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Abstract

In April 2009, a novel influenza A virus was detgtin Mexico and California. Thereatfter, it
spread globally to cause the first influenza parideshthe 2% century. The virus was found
to be antigenically unrelated to human seasonalenfia viruses but genetically related to
viruses known to circulate in pigs. In view of lilsely swine origin, it was initially referred
to as ‘swine-origin influenza virus’ (S-OIV) A/H1N®y pandemic influenza A (H1IN1) 2009
virus but was later renamed by the World Healthargation as influenza A(H1IN1)pdmOQ9
virus. In its first year of circulation, the virus is ewtited to have caused between 151,700
and 575,400 deaths globally. In Kenya, the virus Vst detected in late June 2009 and in
the next one year was the dominant virus in citoaha However, no laboratory confirmed
deaths occurred in the country. The emergence abseguent rapid global spread of this
influenza virus provided a unique opportunity tosetve the evolutionary dynamics of a
pandemic influenza virus in Kenya, a tropical regishere the virus circulates throughout
the year. Understanding the evolution of infize A(H1IN1)pdmOQ9 virus within the
country is essential for studying global dsiication, the emergence, spread and
resistance of the viruses circulating in thégion of the world, as well as determining
the genetic relationships among the Kenyaairstr and vaccine strains. The aim of this
study therefore was to reconstruct the evolutiondypamics of the A(H1N1)pdmO09
influenza virus in Kenya during its first year afaulation. To accomplish this, the study
undertook whole genome Sanger sequencing of 40einda A(H1N1)pdmO9 virus isolates
sampled nationwide during the pandemic period. Ai@geustand the evolutionary dynamics of
the local A(H1IN1)pdmO9 viruses, the study emplotlesl Bayesian evolutionary framework
to analyze the resulting 320 individual gene seqasmand the 40 complete genomes and
compared them with sequences from two African agesit UK, USA and China isolated
during the same period. The phylogenetic analysewad that all of the Kenyan sequences
sampled in the pandemic period grouped into at feas highly significant clusters and were
interspersed with isolates from other countriesoDlobal clades (2 and 7) were identifiable
within the first two weeks of the pandemic in Kenyaith clade 7 undergoing further
diversification while clade 2 was not detected lmel/the introductory foci. The time of the
most recent common ancestor of the strains ciioglan Kenya was estimated to be between
April and June 2009, two months before the firsbolatory confirmed case. High
evolutionary rates and fast population growths whB® observed. Progressive drift away
from the vaccine strain was observed at both tlidentide and amino acid level, with 2010
strains clustering separate from 2009 strains. W d@ique clusters of amino acid changes
were identified among all gene segments in the ssowf the pandemic, but no mutations
previously associated with increased virulence wietected. The local strains were shown to
be sensitive to neuraminidase inhibitors but rasisto adamantanes. Overall, results from
this study indicate that two clades of influenzaHAN1)pdmO9 virus were introduced in
Kenya and that the pandemic was sustained by rfeultigportations. They also indicate that
clade 7 viruses dominated local transmission withe#icient community spread that was
devoid of any spatial patterns but a progressiveetye drift was evident. In conclusion,
adaptive evolution and viral migration seem to payital role in shaping the evolutionary
dynamics of local A(H1IN1)pdmOQ9 viruses.



1.0: INTRODUCTION

1.1 Background of the study

Influenza is the paradigm of a viral disease inoklgontinued evolution of the
virus is of paramount importance for annual epidsmand occasional
pandemics of the disease in humans (Welstal., 1992). Of the 3 types of
influenza viruses (A, B, and C), only influenza Auses are established in
animals other than humans (Neumann and Kawaoka6)206fluenza A
(Family Orthomyxoviridae, Genusinfluenzavirus A) is currently the greatest
pandemic disease threat to humankind (Gathere®)2@8 rivals for this title
(HIV-1, Ebola, SARS, and pneumonic plague) havehé&igmortality if
untreated, but either lack influenza’s rapid imersonal transmission (HIV-1)

or its widespread seasonal distribution (Ebola, SABheumonic plague).

Although influenza A viruses are best known for @renual epidemics and
occasional pandemics in humans, wild birds fornir thatural reservoir (Olsen
et al., 2006; Websteet al., 1992). Whereas only 3 influenza A virus subtypes
circulated in humans in the past century, all knewhtypes have been isolated
from wild birds. Numerous subtypes have also beeteafed in poultry,
generally causing severe disease, mild disease drsease at all (de Wit and
Fouchier, 2008). Several mammals including pigslzrdes are also known to
be naturally infected by influenza A viruses. Pige susceptible to all
subtypes of avian influenza viruses in experimenatings (Horimoto and

Kawaoka, 2001) and this has led to their label agaixing vessel allowing

for two-way transmission of viruses between birdd aumans. Occasionally,



a new subtype of influenza A virus is introducetbithe human population
from swine or birds that is able to spread effidiefrom human to human,
causing a pandemic. This process is called antigénft and may be the result
of a reassortment event of avian and human inflagngziruses (Scholtissedt

al., 1978), or of adaptation of a fully avian virus tumans (Claas and

Osterhaus, 1998; Tumpeyal., 2005).

During the past century, three such pandemics oceduifhe first of these is
the so called ‘Spanish influenza’ which occurred 1818 and which is
considered as the greatest natural disaster o2@feentury. This pandemic
occurred as a result of the introduction of anu@fiza A virus of the HIN1
subtype probably derived from an unidentified avi&a precursor virus which
became adapted to mammals (Morehsl., 2009). An estimated 50 million
people died as a result (Patterson and Pyle, 19%).second such pandemic
occurred in 1957 due to the introduction of the B2Nibtype causing the so
called ‘Asian influenza'. This pandemic virus emetgby reassortment
between the viruses in humans at that time, andiitis from some aquatic
avian reservoir killing an estimated 2 million péopvorld wide (Webster,
1993). The last pandemic of the™€entury occurred in 1968 and was due to
an influenza A H3N2 virus subtype derived from bdthman and avian

viruses. This pandemic was relatively mild (de @fitd Fouchier, 2008).

In March and early April 2009, a new swine-origitilienza A (H1N1) virus
(S-OI1V) emerged in Mexico and the United States QCR009c). Since then,

the virus (later renamed influenza A(H1IN1)pdmOQs)rspread rapidly across



the world by human-to-human transmission. On th8 afl June 2009, the
World Health Organization declared a global panderof 2009 H1N1
infection making it the first pandemic of the*2t¢entury (WHO, 2009). By
April 2010, there were 18,500 laboratory confirntehths with recent studies
estimating a higher figure of 201,200 deaths (Vib@nd Simonsen, 2012).
The outbreak strain was identified as a swine origifluenza virus that
resulted from a reassortment of two previously ulating strains. The new
strain contains six segments (PB2, PB1, PA, HA, B NS) that were
similar to the ones previously found in triple-reagant swine influenza
viruses circulating in pigs in North America (Davebet al., 2009). The PB1
gene was itself seeded in swine from humans (Gattah, 2009) and two
segments (NA and M) from the Eurasian lineage (Dzhva al., 2009). The
amino acid sequence divergence of the 2009 pandétticfrom human
seasonal influenza H1 is around 20-24% and for tea&son, it is being

considered as halfway towards a new serotype (Gathz009).

The severity during the early 2009 pandemic wasneséd to be less than that
seen in the 1918 influenza pandemic and compatalieat seen in the 1957
pandemic. However, there were concerns that dtleetoapid evolutionary rate
of influenza viruses, new variants could emergelitea to increased disease
severity. Additionally, all the 20 century pandemics have occurred in

successive waves.



1.2 Problem statement

Estimates of case fatality rates of influenza A(H3dmMO9 virus have only
been available from high-income locations but vaélngee to nine times
between studies. Using a probabilistic multipliggpeach, the estimated
numbers of deaths associated with pandemic infugn#1N1 was 201 200
(range 105 700—395 600) for respiratory diseasebs an additional 83 300
(46 000—179 900) for cardiovascular diseases in firg year of virus
circulation (Dawoodet al., 2012). This approach suggests that the highest

mortality occurred in Africa.

Complete influenza virus genomes provide criticad deeper understanding of
influenza genetic structure and provide insigho ieffective control options.
Sequencing of the whole influenza virus genomelifates comparison and
understanding of the evolutionary dynamics of dating viruses and the
prediction of potential evolution events that akelly to result in new strains
(Greningeret al., 2010). It also allows closer examination of thie q@ayed by

all genes in influenza outbreaks and vaccine delect

In Sub-Saharan Africa, there is a paucity of congpiefluenza genomes in the
public domain. Most influenza genome sequencinghi@se countries has
focused on the HA1 domain of the hemagglutinin gembere mutations
usually have the greatest effect on antigenic &irac(Websteet al., 1992).
As such, it has not been possible to understandahtibution of Africa in the
global ecology of influenza viruses. It is therefoclear that, complete

understanding of influenza metapopulation dynaniécsncomplete without



data from these regions (Vibow al., 2013). Complete influenza genome
analysis of influenza A (H1IN1)pdmO9 viruses fronmriéd have been at best
scanty. The genomic signatures and characterisfidecal 2009 pandemic

H1N1 viruses are therefore not well understood.

1.3 Justification of the study

The 2009 influenza pandemic caused by influenzaHAN1)pdmO9 virus
presented a unique opportunity to integrate moércand epidemiological
analyses of global and regional spread patterngpiutmic growth dynamics.
Such methods were instrumental in tracking howpidredemic unfolded across
the globe and in confirming the Mexican origin Etmost recent common
viral ancestor in January—February 2009 (Lereegl., 2009). In Africa and
Kenya in particular, there has been limited studiest has examined the
molecular and epidemiological characteristics dfuenza A (H1N1)pdmO09

virus. This has impeded the complete understanafirtigis virus in the region.

Molecular study of Kenyan strains of influenza A1({#l)pdmQ9 virus is
anticipated therefore to give a preview of the dimn of evolution of this
virus. This is imperative so as to monitor the genmake-up of this virus, to
understand its adaptability and evolutionary dyrenin the country. This is
essential for studying global diversificatiothe emergence, spread and
drug resistance of influenza A (HIN1)pdmOQ9 vistrains circulating in the

country. It is also of importance in determinirthe genetic relationships



among Kenyan strains and vaccine strains deduin the recommended
influenza vaccines. This may provide insights idigease trajectory for future
influenza pandemic planning and could contribut@riproving public health

in Kenya. At the same time drug susceptibility o€wlating influenza viruses

is of utmost necessity particularly in a pandenticagion.

1.4 Research questions

1. Are there genetic differences between the Kenyfimenza (H1N1)pdm09

viruses and others isolated elsewhere in the world?

2. What is the evolutionary rate and time of most it@ncestor of the local

circulating influenza A(H1N1)pdmOQ9 viruses?

3. Did genetic drift occur amongst the Kenyan influn@1N1)pdmO09

viruses and if so, did it increase the virulencparfidemic H1N1 strains?

4. Were local pandemic strains sensitive to anti-gfiza drugs that are in

current use?

1.5 Obijectives of the study

1.5.1 General objective

To describe the molecular epidemiology and evolutaf the influenza

A(H1N1)pdmO09 virus during the pandemic period imita.



1.5.2 Specific objectives

a) To isolate influenza A(HLIN1)pdmO09 viruses identifim the country and

amplify their complete genomes usimyvitro and molecular techniques.

b) To determine full genome nucleotide sequences afal iphylogenetic
relationships of the influenza A(H1IN1)pdmOQ9 virussslated in Kenya
during the pandemic period relative to vaccinehafee strains using

bioinformatics tools.

c) To determine the evolutionary rate and ancestrak tanalyses of the

Kenyan influenza A(HLN1)pdmOQ9 viruses using Bayesigethods.

d) To describe the genetic drift occurring in the €ighnomic segments of
influenza A(H1N1)pdmO9 viruses in Kenya during ffendemic by using

bioinformatics tools..

e) To determine neuraminidase inhibitors sensitivitpyd aadamantane

sensitivity in the isolated strains by examining@Wm genotypic markers.

1.6 Significance of the study

Understanding the evolution of influenza A(H)PAmMO9 virus within the
country is essential for studying global dsifcation, the emergence,
spread and resistance of influenza A(H1N1)pdmsitd8ins circulating in
this region of the world. The current studysldiie groundwork for future
influenza pandemic and epidemic studies in the tgunt is also of

importance in determining the genetic relatiops among Kenyan strains



and vaccine strains included in the influevaecine recommended for the

Southern Hemisphere.



2.0: LITERATURE REVIEW

2.1 Classification and nomenclature

The influenza viruses together with the Thogot@ lkruses (Thogoto, Batken
and Dhori viruses) belong to the fami@rthomyxoviridae (Cox, 2000).Myxo
is the Greek word for mucus, which means that mesnbethe family have a
strong affinity for and posses an enzyme capableewioving chemical side
chains from mucoproteins. These properties fatdlitafection of cells of the
mucous membranes in the respiratory tract (Metsedad Simpson, 1982).
The family Orthomyxoviridae is divided into five generalnfluenzavirus A,
Influenzavirus B, Influenzavirus C, lIsavirus and Thogotovirus, based on
antigenic differences in two of the major structyseoteins of the virus, the
nucleoprotein (NP) and the matrix protein (M). ighza A viruses are further
classified into 16HA subtypes and 9NA subtypes tase the properties of

their surface major membrane glycoproteins (Luke &uabbarao, 2006).

Two glycoproteins on the surface of the virus péetithe Neuraminidase or
NA protein and the Haemagglutinin or HA (Haemaggiutesterase in
influenza C) protein are involved in the interantibetween virus and host
cells. Influenza A viruses are classified into gpes based on the antigenic
differences between these two glycoproteins. Ctigrehere are 16 (H1-H16)
distinct HA subtypes and 9 (N1-N9) NA subtypes (kwnd Subbarao, 2006)
though several new subtypes have recently beemibdedqTonget al., 2013).
Historically however, influenza A virus subtypedeicting humans have been

limited to H1, H2, and H3 and in the past 100 ydardll and N2. In recent
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years, H5N1, H7N7 and HON2 have sporadically ilddd¢tumans and continue
to pose a pandemic threat due to their possibérgpecies transmission into
humans. There is only one HA and one NA subtypé ltha been identified

among type B influenza viruses (Nicholsaral., 2003).

The World Health Organization (WHO) system of nomilature includes the
host of origin, geographical origin, strain numlagd year of isolation; then
follows in parentheses the antigenic descriptiothef haemagglutinin and the
neuraminidase, e.g., A/Swine/lowa/3/70(H1N1) wadaied from swine in
lowa in 1970. If from a human host, the origin i®tngiven, e.g.,
A/Scotland/42/89(H3N2) was isolated from a humasthie 1989 in Scotland

(Nguyen-Van-Tam and Hampson, 2003).

2.2 Influenza A virion structure

Influenza A virions are spherical, 80-120nm in deten, but may be
filamentous, sometimes up to several micrometrekemgth as illustrated in
Figure 1. Two distinct types of spikes (approxirhaté6nm in length),
corresponding to the HA and NA molecules, residetlom surface of the
virions. The HA spike appears rod shaped and pierdrom the envelope as a
trimer (Wilson et al., 1981); the NA spike is a mushroom shaped tetramer
(Colman et al., 1987). These two glycoproteins are anchored to lithid
enveloped derived from the plasma membrane of ¢ellst by short sequences

of hydrophobic amino acids (the transmembrane rggio
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NA (Neuraminidase)
Lipid bilayer (Hemagglutinin)

Detail of RNA Segment

Showing RNP structure
(transonptase complex)

Polymerase PB1
Polymerase PB2
Polymerase PA

Nucleoprotein NP.

Figure 1: Influenza virion

Sourcehttp://agrolink.moa.my/jph/epv/kertaskerja01.html
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In addition to HA and NA, a limited number of M2opeins are integrated into
influenza A virions. The mRNA for M2 is transcribé®m RNA segment 7
and is an intergral membrane protein whose membkspaening domain also
serves as a signal for transport to the cell sarff¢ebstert al., 1992). M2
proteins form tetramers and have H+ ion channeVigctWhen activated by
the low pH in endosomes, they acidify the insidehaf virion, facilitating its
uncoating (Pintaet al., 1992). M1 protein that lies within the envelopealiso
derived from the splicing of RNA segment 7. Ithe tmost abundant protein in
the influenza virus virion (Webstest al., 1992). M1 is thought to play an

important role in assembly and budding.

Eight segments of single stranded RNA moleculesgdtiee sense, or
complementary to mRNA) are contained within thealienvelope, in
association with NP and three subunits of viralypwrase (PB1, PB2, and
PA), which together form a ribonucleoprotein (RNB)mplex that participates
in RNA replication and transcription. NS2 and NSdatpins are encoded in the
RNA segment 8. NS2 protein is thought to play thle of export of RNP from
the nucleus through interaction with M1 protein fifmto and Kawaoka,
2001). NS1 protein, the only nonstructural protefninfluenza viruses, has
multiple functions, including regulation of splignand nuclear export of
cellular mRNAs as well as stimulation of translatitts major function seems
to be to counteract the interferon activity of thest (Haleet al., 2008). Also
present in the virion is the viral RNA-dependent RNolymerase PB1 and

PB2 encoded by RNA segment 2 and 1 respectivelgs@tiwo are important
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for infectivity since the virion RNA is negativerse and therefore has to be
transcribed to produce viral messenger RNA (mRNMycleoprotein (NP) is
encoded by RNA segment 5. It is transported intected cell nucleus where it
encapsidates viral RNA. In addition to its struatuole, it is believed to play a
role in the switching of viral RNA polymerase adivfrom mRNA synthesis

to cRNA and vVRNA synthesis (Websttral., 1992).

2.3 Genomic organization of Influenza A virus

The influenza A virus genome contains eight negatense RNA segments
(Palese, 1977). The viral mRNAs from segments B tare monocistronic
while viral MRNAs derived from segments 7 or 8 apliced to form mRNAs
coding for two proteins (Lamb and Krug, 2001). ®iees of the viral RNA
segments and the proteins encoded are summariz&dble 1. Of these
proteins, only the NS1 protein from segment 8 (R§nsent) is a non-structural

protein.



Table 1: Influenza A virus genome RNA segments

14

VRNA Encoded polypeptide Abbreviation VRNA length mRNA length
Segment (bps) (bps)
1 Polymerase Basic PBZ 2341 232(
2 Polymerase Basic 1 PB1 2341 2320
3  Polymerase Acid PA 2233 2211
4  Haemagglutinin HA 1778 1757
5 Nucleoprotein NP 1565 1540
6 Neuraminidas NA 141: 139z
7 Matrix MP 1027 1005 (M1)
315 (M2)
8  Nonstructural Protein NS 890 868 (NS1)
395(NS2/NEP)

Table adapted from (Lamb and Krug, 2001)
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2.3.1 Segment 1 — Basic polymerase protein 2 (PB2)

The first segment of influenza A viruses encode2.3Kb protein that that
forms part of the influenza viral polymerase subumaimed PB2. Studies have
shown that PB2, PB1, PA and NP form the minimumasgdroteins required
for viral transcription and replication (Hon@aal., 2002; Perales and Ortin,
1997). Like the other polymerase proteins, PB2 aiosta nuclear localization
signal (Mukaigawa and Nayak, 1991; Peradesl., 1996) and is transported
into the nucleus of infected cells for viral trangtion and replication (Jones
al., 1986). PB2 is an important protein for generatimg cap structure for viral
MRNAs. Studies of the influenza viral polymerasgehdemonstrated that the
PB2 subunit is a cap binding protein (Braatral., 1983). The PB2 protein
specifically plays a role in generatingcapped RNA fragments from cellular
pre-mRNA molecules that are used as primers fal Wianscription (Guilligay

et al., 2008).

Several studies indicate that PB2, PB1 and PAanoteto form a polymerase
complex for viral transcription and replication. fmanoprecipitation assays on
influenza viral polymerase have shown that PB2sisoaiated with the PB1
subunit (Digardet al., 1989). Specifically, analysis of deletion mutaot$?B2
indicate that the amino-terminus of this proteinaisbinding site for PB1
(Toyodaet al., 1996). Recently, functional analysis of PB2 proteas shown
that this polymerase subunit contains a novel bigpdite for PB1 subunit and
two regions for binding nucleoprotein (NP) with wvémfory interactions

potential (Poolet al., 2004).
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The PB2 gene is reported to play a key role inatiaptation of a virus that
infects birds to one that infects humans. In palic it has been reported that
the amino acid at position 627 is critical for tagaptation (Van Hoevest al.,
2009). Viruses that infect birds typically have mtgmic acid (E) in this
position. On the other hand, influenza A viruseat tare fully adapted to
humans usually have a lysine (K) at this positidhis same position in PB2
appears to be key in determining the lethalitylofiruses (Hattaet al., 2001).

In the 1918 pandemic and in H5N1 viruses, a lysmedhis position was
associated with a higher level of lethality. Thegance of a lysine at position
627 appears to permit flu viruses to replicate athbthe lungs and nose and

thus spread more easily from person to person.

2.3.2 Segment 2 — Basic polymerase protein 1 (PB1)

The PB1 RNA polymerase subunit of influenza virusesncoded by segment
2. Several lines of evidence have indicated thaf,PiBself, is an RNA
polymerase. The central location of the polymerds@ain is predicted from
observing the presence of conserved motifs charstite of segmented
negative-strand RNA-dependent polymerases (Reichl., 1989) and that

mutations in these motifs abolished the polymeeaseity.

Several studies have described the functional dwnaf PB1 involved in
interaction with the other polymerase subunits. Lmoprecipitation studies of

the influenza virus RNA polymerase indicate thatlRi®ntains independent
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binding sites for PB2 and PA (Digart al., 1989) while deletion mutant
analyses of PB1 suggest that the amino- and caHbvergini of PB1 are
binding sites for the PA and PB2 polymerase subungspectively (Gonzalez
et al., 1996; Toyodeet al., 1996). The nuclear localization signal of PB1 has
been mapped to a region near the amino-terminuth (diad Nayak, 1990). The
PB1 subunit plays a key role in both the assemiblthe three polymerase
protein subunits and serves the catalytic funcbbrRNA polymerization. It
has been proposed that the catalytic specificitf®1 subunit is modulated to
the transcriptase by binding PB2 or the replicageirtteraction with PA

(Hondaet al., 2002).

2.3.3 Segment 3 — Acidic polymerase protein (PA)

The PA protein is encoded by segment 3 and is ialast subunit of the
influenza RNA polymerase complex. Like the othdluenza viral polymerase
subunits, it contains nuclear localization sign@geto et al., 1994) required
for transport into the nucleus (Jonesal., 1986). The PA subunit has no
significant homology to other proteins, and foroad time, its function was
unclear (Perales and Ortin, 1997; Webstea., 1992). Various functions were
proposed including helicase and ATP binding atitigi (de la Luneet al.,
1989). It has also been suggested to be a protgase-Ezquerret al., 1996)

but this property is not related to any known vitaiction.
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Recent studies however have shown that PA is Selgalg trypsinization into
a large carboxy-terminal domain—the crystal strreetof which has recently
been reported (Obayas#i al., 2008) and a small N-terminal domain, which
contains residues important for protein stabilitsgmoter binding, cap-binding
and endonuclease activity of the polymerase comfiiexaet al., 2006). The
viral endonuclease activity which is critical foynshesizing viral messenger
MRNA’s have previously been thought to reside i BB2 (Shiet al., 1995)
or PB1 (Liet al., 2001) subunits. However, recent biochemical anacgiral
studies have shown that the amino-terminal 20dves of the PA subunit
contain the endonuclease active site and not PEi&s@al., 2009). As such,
during transcription, the PB2 subunit binds th&-methylguanosine cap of a
host pre-mRNA molecule, which is subsequently aelat0-15 nucleotides
downstream by the PA endonuclease. The resulting sapped RNA primer
is used to initiate polymerization by the RNA-degent RNA polymerase of
the PB1 subunit using-5and 3-bound vRNA as template, resulting in capped,
polyadenylated, chimeric mMRNA molecules that angogeted to the cytoplasm

for translation into viral proteins (Boivigt al., 2010).

2.3.4 Segment 4 — Haemagglutinin (HA)

HA plays an essential role in the early stagesif@ction and is responsible for
the virus binding to its receptor, sialic acid, etiis present on the host cell
surface and promotes fusion of viral and endo$omambranes and

eventually facilitates viral entry into the hostlicBNebsteret al., 1992).
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During infection and vaccination, HA elicits nelizang antibodies. It is
therefore considered the most important targentbady-mediated protection

(Steinhauer and Wharton, 1998).

