnponent of multiple NE-kappaB
: activation pathways [184] andﬁis phosphorylated By SRC [185]. The interactions bet\&een the

top hub/bottleneck molecules would support this b_eing a key core signalling modu‘le‘in the
ﬁeﬁvérk and a central feature in- the host re‘spon.se.. Anélysis of the tfaﬁscriptional regulatory

" network also identified the STAT and IRF transcription factors as the key regulators of the

transcriptional response.

- ‘This providé§ ex ino evidence in human infection'ot.' the prominence of the STAT»m_ediafed

signalling pathway where it is likély éritical for regulatibng the expressién of inost ISGs. The
impér_‘tance éf the STAT1 .p'ath_way in contro‘lv of DENV replicat:ion in‘m_ice and mosquitoeé has L
‘b.een demonstrated previoﬁsly [186:, 187] . ‘arvld STAT1/2_ may. al-so be. tafgcts of DENv_ .

“mediated iﬁterference in the interferon signalling pathway [156, 157].

o We .id_entiﬁed 21 genes és diffé;entially expressed (moré abﬁndant) iﬁ patients who developed
DSS compared to matched control p;cltients. Remarkab]y, almoét all of these géheé belonged tb
one of two overiépping neh&drks;‘ in which isome of the interconnecting elements ha\}e
'immurile re§ponsé vfunctions.. That TNF;a should be a;cAe'ntral hub in the 2™ network is striking,
- given that TNF-a has been_@pe_atedl}z implicated in the. pathogenesis of éevere capillary
| ]eakaéé [152, 188]. Clearly, further studies are needed to understand why th.ese two ﬁetworks’, ,.

and some of their differentially expresséd members, are associated with progression to DSS.
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Neutrophil activation and degranulation was a most prominent theme in the DSS-associated
differentially expressed gene list. We verified that plasma proteins concentrations of CTSG,
| Bl’I ELA2 and'v MPO were also higher in early-DSS'than in control patients albeit the'
absolute difference was small and unlikely to be useful for prognos1s Of the differentially
expressed genes assocrated w1th neutrophil degranulatlon ELA2 CTSG and the defensins
: ‘.(DEFAl, DEFA4) are of particular interest. ELAZ and CTSG are serine proteases that can
_ cleave Vascular endothelial cadherin and thereby icompromise the integrity of thev Vascular :
3 endothehum [189] These proteases might concelvably play a-similar role in perturbmg the
endothehum in capillary beds durmg DENV mfection Accordmgly, ELA2 has also been

| ,detected prevrously at higher concentrations in-serum of patlents Wlth DSS compared wrth-

B patients without shock [190] DEF1A and DEF4A are neutrophll associated defensms with

. anti- viral. actrvrty [191- 193] These mnate anti- mlcrobial peptides may a]so functlonal]y

B participate in the mnate anti-viral response to DENV infection. -

" The dengue .caplllary leakage syndrome begms in children W1th secondary infections Wlthin
the first few 1-2 days of illness and can be measured by ultrasound as early as the' 3’d day of
- lllness [25] Commencement of capillary leakage in mfants w1th primary dengue hkely occurs
o w1th srmilar kmetlcs and can lead to DSS between 1llness days 4- 6 [78] The triggermg of
A‘:‘capillary permeabihty earlyin the disease evolution in both these clinical settmgs mlght be
" mediated by robust inna:te‘immune responses rather than acquired responses, particularly since :
' pre- existmg 1mmun1ty does not ex1stin mfants w1th primary mfection We propose that
_activated, degranulatmg peripheral b]ood neutrophlls could contribute to an early triggermo of '
.' cap1llary permeability In this model, neutrophils (which express Fc receptors) are activated by
immune complexes and/or by high early vrrus antigen burdens in blood and tissues where
. A bthey secrete cytok_ines and chemotactic molecules. I—lrgh viral antigen burdens in vivo could be
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arrived at by antibody dependent enhancement in secondary mfectlon or in primary- infection
of infants born to dengue immune mothers. Neutrophil activation and degranulation alone is
ﬁighly unliké]y to be‘sufﬁcient to dﬁ-ve capillary leakage to the exten£seeri in patients with
DSS. Instead, néﬁtrophil adherence to endothelial éells and the secretion of soluble mediators
of vascular permeability may represenf é small step in the -i‘nﬂammato‘ry cascade that
synergises with: ther adaptive host responses to mediate capillary permeability in severe
secoﬁdary infection. In infants with primary infection and severe dengue, an innate response
that includes neutropﬁil ‘act‘ivati‘on-,'. together with an inherently  permeable vascular -

endothelium, might be sufficient to trigger clinically significant vascular leak. Further studies

" of neutrophils and their response to DENV infection are warranted.
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5.1 Imntroduction

S Epideini_ological evidence hinted that genetic background could contribute to susceptibility to

dengue. Studies in Cuba indicated that only p.atients of European origin presented with
DHEF/DSS [94 102, 120-124]. Furthermore, despite the presence of risk factors of DHF/DSS

_only DF but not DHF/DSS was known across the continent of Africa [125- 128]

Polymorphisms on the HLA region have been examined in host genetic su.sceptlbility studles
~ of dengue [121, 122 129-133, 194] but unfortunately, no reprodu01b]e conclusions has been
“made, primarily because of small sample sizes. Besides the HLA region, polymorphisms on
‘other genes have also been studied such as DC-SIGN, TAP, HPA Vitamin D receptor FcyR

[136 138]

Col]ectiyely, the majority of studies into host genetic susceptibi]ity to dengue were Ac‘ase-
control association studies of smail sampile size with uncei'tain case' ascertainment and With
unknown ]evels of populatlon stratlﬁcatlon (genetlc admixtui'e in one population that ohscures
'any, rne_aningful study of genetic assomation) Typlcally, these »studles examined-
-polyr.ndrphisms in a hmited number of candidate genes foi' which there was some avpriovri
| '} “ra‘tionale for their inyestigatidn. Foi the vast majoiity of case-contrel association studies, there
Was. never an.‘ atternpt to ieplicate the genetic association-in either the .same or different
Apepulations.‘ | |

We conducted a genome-wide association case —4control study to investigate host 'ge.neti'c
suSceptibility to derigue'. The.study. ‘was design to have two phases - an Vexploration and a

replication phase with stringent genotyping quality control thrbughout the study.
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- 5.2 Purposes of the study

1. vTo identify Single Nucleotide ‘Polymorphisms (SNPs) which confer susceptibility or
protectlon to symptomatlc dengue. Frequen01es of 250,000 SNPs in 366 dengue cases
and 166 populatlon controls were 1nvest1gated using Affymetrlx 250K genotyping

- technique. The most 31gn1ﬁcant SNPs were selected for rephcatlon ina second sample
‘set of 1260 cases.and 1216 controls using Sequenom genotyping technique

2. To conduct a GWAS to identify SNPs associated with dengue severlty in 376 samp]es “

' (187 severe dengue cases 189 mild dengue cases) using Affymetrlx S00K (NSP and

| STY) SNP genotypmg technology SNPs that were potentla]ly associated with severe

| dlsease were genotyped ina 2nd larger sample set contammg 488 severe dengue cases

and 542 mlld dengue cases using the Illumina GoldenGate oenotypm platform ,
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5.3 Materials and Methods

5.3.1  Study design

‘The study’s design is depicted in figure 5.1

. Sample collection
(Confirmed dengue cases including uncomplicated, severe dengue and
. cord blood samples as population controls)

GWAS: Déngue vs. Population controls GWAS: Severe dengue vs. Uncomplicated dengue .
- (391 Dengue cases vs. 183 population controls) (187 Uncomplicated dengue vs. 189 Severe dengue)

Lo

Affyinetrix 250K Genotypiﬁg Affymetrix S00K Genotyping

) M/jjmet_rix 250K chip Nsp) (Affymetrix 500K chip-Nsp &Sty)
Sample QC - SNPQC SampleOC SNPOC
Calirate. | SNPCallrate Callrate SNPCallrate
Admixture analysis| HWE departure Admixtureanalysis | HWE departure
Family relationshipy .MAF Family relationships] MAF

o J' X,chromosomev ' ! X chromosome

Selection of the 1,536 most significant SNPs
"' (Statistical analysis: PLINK, Exemplar, Haploview)

Selection of the most 179 significant SNPs
) (Stat{stical analysis: PLINK, Exemplar, Haploview)

Illumina Golden Gate genotyping
(488 DSS cases vs. 542 uncomplicated dengue )

» ' Sequenom Genotyping
(1260 cases vs. 1216 population controls) .

Sample OC SNP QC Sample OC | SNPOC .
Callrate - SNPCall rate. Callrate | SNP Call rate
' HWE departure- 'HWE departure -
MAF MAF
X chfomoséme ! X chromosbme
v

Association analysis Association analysis

Figure 5.1: Diagram summarising study design. Two GWAS studies’ were performed to
_ identify SNPs that' are associated thh susceptibility to dengue or VSNPs that are associated -
with severe deﬁgue. The GWASO were followed by replication studies with independent

samp],eb sets and techniques. -
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5.3.2 | Samples collection |
Blood samples from dengue patlents who were enrolled in a prospectwe descr1pt1ve study of
. dengue at HTD between 1999 and 2007 were used for genet1c association studies. Peripheral
»blood (Z.Oml) was collected at the time of study enrolment and agam at the time of drscharge.
- Plasma .svample_sv were eollected after centrifugation and used for diagnosis ‘and research
laboratory rests. .Af:ter plasma was collected; the remaining pellet {vas' keptina 1.5rnl tube and |
- stored at -20°¢ until used Vfor‘ DNA extraction. Blood pellet samples of controls were collected
o from cord blood of babies bom in Hung Vuong HOspital Ho Chi l\/linh city, Vietnam in 2003
: and 2007 and stored in -20°C All protocols were approved by Hospital for Tropical Disease,
VHung Vuong hosp1tal Ho Chi Mmh C1ty Approval for the studies was obtamed from the
,. ethlcal committees of the Hospital for Troprcal Dlseases, Hung. Vuong hosp1tal land Oxford
Tropical -Research Ethnics- cornmittee, UK. All participants provided written informed consent
‘. to participate._ e - | | |
_ 5_;3.3‘4 E A_‘ffymetri)r 500K genotyping, _
o _'“The genofyplng procees' is sunqmarised in ﬁgure 5.3. In brief, genomic lDNA was digested by
restriction enzyme (Nsp or Sty) before being llgated with adaptor ampl1f ed by PCR,

' fragmented labelled and hybrldlsed 1nto the beadchlp
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s sty 1 an
t t
Genomic DNA
RE dijscsUon Dcnaturation and
. End labeling
Fragmentation
b
All Sizes
i H)bri<iizaiion
PCR Staining

Adapt.tr ligation Scanning

Set conditions
to amplify
200-1,100 bp
fragment«

Figure 5.2: GeneChip Mapping Assay - Styl; Genomic DNA was digested by Styl, amplified

by PCR, labeled and hybridized to the chip, then scanned to determine the SNP genotypes.

53.3.1 DNA extraction for the GWAS

All DNA extractions were performed using a Nucleon kit (GE Healthcare, UK) according to
the manufacturers’ instructions. The blood pellet was re-suspended in red cell lysis buffer,
reagent A (I0mM Tris-HCI, 320mM surose, SmM MgC12, 1% Triton-X100, pH 8.0), with a
ratio 1:4 blood to buffer. The nucleated cells were pelleted after a 10 minute by centrifugation
at 1300g. Next, the cell pellet was re-suspended and lysed in 350pl ofreagent B (40mM Tris-
HCL, 60mM EDTA, 150mM NaCl, 1% SDS, pH 8.0), and incubated for 10 minutes at 70°C.
The cell lysate was then mixed with 100pl sodium perchlorate, followed by 600pl of
chloroform. The tube was mixed by hand and inverted at least seven times. Without remixing
the phase, 150pl of nucleon resin was added to the tube before being centrifuged at 350g for
one minute. Without disturbing the nucleon resin layer, the upper phase was transferred to a
new tube. Next, two volumes of cold absolute ethanol was added and mixed by inversion until
the precipitate appeared. The tube was centrifuged at top speed for five minutes to pellet the

DNA, and the supernatant was discarded. The pellet was washed with 1ml of cold 70%
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ethanol, re- centrrfuged and the supernatant discarded. The pellet was dried for 10 minutes

 before dissolving in 600 pl TE buffer.

