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Abstract

Members of the familyHepadnaviridaehave been detected in both avian and
mammalian species. They have a very limited hasge, and among the non-
human primates, have been found to occur natumllghimpanzees, gorillas,
gibbons, orang-utans and woolly monkeys. The huhepatitis B virus (HBV)

has been shown to infect chimpanzees, Barbary masaqnd tree shrews.
During the course of a previous study, to deternigesusceptibility of baboons
(Papio ursinus orientalisto HBV infection, HBV DNA was detected in the
serum of 2 baboons prior to their inoculation wiBV-positive human serum,

raising the possibility that baboons are naturaifgcted with a hepadnavirus.
Therefore the aim of this study was to determireegrevalence of HBV in wild-

caught baboons and to molecularly and functiongilgracterise the virus isolated

from these baboons.

DNA was extracted from the sera of wild-caught k@i and four separate
regions of the HBV genome amplified by nested pdagese chain reaction
(PCR). Samples were only considered to be positiv¢iBV if at least three of
these regions amplified. DNA was extracted from fikier tissue of one of the
HBV DNA-positive baboons using a proteinase K digesfollowed by a phenol-
chloroform extraction and ethanol precipitationtorf this extract, the complete
HBV genome was amplified by nested PCR of eightrlapping subgenomic
fragments, and sequenced. This sequence was edgiyrylogenetically using
both the PHYLIP and Simmonic software packagessekective real time PCR
using SYBR-green detection was used to detect covalentlyedi@ircular (ccc)

DNA. RNA was extracted from the baboon liver tssising a guanidinium-acid-
phenol extraction method, reverse transcribed amtops of the HBV genome
amplified by nested PCR. Transmissibility of theus was tested by injecting
four experimentally naive baboons individually wsgrum from four HBV DNA-

positive baboons and followed for 26 weeks.

HBV was detected in the serum of 5/69 (7,2%) widight baboons by Southern
hybridization and in 11/49 (22,4%) adult and 4/20,0%) juvenile wild caught



baboons. This gave an overall prevalence of 21iiY%he baboon population
surveyed. Serologically, the baboon sera weretivegéor all markers of HBV
infection and alanine aminotransferse (ALT) levalere normal. In the one
baboon liver tissue available, HBcAg was detectgdimomunohistochemical

staining in some of the hepatocyte nuclei, but HBs/s not detected.

Phylogenetic analysis of the complete genome ofHB& isolate found it to

cluster with subgenotype A2, a surprising resuitsidering that subgenotype Al
predominates in South Africa. However, unlike otkabgenotype A2 isolates,
the basic core promoter had the G1809T / C1812bldomutation characteristic
of subgenotypes Al and A3 and the precore regi@htha G1888A mutation

unigue to subgenotype Al. These mutations in #schcore promoter and pre-
core regions have previously been shown to redueexpression of the precore
and core proteins. Four additional mutations il plolymerase, surface, X and
core open reading frames (ORFs) further differéetiche baboon HBV strain

form the majority of previously sequenced subgepet2 isolates.

cccDNA was detected at low levels in the babooerlitissue. Regions of the
precore/core and surface ORFs were amplified ofénse transcribed cDNA.
These results demonstrate HBV replication in thigoba liver. Transmission of
the virus was shown by the detection of HBV DNAthe sera of the four
inoculated baboons at various times throughout2®eveek follow-up period.

These baboons also showed transient seroconvefsioRlBsAg and HBeAg

during this period with intermittent fluctuations ALT levels. Moreover, using
DNA extracted from liver tissue obtained at necyoff®em one of the injected
baboons, the sequence of the HBV surface gene fadplivas found to be

identical to the sequence of the isolate from ihaTu

The finding of subgenotype A2 in the baboon is gaxical because
subgenotypes Al and A3 as well as genotypes D apde@ominate in Africa.
The possibility exists that subgenotype A2 is adeolstrain that has been
overtaken by these other strains. There is howaararcity of subgenotype A2
sequencing data from Africa and a higher circutatid this subgenotype could be

uncovered with more extensive molecular epidemickigtudies in more remote

vi



areas. Alternatively, a recent discovery of aldine compartmentalization of
subgenotype A2 infections in the peripheral blogthphocyte population of
individuals from India, where subgenotype Al alsedominates, could explain

the lack of detection of this subgenotype in Africa

Occult hepatitis B infection is defined as the pres of HBV DNA in the liver
(with detectable or undetectable HBV DNA in theuse) of individuals testing
negative for HBsAg by currently available assaybe detection of HBV DNA in
the baboon liver and serum in the absence of sgioalb markers therefore
classifies this infection as occult. To our knogge, this is the first study to

demonstrate a naturally occurring occult HBV inieetin non-human primates.
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1. Introduction

Hepatitis viruses infect the liver, causing bothutacand chronic diseases.
According to the World Health Organisation (WHORppeoximately 2 billion
people worldwide have been infected with the hépaB virus (HBV), 350
million people are chronic carriers of the virudda00 000 die each year as a
result of either acute or chronic infections withetvirus (WHO, 2008).
Approximately 10% of adults and 90% of childreneicted with HBV become
chronically infected (Sugiyamet al, 2007).

1.1 The hepatitis B virus

One of the first records of hepatitis or yellownjdice epidemics was by Pope
Saint Zacharias in thé"&entury, and descriptions of the disease can imedfas
far back as the writings of Hippocrates (Deinhait®76). Hippocrates described
hepatitis as a disease “produced by black bile whdéows into the liver” and
correctly listed the symptoms as anorexia, vomijtieyer, livid or pale-yellow

complexion, and liver pain (Lai and Locarnini, 2002

The hepatitis viruses comprise a group of five lateel, often unusual pathogens,
designated hepatitis A through E, grouped accordinthe disease they cause

rather than their virological properties (Zuckerma®97; Howard, 2002).

HBV is a partially double-stranded DNA virus thagplicates by reverse
transcription. It is classified in the famiepadnaviridagfor HEPAtropic DNA
VIRUSES). Thehepadnaviridaeare further separated into two genera — the
orthohepadnaviruses found in mammals and the aadrgviruses found in birds
(Ganem, 1996; Zuckerman, 1997; Howard, 2002). Qlth these two genera
differ in genetic organisation, structure and biital properties — for example the
avihepadnaviridae lack a separate gene encodingiB¥-X protein - all the
hepadnaviruses are able to induce persistent iofesctin their natural hosts
(Howard, 1994; Scagliorat al, 1996).



All hepadnaviruses share a number of common pri@sertThey: are enveloped
viruses containing a 3 - 3,3 kb relaxed-circulantiplly double-stranded genome;
have a viral polymerase able to repair the gapnénDNA template; produce an
excess of subviral lipoprotein particles composédmvelope proteins; have a
narrow host range infecting only species closelgteel to their natural host and
produce persistent infections that are largely (batt completely) hepatotropic
(Ganem, 1996).

HBV infections are often associated with hepatatatl carcinoma (HCC) in
humans and the integration of viral DNA into thest® genome has been found
in many of these tumours. Approximately one-tlofdall cases of cirrhosis and
one-half of all HCC cases can be attributed to micréIBV infections. Because
HCC is the # most common cause of cancer- related deaths tfoladdronic
HBYV infections are considered to be, after tobatise,most common carcinogen
to which humans are exposed (de Frandtisl, 2003; Sheparet al, 2006;
WHO, 2009). HBV is transmitted via sexual contdsgod and blood products
and, according to the WHO, is 50 to 100 times minfectious than the human
immunodeficiency virus (HIV) (Zuckerman, 1997). dan remain stable and
infectious on an environmental surface for morentfadays (Sheparét al,
2006).
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Figure 1: Geographical prevalence of HBV. The prevalence of the hepatitis B surface
antigen, a marker of chronic HBV infections, canused to show the worldwide endemicity
of HBV. Source:_http://www.library.northwesternigdovinfo/news/090519.jpgaccessed
9 December 2009)

1.2 Clinical manifestations of HBV infection

The prevalence of HBV differs greatly in differguarts of the world (figure 1).
Areas with low HBV endemicity (less than 1% chromfections) include North-
western Europe, North America and Australia (den€ing et al, 2003).

Transmission of the virus in these countries ocenasnly via high risk sexual
activity and injection drug use. Areas with intedimte HBV endemicity
(between 1% and 8% chronic infections) include Kexliterranean, Middle East
and the Indian subcontinent. Sub-Saharan AfricautlS East Asia, the Pacific
Islands and parts of the Arctic are classifiedexgans highly endemic for HBV
with a chronic infection prevalence of greater th@% (Brechot, 1996; de
Franchiset al, 2003; Fattovich, 2003). In South East Asia,gberce of infection

in highly endemic regions is mainly perinatal (wéttsmall contribution from
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Figure 2: Outcomes of HBV infection. This schematic representation provides a

summary of the natural history of HBV i

nfections.

transplacental transmission) whereas in sub-Salfsréga, infections are mainly

transmitted through horizontal infection during an€y and early childhood.

Clinical observations have shown that HBV infectioan evolve from acute
hepatitis to chronic hepatitis, cirrhosis and fin&lCC (figure 2) (Brechot, 1996).
The outcome of an infection is determined largglyhe host’s immune response,

with the severity of the hepatic injury correlatidgectly with the strength of this

immune response to one or more of the viral pretélRehermanret al, 1995;

Villeneuve, 2005). Persistent infections can bpasa&ted into three distinct

clinical states based on their serological profileeronic HBV,

inactive or

asymptomatic carriers, and occult HBV (table 1)rfemson and Thomas, 2002).

Table 1: Serological profiles of patients with HBV infecton (Torbenson and Thomas, 2002).

Inactive or
asymptomatic Occult HBV

Serological HBV Acute HBV

Anti-HBs
Anti-HBc -

+
+

Anti-HBe o - +

HBsAg -
HBeAg -

HBV DNA -

+ + +
1

+

+
+

carrier

+ + +

-/ +
-/ +
-/ +

-/ +

+, >10°copies +, <10°copies +, <10’ copies



1.2.1 Acute infections

Acute HBV infections have an average incubatiorigaeof 90 days (range: 60 —
150 days) and can be defined as an abrupt clinicechemical, and/or
histopathological manifestation of hepatic injumatt occurs within six months of
HBYV exposure and that resolves spontaneously, ireri@an 90% of cases, within
six months of the onset of symptoms (de Franehial, 2003; Raimondet al,
2003; Shepardet al, 2006). Clinical symptoms include nausea, vorgitin
abdominal pain, fever, jaundice, dark urine, change stool colour, and
hepatomegaly (Shepaed al, 2006). HBV DNA can normally be detected one to
two weeks after exposure, during which time pasiegenerally have no
symptoms and only very slightly increased serumia&aminotransferase (ALT)
levels (Fattovich, 2003; Huareg al, 2006). The first serological HBV markers,
namely HBsAg and hepatitis B e antigen (HBeAg) rbaydetected (Fattovich,
2003; Shepareét al, 2006).

Two to six weeks after exposure patients enternamunoactive phase that is
characterised by a decrease in serum HBV DNA andhemrease in ALT levels
and histological activity, indicating lysis of irfed hepatocytes by the host's
immune system. HBV antibodies, including antibedie the hepatitis B core
antigen (Anti-HBc), can be detected between fou @ight weeks post exposure
(Huanget al, 2006; Sheparet al, 2006). In the third phase of an acute HBV
infection, there is a reduction of serum HBV DNAHhslow 16 copies per ml,
normalisation of ALT levels, resolution of any neicflammation and

seroconversion from HBeAg to anti-HBe (Fattovic803).

Patients are considered to have resolved the HB&ttion when they become
HBsAg negative and develop antibodies to HBsAg i{dHBts), indicating

clearance of the virus (Yim and Lok, 2006).

A severe form of acute HBV infection is fulminarggatitis in which the course
of the infection is complicated by encephalopattwth HBsAg often being

undetectable at the time of diagnosis (de Franehil, 2003). The severity of



the liver injury in fulminant hepatitis indicatesvayorous immune response from
the host and is associated with rapid viral cleeegivilleneuve, 2005).

1.2.2 Chronic infections

Chronic HBV infections can be defined as the presesf HBsAg in the serum of
an infected individual for at least six months erthe presence of HBsSAg in a
patient negative for immunoglobulin (Ig) M antibedito the hepatitis B core
antigen (HBcAg) (Sheparcet al, 2006). Approximately 90% of babies
perinatally infected with HBV and 30% of childrenrizontally infected develop
chronic infections, but only 5 - 10% of adult infiens become chronic (de
Franchiset al, 2003; Huanget al, 2006; Yim and Lok, 2006). Most chronically
infected individuals present with HBeAg-positiverahic hepatitis B ten to thirty
years after their initial infection (Fattovich, Z)0 Chronic HBV infections can
be divided into four phases: immune tolerance; imenclearance (HBeAg
positive); inactive carrier (HBeAg negative) andaevation, although not all

individuals pass through every phase (Yim and [26K)6).

In the initial immune tolerance phase, analogouth&incubation period of an
acute infection, infected individuals have high HBWal loads and are positive
for HBeAg (Villeneuve, 2005). Their ALT levels anermal and there is minimal
or no liver inflammation. Most of those infectetdkarth or in early childhood
pass through this phase, which can last betweemmtéour decades (de Franchis
et al, 2003; Yim and Lok, 2006). In individuals infedten later childhood or as

adults this phase is either very short or compledblkent.

The second phase, the immune clearance phaseega@mipared to symptomatic
hepatitis in acutely infected individuals. HBeAgrgists along with high HBV
viral loads and abnormal ALT levels (de Franakisal, 2003; Villeneuve, 2005;
Yim and Lok, 2006). The immunological responsetted host results in active
inflammation of the liver tissue, and hence progitasliver damage. There is an
increased T cell response to HBcAg and HBeAg raguin the lysis of infected
hepatocytes and flares of aminotransferase leviie frequency and the severity

of these flares increase the risk of cirrhosis BI@C developing. The immune
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clearance phase culminates in seroconversion frdeAd to anti-HBe. This
seroconversion occurs spontaneously at a rate-ol@®% per year, but may also

result from treatment with interferon or other readide analogs.

The third phase of chronic HBV infection, the inaet carrier state, is
characterised by the absence of HBeAg, the presehétBsAg and anti-HBe,
low or undetectable serum HBV DNA levels (21€bpies/ml), minimal to no
liver inflammation and normal ALT levels. In sormalividuals, this state may
persist indefinitely resulting in a sustained resiia and a generally good

prognosis.

Approximately 1 - 5% of chronically infected indikials progress from the
inactive carrier state to the fourth phase of iifec where there is a reactivation
of HBV replication leading to HBeAg-negative chromepatitis B. HBsAg, anti-
HBe and HBV DNA are all detectable in the serumiBBeAg is not, ALT levels

are elevated and there is necro-inflammation ofitte® tissue.

Annually, approximately 8 - 10% of patients with e#&y-negative chronic HBV
infections develop cirrhosis compared to 2 - 5%HBeAg-positive patients
(Villeneuve, 2005; Yim and Lok, 2006). Patientghwchronic HBV infections
and cirrhosis have a five year cumulative risk 6f-120% of developing HCC.
Additional risk factors for the progression to bmsis and HCC include being
male (suggesting a tumourogenic effect of androgesysecially high serum
testosterone levels); older age; alcohol abuse (flsl higher risk of progression
to cirrhosis); co-infection with HCV, HDV or HIV;fatoxin exposure; cigarette
smoking; increased levels of HBV replication an@ thenotype of the HBV
infection (Fattovich, 2003; Villeneuve, 2005; Chand Sung, 2006; Yim and
Lok, 2006).



1.2.3 Occult Infections

Occult HBV infections (OBIs) are defined as
“the existence of HBV DNA in serum, lymphoid celBEMC) and / or the liver
and virus genome replicative intermediates (i.evatently closed circular DNA
(cccDNA) and / or mRNA) in lymphoid and / or hepattissue in the absence of
serum HBV surface antigen, symptoms and biochemieaidence of liver
injury” (Michalaket al, 2007)

OBIls can therefore only be definitively diagnosetiliee detection of HBV DNA
in the liver tissue. Screening for HBV DNA in teerum alone underestimates up
to 40% of the OBI cases (Gibneyal, 2008).

The existence of OBI was first suspected earlyhm 1980s with the first cases
being reported from the mid 1980s (Raimoretoal, 2007). In these cases, a
number of both alcoholic and non-alcoholic patiesith varying degrees of liver
damage from normal liver function to alcoholic bsis were reported to have
HBV DNA present in their serum in the absence ofsHB (Nalpaset al, 1985).
The transmissibility of these infections was denti@ted by injecting serum from
two individuals (negative for all conventional HBWarkers, but positive for HBV
DNA) into two chimpanzees, which subsequently depetl acute hepatitis
(Thiers et al, 1988). Over the years, OBIs have been varialdjled
“serologically silent hepatitis B”, “silent hepasitB”, “surface antigen negative
carriers”, “inapparent HBV”, “unrecognised HBV” anttryptic” infections
(Torbenson and Thomas, 2002; Pollicetoal, 2004). Approximately 20% of all
OBls are negative for all serological HBV marketsrified seronegative OBI),
with the remainder being positive for anti-HBc ardanti-HBs in the serum
(seropositive OBI) (Raimondet al, 2008a; Hollinger and Sood, 2010).