The HA is synthesized as a precursor polypeptid&) KLamb and Krug,
2001; Websteet al., 1992). This precursor polypeptide is post-trainshetly
cleaved into two disulphide-linked subunits, HAldadA2. The cleavage of
the HAO is a prerequisite for viral infectivity. iBhprocess liberates the “fusion
peptide” at the amino-terminus of HA2 required foembrane fusion. In
addition, this cleavage also allows the native HAleuoule to undergo a
conformational change, a process which is triggénedn acidic environment
and is essential for membrane fusion (Skehal., 1982). In general, the HAO
is believed to be cleaved by trypsin-like proteasdsacellularly. However, the
presence of multiple basic amino acid residuesiwithe cleavage site allow
the protein to be cleaved by intracellular proteaseg. furin (Horimotet al.,
1994), which are ubiquitously expressed in mosiutts. Hence, influenza
viruses containing HA with multiple basic aminodginear the cleavage site
are often highly infectious and can infect a widage of cells. The generated
HAL1 surface subunit mediates the binding to cetfase sialic acid receptors
and the HA2 transmembrane subunit that mediateshraama fusion between

viral and endosomal membranes after endocytosish@land Wiley, 2000)

The specificity of the interaction of HA with sialiacid (SIA), the cellular
receptor, largely explains the host range of infegeA viruses (Taubenberger

and Kash, 2010). Thus, viruses that infect humand preferentially to SIA
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linked to the penultimate galactose viacaB-6 configuration, whereas avian
viruses prefer binding to SIA with 2-3 linkages (Connaat al., 1994). The
HA receptor binding site (RBS) is formed by thrémistural elements at the tip
of the HA molecule, an-helix composed of residues 190-198 (the 190-helix)
and two loop structures formed by residues 133«188 130-loop) and 220—
229 (the 220-loop). Four conserved residues, caimgriTyr®, Trpt® His'®
and Tyr®® form the base of the RBS (Skehel and Wiley, 200 amino
acid residues in the RBS that are critical for theognition of either avian or
human receptors have been well characterized (Gommoal., 1994;
Matrosovich et al., 2000). For H1, glutamic acid and glycine residas
positions 190 and 225, respectively, result in inigdo avian SIA receptors,
whereas H1 proteins that carry aspartic acid residu these positions interact
with human SIA receptors. For H2 and H3, mutatiohglutamine and glycine
residues at positions 226 and 228 to leucine aridesaespectively, correlate
with a shift from avian to human receptor spedyic{Matrosovichet al.,
2000). The same mutations also allow binding ofteihiuman SIA receptors

(Stevenstt al., 2006).

2.3.5 Segment 5 — Nucleoprotein (NP)

NP protein which is an essential component forgcaption and replication is
encoded by segment 5 of influenza A viruses. N&sgsnct among influenza
A, B, and C viruses and is recognized as one ofythe-specific viral antigens.

It encodes a protein with approximately 500 amioids it plays an important



21

role in assembly and budding of influenza virus has a putative role in host
range (Ruigrolet al., 2010; Snydeet al., 1987). The primary function of NP is
to form oligomers and bind with the viral RNA segre to form the

nucleocapsid of a virus particle playing a pivotale in the viral genome

transcription machinery (Perales and Ortin, 1997).

Like the other influenza viral polymerase subunits,contains nuclear
localization signals and has been shown to be itapbifor vVRNA nuclear
transport (Whittakeet al., 1996). During the early stage of viral infectione
transport of incoming VRNPs from the viral particiéo the nucleus is believed
to be mediated by NP whereas, in the late infectitage, progeny VRNAS
associated with NP, M1 and NS2 are exported tocyteplasm for viral
packaging (Whittakeet al., 1996). To achieve its biological functions, recent
studies have revealed that the NP is capable efdating with various host

proteins (Taubenberger and Kash, 2010; W&irady., 2009).

2.3.6 Segment 6 — Neuraminidase (NA)

The three-dimensional structure of the NA has riegethat the NA monomer
is a homotetramer (Hausmaret al., 1997). It consists of a box-shaped
globular head, a thin stalk, a transmembrane doaraiha cytoplasmic domain
(Varghese and Colman, 1991). The NA is a surfageoglrotein and the
glycosylation of the NA might be an important deterant (but not the sole

determinant) of the neurovirulence of influenzauses (Liet al., 1993). It has
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receptor-destroying activity to cleave the-ketosidic linkage between a
terminal sialic acid and an adjacent D-galactos®-@alactosamine residue

(Colman, 1998).

The NA is a type Il intergral membrane proteinislta sialidase that possesses
an enzymatically active domain which cleaves sialitds from host cells,
leading to the release of progeny virions and pr8rg the aggregation of
virion during the budding process (Palese and $can) 1976). Strong
binding to receptor analogs on mucins, cilia, amtluar epithelia would
inhibit virus access to functional receptors orfaeeg membrane of target cells.
Therefore, NA is important for releasing virusesnfrthe decoy receptor and
plays an essential role of virus entry in the eatage of infection (Couceire

al., 1993; Matrosoviclet al., 2004). It is for this reason that NA is a favoeabl
target for antiviral drugs aiming at reducing itslisase enzymatic activity and

thus release of progeny virions (Suzekal., 2005).

2.3.7 Segment 7 — Matrix proteins (M1 and M2)

The segment 7 of influenza A virus encodes twoegingt M1 and M2, by
differential splicing of mRNA. The M1 protein is @hproduct of collinear
transcript of the mRNA while differential spliciraf the M gene RNA vyields
the M2 protein (Lamb and Choppin, 1981). M1 is grired as another type
specific antigen and constitutes the most abungatypeptide in the virion

which provides rigidity to the viral membrane anghdtions in the viral
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assembly and budding during viral life cycle (Laarid Choppin, 1981). It is
found to interact with the viral surface glycopiog and the RNP complex

(Taubenberger and Kash, 2010).

The M2 is an integral membrane protein (Lamb an@éppm, 1981) which
forms an ion channel on the viral envelope. Theibt2channel is known to
control the pH across the Golgi apparatus durirrgl vinaturation which is
essential for virus uncoating in the virus infentjgrocess. In the endosome of
infected cells, the ion channel activity of M2 a#® acidification of the interior
of the incoming viral particle to enable uncoatifge acidification of the viral
particle is believed to be essential for viral regtion, because it allows
incoming VRNPs to dissociate from M1 proteins farclear import (Martin
and Helenius, 1991). The ion channel activity of N42also reported to
maintain a high pH in the Golgi vesicles so as tabitze the native
conformation of newly synthesized HA during theracellular transport for
viral assembly (Takeuchi and Lamb, 1994). The M&gqin is also a target for

anti-influenza drugs called amantadines.

2.3.8 Segment 8 — Non-structural proteins (NS1 andS2)

The eighth vVRNA segment of the influenza A viruedis the synthesis of two
MRNAs. The first of these encodes the non-struc{iNg) protein, NS1, while
the other is derived from splicing of the NS1 mRISAranslated into a protein

that localizes to the cell nucleus and which wagyimally named NS2
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(Nemeroffet al., 1992) but which has now been renamed the nucbgzore
protein (NEP) (O'Neilkt al., 1998). NS1 is the only non structural protein of
influenza virus and is found mainly in the hostlcalcleus. It is a
multifunctional protein involved in nuclear expditm of mMRNA,
posttranscriptional regulation, and inhibition dfllalar interferon response
(Haleet al., 2008). Recently, NS1 protein was found to be aasjble for the
unusual severity of H5N1 diseases by inducing eseajgd proinflammatory

cytokine responses (Cheudtgl., 2002).

NS2 protein exists in low amounts and binds to Matgin in virion. The
protein may promote the formation of a stable ekpomplex of new viral
RNP (Neumanret al., 2000). In association with the matrix protein 11(Mit
interacts with cellular export factor (CEF1) anddia¢es the nuclear export of
viral ribonucleoprotein (VRNP) complexes by conmegtthe cellular export

machinery with vVRNPs (Neumarhal., 2000).

2.4 Replication cycle of Influenza A viruses

2.4.1 Attachment, endocytosis and uncoating of infenza A virus

To infect host cells, the influenza viruses utilineir surface glycoprotein, HA,
to bind to the sialic acid receptors which presamthe host cell surface (Fig
2). The HA protein exists as precursor, the HAOiclltomprises the HA1 and
HA2 peptides. The receptor-binding site is foundtlom HA1 while the HA2

houses the fusion peptide (Websttral., 1992). The HA molecules of
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influenza viruses from different species have déie specificity for sialic acid
receptors. Influenza viruses from humans recogaig2, 6) linked sialic acid
receptors and viruses from avian species preferaiolg to the-(2, 3) linked
receptors. In pigs both types are present (Greedyw2@03) and for this reason

they are considered as “mixing vessels” for aviath auman influenza viruses.

After attachment of the viral haemagglutinin to theecific receptors, the
viruses enter cells by receptor-mediated endocytostlathrin-coated vesicles.
The HA contains a fusion peptide which at a low pihdergoes a
conformational change which exposes the peptide.|dWw pH is achieved by
the opening up of M2 ion channel leading to théumbf H+ ions. The acidic
environment results in a conformational changehef HA in which the HA2

fusion peptide is exposed causing the fusion betwesl and endosomal
membranes, which facilitates the subsequent reledse&/RNP into the

cytoplasm of host cells. The M1 protein is alsosd@ated from the VRNP

under the acidic pH (Lennette, 1995).

2.4.2 Nuclear import of viral ribonucleoproteins inhost cells

The replication and transcription of the viral geretakes place inside the
nucleus of host cells (Websteral., 1992). It is therefore necessary to import
the VRNP to the nucleus of infected cells to stagt genome replication and
transcription. The virus uses an active transpathmery to transport VRNP

into the nucleus of host cells (Engelhardt and Fo2006). Each of the subunit
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of VRNP complex contains nuclear localization slgné\NLS) which are
recognized by importini, also called karyopheria (Watanabeet al., 2010).
Likewise, many host factors are reported to beliraa in the active transport
of VRNP into the nucleus. RanBP5 is reported terautt with the PB1 subunit

and facilitate transport of VRNP (Dergal., 2006).

2.4.3 Viral RNA replication and transcription

Since the genome of the influenza A virus is orgediin a negative sense
manner, the viral RNAs have to be converted intsitp@ sense before they
can be transcribed into viral mRNAs for subsequesmslation. Despite the
fact that only 11 viral proteins are encoded, th#uenza A viruses have
evolved a sophisticated mechanism enabling itself“hijack” host cell

machinery for its viral RNA and mRNA synthesis (&gt al., 2008).

The mechanism of viral RNA transcription is unigl&e 5' cap from cellular
MRNAs is cleaved by a viral endonuclease and useda aprimer for
transcription by the viral transcriptase. Six ofhgi RNA segments are
transcribed into mRNASs in a monocistronic manned &anslated into HA,
NA, NP, PB1, PB2, and PA. By contrast, two RNA segis are each
transcribed to two mRNAs by splicing. For both MdaNS genes, these
MRNAs are translated in different reading framesnegating M1 and M2

proteins and NS1 and NS2 proteins, respectivelyb@éet al., 1992).
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The replication of viral RNA comprises two stagé&gstly, it involves the
synthesis of full length viral RNAs which serve tagplate RNAs. These are
positive sense complementary RNA (CRNA). Afterwamsact copies of viral
RNAs are generated by using the cRNAs as templafbs process is
facilitated by the NP protein through interactingeif with the cRNAs during

the production of nascent vVRNA molecules (Engelhandl Fodor, 2006).

2.4.4 Viral ribonucleoprotein export from nucleus b cytoplasm in host

cells

The newly synthesized viral MRNAs are then expottethe cytoplasm of the
infected cells in order for them to be translatet iviral proteins. Since the
viral MRNAs are incorporated with the polymerasmptexes to form vRNPs,
viral mMRNAs are exported to the cytoplasm with #ie of the nuclear export
machinery found on vVRNPs (M& al., 2001). The nuclear export of VRNPs is
mediated through the cellular Crm1/Exportin pathveayl two viral proteins,
M1 and NS2 have been reported involving in the earclexport of vVRNPs

(Watanabest al., 2010).

The M1 protein mediates the nuclear export by fagraomplex with vVRNP in
the nucleus of host cells. Subsequently, the N®gjr, which is also named
as nuclear export protein (NEP) for the presenaaiofear export signal (NES)
in the protein, would associate with the M1-vRNFEnptex and the cellular

Crm1l to mediate the export of VRNP to the cytopléstaet al., 2001)
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2.4.5 Virus assembly and budding

Once the VRNPs and viral proteins are synthesieely will be localized
around the basal membrane, and the viral progenycies are ready to be
packaged and bud off from the host cell. Generallyiral core of VRNPs
becomes encapsidated in a layer of M1 proteinsbawid outward through the
cell membrane, enclosing itself within a bubble mémbrane as its own
envelope, complete with the viral surface glycopimmt (Websteet al., 1992).
Interactions between M1 and the cytoplasmic domairtdA, NA or M2 have
been proposed as signals for budding and NA agtieft progeny virions

releases them from the host cell (Webste., 1992).

When the budding process is complete, HA still bital the sialic acid on the
cell surface until virus particles are releasedtly sialidase activity of NA

protein which is anchored to the viral envelopeabfransmembrane domain
(Colmanet al., 1983; Vargheset al., 1983). NA cleaves the terminal sialic
acid residues from cell-surface glycoproteins arahgijosides to release
progeny virus from the host cell. NA could also cem sialic acid residues
from the virus envelope itself, preventing viraltpdes from self aggregation,

in order to enhance the viral infectivity (Palesal., 1974).
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Figure 2: An illustration of influenza A virus replication.
(Neumanret al., 2009)

2.5 Laboratory diagnosis of Influenza

Diagnosis of influenza is important in order to gmgbe the correct antivirals,
for immunoprophylaxis, and for epidemiological reas. Successful diagnosis
depends on the timing and quality of specimensectdhd. Clinical specimens
should be taken early, preferably within 3 daysmdet of symptoms since this
is the time maximum virus shedding occurs. Nasopigeal or throat swabs
combined or alone, nasopharyngeal aspirates anal mashes are optimal
specimens for virus culture and for the direct débde of viral antigens or
nucleic acids. Bronchoalveolar lavage fluid andi¢treeal aspirate specimens

may be considered if clinically warranted during®eas respiratory infections.
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The specimens must be placed in a suitable transpedium to stabilize the
infectivity of the influenza viruses. Tryptose ppbate broth, veal infusion
broth, commercially available cell culture medium ldanks balanced salt
solution (HBSS), sucrose phosphate buffer, all Rmppnted with 0.5% bovine
serum albumin or 0.1% gelatin, antibiotics and -amgcotics are appropriate
transport media (Johnson, 1990). Virus infectivityrelatively well preserved
if the specimens are stored &C4in these liquids for up to 4 days. After
collection, specimens should be transported tdaheratory without delay and
preferably refrigerated at -%0 at all times until processing for virus isolation
or nucleic acid detection (Cox and Ziegler, 2008)ltiple freeze-thawing of

samples should be avoided since they greatly rettheceirus yield.

2.5.1 Influenza virus isolation

Although many cells have been shown to supportréipiication of influenza
viruses, primary monkey kidney cells (PMK), and tioous cell lines such as
Madin Darby Canine Kidney (MDCK) and Rhesus monkegney (LLC-
MK2) cell lines are the most widely used. Of thes#)CK are the most
commonly used (Bhatia and Ichhpujani, 1999). MDGKsort the growth of
influenza A, B, and C viruses when 1 tqug@ of trypsin per ml is added to the
maintenance medium to sustain multiple cycles oftiplication (Meguroet
al., 1979). For standard virus isolation, cell culttubes or flasks are seeded
with MDCK cells in growth medium containing 5 to%fetal bovine serum.

The tubes are incubated af’@7and before the cells are completely confluent,
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growth medium is removed, the cell sheet is washig¢d HBSS or serum-free
medium to remove nonspecific inhibitors that arespnt in serum and then
serum-free maintenance medium is added. For intboolathe medium is
removed, 100 to 3Q0 of specimen added and allowed to adsorb for ane h
at 3PC. The inoculum is aspirated and replaced with meamnce medium
containing trypsin. Majority of influenza viruseesiroy the cell sheet within a
few days after inoculation. However, in the absesfogytopathic effect (CPE),
cultures should be tested by haemadsorption oraeynlagglutination at 2 to 3

day intervals after 6 or 7 days (Cox and Zieglé03).

Isolation in embryonated eggs has been in theegamdiars the standard method
of virus recovery from clinical specimens. Embry@uheggs are inoculated in
the allantoic and amnionic cavities with clinicgdesimens and the fluid
collected from these cavities is tested for virgblatination after three-day
incubation (Bhatia and Ichhpujani, 1999). It hasrbéound that 10 to 11 day
old embryonated eggs are optimal for recovery f@tigmza A and B viruses
while 7 to 8 day old embryonated eggs are prefefoedthe recovery of
influenza C viruses. After inoculation, the eggs mcubated at 33 to 32 for

2 to 3 days in case of influenza A and B viruses approximately 5 days for
influenza C virus. After one or two passages, niffienza A and B viruses
will grow efficiently in the allantoic cavity bunfluenza C grows only in the
amnionic cavity. The presence of influenza virusesgg fluids is detected by

the haemagglutination test (Cox and Ziegler, 2003).
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2.5.2 Haemagglutination inhibition (HAI) test

Typing, subtyping, and further antigenic charaetgion of influenza viruses
that have been isolated is usually done by the k&t. Influenza viruses
generally agglutinate human type O, guinea pig,cbicken and turkey
erythrocytes. When these red blood cells are mixa influenza virus in the
appropriate ratio, the virus bridges the red bloelis resulting in agglutination
of the cells (haemagglutination) and a change ®irtkettling behaviour.
Antibodies specific to the viral haemagglutinin eriere with the
haemagglutinating activity and this is the basigh&f HAI test which allows
the identification and the differentiation of thariant strains that frequently

appear (Young, 2009).

2.5.3 Fluorescent - antibody staining

Detection of infected, exfoliated epithelial celtsrespiratory specimens is a
rapid and sensitive method for laboratory diagnosisrespiratory virus

infections. Epithelial cells are washed free of msjcfixed to microscope
slides, and stained with specific, well-characestiaznonoclonal antibodies.
When specimens are collected properly and refrigdrat all times, epithelial
cells are handled carefully, and the slides ared rbg an experienced
microscopist with a good fluorescent microscopes #ensitivity of this

technique is 80 to 90% of that for standard vismation (Cox and Ziegler,

2003).
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2.5.4 Immunoassays

Several laboratories have developed sensitive pecific radioimmunoassays,
enzyme immunoassays (EIAs), and fluoroimmunoasfayshe detection of
respiratory virus antigens in clinical samples. Shassays can produce a result
within a few hours, but these tests have limitedsg®ity and specificity
compared with standard virus isolation. Rapid EFas influenza A and B
which produce result in 15 to 20 minutes are concra#ly available. These are
useful in clinical laboratories of hospitals andrsmg homes for early
detection of infection to help patient managementwall as detection of
nosocomial influenza outbreaks (Cox and ZiegleiQ30 Presence of false
positive and false negative results is the majaxvdbacks in the use of rapid

tests.

2.5.5 Molecular methods

Molecular methods are now being applied more widelyhe diagnosis of
influenza virus infection as well as charactermatof influenza virus isolates.
These methods are likely to supplant virus culasethe "gold standard" for
virus detection because they are more sensitivefastid The genetic analysis
of a large number of influenza viruses isolatedulghout the world each year
provides information for a timely update of vaccsteains and of molecular
reagents for diagnosis. For reverse transcriptagdgmerase chain reaction
(RT-PCR), viral nucleic acids are extracted frommichl specimens, allantoic

fluid of embryonated hen eggs, or cell culture mateComplementary DNA
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(cDNA) is synthesized byn vitro reverse transcription of viral RNA primed
either by synthetic oligonucleotides matching knawucleotide sequences on
the viral genes or by random hexamers. This cDNanmplified with specific

primers and DNA polymerase. Finally the amplifieduct is detected by
agarose gel electrophoresis in conventional RT-BCiRiorescence dye in real
time PCR. The first report of the use of RT-PCR Hisption of influenza

RNA to diagnose influenza was published in 1991af#hand Evans, 1991).
The superiority of RT-PCR over virus culture hasréafter been reported in

several studies (Boiviet al., 2001; Zambon and Hayden, 2001).

2.5.6 Serological tests

Influenza virus infections can also be detectednigasuring a fourfold or
greater increase of specific antibody titers betwserum samples collected at
least 10 days apart during the acute and convalegt®ses of illness. Thus,
while serological methods are accurate, they rggedguce a result that would
allow patient treatment with antivirals or timelyophylaxis of contacts.
However, serodiagnosis is useful if virus detectoml isolation fail and for
surveillance and epidemiological studies. The cemant fixation test, HAI,
the neutralization test (NT), and EIA are the mustiely used tests in
serodiagnosis and seroepidemiological studies (@ox Ziegler, 2003).
Complement fixation detects type-specific antibedie NP but is relatively
insensitive in detecting diagnostic rises in thietween acute and convalescent

phase sera. HAl and NT are type, subtype and stseaific.
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2.6 Epidemiology

Influenza occurs throughout the world and affestsrg person in society. All
influenza A virus subtypes naturally infect shordbiand waterfowl. Influenza
infections in these hosts are generally assympionaaid are limited to the
gastrointestinal and/or the respiratory tract. ddiaon, poultry, pigs, maritime
mammals, horses, and occasionally other mammalgeniaected by certain
subtypes of influenza A viruses (Cox and ZiegleQ03. Interspecies
transmission of influenza A viruses occurs and mesult in severe human
illness, as the 1997 outbreak in Hong Kong causednbH5N1 virus of avian
origin amply demonstrated. H7 and H9 subtypes flords have also been
isolated in humans. Influenza B viruses appeamatanally infect only humans
and cause annual seasonal influenza infections emdemics; however,
influenza B virus infection of seals in Netherlantias been reported
(Osterhaust al., 2000). Influenza C viruses infect humans and lese been
isolated from pigs (Guet al., 1983). Since the re-emergence of influenza A
(HIN1) in 1977, this and A (H3N2) subtype virusemvér co-circulated in
seasonal influenza illness with influenza B in wagyproportions and levels.
Molecular evidence exists for the occasional infecof humans with avian

viruses containing H5, H7 and H9 genes (Gathef#)9p

2.7 Transmission and pathogenesis

Transmission of influenza in humans probably ineslvboth respiratory

infection by aerosols and droplets together witinsocontact transmission
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from contaminated surfaces. Unfortunately, theeeiasufficient solid data to
determine which of these is the more important emgrovide guidance in

protection of front-line medical staff, particukariregarding the required
porosity of facemasks, during a pandemic. Nevegd®l influenza virus is
relatively short-lived on most surfaces, and cleatamples of aerosol
transmission have been described in the literatdre.addition, early

experiments indicated greater infectivity by snpatticle aerosol than by nasal

instillation of virus.

For many years, it was thought that for the effitientroduction of "novel"
influenza viruses to humans, pigs were requireactoas an intermediate host,
or "mixing vessel". Since pigs are susceptible twhbhuman and avian
influenza viruses, the genomes of such virusesdcoedssort and/or adapt to
this mammalian host, giving rise to new viruseshvattered phenotypes that
could more easily be transmitted to humans. Ind#es pandemics of 1957
and 1968 were both caused by reassortant influenzses that may have been
generated in pigs (Fouchiat al., 2003). Moreover, several incidents of
transmission of influenza viruses from pigs to hamhave been described in
the past decades. However, since 1996, the vildg&&/, H5N1 and HON2
have been transmitted directly from birds to humaushave apparently failed
to spread from human to human in the human popuatuch incidents are
rare but demonstrate the potential of avian virdedse transmitted directly to

humans. It cannot be excluded that upon dual iitheadf humans with avian
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and human influenza A viruses, man himself mayaaca "mixing vessel” for

the generation of novel human-avian reassortanses.