5332  DNA Quality Control '

- L 2ul of genomic DNA was measured by spectrophotometry using a Nanodrop instrument |
(Thermal screntrﬁc USA) Next, 1 pl of genomic DNA was diluted 20 times with TE buffer
- (1ul of DNA in 19ul of mTE buffer) in 96- wells plate (Sarstedt V- bottom) The plate was then
~ shaken at 220 RPM ovemrght at room temperature to resuspend the DNA thoroughly After
shakmg ovemrght, Sul of drluted DNA was then used for gel electrophoresrs to check the
quality of the DNA. The DNA was first mixed with 5pl of 2X loading_dye then loaded into a |
| 1.2 pereent agarose gel. The gel v.vas. rin at 90 voltages for 90 minutes before a gel picture was
- taken usrng ageli unager 20X diluted genomrc DNA was measured usrng p1cogreen (Tecan).

In brref each DNA sample was further dlluted based on the startmg concentratlon of the DNA
_samples obtamed through Nanodrop measurement. After a second dilution, the plate was then -
| shaken forét hours at 220 RPM to dilute the DNA thoroughly. After that, 50ul of diluted DNA
.was mixed with SOul prcogreen (Invrtrogen Quant iT P1coGreen dsDNA Reagent (solutron in
.DMSO) P7581) before the DNA concentration 'was measured usrng a fluorimeter

' (Tecan,place). Detarls of DNA QC process is illustrated in ﬁgure 53
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Figure 5.3: DNA quality control procedure. DNA quality was determined by Nanodrop,

electrophoresis, and picogreen measurements.

5.3.3.3 Genomic DNA plate preparation

DNA samples were diluted with mTE buffer before being added into working plates. Two
concentrations of genomic DNA were used for this experiment. For DNA samples that had
concentrations ranging from 35ug/pl to 80ng/pl, 5pi DNA of each patient or control was

added into one well of a 96-well plate. 3pi of samples with DNA concentrations of 80 to

120ng/pl was prepared in another 96 - well plate.

5.3.3.4 Restriction enzyme digestion
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Restriction enzymes (Nsp I and ‘separately, Sty I) was used to digest the genomic DNA. For
- one 96-well | plate the digestion master mix was prepared on ice as following: 1275.1ul

'AccuGen®Water 220.8ul NE buffer 2 (lOX) 22.1pl BSA (IOOX 10mg/ml) and 110. 4pl of'

: NspI (or Styl) restriction enzyme The genomic DNA plate was vortexed for 3 seconds spun

for one minute at 2000rpm then kept on a cooling chamber while the digestion master mix was
prepared. Next, 14.75ul of the master mix' was transferred into each well of the working p'late
The plate was then sealed with adhesrve film, vortexed at hlgh speed for 3 seconds and spun
' down at 2000rpm for 30 seconds Fmally, the plate was loaded into a preheated thermal cycler
| and run _w1th 500K digest program (37 C for 120 minutes, 65°C for 20 minutes and hold at

- 4%C). When the program was finished, the plate was spun down at 2000rpm for 2 minutes.

5.3.3.5 Ligation | »
During this step, the digested DNA samples were ligated using either the Nsp or'St}Ili Adaptor.
A ligation master mix was prepared then added into the samples. The plate was then loaded :
into the thermal cycler and the 500K ligation program was run. The details of these steps are

. described as below.

The digested DNA plate’was put on a cooling chamber while the ligation master mix was
‘ prepared ina2ml tube as follows: 82.8ul Adaptor l\lsp I (or' Sty Adaptor), 276pl T4VDN‘A’

_Ligase,vBuffer (10X) and .220V..8pl T4 Dl\lA ligase (400U/pl )l The ligation master mix was. o
.then mixed at high speed for‘ one second each for 3 times and spun down for 3 seconds. Next,
. 5.25pl of ligation master mix was transferrediinto each well of the digestion plate.‘The pla_tei
"~ was then sealed with adhesivei ﬁlm,ivo.rtexed at high speed for 3 seconds and spun down at
2000rpm for 30 seconds‘before being loaded into the preheated thermal cycler and run with -
SOOK ligation program as follows 16°C for 180 minutes, 70 oc for 20 mmutes and hold at 4°C.

After the llgatron program was ﬁnished the plate was taken out, spun down at 2000rpm for 30 -
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‘seconds and put on ice before being diluted with 75pl of cold AccuGenWater. The plate was
then sealed with adhesive film, vortexed a high speed for three seconds and spun down at

2000rpm for 30 second in order to keep the samples at the bottom of the wells.

5.3.3.6 PCR for amplification of ligated DNA

During tﬁis step, an equal émount of ligated sample was transferred into thfee new 96-well
plates before the PCR master mix being added into each plate and 500K PCR pfogram was
ruﬁ. After the progranr ;’vas finished, the _resﬁlt Wbuld be checked by -running 3ul of ea;:h PCR

N product on 2% TBE gel.

Firstly, 10p1 of the samples in each row of the 96-well plate were transferred intq tfle samé
k rows of 3 néw §6;well plates (labéled P1, P2 and P3) usi‘ng 12-channel P20 piﬁette (_r§w A of
ligated plate in to row A of P1, P2 and P3, respectively). For the 3 new PCR plateé, the PCR
master mix was prepared into 50ml Falcon tube on ice as folldw: 13.082mL AccuG'ENEwafef,
- 'V‘.3.3121-nL '.TITANIUM Taq PCR buffer (10X), 6.624mL GC-Me!i‘ (5M), 4.637mL bdNTP

(2.5mM each), 1.490mL PCR primer 002 (100mM) and 0.663mL TITANIUM Taq PCR

B Polymerasé (50X). Next, the PCR master mix was vortexed thoughtfully in order to distribute

| the reégent evenly then poured in to the solution basin.:90p.l of the PCR master mix wés then
transferred into PCR plate (P1, P2 and P3) using 12-channel P200 pipette before the plates
. were carefully sealgd with adhesive films, vvovrtexed at highvsi)ced for 3 séconds énd spun dowﬁ
. at 2000rpmv for 30 seconds. Finally, the plétes were loaded into the preheated thermal cyclers
‘to run with SOOK PCR program as follow: 94°C for 3 ‘minutés; 30 cycles'_of: 94°C fof 30

- seconds, 60°C for 45 seconds and 68°C for 15 seconds; 68°C for 7 minutes and hold at 4°C.
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53.3.7 Checking the PCR product
, ”lfhe result of pre:{_ious steps was checked by running 3pl of PCR products in 2% TBE gels. 3pl
of .loading dye Was added into _each well of 3 _new plates labeled P1Gel, P2Gel and
_ P3GelBefore 3ul of each PCR product from P1, P2 and P3 was transferred to the
, corresponding plates PlGel, P2Gel and P3Gel. The plates were then sealed with adhesive
| ~>ﬁlms vortexed and spun down at 2000rpm for 30 seconds before 6ul of loadlng dye and
sample mixture belng loaded into 2% TBE gels The gels were run at 120V for one hour.
' Finally, gel pictures were taken and the product was verified to make sure that it is distributed

‘around 250bp to_ 1100bp.

5.3.3.8 PCR product 'puriﬁcationvand e_lution

Firstly, 8ul of Vdilu_ted EDTA (0.1M) was added into the product before the plates was tightly
.sealed, ‘vortexed and spun at 2000rpm for 30 seconds.'The manifold‘ was prepared b.yA v
connecting the manifold and regulatorto a 'suitable vacuum source that able to maintain at'
600mbar' NeXt “the samples from the same row and well of each PCR' product plate was
transferred and pooled to the correspondmg row and well of the Clean-Up Plate before being ,

covered to prevent contaminations from outsrde The vacuum was then turned on and slowly N

o brought up to 600mbar and maintained until the clean-up plate became dry After that, the

PCR product was washed 3 times with AccuGENE water by addlng 50ul of water into each ,‘
~well of the clean-up plate for 30 minutes for the first 2 times and 45 minutes for the third time.‘
After the clean-up plate \»ias cornpletely dried, it was rernoved from the rnanifold ‘and its
bottom was imrnediately blotted on a thick stack‘ of clean absorbent_.paper to remove any :

remaining liquid and dried with absorbent wipe.
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-. 5.3.3.9 | 'P‘CR product elution : |
45ul RB buffer was added into each well of the clean-up platé.The plafe was then tightly
sealed and shaken for 10 minuteé ét 1000rpm ét room temperature. PCR product was collected
by transferring of 45pl of the product from the clean-up plate to corresponding well of a fresh

 96-well.

- 8.3.3.10 Qua.ntitation and normalization
. In this step, three independent.dilutioné of each PCR product were measurea. Thé avéfage'
:concelltfatjon Qf the.se“3 dilutions was calculated then normalized with RB buffer it.o acquire
‘ ‘conc;,entration of .2ug/p1. Fil;stiy, 198@1 AccuGENE water was addedv_into each weli 6f .each
»ioptica.l plafes labeled QP], OP2 and OP3'f(A>llowed by transferring 2ul DNA product frdm‘
g 'cléjabn-up DN‘AA'pI'ate into cor;espénding wells of the optical plate;. Next, thé opticél plates
 were sealeci with adhesi;le films, vortexed thoughtfully for 3 times at high speed for 5 se-conds‘
‘and‘ spun a‘t'2000rpm for'l minute. This step was (epeatéd 5 times in order to make su.r.e' yhé
DNA was mixéd evenly in each well. Next, 100pl of diluted DNA from ea.lc.h of .the optical
piafe§ OPI, OP2 and OP3 were trénsferred to fhe,new plates for OD fheasurement at ‘the :
‘.v'va.lvelengthA qf 260, 280 and 320nm. AThe three OD readings for every sample were subtracted |
."c(_). wz_itér blank OD before the average Ob of 3 replicates' was‘ calculated. Neat~ DNA

concentration was éalculated as following:
Sample concentration in pg/pl = average safhple OD value x (0.05ug/pl) x 100.
-0.05 ug/ul is the amount of double stranded DNA equivalent to 1 unit of OD at 260nm.

The ratio OD260/0OD320, which indicates the quality of the DNA sample, should be between

- 1.8 and 2. 0 OD320 should be very close to zero.
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" DNA concentration was normalized by mixing 90ug of DNA sample with appropriated

amount of RB buffer in order to bring the concentration to 2ug/pl in total 45pl.

- 5.3.3.11 Fragmentation
In this .step‘, the purified, normalized DNA préduct Was_ fragmented using fragment_ation
»re‘a;gent. Firstly, Spl o‘f fragmentation buffer was added to each sarﬁple followed by 5 plv of the
ftéglnentation reagent (0.05U/pl- of DNase I). The plate with mixture of DNA and
1fragm_entation reagent was then vortexed at high speed for>3. sec and spun down at 4°C af
-200'Orpm for 30sec. Finally, the place was then loaded onto preheat block (37°C) thermalv
cycler and run with 500K fragmentation' prbgram ( 37°C for 35 minutes, 95°C for 15 minutes

~ and hold at 40°C). -

5.3.3;12 Checking the fragmentation feacvtiokn’ '
' After the 500K fragﬁleﬁtation program ﬁrﬁshed, the plate was spun at 2000rpm for 30 sec to

| kéep the 'fragméntation product at tI;e bottom of the wells. 4pl of the. fragrrientétioﬁ prodﬁct |
_ wés 'gaixed with 4pl .of gel loading dye béfore being loaded onto 4% TBE gel and ruﬁ for 30

- minutes at 120V. The gel was finally inspected under gel éapture machine.