Figure 3: Animal models of occult infections. Occult HBV infections have been
detected in (A) woodchuckdviarmota monax and (B) ground squirrelsSpermophilus
beecheyi Photograph (A) by Eiffelle and photograph (B) byohtas O'Brien.

1.2.3.1 Occult woodchuck hepatitis virus infection s

Occult infections have been identified in both grdwsquirrels and woodchucks
(figure 3) infected with the ground squirrel hepativirus (GSHV) and
woodchuck hepatitis virus (WHV) respectively (Ramdo et al, 2007). WHYV is
closely related to HBV especially in terms of it®letular and pathobiological
properties (Coffin et al, 2004). Woodchucks that have recovered both
serologically and histologically from acute hepatit maintain a lifelong
persistence of small amounts of viral DNA in botteit liver and lymphoid
tissues, with the liver being the main site of Vir@plication (Michalaket al,
1999). The occult infections frequently resulaitow grade inflammation of the
liver tissue and HCC develops in approximately 2@f%oodchucks within three

to five years of apparent resolution of the acofedtion (Michalaket al, 1999).



Antibodies against WHV core antigen (anti-WHc) aoman be detected
continuously in seropositive OBl as opposed to rsegative OBI, where
serological markers are absent (Micha&kal, 1999; Coffinet al, 2004). The
maintenance of anti-WHc indicates a sustained satiam of the woodchuck
immune system by the nucleocapsid proteins angtésence of small amounts
of WHV covalently closed circular (ccc) DNA indieatow levels of ongoing
viral RNA transcription and protein translation (Me et al, 2007). A
subsequent study has shown that female woodchuitksoacult infections can
transmit WHV to their offspring as an asymptomatserologically-negative
infection that progresses for years post-natalty, amsome cases, results in HCC.
This virus was shown to be biologically competeecduse WHV could be

transmitted from the offspring to healthy anim&sf{fin and Michalak, 1999).

In the woodchuck, OBIs have been divided into tategories:

» primary occult infections(POIs), which are confined to the lymphatic
system and have very low levels of replication (hMilak et al, 2004;
Michalak et al, 2007). These infections are found in offsprirayrbto
dams recovered from acute infections and experiatlgnin adult
woodchucks inoculated with either small doses of Wk10® viral
genome equivalents (vge)) or with lymphoid celtsfiranimals with long
resolved acute infections. The POIs found in tle®dchuck are negative
for all serological markers and are thus analogouseronegative OBIs in

humans and do not confer protection against sulesggpfection.

» secondary occult infectiongSOIs) occur in both the liver and lymphatic
tissues of woodchucks following recovery from anutac infection
(Michalak et al, 2004; Michalaket al, 2007). SOls are negative for
WHYV surface antigen (WHsAQ) but positive for antiH&/ and sometimes
antibodies to WHsAg (anti-WHSs), making them analogyto seropositive
human OBIs. They provide protection against reesype to pathogenic
doses of WHV (Mulrooney-Cousins and Michalak, 2007)
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1.2.3.2 Methods of OBI detection

Occult HBV is characterised by low copy numbersviohl genomes per cell in
liver tissue and very low levels of circulating alirDNA - serum levels below
10° vge/ml and averaging 10ge/ml (Brechotet al, 2001). These levels are
much lower than those found in HBsAg positive, HBeAegative sera, which
average 1Hvge/ml and HBsAg positive, HBeAg positive sera ethhave more
than 16 vge/ml (Brechoet al, 2001; Chemin and Trepo, 2005). The reasons for
these very low levels are not known but it is thauthat both host and viral
factors could contribute (Carreret al, 2008). The host immune response is
hypothesised to play a role in keeping viral regiicn levels low, a theory
supported by the fact that viral replication isateated in immunosuppressed

patients with OBI.

Although OBIs can be diagnosed by the testing otirseor peripheral blood
mononuclear cells (PBMCs) for HBV DNA using a higtdensitive PCR, the
most accurate way of identifying these infectioasby the detection of HBV
DNA in the liver (Mulrooney and Michalak, 2003; @amo et al, 2008;
Raimondoet al, 2008a). Total DNA extractions using Proteinaseligestion,
followed by phenol-chloroform extraction and ethlapoecipitation, result in
maximum amounts of high quality nucleic acid andase preferred to ready-to-
use extraction kits (Michaladt al, 2007).

The detection of HBV DNA in the absence of HBsAg the nested PCR
amplification of at least three non-overlappingyhly conserved regions of the
HBV genome, with viral DNA being detected in atdeawo of these regions, is
the gold standard for detection of OBI (Brectettal, 2001; Raimondeet al,
2007; Raimondet al, 2008a). The sensitivity and specificity of deime can be
increased by Southern hybridisation of the nes@® Rmplicons using an HBV

specific probe (Mulrooney-Cousins and Michalak, 200
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1.2.3.3 Molecular characterisation of HBV isolated  from OBIs

It is very difficult to clone full-length genomesom low viraemic carriers and
therefore only a limited number of such genomesehéeen isolated and
characterized from OBIs (Has$ al, 2005). Irrespective of genotype, amino acid
diversity within the pre-S / S region was shownbi® significantly higher in
strains from OBI sera compared to strains from witrearriers, (Candotet al,
2008). There was also a significant increase ideutide diversity in strains
isolated from anti-HBs-positive individuals compéreo samples without this
marker. Substitutions appeared to be concentratetthe Major Hydrophilic
Region of the S antigen as well as the CD8+ cyiot@xlymphocyte epitopes
(Candottiet al, 2008).

1.2.3.4 Clinical implications of occult infections
There are three main clinical implications of OBIs:
» Transmission

The presence of anti-HBs was previously considéoesignal resolution
of HBV infection, but the identification of OBIs raas that blood positive
for anti-HBs alone cannot be safely used for tasisih. Transmission of
HBV to two immunocompetent transfusion recipiensnf an anti-HBs
positive occult HBV carrier was recently demonstdafLevicnik-Stezinar
et al, 2008). Thus, serological testing of blood al@@ot sufficient to
guarantee the safety of the blood. Nucleic aegling (NAT) of blood
donations for the presence of HBV DNA is therefaretinely used and in
South Africa and Brazil, this method of testing higdected a number of
occult infections (Almeida and Cardoso, 2006; Allat al, 2009).
Furthermore, there is a risk of transmission of H&WVorthotopic liver
transplant recipients from OBI donors. Therefor@TNof donors is
recommended (Cieset al, 2008; Raimondet al, 2008b).

» Reactivation
Reactivation of OBI occurs frequently in individealundergoing
immunosuppressive therapy, for example in patievite have received
organ transplants - particularly liver, kidney amone marrow — and in

those receiving systematic chemo-, radio- or immitnesapy (Besisilet
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al., 2003; Knollet al, 2006; Raimondet al, 2008a). OBIs are also often
reactivated in HIV-positive individuals (Mulroon&eusins and
Michalak, 2007). The prevalence of occult HBV dily/ co-infections
remains controversial with reports varying from €889% (Cohen Stuart
et al, 2009). In South Africa, between 7,5% and 22%lf-positive and
2,4% of HIV-negative individuals have been reportedbe positive for
OBlIs (Mphahleleet al, 2006; Firnhabeet al, 2009).

> Liver disease
Individuals with OBI and HCV co-infections have arcreased risk of
developing severe liver disease (Caccietaal, 1999). OBIs appear to
interfere with the clinical outcomes of chronic H@\fections and favour
or accelerate the progression to cirrhosis. luodials with OBI alone also
have an increased risk of developing chronic lidisease and HCC
(Pollicino et al, 2004; lkedaet al, 2009). The precise role of OBIs in

malignant transformation is however unclear (lketlal, 2009).

In a recent paper, Hollinger and Sood (2010) caeticthat not all cases of occult
HBV are clinically relevant because detection of \HBNA only in the serum
does not always translate into infectivity of thé&us and they therefore
differentiate between occult hepatitis B (OHB) &0il.

“False” cases of OBI can be identified by serum HBWA levels that are
comparable to those detected at the various stafeserologically evident
infections (Raimondet al, 2008a; Raimondet al, 2008b). These “false” cases
are usually the result of infections with surfaceng mutant HBV strains that
produce a modified HBsAg that is not recognisedhsy detection assay leading

to the HBsAg-negative phenotype.
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Fiqure 4: Structures of HBV

Panel A: Electron micrograph of HBV virions. This electron micrograph shows
complete virions (v) as well as spherical (s) atahfentous (f) subviral particles which can
be detected in the blood of chronic carriers.

Panel B: The architecture of a Dane particle. This schematic shows the structural and
enzymatic proteins found within the Dane particteodified from Lai and Locarnini,
2002).
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1.3 HBV structure

The viral agent responsible for hepatitis B wastfisolated by Blumbergt al.in
1965. Five years later, in 1970, Dagteal. described the 42 nm complete HBV
virion particle, which they called the Dane pasdidKann, 2002). Electron
microscopy of the serum of infected individuals Bhswn two types of particles
— the 42 nm to 47 nm Dane particles at a titrepofaul@ particles per ml, as well
as an excess of 20 nm spherical subviral partiatea concentration of up to
10" spheres per ml (Kann, 2002). These subviral gasti(figure 4, panel A)
consist of viral surface proteins and host-derilipai components and are not
infectious as they lack nucleic acids (Ganem, 1998)e Dane particle (figure 4,
panel B) is double shelled with the outer shellearvelope consisting of viral
surface particles embedded in host derived lipid @@ inner shell consisting of
an icosahedral nucleocapsid composed of viral paveein (Kann, 2002; Huang
et al, 2006).

A 3,2 kb relaxed circular partially double strand®dA molecule, together with a
covalently bound viral polymerase protein on theid of the negative strand, is
contained within the nucleocapsid. The negativenatus strand of the DNA
molecule has a defined nick and a terminal reducyanf seven to nine
nucleotides (Kann, 2002; Huargg al, 2006). The positive or plus strand is of
variable length and shorter than the negative dt(&ann, 2002; Yokosuka and
Arai, 2006). The binding of the viral polymerasetgin to the 5-end of the
negative strand, means that the negative stramtiscovalently closed. The
positive strand bridges this gap and keeps thergerwrcular by base pairing on

either side of the gap to the complementary negatixand.
1.3.1 HBV gene products

The HBV genome has four overlapping open readiagés (ORFs) encoding the
polymerase, envelope, core and X gene productsr€ig).
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3,2 kb HBV
genome

Figure 5: The organisation of the HBV genome. The 3,2 kb HBV genome has four
overlapping open reading frames (drawn as arrowsdding seven different transcripts.
The negative strand has a 7 to 9 nucleotide tetm@dundancy and the viral polymerase
(purple oval) is linked to its 5" end. The varialéngth of the positive strand is represented
by the dotted line. The 5’ end of the positiveastt is capped by an RNA primdMV ).
The positions of the two 11 nucleotide direct reégeguences (DR1 and DR2) are shown.

1.3.1.1 Polymerase gene

The polymerase protein is translated from the pregec RNA and consists of
between 834 and 845 amino acids. It has at leastdomains — the N-terminal;
spacer; polymerase and C-terminal domains (Kanf22¥okosuka and Arai,

2006). The N-terminal domain contains a tyrosesdue, whose hydroxyl group
is necessary for the binding of the polymerasegmadb the first nucleotide of the
negative DNA strand, and hence it primes negativend synthesis. The C-

terminal domain encodes an RNaseH that removedetmplate RNA during
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replication, allowing for the synthesis of the piesi DNA strand. The HBV
polymerase protein is both structurally and funwdidy similar to the HIV reverse
transcriptase, both of which contain a classicadgiyne-methionine-aspartic acid-
aspartic acid (YMDD) motif in their catalytic cear. Mutations within this motif
are often associated with resistance to nucleoaiddogs, such as lamivudine
(Yokosuka and Arai, 2006).

1.3.1.2 Surface gene

The surface gene has three in-frame initiator cedencoding three different
proteins, all of which terminate at a single st@uan (Chouteawet al, 2001).
These three proteins, termed the small (S), mifddleand large (L) proteins, all
share an identical 226 amino acid C-terminal regiatied the surface domain
(Barreraet al, 2005). The M protein contains an additional B&ireo acid N-
terminal domain called the pre-S2 domain, and tipedtein is further extended in
the N-terminal direction with the addition of th@8L.amino acid pre-S1 domain.
Posttranslational modifications of all three progeinto glycoproteins contribute
to their biological activities (Chouteaat al, 2001).

The three surface glycoproteins all contain thedaterminant epitope, located at
codon positions 124 to 147 of the S gene. Thal&&rminant is one of the main
initial immune response targets of anti-HBs antibsdduring acute hepatitis B
and amino acid substitutions within this determingen lead to conformational
changes affecting the binding of neutralising asdies (Chongsrisawadt al,
2006; Ladaet al, 2006). The serological subtype of the virus esedmined by
two additional determinants: a lysine residue atorpnl122 denotes a subtyde
whereas an arginine at this position denotes aypabt ; a lysine at codon
position 160 denotes subtype whereas an arginine denotes subtyp@Kann,
2002). The amino acid residue at codon 127 furtiéflerentiates thew
serological subtypes into wl to w4. Ther subtypes are further divided ingp
andqg (Courouce-Pautgt al, 1978). By combining these different determinants
a total of nine different serological subtypes haeen identified (Yokosuka and
Arai, 2006). Initially, HBV isolates were group@dcording to their serological
subtype or serotype (Magnius and Norder, 1995)es&lserotypes however did
not correspond with the geographical distributioh BV and so this
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classification was superseded by the classificaifddBV into genotypes (section

1.5), which display a geographical distribution.

The surface or envelope proteins play a vital inlehe host specificity of the
virus. During the viral life cycle, the virus bisdo the surface of the hepatocyte
and fuses with it (Chouteaat al, 2001). The nucleocapsid is then released into
the cytosol where it migrates to the hepatocytelausc In vitro studies have
shown that if the normal pathway of viral entryaidificially bypassed, HBV is
able to replicate in the hepatocytes of a diffesgpecies, indicating that it is the
binding of the virus to the hepatocyte’s surfacat thonfers host specificity
(Chouteauet al, 2001). This binding depends on the interactibrthe viral
envelope glycoproteins with cellular receptors ba surface of the hepatocyte
(Barreraet al, 2005). Differences in the structural featurestlté receptors
between species would explain the specificity gidunaviral infectionslin vitro
experiments have shown that if the N-terminal portiof the L protein
(specifically amino acids 1 to 10 and 21 to 30)frthe woolly monkey hepatitis
B virus, which normally cannot infect human hepstes, is replaced with its
HBV counterpart, infection can be achieved (Chowtetal, 2001). Studies
using the duck hepatitis B virus (DHBV) have idéat carboxypeptidase D as
the cellular receptor to which the DHBV surface tpimes bind on duck
hepatocytes, but the cellular receptor for HBV iamans has not yet been
identified (Chisari, 2000; Chouteaat al, 2001). A recent study using primary
Tupaia hepatocyte cultures has suggested that cell surfeparan sulphate

proteoglycans are low affinity receptors for HB\k(ktneret al, 2008).

1.3.1.3 Core gene

The core gene encodes two proteins that are ttadstlxom two different

transcripts. The pregenomic RNA (pgRNA) is trateslainto the core protein and
the polymerase, whereas the precore messenger RIRAIQ) is translated into

the precursor of HBeAg (Yokosuka and Arai, 2006gigamaet al, 2007). The

core and precore proteins are post-translatiopatigessed, differing only in their

N-terminus amino acids (Huareg al, 2006; Sugiyamat al, 2007).
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The core protein, a structural protein, is 183 -5 X8nino acids in length
depending on the genotype of the virus and, condperehe envelope gene, is
relatively well conserved (Jazayet al, 2004; Yokosuka and Arai, 2006). This
protein dimerises in the cytoplasm of the hepa®cghd, after reaching a
concentration threshold of 08V, spontaneously assembles into the icosahedral
capsid (Kann, 2002; Yokosuka and Arai, 2006). \Wtevide, the distribution of
HBV tends to follow a geographical pattern, but #tlanic background of an
infected individual also seems to play a role. ettéd individuals with related
ethnicity often have common amino acid substitigian specific regions of the
core gene, despite the individual's current gedgig location. It is
hypothesised that these substitutions may be driwerhost T-cell selection
(Jazayeret al, 2004).