After transmission to pigs, horses, humans or bitlds method of spread of
influenza within the population is mainly inhalatiof respiratory droplets
containing the virus. Less frequently, the virusjgead by person to person
contact or contact with contaminated items. Pathmitg of influenza viruses
is multifaceted and may involve viral, host andiemvmental factors. Inhaled
virus is deposited on the mucous membranes liniregrespiratory tract or
directly to the alveoli, the level depending on #iee of the droplets inhaled.
In the former state, it is exposed to mucoprotem#taining sialic acid that can
bind to the virus, thus blocking its attachmentite respiratory tract epithelial
cells (Metselaar and Simpson, 1982). However,aitt@n of neuraminidase
allows the virus to break this bond. Specific losatretory IgA antibodies, if
present from a previous infection, may neutralize Yirus before attachment
occurs, provided the antibody corresponds to tlieciimg virus type. If not
prevented by one of these mechanisms, the viraslas to the surface of

respiratory epithelial cells and the intracellui@plication cycle is initiated.

The major site of infection is the ciliated columrepithelial cell. The first
alteration is the disappearance of the elongatedh fof these cells which
becomes round and swollen, the nucleus shrinksprbes pyknotic and
fragments. Vacuolization of the cytoplasm may occAs the nucleus
disintegrates, the cytoplasm shows inclusion bodied the cilia are lost.

Release of virus from the cell allows it to spre@lthe mucus blanket to other



38

areas of the respiratory tract. The cell damagétes an acute inflammatory
response with oedema and the attraction of phagocgls. The earliest
response is the synthesis and release of intedefimm the infected cells;
these can diffuse to and protect both adjacentnam@ distant cells before the
virus arrives. It appears that interferons releasdtliis way cause many of the

systemic features of the “flu like” syndrome thhacacterize the infection.

While viral components are absorbed and triggeiitimaune system, the virus
itself is confined to the epithelium of the resporg tract. Specific antibody
will help to limit the extra cellular spread of th@us, while T cell responses
are directed against the viral glycoproteins on sheface of infected cells
leading to their destruction by cytotoxic T celiglaalso by antibody dependent

cell cytotoxicity (Greenwood, 2003).

2.8 Antigenic variation

The surface antigens of influenza viruses undewgo types of variations
necessitating the replacement of vaccine straiesyeseveral years. The first
kind of variation occurs as a result of accumutaid point mutations in the
surface antigens driven by the immune responsejsheferred to aantigenic
drift (Metselaar and Simpson, 1982). Point mutationsstiutions in one or a
few of the individual amino acids making up the kdtgin, occur randomly as
the virus is copied in infected cells. The immueseponse takes care of some

variants in the haemagglutinin, but variants emehgé are not neutralized by
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the circulating antibodies that infected hosts mikeesponse to the original
infection and so the virions go on accumulatingnpanutations. Antigenic
(genetic) drifts are the main cause of the anmilenza epidemics. Over a
period of time and because the haemagglutininshefrtew variants remain
antigenically distantly relative to the originalpresentative of the subtype,
immunity in the population to the antigen broadgeserated by the new
variants, eventually making the epidemic variaessland less able to cause

severe disease.

The second kind of variation calleaitigenic shift, has only been observed in
influenza A viruses. This has caused all the infise pandemics of the %0
century, including the 1918"Spanish flu", the Asfan(1957) and Hong Kong
flu (1968). Antigenic shift is caused either byedir transmission of non-human
influenza viruses to humans or the reassortmengesfes from different
influenza viruses that have infected a single Gelleoretically, 256 different
combinations of RNA are produced from the shufflofgthe eight different
genomic segments of the virus. Genomic reassortimentll documented both
in vitro andin vivo under laboratory conditions (Webster and Laver,5)97
More importantly, mixed infections occur relativedlequently in nature and
can lead to genetic reassortment. The result «f ihithe appearance and
continued circulation in the human population afeav subtype of influenza A,
of which either the haemagglutinin or the haemagglu and the
neuraminidase differ completely or to a large ekiarantigenic composition

from the peplomers of the subtype that was circuain the preceding years
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(Metselaar and Simpson, 1982) as shown in Figurel@w.

H2N2
A= H1

®= N1

A= H2

®= N2

. H2N2

— } Gene segments

=

Figure 3: Mechanism of reassortment in influenza Asiruses
(From: http://homepage.usask.ca/~vim458/advirol/&R&olution/4.jpg)

2.9 Antivirals used in treatment and control of infuenza

WHO estimates that seasonal influenza epidemicstresthree to five million

cases of severe illness and 250 000 to 500 OOChslezdch year in the
industrialized world alone (Stohr, 2003). Althoughccination remains the
most important measure for reducing this sizeahlblip health burden,
antiviral drugs have been welcomed as long awditets for treatment and
prevention. Antiviral drugs are effective in treamh as well as prophylaxis,
but in prophylaxis they must be administered d#iyoughout the period of

risk of exposure. For this reason, they may beotflg intervention available
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during the early months of a pandemic when supplieyaccines maybe
severely limited (Monto, 2003). Currently, two ddas of influenza antivirals
are available to manage influenza. Each class iish# different step in the
viral replication cycle. Type A but not type B infinza viruses contain an M2
protein. This protein is responsible for uncoating viral nucleoprotein during
replication. It functions as an ion channel, prewenexposure of the viral
haemagglutinin to low intracellular pH to whichistsensitive. Amantadine and
rimantidine inhibit this activity and they are texth 'M2 inhibitors'. These
drugs have no effect on type B influenza virusesabee influenza B viruses

do not posses an M2 protein (Monto, 2003).

The viral neuraminidase of both type A and B visuzcilitates the release of
virus from the infected cell after replication isneplete and prevents the viral
clumping before the next infectious cycle beginan@mivir (Relenza) and
Oseltamivir (Tamiflu) are the “old” neuraminidasehibitors (Nis) that have
been widely used and continue to be used in infadreatment (Barik, 2012).
They have been specifically designed to interriqg teplication cycle by
preventing virus release and allowing virus to gumZanamivir is
administered by inhalation, while oseltamivir i&da orally. Both classes of
influenza antivirals are approximately 70-90% efimus when used as
prophylaxis (Monto, 2003). Tamiflu has to be giweithin 48 hours of onset of
clinical signs for maximum effect and is less efifex if given thereafter.
Recently, three new neuraminidase inhibitors haaenbdeveloped and are in

various stages of development. These include Lamiria which has been
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approved for use in Japan, Favipiravir and PeramBoth Favipiravir and

Peramivir are in various stages of clinical trisurik, 2012).

2.9.1 Resistance to antiviral drugs

From the licensure of the neuraminidase inhibimssltamivir and zanamivir
in 1999 until recently, resistance to these aghatsremained at a low level,
even in the countries responsible for most of thusie worldwide (Monto,
2006). Therapeutic use of anti influenza drugsrégjdently associated with
emergence of drug resistant variants. Resistand42tanhibitors is generally
conferred by emergence of single amino acid sulbstits in the trans-
membrane domain of the M2 protein at positions2%,30 or 31 (Hay, 1996).
Common mutations associated with resistance incURIES, A/127S/T, S31IN
and A30T. Resistance to neuraminidase inhibitgogcally results from single
amino acid changes in the NA protein active enzysite that alters drug
binding. Resistance to Oseltamivir is conferred |b¥7V, E119V, D198N,
1222V, H274Y, R292K, N294S and 1314V (N2 numbering)tations. Double
mutations with synergistic oseltamivir resistanbeotype have been noted as
well. This includes the E119V+I222V double mutamgplated from an
immunocompromised child infected with H3N2 virug)daH247Y+1222V,
from patients infected with influenza A(H1N1)pdm@®us (Barik, 2012).
Mutations related to zanamivir resistance includél116A, R118K,
E119G/A/D, Q136K, D151E, R152K, R224K, E276D, R2%Hd R371K (N2

numbering).
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Initial testing of the influenza A(H1IN1)pdmO9 virdsund it susceptible to
neuraminidase inhibitors (CDC, 2009b). However radw cases of resistance
to the neuraminidase inhibitors are increasinglyndpereported some with
novel mutations besides the common H275Y mutatioD, 2009b; Huret
al., 2009). The pandemic virus contains the M2 inhifsite@sistance-conferring
change S31N in the M2 protein and is thus residtatite M2 inhibitor drugs

(Dawoodet al., 2009; Garteret al., 2009).

2.10 Influenza A(H1IN1)pdmO9 virus

Influenza A(H1N1)pdmO09 virus has been describedaaiple reassortant
virus. The virus contains a combination of genarsags that previously have
not been reported in swine or human influenza esusnywhere in the world
(Gartenet al., 2009). The NA and M gene segments are from thexdtam
swine genetic lineage. Viruses with NA and M geegnsents in this lineage
were originally derived from a wholly avian influga virus and thought to
have entered the Eurasian swine population in 1(®&hsaeret al., 1981),
continue to circulate throughout Eurasia (Maldonetda., 2006), and have not
been previously reported outside Eurasia. The HR, &hd NS gene segments
are in the classical swine lineage. Viruses thatled this lineage are thought
to have entered swine around 1918 (Shope, 1931s@nsequently circulated

in classical swine viruses and triple reassortastes viruses (Olsen, 2002).
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The PB2 and PA gene segments are in the swine trgdssortant lineage.
Viruses that seeded this lineage, originally ofaavorigin, entered swine in
North America around 1998 (Zhaual., 1999). Finally, the PB1 gene segment
is in the swine triple reassortant lineage. Thiedige of PB1 was seeded in
swine from humans at the time of the North Americawine triple
reassortment events (Zheual., 1999) and was itself seeded from birds around

1968 (Kawaokat al., 1989). This is shown in Fig 4.

1918 1957 1968 19761977 1979 1998 2009

& i, &
Eurasian swine HIN1

230 human cases, H1 HA, NP, M,
Fort Dix 1978 and NS donated

N1 NA and M donated

North American
classical swine HIN1

PB2 and PA
donated
A

Triple-reassortant swine HIN2 Pandemic HIN1

gene pool

Seasonal HINL

1918 human
HIN1

PBIand N2 NA
PB1, H2 HA, and donated

N2 NA donated

PB1and H3 HA
denated

Human H3NZ Seasonal H3N2
Figure 4: An illustration of the origin of influenza A(H1N1)pdmQ9 virus
Yellow arrows reflect exportation of one or morenge from the avian
influenza A virus gene pool. The dashed red armaVcates a period without
circulation. Solid red arrows indicate the evoloagy paths of human
influenza virus lineages; solid blue arrows, of mavinfluenza virus lineages;
and the blue-to-red arrow, of a swine-origin hunrdluenza virus (Morenst
al., 2009).
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Clinically, infection with influenza ~ A(H1N1)pdm09 virus appears
indistinguishablein severity andsymptomsfrom seasonalH1N1 or H3N2
influenza, with some notable exceptions (Dawooet al., 2009; Shindet al.,
2009). First, a greaterpercentageof patientshave complainedof having
gastrointestinal symptomthan  whatis usually reportedfor seasonal
influenza (Dawood et al., 2009). Correspondinglyyiral replication of S-
OIV within the intestinal tracts of inoculatedferrets has been documented
(Maines et al.,, 2009). A secondstriking featureis the high rate of
infection and severediseasein the younger population, rathethan in the
elderly, as normally seen inseasonalinfluenza. A putative explanation for
this observation is the presence of cross-reactiveantibodiesgenerated
during previous exposureto 1918-like viruses, which circulated between
1918 and 1943, or HIN1 influenza vaccinationin 1976, both of which
were shown to confer protection tonfluenza A(HLN1)pdmO09 virusin mice
(Manicassamyet al., 2010). Structuraldata demonstratethat the virus lacks
certain glycosylation sitesn the HA head region that have been gradually
acquiredby human H1 HA3o mask neutralizing epitopes(Xu et al., 2010),
making the virus antigenically similar to virusesthat circulated after the
1918 pandemic.Thesedata suggestthat HAs in swine viruses can remain
antigenically frozenin time becauseof the lack of selection pressuré
this host and can re-emergein the future (Tscherne and Garcia-Sastre,

2011).
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3.0: MATERIALS AND METHODS

3.1 Study site and design

This study was carried out at the National Inflleeil@entre (NIC) laboratories
located at the Centre for Virus research (CVR) initthe Kenya Medical
Research Institute (KEMRI). It was a cross secliolaboratory based
retrospective study involving molecular characticn of influenza HIN1
pandemic viruses obtained from isolates derivednfitie 2009 influenza
pandemic surveillance around the country. Howewerprder to minimize
founder effects, the isolates from this study widtered such that not more

than two isolates per week from a specific regi@menincluded.

3.2 Ethical considerations and sample origin

The specimens used in this study were from the graid outbreak
surveillance of influenza at the NIC. The KenyarnCNk part of the WHO
Global Influenza Surveillance and Response Systhat is tasked with
conducting national influenza surveillance to monitirculating viruses by
performing preliminary analysis (WHO, 2013). Thengdes for this study
were therefore collected as part of the globalugriiza pandemic response,
routine diagnostic treatment by hospital physiciand were also provided by
sentinel hospitals and medical facilities around ttountry from the sites
shown in Figure 5. However, ethical clearance taycaut this particular

protocol (Protocol #1753) was sought and approvaintgd by both the
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Scientific Steering Committee and Ethical Reviewn@attee of KEMRI

(Appendix 1). For the sake of this study, samplelected in July 2009 are
considered ‘early’ pandemic samples; those coltedietween August and
October 2009 are termed ‘peak’ pandemic sampledewthiose collected
between November 2009 and August 2010 when thegpaicdwas declared

over are considered ‘late’ pandemic samples.
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Figure 5: Map of Kenya showing the sites where stydsamples originated
from.
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3.3 Collection of clinical samples

Samples were collected from patients who met the OM$lispected case
definition by the Ministry of Public Health and Sttion/KEMRI/CDC

surveillance team. A suspected case of influenz&1A(l)pdm09 virus
infection was defined as a person with acute febmspiratory illness with

onset:

1. Within 7 days of close contact with a person whe waonfirmed case of

influenza A(H1N21)pdmO09 virus infection, or

2. Within 7 days of travel to community internatioryalvhere there were one

or more confirmed influenza A(H1N1)pdmO09 cases, or

3. Resided in a community where there was one or mmmérmed influenza

A(H1IN1)pdmO09 cases.

Duplicate nasopharyngeal samples were collectedesiflocked Dacron swab
and placed in cryovials containing 1 ml Virus Trnamit¢ Medium (VTM), kept
at £C and stored in a liquid nitrogen dry shipper witBihrs of collection. Al
samples were transported immediately from the sde¢be National Influenza
Center (NIC) laboratory located within KEMRI, NalioKenya, maintaining

the cold chain throughout.

3.4 RNA extraction

The virus RNA was extracted from the clinical sadsphnd isolates using the

QlAamp® Viral RNA extraction kit (Qiagen, Germany) follomg the
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manufacturer’s protocol. Briefly, 1Q0of the virus was added to 5000f lysis
buffer per tube and allowed to incubate at roompemture for 10 min to
allow for the lysis. A 500l aliquot of ethanol was added and pulse vortex
performed for 15s to give a homogeneous solutidén630ul volume of the
lysed solution was applied to the spin columns@mdrifuged at 6000 xg for 1
minute and column placed in a clean collection tuli@en 50Ql of Buffer
AW1 (wash buffer 1) was added to the spin colunmh @ntrifuged at 12000 X
g for 1min in a Eppendorff 5415R centrifuge (Eppefid\G, Barkhausenweg,
Hamburg, Germany) and the column placed in a ctedlection tube. Then
the column was washed with 5000f Buffer AW2 (wash buffer 2) and
centrifuged at 13,000 rpm for 3 min in Eppendort5R centrifuge. The spin
column was placed in a 1.5 ml micro centrifuge tabd 6@l of Buffer AVE
(elution buffer) added to the column and allowed ibgubate at room
temperature for 1 min. The column was centrifugedd,000 rpm in the
Eppendorf centrifuge at room temperature for 1 @rand the filtrate (RNA)

stored at -8tC.

3.5 Real time RT-PCR

Real-time RT-PCR (rRT-PCR) amplification and ddatattwas performed on
an ABI 7500 (Applied Biosystems, CA, USA) using thAgPath-ID one-step
RT-PCR kit (Applied Biosystems, Foster City, CA, A)SThe 25l reaction
volume for each sample containedu5of extracted RNA, 12-fl of AgPath

Kit 2X buffer, 1 ul of AgPath 25X enzyme mix, 5 pmol of Tagman probe,
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pmol of each of the forward and reverse primerd, &u of RNase-free water.
Each RNA sample was tested for four sets of gemsely: matrix protein
gene segment for the identification of influenzavifuses, nucleoprotein gene
segment for the identification of swine A influenzauses, haemagglutinin
gene segment for the subtyping of swine A H1 visuard lastly RNP gene
segment was amplified to test the RNA extractiomocpdure. Reverse
transcription was achieved at’&for 30 min and 9% for 15 min. PCR was
achieved after 45 cycles of ®for 15s and 5% for 30s. Cycle threshot#40
was interpreted as positive in the early and péwse of the pandemic but this

was adjusted tg35 in the late phase.

3.6 Virus Isolation

All samples that were influenz&(H1N1)pdmO9positive by rRT-PCR were
inoculated in Madin-Darby canine kidney (MDCK) c#lltissue culture tubes
(Nunclon, Denmark). Influenza virus isolations wererformed in MDCK
cells followed by hemagglutination inhibition asg&Al) using guinea pig red
blood cells and reference antiserum in accordandt World Health
Organization (WHO) protocols (WHO, 2002). BriefQ0 ul of each sample
was added onto 70-90% confluent MDCK cells in 8ated tubes after pre-
treatment with L-1-tosylamido-2-phenylethyl chloretihyl ketone (TPCK)
trypsin in order to facilitate virus entry into tleells and allowed to adsorb for
45 min. The cells were then overlaid with 1ml 0b&"® Dulbecco’s Modified

Eagles Medium (Invitrogen Corporation, NY, USA).otwulated cells were
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incubated at 33°C with 5% GCand observed daily for 10 days for visual
cytopathic effect (CPE) using an Olympus CKP ing@nnicroscope (Olympus
Corporation, Tokyo, Japan). When CPE was obsertred supernatant fluid
was collected and the hemagglutination titer mesaswas described by the
WHO (WHO, 2002). Positive isolates were confirmeathg 1% guinea pig red
blood cells as described previously (Ziegkeral., 1995) with post-infection

ferret antisera obtained from CDC, Atlanta, Geargia

3.7 Conventional RT-PCR for genomic amplification

The genes of the influenz&(H1N1)pdmO9viruses that were isolated were
sequenced to study their molecular characteristi@snventional PCR to
amplify each of the 8 gene segments of the virus eane using M13 tagged
primers (Primer sequences in Appendix 2). Compd$ M and NP genes
were amplified as one fragment while NA and HA waraplified as two
overlapping fragments. The larger genes namely PB1, and PB2 were
amplified as four overlapping fragments. The RTRP@as performed using
Superscript Il One-Step RT-PCR system (Invitro@orporation, NY, USA).
The reaction mix was prepared by mixing 12.5ulhaf 2x reaction mix, 0.5 pl
of the forward primer (20 uM), 0.5 ul the reversemer (20 uM), 1.0 ul
Superscript Il RT/Platinum Taqg mix and this mixdwvas then topped using
7.5 ul of distilled water to make a total of 22 flul of the RNA template was
then added. Thermocycling was carried out on a 9XB0 Thermal Cycler

(Applied Biosystems, CA, USA) using the followingating conditions; 1
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cycle of reverse transcription at %D for 30 min followed by an initial
denaturation of $€ for 2min. This was followed by 35 cycles of; demation
at 94C for 30 s, annealing at %5 for 30 s and strand extension af®&8or 1
min. Lastly, the reaction mixture was incubate®@C for 1min to allow for

extension of recessed ends of the amplicons. A fiaase was set af T.

3.8 Agarose Gel electrophoresis and visualizatiorf the amplicons

A concentration of 1.5% agarose was prepared imBE buffer. The solution
was mixed by swirling gently and then heating img&rowave until all the
agarose was completely dissolved. The gel wasldfeto cool for a few min
at room temperature and ethidium bromide was adloledfinal concentration
of 0.5ug/ml. The gel was then poured onto an aebiretic tank containing
combs and left to set for 30 min at room tempeeatuiThe combs were then
carefully removed. @ of the PCR samples were mixed with thd af the
blue orange gel loading dye (Invitrogen, NY, USAdahen loaded onto the
wells. A 100bp or 1kb DNA ladder marker (InvitrageNY, USA) was loaded
on the first lane of each of the wells. The tarkswhen connected onto a
PowerPac Universal Power Supply (Bio-Rad, CA, U8AJ run at 150 volts
for about 30-45 min. The gel was then visualized ahe gel photo
photographed using the Alphalmager gel documemasgstem (Alpha

Innotech, CA, USA).
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3.9 Clean-up of PCR products using Exosap-IT

PCR product clean-up was conducted to remove angnsumed dNTPs and
primers remaining as they interfere with sequencR@R tubes containing 10
pl of the PCR products to be purified were pulsersi8 pl of the ExoSap-IT
enzyme (U. S Biological, Swampscott, MA, USA) wakled to each of the
PCR tubes followed by a brief vortex using Vortegniz 2 (USA Scientific,
FL, USA) for 10s. They were then pulse spun for.30%e PCR tubes were
then placed into a 9700 ABI Thermal Cycler (ApplBibsystems, CA, USA)
and incubated for 30 min at %7, This was followed by inactivation of the
ExoSap-IT enzyme by incubation for fifteen minuggs8d C before storing

the product at%C.

3.10 Cycle sequencing of the purified PCR products

PCR amplicons incorporating fluorescent-labeledediyy-chain terminators
were synthesized using an ABI BigDye Terminator si@mr 3.1 cycle
sequencing Kit (Applied Biosystems, Forster CitygA). The reaction mixture
for both the forward and reverse reactions wergamed by adding 2ul of
BigDye to 2ul BigDye 5X buffer followed by additioof 1pl (4uM) of the
M13R/F primers and 3ul of distilled water to makeosal volume of 8ul.
This reaction mixture was loaded into each anndtetell on the 96-well plate
followed by addition of 2ul of the purified PCR piect. The plates were
covered with a sealing mat, vortexed briefly andsetspun. The PCR was

then run with the cycling conditions as followscylcle of initial denaturation
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at 98C for 5 min, followed by 30 Cycles of denaturatiah95C for 15 s,
annealing at 4& for 30 s and strand extension af®8gor 2 min and 30 s.
This was followed by a final incubation at %8 for 3 min to allow for

extension of recessed ends of the amplicons bsforimg the product af@.

3.11 Purification of the cycle sequencing produstusing sephadex spin

columns.

Dry sephadex G-50 medium powder (Sigma - Aldrichl@h St. Louis, MO,
USA) was loaded into unused wells of 96-well Colubtmader (Millipore,
MA, USA). The 96 well Multi-ScreéhHV Plate (Millipore Ireland B.V.,
County Cork, Ireland) was then placed upside downtap of the column
loader, and both the Multi-Screen Plate and theirnol loader were held
together and inverted. The top of the Column loads tapped to release the
resin.  300ul of Milli-Q water was then added dach well containing
sephadex to swell the resin and the setup atlotwe incubate at room
temperature for 3 hours. The MultiScreen HV plases then placed on top of
a standard 96-well microplate and spun at 910xrdgfmin on an Eppendorf
5810R bench top centrifuge (Eppendorf, Hamburgn@eary) using a two-tray
rotor to remove excess water from the columns. &eess water was then
discarded. The sequencing products were careddliied to the centre of each
Sephadex well. The 96-well plate with the exceasewwas replaced with a
new 96-well microplate (USA Scientific, FL, USAxa centrifugation done at

910x g for 5 min ensuring that approximately 10fibooduct came through
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the column. Then, 10ul of Hi-Di™ Formamide (Fors@ty, CA, USA) was
added to ensure the sequencing fragments were aimadtas single strands

and to hydrate any dry (empty) wells to avoid dsstrg the capillaries.

3.12 Genetic analyzer procedure

The purified PCR products and the Hi-Di in the 9&llvplate were placed into
24-capillaries ABI 3500 XL Genetic Analyzer (AppdidBiosystems). These
were left to run and nucleotide sequences wereirdtausing the sequence

analysis software (Applied Biosystems).