533.13 Labeuing
' In_th'i.é §tep, ffagfnénted s‘amplAes Weré labeled using GeneChip DNA labeliné reégent; Firstly,

the labeIling master mix wés prepared intola 15ml 'cent'rifuge tube with 1545.6;,11 of TdT buffer
- '(5){), 220.8ul of GeneChip DNA ]aBeling Reagént and 38674p1 of Td'i“ enzyme (30U/ml). The i
mixture was then vortexed at high speed 3 times (1 second each time) and spun down for 3
seconds. Nexté 19.5;11 of the master mix was then ;cransférred to each well of the fragrﬁented
- plate placéd on the other coolingv; chamber. The réagent and fragmeﬁted éroducfs was then

pipetteted up and down for few times to ensufe all the labeling mix is added to the fragmented
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product. After tightly sealed, vortexed at high speed for 3 seconds, spun down and 2000rpm
for 30 seconds, the plate was then loaded onto a preheated (37°C) thermal cycler block and run
with the 500K labeling ‘program (37°C for 4 'hours, 95°C for 15 minutes and hold at 4°C).
After the labeling program ﬁmshed the place was spun down at 2000rpm for 30 seconds

before proceeded to the next step

5.3.3.14 Hybridization -
Firstly,' the hybridization master mix was prepared by adding the reagents into a 50ml
‘centrifuge tube then thoroughly vortexed and pulse spun for 3 seconds Next, l90ul of the
i hybridization master mix was then added into each of labeled samples (the total Volume now
'is 260pl). The plate was the tightly sealed then the samples were denatured on a thermal cycler'
(95°C for 10 minutes and held at 49°C). .After the denaturation, each sample was loaded onto
" the GeneChip Human Mapping 250K array N sp and Sty).' The arrays were then placed into a

: hybridization oven that preheated to 49°C for 16 to 18hrs.

- 53.3.15 Washmg, staining and scanning
The followmg hybr1dizat10n washing and staining procedures were pe'rformed by the Fluidics

Station 450 (Affymetrix 2006). In brief, the staining protocol for mapping arrays was a three-

o , '_stage process consisting of a Streptavidin Phycoerythin (SAPE) stain followed by an antibody N

ampliﬁcation step and a final stain ‘with VSAPE.' After the staining_ process, the array was then
ﬁlled_with Array Holding Buffer and was ready fo.r scanning. After the wash protocol_s were
vcompleted; the 'probeva‘rray was scanned by.the GeneChip Scanner 300(l 7G' and the‘sca‘nned
: probe array image (.dat ﬁle) and cell intensity data (.CEL ﬁle) were automatically generated.

by GeneChlp Operatmg Software and made ready for analy51s by GeneChip Genotypmg“

S Analy31s Software (GTYPE)
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534 Illumma Golden Gate Assay
- After DNA QC, 250ng DNA of 25ng/ul was used for this experlment The experlment was
'performed accordmg to the manufacture $ instruction (Illumma Inc. San Diego, CA 92121
USA). In brief, genomic DNA was first activated for binding to paramagnetrc particles. The
activat:edv DNA was then subjected to a hybridization step m Whlch assay oligonucleotides,
hybridization buffer, and paramagnetic particles were combined With activated DNA. Assay
. ohgonucleotrdes comprrse three types of ohgonucleotldes two allele specrﬁc oligos (ASOs)
lv whrch hybridize to the alleles and a locus specrﬁc olrgo (LSO) whrch hybrldrzes to several‘
i bases downstream of the allele site and contams a unique address sequence that target to a
-partrcular bead type. These three types of ollgonucleotlde sequence contarn regions of
genomrc complementarrly and umversal primer sites. Durlng hybrldlzatron the ASOs and
LSO_hybrrdlze to genomrc DNA sample bound to paramagnetrc_partrcles. The hybrldlzatron
‘ occurs be‘fore'any ampliﬁcation step so as to prevent introduction .of bias ampliﬁcation into the |
assay. Followmg the hybrldrzatlon several washmg steps are performed to reduce noise by
. removing excess and mis- hybrrdlzed ollgonucleotrdes The extension and hoatron of ASOs to
' the LSO Joms the 1nformat10n about the genctype present at the SNP site to the address
sequence on the LSO. The Jomed, full-length products were then,used as templates for PCR

: ampliﬁcation with cy3-labeled P1 primer and 'cy5-labeled P2 primer from 3" and P3 primer'

' _.from 5’ srte After downstream processrng, -the smgle stranded dye-labeled DNAs . are

| hybrldlzed to therr complement bead type through their unique address sequence ThlS
hybrldlzatron of the products from the solutron onto sohd surface beadchrps allows for
'mdlvrdual SNP genotype readout Fmally, the BeadArray Reader 1s used to analyze |
"ﬂuorescent s1gnal on the BeadChip and analyzed by software for automated genotyplng |

clustermg and calling. The diagram in figure 5.4 below summanses the whole procedure. )
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5.3;5 SEQUENOME |
This method is a universal method for detecting insertions, de]etioné, substitutions, and
- other polymorphisms in amplified DNA. Firstly, the genomic DNA sequence flanking the
SNP sequence was amplified followed by the neutralisation of unincorporated dNTPs in
~amplification producfs'using shrimp alkéline phosphatase (SAP). This énzyrﬁe cleaves a
phosphate from the unincorporatéd deTPs, converting them to dNDPs and réndering’ them
< ‘unavailable to fufurg reactions. Next, the iPLEX_Y Gold reaction cocktail (primer, enzyme,
buffer, massfmodiﬁed nucleotides) is added to the amplification pAfc‘)‘ducts._The Iﬁixturé of
ai_mpliﬁecvi products and} iPLEX Gold f_eaction cocktail .was then ihefnocycled to procc;.ss-the ,
iPLEX Goid reaction which'involves the enzymz;tic addition of mass-modified nucleotides
.into the diaghostic site. In thé reaction mixtu.re,-all four 'ma‘ss-modiﬁed nucl;—:otides -A,T,
"C and G - are present. During the iPLEX Gold reaction, tﬁe f)rimer is extended by one of
the ﬁﬁcléotides, which terminates the. extension of the primer. The DNA polymerase which
vincorporate_s nucleotide Wa's used in,'the' iPLEX Gold reaction. The .4reaction produces“ '
allelic;speciﬁc exiension préduéts of diffei’ént masses depénding on the séquence analyze&'

(figure 5.5). -
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F igure 5.5: Flow chart of Sequenom genotyping platform.

53.6 Genoiﬁe-wide association data analysis

53.6.1 GeneChip Genotyping Analysis Software (GTYPE)

GCOS vérsion 4.0 ‘was ﬁsed in a ‘gen,ome-wide scan to automate the control of the
GenéChip Fluidics. Statioﬁs and Scannérs.' in ‘additio‘n, GCOS als§ supports GTYPE
genefating genotype calls for.the Geheéﬁip Mapping Arrays. GTYPE enables importation

of samples attributes, creates custom file sets, exports batch SNP or linkage data, creates
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Virtual data sets, assesses sample mlsmatch and updates SNP annotations from the NetAffx
Analys1s Center. This software generates CHP files which drsplay a Dynamic- Model
: (DM) scatter plots containing genotypecalls for each SNP with a confident score. A
mapping algorithm) report is automatically generated in .rpt files \yhen‘intensi_ty data is
3 analyzed‘from mapping arrays. Report iile‘s summarise data from‘the samples with SNP
:call rate (Number of SNP calls/total number of S‘NP‘s on the array) and genotype call rate
_(Number of genotype calls for the sampleltotal number ovf SNPs on the array). Call rate is

- displayed in the DM algoritlnn and it is an indicator of the overall performance of the .
} assay. Report files also proyide quality control (QC) pert‘ormance yvith Median'PM'

(Median intensity value for perfect match cells for the QC probe sets), MCR (Median call |

i rate) and common SNP pattems

- 5.3;6.2 bata pre;processing N
VThe raw data | output from the Affymetrix genotyping consists of measures of prlobe,A _
_hybridiiationvintensities. l3or each individual at each SNP there are either 6 or 10 probe

- quartets Each probe quartets cons1sts of four probe cells which assa.y for a perfect matchv
Loor a mismatch to a specific 25- base ollgonucleotide sequence for each of the two poss1ble
alleles (genetrcally denoted A and B) The hybridlzatron mtensmes need to undergo a pre-

' processmg phase to combme the mformation across the probe quartets to yield a pair of

o coordmates correspondmg to the signal strength for each of the two poss1ble alleles. The

- .cel files are pre-processed to a format the enables viewing the quality of the genotyping .

data.
53.6.3 Q.C for genoty'ping datav _

: -Highly accurate and reliable genotype callrng is an essent1a1 step m a high-throughput SNP
: genotypmg techmque In this study, we used both Dynamlc Model (DM) and Bayesran

- Robust Linear Model w1th Mahalanobis dlstance cla551ﬁer (BRLMM) callmg algorithms to
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determme genotypes of each SNP TheDM has been used for the GeneChip Human
' Mappmg 500K. However, the BRLMM was generated to produce a new model which
| _provrdes a 31gn1ﬁcant 1mprovement over DM. Moreover, we also generated cluster plots . -
(SNPSignal tool, affymetrix) which allowed us to visualise the quality of eachi SNP. |
' _Genotyping data was first assessed by DM algorithm; Samples with DM call rate of less
' than‘90% were subjected to repeat genotyping This allows us to assess the genotyping
~quickly and decide samples that need to be re- genotyped Samples with DM call rate of
kover 90% were assessed again usmg the BRLMM algorithm because this a]gorlthmv _

- provides improvement in call rate over DM algorithm.

53.64 BRLMM Analysis tool (BAT) version 2.0
. BRLMM (Bayesian Robust Linear Model with Mahalanobis distance classiﬁer) is eyolved |
" from the Robust Linear Model with Mahalanobls distance cla531ﬁer (RLMM

http: //www stat. berkely edu/users/nrabbee/RLMM/) which prov1ded an 1mprovement over -

- DM algorithm on the Mappmg. An extension of the RLMM model developed for mapplng-
the SOOK gene chip, prov1des an 1mprovement over DM~ in two 1mportant areas — it -

lmproves overall performance (call rate an accuracy) and it equallzes the’ performance on

homozygous and heterozygous genotypes The dlfference between RLMM and BRLMM is

- the addition of a Baye51an step whlch provides 1mproved estimates of cluster centers and‘

. variances. | | | |
. 5.3.6.5 Principle component analysis (PCA)

" Population' stratification — allele'frequency differences between cases rand controls due to

.. systematic ancestry differences — can cause spurious associations in GWAS studies .which
B normally con51st ofa lot of samples and SNPs. Populatlon stratification is the problem for '

large scale assoaation study which 1ncludes thousands of samples PCA analys1s allowus

‘ to assess how homogenous or heterogeneous are the population' under studymg (_cases and |

130


http://www.stat.berkelv.edu/users/nrabbee/RLMM/

Chapter 5: Host genetic susceptibility to Dengize
~ controls belong to the same population) and how different this population compare to other

| popul‘ations such as CHB, JPT, CEU or YRI.