The HBeAg is a soluble, secreted, non-particulatenfof the viral nucleocapsid
that is not necessary for either viral replicatimninfection (Cabrerizcet al,
2000; Visvanathaet al, 2007). It differs from the core protein in thiatontains
an extra 29 amino acids at the amino end (Kann2)20The role of HBeAg in the
viral life cycle is not well understood althoughoguction of this antigen is
thought to be required for the establishment ofig&nt infections in acutely
infected individuals (Jazayeet al, 2004). In vitro, HBeAg has been shown to
slow the replication of HBV DNA by reducing dimeaton of the core antigen
and hence decreasing the encapsidation of pgRNAchwin turn induces
immunological tolerance (Yokosuka and Arai, 2006)BeAg negative chronic
HBYV is often associated with more aggressive lidsease (Visvanathaet al,
2007).

1.3.1.4 X gene

The HBV X-protein (HBXx) is another non-structurabfein, 154 amino acids in
length (Hoareet al, 2001). Found only in the orthohepadnaviridae, phecise
function of HBXx is not well understood althougtafpears to be essential for the
establishment of viral infections in mammalian aaimodels (Scaglionét al,
1996; Kann, 2002; Yokosuka and Arai, 200@). vitro, HBx has been shown to
activate the AP-1 and NkB signalling pathways and to bind to p53 (Yokosuka

19



and Arai, 2006). HBx also appears to have an anhgreffect on the metabolism
of intrahepatic purines and pyrimidines needed the efficient replication of
HBV. Carboxyl terminally truncated forms of HBx\ebeen known to integrate
into the host genome of chronically infected indials and are believed to play a
role in the development of HCC (Poussiral, 1999; Yokosuka and Arai, 2006).

1.3.2 cis-acting elements

The HBV genome contains a number of both ubiquitand hepatocyte specific
transcription factor binding sites, parts of whadbster in the enhancer 1 (Enh1)
and 2 (Enh2) regions. Enhl spans approximatelyr2@leotides between the S
and X genes and is the major enhancer, stimulatargscription of all the viral
RNAs (Kann, 2002). Both ubiquitous (e.g. NF-1, ARnd NFkB) and liver cell
specific (e.g. C/EBP, HNF4 and HNF3) transcriptiactors bind to the Enhl
region. Enh2 is located immediately upstream @& tore ORF and confers
hepatocyte specificity on the virus as it bindsyoliver specific transcription
factors such as C/EBP and HNF-4 (Kann, 2002; Chetngl, 2004). Two 11
nucleotide direct repeat sequences (DR1 and DR2)oaated one on either side
of the gap in the negative DNA strand. DRL1 is tedaat nucleotides 1826 — 1836
and DR2 at nucleotides 1592 — 1602 (Jilleeral, 2002). Both these direct repeat

sequences are necessary for the replication of HBV.

1.4 HBV replication

The HBYV life cycle (figure 6) begins with the bimdi of the enveloped virion,
most likely via the pre-S proteins, to a specifit bs yet unidentified receptor on
the surface of the hepatocyte (Ganem, 1996; Pakylot2005). The viral
envelope fuses with the membrane of the host oelldelivers the nucleocapsid
into the cytoplasm. The viral genomic DNA is triamsed to the nucleus where it
is converted into cccDNA using the host cell’'s eneg (Heet al, 2002). During
this process, the viral polymerase protein boundhto 5’-end of the negative
strand, as well as the 7 - 9 nucleotide termindunelancy, is removed and the

two ends of the DNA strand are ligated (Caselmaf®4). An endogenous DNA
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Figure 6: The life cycle of hepadnaviruse¢Ganem and Prince, 2004). HBV virions bind
to an as yet unidentified receptor on the hepatosyirface and are internalised. The
nucleocapsid is released into the cytoplasm andateig to the nucleus where the partially
double stranded DNA genome is converted into cccDNAis cccDNA serves as template
for the transcription of the pgRNA and subgenomiBMAs that are translated in the
cytoplasm into the viral proteins. Progeny virapsids are assembled using the pgRNA,
core and polymerase proteins. The pgRNA is revieasescribed into viral DNA within the
capsid and the mature nucleocapsids either budet@reGolgi compartment where they
are enveloped and exported from the cell via thdoplasmic reticulum or else the genome
is recycled back into the nucleus to be converted tccDNA. © 2004 Massachusetts
Medical Society. All rights reserved.

polymerase then completes the positive strand fugritie cccDNA (Larast al,
2006). As chronic HBV infections progress, these @ decrease in viral
replication and cccDNA becomes the predominant fofmfHBYV DNA with a
stable pool of between 5 and 50 cccDNA moleculasdoinside an infected
hepatocyte’s nucleus (Het al, 2002). In patients with HCC, the levels of
cccDNA in tumourous compared to non-tumourous livesue are significantly
higher (Wonget al, 2006). The cccDNA molecules serve as templatettfe
transcription of five different unspliced mRNAs 85 kb (pgRNA and envelope
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MRNAS); 2,4 kb (LHBs mRNA); 2,1 kb (MHBs and SHB&RMA) and 0,9 kb (X
mMRNA) which are translated into seven differenttgires — the pre-S1, pre-S2, S,
polymerase, X, core and precore (Kann, 2002). QineggRNA is synthesised,
packaged into nucleocapsids and translocated to citeplasm, genomic

replication begins.

Replication of the HBV genome begins with the 5 ppgimg and 3
polyadenylation of the 3,5 kb pgRNA transcript. isTiranscript has identical
terminal redundancies of roughly 200 bp (includitiee 11 nucleotide DR1
sequence) at both the 3’ and 5’ ends (Ganem, 19982 is found on the 3’ end
of the pgRNA only (Jilberet al, 2002). Approximately 100 bp of this terminal
redundancy encodes for a RNA stem-loop structulkedcahe encapsidation
signal, €, which is phylogenetically conserved in all hepadruses although
there is significant sequence variation betweerathieand orthohepadnaviruses.
The HBV polymerase binds to the bulge of the &’structure initiating
encapsidation of the pgRNA (Jilbeet al, 2002). In the cytoplasm, newly
synthesised core protein dimerises, and then meidig®s, to form a single capsid
of 180 — 240 core particles which encapsidate tB& IHgRNA and polymerase
(Zhou and Standring 1992; Seifetral. 1993; Lingappat al.2005).

Transcription is initiated by the binding of the WMBpolymerase to the 5¢
structure and the synthesis of the first three entales (5° — GAA — 3’) of the
negative strand. The polymerase, together witls ttovalently attached 3
nucleotide oligonucleotide, transfers to the 3' DRgion which contains a
complementary acceptor site for this oligonuclemtiimer, and synthesis of the
negative DNA strand proceeds. As the negativendtrextends, the RNaseH
activity of the HBV polymerase simultaneously defgrs the pgRNA template,
stopping at the 5 capped terminal 18 nucleotiddsciwv include the DR1
sequence. This 18 nucleotide RNA primer is thandferred to the 5’ end of the
newly synthesised negative strand where it anrieal3R2, priming synthesis of
the positive strand. The positive strand contaims 18 nucleotide terminal
redundancy on its 3’ end, enabling it to “jump” ttee 3’ end of the negative

strand, circularising the genome and allowing sgsith of the positive strand to
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continue for a variable length. This process tesul a partially double stranded,
relaxed circular DNA genome with the polymerasetgirocovalently attached to
the 5 end of the negative strand, characteristieiBY. The DNA containing
nucleocapsids are enveloped by HBV surface protamsthe pre-Golgi
compartment of the endoplasmic reticulum and arresed, via the vesicular
transport pathways, into the blood as complete Ouardcles (Caselmann, 1994;
Ganem, 1996; Schormae al, 2006).

The HBV reverse transcriptase lacks 3’ — 5’ exoease proof-reading activity
resulting in an increased number of nucleotide tsuitions during replication and

hence the formation of viral ‘quasispecies’ withan infected individual
(Pawlotsky, 2005). The frequency of mutation in\HEnges from0™° to 107%
substitutions per site per year, which ig* times higher than that of DNA

viruses, but approximately the same as that of Retﬁoviruses(lo"S) (Holland

et al, 1982; Kramviset al, 2005a; Jazayegt al, 2009). Furthermore, the four
overlapping ORFs of HBV places certain conservatopnstraints on its
variability (Miyakawa and Mizokami, 2003). Overtleourse of an infection, the
immune response of the individual, as well as amgdherapies, can result in

different variants or mutations being selectedfmng, 2005).

1.5 HBV Genotypes

An organism’s genotype can be defined as its germinstitution (Hale and
Margham, 1988). In viruses, the term genotype reef® the replication
competent sequence into which the genome hasistbiver a prolonged period
of time (Francoiset al, 2001). The first four HBV genotypes (A — D) were
identified by comparing 18 complete genomes ancevgdiown to have an inter-
group divergence of between 8,5% and 10% and aagemotype divergence of
less than 5,6% (Okamott al, 1988). In 1992, work by Nordet al. extended
this to six genotypes and currently eight differgahotypes (A — H) of HBV are
recognised with two additional genotypes, | andhalking been proposed (Cao,
2009; Kurbanovet al, 2009). The different HBV genotypes are believed

influence HBeAg seroconversion rates, mutationgtepas in the precore and core
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promoter regions and the clinical manifestationd severity of HBV-related liver
disease (Butéet al, 2005).

When the first four genotypes of HBV were identifienone of the nucleotide
divergences fell in the 6 - 8% range and so a segudivergence of greater than
8% in the entire HBV genome was used to separatiatés into genotypes
(Kramvis et al, 2008). As more sequences of complete HBV genonaes
become available, an overlap between the inter-iaind-genotype divergences
occurring between 6% and 8% has become evidenhudfeotide divergence of
greater than 7,5% across the complete viral gerfuasetherefore been proposed
to separate the different strains of HBV into ggpet (Kramviset al, 2008).
Additionally, a sequence divergence of greater #f#nat the level of the S-gene
has been shown to be sufficient to differentiatdaites into separate genotypes
(Norder et al, 1993; Magnius and Norder, 1995). The core ansicbeore
promoter (BCP) regions of the HBV genome have bbesn used as an indication
of genotype (Myerst al, 2006). These two regions however contain greater
variation than the surface gene and so the chaagesot always genotype
specific. The classification of genotypes usingsth regions is therefore not as

accurate as when the S ORF is used.

Subgenotypes are separated on the basis of a demmleleotide sequence
divergence of between 4% and 7,5% and good boptstraport (Kramvist al,
2008). Five of the HBV genotypes (A, B, C, D andifave been split into
subgenotypes which, in certain instances, are agggheither geographically or
ethnically (table 2).
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Table 2:
geographical distribution

Relationship between HBV genotypes, subgenotypeserotypes and their

Sub- Predominant Geographical
Genotype genotype Serotype Dist%ibtrl)tion References
A Al adw?2 Sub-Saharan Africa,
Southern Asia, Brazil, 2,6,11,12
the Philippine
A2 adw?2 Northern Europe, United
States, the Arctic 10,23, 36
A3 aywl Western and Central
Africa, Cameroon, 9,14, 17
Gabor
Ad aywl Mali, the Gambia 11, 19
A5 aywl Western Africa, Haiti 19, 31, 42
Ab6 aywl, adw Democratic Republic of 43
Congo, Rwanda
A7 aywl, adw2 | Cameroon, Rwanda 42
B Bl adwz Japan 10, 21
B2 adwz Most of Asia except 10, 21, 32
Korea
B3 adw2, ayw | Indonesia 10, 21
B4 aywl Indonesia, Vietnam 10, 21, 32
B5 aywl Indonesia, Philippines | 18, 21, 24, 32
B6 adw?2 Alaska, Northern 2 36
Canada, Greenland ’
B7 ayw Eastern Indonesia 26
B8 ayw Indonesia 38
C C1 adr, ay! Vietnam, Thailand, 7
Myanmar
Cc2 adr China, Korea, Japan,
7,35
Rwandi
C3 adr Pacific Islands
(Mlcrone5|a,_MeIaneS|a 24, 36
and Polynesia),
Indonesia
C4 ayw3 Australia 4,10
C5 adw?2 Indonesia, Philippines, 24
Vietham
C6 adr Papua Indonesia 25
c7 adr Indonesia 38
C8 Philippines 33
D D1 aywz Mediterranean Europe,
Middle East, Egypt, 20, 23, 32
India, Asia
D2 ayw: Russia, the Baltic 28. 32
region, India, Japan ’
D3 ayw2, ayw Europe, Asia, South 20. 36
Africa, United States ’
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D4 aywz Australia_l, Japan, Papua 24, 35
New Guinea, Rwanda
D5 awy3 Eastern India 15, 34
D6 aywz Papua Indonesia 25
D7 aywz Tunisia, Algeria,
37
Morocco
D8 aywz Niger 41
E ayw4 West and Central Africg 9, 13, 30
F F1 adw4 Alaska, Argentina, 1 32
Bolivia, Chile '
F2 adw4 Venezuela, Brazil,
. 1, 32
Nicaragua
F3 adw4 Venezuela, Columbia,
1, 32
Panama
F4 adw4 Argentina, Bolivia, 32
France
G adw?2 France, United States,
Vietnam, Mexico, 3,16, 36
Canad
H adw4 Mexico, Nicaragua, 5. 8, 36
California
| adw, ayw Vietnam, Laos,
Northeast India, 27, 29, 40, 44
Northwest China
J ayw Japan (might be from 39
Borneo)

Y(Arauz-Ruizet al. 1997)
%(Bowyeret al. 1997)
3(Stuyveret al.2000)
4(Sugauchkt al.2001)
°(Arauz-Ruizet al.2002)
(Kramviset al.2002)
"(Huy et al.2004)
8(Kirschberget al.2004)
®(Mulderset al.2004)
%(Norderet al.2004)
(Hannounet al.2005)
2(Kramviset al.2005a)
¥(Kramviset al.2005b)
“(Kurbanov et al. 2005)
®(Banerjee et al. 2006)

1%(Chudyet al.2006)
(Makuwaet al.2006)

% (Nagasaket al.2006)
¥(Olingeret al.2006)
(Kramvis and Kew 2007)
ZLiu et al.2007)
2(Sakamotcet al. 2007)
%(Schaefer 2007)
24(Schaefer 2007b)
%(Lusidaet al.2008)
%5(Nurainyet al.2008)
Z(Olingeret al.2008)
Z(Tallo et al.2008)
(Tranet al.2008)
%(Andernactet al.2009a)
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*(Andernactet al.2009b)
%3(Cao 2009)
%(Cavintaet al.2009)
*4(Chandraet al.2009)
%(Hubscheret al.2009)
%(McMahon 2009)
%"(Meldal et al.2009)

% (Mulyantoet al.2009)
3(Tatematstet al.2009)
“O(Arankalleet al.2010)
“Y(Abdou Chekaraoet al.
2010)

“’(Hubscheret al.2010)
“3(Pourkarimet al. 2010)
“(Yu et al.2010)



1.5.1 Genotypes and subgenotypes found in Africa

1.5.1.1 Genotype A and its subgenotypes

Genotype A has been found in Africa, Asia, NorthEurope, the United States
and the Arctic (Hannouat al, 2005; Kramviset al, 2005b; McMahon, 2009). It
is characterised by a six nucleotide insertiorhatdarboxyl terminus of the core
ORF resulting in an overall genomic length of 322(leotides (Kramvigt al,
2005a). Genotype A isolates have a cytosine (6ue at position 1858 that
prohibits a guanidine (G) to adenine (A) point ntiota at position 1896 and
stabilises the encapsidatia) 6ignal’s stem-loop structure (Sugauehial, 2004;
Schaefer, 2007).

The splitting of this genotype into subgenotypes ssongly supported
phylogenetically, with 100% bootstrap values whemplete genome sequences
are analysed (Makuwat al, 2006). Subgenotype Al is predominant in sub-
Saharan Africa including South Africa, Zimbabwe, 2mbique, Somalia and
Malawi, and in India and Nepal and has also beendan Brazil, the Philippines
and Yemen (Kramvigt al, 2005a). Subgenotype A2 is predominant in Western
Europe and the United States, as well as AlaskaGaadnland. Subgenotype A2
has also been found in Argentina, Mexico, Venezullaaragua, Zanzibar and
Kenya (Mwangiet al, 2008; Mbayeckt al, 2009). Subgenotype A3 can be found
in Western African countries such as Cameroon aatio® (Kurbanowet al.
2005; Makuweet al.2006; Olingeret al.2006). Newer subgenotypes of genotype
A have been tentatively designated subgenotypeqfédnd in Mali and the
Gambia), A5 (found in Nigeria, Cameroon and Haamd A6 (found in Rwanda
and the Democratic Republic of Congo) (Hannaainal. 2005; Olingeret al.
2006; Andernaclet al.2009b; Hubscheat al.2010; Pourkarinet al. 2010).

1.5.1.1.1 Subgenotypes Al and A2
Subgenotypes Al and A2 can be separated on thes ledistheir distinct
epidemiological distributions, but they also havarked virological differences.