3.13 Contig assembly

To generate contiguous nucleotide sequences (s)rftigm the reverse and
forward sequence runs for each amplified segment the Genetic Analyzer,
the sequences were uploaded into the contig asggurdariram (CAP) of DNA
Baser Sequence Assembler v3 (Heracle BioSoft SRLmdvia,

http://www.DnaBasé@rand run under default parameters. The generatetigc

was then visually inspected against individual ommtograms and any

ambiguities corrected.
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3.14 Similarity searches

To determine whether the obtained nucleotide sempgerwere similar to
influenza A(H1IN1)pdmO9 sequences deposited in genomic databas
similarity search against sequences in the inflaenaus resource (Bae al.,
2008) and GenBank (Bensehal., 2006) databases was performed using the
basic local alignment search tool (BLAST) (Altschatilal., 1997) with the

default parameters of the program.

3.15 Multiple sequence alignment

The nucleotide sequences were put in a multipleesscg file in a fasta format
before uploading them for alignment using the MuétiSequence Comparison
by Log-Expectation (MUSCLE) V3.8 (Edgar, 2004). B&chieve this, the
program defaults parameters were used accorditigetaser guide. The output
file was in the aligned fasta format. The same @doces were followed for

generating protein multiple sequence alignments.

3.16 Preliminary phylogenetic reconstruction

The phylogenetic reconstruction was carried ouizirtg the Bayesian method
of tree inference using the MrBayes program v3.1Ronquist and
Huelsenbeck, 2003). The nucleotide fasta data divitual gene segments

were converted into the Nexus file format using @encatenator program
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(Pina-Martins and Paulo, 2008). To allow for conipam, representative
nucleotide sequences of pandemic viruses isoladéingland, China, Africa
and America during the study period were downloaflech the NCBI H1N1
Flu Influenza Resource database (Bhal., 2008) and included in the nexus
file. The gene segments of the vaccine strain Af@ala/7/2009 were
similarly downloaded and incorporated in the analy$-or the complete
genome analyses, the aligned coding region of gaale was concatenated in
the following sequence; PB2, PB1, PA, HA, NP, NA,aid NS using the
SequenceMatrix software (Gaurav al., 2011) to produce a nexus file. In
addition, the generalized time reversible (GTR) eiqoarameters and priors

were incorporated into the nexus file for executb@ll analyses in MrBayes.

The data in nexus format was then executed in MeBagfter completion of
the analysis, the probabilities values were sunuedriand the trees
summarized to generate a consensus tree. Thewteseconverted into a
graphic and visualized using FigTree version 1.3.1

(http://tree.bio.ed.ac.uk/software/figtree/

3.17 Evolutionary analysis.

Evolutionary rates, molecular clock phylogenies aoither evolutionary
parameters were estimated from thél length concatenated genomef
KenyaninfluenzaA(H1N1)pdmO9viruses and individual gene segments using

the relaxed-clock Bayesian Markov chain Monte C{NM&CMC) method as
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implemented in Bayesian Evolutionary Analysis SantplTrees (BEAST)
v1.7.4 (Drummond and Rambaut, 2007). This apprdzat been validated
extensively in the context of human influenza (Rambsh al., 2008). The
method allows variable nucleotide substitution sadenong lineages and also
incorporates phylogenetic uncertainty by samplihglggenies and parameter
estimates in proportion to their posterior probigb{Drummond and Rambaut,

2007).

For the complete genome analyses, the aligned gaduion of each gene was
concatenated in the following sequence; PB2, PR, HA, NP, NA, M and
NS using the SequenceMatrix software (Gawshwal., 2011). The resulting
nexus file was imported into BEAULti (Bayesian Exauaary Analysis Utility)
programe which is incorporated in BEAST packageABE serves to set the
evolutionary model and options for the MCMC analyand also generate an
XML file of the full length concatenated genome fose in the BEAST
software. The XML file was then used in the BEASmalgses. For the
individual gene segments, the above procedure wlisved but without the

concatenation step.

Bayesian MCMC analysis for each gene sequence weafor 30 million states
and 50 million states for the concatenated genoitie sampling every 10,000
states to ensure adequate sample size of all ag@igsgameters including the
posterior, prior, nucleotide substitution ratesd dikelihoods. Convergence
was assessed on the basis of the effective samgpibeg(ESS) after a 10%

burn-in using Tracer software version 1.5 (Ramtend Drummond, 2009).



59

Only ESS’s of> 200 were accepted. Statistical support for speciades was
obtained by calculating the posterior probabilifyeach monophyletic clade.
As coalescent priors, the four simple parametrimatgraphic models (constant
population size, and exponential, expansion andstiogpopulation growth)
and a piecewise-constant model, the Bayesian skypilot (BSP) under a
relaxed (uncorrelated log-normal) clock were coredatJncertainty in the
estimates was indicated by 95% highest posteriositie(95% HPD) intervals,
and the best-fitting models were selected usingygeB factor (BF with using

marginal likelihoods) implemented in BEAST.

The resulting tree with the maximum product of past probabilities
(maximum clade credibility tree) for analyzing thMCMC data set was
annotated by TreeAnotator incorporated in the BEASiCkage. All trees
generated were rooted using the prototype vaccmesA/California/07/2009
and visualized using FigTree version 1.3.1. In otdedentify Kenya-specific
transmission clusters, two criteria were used; tfig cluster must be
significantly supported, with a phylogenetic posteprobability of>90% and
(i) the cluster must contain more than two isadat@n exception was made for
one cluster due to its uniqueness). Clusters wenmed to reflect their
placement within global clades 1 to 7, defined festy (Nelsoret al., 2009);
hence, KENA-GC2 indicates Kenyan cluster A whiclsfaithin global clade

2.
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3.18 Analysis of genetic drift and antiviral drug asociated mutations

Analysis of antigenic drift was elucidated by am#thg and comparing changes
in the amino acid signature patterns of each gegment between the Kenyan
viruses and the vaccine strain. To accomplish tths, translated protein
alignments of the coding region of each gene (Karsamples and the vaccine
strain) were entered in Molecular Evolutionary Gerse Analysis software
(MEGA) version 5 (Tamurat al., 2011) and analyzed. The variable amino

acid sites were then highlighted and exported tord4ioft Excel spreadsheet.

In order to analyze amino acid changes associatibdresistance to antiviral
drugs, a multiple sequence alignment of the m&tnxoteins was analyzed for
adamantine sensitivity while the Neuraminidase girotwas analyzed for
neuramindase inhibitor  sensitivity. This analysisncluded the
A/California/07/2009 virus whose sensitivity to seedrugs in known as a
reference strain and known mutations associated igistance examined. For
neuramindase inhibitor sensitivity, all the sequ=novere examined for
oseltamivir - (1117V, E119V, D198N, 1222V, H274Y,2B2K, N294S and
1314V) and zanamivir-related mutations (V116A, RK18E119G/A/D,
Q136K, D151E, R152K, R224K, E276D, R292K and R37iK)le in the M2,
the S31N mutation conferring resistance to adamastavas examined in the

local isolates.
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4.0: RESULTS

4.1 Viral isolation, amplification and sequencing

In total, 369 out of 2,519 samples (14.6%) colldateiring the study period
(July 2009 and August 2010) were positive for iaflaa A(H1N1)pdmO09
using real time RT-PCR. Out of these samples, 5f& waccessfully cultured
after the first passage. These were filtered tasétates collected in all the
provinces in the country and based on the cridgwscribed in section 3.1. The
information regarding age, sex, nationality, datecallection and collection
site for these isolates can be found in AppendiR 3igure showing the RT-
PCR amplified gene segments is shown in Figureh@. 40 complete genome
sequences from this study have been depositedeinGlbbal Initiative on

Sharing All Influenza Data (GISAID) hftp://platform.gisaid.org/ and

Genbank (Bensost al., 2006) databases. The sequences together with their

accession numbers can be found in Appendix 5.
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Figure 6: Gel photo showing the PCR amplification bthe eight influenza gene
segments

Lane 1, 1kb ladder marker., Lane 2, negative canirane 3, PB2 fragment 1, Lane
4, PB2 fragment 2., Lane 5, PB2 fragment 3., Lar®B@ fragment 4., Lane 7, PB1
fragment 1., Lane 8, PB1 fragment 2., Lane 9, PBfrhent 3., Lane 10, PB1
fragment 4., Lane 11, PA fragment 1., Lane 12, Rgrhent 2., Lane 13, PA fragment
3., Lane 14, PA fragment 4., Lane 15, HA fragment.éne 16, HA fragment 2, Lane
17, NP segment., Lane 18, NA fragment 1., LaneNI®,fragment 2., Lane 20, M
segment., Lane 21, NS segment.

4.2 Phylogenetic characterization

Phylogenetic characterization of the nucleotideuseges of isolated local
influenza A(H1IN1)pdmO9 viruses was carried out tmmpare local viruses
with globally circulating viruses and also to esitmevolutionary relationships
between them. The phylogenetic tree of each ofeilgat genes and of the

concatenated genome showed similar topologies (Fifs). All the trees were
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rooted using the nucleotide sequences of the ymotvaccine strain
A/California/07/2009. The phylogeny of each of #ight genes was relatively
shallow, with large polytomies observed. The maximdepth of the tree (from
root to furthest tip) being 5-9 nodes indicatingse evolutionary relationships

and subsequent lack of phylogenetic resolution.

The phylogenetic analysis showed that Kenyan vawgere interspersed with
sequences from other countries. It was observedthieafour earliest Kenyan
isolates grouped together in two clusters amondhallgenes (except NS). It
was further observed that there was co-circulabbrat least four distinct
clusters (pp70%) in majority of the genes during the panderiese clusters
were distributed in such a way that, there wereenwusters co-circulating
during the peak phase of the pandemic than in #réy end late phases.
Further, the trees do not show any evidence ofiapavolution. However,

temporal evolution was evident during the late phaé the pandemic and
isolates during this period clustered together we#l supported monophyletic

clade in all the genes (except NP).
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4.2.1 PB2

The phylogeny of the PB2 nucleotide sequences shbass local isolates
collected in the early and peak phases of the paltdare dispersed within the
phylogenetic tree with no clear patterns (Fig. Hahwever, majority of the
isolates from the late phase clustered together well supported cluster. At
the same time, it was observed that local isolatéisese early and peak phases
are interspersed with PB2 sequences from othertgesinsolated in the same
period. Some local isolates including A/Kisumu/602 and
A/Malindi/238/2009 were found to cluster togetheithwisolates from the
United Kingdom that were collected between ApriliM2009 and October
2009 respectively. The tree does not indicate gayia evolutionary patterns

except in the late pandemic phase.
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Figure 7: Phylogenetic tree of PB2 gene segmentkényan samples.

Phylogeny was inferred with representative PB2 emges from Africa,

Europe and America (black) using MrBayes softwaergion 3.1.2). The tree
was rooted with the influenza A(H1N1)pdm09 refeeencstrain

A/California/07/2009 (red). Kenyan samples are shaémvblue The numbers
on the internal nodes indicate posterior probadslit



66

4.2.2 PB1

The phylogenetic tree of the PB1 reveals a simdpplogy to that of the PB2
tree (Fig. 8). The PB1 sequences of early and pbake isolates are largely
distributed throughout the tree with no discerndblaporal or spatial patterns
while the late phase isolates group together tmfarwell supported cluster.
Majority of the local isolates were noted to forlasters that were interspersed
with global isolates. The late phase isolates whmvn to cluster together with
one isolate from the United Kingdom (A/England/2009) which was
collected in December 2009. None of the PB1 seqgefrom Kenyan isolates
clustered with the PB1 sequences from the isoldtesy other African

countries that are currently in the public database
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Figure 8: Phylogenetic tree of PB1 gene segmentkényan samples.

Phylogeny was inferred with representative PB1 emges from Africa,

Europe and America (black) using MrBayes softwaergjon 3.1.2). The tree
was rooted with the influenza A(H1N1)pdm09 refeeencstrain

A/California/07/2009 (red). Kenyan samples are shaémvblue The numbers
on the internal nodes indicate posterior probadslit
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4.2.3 PA

The phylogeny of the PA nucleotide sequences doeshow any discernable
spatial and temporal patterns in the early and meaddemic phases (Fig. 9).
Like the PB2 and PB1 phylogenetic trees, the PAquiile sequences of local
isolates are interspersed with PA sequences ditesofrom other countries in
the world collected at the same period. The tremveld that two of the early
isolates from Kenya namely A/Kisumu/56/2009 and &lknu/61/2009
clustered with several isolates from the United g¢iom that were sampled
between April and June 2009. The late pandemicepisdates also clustered

together.
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424 HA

The phylogenetic tree of the HA nucleotide sequsrgt®wed the maximum
depth by having 9 nodes from the root (Fig. 10)e Tiee can easily be divided
into two clades, one containing two of the earligshyan isolates namely
A/Kisumu/56/2009 and A/Kisumu/61/2009 while the @ed containing all the
other isolates. The two isolates from Kisumu caéécin July 2009 cluster
closely with isolates from the United Kingdom cotied between April and
June 2009. Another local isolate A/Mombasa/27/2@68ected in October
2009 clustered with A/England/634/2009 which wakected in July 2009. As
in previous phylogenetic trees, the local HA segasnare interspersed with
sequences from other influenza viruses isolatedaifyp. The tree also showed
no clear spatial evolutionary patterns but isolétes the late pandemic phase

cluster together indicating temporal evolutionhistphase.
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4.2.5NP

The NP phylogenetic tree can also be divided inio ¢lades, one comprising
of the two earliest Kenyan isolates A/Kisumu/56/2@hd A/Kisumu/61/2009

while the second comprising all the other isolgdtég. 11). The two Kisumu

isolates were shown to cluster together with igsldtom the United Kingdom

collected between April and June 2009. All the otloeal isolates did not

show any spatial or temporal patterns. The NP mticle sequences of the
local isolates were shown to be interspersed wikh S¢quences from other

countries.
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Figure 11: Phylogenetic tree of NP gene segmentkényan samples

Phylogeny was inferred with representative NP sege® from Africa, Asia,
Europe and America (black) using MrBayes softwaergjon 3.1.2). The tree

was rooted with the

influenza A(H1N1)pdmO09

refeencstrain

A/California/07/2009 (red). Kenyan samples are shaémvblue The numbers

on the internal nodes indicate posterior probadslit
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4.2.6 NA

The NA phylogenetic tree showed that the localased clustered into two
distinct clades (Fig. 12). One clade comprising tefothe earliest Kenyan
isolates A/Kisumu/56/2009 and A/Kisumu/61/2009 whihe other comprising
all the other isolates. As with the NP and HA semes, the two Kisumu
samples cluster together samples from the Unitedéom that were collected
in June 2009. The Kenyan isolates are also showbetinterspersed with
isolates from other countries globally. Majority tife 2010 isolates (55%)
clustered together while all the other isolatesenmdispersed throughout the

phylogenetic tree.
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Figure 12: Phylogenetic tree of NA gene segment iiEnyan samples.

Phylogeny was inferred with representative NA segae from Africa, Asia,
Europe and America (black) using MrBayes softwaergion 3.1.2). The tree
was rooted with the influenza A(H1IN1)pdm09 refeeencstrain

A/California/07/2009 (red). Kenyan samples are shamvblue The numbers
on the internal nodes indicate posterior probaddit
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427 M

The phylogeny of the M nucleotide sequences ofl iscdates was shown to be
made up of two distinct clades (Fig. 13). The ficsimprising two of the

earliest Kenyan isolates A/Kisumu/56/2009 and AliKis/61/2009 and the
second comprising of all the other isolates. Th&Q2dcal isolates formed a
well supported cluster which also had the maximuptll of 9 nodes from the
root showing greater diversification in comparisaith the other isolates. The
local M nucleotide sequences were also interspensédglobal sequences in
the phylogenetic tree though this was not as ex@gin the other nucleotide

sequences.
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4.2.8 NS

The phylogenetic tree of the NS nucleotide sequefdocal isolates shows
that they are interspersed with NS sequences fsotates from other countries
(Fig 14). One cluster comprised of local isolatesstly from the peak phase
also incorporates two isolates from the United Kiogp and China. The two
foreign isolates namely A/England/941/2009 and Adning/1/2009 were
collected in December and October 2009 respectiVsbtates from the early
and peak phases of the pandemic do not show amay clestering patterns.
However, majority (67%) of the 2010 isolates clusteyether to form a well

supported cluster. None of the Kenyan isolates Weumd to cluster with

isolates from other African countries.
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Figure 14: Phylogenetic tree of NS gene segmentkényan samples.

Phylogeny was inferred with representative NS sege® from Africa, Asia,
Europe and America (black) using MrBayes softwaergion 3.1.2). The tree
was rooted with the influenza A(H1IN1)pdm09 refeeencstrain
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4.2.9 Concatenated genome

The phylogenetic tree of the concatenated genomehwdiso included viral
genomes isolated elsewhere whose clade identitekreown is shown in Fig.
15. It shows that 2(40%) of the earliest isolatesnf Kenya clustered with
global clade Il viruses while the other 3(60%) tdusd with clade VII viruses.
Throughout the pandemic, clade VII viruses wereedato dominate local
transmission and no clade Il viruses were obseredr the initial
introductions in the country (Fig 15). Of the sewd#ades of pandemic HIN1
virus that has been shown to circulate globallg, Kenyan isolates belong to
only two different clades. The other globally ciating influenza
A(H1N1)pdmO09 clades namely I, 1ll, IV, V and V1 veenot detected in the
Kenyan population. Like in the individual gene segns, the concatenated
genomes of the Kenyan isolates were intersperséladl ggnomes of viruses
from other countries. Majority of the Kenyan isesalso clustered often with
isolates from the United Kingdom than with isolafesm other countries.
Majority (89%) of the Kenyan 2010 isolates wereoakhown to cluster

together.



81

'-.-.-J
n

o WEAIBAAIB A4

L Dakar TiRAR

%

|{m_m.nln_n.m |

Clade?

7;

AKize 18 20T} yadvi 20 2010
% __115.‘“.?.3'53;%1”

w Wﬁa@”nﬂ 2010

Figure 15: Bayesian phylogenetic tree of the conaatated influenza
A(H1N1)pdm09 genome of Kenyan and selected globalblates.

The 40 Kenyan isolates characterised in this studyhighlighted in blue. The

global influenza A(H1N1)pdmO09 clades are indicatad also their branches
are shown using different colours.

18

B
i
kS

2010

T



82

4.3 Evolutionary analysis

4.3.1 Circulating Kenyan clusters and their divergace times

The study sought to identify the Kenyan-specificualating clusters and their
divergence times based on the complete genome. résdting temporal

phylogeny of the complete genome of Kenyan inflaedgH1N1)pdmO09

viruses is shown in Figure 16. This phylogeny destiates the existence of
multiple clusters during the early and peak pandeptiase. Isolates were
considered to belong to one cluster if the bramgipsrting that cluster showed
a Bayesian posterior probability (pp) ®185% among other criteria described
previously. The time of the most recent commoneatar (tMRCA) of each

cluster, corresponding to the date at which thegrged was also estimated.
The study identified six such Kenyan circulatingsters each containing 2 to 8

Kenyan isolates.

The viruses isolated during the early phase ofpénedemic clustered in two
different clusters namely KENA-GC2 and KENB-GC7 atiwere both well
supported with posterior probabilities 285%. KENA-GC2 which was made
up of only two samples did not spread beyond thdy ggandemic period.
However, KENE-GC7 continued to circulate into theak pandemic phase.
During the peak phase of the pandemic, four clastermely KENB-GC?7,
KENC-GC7, KEND-GC7 and KENE-GC7 were co-circulatitgENF-GC7
cluster which was well supported (pp=100%) domiddte the late phase of

the pandemic.
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The mean time of the most recent common ancesiR @A) of the Kenyan

influenza A(H1N1)pdmQ09 viruses (corresponding tce ttree root) was

estimated to be #8February 2009, with a 95% credibility interval liétween

October 2008 and May 2009. The tMRCAs and the mosbable months in

the calendar time scale of the main clusters ase/shn Table 2. KENA-GC2

which is one of the two earliest clusters in Kemys shown to emerge on"19

April 2009 around the same time that the virus fira$ detected in the United

Kingdom. The other earliest Kenyan cluster was shtmemerge in June 2009

around the same time the pandemic was peakingit/k

Table 2: Divergence times and detection ranges oféyan clusters

TMRCA

Cluster* N° of isolates TMRCA Low 95% HPD | High 95% HPD
KENA-GC2 2 19" April 2009 | 27" Dec 2008 | B July 2009
KENB-GC7 3 A June 2009 18 April 2009 | 29" June 2009
KENC-GC7 8 § August 2009| 19 May 2009 | 2° October 200
KEND-GC7 4 7" August 2009| 19 June 2009 | 17 Sept 2009
KENE-GC7 4 A August 2009| 10 June 2009 | P October 200
KENF-GC7 8 2°0October 2009 20June 2009 | 1DDec 2009
root 40 28 Feb 2009 | 8Oct 2008 18 May 2009

*The Kenyan-specific circulating clusters are narteeceflect their placement

within global influenza A(H1N1)pdmOQ9 clades
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4.3.2 Substitution rate estimations and populationlynamics

The study estimated population dynamics of locbénza A(H1N1)pdmO09
virus throughout the pandemic period using the BeyeSkyline Plot (BSP).
The Bayesian skyline plot of the concatenated genofhthe Kenyan viruses
(Fig 17) indicated an exponential growth in the ywagon size which occurred
only during the first three months (July-Septemb@09) of the pandemic in
the country. Thereafter, a slight decline was olerfollowed by a constant

population demography which was maintained tilléhne of the study period.

1.E2

1.E- T v v T y T v - -
"May Tuly Oct Jan Aapril Tune
2009 2009 2009 2010 oo 2 2010

Figure 17: Bayesian skyline plot for the influenzaA(H1N1)pdmO09 isolates
under the uncorrelated lognormal clock.

X-axis indicates time and Y-axis indicates numbgefdective infections at
time t (Ne(t)). The thick solid line represents thedian value, and the blue
area the 95% HPD of the Ne(t) estimates.
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The complete genome of the Kenyan influenza A(HPW)09 viruses had an
estimated rate of nucleotide substitution of 4.9.0¢ substitutions/site/year
(95% confidence interval [Cl], 2.6 X 0- 7.2 X 10%) as shown in Table 3
below. Among the gene segments, the rate of nudedubstitution was
lowest in the Nucleoprotein gene at 0.8 X>18ubstitutions/site/year and

highest in the Matrix gene at 9.8 X 16ubstitutions/site/year.

Table 3: Mean nucleotide substitution rates for edt of the Kenyan
influenza A(HLIN1)pdmO09 virus genomic segments

Gene Mean evolutionary rate X 10 (substitutions per site per
year)*

PB2 4.01 (1.47, 6.45)
PB1 3.89 (1.29, 7.22)
PA 1.86 (3.03, 6.19)
HA 5.58 (2.75, 9.28)
NP 0.80 (0.4, 2.04)
NA 4.07 (.47, 7.73)
M 9.88 (5.58, 14.5)
NS 5.22 (1.64, 9.17)
Genomé | 4.96 (2.65, 7.21)

*The numbers in brackets indicate the 95% confidémegval estimates.
#is the evolutionary rate for the concatenated geno
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4.4 Genetic drift and amino acid changes

Genetic analysis of influenza A(HLN1)pdmO09 virugedicated that the amino
acid sequences of all genes of the Kenyan sampk® \argely similar

(sequence similarity of 99%-100%) to that of thengemic prototype and
vaccine strain, A/California/07/2009. The largestmiers of amino acid
substitutions were observed during the peak pearidde pandemic in all genes

except in the Matrix gene.

4.4.1 PB2

The analysis of the 40 PB2 sequences from thisystudomparison with the
vaccine strain is shown in Table 4. It indicatest hocal isolates had a 99%-
100% similarity with the prototype and vaccine strdn the early pandemic
phase, a K526R substitution was seen among twhefearliest isolates in
Kenya. An examination of 3,462 global A(H1N1)09pdAB2 sequences
deposited in Genebank showed that this substituttas prevalent between
April and May 2009. This substitution was rarelytatted globally after
August 2009. All other local isolates had K526. Nimino acid substitutions
were fixed in the early and peak phases of the gr@aicd The most common
amino acid substitutions seen during the peak ®fpdmndemic in local isolates
were R175K, P679S and S684C. In the late phasenefpandemic, the
following substitutions generally became fixed; RR9 V344M, 1354L and
N456S. V344M and 1354L and R299K and N456S seembdoparallel

mutations appearing late in the pandemic.