53.6.6 RELPAIR

: »RELPAIR version 2.0.1 is a FORTRAN 77 program that infers the relationships of nairs of
i‘ndividuals based on genetic marker data,v either within families or across entire samples . This
isa ]ikelihood-based method for inferring the most likely relationship for putative sib pairs. It
calculates the multipoint likelihood of the mar_ker data for each pair conditional on each of four
~_possible relationships: Vfull-sibs, monozygotic twin, half sibs, and unrelated pairs. RELPAIR
~was ‘written to evaluate the multinoint likelihoods»and to assess the most likely relationship
betvueen different putative sib pairs. The multipoint likelihood depends on population marker-
3 allele frequencies, inter-marker distances and the -presumed relationship ot' the pair. We haye
’._used this program to test all pOSSihle ‘pairs of indi.vidualsi in our sample. It can indentify
: apparently indenendent samples that are in fact related and it also indentiﬁe‘s related

individuals erroneously classified as unrelated because of sample switches or duplications.

5.3. 6 7 Cluster plots
We used SNP S1gna1 tool (Affymetnx) to check the quality of each SNP separately. The
- SNP Signal Tool generates cluster drawmgs of SNP Signals, one drawing per SNP over a
. set of experiments Each drawing consists of a set of points in “Contrast vs. “Size” space.
* The points are colored according to the BRLMM-p genotype calls. .Exneriments»With
: different genotypes for the SNP should cluster from left to right in ‘contrast space: BB;
: (red) AB (green) and AA (blue) Visual conﬁdence can be assngned to a SNP whose
;'experiments are resolved in Contrast space (the X axns) and have few No Calls (grey

points).
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573‘.6-.8 | Quartile — quartile plots (Q-Q plots) |
j Q-Q‘ plots are constructed by ranking a set of values of a statistic frém smallest to largest
and plofting them against the éxpected values (. Under the null hypothésié there should be
no significant difference in allele frequéncies_ at genetic markers between éases and
controlsA.'If .the observed data are consistent with the null Hypothesis, thé.po'ints should fall
approximately along the réference line. The greater the departure from the 450 reference
line, the gfeater the e{fidence ‘that the observed X statistic do not follow the expected X*

- distribution, suggestirig that the measured differences between cases and controls are not

- random.

-5.3.6.9 . Hardy—lWeinberg Equilibrium (HWE) ‘,
‘ beviation from the HWE "c_an arise in the preéencqof a comﬁbn depletion polymorphism,
' ‘becéuse Qf a mutant PCR—prirhc;r site or becéﬁée ofa fendency t§ Iﬁiscall heterozygotes as -
- | horhbzygotes. For é large-scale génotyping study, we assessed the HWE in the control -~
x group as a dafa quality check. We used ._Pears'or.li goodnéss-of-ﬁt‘ fest to test for the
" ‘de\'/i;dtions from the. HWE. T'h’i.s test was A‘knqwn sifnply as “thé X? test” because the test
- statist‘ic‘ has approgimately a X* null disfribultion. We used PLINK to check for ;thé
. 'ycliep‘a'ture ‘form HWE in the conAtr‘ols - S |
_ :‘ *v5.;.3.6.10 .As‘svoc.iavtio,n tests
- To idenfify SNPs thgt éfe signiﬁcaﬂtly associ#ted with dengue or With sévere dengué in
GWAS, we applied five models of éﬁi-équare te'sté Whiéﬁ ére used to examine the form of
_‘relationsl;ip betwéen two discreté variables and to determine if the rélétionship observed |
= Was.’sig.niﬁcantly "differentv fro'mv whét Woﬁld be expected if there were no felationship '
.between variaﬁles. | |
| 1. Armitage’s .tre'ndbtest was used as a genotype-based test to test the hypothersisvof
' zero slope fovr- th‘e’ line that ﬁts‘ the thrée gen.o.typing risk estimate bést | |
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2. Allelic test is a 1-df chi-square test which was used to compare allele frequencies in
cases and eontrols |
3. Genotypic test is a 2-df chi-square which was used to compare three genotypes (the
| two homozygote and the heterozygote)
- - 4. Dominant test is a l-rlf chi-square test which r\yas used to ~compare wild type
genotypes (the wild type homozygote and the heterozygote) and the mutant
:genotype (the mutant homozygote)
5. Recessive test
536 Helixtree
We used Helixtree to"analyze genotyping data from seclluenom. This software allow us to
- perform qualrty control of the SNP and the samples such as call rate, HWE, MAF. We can :

o also perform association test usmg this software

53.6.12 WGAviewer
" This software was usedto annotate SNPs that found significant form association analysis.
It-allows us to. look at detail ’annotation of the SNPs such as LD? haplotype, genes that the

. : SNPs located.

53613 Haployiew.
- We used haplovrew to mvestlgate the LD patterns between SNPs and also to plot

_ association data that exported from PLINK

53614 PLINKV
: PLINK (http://pngu.mgh.harvard.edu) is a free, ‘open-source tool set for whole genome
: assocratron analysrs It 1s desrgned to perform analysrs ranging from basrc to large-scale
_ analyses m.a computat1onally efﬁcrent manner. PLINK can be used to analyze both‘
-A genotype and phenotype data so that the raw data needed to be processed. We used PLINK .

to perform both data quality control and association analyses.
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54 Results
5.4.1 Quality control (QC)

54.1.1 DNA QC

Prior to genotyping, DNA samples were stringently checked for quality and quantity by
different methods. The success of high-throughput SNP genotyping using the 500K Chip
(250K Nsp and 250K sty) relies on genomic DNA of good integrity and high quality which
is free of contaminants that would affect the downstream enzymatic reactions. Figure 5.6
shows an example of DNA samples used in the experiment visualised by gel

electrophoresis.

Figure 5.6: Gel electrophoresis on a 1% agarose gel. Lane ladder refers to a Gene Ruler
1Kb DNA ladder (Fermentas, USA) which is composed of 14 DNA fragments measuring

up to 10kb. Genomic DNA samples that are >10Kb in size.

5.4.1.2 Quality control for Affymetrix genotyping

5.4.1.2.1 Assessment of PCR

Genomic DNA was digested with Nspl or Sty 1 restriction enzymes, ligated to adaptors
and PCR amplified using PCR primers. PCR products were electrophoresed on agarose

gels to check their size. A successful PCR reaction was indicated by DNA fragments with
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the size 0£250 to 1100bp when checked by electrophoresis. Figure 5.7 showed an example

ofa successful digestion and PCR amplification to yield amplimers of size 250 to 1100bp.

Ladder Ladder

1000 -

S00—

Samplel Sample 2 Sample 3 Sample 4 Samples Sample 6

Figure 5.7: PCR products electrophoresed on a 2% TBE agarose gel at 120V for lhrs.
Average product distribution is between -250 to 1100bp. The first and the last lane are
50bp DirectLoad Wide Range Marker (Sigma, USA) and the remaining lanes are PCR

products after amplification

5.4.1.2.2 Assessment of fragmentation

After being purified and normalised to 2(ig/pl, 90pg of PCR product was fragmented by
using DNase 1. The result ofthe fragmentation was checked by agarose gel electrophoresis.
Successful fragmentation was indicated by an excess of DNA less than 180bp. Figure 5.8

shows an example ofa successful DNase I fragmentation.
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Ladder

Figure 5.8: PCR products digested with DNase I were electrophoresed on a 4% TBE
agarose gel at 120V for 30 minutes. Average size is <180bp. The first and the last lanes are
50bp DirectLoad Wide Range DNA Marker (Sigma, USA) and the remaining lanes are

DNA samples after fragmentation.

5.4.2 GWAS: Dengue versus population controls

5.4.2.1 Sample collection

For the genome-wide association case control study, we collected a set of samples for use
as population controls. These were the cord blood samples from babies born to Vietnamese
Kinh women in Hung Vuong Hospital, Ho Chi Minh City and were collected between
2003 and 2007. For Affymetrix 250K genotyping, we used DNA from 183 cord blood
samples and 391 DNA samples from dengue cases. For validation study, we used 1,260

DNA samples from dengue cases and 1,216 cord blood control DNA samples.

5422 SNPQC

The results of SNP QC is summarised in table 5.1. Briefly, we removed from the data set

11178 SNPs that had call rates of less than 93%, 49472 SNPs that had minor allele
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frequencies of less than one percent (monomorphic SNP_s),‘ 5710 SNPs on ‘the X
chfomosome, 710 SNPs for departure from HWE (P <.10'7 in the coutrols), and finally,
‘6924 SNPs were remdved because there‘vwas_more thau S%di’ffererices in SNP cail rates
: .bet‘ween cases and controls. After these QC procedures, 1‘943.27. SNPs.were left for further

analyses.

Table 5.1: SNP QC for GWAS comparing dengue and population 'c‘:ontrols '

SNP Filtep o ; ' o o Number of SNP.s..' |
Total number of SNPs — — 262264

SNP calvh"ate <93% — - | ‘1 1178

MAF<001 - ] 49472
Chromosome X SNPs , ‘ | » 5710

Out of HWE (P > le-7) in control - i. . A 701

SNP call fate difference >5% between cases and eontrols 6924

SNPs left for analysis : ‘_ ‘ \ - : _ , 194326 _

5.4.2.3 = Principle component analysis -

iThe prmcnple component analy51s was applled for 526 samples w1th 194, 326 SNPs. that
| passed the QC. Genotyping data of SNPs in all the cases and controls were compared w1th4 |
those of SNPs‘ in Caucasian (CEU), Afrncan (YRI) and Asian populatlons (HCB and JPT).
All of the Vietnamese case and.co'ritrol subjeets clustered with the Han Chinese (HCB) and
| _vJapanese (JPT) (ﬁgure 5.9A). The Cauca51an and the African SPNs from the HapMap -
_ database were then excluded leaving only SNPs from the A51an populatlons (HCB and
JPT) were used. The PCA plot of thls analysis using only SNPs from Asian populat;on

~ showed that the subjects-in the study are homogeneous and do not belong to other Asian
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population (figure 5.9B). The PCA result with PCI and PC2 indicated that the case and the
control samples are homogeneous except four subjects with PC2 >0.19 (Figure 5.9C). The

result after excluding the 4 subjects was shown in figure 5.9D.

Dengue ¢ Kapmap PCI vs PC2 (526 Dengue ¢ 208 Hapmap

0

CEU
o
6
0 e
0 ©
Asian « § -
@ °
B
9
0 9
o 0 0 0% ®
YRI 9 6°" 0 0000
9 m o
1 1 1 —1 1 | I
0B 00 -0 0B
KT w1
Dengue PC1 vs PC2 (530 individuals) Dengue PC1 vs PC2 (526 individuals)

* Jipintettii Tokyo
* Cue

* Comtol

Figure 5.9: Principle components analysis indicates that Vietnamese population belongs to
Asian (A) but different to Chinese (HCB) and Japanese (JPT) (B). Analyses of cases and
controls showed that they are homogenous. Shown in (C) is the analysis of cases and
controls before removing the outliers; and in (D) is the result after removing the outliers.

The X axis shows the principle component 1; the Y axis shows the principle component 2
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54.2.4 QC of DNA samples

DNA samples from 361/391 éases ’and 1 70/183 controls were sﬁfﬁcient for geﬁotyping.
The details of samiale quality control are summarised iﬁ table 5.2. We remoVed 3. samples’
which had BRLMM call rate less than 93%, 2 samples for being MZ or FS and 4 sarﬁples
- that were outliers as Vietnamese by PCA analysis leaving 522 samples (357 caseé aﬁd 165
controls) for analysié. The,baseliné characiéristicé of the 357 éases are summariséd in table

53 .