An example is an asparagine at position 207 anduairle at position 209 in
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subgenotype Al isolates whereas subgenotype Aateésolhave a serine at
position 207 and a valine at position 209 (Kindii al, 2004). The genetic
distance between subgenotypes Al and A2 suggedtthtry diverged a relatively
long time ago (Hannouet al, 2005).

Individuals infected with subgenotype Al have lovestels of HBV DNA in their
serum compared to those infected with A2, as wellaalower prevalence of
HBeAg and a higher incidence (4,5 fold increasest)riof HBV-related HCC
(Hasegaweet al, 2004; Kimbiet al, 2004; Kusakabet al, 2007; McMahon,
2009). Individuals infected with subgenotype A2vénaa lower rate of liver
disease related deaths compared to individualstedlewith the other genotypes,
as well as a higher rate of sustained remissiar a&roconversion (Hasegaet
al., 2004).

Subgenotype Al isolates have unigque double oretyiglint mutations (G1809T,
A1811T and C1812T/G) in the precore Kozak sequdisambi et al, 2004).
Mutations in this region have been shown to redhedranslation of HBeAg by a
ribosomal leaky scanning mechanism and could beoresble for the early loss
of HBeAg seen in Southern African Blacks (Abahal, 2003). Subgenotype A2
isolates that have either decreased levels or lka dddHBeAg have a greater
prevalence of the 1762T and 1764A double mutatiorthe precore promoter
region (Schaefer, 2007).

Within the pregenome signal there are a number of nucleotides thatediff
between the A1l and A2 subgenotypes (figure 7). third nucleotide in the six
nucleotidee bulge, nucleotide 1862, is a G in the majoritysabgenotype A2
isolates, as well as in the wild-type HBV, but ma4tisolates have a thymine (T)
in this position (Kramviset al, 1998). At nucleotide 1888 in the upper stem, the
A2s have a G while most Als have an A, introdu@ngadditional start codon in
the precore region (Kimbet al, 2004). This extra start codon can affect the
expression of the core protein leading to a deer@aevels of the virus (Kimbi,
2005). These nucleotide substitutions could accéomthe clinical differences

observed between these two subgenotypes.
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Figure 7: Conformation of the pregenome &) signal for subgenotypes Al and A2
(Sugauchiet al, 2004). A characteristic of genotype A isolateghie Watson-Crick pair
between the C at nucleotide position 1858 and tla @ucleotide 1896. Subgenotype A2
isolates have a G at both nucleotide positions 186@ 1888. Approximately 80% of
subgenotype Al isolates have an 1862T and approsiyn@5% have an 1888A. The

initiation codon of the core gene is shaded in grey
1.5.1.1.2 Subgenotypes A3, A4, A5 and A6
Subgenotype A3 has been found in Western and Geftiea (Kurbanovet al,
2005; Makuweet al, 2006). Similar to subgenotype Al, subgenotypasdtates
have a high intra-subgenotype nucleotide divergdnoean of 3,9% + standard
deviation of 1,1% (range 1,8% - 4,8%)) suggestirigray natural history in its
native population (Kurbanoet al, 2005). Three amino acid substitutions in the
pre-S2 domain - N152S, P155Q and N174T — are spdoif this subgenotype
(Makuwaet al, 2006).

Subgenotype A4, found in Mali and the Gambia, Has heen proposed with a
bootstrap value of 97% based on the complete geriGhregeret al, 2006). The
mean nucleotide divergence between this subgenosypk subgenotype A3,
however, is only 3,8%, so it has been suggestetl shhgenotype A4 be
considered a clade of subgenotype A3 as opposetl geparate subgenotype
(Kurbanovet al, 2009).
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A fifth subgenotype from Nigeria, subgenotype A&shalso been proposed
(Olinger et al, 2006). Additional complete genome sequences fraiti and
Cameroon, that cluster with the subgenotype ASmfidigeria, have also been
published (Andernacht al.2009b; Hubscheat al.2010).

The proposed subgenotype A6 was isolated from tAfdean-Belgian patients
two of whom were originally from the Democratic Riegfic of Congo and one of
whom was from Rwanda (Pourkariet al. 2010). The A6 isolates diverge at the
main node from all other subgenotypes of A withhhigpotstrap support (94%)
and have an inter-subgenotypic nucleotide divergener the complete genome

of greater than or equal to 4% when compared totiher subgenotypes of A.

A seventh subgenotype of A was recently describeddlates from Rwanda and
Cameroon (Hubscheet al. 2010). Designation of these strains as a new
subgenotype is based on good bootstrap supporaaméan inter-subgenotype

nucleotide divergence of at least 3,81 + 0,24%.

1.5.1.2 Genotype D and its subgenotypes

Worldwide genotype D, with eight subgenotypeshes inost widely spread of all
the genotypes but is found predominantly in the kéedhnean area, Eastern
Europe, Russia and the Near and Middle East extgndio India (Lazareviet
al., 2007; Abdou Chekaraoet al. 2010). In Africa, isolates from subgenotype
D1, D3, D4, D7 and D8 have been found in Egypt,t8ddrica, Rwanda, Tunisia
and Niger respectively (Kramvis and Kew 2007; Hitestet al. 2009; Meldalet

al. 2009; Abdou Chekaraoet al. 2010). Genotype D is characterised by a 33
nucleotide deletion at the N terminus of the pre&jfion resulting in it having the
shortest genome of the eight HBV genotypes (3182ewotides) (Kramviset al.
2005a; Schaefer 2007). Individuals infected witls tgenotype are found to be
anti-HBe positive significantly more often than iwiduals infected with the other
genotypes and to have significantly higher ALT levimdicating a more active
form of the disease (Kidd-Ljunggrest al, 2004).
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1.5.1.3 Genotype E

Genotype E strains are characterised by a verygemetic diversity spanning a
large geographic area and could be a recent inttmdtu into the human
population (Mulderset al, 2004; Hubscheet al, 2008). They have been found
in Western and Central Africa including Angola, &ffa, Senegal, Ivory Coast,
the Gambia, Ghana, Nigeria, Mali, Burkina Faso, d,ogenin, Cameroon,
Namibia and the Democratic Republic of Congo (Kreet al, 2005b). The
absence of this genotype in the African-Americapypation, despite the slave
trade in the 19 century, supports a recent introduction of thiajgpe, possibly
within the last 200 years (Andernaehal, 2009a).

1.5.2 Putative genotypes

A new genotype, genotype |, has been proposed doritte an aberrant strain
originating from Hanoi in the northern part of \fiam and has also been found in
voluntary blood donors from Laos (Olinget al, 2008; Tranet al, 2008).
Recently, additional genotype | isolates have begrorted in a primitive tribe
from northeast India as well as in the northwes€hina (Arankalleet al. 2010;
Yu et al. 2010). This variant seems to have evolved frosees of complex
recombination events combining genotypes C, A arda3surprising result as the
prevailing genotypes in this region are B and Ghwgénotype A being identified
very rarely and genotype G so far undetected irirndi®.

A novel HBV strain has been isolated from a Japamggient with HCC who
served in Borneo during World War Il (Tatematsu al, 2009). Tentatively
designated genotype J, this isolate occupies auanjghylogenetic position,
clustering amongst the non-human HBV isolates close isolates from the

gibbon and orang-utan.
1.5.3 Recombination of genotypes

When more than one genotype co-circulate in a megithere can be

recombination of these genotypes, resulting inlweaiants in both individuals
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and the population in general (Kramesal, 2005a; Cao, 2009). Recombination
events between genotypes A and D in South Africdial and Italy, A and G in
the USA, B and C in Asia, C and D in Tibet and @ & in Thailand have been
reported (Owireduet al. 2001; Chauhanet al. 2008; Tran et al. 2008).
Recombination events can contribute to the gemidtiersity of HBV and lead to
the formation of new genotypes. An example is sabtype B2, which
predominates in mainland Asia, is composed of ggreB recombined in the
precore/core region with genotype C (Sugauehial, 2002; Sugauchet al,
2003). Recombination may also help the virus evhdéhost’s immune response

by generating unfamiliar antigenetic configuratig@svireduet al, 2001).

The study of HBV is limited by the absence of dugatissue culture systems and

therefore, as an alternative, animal models haee bsed.

1.6 Non-human hepadnaviruses

Hepadnaviruses infect both avian and mammaliarshost

1.6.1 Avihepadnaviridae

DHBV was first detected in the serum of Pekin du¢keas domesticisrom
both China and the United States in the early 1¢BGssonet al, 1980). Its 3,0
kb genome is the smallest of the hepadnaviruses ardains just three
overlapping ORFs: the precore/core, pre-S/S angnmaiase (Sprengedt al,
1988). DHBV, along with the other avian hepatiikises, lacks the X ORF and
infected ducks do not develop HCC (Feitelson andkiba 2001). The duck
model system is extremely well characterised arsl be®en used to analyse the
early steps of hepadnaviral infections, to discokiew the hepatitis viruses
replicate, and for the testing of drugs that inhiial replication (Feitelson and
Larkin, 2001; Stoeckét al, 2006). A closely related avihepadnavirus, desiga
the heron hepatitis B virus (HHBV), has been fouirdthe grey heronArdea
cinereg (Sprengekt al, 1988).
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1.6.2 Orthohepadnaviridae

The orthohepadnaviruses all have similar genomgamisation and infect both
rodents and primates. Animal models have been tsestudy hepadnaviral
infections, especially the pathogenesis of chrohiier disease and the
development of HCC (Feitelson and Larkin, 2001).

1.6.2.1 Rodent hepadnaviruses

In 1978 WHV was discovered at the Philadelphia Zm@ colony of captive
woodchucks Marmota monaxwith chronic hepatitis and HCC (Summetsal,
1978). Woodchucks infected with this virus havdisease course that is very
similar to that seen in HBV-infected humans, makihgm a good model for
investigating the viral life cycle and the oncogeptential of hepadnaviruses
(Hodgson and Michalak, 2001). Following acute WIection, woodchucks
can develop an occult form of the infection that && transmitted to virus-naive

animals.

GSHV was first isolated from northern Californiared®hey ground squirrels
(Spermophilus beechgyiMarion et al, 1980). Compared to HBV, GSHV has a
slightly larger Dane particle (47 nm compared taw® and it has slightly longer

and more abundant filamentous forms in the serum.

The arctic squirrel hepatitis virus (ASHV) has bdeuand in wild Alaskan arctic
ground squirrels §permophylus parryi kennicgttwith liver disease and large
hepatic nodules (Testet al, 1996). This virus is more closely related to WHV
and GSHV having a similar genome size and virtuathgntical genetic

organisation.

1.6.2.2 Non-human primate hepadnaviruses
Phylogenetically, non-human primates are very ¢tyosdated to humans, making
them excellent model systems (Sibal and Samsori,)200f the more than 200

species of non-human primates, only about 30 ad usresearch.
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In the late 1960s and early 1970s, a number ofiegudoked for hepadnaviral
infections in non-human primate serum samples bgesing for the HBsAg
(Robertson and Margolis, 2002). Evidence of thiesections was found most
consistently in chimpanzees but also in gibbons @mashg-utans (Hirschmaet
al., 1969; Blumberget al, 1972). Subsequently, using more sensitive médecu
techniques, naturally occurring strains of HBV hdne=n found in a number of
Old and New World primates, namely the chimpanpgahon, woolly monkey,
orang-utan and gorilla (figure 8) (Robertson andrddés, 2002). The rate of
infection in the non-human primates is approximate, 7%, a rate similar to that
observed in humans in regions of endemic infeciooh as Central Africa and
South East Asia (Starkmast al, 2003). The non-human primate hepadnaviral
sequences have a number of amino acid residuesreditfating them from the
consensus sequences of each of the human HBV ga®otfRobertson and
Margolis, 2002). These include a glutamic acigagition 16 of the pre-S region,
a leucine at position 133 of the S region and aiteuat position 28 of the precore
region (Revillet al, 2010). They also have an 11 amino acid deletibthe
amino terminal end of the preS region, found inajgpe D (Aibaet al, 2003).

1.6.2.2.1 Chimpanzee Hepatitis B Virus

In 1978 it was reported that a colony of chimpaszPan troglodytesat London
Zoo had a high carrier rate of HBV infection (Zuokanet al, 1978). At that
time, the source of this infection was believedb®the practice of inoculating
newly captured chimpanzees with pooled human HB¥itp@ blood to passively
immunize the animals (Zuckermaet al, 1978). Two of the infected
chimpanzees, a male and a female, had been cajutezlwild and three of their
offspring were also HBV carriers, indicating petalaransmission. Subsequent
publication of the complete sequence of the HBVaiwal from one these animals
showed it to be approximately 10% divergent froomha HBV sequences
(Vaudin et al, 1988). Genomic and serological analyses of HBMaited from
additional infected chimpanzees confirmed thatuines was genetically distinct
from the known human HBV genotypes and therefodégenous to chimpanzees
(Hu et al, 2000; MacDonalet al, 2000; Takahastet al, 2000). This led to the
designation of this virus as the chimpanzee HBVHBW) (Takahashiet al,
2000).
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Figure 8: Hepadnaviral animal models. Orthohepadnaviridaeoccur naturally in both
Old and New World non-human primates namely: (A)mganzees; (B) gorillas, (C)
woolly monkeys, (D) gibbons and (E) orang-utans.

Photographs by: (A) Thomas Lersch; (B) Nesnad;E®@enia Kononova; (D) Trisha Shears and (E)
Nehrams2020.
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The various subspecies of chimpanzee are foundagrgphically distinct regions
of Africa —Pan troglodytes troglodytesnd P.t. vellerosusn Central Africa,P.t.
versusin West Africa andP.t. schweinfurthiin East Africa (Takahashet al,
2001; Vartanianet al, 2002; Makuwaet al, 2005). Phylogenetically, when
compared to the human and other non-human primBié¢ sequences (with the
exception of the gorilla) the ChHBV sequences elustgether. When compared
to each other however, the ChHBV strains from d#ifé subspecies appear to
cluster according to their geographical originmikir to the clustering seen in the

human subgenotypes (H al, 2001; Vartaniaret al, 2002).

1.6.2.2.2 Gorilla Hepatitis B Virus

Only one complete HBV sequence from a Western lodidgorilla Gorilla
gorilla gorilla) has been reported (Gretbeal, 2000). Phylogenetically gorilla
HBV (GoHBV) clusters with the chimpanzee straindBV-DNA has also been
reported in gorillas from Gabon (Makuw#al, 2003).

1.6.2.2.3 Gibbon Hepatitis B Virus

Gibbons are found throughout the tropical rainfteed South and Southeast Asia
including Thailand, Laos, Cambodia, Indonesia araldylkia (Noppornpantbt
al., 2003). HBV has been found in a number of giblsabspecies including
Hylobates agilisH. lar H. molochandH. pileatus(Lanfordet al, 1994; Nordeet
al., 1996; Aibaet al, 2003) and NAT has established the carrier rateet@6.7%
(Sa-nguanmoeet al, 2008). Inoculation of HBsAg-positive gibbon sa@runto
chimpanzees was shown to transmit the infectionn(is et al, 1993). The
gibbon hepatitis B virus (GiHBV) genome is moresdly related to the ChHBV
genome than to the human HBV genome (Noeteal, 1996). The pre-S region
is the most divergent, differing from the ChHBV geme by 15,7% at the
nucleotide level and 12,9% at the amino acid leaef] has a number of changes
including a glutamic acid at position 16 (also fdun the ChHBV), a leucine at
position 22 and a valine at position 115. Gibbahsonically infected with
GiHBV show no overt signs of liver disease or miitstaas a result of liver
disease (Lanforet al, 2000).
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1.6.2.2.4 Orang-utan Hepadnavirus

Orang-utansRongo pymarus restricted to the islands of Borneo and Sumatra,
are the only great apes found outside Africa (Waet al, 1999). NAT has
shown 13,2% of orang-utans to be infected withngratan hepadnavirus
(OuHV), which is most closely related to the gibbdBYV (Verschooret al,
2001; Noppornpantret al, 2003; Sa-nguanmoet al, 2008). Orang-utans
infected with OuHV do not develop hepatitis andréfiere, this virus has been
classed as a hepadnavirus as opposed to a heatiisis (Takahashet al,
2000). The human genotype C strains, which algpnaite from Southeast Asia,

are the human strains most closely related to O(\W¥&trrenet al, 1999).

1.6.2.2.5 Woolly Monkey Hepatitis B Virus

The woolly monkey l(agothrix lagotrichg, a New World primate, is found in
Colombia, Ecuador, Peru and Brazil. The woolly ken hepatitis B virus
(WMHBV) was first identified in an animal with fulmant hepatitis, and has
subsequently been found in approximately 80% of @ffspring of infected
woolly monkey females, suggesting a vertical motieransmission (Lanforabt
al., 1998). WMHBV has also been shown to infect thack-handed spider
monkey @Ateles geoffroyj a close relative of the woolly monkey (Lanfatlal,
2003). The 3197 nucleotide genome has the sanetigemganisation as human
HBV and is the most divergent of the primate ssaghowing a 35% divergence
from human HBV (Lottet al, 2003). Phylogenetically, WMHBYV is closest to the
human genotype F isolates found in South and CeAtreerica (Lanfordet al,
1998).