88

Table 4: Amino acid sequence variations of PB2 prein of influenza

A(H1IN1)pdmO9 strains from Kenya compared with the accine strain

PB2 amino acid position

Virus isolate

~OTW

4 5 5 5 5 5
3
9

or

Olwokr

1

2

7
A/California/07/2009 H
A/Kisumu/56/2009
A/Kisumu/61/2009
A/Nairohi/64/2009
Al/Garissa/78/2009
A/Keiyo/96/2009
A/Nairobi/58/2009
A/Nairohbi/59/2009
A/Malindi/238/2009
A/Eldoret/119/2009
A/Eldoret/120/2009
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4.4.2 PB1

A comparison of the PB1 protein of the study sasplied the vaccine strain is
shown in Table 5. The PB1 protein of the study dampxhibited an amino
acid similarity of 98.4-100% to that of the vaccisgain. Two of the five

earliest isolates from Kenya had T257A, V587A, SZ1éhd A717G amino

acid substitutions in comparison with A/Califor@@/2009. Of these, V587A
has been observed in majority of clade 2 viruselatied globally while T257A

has been observed in some Asian isolates between 209 and May 2010.
The substitutions S712C and A717G found in theygaahdemic samples were
unique to Kenyan samples. On the other hand, twthefother three early
pandemic phase isolates had an E739K substitutidchwas been observed in

some clade 7 viruses globally.

There were no amino acid substitutions that bedated in this protein during

the pandemic. The amino acid substitutions Q268RL7& and E739K were
observed in all the phases of the pandemic in teayKn isolates. Q569H,
S703N, R707T and V709D were observed in the pedklae phases of the
pandemic only while S712C was observed during #re/ @nd peak phases of
the pandemic in Kenya. All these mutations excep6¥R and E739K were

unique to the Kenyan samples and were not obsetgedvhere.
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Table 5: Amino acid sequence variations of PB1 prein of influenza
A(H1IN1)pdmO9 strains from Kenya compared with the accine strain

PB1 amino acid position

Virus isolate 257 268 289 569 587 678 703 707 709 712 717 739

A/California/07/2009 T Q M Q V S S R V S A E
A/Kisumu/56/2009 A : . . A . : . . C G .
A/Kisumu/61/2009 A : . . A . . . . C G .
A/Nairobi/64/2009 : . . . . . . . . . . K
A/Garissa/78/2009 . R . . . . . . . . . K
A/Keiyo/96/2009 . R K . . . .

A/Nairobi/58/2009 . . . . . . N

A/Nairobi/59/2009 . R . . . . . . . . .
A/Malindi/238/2009 . . . . . . N T D . G
A/Eldoret/119/2009 . R

A/Eldoret/120/2009 . . . . . . . . . . .
A/Embu/169/2009 . . K . . . . . . . G
A/Nyeri/478/2009 . . . H . . .

A/Meru/467/2009 . . . H . . N . . . .
A/Kitale/531/2009 . . . . . . N T D C G
A/Kitale/532/2009 . . . . . . . . .
A/Mombasa/512/2009 . . . . . . . T D
A/Nakuru/192/2009 .

A/Trans-Nzoia/168/200 .

A/Mombasa/179/2009

A/Mombasa/148/2009

A/Mombasa/91/2009

A/Mombasa/27/2009 .

A/Nairobi/37/2009 A

A/Kakamega/215/2009 .

A/Kisii/205/2009 . . . . . . . . . . . .
A/Kisii/143/2009 . . . . . . . . . . . K
A/Kisii/115/2009 . . . . . . . . . . .
A/Kikuyu/184/2009 . . . . . . . . . cC G
A/Kikuyu/185/2009 . . . . . T . T D C G
A/Nairobi/3/2009 . R . . . .
A/Nairobi/16/2009 . . . . . . . . .
A/Nairobi/11/2010 . . . . . . N T D . .
A/Kijabe/16/2010 . . . . . T . . . . G .
A/Nairobi/20/2010 . . . . . . . . D . . K
A/Nairobi/21/2010 . R

A/Nairobi/24/2010

A/Nairobi/25/2010

A/Nairobi/72/2010 . . . H

A/Nairobi/80/2010 . . . H

A/Nairobi/97/2010 H

Early pandemic samples are shown in red, peak paindeamples in black and
late pandemic samples in blue. The vaccine stsasmown in bold.
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4.4.3 PA

The PA protein of the local isolates had 99.4-106Wilarity with the
prototype strain. Amino acid differences betwees BA of the study samples
and the vaccine strain is shown in Table 6. Twethefearliest isolates had an
M581L substitution which is a clade 2 defining ntita. This mutation was
not observed in any other Kenyan isolate during ghademic. All Kenyan
isolates shared a common signature in the P224Sitdion. This substitution
has been found worldwide in majority of non clade idfluenza
A(H1IN1)pdmOQ9 viruses. Three substitutions namel23H, L589F and 1690M
arose during the peak phase of the pandemic bse theplacements did not
persist into the late phase of the pandemic. Indtee phase of the pandemic,
substitutions N321K and 1330V which appeared aslmutations became

dominant.
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Table 6: Amino acid sequence variations of PA prote influenza
A(H1IN1)pdmO9 strains from Kenya compared with the accine strain

PA amino acid position
5 224 321 330 425 581 589 690
A/California/07/2009 V P N [ L M L |
A/Kisumu/56/200! ) S L
A/Kisumu/61/2009 L S L
A/Nairobi/64/200! S
A/Garissa/78/2009 S
A/Keiyo/96/2009 : S
A/Nairobi/58/2009 L S
A/Nairobi/59/2009 S
A/Malindi/238/2009 S
A/Eldoret/119/200 S
A/Eldoret/120/2009 S
A/Embu/169/200 S
A/Meru/467/2009 S
A/Nyeri/478/2009 S
A/Kitale/531/2009 S
A/Kitale/532/2009 S
A/Nakuru/192/2009 . S
A/Trans-Nzoia/168/200 . S
A/Mombasa/179/2009 . S
A/Nairobi/37/200¢ L S
A/Mombasa/91/2009 . S
. S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S

Virus isolate

.n
< 7 £

A/Kisii/115/2009
A/Kisii/143/2009
A/Mombasa/148/2009
A/Mombasa/27/2009
A/Kikuyu/184/200¢
A/Kikuyu/185/2009
A/Kisii/205/200¢ .
A/Kakamega/215/2009 .
A/Mombasa/512/2009
A/Nairobi/16/2009
A/Nairobi/3/2009
A/Nairobi/20/2010
A/Nairobi/21/2011
A/Nairobi/24/2010
A/Nairobi/25/201!
A/Nairobi/72/2010
A/Nairobi/80/2010
A/Nairobi/97/2010 :
A/Nairobi/11/2010 L
A/Kijabe/16/2010

=7

<LK LKL LKL~
T

AARXRARARXRXRAXNT

\Y

= -

Early pandemic samples are shown in red, peak paicde&mples in black and
late pandemic samples in blue. The vaccine stsasméwn in bold.
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4.4.4 HA

The HA protein of local samples was compared witkt bf the vaccine strain
(Table 7). The Kenyan samples had an HA amino awidlarity of 98.6-
99.5% in comparison to the vaccine strain . All Kenyan samples had 100S
and 338V both of which are non clade 1 amino amdatures. At the same
time, all Kenyan samples except two of the fivdiestr isolates had an S220T
substitution. These three substitutions at posstitd0, 220 and 338 are clade 7
defining. Furthermore, 100S and 338V were presg¢rithe beginning of the
spread of the virus in Kenya and were maintaineoutijhout the study period.
Amino acid position 220 is located within antigersite Cal, while the
substitution at position 338 is outside thajondefined HA antigenic

epitopes

Several mutations were observed in varying propostiduring the peak of the
pandemic but these did not persist into the latesphThese include F12Y,
H54P, A65S, W77R, N146D, D239E and F309I. Aminalgmsition 239 lies
within antigenic site Ca2 of the HAL protein. Iretlate phase of the pandemic,
the frequency of D114N, S202T, E391K and S468N ts#ubisns which had
not been observed earlier increased. D114N and Z@&m to be parallel
mutations. The amino acid position 202 is locatathiw the HA1 antigenic

site Sh.
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Table 7. Amino acid sequence variations of HA prot@ of influenza
A(H1IN1)pdmO9 strains from Kenya compared with the accine strain

HA Amino acid position

2 2 2

o 1 2 3
Virus isolate 4 0 2 3 8 O
6 2 1 9

12 21 54 65 77

= O Ww

1 3

1 1

4 4
A/California/07/2009 F C H A W D P
A/Kisumu/56/2009 . . P
A/Kisumu/61/2009 . . . .
A/Nairobi/64/2009 . . P S
A/Garissa/78/2009 . . P S
A/Keiyo/96/200¢ . . :
A/Nairobi/58/2009 . . P
A/Nairohi/59/200! . W
A/Malindi/238/2009
A/Eldoret/119/2009
A/Eldoret/120/2009
A/Embu/169/2009
A/Nyeri/478/2009 . .
A/Meru/467/200: . W
A/Kitale/531/2009 Y
A/Kitale/532/200! Y
A/Mombasa/512/2009 .
A/Nakuru/192/2009 Y
A/Transnzoia/168/200¢ Y
A/Mombasa/179/2009 .
A/Mombasa/148/2009 Y
A/Mombasa/91/20C
A/Mombasa/27/2009 . . .
A/Nairohi/37/200! . . . S R
A/Kakamega/215/200¢ .
A/Kisii/205/2009 . . . . .
A/Kisii/143/2009 W . R
A/Kisii/115/2009 . . . S
A/Kikuyu/184/2009 . . P
A/Kikuyu/185/200¢
A/Nairobi/3/2009 . . .
A/Nairobi/16/200! . . P
A/Kijabe/16/2010 . W
A/Nairobi/11/2010 .
A/Nairobi/20/2010
A/Nairobi/21/2010
A/Nairobi/24/2010
A/Nairobi/25/2011
A/Nairobi/72/2010 .
A/Nairohi/80/2011 C
A/Nairobi/97/2010

N § S D G F
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Early pandemic samples are shown in red, peak paindeamples in black and
late pandemic samples in blue. The vaccine stsasmown in bold.
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4.4.5 NP

Amino acid alignment of the NP of Kenyan isolatggiast the vaccine strain
was performed, and the results are summarized bleT& The amino acid
differences of the NP of Kenyan isolates were Y1BE8D, 141N, V100lI,

Q149H, T373l, L381l, R416G, A423S, M426K, A428P,M4#&, E454K and

M481L. Among these amino acid differences, T373%avbbed in two of the
earliest five isolates from Kenya is of significargince it is a clade Il defining
mutation. At the same time, the V100l which wasnidin 38 (95%) of all the
Kenyan isolates is a clade IV-VII defining mutatiddesides V100I, no other
mutation became fixed in this protein in the Kenyaalates. Overall, the
Kenyan isolates shared a 98.8-99.6% amino acid lagyawith the vaccine

strain.
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Table 8: Amino acid sequence variations of NP prote of influenza
A(H1IN1)pdmO9 strains from Kenya compared with the accine strain

NP Amino acid position
10 18 41 100 149 373 381 416 423 426 428 444 454 48

Virus Isolate

A/California/07/2009 Y E | \% Q T L R A M A \% E M
A/Kisumu/56/2009 . . . . . I
A/Kisumu/61/2009 . . . . . I . . ) . . . . .
A/Nairobi/64/2009 . D . I : . . . ) : : . : L
Al/Garissal/78/2009 . . . |
A/Keiyo/96/2009 I
A/Nairohi/58/2009 . . |
A/Nairobi/59/2009 . . . |
A/Malindi/238/2009 F D . |
A/Eldoret/119/2009 . . . | . . .
A/Eldoret/120/2009 . . . | . . I .
AlTrans-nzoia/168/2009 . . . | . . . G
A/Embu/169/2009 . . . | . . .
A/Nakuru/192/2009 . . . | . . |
A/Nyeri/478/2009 F D |
A/Meru/467/2009 . . |
Al/Kitale/531/2009 . . . |
A/Kitale/532/2009 |
A/Mombasa/512/2009 |
A/Mombasa/179/2009 . . |
A/Mombasa/148/2009 . . . |

|

|

-

A/Mombasa/91/2009
A/Mombasa/27/2009 . . .
A/Nairobi/37/2009 . . . | H . . . . i . . i
A/Kakamega/215/2009 . . . | . . . . . . . . K
A/Kisii/205/2009 . . . | . . . . S . P . K
A/Kisii/143/2009 . . . | . . . . . . . . . .
A/Kisii/115/2009 . . . | . . . . . . . . . L
A/Kikuyu/184/2009
A/Kikuyu/185/2009

A/Nairobi/3/2009 . )
A/Nairobi/16/2009 . . N
A/Kijabe/16/2010 . . N
A/Nairobi/20/2010

A/Nairobi/21/2010

A/Nairobi/24/2010

A/Nairobi/25/2010

A/Nairobi/72/2010

A/Nairobi/80/2010

A/Nairobi/97/2010

A/Nairobi/11/2010

Early pandemic samples are shown in red, peak paindeamples in black and
late pandemic samples in blue. The vaccine stsasmown in bold.
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4.4.6 NA

The number of amino acid differences in NA betwd#enKenyan isolates and
the vaccine strain (A/California/07/2007) rangeahir2 to 5. This is shown in
Table 9. The frequency of isolates with cumulatiuvenbers of amino acid
differences (equal to and greater than 4) was gépdrigher in the late phase
of the pandemic than during the earlier periodse WA protein showed very
few mutations in the transmembrane and linker medgiut the catalytic
neuraminidase domain harbored certain mutation€lwhave become fixed
over the study period. Both V106l and N248D amirmdasubstitutions
occurred early in the pandemic and persisted throuigthe pandemic. The
two together with V100l in the NP and S220T in H are clade VII defining
mutationsThe I396T substitution which appeared in severhigs during the
pandemic peak phase was not observed during thg#atdemic phase. G11V
and N369K mutations were seen in increasing precalén the late pandemic

phase and were the only ones that emerged duiimgltase.
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Table 9: Amino acid sequence variations of NA proia of influenza
A(H1IN1)pdmO9 strains from Kenya compared with the accine strain

NA amino acid position

Virus isolate 8 11 25 106 248 262 277 329 369 386 396 460 461 463

A/California/07/2009 | G Q V N K E N N N [ G A L
A/Kisumu/56/200! . . . . R . I . . . .
A/Kisumu/61/2009 . . . . . . I

A/Nairobi/64/200! . L
Al/Garissa/78/2009
A/Keiyo/96/2009
A/Nairobi/58/2009
A/Nairobi/59/2009 .. .
A/Malindi/238/2009 L . L
A/Eldoret/119/200 .
A/Eldoret/120/2009 L
A/Embu/169/200
A/Nyeri/478/2009
A/Meru/467/2009
A/Kitale/531/2009
A/Kitale/532/2009 .
A/Mombasa/512/2009 .
A/Nakuru/192/200
AlTrans-
Nzoia/168/2009 .
A/Mombasa/179/2009 .
A/Mombasa/148/2009 .
A/Mombasa/91/209
A/Mombasa/27/2009
A/Nairobi/37/2009 .
A/Kakamega/215/200¢ .
A/Kisii/205/2009
A/Kisii/143/2009
A/Kisii/115/2009 .
A/Kikuyu/184/2009 \Y
A/Kikuyu/185/200¢
A/Nairobi/3/2009
A/Nairobi/16/2009
A/Nairobi/11/2010
A/Kijabe/16/2010
A/Nairobi/20/2010
A/Nairobi/21/2010
A/Nairobi/24/2010
A/Nairobi/25/201(
A/Nairobi/72/2010
A/Nairobi/80/2010
A/Nairobi/97/2010

AAXRNARAARARXNT

< <K<K
vlvivivivivivivivivivavavivivivivivivivivivivvAvAvivivivivivivAvAvavlvlURw)

Early pandemic samples are shown in red, peak paindeamples in black and
late pandemic samples in blue. The vaccine stsasmown in bold.
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447 M

The two Matrix proteins were found to be highly served with amino acid
homology of 98-100% with the vaccine strain. The ptbtein was generally
more conserved (92-100%) than the M2 protein (70%)0 The M1 protein
had amino acid substitutions at 7 sites while tharter M2 protein had amino
acid substitutions at 10 sitéEhese results are shown in Table 10. Isolates from
the late phase of the pandemic generally had maoreulative number of
amino acid differences to the vaccine strain tisatates from the early or peak

phases of the pandemic.

In the late phase of the pandemic, the substitu#@l in the M1 protein was
the most common among the 2010 Kenyan samplesoffiee substitutions in
this protein (R78P, Q191K, Q241H and M244R) werénigaransient and did
not become fixed. Amino acids at positions 64 ahdnothe M2 located in the

extracellular domain were most mutable.
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Table 10: Amino acid sequence variations of M proias of influenza
A(H1IN1)pdmQ9 strains from Kenya compared with the accine strain

M1 Amino acid position M2 Amino acid position
43 78 80 191 233 241 244 12 15 44 53 58 64 72 82 91 96

Virus Isolate

A/California/07/2009 M RV Q L Q M R wD R G S M S F L
A/Kisumu/56/2009 . L . . . . . . . . . . .
A/Kisumu/61/2009 L . . . . . . . . . . ) C
A/Nairobi/64/2009 L . . . . ) : ) . . ) : C
AlGarissa/78/2009 C
A/Keiyo/96/2009

A/Nairobi/58/2009 . . . . . . . . . . . . .
A/Nairobi/59/2009 . . . . . . . . . . C
A/Malindi/238/2009

A/Eldoret/119/2009

A/Eldoret/120/2009 . L . . . . . . . . .
A/Embu/169/2009 . . . . . . . . . . c . .
A/Nyeri/478/2009 . P . . . . . . . . . . . . T
A/Meru/467/2009

AlKitale/531/2009

AlKitale/532/2009

A/Mombasa/512/2009

A/Nakuru/192/2009
A/Trans-nzoia/168/2009
A/Mombasa/179/2009
A/Mombasa/148/2009 .. .
A/Mombasa/91/2009 . . . . | . . . . . . . . .
A/Mombasa/27/2009 . . . . . . . . . . . . . . . L
A/Nairobi/37/2009 . . . . . . . . . . C
A/Kakamega/215/2009 . . . . .

A/Kisii/205/2009 . . ) H . T

A/Kisii/143/2009

A/Kisii/115/2009

A/Kikuyu/184/2009

A/Kikuyu/185/2009 . . . . . . . . . . . . .
A/Nairobi/3/2009 . L . . . . . . . . . : . L
A/Nairobi/16/2009

A/Kijabe/16/2010

A/Nairobi/11/2010 . L . . . . . . :
A/Nairobi/20/2010 . .1 K . ) ) ) . H G
A/Nairobi/21/2010 . P I . . H . T . H G
A/Nairobi/24/2010 . . I K . . R . G . .
A/Nairobi/25/2010 . P I . . : . ) . i G
A/Nairobi/80/2010 . . I K . ) R ) G H G
A/Nairobi/72/2010 . A . H . T . : ) : : L T
A/Nairobi/97/2010 . .1 K . ) R : G

OO0

< <K<K <<
O0000:"
-
=
-

-

V

Early pandemic samples are shown in red, peak paindeamples in black and
late pandemic samples in blue. The vaccine stsasmown in bold.
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4.4.8 NS

A comparison of the NS1 and NEP proteins of they&enisolates from this
study and the vaccine strain revealed that theme webstitutions at 6 and 4
amino acid positions in the NS1 and NS2/NEP prateraspectively (Table
11). The NS1 protein was found to be more conse(88d100%) than the
NS2/NEP (94-100%) protein. The only fixed amino amidbstitution occurred
at position 123 in the NS1. This position is lochtéthin the effector domain
of this protein. This change occurred as a restiltaonon-synonymous
substitution at the 367—-369 codon from ATC to GT&uising an isoleucine to
valine substitution. The only isolates lacking tmstation A/Kisumu/56/2009
and A/Kisumu/61/2009 represent two of the five ieatlisolates introduced in
Kenya. The amino acid at position 77 of the NEP s most mutable
resulting in R77M and R77K mutants. Besides the&\1futation, there were
no other spatial or temporal specific mutationst thare observed in this

protein.
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Table 11: Amino acid sequence variations of NS preins influenza
A(H1IN1)pdmQ9 strains from Kenya compared with the accine strain

NEP amino acid
Virus isolate NS1 amino acid position position
55 123 157 162 185 205 77 108 114 120

A/California/07/2009 E | \Y P L N R E R L
A/Kisumu/56/2009 . . . . . . . . . R
A/Kisumu/61/2009
A/Nairobi/64/2009
Al/Garissa/78/2009
A/Keiyo/96/200¢
A/Nairobi/58/2009
A/Nairobi/59/2009
A/Malindi/238/2009
A/Eldoret/119/2009
A/Eldoret/120/2009
A/Embu/169/2009
A/Nyeri/478/2009
A/Meru/467/200!
A/Kitale/531/2009
A/Kitale/532/2009
A/Mombasa/512/2009 .
A/Nakuru/192/2009
Al/Trans-
nzoia/168/2009 .
A/Mombasa/179/2009 .
A/Mombasa/148/2009 .
A/Mombasa/91/2009
A/Mombasa/27/2009
A/Nairobi/37/200! .
A/Kakamega/215/200¢ .
A/Kisii/205/2009
A/Kisii/143/2009
A/Kisii/115/2009 .
A/Kikuyu/184/2009 K
A/Kikuyu/185/2009 K
A/Nairobi/3/2009
A/Nairobi/16/200¢
A/Nairobi/11/2010
A/Kijabe/16/2010
A/Nairobi/20/2010
A/Nairobi/21/2010
A/Nairobi/24/2010
A/Nairobi/25/2010
A/Nairobi/80/2010
A/Nairobi/72/201(
A/Nairobi/97/2010

AR

<K<K <K<K <K<LKLKLK<LK<LKLKLKLK KKK << << << << << <K<« <«
O

Early pandemic samples are shown in red, peak paicd@amples in black and
late pandemic samples in blue. The vaccine stsasméwn in bold.
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4.5 Analysis of antiviral drug-associated mutations

The susceptibility of the Kenyan isolates to anfitienza drugs in current use

was determined.

4.5.1 Sensitivity to neuraminidase inhibitors

To determine the presence of genetic markers adedciith susceptibility to
neuramindase inhibitors, a multiple sequence algrinof the NA protein of
Kenyan viruses and two NA proteins of a resistamd aensitive influenza
A(H1IN1)pdmO9 virus was conducted. A multiple pmteequence alignment
of the Kenyan isolates from this study is showrFigure 18. The alignment
showed that amino acids that have been shown coedetance to these drugs
such as 1117V, E119V, D198N, 1222V, H274Y, R292K294S, 1314V,
V116A, R118K, E119G/A/D, Q136K, DI151E, R152K, R224K276D,
R292K and R371K [N2 numbering]) were found to basarved among all the
isolates except in two isolates that had an E2TNQnumbering) substitution.
All the local isolates were therefore found to lemstive to neuraminidase

inhibitors.
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A/Rigumu/56/2009
A/Rizumu/E1/20089
AfNairobi/64/2009
A/ Garissa/78/2009
A/Reiyo/96/2009
A/Nairebi/58/2009
A/Nalirebi/59/2009
A/Malindi/238/2000
A/Eldoret/119/2000
A/Eldoret/120/2000
A/ Embu/169/2009
A/Nyeri/478/2009
AfMaru/ 467720089
A/Eitale/531/2009
A/Eitale/532/2009
A/Mombaza/512/2009
A/Nakuru/192/20089
A/Tranz-nzola/l168/20
A/Mombasa;179/2009
A/Mombasa/ 148/ 2009
A/ Mombasa/21/2009
A/Mombasza/27/2009
A/Nalirebl/37/2009
AfKakamega/215/2009
A/Ri=ii/Z205/2009
A/RiI=zii/ 143720009
A/Ri=ii/115/2009
AfRikuyu/184/2009
A/Eikuyu/185/2009
A/Nairobl/3/2009
A/Nairebi/16/2009
A/Nairebi/11/2010
A/Bijabe/16/2010

A/Nairoki/20/2010

A/Nairobi/21/2010

A/Nairobi/24/2010 :
Af/Nairobi/25/2010 : IFRIEK
A/Nairebl/72/2010 : KIFRIEE
A/Nairebi/B0/2010 : IFRIEK
A/Nairobli/97/2010 : KIFRIEECGHIVES"

Figure 18: A Multiple sequence alignment of the Neaminidase protein
amino acid positions 270-300.