Table 5.2: SNP QC results

Filtering criteria . | Number of samples

Total number of samples | 531

Cases | 361

Controls o 170

Sample callrate <93% |3

™Mz . 1
Fs R
Outlier by PCA ‘ 4

| Total samples .lef’.t_ 522
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Table 5.3: Baseline characteristics of 357 cases used in GWAS comparing dengue cases

and population controls

Mean (range)

5400 - 110000

Variants - DSS Uncorhplicated dengué
N=179 N=178
Sex (% male) 50.8 % 60.6 %
Agé Median (range) years 10.8(7-14) 11.2(7-15)
[ Max hematocrit (%) 50 A 456
| Mean (range) 139-59 347-60
Platelet nadic (10° cellimD) 26242 63707

8510 - 290000

Note: max hematocrit is the maximum percentage of hematocrit between day 3 and day 8

of illness; p]ate]ét nadir is the minimum platelef count between day 3 and day 8.

5425 QQplot

. QQ plot is a graphical method that can be utilized to explore the population uniformity.

- The expected P values of the test statistic from the controls were plotted against the

observed P values in the cases. Under the null hypothesis, we wo‘uld expect that all the data

~will fix to the 45-degree lihe. The QQ plot in figure 5.10 shows that majofity of the data fix

with the expected line which means that the population under study is homogenous. The

~red dots that are deviated from the line indicate either that the theoretical distribution was

incorrect, or that the sample was contaminated with values generated by a true association
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0 1 2 3 4 5

-Log (Expected P value)

Figure 5.10: Quartile-quartile plot of trend test of the observed P values from cases (Y
axis) and expected P values in controls (X axis) of 194326 SNPs. Majority of the dots fit
with the 45 degree line indicating that subjects in cases and controls are homogenous. Only

the SNPs in the extreme tail are those potentially associated with disease.

5.4.2.6 Association test

We applied Armitage’s trend test included in PLINK software to test for association. The
tests were carried out to analyse 194326 SNPs in 357 cases and 165 controls. The results
were then visualised by using Haploview software. The P values of the trend test from
comparison of frequency of all autosomal markers in cases and controls were plotted

against the chromosomal SNP position (figure 5.11).
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Figure 5.11: Trend test P value of 194326 SNPs plotted against chromosomes. Frequencies
of SNPs in 357 cases were compared with 165 controls by Armitage’s Trend test using
PLINK. The test P values of all SNPs were plotted against the physical position of 22
autosomal chromosomes by Haploview software. The Y axis shows the -loglO scale of the
P values. The X axis shows the chromosome clustered into different colours. The most

significant SNP in this analysis was lower than 10'6 and mapped in chromosome 2.

5.4.2.7 Cluster plot of SNPs

To avoid the spurious results that may be derived from genotyping errors, we visually
checked clusters of potentially associated SNPs. The BRLMM algorithm calls were used
for drawing the SNP clusters using The SNP Signal Tool (Affymetrix). This software
generates cluster drawings of SNP signals, one drawing per SNP over a set of experiments.
It is impossible to check all the SNPs so we only checked the clusters of SNPs in the top
hits SNPs (P value < 10'3). From the top hits, we chose the top 179 SNPs with good
genotyping quality for replication in an independent cohort. Figure 5.12 shows the clusters

of SNPA-2205258 which has good quality.
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SNP A-2205258

85
£
f 80
&

1008-06-04-0200 02 04 06 08 10 12

Contrast

Figure 5.12: Cluster plots of SNP SNP A-2205258 called by BRLMM algorithm. Each
drawing consists of a set of points in “Contrast” vs. “Size” space. The points are colored
according to the BRLMM genotype calls. Experiments with different genotypes for the
SNP should cluster from left to right in contrast space: BB (red), AB (green) and AA
(blue). Visual confidence can be assigned to a SNP whose experiments are resolved in

Contrast space (the X axis), and have few No Calls (grey points).

543 Follow-up replication study in an independent cohort

Sequenom genotyping is a genotyping method that allows us to customise the SNPs to be
genotyped, i.e. the SNPs of interest indentified by other methods can be genotyped with
this method. It is a widely used method for the validation of GWAS data. We used
Sequenom to validate the SNPs that were associated with susceptibility to dengue in the
initial GWAS screening. As the purpose of this study was to identify SNPs associated with
susceptibility or resistance to dengue, all dengue cases including severe and uncomplicated
dengue patients were grouped into a “case” group while cord blood samples were used as
population controls. Beside the top 179 SNPs that were chosen from GWAS screening, we
decided to genotype an additional 28 SNPs that are mapped to DC-SIGN gene because
some of these SNPs were demonstrated to be associated with susceptibility to dengue in
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Thai child%en [137]. In total, we genotyped 207 SNPs in 2476> samples (1260 dengue cases
and 1216 controls) using the Sequenom platform The baseline characteristics of dengue
cases used for this study is summarlsed in table 54. Of the 207 SNPs chosen for
repllcatlon, we falled to genotype 26 SNPs because there was not primer available for the
SNPs so that the gehotyping reactions could not be designed. Data QC and association

analyses were performed for 181 successfully genotyped SNPs'u'sing Heli.xtree software.

Table 5.4: Baseline characteristics of patients used in the validation study with the

sequenom genofyping approach.

Variables ‘ . - . DSS | , Unc(;-rnplicated-dengue Note
| (N = 602) . (N=658)
Age Median (range) o 10(1-15) — 12(5-15)
Sex Male ) 302 (50%) 3% (59%)
Max Hct o . Mis_singN =137 Missing N = 54
| Median (rangey 50 (37-60) 44Q75-61)
I.’latelet"nadir o Mlssmg N =137 MissiﬁgN = 54 '
Median (r;nge) »‘ | | 30800 (6390 — 174000) 64250 (8510 —379000) |
R Dengue confirmed cases ‘ 602 (100%) o 658 (100%)
By serology - | , 590 (98.2%) 637 (96.8%)
By clinical syhptoﬁs 12 (i.AS%)-i ) o 73 (0.5%)
| By PCR . : %) 18(27%)

- Table notes: The platelet nadir was the mini‘mum platelet count from day 3 to day 8 of |

illneés. Maximum Hect was the highest Hct between day 3 and day 8 of illﬁéss.
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5.4.3.1 SNPs associated with susceptiblllty to dengue

We excluded 230 cases for being genotyped in GWAS leaving 1030 cases for further
analysis. We compared frequencies of ‘181 SNPs (discovered in GWAS and DC-SIGN
SNPs) in all dengue cases (n=1030, severe and mild dengne) with control samples
(n=1216). Of the 181 SNPs, we removed two SNPs that .had HWE P value in controls less
than 2.8E-04 (Bonferoni multiple testing correction P value: 0.05/181 SNPs) and nine |
SNl?s with call rate less than 0.93, leaving 170 SNPs for genetic association analysis. As
the. SNPs were chosen from the most signiﬁcant VSNPs from the trend test in GWAS, we
also used the 'trend test toanalyse them in this replication study. We identiﬁed 11 SNPs
_' with‘trend test P value < 0.05 (without multiple testing corrections). We appliedvFisher’s
. fest to icombin'e P values from GWAS and from replication study and GWAviewer
" soﬁware tov annotate the SNPs; The result of Fisher’s combined values and annotation of -
, ihe SNPs is summarised in table 5.5. The most ’signiﬁcant SNPs of the combined data from
- GWAS (357 cases and 165 controls) w1th Sequenome (1030 cases and 1216 controls) was.
‘rs136§478 (P = 6. 3x10 %) Which maps to mtergemc reglon on chromosome 5 and
rsl706l64‘3> (P = 8.7x10 %) which maps to intronic region of the KLFI2 (Kruppel-like factor
12) gene on chromosome .l3.v'the protein encodedt by this gene isa rnember of the Krupp_el-._ .
' like zinc finger proteinv family. Other SNPs that .also. showed evidencev-‘for genome-wide )
assoc'iat'vion» but with lower signiﬁcance included r510204649 P= 2.9xl(l'4) and rs298917 (P =
6x10*) which respeciively maps to _the iniron and exon of VWA3I§ gene (von Willebrand factor
A domain containing 3B')'on chromosome 2. AOther SNPs mapping .to.intergenic regions with -
| less signiﬁcance were .rs761 1871 (P = l.8x10.4) mapping to the IDPPAZ gene on chromosome
3, rsl863943 P = lxlO“‘)'on chromosome 5,>rs126‘61760 (P = 2.7x10%) Amapping.to the
KIAA1244I gene on.chromosome" 6, rslél’85306: P = v3.2x10“‘)‘map‘ping to the COLEC] 0 on"
- chromosome 8, rs1885261 (P = 3x10™) mapping to the NPAS3 gene on chromosome 14 and

: "rs§788917 (P = 4x10™) on chromosome 16. Functions of these genes in infectious diseases,
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o particularly in dengue are unknown and further invéstigations are needed in order to confirm -

the association of this gene with dengue.
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Chapter 5 Host genetic susceptzbzlzty to Dengue

5 43.2 The assoclatlon of DC-SIGN SNPs with dengue

Previously, the SNPs 'rs4804803, rsSlOS483 and rs11465391 were demonﬂstrated to ‘be '
assoeiated with protection for DF in Thai children [137]. We wanted to know if these DC-
SIGN SNPs were also asso<:1ated w1th disease status in. Vletnamese Kinh with dengue. To
_ answer this questron we mvest1gated 28 SNPs in DC-SIGN in 1260 cases (uncomplicated and
-

' ' severe dengue) and 1216 controls. We successfully genotyped 16/28 SNPs in the total of 2476

samples.. 12 SNPs failed to genotyped because we could not design the genotyping reaction.

- All of the 16 SNPs that were successfully typed were also typed in the previous study of Thal

_ children [137] To compare our results with previous publrshed results, we applred a s1m1lar
data analysrs strategy The frequency of these 16 SNPs in 1260 dengue cases and 1216 cord:
blood controls were also compared to identify SNPs assocrated with susceptlblllty to dengue
’-Statlstlcal tests mcludmo Armltage s Trend test, basic allellc test, basic genotypic test
dominant test and recessrve test werev performed usmg Helrxtree The statrstrcal results are
| :summarlsed in Table 5. 6 We 1dent1f ed four 51gn1ﬁcant SNPs (P < 0.05, before multlplev ‘
: testmg correctlons) from comparlson between dengue cases and controls These SNPs which

. map to 3’ UTR reg1on are rs4804802 (recessrve P=0. 028) rslS44767 (recess1ve P 0. 042) ,

rslS44766 (recess1ve P 0 025) and rsl 1465413 (recessive P = 0.028). All of the s1gmﬁcant _

' ‘SNPs were derived from recessive test with very marginal P values. ThlS was not obtalned'

" from the study in Thai populations.

148



Chaptef 5: Host genetic susceptibility to Dengue
5.4.3.3  DC-SIGN SNPs and disease status: Severe dengué and uncomplicated

dengue comparison

| The» frequencies éf 16 SNPs in 602 pétients with DSS in 658 patients with un;:omplicated
“dengue (DF, DHF grade I and .II) wéré analysed ilsing Helixtree software. We. applied
» Armitage’s Trénd tést, basic éllelic teSt? basic g'e'notypic test, déminant tést and recessive
“test to analyse the data._S'tatistical,Ifesults in comparison with previbus study from Thai ‘
populations are sﬁmmarised in table 5.7..,Fromvthe tests performéd, we did not identify any

', significant SNP (without multiple testing correétion P <0.05).

149 -



a?