1.7 Animal models used to study HBV

The limited host range of the hepadnaviruses melaais these infections are
optimal in their natural hosts. Human HBV can atfether species although not

very efficiently (figure 9).
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Figure 9: Animal models used to study HBV. The chimpanzee (A), tree shrew (C) and
Barbary macaque (D) can all be experimentally i@geaevith HBV. Baboons (B) have also
been proposed as a model for HBV infection.

Photographs by: (A) Delphine Bruyere; (B) David k#os; (C) Cymothoa exigua and (D) Karyn Sig.
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1.7.1 Chimpanzee model

The chimpanzee is one of the only non-human prisndtat can be persistently
infected with human HBV (Ruiz-Opazet al, 1982b). Infected chimpanzees
have elevated levels of HBsAg in their serum ad aghnti-HBc, HBeAg and 42
nm Dane particles (Ruiz-Opazt al, 1982b). In the liver tissue, HBV has been
shown to exist in a covalently closed, supercod@dular configuration (Ruiz-
Opazoet al, 1982a). Although experimentally infected chimpaes generally
display a mild form of liver disease, they haverbawaluable for the study of the
transmission, natural history and pathogenesis BV khfections (Feitelson and
Larkin, 2001). However, the availability of wildraght chimpanzees for research
is restricted as by nature they are highly inteliganimals. Furthermore, the
expansion of logging, large-scale hunting and agjtice into their forest habitats
has led to them being classed as an endangerettsfEeitelson and Larkin,
2001; Prince and Brotman, 2001).

1.7.2 Macaque model

Barbary macaquedviacaca sylvanyscan be found in the Atlas Mountains of
Algeria and Morocco as well as in Gibraltar. Macesj@ransfected with cloned
HBV DNA develop markers of an acute HBV infectiondaHBsAg can be
detected in the serum of infected macaques fordmiwt and 7 weeks (Gheit
al., 2002). HBV DNA can be detected by PCR and higfichl analysis of liver
tissue shows evidence of pathological changesatidg an acute HBV infection
(Gheitet al, 2002).

1.7.3 Tree shrew model

The tree shrewTupaia belangejiis a non-rodent, primate-like animal found in
tropical forests and plantation areas of SouthAas. In vitro, primary Tupaia
hepatocytes can be infected with HBV resultinghia $ynthesis of viral DNA and
RNA and the secretion of HBsAg and HBeAg (Gdal, 2003). In vivo 55,2%
of infections result in acute infections in whichrem HBsAgQ levels decline

rapidly followed by seroconversion to anti-HBs aawti-HBe. Replication of
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viral DNA, viral gene expression and cccDNA aredevit in the liver. The tree
shrew model mirrors the epidemiology of liver cange humans and is thus

useful for studying the mechanisms involved inpgaéhogenesis of liver disease.

1.7.4 Baboon as a possible model of HBV infection?

Baboons Rapio sp) are one of the most intensively studied non-huimamate
species because their growth and aging paralle$ ¢i humans in many
biological respects (Mukaat al, 1980). Phylogenetically, baboons are very close
to humans showing an approximately 96% homolodgii@DNA level (Murthyet

al., 2006). They also have an immune system verylain that of humans
(Murthy et al, 2006).

Early studies involving the inoculation of baboamvith HBV-positive sera failed
to detect any clinical or biochemical signs of oifen in these primates and initial
serological surveys failed to detect HBsAg in theus, leading to the conclusion
that baboons were not susceptible to HBV infectigbginhardt, 1976). A
subsequent serological survey, however, foundB8Ag in 36,2% of baboons
tested (Eichberg and Kalter, 1980). A more reaamblogical screening of 31
adult male baboon®&pio cynocephalygound one baboon to be positive using a
human enzyme linked immunoabsorbent assay (ELIS®AJHis same animal was
found to be negative when tested in a differenbdatory using a different human
ELISA test (Michaelst al, 1994). In 1996, a pilot study involving four lomns
inoculated with HBV positive serum was unable tdede any signs of HBV
infection by PCR, liver biopsy evaluation or semyp although one of the
baboons showed low levels of HBV DNA in weeks twoough five (Michael®t
al., 1996). When these tests were repeated, HBV DId4 mot detected.

1.8 Interactions between humans and baboons

Interactions between man and baboon have a lontprpismaking the
transmission of viruses between species quite jleus Baboons are the most

widely distributed of the African monkeys, found virtually all parts of sub-
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Saharan Africa (Barrett, 2000). They often appeancient Egyptian mythology
and art being depicted as captives brought fronstlh, pets on leashes, dancers
and jesters (Cheney and Seyfarth, 2007). They baga shown climbing trees to
collect dates and figs for their owners and arenedepicted as police assistants

attacking thieves in the marketplace (figure 10).
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Figure 10: Baboons acting as police assistants (Cheney andy$arth, 2007). This
illustration from the Old Kingdom mastaba of Tepekia at Saqarra, an Egyptian tomb,
depicts two baboons, on leashes, attacking a thidfe marketplace. The accompanying
hieroglyphic reads, “Fear for this baboon”.

In Southern Africa, interactions between humans daboons are well
documented. Baboons have been kept as pets andraueed to work as oxcart
drivers, railway labourers and goatherds on far@isefey and Seyfarth, 2007).
One such story is of a baboon called Jack the 8igima In the latter part of the
1800s, in a town called Uitenhage in the EastenpeCa railway guard fell under
a moving train and had to have both legs amputaté¢ide knees. He was hired as
a signalman but struggled with the work until hguaced a young baboon called
Jack who quickly learned how to perform a signalisiauties and operate the

switches. Jack died of tuberculosis in 1890.

There have also been reports of children and ydaigpons playing together.
Marais (1971) recounts one such incident on thek lmdna stream where some
young native children were digging clay from a hatethe river bank and
fashioning it into small clay animals. Joiningtire digging was a group of young
baboons. The play got quite raucous as both @nldnd baboons tried to access
the hole containing the clay with plenty of pinaitkicking and dragging by both

sides albeit all in jest.
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More common, however, are reports of conflict bemvaumans and baboons. In
the rural areas, baboons raid orchards, destrigaiion pipes and kill sheep and
goats. Baboons can become aggressive when chadleanyl so are often killed
by farmers for being pests. In Africa, primate® aften slaughtered for

bushmeat, providing another source of exposurértises (Robertson, 2001).

1.9 Rationale and objectives of study

Patients with end stage liver disease require lika@nsplants, but the increasing
need for donor organs means that a substantial @uofbthese patients die on
waiting lists before a liver becomes available (i&ihs, 2006). HBYV infected
individuals are not good candidates for liver trdasts as residual HBV in these
patients can infect the donated organ resultingamd liver destruction (Lanford
et al, 1995). The use of xenotransplants from pigs @othuman primates to
humans was considered in order to overcome therdsghmartage and/or “bridge”
patients with terminal hepatic failure until a humdonor organ became available
(Chapmaret al, 1995; Luoet al, 1996). The supposed lack of susceptibility of
baboons to infection with HBV meant that they wgmod candidates for liver
xenotransplants. Moreover, baboons are phylogeaibticlose to humans, can be
matched to humans for tissue and blood group wstemgdard immunological tests
and, unlike chimpanzees, they are not an endangeesdes (Gridellet al, 1993;
Gridelli et al, 1994).

Baboon to human liver xenotransplants were attethptéwo individuals: a 35-
year-old HBV and HIV co-infected male who survivéd days post transplant
(Starzlet al, 1993) and a 62 year old male with chronic acid®/ who survived
27 days post transplant (Lanfoet al, 1995). Replication of HBV was not
detected in either of the baboon donor livers &i@y, but that could have been a
consequence of the limited life-span of the traastd or the sensitivity of the

detection methods.
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Initial studies had shown baboons to be resistartiBV infection (see section
1.7.4) but these early studies used mainly biocbainaind histological findings as
well as serological markers to detect HBV infectidn an attempt to confirm the
previous findings, six wild caught Chacma babooRapf{o ursinus orientalis
were inoculated with pooled HBV positive serum dotdowed for 52 weeks
using sensitive molecular techniques to detectesngd of transmission (Kedds
al., 2000). HBV DNA was detected by nested PCR irhlibe serum and liver
tissue of four of the baboons up to 52 weeks pumtllation. Liver function and
histology were normal and HBsAg was not detectethenserum. In two of the
six baboons, HBV DNA was detected in the serumgisiested PCR, at baseline
prior to inoculation with HBV. This was initiallyhought to be the result of
experimental error but retesting in independentofatories confirmed the
presence of HBV DNA. This raised the possibiliyat baboons are naturally

infected with a hepadnavirus.

The objective of the present study was to deterrthieeprevalence of ‘HBV’ in
baboons in the wild and to molecularly charactetige virus isolated from these

baboons. Thus the aims included:
» Detection of HBV DNA in sera from 69 wild-caughttdmons

* Amplification of the complete genome of the virsslated from baboon

liver and/or serum samples

» Sequencing of the complete genome of the isoladedatermination of its

phylogenetic relationship to other hepadnaviruses
» Demonstration of replication in baboon liver

» Transmission of the virus to experimentally nara@dons.
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2. Materials and Methods

Permission for this study was obtained from thendadi Ethics Committee of the
University of the Witwatersrand (Ethics Clearanagitber: 97/88/1, Appendix ).
All procedures were approved by the committee dwedbaboons were cared for

according to the guidelines of the South Africandidal Research Council.

2.1 Baboons

Ten large, adult Chacma babooRaio ursinus orientaliswere wild-caught in
the Eastern Cape province of South Africa. Theobab were quarantined for six
weeks in the Eastern Cape, but were not involvedrnn form of medical or
veterinary research during this time. The onhedtion these baboons received
was an intradermal tuberculin test performed withdisposable needle and
syringe. Each baboon was housed in a separatedcaiyg both the quarantine
period and after their arrival at the Animal Unif the University of the
Witwatersrand Medical School in Johannesburg. diilitres of whole blood
was obtained from each of the ten baboons, allotwedlot and separated by
centrifugation at ~5000 revolutions per minute (Jpior 15 minutes (min) at
room temperature. The serum was removed usingp@stble pipette and stored
at -70 °C.

Additional blood samples were obtained from both &fult and 20 juvenile
Chacma baboons wild-caught in the Western Capelamgopo provinces of

South Africa. Serum was isolated as described@bod stored at -70 °C.

One of the ten baboons, baboon 9732, arrived iarlugsburg with a fracture of
the femur and the Animal Ethics Committee decided it should be euthanized.
During necropsy, liver tissue and serum were obthifrom this baboon. A
section of the liver tissue was placed in formdlin histological examination

while the remainder was snap frozen in liquid o and stored at -70 °C.
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2.2 Immunocytochemical Examination of Samples

Baboon serum samples were tested at the NationaltiHeaboratory Services
(NHLS, Johannesburg, South Africa) for HBsAg and &mti-HBc using the
Abbott AxSYM Microparticle Enzyme Immunoassay syste (Abbott
Laboratories, Chicago, Ill. USA). The alanine aaspartate aminotransferase

levels were also measured using a Hitachi 747 Aatmnalyser.

Histological and immunohistochemical analysis dbdian liver tissue was kindly
performed by Prof. A Paterson from the Departmdnfmatomical Pathology,
University of the Witwatersrand. Formalin (10% Nfixed liver tissue from
baboon 9732 was used for both histological and inwhistological preparations.

The liver tissue was embedded in paraffin wax anddon (1m) sections cut.

2.2.1 Haematoxylin and Eosin Staining

Sections were stained with haematoxylin and easirhistological examination
(Gamble and Wilson, 2002). Briefly, sections welewaxed in xylene and
rehydrated by passing them through decreasing otmadc®ns of alcohol. After
immersion in haematoxylin for five minutes, the tg@mts were blued by placing
them under running tap water and the nuclei diffea¢ed by dipping the sections
in acid alcohol (1% hydrochloric acid in 70% eth@rance or twice. Sections
were rinsed in tap water, stained in 0,2% eosirof@ minute and rinsed again in
tap water. The sections were dehydrated througre@sing concentrations of
alcohol, cleared in two changes of xylene, mountedEntellan (Merck,

Darmstadt, Germany) and viewed using a light moops.

2.2.2 Immunohistochemistry against HBsAg and HBcAg

To detect HBsAg and HBcAg in the hepatocytegnbsections were dewaxed in
xylene, rehydrated by passing through decreasimyeardrations of alcohol,

rinsed in distilled water and washed twice in PBS 7,4 (Appendix II).

Endogenous peroxidase activity was quenched bybatmg the sections in
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1% hydrogen peroxide (Merck) for 30 min and washeide in PBS. A serum
block was performed by incubating the sections % doat serum (made up in
PBS) (Dako, Glostrup, Denmark) for 20 min. Theuseblock was aspirated and
primary antibody (monoclonal mouse anti-HBsAg (M85Mako) or polyclonal
rabbit anti-HBcAg (B0586, Dako) added. Sectiongenvi@cubated overnight in
primary antibody at 4 °C in a humidified chambefhe following day, the
sections were washed twice in PBS and incubatesk@dondary antibody (goat-
anti-mouse IgG / horseradish peroxidise (HRP) (PQ&Bko) or goat-anti-rabbit
IgG/HRP (P0448, Dako)) for one hour at room temipeea After washing three
times in PBS, the sections were incubated for finautes in diaminobenzidine
(DAB) (Roche Diagnostics Ltd., Mannheim, Germamy)sed in distilled water,
dehydrated through increasing concentrations abhell; cleared in xylene and

mounted in Entellan. Sections were viewed usifighd microscope.

2.3 Extraction of DNA

DNA was extracted from both the serum and livesues of the baboons using a

variety of different methods.
2.3.1 QIAGEN QlAamp ® DNA Blood Mini Kit

DNA was extracted from 200l of baboon serum using QIAaffDNA Blood
Mini Kit (QIAGEN, Inc., Hilden, Germany) accordintp the manufacturer’s
instructions. Briefly, the 20Ql aliquot of serum was incubated with QIAGEN
protease and a lysis buffer at 56 °C from 10 mirhe lysate was applied to a
QIAamp® spin column, washed twice and eluted in {HObest quality water

(Sabax, Adcock Ingram Critical Care Ltd., JohannegbSouth Africa).
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2.3.2 GeneReleaser ®

GeneReleas&r(Bioventures Inc., Murfyboro, Tenn.) is a propoigt agent which

quickly facilitates the release of DNA from wholéodd and cells. DNA was
extracted from 5ul of baboon serum using GeneRele8saccording to the

manufacturer’s instructions. A 20 volume of GeneReleasewas added to the
serum sample and treated using the following theytle lysis program: 65 °C
held for 30 s, 8 °C held for 30 s, 65 °C held f803s, 97 °C held for 60 s and
65 °C held for 60 s. Treated samples were heBDaC until the PCR mixture
was added. The full 25 pl of treated sample wasl &s template for a 100 pl

first round PCR reaction (section 2.5.3).

2.3.3 QIAGEN QlAamp ® DNA Mini Kit

DNA was extracted for cccDNA analysis from livesdile using the QIAarfip
DNA Mini kit tissue protocol. Although this kit @s not require any mechanical
disruption of the tissue sample, 10-25 mg of litissue was ground in liquid
nitrogen with a pestle and mortar to facilitateidysf the cells. The ground tissue
was transferred to a 1,5 ml micro-centrifuge tubé BNA extracted according to
the manufacturer’s instructions. The samples weoelbated with QIAGEN
Proteinase K (>600 mAU/ml) and a lysis buffer owght at 56 °C on a rocking
platform to ensure complete lysis. The followingydthe lysed sample was
transferred to a QlAanipspin column, washed twice and eluted in 50 ul best
quality water. Eluting the DNA in 5@ as opposed to 200l decreases the
overall yield of DNA but increases the concentnatggnificantly. The samples

were stored at  -20 °C.