The alignment includes NA protein of A/Californi@@009 (highlighted in
red) which is sensitive to Oseltamivir and A/Sydidy3-48/2010
(highlighted in blue) which is resistant to Oseligm Amino acid position 275
associated with Oseltamivir resistance is showreéh The Kenyan isolates are
not highlighted and they lack the Oseltamivir rizgise conferring mutation
H275Y as shown. Other neuraminidase inhibitor tesie conferring
mutations are also absent.
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4.5.2 Sensitivity to Adamantanes

To determine the presence of genetic markers agedcwith susceptibility to
Adamantane drugs, a multiple sequence alignmenthef M2 protein of

Kenyan viruses and two M2 proteins of a resistard sensitive virus was
conducted (Figure 19). Since there is currently atamantine sensitive
influenza A(H1IN1)pdmO9 virus, the M2 protein of imfluenza A/H3N2 virus

(A/New-York/32/2003) which is sensitive to adamastidrugs was used.
Analysis of sensitivity to adamantanes showed #flathe local isolates were
resistant to these drugs. All the local virus sisdhad the amino acid 31N in
their M2 protein which confers them with resistartoeall M2 inhibitors.

Amino acid positions 27 and 30 also involved inigesice were also

conserved in the Kenyan viruses.



A/EBisumu/56/2009
A/Fisumu/61/2009
A/Nairobi/64/20008
AfZGarissa/ 78/2008
A/Feiyo/96/2009
AfNairobi/58/20008
AfNairobi/558/2008
AfMalindi/Z38/20089
A/Eldoret/119/20089
A/Eldoret/120/20089
A/Embu/169/2009
AfNyeri/478/2009
AfMeru/4a7/2009
A/EBitale/531/2008
AfRitale/532/2008
A/Mombasa/512/2009
AfNakuru/152/2008
AfTrans-nzola/1A8/2009
A/Mombasa/179/20009
A/Mombasa/148/20009
AfMombazsa/91/20089
AfMombasa/27/2009
AfNairobi/37/2009
A/Kakamega/215/2009
AfRi=ii/Z205/2009
A/Ki=zii/143/2009
A/Ki=zii/115/2009
A/Kikuyu/184/2009
A/Kikuyu/185/2009
A/Mairobi/3/2009
A/Mairobi/16/2009
A/Rijabe/1la/2010
AfNairobi/11l/2010
AfNairobi/Z20/2010
AfNairobi/Z21/2010
AfNairobi/Z24/2010
AfNairobi/Z25/2010
AfNairobi/B0/2010
AfNairobi/72/2010
AfNairobi/ 97 /2010
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Figure 19: Multiple sequence alignment of the M2 potein amino acid

positions 1-50.

The alignment includes M2 protein of A/Californi@a/Q009 (highlighted in

red) which is adamantane

resistant and A/New-Y@R303 [H3N2]

(highlighted in blue) which is adamantane sensitémino acid position 31
associated with adamantine resistance is showedinThe Kenyan isolates are
not highlighted and they possess the adamantanistarese conferring

mutation S31N.

RLEFE
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5.0: DISCUSSION

Influenza A has the distinction of being an oldedise, a recurring disease, and
an ‘emerging’ disease thus presenting constantlecigd to influenza
scientists. This prompted the great influenza sise&dwin Kilbourne to note
that (the) "student of influenza is constantly lmgkback over his shoulder and
asking 'what happened?' in the hope that undelisiqofl past events will alert
him to the catastrophes of the future" (Kilbourd®,73). The current study
attempts to accomplish this by employing a soptastid Bayesian
evolutionary framework to understand the molec@eaolution of influenza
A(H1IN1)09pdm virus in Kenya. Molecular phylogeniean reveal many
aspects of the transmission, epidemiology, andugesi of rapidly evolving
pathogens (Pybus and Rambaut, 2009). Analysis fafeimza virus genomes
during the emergence of influenza A(H1N1)09pdm sjrgausing the first
influenza pandemic in 40 years therefore providesigue opportunity to track
the transmission dynamics of a new influenza virusam immunologically

naive population (Bailliet al., 2012).

The application of complete virus genome sequenaimjanalysis has already
provided detailed insights into seasonal influenzasvinfections (Ghediret

al., 2005; Rambautet al., 2008). This analysis facilitates comparison and
understanding of the evolutionary dynamics of datog viruses and the
prediction of potential evolution events that akelly to result in new strains

(Greningeret al., 2010). It also allows closer examination of thg@ariance of
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other genes in influenza outbreaks and vaccinetate However, despite the
availability of complete influenza genome data frosaveral developed
countries, African countries still provide incomiglegenomes into the public
domain. Most influenza sequencing in these countnas focused on the HAL
domain of the haemagglutinin gene where mutati@ve bthe greatest effect on
the antigenic structure (Baet al., 2010). In fact, by January 2013, there were
only eight complete genomes of influenza A(H1N1)P&nvirus from Africa
that were publicly available in the Influenza VirResource databagBao et

al., 2008)

This current study uses whole genome sequencesicedtyith sophisticated
Bayesian evolutionary framework for the moleculdramacterisation and
reconstruction of the phylodynamics of the A(HLNIPAm influenza virus in
Kenya during the pandemic period. In order to dbscthe Kenyan pandemic
situation in the setting of the widespread diffusaf infection throughout the
world, the study analysed full genomes of 40 neghgracterised local virus
isolates and a series of reference isolates frdifierdnt countries globally
retrieved from public databases. First, the indigidgene segments and the
concatenated genomes were analyzed to infer phyétigerelationships. This
was followed by a reconstruction of the Kenyan-#pectransmission
dynamics of the novel virus in the country. Lastlye study analyzed amino
acid polymorphisms in each of the virus proteinsgd&ermine the trends in

genetic drift and antiviral sensitivity.
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5.1 Phylogenetic relationships of Kenyan influenza(H1N1)pdmO09

viruses

Phylogenetic trees for each of the gene segmentiseoKenyan and selected
global influenza A(H1N1)pdmO09 viruses were condedcusing Bayesian
inference and are shown in Figs 7-15. The topok@é these trees are
generally similar. Even when the Neighbor Joiningtimod was used, the
observed topologies did not change. There was wbdeén most of the genes a
clustering together of the 2010 samples which watsabserved in samples
from the early and peak phases of the pandemics Tiindicative of
circulation of a distinct lineage of viruses duritigs phase. Such temporal
evolution has been observed in several studiesvbe (Mullicket al., 2011;
Venteret al., 2012). The topology also did not show any spatiatering in
the local viruses. An earlier study however had wshoglobal spatial
diversification patterns (Nelsomt al., 2009). This discordance may be
attributed to the shorter sampling period usedhéndarly studies and the fewer

number of sequences available.

An examination of the phylogeny of individual gesegments also showed that
the Kenyan isolates sampled during the pandemisose®ere interspersed
with sequences sampled from other countries. Thigrobably indicative of
multiple independent introductions of the virusithe country as opposed to a
single introduction (or a few introductions) folleal by clonal expansionn(
situ evolution). This observation is in agreement wihent studies aiming to

understand short term evolution of influenza A ses (Nelsoret al., 2006;
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Rambautet al., 2008). These studies suggest that the evolutianfloenza A
viruses is maintained by continuous importatiorvioél lineages of the same
subtype during the time course of the influenzasgeaThe resultant effect of
this viral immigration is to produce genetic divigrof influenza A viruses
within season thus providing an abundant raw neltéat reassortment. This is
important to ensure evasion of host immunity by tieus leading to

continuous transmission.

Extensive phylogenetic analysis based on concadnathole genome
sequences of representative influenza A(H1N1)pdm@@ses sampled
globally from different geographical regions reweshkeven distinct clades 1-7
(Nelsonet al., 2009). The vaccine strain A/California/07/2009dvegjs to clade
1. Clade 2 is represented by A(H1N1)pdmO09 virusetated from California,
Canada, Netherlands, and United States. Clade r@piesented by viruses
isolated from England, Russia, China, and the WniBates. Clade 4 is
represented by viruses isolated from two East Asianntries, Korea and
Japan. Clade 5 is represented by viruses isolatead €anada, China, Japan,
the United States (mainly Wisconsin isolates) alovith India. Clade 6 is
represented by viruses isolated from China, Japdém mew additions from
Taiwan, Thailand, India and United States. The el@dwhich is the largest
clade is represented by viruses isolated from Ja@axico, China, Asia and

several states of the USA (Sharetal., 2013).

Using global isolates whose clade identities arewkn the phylogenetic

analysis was able to show that the initial intradcres of the influenza
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A(H1N1)09pdm virus in the country belonged to twiffedent global clades
namely 2 and 7 (Fig. 15). Besides differences inggaphical distribution,
these two clades differ genetically in the mutagitimey harbour relative to the
prototype A/California/7/09 strain. Clade 2 viradeave the M581L and T373l
mutations in the PA and NP proteins respectivelylevblade 7 viruses lack
these mutations but possess the mutations S22@AeinHA, V100l in their
NP, V106l and N248D in their NA and 1123V in théi#S1 (Nelsonet al.,
2009). In this study, clade 2 viruses were notaal beyond the initial
introduction cases. The absence of clade 2 virbsg®nd the introduction
cases is worth noting and this may mean that thisiqular clade did not

acquire adequate fitness for sustenance.

On the other hand, clade 7 viruses were isolatedugfnout the pandemic
period in Kenya. This dominance of circulation tdde 7 viruses throughout
the pandemic period and the disappearance of h#rotlades have been
observed in other studies in United Kingdom, Argemt India and United
States of America (Bailliet al., 2012; Barrercet al., 2011; Mullick et al.,

2011; Nelsoret al., 2011). While clade 7 viruses have dominated glgbal
they have also been the most diverse and theirtigedizersity may have
arisen from reassortment among clades considerrag they have co-
circulated with all the other clades. This predaanice of clade 7 viruses is
hypothesized to be due to its fithess and adafiiabihd more efficient human

transmissibility (Potdaret al., 2010). However, this requires further
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investigation because currently there is no prbat tlade 7 viruses are fitter

or more adapted to humans than other clades.

Why were clades 1, 3, 4, 5 and 6 not detected & ltgcal influenza
A(H1N1)09pdm virus transmission? This is more pumgktonsidering that the
introduction of influenza A(H1N1)09pdm virus intbet country was from the
UK where it was observed that all these clades mxctade 4 circulated
(Baillie et al., 2012). While clade 1 viruses did not circulatebglly beyond
May 2009, it would have been expected that clades &d 6 which were
circulating in the UK at the same time that cladend 7 viruses were imported
into Kenya would also have been imported. It shduddvever be noted that
this finding is not unique to Kenya. Studies in ex@b countries observed
circulation of only one or two clades in their Ibb@ansmission (Barreret al.,
2011; Goniet al., 2012; Lycettet al., 2012). Perhaps the earlier clades were
not fit enough to allow sustained human to humandmission thus restricting

their spread.

5.2 Evolutionary rate and ancestral time analysesfdocal A(HLN1)pdm09

viruses

Using sequence data to infer population dynamigdaging an increasing role
in the analysis of outbreaks such as the influek(z4LN1)09pdm virus. With
the growth of faster and more reliable sequencieghnologies (and

consequently the availability of genetic data),réhbave been a number of
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statistical and computational innovations to aralyhis proliferation of
sequence data (de Sileaal., 2012). One successful application has been the
analysis of epidemic trends using the so-calledqalyyhamic methods that use
pathogen sequences to infer pathogen diversity,t@dhanging number of
infected individuals as well as more subtle effemispathogen selection and

population structure (Grenfedt al., 2004).

The pathogen diversity of viruses like influenzawhich produces acute
infections with partial cross-immunity is a reswif an interplay between
genotypic diversity and host immunity. Studies omletionary genetics of
viral emergence of RNA viruses indicate that thestmmportant driver of their
evolution (and thus their genetic diversity) is itheapacity for mutation
(Holmes, 2010). The vast majority of estimates aftation rates in RNA
viruses are in the range of 0.1 to 1.0 mutationsgasmome, per replication.
These rates are several orders of magnitude hiblaarthose in most DNA-
based organisms (Duffgt al., 2008). Such remarkable error rates are largely
due to replication using a low-fidelity RNA-depentldRNA polymerase
(Holland et al., 1982). High mutation rates, coupled with rapidlicggion, are
also the basis for the high rates of nucleotidesstuthion (fixation) recorded in
RNA viruses (Hollancet al., 1982; Holmes, 2010; Jenkiesal., 2002). Mean
substitution rates in this case are usually inré@m of 10%to 10 nucleotide
substitutions per site per year (subs/site/yead) la@nce some six orders of
magnitude higher than those seen in eukaryoteski(@ert al., 2002).

Consequently, evolutionary rates of this magnitume a major reason
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clinically important traits, such as drug resis@nescape from vaccine
coverage, and host range expansion, appear sdyr@adiome RNA viruses.

They are therefore the main drivers of antigenigagi®n in influenza viruses.

In order to reconstruct the population dynamicthef2009 H1IN1 pandemic in
Kenya on a calendar time scale, the study firsinesed the evolutionary rate
of the Kenyan isolates using the relaxed (uncaedladognormal) clock
implemented in the Bayesian framework. Using thésrnfework, the complete
genome of the local viruses had an estimated fateaeotide substitution of
4.9 X 10° substitutions/site/year. In 2009 Smith analyzedlionary rates
during the early phase of the pandemic and fouatlttie rate for the complete
genome to be 3.66 X Favith a range of 0.61-6.58 X TgSmithet al., 2009).
Therefore, the observed rate of substitution f@& ¢domplete genome for the
Kenyan viruses is similar to that estimated durthg early phase of the
pandemic. The rate of substitutions for the indrgidgene segments of the
Kenyan viruses in this study ranged from 0.8 X Kdibstitutions/site/year in
the NP gene to 9.8 X TOsubstitutions/site/year in the M gene (Table 3)ede
rates observed are generally higher than previstisiations performed during
the initial spread of these pandemic viruses ithalgenes except in the NP. In
studies carried out early in the pandemic, the wianary rate for individual
gene segments was estimated at 2.55-3.67 % bstitutions/site/year (Smith
et al., 2009). However, it needs to be noted that theseldgdime since the

emergence of this virus is too short (12 monthsashpling from July 2009-
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period to June 2010). Thus this short period piies confident prediction of

evolutionary rate trends for this virus.

The surface expressed gene segments (HA and NA),trinsmembrane
expressed segment (M) and the NS gene segmenthkabighest rates of
evolution compared to internally expressed segm@i&, PB1, PA, and NP).
Thus, the study identified a major evolutionaryerdtfference between those
segments expressed on the surface of the virigh (fEtes) and those that are
expressed inside the virion (low rates). This obegon has also been shown

previously among seasonal influenza viruses (Ratrdtall, 2008).

What was the cause of this phenomenon in Kenyaise® whereby the surface
expressed segments had higher substitution ratiés thk internally expressed
segments had lower substitution rates? Genes td# tor surface proteins
(HA and NA) may be subject to strong selection gpues by neutralizing
antibodies of host immune systems (Websteal., 1992). These two genes
are therefore subject to strong positive selediosllow for antigenic variation
and thus immune escape of the virus accountingheir high evolutionary
rate. The extracellular domain of the M2 ion chdnieea key target in the
development of a ‘universal’ influenza vaccine (Gadet al., 2006), whereas
the M1 protein is the major component of the vaapbsid and a potential target
of cellular immune responses (Berkhefffal., 2005). Likewise, NS1 encodes a
pleiotropic, nonstructural protein that down-redgetadouble-stranded-RNA-
induced antiviral responses (Kreg al., 2003). Therefore, immune-mediated

selection may also explain the increased rates an¥iINS gene segments.
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In contrast, the three segments that constitutevité polymerase (PB2, PB1,
PA), as well as the RNA-binding NP, were shown thileit lower
evolutionary rates revealing stronger selectivestraits against amino acid
variation. Previous studies have identified tha¢ thctivity of influenza
polymerase is highly host- and cell type-specifid éhat compatibility among
viral ribonucleoprotein (VRNP) complex proteins ngcessary for optimal
genome replication and transcription, and can Istrictive in reassortant
influenza viruses (Boiviret al., 2010; Gabrielet al., 2008; Naffakhet al.,
2008). As a consequence, the polymerase genesiemefdre not expected to

undergo significant host-specific adaptive evolutio

To understand the population dynamics of this pamden the country, the
study attempted to infer demographic changes dutiregg pandemic from
sequence data using the coalescent Bayesian Skylote(BSP) using full
genomic sequences. In common with all RNA viruseBuenza A viruses
have a high mutation rate and short generation souh that genetic changes
encode epidemiological information. The combinatioh these properties
allow use of both sequence data and temporal irftbom obtained early on in
the pandemic to compute infection dynamics everleathie pandemic is still
progressing (de Silvat al., 2012). Inferring demographic history during a
pandemic using BSP involves estimating the gengalgd inferring the
effective population size at different points alathg genealogical timescale.
The effective population size reflects the numbendividuals that contribute

offspring to the descendent generation.
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Analysis of the BSP showed that the growth of tifiecéive number of
infections was exponential only during the firsafanonths (July to September
2009) of the pandemic (Figure 17). Thereafter, toms population
demography was maintained till the end of the stuelyod. The exponentially
growing effective population size suggests that theal diversity was
increasing before the peak of the pandemic (Seper2®09) in the country.
These findings are consistent with surveillanceadaported in the FluNet
(http://www.who.int/influenza/gisrs_laboratory/fletien/), a global tool for
influenza virological surveillance. FluNet survailce data on Kenya shows
that the number of infections with the pandemicusirpeaked between
September and October 2009 and thereafter declinbds been hypothesized
that the pandemic strain generated enough herd mtynuthrough
immunization by exposure in the first four montiereby suppressing its
transmission. However, this immunity wanes withdiallowing the virus to
re-emerge. It is also possible for viruses to rem®a if they have mutated
enough to escape immunity generated against threripastrain (Majanjaet
al., 2013). Again this is consistent with FluNet's silhance data that shows
that the pandemic virus re-emerged in November 2&d€® dominated for

several months thereafter.

To identify possible temporal or spatial discreieedges in influenza
A(H1N1)09pdm viruses circulating in Kenya, thtudy conducted a
maximum clade credibility tree analysis (i#e tree sampled from the

Bayesian MCMC with the highest product of diindual clade
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probabilities). This aimed at seeking moleculaights into the trajectory of
A/HIN1pdm following its introduction into the coumt The chronological
phylogeny for the Kenyan viruses revealed thatdsstinct A/H1N1pdm viral
clusters co-circulated throughout the pandemicopeThe tMRCA estimate of
the tree root dating back to February 2009 isrie hvith the majority of the
previous estimations, which place the origin of gademic H1N1 strain to
January 2009 with intervals of credibility betwdate 2008 and March 2009
(Fraseret al., 2009; Shiincet al., 2010; Smithet al., 2009). This pre-dates the
first identification of A(H1N1)09pdm infections iKenya and suggests that,
the earliest Kenyan influenza A(H1N1)09pdm virusegre circulating
elsewhere several months before their introductiod detection in Kenya.
This observation has also been made in ltaly and(B&illie et al., 2012;

Zehendeet al., 2012).

Using contact tracing methods, it was shown thfiteémza A(H1N1)09pdm
virus was introduced in Kenya at three points; finst 2 points were in
Western Kenya while the third was in Nairobi andtttall these initial
introductions were from the UK. (CDC, 2009a). Usimplecular data, this
study shows that the two introductions in Westeenya were due to both
clade 2 and clade 7 viruses while the introduction®lairobi was due to a
clade 7 virus. In the UK, the first laboratory comfed cases were detected in
April 2009 and the first wave of infections peakedune - July 2009 (Baillie
et al., 2012). In agreement with this observation, th&@A’s of the earliest

clusters identified in Kenya was estimated to bevben April and June 20009.
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It is worth noting that the tMRCA of the Kenyan @¢a2 viruses overlap with
that of the UK clade 2 viruses (Baillet al., 2012). At the same time, both
local clade 2 and 7 two viruses are closely assettiavith UK isolates as
shown in the time scaled MCC tree shown in FiguBeathd not with isolates
from USA, Asia or Africa. Molecular data presentadthis study therefore
confirms previous classical epidemiological work ilwhat the same time
shedding light on the genetic characteristics efuhiuses introduced into the

country.

The tMRCA's of the four clusters that co-circulatedthe country during the
peak pandemic phase was dated between June andtAd§®. These clusters
are also more closely associated with UK isolatem tisolates from other
regions. Furthermore, the tMRCA'’s of these clustaisicide and overlap with
those of clusters identified in the UK (Bailkeal., 2012). Similar results were
obtained with cluster KENE-GC7 which dominated dgrihe late phase of the
pandemic in Kenya. The tMRCA for this cluster wadireated at October
2009. One UK isolate A/England/1116/2009 sampled2@t October 2009

was found to be closely related with this cluskarther, the fact that during
this period the second wave of pandemic H1N1 iidestin UK peaked is

noteworthy. Taken together, this information stignguggests that not only
was the pandemic virus introduced into the coufrioyn the UK, but it was

also sustained via multiple importations from thene country.

An interesting observation seen in this study & though the introduction of

influenza A(HLN1)09pdm virus occurred in June 200 pandemic peaked
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in September/October. The reasons for this appalegt between the
introductions into the country and the peak of atifens are not exactly known.
However, what is clear is that the pandemic peakedhe country in
September immediately after schools opened for thed term. This suggests
that school closure for the August holiday and rf@vements associated with
school holidays could have played a role in therige circulation of the virus
in the country. Similar observations have been miadie United States of
America where elevated outpatient visits for inflma-like illness occurred an
average of 14 days after schools opened in thef&009 (Chaet al., 2010).
Studies have also previously shown that schooVities have been found to be
significantly correlated with influenza transmissicates (Caucheme# al.,

2008; Montoeet al., 1985).

No clear signal of the geographical spread of A(H09pdm influenza virus
was detected in this study. The study observedahahe circulating clusters
were geographically spread and were not restritdeahe sampling location.
This may be due to the small sample size utilizédthe same time, this
finding may be indicative of efficient community repd of these clusters
throughout the country. Genetic drift however wasble over time, with the

2010 strains clustering separately from 2009 séraand further from the
Mexico strain and the A/California/7/2009 vaccingas forming a well

supported clade. A recent study carried out in I$@dtica also showed rapid
spread of circulating clusters throughout the couaind also a progressive

genetic drift among 2010 isolates (Vergeal., 2012).
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5.3 Genetic drift in the proteins of local A(HLN1)®pdm viruses

The most salient feature of influenza evolutiohimans is its antigenic drift.
This process is characterized by structural charigethe virus's B-cell

epitopes and ultimately results in the ability betvirus to evade immune
recognition and thereby reinfect previously infecteosts (Yuan and Koelle,
2013). Occasionally the degree of antigenic dsifsufficient that a very large
proportion of the population is susceptible andesevepidemics occur in a
proportion of the population that has become imnhgioally susceptible to

the drift variants. In a pandemic situation if thias to happen, it would lead to
repeated waves of infection some of which may beemwulent than others. It
is for this reason that the study undertook suletle of amino acid changes

in local viruses over the pandemic period in ad ¢fenes.

In the PB2 protein of influenza A viruses, E627Kddn701N mutations are
associated with increased virulence and adaptafiawvian influenza viruses to
the human host (Herfst al., 2010). However, examination of the PB2 amino
acid residues of the Kenyan A(H1N1)09pdm influenraises showed that
these two mutations were absent during the studiogpeThe polymerase
complex of influenza A(H1N1)09pdm virus was derivean triple-reassortant
swine viruses, the PB2 gene of which was of avidgiro and entered pigs
around 1998 (Garteet al., 2009). The fact that this avian-origin PB2 gen# di
not significantly benefit from the substitutionsZ=Z&K and D701N (locally and
globally) which allow for enhanced replication irmmmals suggests that other

mutations may have compensated for their absence.
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The K526R substitution in the PB2 protein was obseiin the local isolates in
only two of the earliest Kenyan isolates. An anialys$ over 1,000 global PB2
protein sequences deposited in the Influenza \ftesource database reveals
that this substitution was only observed earlyhi@ pandemic. The absence of
K526R substitution beyond the early phase suggésés K526 offers
transmission or replication advantage over R526himans. This study
hypothesizes that the acquisition of K526 could pensate for the absence of
the E627K and D701N mutations associated with mammadaptation of
avian influenza viruses. Using minireplicon andnaali studies, a recent study
on the mammalian adaptation of avian H5N1 viruseand that PB2
possessing 591R supports efficient viral replicaiio mammals, so that there
iS no strong selective pressure to acquire the mammtype amino acids at
position 627 and 701 (Yama@hal., 2010). These findings therefore support
the hypothesis that a mutation in the C terminuBPB2 such as K526R could

offer replication advantage in influenza A(HLN1)@épviruses.