;'—  ©
©
00

60 o' so o.
© © © ©

. ©

1
o

© o co -

o) ® © @ go ©

— 1 Cco

©

(6]
00 < 00 co so 00 CN

Doy .
©

. co co

BRSPS

=1 B e <o
00 SOPgs s 00
820 0. -]
9 O 5 te
@@ 8 co ©
&5 @Bz o et o
%390) B 8o o

LO mﬂ@ 88%

®p0 < 0“».«“0

2hoce? Z oot B

ZR") nB@R o8&

cN
©
©

. —© © SO A

g

© ©

L W

© ©

SN
[ ©
<> on
©

sjuonjed ey u Aprys snoiadld U POUIULIIP ANEA g |

w
viw 088
-
3 [-Je}
050 62O .
o —
He) zo0.lw ©O
o c© NH@,O
_§ —
28— -48 =
3 “igo @®
- .
8o Erest
Co,m nf =
°g
coo® _ wd
Ele=] C Ze
e L e
o ]
o ©o m©
o Sbem m©
0 © 5.000©
. [«
08am  oO3Tm
. o
E0o T c0e®

E e
;

Oi on sf

)
0z

®
u
fix
<

Cﬁﬂ%mﬂ_ S N0 WLUQ%O

@@@m_Zwmum Gus% ©
N
O@w«-HZmUY GHOEESE
m@;wup@y

N up %@M@r@
BRI = PRtk
&W No P, r%%u@dm

NG EE

gi No up,w@mo<
a@ o

@H; 3XZn@HB|.

N 8O %m@.m_

sz NOBO e =

No 8D

mmlha Pwm

8- Neo 8o,

SSEES

.iﬁ

OE\\W_ﬂ

HBenO| oossTO BVwmwm 92 (8T



L =2

§ -

on

¥ o gavor

R+l

©i

ju

] vl‘l‘l @\"" °

s

A,
u
>
’% ©i
{:] —1
o ©
o
oi
CN
CN
o0
©
fii
5
_S<p
¢ o
o -
(0]
4):
00 O
on%-1"
B3 s
S lo
A«
PJ oo
A\ s,
N
B o
U
-
<h 2
Si;0
1o
aD
u
Q

CN ©
cn 00
CN
© ©
2r&M s t
o o
vo st
©
0s
© ©
St
st
—t st
© ©
St os
oS
S0
os
©
oS
st
CN
)

. 18
+
w

S
oS
:cn,
1
c e
2
Z 7
Pu®
CID- €3
u U
Q o
on e
© 00
00 00
st-4
© 00
00 CN
ST CfN
i3

CN
©

©

010

®

°co8
® 698 o2

e erg

o
©
©
©

® o
6 200

©

(@A
©

cn
CN >0
CN st
CN ©
© .o
CN 1H
r~ 0
</ s €0
u o,

o

@g?@

©
i>
©

6 °H°
©° 63

00 .

cn
©

©

as
©

as

o9

oS
E+(
Os

°

(60)

ole]

©

S.0.55
©
CN
o- 00
:©
o cn
oS f-
cn ;cn
©
: Os
Os 'Os
cn ©
©
© I-
Os OS
cn n-
© 1d
N' :©
OS 10s
cn
© ©
Os 10
:OI<: 1--
*0S|
© id
©  ©
tsi r-
Os | Os
© ©
cn CN
o 1©
© CN
© 1d
50® "
b \Jy t\
1%
Z 1Z
o o
>
ap
H;:
,Q
1
A1 '©
en
:©
S 00
s

© ©
t"- oo
© ©
© to
t& i S3-
s3- . ©
00 as
©| ©
1&m: ©
00 A
t"- 1°°.
© d
s3"  ON
r- ©
oo 500
© 1d
© | N-
LSO X
o 160
© ©
?V'f
© 10
© ©
© msf
ivof| ©
© |©
o
Os Os
© ©
© :zO0s
cn cn
0 0
vt
=V
w
I
L
CN
§*N- 00
35 CN
CN: CON
Z g
ih—e >
V31 Q3
u u
Q Q
t" ot~
cn ¢
© t"
00 St
St st
CN ©
- 1

® °
@

®

@]

28

-
o

ON 2

v
ST

Q

(2]

[eleFAe]e)

CN
St

©

©nne
g1

]

o]

P

@ 0006

>h

s f
r-
©

e

6 6

00

oS
©

CN

©

owy Hv ©

G-i
JJ
_03

@

Vv

£3

4)

>s

151



‘Chapter 5: Host genetic susceptibility to Dengne

 54.4 GWAS: Severe dengue versus uncomplicated dengue

54.4.1 Sample collection and QC

.We sevleeted 376 s'amples'(187 DSS and 189 uncomplicated dengue controls) to genotype
- with th.e Affymetrix 500K platform All the patients were children (less than 15 year olds)
and Vretnamese Kinh ethmcrty All patients were diagnosed with DENV infection’ by
‘ _serology, by PCR (see Chapter 2, section 2.2.1) or by clinical syndromes All severe and
. ‘uncomphcated dengue patlents were c]assrﬁed based on newly updated WHO guldelmes
(see» Chapter 2, sectron 2.1.2). The base-hne‘ charaeterlstlcs of these patients are
summarise.d in .tableIS.S.i From the total of .376 samples, we'removed_ 3 samplesﬂwith
 BRLMM call rate of less than 93%. By RELPAIR (see section 5.3.6.6), we identified
 relationships between samp]es and removed another 26 samples. In the end, 29 samples
: were excluded, leaving 347 sampies for further analysis (173 cases and 174 contre]s); .

~ TableS5s. 8: Base line characterlstlcs of patients used in GWAS (affymetrlx SOOK _
o genotypmg) o '

Variables o : DSS o vMild dengue
B | (N=V1,87). B (I\.I=‘189)
Age Me;n (tange) 087 -14) T 112(7-18)
SexMale %) T 508(%) 59.7 (%)
| Dengue .conﬁrmed cases (%) » 100 % - 99.45%
By serology %) | 903(¢%) | 94.7 (%)
By PCR (%) 0 | a2
By clinical symptoms (%) | o1 | | ‘_0.'55 %)
Unknown(%) | 0 | 055 (%)
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5442 Association analysis

To identify SNPs that were associated with severe dengue, we used Exampler to perform
 statistical tests comparing DSS cases with uncomplicated dengue controls. These tests .

-including:

a. Allelic chi-square test (details in section 53.5.9) |
b. Genotypic chi-square test (details in section 5.3.5.9)

-c. Armitage’s trend test (details in section 5.3.5‘.9) :

. Frém each tést, fhe top 2000 rhbst signiﬁcant SNPs were chosen and pboled toAgether'f The
| SNPs were ranked by lowest. P values and the 2600 SNPs with the lowest P values_(the
. ‘m‘o:st' sigr_iiﬁcaﬁt), wcfe selected. After choosing the SNPs, we ‘p'e‘rformed SNP QC by -
“looking at t'h"eir. @all rate, HWE P value and MAF. All of the 2000 ’SNPs had a call rate over
93% by.BRLMM and MAF >i%. We removedi SNfs which deviated frorﬁ HWE (HWE: P
%i'x10'7) in thé éorjltrolsvand SNPs on the X chfomosome. Fiﬁéliy, -We cﬁose 1536 SN‘Ps.fo.;

ré_plicétion‘ in an independeht sample set using Illumina Golden Gate genotyping platform.

5.45  Nested analysis b_f severe dengue versus uncomplicated dengue cases A

54.5.1 Sample and_ SNP QC .

The Illuminé Golden Gafé blatférrﬁ was used to genotypé a set of 1536 SNPs in the 2
. sample set. Frdm fﬁe total of 1; 1_44.samples, DNA from :1 107 sémples was sufficient and
. ‘qual.iﬁed'f(‘)r genotyping by tile new platform. Of the 1107  samples, we excluded 15°
E samplés ‘that cQﬁld vnot»be genofypéd, 34 ' samples .withf vsexAdiscrépénc‘ies between
génotyping results and clinical -databasel, énd 28_sar'nplesvfor .be'ing MZ or FS' (most of
wﬁich Were dubiication due to samples were collecteci twice) .l.eaviﬁ.g 1030 sémialés (542
uﬁcorﬁpliéatéd dengue controls ‘and 488 DSS cases) for fuﬁher .ana‘]ysis.' T'He details of

~“sample QC results are éummarised in table 5.9. The base-line characteristics of these
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“samples are summarised in table 5.10. From the total of 1,536 SNPs discovered in GWAS,
81 SNPs were removed for having MAF <0.01, call rate <93%, and for deviation from

Hardy-Weiriberg equilibrium (P < 7e-4) in controls leéving 1455 SNPs for further analysis.

Table 5.9: QC results of samples used in replication study

Filtering criteria . Sample filtered

Total samples - 1 107'

Genotyping failed 15

Sex discrepancies 34

MZ of FS 28

# samples passed QC | 1030

vaable 5.‘10:_Bése-1ine characteristics of 488 severe cases and 542 uncomplicated dengue

controls used for replication with OPA golden gate technique.

Variants - _ - | - DSsSs T Mud dengue
- | ey | =)
Age Mean (range) E | .9.4 (1 - 15) : li (5-15)
SexMale (%) | 504% | 574%
| Dengue confirmed b.cases (;’/;)“ | 100% ‘ Lo "100%
 Byserology % | soa% © 98.9%
"‘ByPCR(%) | | 0% o 0%
_By'clini_'cal symptoms o | 0.6% o 04w
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5.4.5.2 SNPs associated with severe dengue |

We genotypedand compared frequenciesof 1455 SNPs in 542 uncomplicated dengue and
488 severe dengue patients. Statistical tests including trend test, genotypic test and allelic
_ tests were performed using PLINK software. Fig‘ures 5.13 to 5.15 show Haploview plots of
trend test P values of the 1455 SNPs against the chromosomal physical position. For
~.consistency, P values of SNPs from the replication study were derived fro.m‘the same
statlstlcal test performed in the GWAS We identified 30 SNPs with P values < O 05
(before multlple testlng correction) in the repllcatlon study. By using Fisher’s test, we
combmed P values in the GWAS and in the rephcatlon study. The list of these 30 SNPs‘
and their annotatlon results are- shown in table S.11. The most- SIgmﬁcant SNP was
' v‘r512595534 (P 6 97x10 OR (95%CI) = 0. 61 (0 5-0. 76)) which maps to the intergenic
.' reglon of the KLF13 (Kruffel-like factor 13) gene on chromosome 15. Rs13294631 and_
rs16928238 ‘were two sngmﬁcant SNPs that mapped to the intron of the PTPRD gene
(protem tyrosme phosphatase receptor type D) on chromosome 9 with significance levels :

| at P = 2.3x10 and P = 1.2x10™ respectlvely. The dlstance between these two SNPS is

1 84kb apart mdlcatmg that they were mdependently identified. SNPs that map to the 3'-
UTR and the mtergemc reglon of the MBIP (MAP3K12 bmdmg mh1b1tory protem 1) on N
chromosome 14 were rs4900833 (P 3.5x10; OR. (95CI) = 1.92 (1.3.5 -2.74)) and
' rs3844013 (P = 2x10' ; OR (95CI) =1 81 .(1 25 = 2.62)), respectfvely Rs4796751 ‘(P =
‘5 8x10 OR (95%CI) = 0 63 (0.49 - 0. 84)) Wthh maps to 3’ UTR region of the CNP

= (2, 3'-cychc nucleotlde 3 ) gene on chromosome 17 was also 1dent1ﬁed
’ 5.4;5.3 " IPA Gene,ne'tworkvanalysis ‘

We used IPA to explore relationships/ between the genes in which significant SNPs were
identified as associated with severe dengue. This analysis aIIOWS us to investigate the

: interactions of genes in which the SNPs themselves were found (n=14), or the closest
155 . . o