To maximise the quantity of DNA in each sample @&stied from the baboon liver
tissue, the extractions were repeated, using a aurob variations: (1) the
starting amount of liver tissue was increased tongf) (2) multiple extracts were
pooled and re-extracted using a salt-ethanol pitatipn; (3) DNA was extracted
from both 25 mg and 50 mg of baboon liver tissubefsere but in the final step of

the extraction procedure, DNA was eluted from thigaetion column three times,
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using the maximum volume (20(l) of elution buffer permitted each time,
resulting in a final elution volume of 6Qf. These extracts were reprecipitated
using a salt-ethanol precipitation method and gsoded in a smaller volume of

best quality water.
2.3.4 Phenol-Chloroform Extractions

This protocol is a modification of that describgd3ykes in 1983 (Kramvist al,
1996; Sykes, 1983). Approximately 500 mg of liissue was cut from frozen
baboon liver. The liver tissue had been storechfaumber of years at -70 °C so
the section was obtained from approximately 1 ciovb¢he surface of the frozen
tissue to prevent contamination and loss of DNAliuas a result of degradation
by freezer burn. The tissue was finely minced gisinsterile scalpel blade and
homogenised with a sterile 2 ml manual glass homigge in 1 ml phenol-
chloroform lysing buffer (Appendix Il). The homaotge was transferred to a
sterile 50 ml Nunc™ tube (Nunc A/S, Roskilde, Denkhi@nd an additional 9 ml
lysing buffer added. The homogenate and extraebuifere blended using a
blunt, sterile glass rod. Two ml of 10% SDS (Apgienil) was added, the tube
tightly capped and placed on a gentle shaker &C3for 20 min. Following this
incubation, 10 ml tris-saturated phenol (pH 7) (83 Sigma-Aldrich Inc., St
Louis, Mo.) and 5 ml chloroform: iso-amyl alcohd4(1) (Appendix Il) was
added to the tube, which was tightly capped anéteshaigorously. The sample
was centrifuged at 2000gin a Sorval? RT6000 tabletop refrigerated centrifuge
(Global Medical Instrumentation Inc., Ramsey, M)nfor 15 min at 4 °C to
separate the phases. The aqueous (upper) phasemaged using a sterile 10
ml pipette, carefully avoiding the interphase, énachsferred to a clean, sterile 50
ml Nunc Tube. This extraction with phenol and cbform was repeated with the
aqueous phase being transferred once more to a, deaile 50 ml Nunc tube.
The sample was then extracted once with chlorofatome by adding 10 ml
chloroform: iso-amyl alcohol (24:1) (Appendix 1B the tube, tightening the cap
and shaking vigorously prior to centrifuging it2000 xg for 10 min at 4 °C to
separate the phases. After transferring the aguéopper) phase to a clean,

sterile 50 ml Nunc tube, the DNA was precipitatgdhe addition of 2,5 volumes
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(approximately 25 ml) ice-cold ethanol (Saarchenerdk Ltd. Modderfontein,
South Africa) and left overnight at -20 °C. Thdldwing day, the DNA was
pelletted by centrifuging at 200gin a Sorvaff RT6000 centrifuge for 30 min at
4 °C, the supernatant was carefully decanted asdadied and the pellet
resuspended overnight on a gentle shaker in 10EnBaffer (pH 8) (Appendix
). Two mg Proteinase K (Roche, F. Hoffmann — Rache Ltd., Basel,
Switzerland) was added to the sample and digedté&d &C for 2 hours with
occasional mixing after which an additional 20§ Proteinase K was added and
digestion continued at 60 °C for a further 2 houfEhe sample was extracted
twice with phenol-chloroform and once with chlorofo alone as described
previously, the DNA re-precipitated by the additioof 2,5 volumes
(approximately 25 ml) ice-cold ethanol and the siemeft overnight at -20 °C.
The DNA was pelletted by centrifuging at 200gxfor 30 min at 4 °C in a
centrifuge and the pellet allowed to air-dry almesimpletely before being
resuspended overnight on a gentle shaker in l1earilestvater (Sabax). Once the

sample was completely resuspended, it was storgddpl aliquots at -70 °C.

2.3.5 Quantification of DNA

The DNA extracted from the samples was quantifisthgi spectrophotometric
analysis on a NanoDrop ND-1000 Spectrophotometen@®rop Technologies
Inc., Wilmington, Del.). The phenol-chloroform eagted DNA samples were
highly concentrated and were thus diluted ten fptibr to analysis. The
concentration of the DNA was calculated by usinge tktandard that
1 OD,g0 = 50ug DNA/mI. The quality of the samples was assessechiculating
the ODgdODygg ratio.
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2.4 Genotyping of HBV

HBV DNA extracted from liver tissue using the phkobloroform extraction
method was genotyped using a modification of thehouw first described by
Lindh et al.in 1997.

2.4.1 PCR amplification

A region of the surface gene of HBV (nt 256 — 7@@s amplified by nested PCR
using the primers in table 3. In the first rouricamplification, a 22,5 pl mixture
comprising 0,5 units (U) of BIOTAQ™ DNA polymerasgioline Ltd,

Luckenwalde, Germany), 200 uM of each deoxynucteosiiphosphate (dNTP),
1 uM of each primer (230F and 800R), 3 mM MgCl6 mM (NH,),SQ,,

67 mM Tris-HCI (pH 8,8) and 0,01% Tween-20, was extido 2,5 pl sample
DNA. Amplification was performed in a Techgene gnammable thermocycler
(Techne Inc., Princeton, NJ.) as follows: dendiomaat 94 °C held for 60 s,
annealing at 53 held for 300 s and extension &C7Beld for 180 s for a total of
40 cycles with a final extension at 72 °C held Tomin. The second round of
amplification added 5 pl of first round product46 pl of a mixture containing
1 U of BIOTAQ™ DNA polymerase (Bioline), 200 uM ehch dNTP, 1 pM of
each primer (P7 and P8), 1,5 mM MgCl6 mM (NH,),SO,, 67 mM Tris-HCI

(pH 8,8) and 0,01% Tween-20. Amplification wasfpaned in a programmable
thermocycler (Techne) as follows: denaturatio@4afC held for 45 s, annealing
at 53 °C held for 60 s and elongation at 72 °C hel®0 s for a total of 40 cycles

with a final extension at 72 °C held for 10 min.

Table 3: First and second round primers for genotyping oHBV

Name | Position® Nucleotide Sequence Orientatiorl
230F | 231-249 5 - TCACAATACCGCAGAGTCT-3 Sense
800R | 801-784 5 — AAC AGC GGT ATA AAG GGACT -3 Antisense

P7 256 -274 5 -GTG GTG GAC TTC TCT CAATTT TC - 3 Sense

P8 796 - 779 5 — CGG TAW AAA GGG ACT CAM GAT -3 Antisense

2 Denotes position on HBV subgenotype A2 genome (@ekBaccession #X70185) with
the EcoR cleavage site at position 1.
Abbreviations: W—-Aand T; M—C and A
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A 10 pl aliquot of the second round PCR product ves®lved on a 1% agarose
gel (section 2.6) to confirm the successful angdifion of the required product

prior to restriction fragment length polymorphisRHLP) analysis.

2.4.2 Restriction Fragment Length Polymorphism (RF  LP) analysis

RFLP analysis was performed on the second round prG&uct to determine the
HBV genotype (A — F) (Lindlet al, 1997). Fifteen pl of the second round PCR
product was dispensed into two separate 0,5 mivilaited PCR tubes. To one of
these tubes, 5 WHinfl (New England Biolabs, Inc, Ipswich, Mass.) and
1x NEBuffer 2 (10 mM Tris-HCI, 50 mM NaCl, 10 mM M and 1 mM
Dithiothreitol; pH 7,9) was added, while to the eth5 UTs®b091 (New England
Biolabs) and 1x NEBuffer 1 (10mM Bis-Tris-Propan&ii10 mM MgC} and

1 mM Dithiothreitol; pH 7,0) was added. Each reaatwas overlaid with a thin
layer of mineral oil before being incubated for Gubhs at 37 °C (for thédinfl
restriction) or 65 °C (for th&s®b09I restriction). The reaction was terminated by

adding 4 pl gel loading dye (Promega Corp, Madi¥uis, ).

The entire restriction reaction was resolved orf/a &jarose gel (Appendix II)
containing 10pg/ml ethidium bromide (Bio Basics Inc., Markham, t&wo) at
~3,5 volts/cm along with 10 pl 100 bp DNA ladderdidega) and 10 pl 50 bp
DNA ladder (Promega) until the bromophenol blueckiag dye had migrated
approximately 80% of the length of the gel. An geaof the gel was recorded
using the Bio-Rad Gel Doc XR Imaging System (BicddRaaboratories Inc.,
Hercules, Calif.) and the sizes of the restricteyinents compared to those in
table 3 of Lindhet al. (1997, p 1290) to determine the genotype of thepées.
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2.5 PCR amplification

2.5.1 Full length PCR

Amplification of the full HBV genome was performeding a modification of the
protocol described by Gunthet al. in 1995 (primers listed in table 4) and the
Expand High Fidelity PCR System (Roche Diagnostldd., Mannheim,

Germany).

Table 4: Primers for amplification of full length HBV genome (Gunther et al, 1995)

Name| Position® Nucleotide Sequence Orientationl

P1 1820-1841 5 - CTTTTT CACCTC TGC CTAATCA -3 Sense

P2 1825-180q 5 —AAA AAG TTG CAT GCT GAG GG - 3’| Antisense

 Denotes position on HBV subgenotype A2 genome (@ekBaccession #X70185) with
the EcoR cleavage site at position 1.

The full length PCR amplification used a manual t“rsart” in which the
polymerase was omitted from the initial reactioxtmie, and only added once the
samples reached annealing temperature for thetfir&. The initial reaction
therefore contained a 20 ul mixture comprising Xpahd High Fidelity buffer
with 1,5 mM MgC}, 50 uM of each dNTP, 1 uM of each primer (P1 aggdhd

5 ul sample DNA. Amplification was preformed usiagRoboCyclét Gradient
40 programmable thermocycler (Stratagene, La JoBalif.) as follows:
denaturation at 94 °C held for 40 s, annealinggisirgradient of 57 °C — 60 °C
held for 90 s and elongation at 68 °C for 180 $iwait increase of 120 s after each
10 cycles for a total of 40 cycles. Five ul of amzyme mixture comprising
1x Expand High Fidelity buffer and 3,75 U ExpandyHliFidelity enzyme mix
was added to each reaction 30 s into the firstaimgestep. Following full length
PCR amplification, a 5 pl aliquot of each sampleswasolved on a 1% agarose
gel (section 2.6), together with a 1 kb DNA ladd@&romega) to confirm

successful amplification of the sample.
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2.5.2 Amplification of the full HBV genome usingt wo overlapping
PCR products

This amplification was performed using the primaescribed by Takahasét al.
in 1998 (table 5) and the Expand High Fidelity P§Rtem.

Table 5: Primers for amplification of two overlapping PCR products (Takahashiet
al., 1998)

Name | Positior® Nucleotide Sequence Orientatior“

T715 | 1553 - 1572 5 —CTG TGC CTT CTC ATC TGC CG - 3 Sense

#S1-2| 704-685 | 5 — CGA ACC ACT GAA CAA ATG GC - 3’| Antisense
#epl-1]| 1606 - 1625 5 — GCA TGG AGA CCA CCG TGAAC -3 Sense

#S2-2| 687 -668 | 5 — GGC ACT AGT AAA CTG AGC CA - 3’| Antisense

#S1-1 192-211] 5 -TCG TGT TAC AGG CGG GGT TT - Sense

T734 | 3161-3143 5 -CTT CCTGAC TGS CGATTGG -3 Antisens
#S2-1| 455-474] 5 -CAAGGTATGTTG CCCGTT TG’- 3 Sense

T733 | 3100 - 3083 5 — CCT GAG CCT GAG GGC TCCAC -3 Antisens

2 Denotes position on HBV subgenotype A2 genome (@ekBaccession #X70185) with
the EcoRI cleavage site at position 1.
Abbreviations: S—G or C

The amplification protocol used was similar to tdascribed in section 2.5.1 for
the full length amplification of the HBV genome ext that a nested PCR was
used. The first round of amplification was ideatito that of the full length
amplifications except that the gradient for theealimg temperatures was 55 °C —
57 °C. The second round of the nested PCR uséabfiast round PCR product
as template and a gradient of annealing tempesatifr®3 °C — 55 °C but was
identical to the full length PCR in all other resfge The success of the
amplifications was confirmed by resolving a 5 itjabt of each sample on a 1%

agarose gel (section 2.6), together with a 1 kb Dathder (Promega).

2.5.3 Subgenomic PCR

Subgenomic PCR amplifications using HBV-specifiarars were used both to
confirm the presence of HBV DNA in the extracts aacamplify the complete

viral genome by the amplification of eight overlagp subgenomic fragments.
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The primers used for these PCR amplifications vedrtained either from Het
al. (2000) or else were primer combinations used melyti in the Molecular
Hepatology Research Unit laboratory. The subgead™R amplifications were
nested PCRs and the primers used, as well as ¢nmabycling conditions, are
shown in table 6. For the first round of the nddRCR amplification, a 22,5 ul
mixture comprising 0,5 U of BIOTAQ™ DNA polymeraggioline), 200 uM of
each dNTP, 1 uM of each primer, 3 mM MgQd6 mM (NH,),SO,, 67 mM Tris-
HCI (pH 8.8) and 0,01% Tween-20, was added to 2,5gmple DNA and
amplified in a Techgene programmable thermocycldrecline). All
amplifications contained a final elongation ste@2t°C held for 7 min. For the
second round of amplification, 5 pl of first roupcbduct was added to a 45 pl
mixture containing 1 U of BIOTAQ™ DNA polymerasei¢Bne), 200 uM of
each dNTP, 1 uM of each primer, 1,5 mM MgCl6 mM (NH,),SOy, 67 mM
Tris-HCI (pH 8.8) and 0,01% Tween-20. Amplificatiowas once again
performed in a Techgene programmable thermocy€lechne) and included final
elongation step at 72 °C held for 10 min.
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: Primers combinations and thermocycling profiles ér amplification of subgenomic regions of the viralgenome.

Thermocycling Conditions

Name | Position® Nucleotide Sequence Orientatio Denaturation | _Annealing Elongation No. of cyclel
'ifig?ﬁé"'iﬁ%'_;%éé'153'_-'%%%AT'ggéggégéI/ggéAggAT’%g'fKi'é'"""" inaos | 94 Cor45s 55°Cloras 72°Clor 1808 45
e S e et e v 5| g | o0 scwsoy csoh 4
A e e e e DRt L LR I
ereR | i 16 & GOG GOA GAT GAG AAG GCA CAG AGG 613 | Ammsenas | % "C1or455/ 85 °Clor45s 12°Clor 1808 | 35
e e e D R R
o R e e DR D
- - (-3
T —
A [ A L A T A B T AR e | 3. L gaeCford5s| 55°Clordss 72°Cfor18bs 45
oy —
b R e e e R X ST
——= —
_;_523_235_____]:2_3_75_&____:[5%9_ ggCATA%TTg%AAAGGggATCCCCAAégACgé33 Anstﬁsr;se 94 °C for 45 s| 55 °C for 45 5| 72 °C for 180 & 45
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2440F | 2416 - 2457 | 5- GCC GCG TCG CAG AAG ATC TCA £ 3’ Sens

85360 | 28472823 [ 5. TGT TGC CAA GAA TAT GGTGA S | Antisens | 94 °Cfor 45| 55 °Cfor45s 72 °C for 1808 &
1860F | 1859 — 18794 5- ACT GTT CAA GCC TCC AAG CTG -3 Sense o o o
4005 | 4312409 | 5. AGA TGA GGC ATA GCA GCA GBATE S | Antisens | 94 °Cfor45s| 85°Cfordss 72°Cfor180s 45
2440 | 241€- 2457 | 5- GCC GCG TCG CAG AAG ATC TCA /- 3’ Sens B R B
T5aR [ 75056 | 5. GAA CTG GAG CCAGCAGCAGG -3 T Anticgs | 94 °Cfor45s| 55°Cfor45s 72°Cfor180s 35
1687F | 1687—-17(6 | 5- CGA CCG ACC TTG AGG CAT AC- 3’ Sens o o o
2498F | 249¢-2477 | 5- AAG CCC AGT AAA GTT TCC CAC C- 3 Antisens | 22 Cfor30s 625Ciord0s 72°Cfor80's e
2267F | 2267 — 2284 5- GGA GTG TGG ATT CGC ACT - 3 Sense o o o
2436R | 2436 — 2419 5- TGA GAT CTT CTG CGA CGC - 3' Hirieerea | ¥ G e EbE BLMCEraYs 2 e er 5U S &0
2540F | 254(-25€1 | 5-TCCCTCCTTTCC TAACATTCA1-3 Sens o o o
2896R | 2896 — 2911 5- GAG GAT TGG GAA CAG AAA GAT T- 3 Antisense| 24 °Cfor30s| 50°Cfor505s  72°Cfor50 s 40
2566F | 2565 — 2586 5- CAG GAG GACATT ATT AATAGAT -3 Sense o o o
2858F | 2851 2838 | 5- CCA TGC TGT AGC TCT TGT 7¢ 3 Antisens, | 94 "Cfor30s| 48°Cfor50s  72°Cfor305s 40
5-CAG GTAGCG CCTCATTTT GTG GGT CAC Sense
_ ZSOOFZSOO_ 2834 __________ CAT ATTCT-3 | 94 °C for 45 s| 55 °C for 45 s| 72 °C for 180 8 45
1101R | 1120 — 1099 5- GAA AGG CCT TGT AAG TTG GCG AG - 3 Antisense
2853F | 2823 — 2844 5- TCA CCA TAT TCT TGG GAA CA - 3’ Sense o o o
409K | 431-4c9 | 5- AGA TGA GGC ATA GCA GCA GGA TG 3’ Antisons | 94 °Cfor45s| 55 °Cfor 455 72 °C for 180 5
2853F | 2823 — 2844 5- TCA CCA TAT TCT TGG GAA CA - 3’ Sense o o o
"1101R [ 1120 21006 5 GAA AGG CCT TGT AAG TTG GGG AG L3 Antisensd 94 °Cfordss| 55°Cfordss 72°Cfor180s 45
58F7 56—75 |5 CCT GCT GGT GGC TCC AGT T+ 3’ Sens . R .
730" | 682_°7C4 | 5- CGA ACC ACT GAA CAA ATG GCA CT- 3 Antisens | 94°Cfor4ss| 55°Cfordss 72°Cfor180s 35
2440F | 2416 — 2437 5- GCC GCG TCG CAG AAG ATC TCAA -3’ Sense c
P e el A 94 °C for 45 s| 55 °C for 45 s| 72 °C for 180 & 35
58F 75 - 56 5- GAA CTG GAG CCACCAGCAGG -3 Antisense

2 Denotes position on HBV subgenotype A2 genome (@ekBiccession #X70185) with tRedR| cleavage site at position 1.

 Ramping from annealing temperature to elongatiorp&rature was performed at 0,4 °C per second.