Interestingly, most of the substitutions observiedhe PB2 during the peak
phase of the pandemic in Kenya were not observeehdlere in the world

except K157R. None of these mutations also becdres fin the Kenyan

isolates. As would be expected, the increased ryesson during this phase
coupled with the error-prone nature of influenza RNolymerase created
some variants that were not able to transmit affelst This could account for
the lack of any fixed amino acid mutations durihgs period. In the late phase

of the pandemic, four dominant mutations were olegrin the Kenyan
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isolates. These included R299K, V344M, I354L anb68. An examination
of global PB2 protein sequences from influenza AEY09pdm viruses
isolated elsewhere indicates that these four nuntatiwere observed
increasingly from late 2009 suggesting that thdgrefl a selective advantage.
It is therefore expected that these mutationsindtease in subsequent seasons
particularly as they tended to occur as paralldiations implying that they are
beneficial and characteristic of instances of cogemst evolution (Bullet al.,

1997).

PB1 is the core subunit for assembly of the virdéARpolymerase as the N-
terminal tip of PB1 binds to the C terminus of PAile the C terminus of PB1
binds to the N terminus of PB2 (Toyodgal., 1996). In the current study, no
fixed amino acid substitutions were observed inRB4 during the pandemic
amongst the Kenyan isolates. The main observatiotheé PB1 protein of
viruses from this study was that most of the #®%2) harboring amino acid
substitutions are located towards the C-terminuhefprotein which associate
with the PB2 protein by binding to the N-terminaideof the PB2 protein
during replication. Mutations in each of the subunits comprising tHeienza
polymerase impact on the efficiency of viral reption by affecting RNA
polymerase activity. It is therefore interestingriote that no mutations were
observed in the N-terminal of PB2 in the local &et implying that the higher
rate of mutations seen in the C-terminal of PB1 aye been compensatory

to allow for optimal RNA polymerase activity. THsmore so as mutations at
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the PB1-PB2 interface have been shown to inhibiARNthesis (Sugiyamet

al., 2009).

Like the PB2, the influenza A(HLN1)09pdm virus P#\ also avian-like. It
contains 7 avian virus unique residues (28P, 55R, $5S, 100V, 312K, and
552T), and only 3 human virus residues (356R, 382mj 409N). This is
despite the fact that the gene was maintained ineswiruses for over a decade
(Chen and Shih, 2009). The main observation in shisly regarding genetic
drift in the PA gene segment of local isolates e all local isolates that
circulated beyond the introduction cases had 224& %81L changes. The
study suggests that these two mutations were ¢ruceftficient replication of
influenza A(H1N1)09pdm viruses. This is due to thet that amino acid 224
has been shown to significantly affect viral regtion in HSN1 (Songt al.,
2011) while position 581 is located in the C terahidomain of the PA which
bind to PB1 for complex formation and nuclear tgors (Yuanet al., 2009).
Late in the pandemic, N321K and 1330V also locatetthe C terminal domain
were increasingly seen to dominate in the Kenyawlaies. These two
mutations have also been reported in Thailand aadvan from 2010
(Makkochet al., 2012; Yanget al., 2011). Their distribution suggests that they
confer a selective advantage to the fitness o¥ittus and are thus expected to

dominate in successive seasons.

The influenza HA is involved in two major functiongecognition of target
cells, by binding to their sialic acid-containireceptors, and fusion of the viral

and the endosomal membranes succeeding endocy€sis et al., 1997).
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Mutations in this protein therefore have implicasoin receptor specificity,
host range and pathogenicity. Mapping of the HAtatians observed in the
Kenyan isolates on to the known antigenic siteat¢@et al., 1982) and
receptor binding sites (Skehel and Wiley, 2000) wasgied out. Of the 14
amino acid substitutions observed in the HA protaimongst the Kenyan
isolates, 11 (78.5%) occurred in the HA1 domain levtonly 3 (21.5%)
occurred in the HA2. Since HA1 is the most impattianviral pathogenesis in
initiating infection, the protein is a primary tatgfor antibodies to neutralize
the virus and is therefore more variable than H8Rehel and Wiley, 2000).
Thus these findings about amino acid changes itdthare in agreement with
our understanding of influenza biology. Anothemportant observation noted
was that 3 of the 11 sites (i.e. at positions 224 and 239 [H1 numbering])
that had amino acid changes in the HAL are locatigliin known antigenic
sites. Of these, 2 (sites 202 and 239) are locateatigenic site Ca while the
other (site 220) is located at site Sb (Cagbal., 1982). These results indicate
a dominance of mutations within antigenic site Ga&romutations in other
sites. Several studies on both A(HLN1)09pdm virod aeasonal influenza
A/HIN1 viruses have suggested that sites Sb andafea of greatest
significance in the immune escape and thus evelutioH1 viruses (Dinggt

al., 2010; Raymonet al., 1986).

Regarding amino acid changes in the receptor bindite, only amino acid
position 239 and 202 showed substitutions in tvataigs. At position 239, two

local isolates possessed 239E while all the remgirtiad 239D. At this



126

position among influenza A(H1N1)09pdm viruses, 23BDthe wild type
amino acid. Studies have shown that mutationsiatpsition alter influenza
virus receptor binding specificity (Abeedt al., 2011). During the 2009
pandemic, substitution at this position involvimg tthange from D to G/E was
shown to be associated with severe clinical outcometuding fatalities in
several studies (Galiarat al., 2011; Kilanderet al., 2010; Maket al., 2010).
Considering that this substitution was not obsemedather local isolates, it is
possible that it did not offer a selective advaatag the virus. Late in the
pandemic, S202T also located at the RBS emergedsesmched to dominate.
Since this position is also an antigenic site, sfedy speculates that this
mutation may offer selective advantage probablydwpuring transmissibility

of this new virus.

In the late phase of the pandemic, the emergenparaflel mutations D114N,
S202T, E391K and S468N in the HA protein was evid€éhe hemagglutinin
position 391 corresponds to the HA2-subunit posid@. E391K mutation has
been shown to occur simultaneously with D114N (Ma&8trohet al., 2010).
This observation was also shown in this study. TES91K) mutation has
been shown to drastically alter the oligomerizaiimerface of HA1 and HA2
in a region that undergoes structural changes medjdor membrane fusion
(Maurer-Strohet al., 2010). Furthermore, this region was recently idiet as

a highly conserved epitope recognized by antibottiasneutralize the closely
related 1918 H1IN1 virus by blocking the structurhbinges associated with

membrane fusion (Ekied al., 2009). It is possible that the substitution from S
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to N at position 468, a residue also located in A& domain, may cause
structural changes associated with membrane fugienhypothesize that these
parallel mutations offer selective advantage aadlitiey are likely to dominate

in the HA protein of isolates in consecutive season

The NP assembles with the three subunits of theynmmase into a
ribonucleoprotein complex (RNP) which controls waniption and replication.
In this complex, it regulates the balance betweanstription and replication
during the virus cycle (Portela and Digard, 200)e most dominant amino
acid change in this protein of local isolates wasnfl to be the V100l
substitution. Globally, in the pre-epidemic periodly 10% of influenza
A(H1N1)09pdm viruses had this valine to isoleucaiange at position NP-
100, whereas about 57%, 80% and 93% of the vimlates collected in the
early, middle and late periods possessed this ehaegpectively (Paat al.,
2010). Strikingly, the 1918 H1N1pdm virus also hhd residue isoleucine at
position NP-100, while other pandemic viruses amahéin 1AVs display valine
at this position. The local isolates were also ddtepossess 373T except two
of the earliest isolates that possessed 373l ght bf these observations, this
study hypothesizes that the acquisition of 1001 &7@T in the NP was
necessary for adaptation of influenza A(H1N1)09pdnus in humans and

may have played a role in its increased transmiiggibr replication.

The influenza NA removes sialic acid from virus amadlular glycoproteins to
facilitate virus progeny release and spread ofciida to new cells. In this

protein among local influenza A(H1N1)09pdm virusl&es, two dominant
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mutations were observed in all isolates excepivo of the earliest isolates.
First, the avian-like residue, valine at NA-106 atatd to the human-like
residue isoleucine, which was present in the 1918 ¥977 H1N1 pandemic
viruses. Secondly, the non-charged residue, asparajNA-248, mutated to a
negatively charged residue, aspartic acid, whick ardy presented in the 1977
H1N1 pandemic viruses. These two mutations, V10&l &248D, are non
clade 1 defining mutations suggesting that no cthdéuses circulated in the
country. Both these amino acid substitutions acatked in previously defined
or predicted B-cell antigenic regions. In additiqrosition 248 is in the
proximity of the catalytic NA pocket (Maurer-Strehal., 2009). These results
reveal that the novel substitutions found iinfluenza A(H1N1)09pdm
viruses isolated in Kenya are located on s$heface of the protein (since
B-cell epitopes are located on the surface) and may interfere with the
active site. This is in agreement with previousdsts (Kaoet al., 2012;

Maurer-Strohet al., 2009).

Another mutation observed in the NA of local isekats the N369K mutation,
which was only observed during the late phase ef ghndemic in Kenya.
Studies have shown that this mutation observeadallisolates, if acquired
together with V2411 and N386S, could potentiallgiitate accommodation of
the H275Y substitution without loss of fitness (Hwt al., 2012). This
accommodation would lead to neuraminidase inhibitesistant influenza
viruses that are easily transmissible among humasia result, this mutation

should be closely monitored in the successive smsasdlutations associated
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with resistance to neuraminidase inhibitors locaiedhe NA protein are

discussed under section 5.4.

The M protein gene of influenza A viruses encoaes proteins, M1 and M2,
derived by splicing of mMRNA. The Ml internal prateis a major component of
the virus particle with an essential role in viassembly and budding while the
M2 has a proton-selective ion channel activity asdinvolved in virus
assembly (Garcia-Roblesal., 2005). It has been indicated previously that M1
is an interior virion protein (matrix) that liessiubeneath the viral envelope
(Garcia-Robleset al., 2005). On the other hand, the M2 is an integral
membrane protein inserted into the viral envelapet @rojects from the surface
of the virus as tetramers (Lamdt al., 1985). Consequently, infection of
influenza A virus is known to induce the host's ioma response to M2

protein, especially to the extracellular domainr{taedet al., 1997).

An examination of the amino acid polymorphisms seethe M1 and M2

proteins encoded by the M gene showed that there wwwre amino acid
substitutions in the M2 (10/97) than in the M1 &Z2 protein of local

influenza A(H1IN1)09pdm viruses. As a result, the Mibtein was more
conserved than the M2. The host's immune respossenss to have exerted
stronger selective pressure on the M2 than thaherM1 protein, accounting
for the increased number of amino acid substitgtionthis protein in a bid to
evade immune pressure. Studies have shown thatreiem mutations in the
M1 protein such as the substitution of Lys with Astrposition 102 or 104 may

cause restriction of virus replication (Furugeal., 2009; Liu and Ye, 2002).



130

This could explain why M1 is under strong negafivessure to avoid creation
of defective virions. It also could explain why tkelective pressure on M1 is
smaller than that on M2. It was however observed igolates obtained during
the late phase of the pandemic acquired more aagitbsubstitutions (3/7 in
M1 and 5/10 in the M2). This indicates a progresgjenetic drift in this gene
segment. Mutations associated with resistance tamfsohtanes which are

normally located in the M2 protein are discussedeursection 5.4 below.

The NS gene segment of the influenza A virus ensade proteins; the non-
structural protein 1 (NS1) and the nuclear expadten (NEP). NS1 is
essential to inhibition of the host immune respoasdt suppresses the host
type 1 interferon (IFN) (Halest al., 2008). NEP on the other hand in
association with M1, mediates the nuclear exporvicdl ribonucleoprotein
(VRNP) complexes (Neumarah al., 2000). Deletions in the NS1 protein have
been associated with increased influenza A virwdehtighly pathogenic H5N1
viruses isolated from waterfowl, poultry, and humam Southeast Asia since
2000 possess a 15-nucleotide deletion from posR@B+-277 in the NS gene
(Guanet al., 2004; Liet al., 2004) resulting in enhanced virulence in both
chicken and mice (Longt al., 2008). Studies have also identified single
mutations in the NS1 gene (S42P, D92E and V149Aak as multiple
mutations in the PDZ ligand domain that increasliémza pathogenicity (Jiao
et al., 2008; Liet al., 2006; Secet al., 2002). On the other hand, mutations in

the nuclear export signab[LMRMSKMQL »;) in the NEP have been shown to
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affect virulence and replication of influenza viess(lwatsuki-Horimoteet al.,

2004).

In the current study, the known virulence markearshie NS1 including S42P,
D92E and V149A mutations and the PDZ ligand donsi®m missing in the
local isolates. A unique dominant mutation 1123\¢wed in the NS1 protein
during the early pandemic phase in the local isslalNone of the influenza A
viruses collected globally during the pre-epidepgciod carried this mutation,
while 29%, 40% and 78% of the influenza A(HLN1)0®pdruses collected in
the early, middle and late periods possessed thiatian, respectively (Pagt

al., 2010). This mutation has not been observed inrothiases that caused
previous pandemics. Since NS1 is a virulence faatesponsible for
suppressing antiviral interferon (IFN) inductionrithg viral replication, and
since this mutation is located in the effector donwd NS1, it is hypothesized

here that this mutation had a beneficial role plication.

In the NEP, the nuclear export sequence was coeganall the local isolates.
The R77M and R77K substitution was the most commseen in the NEP
during the early and peak phases of the pandenfith€3e two, the R77M
substitution may have been more destabilizing ® NEP as it led to the
replacement of a polar amino acid with a non polae. The substitution at
position 77 was noted to be adjacent to Trp 78 winnediates the binding of
NEP and M1 to allow nuclear export of viral riboteaproteins (VRNPS)
replicated in the nucleus to the cytoplasm (GaRudleset al., 2005). A

recent study has shown that mutations at thisipasihay not affect the ability
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of NEP to regulate viral RNA levels (Rob# al., 2009). However, this
mutation was not observed beyond December 2008eiocal isolates which

may indicate that it did not confer a selectiveadage to the virus.

In this study, the two proteins encoded by the Nfegalso exhibited a
different number of amino acid substitutions. Gatgy the NS1 protein was
more conserved than the NEP. This observation éas made previously (Qu
et al., 2011). Perhaps this may be attributed to thetfeatt functioning of NEP
requires it to bind to M1, meaning that any mutatio the NEP could require
compensatory mutations in the M1. On the other hdmsl may not be required

in the NS1 as it does not bind to other influenizasvproteins.

5.4 Antiviral sensitivity of local influenza A(H1N1)09pdm viruses

Two classes of antiviral drugs are currently in dee the treatment of
influenza virus infections. These are the neuradais@ inhibitors and M2
inhibitors (Adamantanes). These drugs inhibit iefima virus replication by
binding to the NA and M2 proteins respectively. Whhese two classes are
generally effective, the emergence of drug resistaalways a constant threat.
This is much so considering the error prone natdrmfluenza polymerases.
Monitoring the susceptibility of circulating inflaga viruses is therefore of
utmost necessity particularly in a pandemic sitwratiThe study therefore
determined the susceptibility of the Kenyan isdaty examining for known

molecular markers of resistance in the NA and M&qins.
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Resistance to M2 inhibitors can be achieved bynglsisubstitution of any of
the amino acid residues located at positions 26,387 31, or 34 of the
transmembrane domain of the M2 protein (Boietnal., 2002). In the vast
majority of cases, the basis for this resistance $ngle serine to asparagine
amino acid replacement (S31N) in the matrix M2 @iro{\Wanget al., 1993).
This mutation weakens (M2) transmembrane helicalkipg and thereby
disrupts the drug binding pocket (Pielakal., 2009). None of the Kenyan
isolates harboured mutations at positions 26, 2708 34. However, all the
Kenyan isolates during the pandemic period hadSBEN mutation and were
thus resistant to M2 inhibitors. This resistance ladso been found in all
currently circulating influenza A(H1N1)09pdm virsseisolated globally

(Neumanret al., 2009).

Resistance to neuraminidase inhibitors is confelredany of the following
mutations in the NA; 1117V, E119V, D198N, 1222V, HeY, R292K, N294S,
1314V, V116A, R118K, E119G/A/D, Q136K, D151E, R152R224K, E276D,
R292K and R371K [N2 numbering] (Colmash al., 1983) These molecular
markers associated with resistance to neuraminigdskitors are located in
the active site of the NA protein at different gimsis depending on the virus
subtype, thus altering its sensitivity to inhibitigHaydenet al., 2005). The
study examined the local isolates for oseltamivitd azanamivir-related
mutations. Majority of the local isolates did nairiy the resistance conferring
mutations indicating their sensitivity to neurand@se inhibitors. However,

two isolates possessed an E277Q (E276 in N2 nundemutation. It has
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been shown previously that E277 is an oseltamntgracting residue (Lét
al., 2012). Thus, the substitution of Glutamic acidhwatspartic acid changes
this interaction resulting in Oseltamivir resistaimuses. However, in the local
isolates, though this mutation replaces an acidima acid residue with one
that is basic, the study speculates that the negatiarge of Glutamine under
physiological conditions may alter the NA activeesivhich in the wild-type is
positively charged at physiological conditions. §'hay thus alter the binding
of Oseltamivir to the NA active site. Phenotypisags should therefore be

carried out to determine the effect of this mutatm Oseltamivir activity.

5.5 Mea culpa

Although genetic analysis is important in informimgir understanding of
influenza virus evolution and antigenic change® Mkack of corresponding
hemagglutination inhibition data of the Kenyan sea is a limitation in this

study. As such, it is not possible to correlatedhserved mutations in the local
isolates with antigenic drift. Also, the analyssthis study only involved the
coding region of the gene segments. Although the-gualing regions are
considered to be conserved, mutations that affeat keplication may occur

and this information may have been lost in the entristudy. Additionally,

since this study did not allow for follow up of tpatients, it is not possible to
associate any of the observed mutations with viiede However, the strength

of this study lies in the fact that it is among fivet of its kind in Africa that
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employs whole genome sequencing and phylodynanticaen attempt to

understand the evolutionary dynamics of this newreis in the region.
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6.0: CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

a)

b)

d)

On the basis of observations in this study, thedystaoncludes that
influenza A(H1N1)pdmO09 virus was introduced intce tlcountry and
sustained as a result of multiple importationsrayellers coming from the

UK.

Two clades of influenza A(H1N1)pdmO9 virus namelgde 2 and 7 were
introduced into the country. Of these two, cladéi@d out and did not
circulate beyond the introduction sites while cl&@ddisseminated and was

transmitted throughout the country.

The surface expressed gene segments exhibited ighesh rates of
evolution while the internally expressed segmenigressed lower

evolutionary rates.

The effective number of infections and hence thenlmer of infected
individuals increased exponentially in the firsteth months of the presence

of the virus in the country and thereafter declined

The earliest clusters of influenza A(HLN1)pdmOQsiin the country are
estimated to have emerged elsewhere between Apudhe 2009. This is 2-
3 months before the first laboratory confirmed casss detected and
coincides with the time of the most recent commpaoeator (tMRCA) of

specific clusters in the UK.



f)

g)

h)
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Majority of circulating clusters of A(HLN1)pdmO09 rus were
geographically spread and did not exhibit any olzdgle spatial patterns

indicating efficient community spread.

None of the previously described virulence markeese acquired by the

local A(HLIN1)pdmO9 virus during its circulation ihe pandemic period.

While many of the mutations observed in the gegenssts were transient,
demonstrating how the viral genome has shaped dga#y the study
clearly showed that a progressive genetic drift yawom the
A/California/7/2009 vaccine strain is apparent lie B2, PB1, PA, HA,

NA, M and NS gene segments particularly in samiglelsited in 2010.

All the local influenza A(H1IN1)pdmOQ9 virus isolatdaring the pandemic
period were found to be sensitive to neuraminidakéitors but resistant

to adamantanes.

6.2 Recommendations

6.2.1 Application of research findings

i)

The research findings indicate that the effectivenber of infections
increased exponentially in the first three monkhse to this, vaccination or
any other public health measure (such as prophglacttiviral therapy)
should be instituted as soon as the pandemic esi\egeas to slow down

the rate of new infections.
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i) The evolution of A(HLN1)pdmO09 virus in the countmas observed to be
largely via progressive genetic drift. This may hatve been clear if only
one gene was sequenced. This finding thereforersooles the need for
intensified surveillance applying whole genome d#ba monitor the

diversity of influenza viruses.

iii) The study found out that local influenza A(H1N1)dfinviruses were
sensitive to neuraminidase inhibitors but resistdaot adamantanes.
Neuraminidase inhibitors therefore offer the bgstam in the treatment of

influenza A(HLIN1)pdmOQ9 virus infections in the ctnyn

6.2.2 Recommendations for further research

a) Studies should be carried out to compare the tresdoiity and
replication kinetics of local clade 2 and clade ifuses’ in-order to

understand the local and global dominance of cfadeuses.

b) Antigenic cartography based on haemagglutinatibibition assays should
be performed in-order to determine the effect ef genetic drift observed

in local isolates on antigenic drift.

c) Phenotypicin vitro antiviral resistance assays should be performed to
investigate the role of mutations observed in th& protein of local

isolates on their susceptibility to Oseltamivir &ahamivir.
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d) Reverse genetics studies should be carried outderatand the role of the
mutations observed in the local isolates on theptication, virulence and

transmissibility in animal models.
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Appendix 1: Ethical approval for the study
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PHD STUDENT
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RE: SSC PROTOCOL NO. 1753 (INITIAL SUBMISSION): MOLECULAR

EPIDEMIOLOGY AND EVOLUTION OF THE PANDEMIC SWINE-
ORIGIN INFLUENZA VIRUS (S-OIV) HiN1 IN KENYA.

This is to inform you that during the 177" meeting of the KEMRI/ERC meeting held on 20"
April 2010, the above study was reviewed.

The Committee notes that the above referenced study is cross sectional laboratory based
retrospective study involving molecular characterization of randomly selected influenza
archived isolates of HIN1 pandemic strains obtained each month from the ongoing influenza
surveillance.
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You are required to submit any amendments to this protocol and other information pertinent
to human participation in this study to the ERC prior to initiation. You may embark on the
study.