Chapter 5: Host genetic susceptibility to Dengue
genes up to 25kb up or downstream of the candidate SNPs (n=7) and biological pathways
based on its knowledge databases. Ofthe 21 genes, only 16 genes were mapped to the IPA
knowledge databases which in turn, fonned two networks. The first network contains 8/16
genes and was associated with cellular movement, cell signalling, nervous system
development and function with the network score of 22 (equivalent to P = 10'22). This
indicates that the network was highly unlikely fonned by chance. The key molecules of the
network were TNF (Tumour Necrosis Factor), HPS90 (Heat Shock Protein 90kDa) and
HTT (Huntingin). Genes in the network that contain or near by the associated SNPs are
PTPRD, CNP, OPCML, NKIRAS2,MBIPPLA2G, DNAJC7 and DNAH9. The network is
shown in figure 5.16. Collectively, the results suggest that there may be biologically
plausible functional relationships exist between genes that contain or near by the

association SNPs.
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Figure 5.13: Trend test P values of 1455 SNPs plotted against physical chromosome
position. The P values were derived from comparison between 488 severe dengue cases
and 544 uncomplicated dengue controls. The Y axis is the logarithm scale of P value, the X
axis is the chromosomal position indicated by different colours. Red lines is the cut-off at P

=0.05.
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Figure 5.14: Genotypic test P values of 1455 SNPs plotted against physical chromosome
positions by Haploview software. The P values were derived from comparison between
488 severe dengue cases and 544 uncomplicated dengue controls. The Y axis is the
logarithm scale of P value, the X axis is the chromosomal position indicated by different

colours. Red lines is the cut-offat P = 0.05.
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Figure 5.16: Gene network formed by genes that contain significant SNPs between severe
dengue and uncomplicated dengue patients identified by IPA. From the list of 30 SNPs, we
identified 21 genes which contain the SNPs or the closest genes up to 25kb up or
downstream of the SNPs. Only 16 genes were recognised by IPA software. 11/16 genes
directly or indirectly interact with each others to form the network. Direct interactions
between genes were indicated in solid arrows. Indirect interactions were indicated by dash
arrows. The network score given by IPA was 22 (equivalence to P value = 1022, the
network’s Score = -log (Fisher's Exact test result) indicates the network was highly
significant (not by chance). This is the number that ranks the network according to their

degree ofrelevance to the Network Eligible Molecules in the dataset.
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5.5 Discussion

This is the first GWAS to look at host génetic susceptibility t§ dengue and dengue shock
‘syndrome. We.dem;)nstrated for the first time that Viétnamese Kinh is distinct from other
“Asian populations such aé the .Chinese and Japanese. The most signiﬁcént SNPs that were

assoéiated with susceptibility to dengue. were rsl366478 (P = 6.3x107), rs17061643 (P =
8.7x10°%), rs10204649 (P = 2.9x10) and 298917 (P = 6x10™). The most significant
| SNPs that wéfe associated ‘with severe dengue are r312595534 P= 6.97x10f6), >r8100.8405

(b= 2.3x10'5); rs13294631 (P = 3.03x107), rs4900833 (P =3.5x10”), and rs4796751 (P =
| 5.8x107). None éf these SNPS reached,é i¢vél that is curréntly regarded as si'gn.iﬁcant i-n é '
~:GWAS} (10'7) [195]. We also identified é network that suggests biologically plausible .
fuﬁctional felatio.nships,“ Which.arg gxtrémely unlikely té have occurfed by chankce exist |
s betwqen gené_s thaf co;ltain or are 1in thej iniermediéte v'icinity of the SNPs that are

- . associated with severe dengue.

‘The lir‘nitat'ion_.ot:‘ ‘fhis study was that -,poWer cavlcu‘la.tion V\;as not performed. This was
because the_study was condubted in '2007 wheﬁ the knowlédgé on the éffeé_t éize ojf the
disease wﬁs not ,évailable and that_ this Wés an;bn‘gthe‘ first GWAS ‘in iﬁféctious disedse

when énly '_véry,-li._rnited'déta' on'vpo_pulatiqn structure and allelé frequency‘in‘ the Asian
: pop;llation -‘wasA .available. Infectious disgasgs aré complex "'and | an individual’s
suéceptibilify to the diS%:ase 'rn'ay be determined by multiplé variants in multiple génes with
small efféct. It was shown recently thai é sample size of 2000 éages and 2000 controls i.s
vneeded to obtain sufﬁcicﬁt i)ower to d.ete.ctiassociat'ions-witl‘.; a modest effect éizé (OR =
. 1.5) with a minor allele frequency gr‘eater 'thén or equai to 5% [196]. This indicates‘ cléarly
that our study- with'sm'éll sample size has insufficient power to detect any associate(.i‘S.N'Ps '

with an allele frequency of less than 5% and a minimum effect size of 1.5 . Nevertheless, -

160



Chapter 5: Host genetic susceptibility to Dengue
the data from this chapter provide insight into certain aspects of genetic susceptibility to

dengue infection.

'Understanding hostv genetic predisposition in other infectious diseases has lead to an
: 'improved understanding of pathogenesis of TB, HIV and malaria [197-203]. The genetic-
vbased discovery that CCRS is a co-receptor for HIV has lead to the ~development of-
therapeutlc drugs that block CCRS. In dengue an understandmg of host genetic
susceptibllityc_ould also asslst in the development of antrvrral drugs that prevent virus
: ‘infectionlor modulate the host response. We identified several genes by GWAS that are
implicated in»susceptilbility to dengue, but studies on the functions of the genes in the

~ context of dengue are warranted.

Studies on HLA region s [121, .122 -129-13'3 194] DC-SIGN 'FcyR Vitamin D receptOr
“and TAP [136-138] identified polymorphisms that were putatlvely assoc1ated w1th denoue
Unfortunately, none of these HLA polymorphisms have been replicated in 1ndependent‘ ,
:cohorts Moreover many of these studies had small sample 51zes w1th uncertain of case
: ascertamment and with unknown levels of populatlon .stratiﬁcauon Surprismgly, we did -
not 1dent1fy any MHC-related SNPs that were associated with dengue or w1th severe
V ﬁdengue The inability to. repllcate prevrous cases- control studles of the HLA re°1on in
' Vletnamese population [131] and Thai populatlon [130 132] might be because of the
“differences in genetlc’Abackground between 'populations. O‘ther possible ei(plananons

include the small sample size of previous studies and heterogeneous case mix.

' _~ Quality control is very important in GWAS because without stringent QC, spurious results -
could emerge given the huge number of tests required for analysis. We performed very
. stringent QC for every experlmental step and also for data analySIs The genomlc DNA

~ was carefully QC d to ensure that they were of good quahty for the genotypmg process. -

o B The genotypmg data was assessed twice with DM algorlthm and BRLMM algorlthm to
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| assure that the SNP and sample call rates were high enoagh" (293%)‘ for downstream:
analysis. Population stratification in GWAS is a common problem but by Q-Q plots and by
\PCA, we showed that our. cases and controls were homogenous. Sampre mislabeiling,
sample duplication er samples from closely related relatiVes vr/ere also excluded.through _
checking the IBD proportion that were shared between any pair of case-ease, contrel -
control or case - control. We also visually ‘_checked.the potentially associated SNPs by
| looking at the clusters of genotype of SNPs (AA; AB and BB) bcalled by the BRLMM
a .algorithm. Spurious results could emerge in GWAS .so that replication of GWAS results
witlv’l.‘an independerrt larger.sa‘mple set is crucial. ‘We,per‘formed a follow-up repvlicatien

with a 2nd cohort of larger sample size to look ata smallernumber ef SNPs:

We succeSSfully validated ten SNPs from the GWAS (P < 0.05) in the replication set with
a ]arger sample size, with P values ranging from 6x107 to 1x10™*. The most signiﬁeant
~ SNP was rsl366478 P= 6.3x10'.5) on the intergenic regien of chromosome 5. The sveco'nd

most significant SNP Was rsl7061643 (p = 8.7x10'5) _vrhich.maps' to the intron of the

KFLI 2 (Krrrppel-like factor 12) éene on chromosome 13. The protein encoded by this gene

is a member of Kruppel- lrke zinc fi nger protem family of which several members such as '

KLFZ KLF4 and KLF6 have been postulated to play an 1mportant role in medratmg the

~ function of endothe11a1 cell KLFZ null mice d1ed as a result of haemorrhage caused by
- incorrect yessel stabilization and defecrive tunica media formatien (reviewed in [204,

205]). Furthermore, Kruppel'-like vfac‘tors are also er(pressed in endo.the.‘lial cells during
, vaseulogenesis and ear‘lyangiogenesis (reviewed in [204]). Another SNPs rhat also showed

evAidencel of genome-wide association But with lower signiﬁeance included rs10204649 (P
: = 2.9x10’4j and rs298917 (P - 6x10™%) wh:ich mapped to t_he rntronvof the VIWA3B gene
. (vorl »IWillebrand factor A domain containing 3B) onv.chromosome 2. Von Willebrand

‘ fa_ctor., .prim.aril'y,s'ymhesised in vas‘cular vendothelial cells, is a maltimeric plasma protein
rhar mediares platelet adhesion and aggregation at tﬁe site of vaseular injury which in turn
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~ results in thrombocytopenia (reviewed in [206]). Further studies on the functions of KLFI2
and VWA3B are warranted. It is striking that 3/ IQ SNPs that were validated in the 2™
~ sample set were linked to genes involved in coagulation and endothelial cell function, both

~of which are central to the pathogenesis of dengue.

In a nested study, we also tried to indentify SNPs that were associated with severe dengue.
by comparing frequencies of SNPs between DSS and uncomplicated dengue patients.i We
identified 3:0 SNPs that showed strong evidence for association with severe dengue
_ (uncorrected P value < 8x10 %) in both GWAS and replicatlon study The most significant
SNP was rs12595534 (P= 6 9x10 ) Wthh maps to the 1ntergen1c region of approx1mately
» l60kb upstream of the KLFI 3 (Kruppel- -like factor 13) gene on chromosome 15. This gene
- belongs to a famlly of transcriptional factors and is 1nvolved in B and T cell development
’ [2071. Rsl3294631 and rs16928238 were two signiﬁcant SNPs that map to the intron of .
the PT. PRD gene (protein tyrosine phosphatase, receptor type, D) on chromosome 9 with
swmﬁcance level at P =2. 3x10 and P=12x10" respectlvely The distance between these
_two SNPs was 84kb apart 1nd1cat1ng that they were mdependently 1dent1f ed. The protem
encoded by this gene is a member of the protein tyrosine phosphatase (PTP) family. PTPs
_ “are known to be signalling molecules that regulate a Variety of cellular proc.esses. including
celi growth,I differentiation, mitotic _cycle, and oncogenic transformmion'. However, the

" functional effect of this protein in dengue has not been documented.