°This was a single round PCR amplification usingan& containing a portion of the HBV genome as tep The conditions used for this amplificatioeras
identical to those used for the second round dieeBCR amplifications.

YHuetal 2000
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2.5.4 Real Time PCR

Real time PCR was used to detect cccDNA in the tigsue. DNA was extracted
using the QIAamp DNA Mini Kit (Qiagen). Amplifiedroduct was detected with
SYBR® Green.

2.5.4.1 Plasmid-Safe™ DNase treatment

The DNA extracts were treated with Plasmid-Safe ™PAJependent DNase
(Epicentr® Biotechnologies, Madison, Wis.), which selectivhjydrolyses linear

double-stranded DNA and, at a lower efficiencyeéinand closed-circular single-
stranded DNAs. This meant that the chromosomal DvoAld be digested while
the HBV cccDNA would remain intact. Teuh of total DNA extract was digested
with 2 mM ATP solution and 20 U Plasmid-Safe DNasel x reaction buffer

(33 mM Tris-acetate (pH 7,8), 66 mM potassium aeetd0 mM magnesium

acetate and 0,5 mM DTT) for 45 min at 37 °C. Thaction was terminated by
incubation at 70 °C for 30 mins. The restricted ADMas used directly as
template for real time PCR analysis.

2.5.4.2 PCR amplification using SYBR ® green detection
The Power SYBR® Green PCR Master Mix (Applied Biosystems, Fostéy,C
Calif.) was used for this PCR. To obtain optimahstivity, three primers were

used for this amplification, two sense primers and antisense primer (table 7).

Table 7: Primers for real time PCR using SYBF Green detection(Bowdenet al,
2004)

Name| Position® Nucleotide Sequence Orientationl

CCC1| 1540 -1559 5 - GCG GWC TCC CCG TCT GTG CC—-§' Sense

CCC2| 1906 — 1887 5’ — GTC CAT GCC CCAAAG CCATC-3 Antisensg

2 Denotes position on HBV subgenotype A2 genome (@GekBaccession #X70185) with
the EcoRI cleavage site at position 1.
Abbreviations: W—-Aor T
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For each sample, a 50 reaction containing 25l Power SYBR® Green PCR
Master Mix, 0,5 mM of each of the three primers & of sample DNA was
prepared. The amplification was performed using@0 Real-Time PCR system
(Applied Biosystems) as follows: initial denatuoat at 95 °C held for 10 min
and a total of 45 cycles of denaturation at 95 &Gl fior 15 s and annealing and
elongation at 65 °C held for 60 s. Data was ctédléduring the 65 °C incubation.
A dissociation curve was run at the end of the #roation using the following
protocol: 95 °C held for 15 s, 64 °C held for 68nsl 99 °C held for 15 s.

2.6 Agarose Gel Electrophoresis

Products were resolved on agarose gels of the ppat® volume and
concentration, prepared as described in appendix dirder to visualise the DNA.
Once completely solidified, the agarose gel was émsmd fully in an
electrophoresis tank containing 1x TBE Buffer (Apgi Il). The samples were
prepared by adding 0,4 volumes 6x Blue/Orange lrapfliye (15% Ficofl 400,
0,03% bromophenol blue, 0,03% xylene cyanol FF0ptange G, 10mM Tris-
HCI (pH 7,5) and 50 mM EDTA) (Promega) and mixedrtdughly. The entire
sample volume was loaded into the agarose gel laadyel electrophoresed at
~4 volts / cm until the bromophenol blue trackiryg dront had migrated ~75% of
the length of the gel. An image of the gel wasrded using the Gel Doc XR
Imaging System (Bio-Rad).

2.7 Cloning

Two different methods were used to clone fragmemiplified by PCR. The
TOPJ® XL PCR Cloning Kit (Invittogen Corp., Carlsbad, I&3 was used to
clone fragments greater than 2 kb in length andink&Aclone™ PCR Cloning
Kit (Fermentas Life Sciences, Burlington, Ontangs used to clone fragments
smaller than 2 kb. Both kits were used accordinogthe manufacturer's

instructions.
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PCR amplicons cloned with the TOBXL PCR Cloning Kit were isolated by
resolving them on a 0,8% Crystal Violet agarose @gpendix Il), and the
fragments of interest excised and extracted usin§.M.A.P.™ purification
column (Invitrogen). The extracted DNA was eluted 40 ul TE Buffer
(Invitrogen) and 4ul of this gel-purified product was used for the réfgy
reaction. The TOP® cloning reaction was incubated for 5 min at room
temperature, after whichll 6x TOPC Cloning stop solution was added. Aul2
aliquot of the TOP® cloning reaction was used immediately for the
transformation of One SHOtTOP10 chemically competent cells (Invitrogen).
Three different volumes of the transformation riac{50ul, 100 ul and 150ul)
were spread onto prewarmed Luria-Bertani (LB) ggates containing 5Qg/ml
kanamycin (Bio Basic Inc.) and incubated overnigh87 °C. Individual colonies
were selected and re-plated onto fresh LB agar+kgom plates, incubated at

37 °C overnight and stored at 4 °C until required.

For PCR amplicons cloned with the InsTAclone™ PCRnihg Kit, the final
elongation step of the second round of the nest€R Rmplification was
increased from 10 min to 30 min. This was to iasee the number of 3-A
overhangs on the ends of the amplicons. The aordievere gel purified using
the QIAGEN QIAquick Gel Extraction Kit according tthe manufacturer’s
instructions and eluted in 50 best quality water. A 1@l aliquot of this elute
was resolved on a 1% agarose gel (section 2.6)xhegevith a O’'GeneRuler
1 kb DNA ladder (Fermentas). This molecular weigtdrker is composed of
fragments of known concentration and the conceaotradf the eluted DNA can
be determined by comparing the intensity of theolkesl fragment to the
intensities of the fragments in the molecular weiglarker. This concentration
was used to determine the volume of extracted Dyéivalent to the 0,54 pmol
ends required for the cloning reaction which wa$ @ according to the
manufacturer’s instructions and incubated overng2 °C. A 2,5 aliquot of
the cloning reaction was transformed into One $h®OP10 chemically
competent cells (Invitrogen). As with the TOP@L PCR Cloning Kit, three
different volumes of the transformation reactiof (%, 100 ul and 150ul) were
spread onto prewarmed LB agar plates containinggtl ampicillin (Roche)
and incubated overnight at 37 °C. The next dajividual colonies were selected
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and re-plated onto fresh LB-ampicillin plates, ibated at 37 °C overnight and

stored at 4 °C until required.

Plasmid DNA was isolated from individual coloniesing the GenElute™
Plasmid Miniprep Kit (SIGMA) according to the maaafurer’s instructions.
The cells were cultured overnight in 5 ml LB mediutontaining either
kanamycin or ampicillin as required. The cells evérarvested, lysed and the
DNA purified using a GenElute™ Miniprep Binding @ain. The DNA was
eluted in 5Qul best quality water.

A 5yl aliquot of extracted plasmid DNA was restricted3@ °C for 1 hour with
20 U EcoR (New England BioLabs) in 1x NEBuffdtcoR, comprising 50 mM
NaCl, 100 mM Tris-HCI, 10 mM MgGland 0,025% Triton X-100 at a pH of 7,5.
The restricted products were resolved overnigha A% agarose gel (section 2.6)
together with a 1 kb DNA ladder (Promega) to deteemwhether or not the

plasmids contained the fragment of interest.

2.8 Sequencing of amplified products

Products amplified by PCR, as well as cloned PGRiycts, were sequenced by
Ingaba Biotechnical Industries Ltd (Pretoria, So@iftica) using a SpectruMedix
model SCE 2410 automated sequencer (SpectruMethte Eollege, PA), and
the ABI Big Dye Terminator Cycle Sequencing kit sien 3.1 (Applied
Biosystems). The primers used for sequencing @R Bmplicons were the same
as those used for the second round PCR or, inase af the cloned products, the
vector specific primers recommended by the manufacs. Chromatograms of
the sequences generated were inspected with Chreofagare (version 1.45;
Technelysium Pty. Ltd., Helensvale, Queensland,tralia). Sequences were
subjected to a  standard nucleotide-nucleotide BLASBearch
(http://www.ncbi.nim.nih.gov/Blast.cgi) to ensuigat the amplicons belonged to
the family Hepadnaviridaerather than being the result of the non-specific

amplification of genomic DNA
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2.9 Phylogenetic Analysis

Sequences were aligned manually with complete HBWoghe sequences from
GenBanR  (http://www.ncbi.nlm.nih.gov/Genbank/index.html) sing the
GeneDoc program (Nicholas and Nicholas, 1997). rl@gping sequences were
used to generate a complete sequence which waste®HYLIP (PHYLogeny
Inference Package) version 3.6 (Felsestein, 1995Neighbour joining
phylogenetic trees were generated by calculatiegetiolutionary distances using
the DNADIST program and the Kimura-2-parameter nhaaiel a dendogram was
generated with the NEIGHBOR program. Bootstraplyasm using 1 000
bootstrap replicates was performed using the SEQBODNADIST and
NEIGHBOR programs. Bootstrap values below 75% datdid that a
monophyletic group was not well supported, whilduea greater that 95%
indicated very solid nodes. A consensus tree wasemted using the
CONSENSE program and the trees visualised using TiteeView Win 32
program (Page, 1996). Trees were rooted usingereith WMHBYV isolate
(GenBank accession no. AY226578) or an HBV genotlypisolate (GenBank
accession no. X69798) and the scale bar at therhatf the dendogram showed

the scaled evolutionary distance.

2.10 Recombination Analysis

Evidence of possible recombination with the conglétBV genome from
baboons was investigated using the Simmonic 208&ore1.6 software package
implementing PHYLIP (Simmonds and Midgley, 2005Jhe complete genome
sequence was compared to a reference set of 228nombinant HBV isolates
and a GroupScanning plot generated (Tatematsal, 2009). Consecutive
fragments of 500 bp in length, with 15 bp increna¢steps between fragments,

were analysed.
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2.11 Southern Blotting DNA samples

This protocol was obtained from Martins-FurnesD@&0

2.11.1 Blotting of samples onto a nylon membrane

Samples were blotted onto nylon membrane eithersinyg a slot blot manifold or
by first resolving the samples on an agarose geltlaen transferring the DNA to

the membrane using the capillary transfer method.

2.11.1.1 Slot Blotting

Serum samples from a number of different baboorts \aamvet monkeys were
blotted onto a nylon membrane using a modificatidbthe protocol described by
Zaaigeret al. (1994). A 50ul aliquot of serum was incubated with pDslot blot
denaturing solution (Appendix II) for two hours %6 °C followed by a 95 °C
incubation for ten min. The samples were quicklethion ice to allow them to
thicken and 20Qul 20 x SSC (Appendix Il) added. After mixing thaghly by
vortexing, the samples were clarified by centriiggiat 13 000 rpm in a
microfuge (Eppendorf GmBH., Hamburg, Germany) férmlin. Meanwhile, the
Bio-Dot® SF microfiltration apparatus (BioLab Laboratori@uth Richmond,
Calif.) was prepared by cutting a piece of Hybondylon membrane (Amersham
Biosciences UK Ltd., Buckinghamshire, UK), to theesof the slot blot manifold.
This membrane, together with a piece of BioDSF filter paper (BioLab) the
same size as the membrane, was pre-wet in 20 X(/&§tndix 1) and placed on
the manifold on top of the filter paper before lgetlamped tightly in place. Two
hundredul of supernatant from each of the centrifuged sasiplas loaded, one
sample per well, and allowed to blot by applyingagauum to the manifold. Once
the entire sample had passed through the memhbaneacuum was released, the
apparatus disassembled and the bound DNA denayrethcing the membrane
(DNA side up) on a pad of filter paper soaked i Bl NaOH (Appendix II) for
5 min. The membrane was transferred to a nedutrglisolution comprising
2 x SSC for one minute and placed, DNA side upa @tean piece of filter paper
to air-dry. The DNA was immobilised by baking thiet at 80 °C for two hours
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and the blot was then stored, between two piecediltef paper, at room

temperature until required.

2.11.1.2 Transfer of DNA from the agarose gel

A 10 ul aliquot of each of the PCR amplified productd&blotted was resolved
on a 1% agarose gel (section 2.6). Following edgttoresis, the DNA was
prepared for transfer to the nylon membrane byrtiiing any excess agarose from
the sides of the gel and placing it in a trough aodgered with depurination
solution (Appendix Il) on a gentle horizontal shakiplatform for 20 min at room
temperature. Soaking the gel in depurination gwiutor 10 — 20 min increases
the efficiency of the transfer of large DNA fragn®r(>15 kb) to the nylon
membrane by nicking the DNA (Sambroeit al, 1989). The depurination
solution was poured off, the gel rinsed twice istitled water and then covered in
denaturation solution (Appendix IlI) to ensure tkta@ DNA is single stranded
(Sambroolket al. 1989). After gently shaking for 45 min at room frature, the
denaturation solution was poured off and the gedeadl twice in distilled water.
Following denaturation, the gel was covered in radigation solution (Appendix
II) and placed on the shaking platform for 30 mimam temperature after which
the neutralisation solution was poured off and gleé rinsed twice in distilled
water. The DNA was transferred to the nylon memeérasing the capillary

transfer method.

Approximately one litre of 20 x SSC (Appendix Ilp& poured into a trough and
a glass plate, slightly wider than the length & #garose gel, was placed across
the width of the trough (figure 11). A wick, congaal of a long piece of 3MM
Whatman paper (Whatman Plc., Maidstone, Kent, Wgs wet thoroughly with
20 x SSC and placed across the glass plate withédals sitting in the buffer. A
glass rod was carefully rolled across the wickémove any air bubbles. The
agarose gel was positioned upside down on the whekglass rod rolled carefully
over the gel to remove any air bubbles and thesaaeaund the gel covered with

plastic cling wrap.
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Figure 11: Capillary transfer of DNA from an agarose gel. This schematic illustrates

the set-up required to transfer DNA from an agagsleto a nylon membrane. Buffer is
drawn up from the trough via the wick passing tigtothe gel and into the stack of paper
towels. As the buffer passes through the agareketgelutes the DNA from the gel and

deposits it on the nylon membrane. A weight isliappto the top of the paper towels to
ensure that there is a tight connection betweenvén®us layers of the transfer set-up
(Sambroolet al. 1989).