Yours sincerely,
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R. C. KITHINJI,
FOR: SECRETARY,
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Appendix 2: Primers used in this study

Gene| Fragment Primer name Primer sequence 5'- 3"*#
PB2_F1 | TGT AAA ACG ACG GCC AGT CTC GAG CAA AAG CAG GTC AA
1 PB2_R: CAG GAA ACA GCT ATG ACC GCT TTG RTC AAY ATC RTC ATT
PB2_F: TGT AAA ACG ACG GCC AGT CCT GGT CAY GCA GAC CTC AG
2 PB2_R: CAG GAA ACA GCT ATG ACC CCT CTAACT GCT TTT XC ATG CAAT
PB2_F5 | TGT AAA ACG ACG GCC AGT C®R ACW GAA GAA CAA GCT GT
PB2 3 PB2_R6 | CAG GAA ACA GCT ATG ACC CTG AGA CCA YTG AAT TTT RACA
PB2_F7 | TGT AAA ACG ACG GCC AGT CCA AG¥ ACM GAG ATG TCA ATG AGA
4 PB2_R8 | CAG GAA ACA GCT ATG ACC AGT AGA AAC AAG GTC GTT TTTAAA C
PB1 F: TGT AAA ACG ACG GCC AGT AGC AAA AGC AGG CAA ACC AT
1 PB1 _R: CAG GAA ACA GCT ATG ACC GTT CAA GCT TTT ®RC AWA TG
PB1_F3 | TGT AAA ACG ACG GCC AGT ACA AR GTG GAC AAATRA C
2 PB1 R: CAG GAA ACA GCT ATG ACC TTG AAC ATG CCC ATC ATC AY CCA GG
PB1_F5 | TGT AAA ACG ACG GCC AGT AAT CAA AAY CCTMGA ATG TT
3 PB1_R6 | CAG GAA ACA GCT ATG ACC CCA AR TCA TTG TTT ATC AT
PB1_F7 | TGT AAA ACG ACG GCC AGT ATG A AAA AAG AAG TCY TA
PB1 4 PB1_R8 | CAG GAA ACA GCT ATG ACC AGT AGA AAC AAG GCA TTT
PA F1 TGT AAA ACG ACG GCC AGT AGC AAAAGC AGG TACTGA T
1 PA Rz CAG GAA ACA GCT ATG ACC TGA GAA AGC TTG CCC TCA ATG
PA_F: TGT AAA ACG ACG GCC AGT TAT GAY TAC AAR GAG AA
2 PA R4 CAG GAA ACA GCT ATG ACC TR CAK GCC TTG TTG AAC TCATT
PA_F5 TGT AAA ACG ACG GCC AGT AAT TGA ACC ATT CTT GAG GAGGA
3 PA_RG6 CAG GAA ACA GCT ATG ACC TCC GAT TGG CCA TGT TTC CGA
PA_F7 TGT AAA ACG ACG GCC AGT AAT GCA TCC TGT GCA GCA ATGA
PA 4 PA R8 | CAG GAA ACA GCT ATG ACC AGT AGA AAC AAG GTA CCT TTT
SWHAIMI3F | TGTAAAACGACGGCCAGTATGAAGGCAATACTAGTAG
1 SWHAIMI3R | CAGGAAACAGCTATGACCGATCGGATGTATATTCTGAAATGG
HA SWHAIIMI3F | TGTAAAACGACGGCCAGTGATTGCAATACAACTTGTC
2 SWHAIIMI3R | CAGGAAACAGCTATGACCAATACATATTCTACACTGTAGAGACCCA
NP_F1 TGT AAA ACG ACG GCC AGT CAG GGT AGA TAA TCA CTC AC
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NP NP_R5 CAG GAA ACA GCT ATG ACC AGT AGA AAC AAG GGT ATT TTTC
SWNAIMI3F | TGTAAAACGACGGCCAGTATGAATCCAAAYCARAAGAT
1 SWNAIMI3R | CAGGAAACAGCTATGACCGTGATAATTAGGGGCATTC
NA SWNAIIMI3F | TGTAAAACGACGGCCAGTGACAGGCCTCATACAAGATCTTC
2 SWNAIIMI3R | CAGGAAACAGCTATGACCTAAATGGMAACTCAGCACCG
A-MP-M13F | TGTAAAACGACGGCCAGTAGCAAAAGCAGGTAG
MP A-MP-M13R | CAGGAAACAGCTATGACCAGTAGAAACAAGGTAGT
A-NS-M13F | TGTAAAACGACGGCCAGTAGCAAAAGCAGGGTGACAAAGACA
NS A-NS-M13R | CAGGAAACAGCTATGACCAGTAGAAACAAGGGTGTTTTTTAT
Sequencin M13F TGTAAAACGACGGCCAGT
M13R CAGGAAACAGCTATGACC

* All primers bore the M13 tag

*Standard mixed oligonucleotide bases for primeusages are listed in bold




163

Appendix 3: Epidemiological information about the @ses and isolates used in this

© ©® N o o b~ bR

NN RN RN NNMNRNNDNDRRERRRR R B B P
© ® N o 00 A WNPO O 0N 0 M WN PR O

study

Date of
collection

Sample name

02.07.200 A/Kisumu/56/200
02.07.200 A/Kisumu/61/200!

03.07.2009
05.07.2009
11.08.2009
15.09.2009
15.09.2009
19.09.2009
19.09.2009

A/Nairobi/64/2009
Al/Garissa/78/2009
A/Keiyo/96/2009
A/Nairobi/58/2009
A/Nairobi/59/2009
A/Eldoret/119/2009
A/Eldoret/120/2009

22.09.200 A/Embu/169/200
24.09.200 A/Malindi/238/200¢
29.09.200 A/Meru/467/200

29.09.2009
29.09.2009
30.09.2009
30.09.2009
02.10.2009
03.10.2009
06.10.2009

A/Nyeri/478/2009

Site of collection

CDC - Kisumt
CDC - Kisumt

Nairobi Hospital
Garissa

Tabare

Kenya High

Kenya High
Sacred Heart Boys
Sacred Heart Boys

Mbeere District Hos
Malindi Dist Hospita
Materi Girls

Nyeri

A/Mombasa/512/2009 Mombasa Hospital

A/Kitale/531/2009
AlKitale/532/2009

A/Mombasa/27/2009

A/Nairobi/37/2009

A/Mombasa/91/2009

12.10.200 A/Kisii/115/200¢
15.10.200 A/Kisii/143/200¢

14.1(.200¢

22.10.2009
27.10.2009
27.10.2009
27.10.2009
27.10.2009
29.10.2009
29.10.2009

A/Mombasa/148/20(
A/Transnzoia/168/200@wanza Health Centre

AgeSex
18 Male

22  Femal
5 Mal
8 Male

5 Male
- Femakenyan
15 Femalenyan

Nationality
Kenyar
British
British

British

Kenyan

Male Kenyan
Male Kenyan
13 Male Kenyar
17 Male Kenyar
18 Femal¢ Kenyar
13 Male Kenyan

12aleM Kenyan

Weitaluu Sec Sch kital 20 Female Kenyan

Bikere Pri-Kitale
AGH-Mombasa
Nairobi West
Mombasa

Kisii District Hospita
Kisii District Hospita
Mombas:i

15 erfrale Kenyan
11 FemHEknyan
25 Male erigan

9 - Kenyan
20 Femalc Kenyar
11 Male Kenyar
6 Male Kenyar
16 Male Kenyan

A/Mombasa/179/2009 Aga Khan Hospital Msa0 Female Kenyan

A/Kikuyu/184/2009
A/Kikuyu/185/2009

A/Nakuru/192/2009

A/Kisii/205/2009

PCEA Kikuyu Hospital
PCEA Kikuyu Hospital
Nakuru Prov Gen Hosp 9 Male
A/Kakamega/215/200Bakamega Prov G Hosp
Kisii District Hospital

2 1 Female Kenyan
11 Male Kenyan
Kenyan
16 Femaléenyan

9 Female Kenyan



30
31
32
33
34
35
36
37
38
39
40

04.11.2009 A/Nairobi/3/2009
09.12.2009 A/Nairobi/16/2009
21/01/2011 A/Kijabe/16/201!
12.03.201 A/Nairobi/11/201!

20.03201(

A/Nairobi/20/201(

20.03.201 A/Nairobi/21/2011

25.03.2010
25.03.2010
04.06.2010
04.06.2010
12.06.2010

A/Nairobi/24/2010
A/Nairobi/25/2010
A/Nairobi/80/2010
A/Nairobi/72/2010
A/Nairobi/97/2010
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Mater Hospital
Kemri Staff Clinic

Kijabe

Kijabe

Nairobi

Nairobi
Nairobi
Nairobi
Nairobi
Nairobi
Nairobi

21 Feendkenyan

3 4dé  American
11 Female -
34 Femal -
6 Femalt Kenyar
14 Male Kenyar
Femaléenyan
Femaléenyan

35 Femaleenyan
Male Kenyan

Male Kenyan

Early pandemic samples are written in red, peaki@anc samples in black
and late pandemic samples in blue
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Appendix 4: Preparation of reagents

Virus transport medium (broth)

1.

PN

To a 500ml bottle add:

a) 10 gm veal infusion broth (2.5% final conc.)
b) 2.0 gm of BSA (0.5% * )

c) 0.8 ml gentamicin sulfate (2Q@/ml “ )

d) 3.2 ml of Fungizone (Rg/ml * )

e) EASYpure water to 400 ml.

Swirl gently to dissolve or let stand &Cifor 1 hour.

Sterile filter.

Label as “virus transport medium”, with your nartajay’s date, and an
expiration date of 3 months from the date prepa®dre at 4C.

Preparation of Guinea pig Blood

1.

Request 5 ml of guinea pig blood from animal resesat least 2 days
before starting the assay.

Immediately add to 40 ml of Alsever’s solution ib@ml sterile screw cap
tube.

Centrifuge at 800-x g for 10 min and aspirate tagee allthe supernatant.
Add 35 ml of Alsever’s and gently mix by inverting.

Repeat step 3 two additional times, but end byragdikactly 9 volumes of
Alsever’s to 1 volume of packed RBCs (to give a 1€8fution). The
volume of RBC can be checked by adding the RBGs16 ml graduated
centrifuge tube and centrifuging or allowing thearséttle.

Label as “10% guinea pig RBC” with the day’s datame and an
expiration date of 20 days.

Store at 4C.

Before use, gently resuspend and add one ml of tteliine ml of sterile
PBS (to give a 1% final concentration). If theselotting, the cells can be
filtered through sterile gauze before use. Thiggia 1% suspension ready
for use.

1 % Agarose

1.
2.
3.
4.

5.

Weigh 1g of agarose and add it onto a 250ml flask

Add 1x TAE slowly to the flask until the 200ml nkar

Microwave the flask for 1-2 min making sure that thixture does not boll
over.

Stop the microwave every 30 s and swirl the flaSkntinue to heat until
the agarose is completely dissolved

Add 5 pl of ethidium bromide to the dissolved agarand mix.
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Appendix 5: Accession numbers of nucleotide sequess of Influenza
A(H1IN1)pdmOQ9 viruses from this study

POLYMERASE BASIC 2 (PB2) GENE

Isolate Accession number
A/Kisumu/56/2009 EPI443014
A/Kisumu/61/2009 EPI443064
A/Nairobi/64/2009 EPI443103
Al/Garissa/78/2009 EPI1443156
A/Keiyo/96/2009 EPI443166
A/Nairobi/58/2009 EP1443173
A/Nairobi/59/2009 EPI443181
A/Malindi/238/2009 EP1443188
A/Eldoret/119/2009 EP1443195
A/Eldoret/120/2009 EP1443202
A/Embu/169/2009 EP1443209
A/Nyeri/478/2009 EP1443216
A/Meru/467/2009 EPI1443223
A/Kitale/531/2009 EP1443230
A/Kitale/532/2009 EP1443238
A/Mombasa/512/2009 EP1443245
A/Nakuru/192/2009 EPI1443252
A/Trans-Nzoia/168/2009 EP1443260
A/Mombasa/179/2009 EP1443268
A/Mombasa/148/2009 EPI443275
A/Mombasa/91/2009 EPI1443282
A/Mombasa/27/2009 EPI1446009
A/Nairobi/37/2009 EP1446017
A/Kakamega/215/2009 EP1446026
A/Kisii/205/2009 EP1446033
A/Kisii/143/2009 EP1446040
A/Kisii/115/2009 EP1446047
A/Kikuyu/184/2009 EPI446054
A/Kikuyu/185/2009 EPI446061
A/Nairobi/3/2009 EP1446068
A/Nairobi/16/2009 EPI1446075
A/Nairobi/11/2010 EP1446083
A/Kijabe/16/2010 EP1446091
A/Nairobi/20/2010 EP1446099
A/Nairobi/21/2010 EPI1446107
A/Nairobi/24/2010 EP1446115
A/Nairobi/25/2010 EP1446123
A/Nairobi/72/2010 EPI446131
A/Nairobi/80/2010 EPI1446139
A/Nairobi/97/2010 EP1446152
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POLYMERASE BASIC 1 (PB1) GENE

Isolate Accession number
A/Kisumu/56/2009 EPI1443015
A/Kisumu/61/2009 EP1443065
A/Nairobi/64/2009 EP1443112
Al/Garissa/78/2009 EPI1443157
A/Keiyo/96/2009 EP1443167
A/Nairobi/58/2009 EP1443174
A/Nairobi/59/2009 EP1443182
A/Malindi/238/2009 EP1443189
A/Eldoret/119/2009 EP1443196
A/Eldoret/120/2009 EP1443203
A/Embu/169/2009 EPI1443210
A/Nyeri/478/2009 EPI1443217
A/Meru/467/2009 EP1443224
A/Kitale/531/2009 EP1443231
A/Kitale/532/2009 EP1443239
A/Mombasa/512/2009 EP1443246
A/Nakuru/192/2009 EPI1443253
A/Trans-Nzoia/168/2009 EPI443261
A/Mombasa/179/2009 EPI1443269
A/Mombasa/148/2009 EP1443276
A/Mombasa/91/2009 EPI1443283
A/Mombasa/27/2009 EP1446010
A/Nairobi/37/2009 EPI1446018
A/Kakamega/215/2009 EP1446027
A/Kisii/205/2009 EP1446034
A/Kisii/143/2009 EP1446041
A/Kisii/115/2009 EP1446048
A/Kikuyu/184/2009 EP1446055
A/Kikuyu/185/2009 EP1446062
A/Nairobi/3/2009 EP1446069
A/Nairobi/16/2009 EP1446076
A/Nairobi/11/2010 EP1446084
A/Kijabe/16/2010 EP1446092
A/Nairobi/20/2010 EPI1446100
A/Nairobi/21/2010 EP1446108
A/Nairobi/24/2010 EPI446116
A/Nairobi/25/2010 EP1446124
A/Nairobi/72/2010 EP1446132
A/Nairobi/80/2010 EPI1446140
A/Nairobi/97/2010 EP1446153
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POLYMERASE ACID (PA) GENE

Isolate Accession number
A/Kisumu/56/2009 EPI443016
A/Kisumu/61/2009 EP1443066
A/Nairobi/64/2009 EP1443113
Al/Garissa/78/2009 EPI1443158
A/Keiyo/96/2009 EPI1443168
A/Nairobi/58/2009 EP1443175
A/Nairobi/59/2009 EP1443183
A/Malindi/238/2009 EP1443190
A/Eldoret/119/2009 EP1443197
A/Eldoret/120/2009 EP1443204
A/Embu/169/2009 EPI1443211
A/Meru/467/2009 EPI1443225
A/Nyeri/478/2009 EP1443218
A/Kitale/531/2009 EP1443232
A/Kitale/532/2009 EP1443240
A/Nakuru/192/2009 EP1443254
A/Trans-Nzoia/168/2009 EP1443262
A/Mombasa/179/2009 EP1443270
A/Nairobi/37/2009 EPI1446019
A/Mombasa/91/2009 EP1443284
A/Kisii/115/2009 EP1446049
A/Kisii/143/2009 EP1446042
A/Mombasa/148/2009 EPI443277
A/Mombasa/27/2009 EP1446011
A/Kikuyu/184/2009 EP1446056
A/Kikuyu/185/2009 EP1446063
A/Kisii/205/2009 EP1446035
A/Kakamega/215/2009 EP1446028
A/Mombasa/512/2009 EPI1443247
A/Nairobi/16/2009 EP1446077
A/Nairobi/3/2009 EP1446070
A/Nairobi/20/2010 EPI1446101
A/Nairobi/21/2010 EP1446109
A/Nairobi/24/2010 EPI446117
A/Nairobi/25/2010 EP1446125
A/Nairobi/72/2010 EP1446133
A/Nairobi/80/2010 EP1446141
A/Nairobi/97/2010 EP1446154
A/Nairobi/11/2010 EP1446085
A/Kijabe/16/2010 EP1446093




HAEMAGGLUTININ GENE
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Isolate Accession number
A/Kisumu/56/2009 EPI443017
A/Kisumu/61/2009 EPI443067
A/Nairobi/64/2009 EPI1443120
Al/Garissa/78/2009 EPI443159
A/Keiyo/96/2009 EPI443169
A/Nairobi/58/2009 EPI1443176
A/Nairobi/59/2009 EP1443184
A/Malindi/238/2009 EP1443191
A/Eldoret/119/2009 EP1443198
A/Eldoret/120/2009 EP1443205
A/Embu/169/2009 EP1443212
A/Nyeri/478/2009 EP1443219
A/Meru/467/2009 EPI1443226
A/Kitale/531/2009 EP1443233
A/Kitale/532/2009 EP1443241
A/Mombasa/512/2009 EP1443248
A/Nakuru/192/2009 EPI1443255
A/Trans-Nzoia/168/2009 EP1443263
A/Mombasa/179/2009 EP1443271
A/Mombasa/148/2009 EP1443278
A/Mombasa/91/2009 EPI1443285
A/Mombasa/27/2009 EPI446012
A/Nairobi/37/2009 EPI1446020
A/Kakamega/215/2009 EP1446029
A/Kisii/205/2009 EP1446036
A/Kisii/143/2009 EP1446043
A/Kisii/115/2009 EP1446050
A/Kikuyu/184/2009 EP1446057
A/Kikuyu/185/2009 EPI446064
A/Nairobi/3/2009 EPI446071
A/Nairobi/16/2009 EPI1446078
A/Kijabe/16/2010 EP1446094
A/Nairobi/11/2010 EP1446086
A/Nairobi/20/2010 EPI1446102
A/Nairobi/21/2010 EPI446110
A/Nairobi/24/2010 EP1446118
A/Nairobi/25/2010 EP1446126
A/Nairobi/72/2010 EP1446134
A/Nairobi/80/2010 EPl446142
A/Nairobi/97/2010 EP1446155




NUCLEOPROTEIN GENE

170

Isolate Accession number
A/Kisumu/56/2009 EP1443018
A/Kisumu/61/2009 EPI1443068
A/Nairobi/64/2009 EP1443131
Al/Garissa/78/2009 EPI1443160
A/Keiyo/96/2009 EP1443170
A/Nairobi/58/2009 EP1443177
A/Nairobi/59/2009 EP1443185
A/Malindi/238/2009 EP1443192
A/Eldoret/119/2009 EP1443199
A/Eldoret/120/2009 EP1443206
A/Trans-Nzoia/168/2009 EP1443264
A/Embu/169/2009 EP1443213
A/Nakuru/192/2009 EPI1443256
A/Nyeri/478/2009 EP1443220
A/Meru/467/2009 EP1443227
A/Kitale/531/2009 EP1443234
A/Kitale/532/2009 EP1443242
A/Mombasa/512/2009 EP1443249
A/Mombasa/179/2009 EP1443272
A/Mombasa/148/2009 EP1443279
A/Mombasa/91/2009 EPI1443286
A/Mombasa/27/2009 EPI1446013
A/Nairobi/37/2009 EP1446021
A/Kakamega/215/2009 EP1446030
A/Kisii/205/2009 EP1446037
A/Kisii/143/2009 EP1446044
A/Kisii/115/2009 EP1446051
A/Kikuyu/184/2009 EP1446058
A/Kikuyu/185/2009 EP1446065
A/Nairobi/3/2009 EPI446072
A/Nairobi/16/2009 EPI1446079
A/Kijabe/16/2010 EP1446095
A/Nairobi/20/2010 EPI1446103
A/Nairobi/21/2010 EPI446111
A/Nairobi/24/2010 EPI1446119
A/Nairobi/25/2010 EPI446127
A/Nairobi/72/2010 EP1446135
A/Nairobi/80/2010 EP1446143
A/Nairobi/97/2010 EP1446156
A/Nairobi/11/2010 EP1446087




NEURAMINIDASE GENE
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Isolate Accession number
A/Kisumu/56/2009 EP1443019
A/Kisumu/61/2009 EPI1443069
A/Nairobi/64/2009 EP1443141
Al/Garissa/78/2009 EPI443161
A/Keiyo/96/2009 EPI443171
A/Nairobi/58/2009 EP1443178
A/Nairobi/59/2009 EP1443186
A/Malindi/238/2009 EP1443193
A/Eldoret/119/2009 EP1443200
A/Eldoret/120/2009 EP1443207
A/Embu/169/2009 EP1443214
A/Nyeri/478/2009 EP1443221
A/Meru/467/2009 EPI1443228
A/Kitale/531/2009 EP1443235
A/Kitale/532/2009 EP1443243
A/Mombasa/512/2009 EPI1443250
A/Nakuru/192/2009 EPI1443257
A/Trans-Nzoia/168/2009 EP1443265
A/Mombasa/179/2009 EP1443273
A/Mombasa/148/2009 EP1443280
A/Mombasa/91/2009 EPI1443287
A/Mombasa/27/2009 EPI446014
A/Nairobi/37/2009 EP1446022
A/Kakamega/215/2009 EP1446031
A/Kisii/205/2009 EP1446038
A/Kisii/143/2009 EP1446045
A/Kisii/115/2009 EP1446052
A/Kikuyu/184/2009 EP1446059
A/Kikuyu/185/2009 EP1446066
A/Nairobi/3/2009 EPI446073
A/Nairobi/16/2009 EP1446080
A/Nairobi/11/2010 EP1446088
A/Kijabe/16/2010 EP1446096
A/Nairobi/20/2010 EP1446104
A/Nairobi/21/2010 EPI446112
A/Nairobi/24/2010 EP1446120
A/Nairobi/25/2010 EP1446128
A/Nairobi/72/2010 EP1446136
A/Nairobi/80/2010 EP1446144
A/Nairobi/97/2010 EP1446157
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MATRIX GENE

Isolate Accession number
A/Kisumu/56/2009 EPI1443020
A/Kisumu/61/2009 EPI443070
A/Nairobi/64/2009 EP1443144
Al/Garissa/78/2009 EPI1443163
A/Keiyo/96/2009 EP1443172
A/Nairobi/58/2009 EPI1443179
A/Nairobi/59/2009 EP1443187
A/Malindi/238/2009 EPI443194
A/Eldoret/119/2009 EP1443201
A/Eldoret/120/2009 EP1443208
A/Embu/169/2009 EP1443215
A/Nyeri/478/2009 EP1443222
A/Meru/467/2009 EPI1443229
A/Kitale/531/2009 EP1443236
A/Kitale/532/2009 EP1443244
A/Mombasa/512/2009 EP1443251
A/Nakuru/192/2009 EPI1443258
A/Trans-Nzoia/168/2009 EP1443266
A/Mombasa/179/2009 EP1443274
A/Mombasa/148/2009 EP1443281
A/Mombasa/91/2009 EP1443288
A/Mombasa/27/2009 EPI1446015
A/Nairobi/37/2009 EPI1446023
A/Kakamega/215/2009 EP1446032
A/Kisii/205/2009 EP1446039
A/Kisii/143/2009 EP1446046
A/Kisii/115/2009 EP1446053
A/Kikuyu/184/2009 EPI1446060
A/Kikuyu/185/2009 EP1446067
A/Nairobi/3/2009 EPI446074
A/Nairobi/16/2009 EPI1446081
A/Kijabe/16/2010 EP1446097
A/Nairobi/11/2010 EP1446089
A/Nairobi/20/2010 EP1446105
A/Nairobi/21/2010 EPI446113
A/Nairobi/24/2010 EP1446121
A/Nairobi/25/2010 EP1446129
A/Nairobi/80/2010 EP1446145
A/Nairobi/72/2010 EPI1446137
A/Nairobi/97/2010 EP1446158




NONSTRUCTURAL GENE

173

Isolate Accession number
A/Kisumu/56/2009 HM855241
A/Kisumu/61/2009 HM855247
A/Nairobi/64/2009 HQ165791
A/Garissa/78/2009 HM855242
A/Keiyo/96/2009 HM855243
A/Nairobi/58/2009 HM855242
A/Nairobi/59/2009 EPI443180
A/Malindi/238/2009 HM855248
A/Eldoret/119/2009 HM855262
A/Eldoret/120/2009 HM855244
A/Embu/169/2009 HM855246
A/Nyeri/478/2009 HM855254
A/Meru/467/2009 HM855252
A/Kitale/531/2009 EP1443237
A/Kitale/532/2009 HM855256
A/Mombasa/512/2009 HM855255
A/Nakuru/192/2009 EP1443259
A/Trans-Nzoia/168/2009 EP1443267
A/Mombasa/179/2009 HQ165794
A/Mombasa/148/2009 HM855263
A/Mombasa/91/2009 HQ165792
A/Mombasa/27/2009 HQ165789
A/Nairobi/37/2009 HM855259
A/Kakamega/215/2009 HM855249
A/Kisii/205/2009 HQ165793
A/Kisii/143/2009 HM855257
A/Kisii/115/2009 HM855261
A/Kikuyu/184/2009 HM855258
A/Kikuyu/185/2009 HM855250
A/Nairobi/3/2009 HM855264
A/Nairobi/16/2009 EP1446082
A/Nairobi/11/2010 EP1446090
A/Kijabe/16/2010 EP1446098
A/Nairobi/20/2010 EPI1446106
A/Nairobi/21/2010 EP1446114
A/Nairobi/24/2010 EP1446122
A/Nairobi/25/2010 EPI1446130
A/Nairobi/80/2010 EPI1446146
A/Nairobi/72/2010 EP1446138
A/Nairobi/97/2010 EP1446159
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Appendix 6: Publications and conference abstractgdm this study

Peer reviewed and submitted publications
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