' We used IPA in an unsupervised manner which aillows identification of gene - gene
relationships without a priori 'assumpti‘ons to investigate the interconnectedness of genes
i 'contam or near by the 31gn1ﬁcant SNPs ThlS analysis linked eight of the 21 genetically
associated genes that contains or near by the associated SNPs (25kb up or downstream) in
a n_etwork that was assomated with cellular movement, cell mgnalhng,v nervous system :

development and function. The key molecules of the network were TNF (Tumour Necrosis
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Factdr), hsp90 (Heat Shéck_Protein 90kDa) and HIT (Huntingin). TNF-a has been well

Jdocumented in terms of its suspected contributions to dengue pathogenesis (reviewed in -~
: [208-210]5. Hsp‘90 is an ATP dependent molecular chaperone which can regulate more
fhan 100 broteins most of which are related. to signal transduction. Many signal
trénsdﬁction systems use. their interaction with hsp90 as an essential component of the
| éignalling pathway. Several pfo_tein kinases; inciuding the Src and Raf components of the
, MAP kinase .System, are also bound to hsp90 (rgviéwed in [211]). PLA2G3 Bélongs to fhe
farﬁily of secreted phospholipase:‘A'2 which was postulated to play important roles in

. systemic inflammatory processes such as sepsis and acute lung injury [212]. DNAJC7

* (hsp40) is another heat shock protein which is demonstrated to have disease-suppressive |

activities. In PBMCs of patients with rheumatoid arthritis, hsp40 can induce secretion of

IL-10 and 'rvedu_ce; TNF-(i secretion [213]. NK[MSZ, a member of NFxB pathwgy, was
_defnonstfétéd ‘to be regulated by mir-29B whj.ch negatively regylét.és;xpression of
o extfécel.lular Iﬁatfix related genes in chronic oxidative s“tres‘si coﬁditions [214]. OPCML
’.(opioivd binding»pfotein/cell adhésidn molecﬁlé;liké) ‘encodes ‘a member of the IgLON
- sﬁbfamily in the immuhoglobuliﬁ protein superfarﬁily whiqh \;las: posiu]ated_ torha\‘)e tumor .
~:suppressior;'function [215]. .Investigatioﬁs. bfAithe cohtribut_ibn 'of this gene ‘net.wo.rk to

dengue pathogenesis are warranted. -

" The DC-SIGN :polymorphisms (154804803, 158105483 and rsl 1465391) were |

o dempnsffatéd to confer i)rote;tion to mild dengue égainst DHF iﬁ Thai péﬁents [137]._ _ | ‘
HoweVer, our rlesu.lt for these' DC-SIGN po]ymorphisrhs in Vietnamesé dengue patieﬁts did -
not show any éésociatibn with severe dengue. The reasons for these differepcgs moét likely
. ";'réﬂect' the différent disease bphenot};pe defined in our stud'y versus the Thai Stud):/, whére
they déﬁncd “cagés” as patients Wifh DHF grade Iand II ;na controls Qere DF, while our
R study defined f‘caée_s” §vaé those with DSS. apd cpntrbls were DHF gradé I and II and the 
E “different in genetic background'oAf .Thai and Viethamese. . |
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GWAS fof infectious diseases are at an early stage with very limited of success because of
the fact that infectious disease is polygenic and multi-factorial and limitation in fhe cu‘rrent.
approaches. Although several polymorphisms have been identified as- susceptibility
variants fof infectious diseasé such as TB (SLCI1AI and several others in CCLI) [197, -
. 198], HIV-1 (CCRS5, HLA, HCP5, RNF39/ZNRDI and PROXI) .[199-202] and malaria inA
African (HbS) [203], many other genes and environmentél factors as well as the gene-gene
-or vgene-enviroﬁment interactions that are potentially aséociat_ed with the disveases are
: unidentiﬁed.‘To our knowledge, no GWAS study has been performed in dengue. For this

reasoh, we did not have a chance to compare our data with data from other groups.

In‘ c;)nclusidn, this is thé first genome-wide assbciation study in dengue in which all the
' :case‘s ‘we.:re classiﬁéd based on the  most up-to-date WHO guideline. We also applied
rigorous quality controls in eVAery".step of the genbtyping experiment and élso in data
- analysis. We are confident that éur cases and coﬁtrols were geneticaliy homogenous. Fdr
potentially trﬁe associations, we visuélly check’édAthveir gendtyj)ing quali»ty to ass'ure4that
| ‘t-h‘éy were not genotyping érrors. We identiﬁéd several SNPs that sﬁov&ed evidenée for
significant association with déﬁgue relative to controls or severe déngue- relative tb
--‘uncémplicated dengue. None of the SNPs Wa§ significant at 'suggeétive _genomé-wid_e levél
. _but'ontology banalysis of genes implicated By assdc_ﬁiated SNPs .suggests"biologically
p]ausiblé functiohal relationships between genes. Our study also suggested that much
lafger samplé éize is needéd to be able fo detegt associations at genome-wide significant
_level but its preliminary findings pfovide Eaéic knowledge of host gervletic' égsceptibility in -

~ dengue and are valuable for future studies.
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Chdpter 6: General Discussion”
vThis thesis filled seileral signiﬁcaﬁt gaps iﬁ our understanding of déngue pathogenesis.
. First, we defined the Whole-blood .transcriptiqnal profile in acute dengue patients with mild
and sevefe clinicai outcomes.l These are some of the ﬁrét reports of the molecular response
in dengue patients and shed light on the hosf response to systemic viral infections. An
'understénding of global gene expression in acute DENV iﬁfectién could be useful for the
évaluatioﬁ of d'engue'vacci'nes as a successful vaccine could be. expected to elicit a host
uresvpo.nse .that mifnics wild-type infection but_ wifhout clinical signs. An improved
ur;derstanding of tﬁe hosf response in aéute infection .should also be useful when-
B conéideriﬁg clinical iinterventio'ns in dengue. In particuiar; our dafa from chapter 3 aﬁd 4
: _suggest_ed tﬁat the “host aefense” t_ranscriptiqnal proﬁle is ébsewed wéll béfofé the poiﬁf
of defer\;escgnce and cardiovascular decompensationvin DSS batients. This may 'explain
§vhy adjuvant Cbrficqsteréid use in bp'atiehts with estaBlished DSS [161] has little-efﬁcacy-'
- ih 5imple fe;;'ms the inﬂamﬁ‘natory immune responée ;‘horée;’ hgsv a:lready “bolted" by the
time"card.iovas‘c.ular decompensation occurs. A better éppfoach .is_ théfeforé to give adjuvant
"gorti'costéroi_‘d,‘therapy,evarlyiin the infection, at a tirﬁe When»the major elements of the hqst |
anti-'virél-;an-d inflammatory .immunev fésponsé are rhost' prominent. aﬁd iwhich" possibly‘

' d»riy‘e tﬁe c.épilla.r)’.' penﬁeability syndrome that‘characterizes 's.elvere vdengue.v To vthis end,
| , the" OUCRU 1s cﬁrrently conductin_g a _réridohiied controlled’ triai of prednisolone; a

| :cor_tico.stéroi.d, ﬂ;r fhé early trea‘t‘incni of .den.gue in chiAldr}en; with <3 days of fever. This
init_fal trial -in 225 children trial Will géek to determine if ‘prednisolo'ne is safe and can -
z'itteniAlaté the host inﬂammatofy res.pon'se. In the future, it is pbssiblé that We will conduct
largc}:kr' tfiéls with a view bt.o detefmining if prednisoloné prevents the_devélopment of
: biimpo'rtént clinical complicatiéns suéﬁ as DSS In more gen'eral‘ terms, vit. is plausible that
v.insi‘ghts intb the hdst responée.tq déngﬁe as iiluminated ‘by »the gene expreséion studies in

this thesis will be re]eva'nt to other systemic viral infections, in particular flavivirus
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Chdpter_6.' General Dfscussion
infections with systemic phéses such as Yellow Fever or Japanese encephalitis virus
infeétion.

One of our major aims in characterising the transcriptional profile in children with dengue
“ Was to identify signatures that Wére associated with prbgression to DSS. Intriguingly, our
ﬁndiﬁgs identified several neutrophil-associatéd tranSCripfs as more abuﬁdant' in
' Vietnamese patients who progressed to DSS, suggesting a hitherto unrecognised
association between 'neutro;;hil activation, pathogenesis and the d‘e\‘/elopmen_t ofv‘DSS. We
bostulated that neutrophil adh;:rénce to ‘vendothelial pells‘énd the éecrétion of | soluble
mediators of vascular permeability may represent a small step in the inflammatory cascade »
that synergises witﬁ other- adaptive host responses to mediate capilléry' permeability in
’ ‘ s‘evere secondary infection. In infants with primary infection and severe dengue, an innate
-réspénse that includes neutrophil activ’atién, together with an i‘nherently permeable
vascular eﬁdothelium, might bé sufficient to trigger clinically significant vasculér leak. Our
‘pvrelimbina.ry findings hinted that further st'udieé on the contribliltions.‘of neutrépﬁils ito '
_Vdengue path‘ogenesis are required. Such studies éf might be c‘or(ldllllctedv in animal 4mod‘els of :
dengue, which Havc improved recentlyl[216-2'1 8]. Altéma_tively, studies of DENV and -
ﬁeutrophil inieraction's the might also be performéd on p_atieﬁt blood samples ex vivo using

 flow cytometry or in vitro using neutrophils in culture.

A lessbn_-frorri our studies on global géne expressién (Chaptéf 3 and 'Chap'ter 4) was tﬁat
* large pat_ient samplei sizes, with serial samplés collected early on iﬁ the infection, éffers the
best way Vtovgather ifur'ther 'fhsights into the hosf transcriptional respo‘nyvnse. Such stﬁdies are
 difficult ip children and complicated by the fact that outcorﬁes such as DSS ‘a.re relatively
rare event. Neverthe'less, sthdies similar to oul‘rsbshoulc_i be conducted in other populations
- of patients with different ethnic backgrouhds and different circulating viruses. Alfefnativé
- approachéé to microarrays fdr gene profiling are also become available. Recently, a new

‘high-throughput sequencing-based technique allowing whole transcriptome surveys from -
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Chapter 6: General Discussion
subnanogram RNA quantities in an ampliﬁcation-free manner was developed [219]. This
technique could be a first choice for the coming years tov replace gene expression
“ microarrays This approach would overcome some of the limitations of microarrays, €.g.
this is an amphf cation -dependent rnethod in which RNA has to be amplified before belng

hybridized onto the probes with possrble introduction of bias.

ADengue, like other infectious diseases, is a compler( disease in which outcome may 'not be
decided by one fa‘ctor but it may be the combination'o’f multiple factors'such as.viral
' ’fact‘ors and host.immunological and genetic factors. In Chapter 5 we“conducted a genome-
“wide 'case - control‘association study to identify genetic ’variants that are associated with
susceptibility to dengue or DSS by a GWAS approach. One of the limitations of GWAS is
- that it skewed toward common‘variants ’in the human genom'e with. at least l% so that if the
'disease is Caused by one or icombination. of ralre‘variants, ‘it_is impossible to detect them
usingicurrent technologynl..Nonetheless, we demonstrated for the “ﬁrst time that Vietnamese
Kinh ethnicity is homogenous and that they are not belongto other Asian populations such.
as Han Chinese and .Japanese.lThis indicated also that cord blood samples could be used as
population controls for GWAS with other infectious diseases We 1dent1ﬁed ten and 30"
SNPs that showed evrdence for srgmﬁcant assoc1at10n w1th susceptibihty to dengue and
with I‘)SS., respectively. However, none of the SNPs reached a genome-wrde significant
level (which is'll_0'7)‘_[l95].,‘ and the 'functional contrihutions of the r.elatedv genes to dengue

pathogenesis are unclear. Further replication studies focused on these variants are

o warranted as are more functional studies of these genes during DENV infection To this -

end usmg the results from thls thesis "as a foundation, the. OUCRU has recently
| commenced a GWAS with 2000 DSS cases and 2000 cord blood controls in collaboration
w1th the Genome Instltute of Smgapore and funded by a Wellcome Trust project grant. It is
possrble then that-some of the SNPs 1dent1f ed in this study w1ll be replicated in this 2

: samples set of patients. In general terms, future research into host genetlc predisposition to
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Chapter 6. Genera? Discussion
deﬁgue' and sev_éfe dengue could.help not only to understand the diéease ﬁathogenesis but _ "
: also to identify avenues to develop anti-DENV drugs. For éxémple, the finding that
individual§ with functvilonal deletiéns in their CCRS5 receptor lwere highly resistant to HIV
_infection  (reviewed in [220, "221]) subsequently led to the development ’alv‘ld
chmerciélisatioﬁ ofa small‘ moleéﬁle drugs that block this virus-receptor interaction and A
vthereby redﬁces HIV viral loads [222, 223]. A similar outcome is conceivable for dengue
ar’_ld would represent the u‘ltima_t¢ justification for genomic resg:arch.in'to the pathogenesis Qf

. this globally important disease. -
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