A piece of Hybond-N nylon membrane (Amersham Biesces) was cut to the
exact size of the gel and pre-wet in distilled waad followed by 20 x SSC
(Appendix Il). The membrane was placed on tophefdgarose gel and the glass
rod rolled carefully over the membrane to removebabbles. One corner of the
membrane was carefully marked at this time to aflomthe correct orientation of
the membrane after transfer. Two sheets of 3MM Wiha filter paper cut to the
same size as the gel were pre-wet in 20 x SSC (#gipdl) and placed over the
membrane, removing any air bubbles by rolling tlesgrod over the filter paper.
An additional four sheets of dry 3MM Whatman filigaper cut to the same size
as the gel were placed on top of the wet sheetsaapdair bubbles removed as
before. The filter paper was covered with a staichaper towels ~15 cm high,
trimmed to the same size as the agarose gel, egstrat there was no contact
between the gel and the paper towels to prevemt-shiouiting the transfer of the
DNA. A second glass plate was placed on top of sitack and covered with a
weight of ~800g evenly distributed across the ergel. Transfer was allowed to
take place for between 12 and 48 hours, replergstie buffer in the bottom tank
if and when needed, being careful not to distugbtthnsfer set-up in the process.
Once transfer was complete, the set-up was disethritie membrane washed in

2 x SSC (Appendix Il) and placed DNA side up orean piece of filter paper to
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air-dry. The membrane was baked at 80 °C for taaar$1to immobilise the DNA

and stored between two pieces of filter paper @trétemperature until required.
2.11.2 Preparation of probe for Southern hybridisa  tion

DNA was extracted from the serum of a patient knaavbbe positive for a HBV
infection using the QIAGEN QIlAanfp DNA Blood Mini Kit and used as
template for a full length PCR amplification (secti2.5.1) of the complete viral
genome. The full length amplicon was cloned usimgTOP® XL PCR Cloning
Kit (section 2.7) and the plasmid DNA extractedngsthe GenElute™ Plasmid
Miniprep Kit (SIGMA). The plasmid DNA extract, diled one in ten, was used
as template for amplification of the complete geerofwy full length PCR
amplification (section 2.5.1). The full length aimpn was resolved on a
1% agarose gel (section 2.6), the 3,2 kb fragmenised with a clean scalpel
blade and the DNA purified using the QIAGEN QIlAduiGel Extraction Kit
according to the manufacturer’'s instructions. TWEA was eluted in 1Qul
elution buffer (10mM Tris-HCI, pH 8.5) and storetd20 °C until needed.

The gel purified full length HBV genome ampliconsmguantified by resolving a
dilution series of the DNA on a 1% agarose gelt{sac2.6). The DNA was
diluted in sterile water and 10 of each dilution resolved on the agarose gele Th
concentration of the probe was approximated fros del using the standard that
the fragment just visible contains 10 ng of DNA.

2.11.3 Radioactive labelling of probe DNA

The probe was labelled using the Megaprime™ DNA dlaiy System
(Amersham Biosciences). A 200 ng aliquot of themeified 3.2 kb full length
HBV amplicon (section 2.11.2) was placed in a 1,b6microcentrifuge tube
together with 5l primer solution (random nonamer primers in an eays
solution) and the volume adjusted to @3with TE Buffer (Appendix Il). The
probe was denatured at 99 °C for five min, brie#gntrifuged and placed on ice.
Five ul of labelling buffer (dATP, dTTP and dGTP in Th&I (pH 7,5),
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2-mercaptoethanol and Mgfil 2 ul enzyme solution (1 Wl DNA polymerase |
Klenow fragment (cloned) in 100 mM potassium phedph(pH 6,5), 10 mM
2-mercaptoethanol and 50% glycerol) anad Bmersham Redivue ™8-3?P-dCTP
250 uCi (Amersham Biosciences) was added and the reactoubated at 37 °C
for 20 min after which it was briefly centrifugegdlaced on ice and 5Ql of

TE Buffer (Appendix Il) added to adjust it to agbtolume of 10Qul.

The radioactively labelled probe was purified by$ag it through a Sephadex
column (Appendix Il) to remove any unincorporatedcleotides. A labelled
1,5 ml microcentrifuge tube was placed at the ottd an equilibrated sephadex
column to collect the labelled probe. The entid@ [il of probe was added to the
Sephadex column and centrifuged at ~3 509 for 5 min. An equal volume
(200 pl) of TE buffer (Appendix Il) was added to the coln and the columns left
to stand at room temperature for 5 min before deging once again for 5 min at
~3 500 xg. The collection tube containing the purified pralias removed from
the bottom of the column, the volume of the protheisted to 1 ml with TE buffer
(Appendix Il) and placed on ice.

The amount of radioactivity incorporated into thehe was established using a
scintillation counter. The sample was preparecddging 10ul of labelled probe

to 5 ml INSTA-GEL scintillation gel (United Techragies, Packard Instrument
Company, Dowers Grove, lll.) in a glass scintibativial (Packard Instrument
Company). After mixing thoroughly by vigorous shak the sample was
counted for one minute on the scintillation counéed the amount of probe
required for the Southern hybridisations calculateBor each blot, between
25 x 10 and 100 x 19 incorporated counts per minute (cpm) of probe was

necessary.
2.11.4 Hybridisation of Southern Blots with Radioa  ctive probes
A piece of nylon mesh was cut slightly larger (+)dhan the dimensions of the

nylon membrane to be hybridised and pre-wet inilldidt water. The nylon

membrane onto which the DNA had been blotted (se@il11.1) was placed in a
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suitable trough and pre-wet in distilled water lefbeing rolled, DNA side up,
inside the pre-wet piece of nylon mesh allowing awagrlapping areas of the blot
to remain separated during hybridisation. Theemblblot was placed in a
hybridisation tube (Hybaid Ltd., Middlesex, UK) such a way as to ensure that,
when placed in the hybridisation oven, the movenoéihe rotor would keep the
blot unrolled. If more than one membrane was tblb&ed simultaneously, each
blot was placed in a separate hybridisation tubé&er unrolling the blot in the
hybridisation tube, it was rinsed in a small voluaieChurch and Gilbert (C&G)
hybridisation buffer (Appendix I1), which was disdad, and any excess liquid in
the tube drained off. Fifty ml C&G HybridisatioruBer was added to each tube
and the blots pre-hybridised at 65°C for 30 miraiklybaid hybridisation oven.
Meanwhile, an appropriate volume of radioactivelpdlled probe (8 x TQ@cpm)
was placed in a 2 ml microcentrifuge tube togethigh 100 ul salmon sperm
DNA (Appendix 1) and mixed thoroughly. A separatigbe of probe was
prepared for each blot to be hybridised. The pnbe incubated at 99 °C for
5 min, snap cooled on ice and briefly centrifuggdne ml of pre-heated C&G
Hybridisation buffer was added to the probe andeahithoroughly just prior to
the addition of the entire mixture to the pre-hgized blot in the hybridisation
tube. Care was taken to avoid placing the prolbectly on the membrane;
instead it was added to the hybridisation buffeeady in the tube. The blot was
hybridised overnight at 65 °C.

2.11.5 Washing of the Southern Blot after hybridis  ation

The following day the blots were washed to remorg excess probe and any
non-specifically bound probe. The hybridisatiobdwas removed from the oven
and the C&G hybridisation buffer poured off andcdisled. Approximately

200 ml of the first wash buffer (Appendix Il) wadded to the hybridisation tube
and the blot washed at room temperature for 8 mtheé hybridisation oven. This
first wash buffer was poured off and discarded #ral wash repeated. After
pouring the wash buffer off once again, ~200 mitlid second wash buffer
(Appendix II) was added to the tube. The tube wedisrned to the hybridisation

oven and the blot washed at 65 °C for 10 min. $b&eond wash buffer was
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poured off and discarded and the blot rinsed twiceoom temperature with the
third wash buffer (Appendix II). The blotted nylomembrane, together with the
nylon mesh, was removed from the hybridisation twel unrolled. The
membrane was placed between two sheets of plastisealed on all sides with a
plastic sealer being careful to remove any air-bedbb The nylon mesh was
placed in a 10% SDS solution so that it could based, after extensive rinsing in
distilled water, if ever the membrane was re-probaith the same probe. The
membrane, sealed in plastic, was placed in a tight- X-ray cassette with an
intensifying screen and exposed ae*?P-sensitive KODAK BioMax MS Film
(Carestream Health, Rochester, NY.) for ~2 week3@fC before developing.

2.12 Analysis of RNA

2.12.1 Extraction of RNA from liver tissue

RNA was extracted using the guanidinium-acid-phenethod first described in
1987 by Chomczynski and Sacchi (Chomczynski andct8ad987; Farrell,
1993). Liver tissue was obtained from ~1cm belbw surface of the frozen
baboon 9732 liver to prevent contamination anddégradation of nucleic acids
by freezer burn. A section of the liver tissue giig approximately 100 mg was
ground in liquid nitrogen using an RNase-free moald pestle and the ground
liver tissue transferred to a 2 ml glass homogeni3ée tissue was homogenised
in Iml Solution D (Appendix Il) and the homogendtansferred to a 15 ml
disposable, RNase free polypropylene tube aftechvtiie following were added
in order: 100ul 2M sodium acetate, pH 4,0 (Appendix 1), 1 ml easaturated
phenol (Appendix II) and 200l 49:1 chloroform: iso-amyl alcohol (Appendix I1).
The tube was capped and mixed thoroughly by inearfllowing the addition of
each reagent and, after all the reagents had lulkrd ashaken vigorously for ten
seconds. The sample was cooled on ice for 15 mdh then centrifuged at
2000 xg at 4 °C to separate the phases. The aqueousrjuppese, which
contained the RNA, was transferred to a fresh 15ubg and mixed with an equal
volume of isopropanol (approximately 1ml, Assoaia@hemical Enterprises cc.,
Johannesburg, South Africa) and stored at —20 °@might to precipitate the
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RNA. The following day, the precipitate was cotkt by centrifugation at
maximum speed (>2000 @ for 20 min at 4 °C, the supernatant was carefully
decanted and discarded and the RNA pellet compledsiuspended in 304 of
Solution D (Appendix Il). This resuspension wasnsferred to an RNase free
1,5 ml microcentrifuge tube (Eppendorf) and the Rpl&cipitated by adding an
equal volume of ice cold isopropanol and storing-2@ °C for one hour. The
RNA pellet was collected at top speed in a micradfeige for ten minutes at 4 °C
and the supernatant carefully decanted and disgardene pellet was washed
twice in 500ul 75% ethanol (Appendix 1), recentrifuged and ibated to near
dryness. Finally, the pellet was redissolved ir0G-1l DEPC-treated water
(Invitrogen) and stored at —70 °C in suitable adigu Repeated freezing and
thawing of the RNA was avoided as this has beemwknio increase the risks of
RNA degradation.

2.12.2 Quantification of RNA

The concentration of each RNA sample was determmedpectrophotometry
using the NanoDrop ND-1000 Spectrophotometer (NaopDTechnologies).
The concentration of the RNA was calculated by gisthe standard that
1 ODzeo = 40pug RNA/mI. The quality of the samples was assebgethlculating

the OB O Doy ratio.

2.12.3 DNase treatment of extracted RNA

An appropriate volume of guanidinium-acid-phenadirasted RNA was digested
with RNase-free Deoxyribonuclease | (DNase |, Feitm® to remove any
contaminating DNA from the sample. Digestions wee¢ up in an RNase-free
0,2 ml thin-walled PCR tube (Eppendorf). For eaglof RNA, one U of DNase

I (1 U/ul) and one tenth the final volume of 10 x ReactBurffer (100 mM Tris-
HCI (pH 7,5), 25 mM MgCJ, 1 mM CaC}) were added and the sample made up
to the correct volume using DEPC-treated water i{logen). The digestions
were incubated at 37 °C for 30 min in a Techgermm@mmmable thermocycler

(Techne) and, after the addition of a volume of RBEDTA (Fermentas) equal
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to one tenth of the volume of the restriction, thgestions were inactivated by
incubating at 65 °C for 10 min in the Techgene riimycler. The EDTA was
added at this stage as RNA is known to hydrolysenduheating in the absence of
a chelating agent (Wianet al, 2000).

Following digestion of the RNA sample with DNase the RNA was

reprecipitated by adding one tenth the volume oa&Nfree 2M Sodium Acetate
(Appendix I1) and an equal volume of ice-cold ismpainol and placing the tube at
-20 °C for one hour. The RNA pellet was collectatl top speed in a
microcentrifuge (Eppendorf) for 10 min at 4 °C ath@ supernatant carefully
decanted and discarded. The pellet was washee tini&00ul 75% ethanol

(Appendix 1), recentrifuged and incubated to négmess. The RNA pellet was
dissolved in an appropriate volume (gl for eachpug of RNA digested) of

DEPC-treated water. The concentration of RNA iohesample was determined
by spectrophotometric analysis using a NanoDrogtspehotometer as described

in section 2.12.2.

2.12.4 Agarose gel electrophoresis of RNA

The DNase treated RNA was resolved on a 1% agagsdecontaining
formaldehyde and 1 x MOPS buffer to assess theitgquatl the extraction. A
50 ml gel was prepared by completely dissolving @,agarose (Bioline) in
37,5 ml distilled water in a microwave oven (Fdrr&b93). The gel was cooled
to between 55 °C and 60 °C and 10 ml pre-warmedvBOPS buffer (Appendix
II) and 2,75 ml pre-warmed formaldehyde (Saarchesre added. This produced
a 1% agarose solution in 1 x MOPS buffer and 0,66oMhaldehyde. The gel
was cast under a fume hood to minimise formaldeHydees in the room and
allowed to set. The RNA samples were preparechbyaddition of 5ug RNA,

2 I 5 x MOPS buffer, 3,3ul formaldehyde, 1Qul formamide (Saarchem) and
DEPC-treated water (Invitrogen) to a final volume20 pl, in a sterile, RNase
free 0,5 ml thin-walled PCR tube. The samples waired thoroughly and
centrifuged briefly in a microcentrifuge to collédbe components at the bottom of

the tube. They were then denatured at 55 °C ftmein minutes after which (2
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of 10 x RNA gel loading buffer (Appendix IlI) wasa@et to each tube. During the
incubation step, the now solidified gel was immdrge an electrophoresis tank
containing sufficient 1 x MOPS running buffer tontpletely cover the gel. The
comb was only removed after immersion of the gethés reduced the vacuum
effect created when the comb was pulled out and teduced the chance of
damaging the bottom of the wells. The samples W@aded immediately after
the addition of the loading buffer and electropkerkat ~ 5 V per centimetre of
gel length until the bromophenol blue dye front Imaidrated approximately 80%
of the length of the gel. The gel was removed fiithi® tank and stained in a
0,5 pg/ml solution of ethidium bromide in DEPC-treatedter for one hour. The
gel was destained overnight in DEPC-treated waterrdmove the excess
formaldehyde from the gel. The following mornirige gel was examined under
UV light and an image recorded using the Gel Doc iRaging System (Bio-

Rad).

2.12.5 Reverse transcription of RNA

DNase-treated RNA was reverse transcribed usingerSapipt™ Il Reverse

Transcriptase (Invitrogen) as per the manufactsiiestructions. A 10 pl reaction
volume containing 1 pg of total RNA together with02ng oligo(dTjs primer and

100 U SuperScript™ Il Reverse Transcriptase enzwasg used resulting in the
synthesis of ~100 ng/ul first-strand cDNA. Noneese transcribed negative
controls were prepared in an identical manner extegt DEPC-treated water
(Invitrogen) was added to each reaction insteadhef reverse transcriptase

enzyme.

The success of the reverse transcription reactias wonfirmed by the PCR
amplification of a portion of the glyceraldehyde8— phosphate dehydrogenase
(GAPDH) gene. Two hundred ng (2 ul) of cDNA wasled to a 25 pl mixture
containing 0,5 U of BIOTAQ™ DNA polymerase (Bioline200 uM of each
dNTP, 500 nM of each primer (GAPDHF: 5 — CCC TTGCRGAC CTC AAC
TAC ATG -3'; GAPDHR: 5 — CAT GCC AGT GAG CTT CCCTT CAG -3);
Weinberget al, 2000), 50 mM KCI, 10 mM Tris-HCI (pH 8.8), 1,5 mMgCl,
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and 0,1% Triton X-100 15 mM. Amplification was fmmed in a MyCycler™
programmable thermocycler (Bio-Rad) as followsnataration at 94 °C held for
60 s, annealing at 52 °C held for 30 s and eloogadt 72 °C held for 90 s for a
total of 30 cycles followed by a final extension7& °C held for 10 min. Both
reverse transcribed and non-reverse transcribedupt® were subjected to PCR

analysis. Amplified products were resolved on addarose gel (section 2.6).

2.12.6 Amplification of cDNA

Amplification of subgenomic regions of the HBV gem® was performed as
described in section 2.5.3, except that cDNA gdedrafrom the reverse

transcription reaction was used as template instéadtracted DNA.

2.13 Infection of Experimentally Naive Baboons

The transmission of HBV to experimentally naive dais was performed by
Professor R. Purcell at the National Institute afakh (NIH), Bethesda, USA.
Permission for this portion of the study was obgdirfrom the Animal Ethics
Committee of the NIH (Ethics Clearance Number: 9828 Appendix ). In
order to show that HBV could be transmitted from iafected baboon to an
experimentally naive, domestically raised baboenym from 4 of the original 10
baboons, namely baboon 9712, baboon 9732, bab@/h&w baboon 9734, was
used to inoculate 4 baboons at the NIH (figure 1Zhe naive baboons were
obtained from a domestic breeder, the Mannheimenéation, and were free of
all markers of HBV replication prior to their inghon in this study. The baboons
were each housed separately and were each inatudtavenously with 50Qu

of serum from one of the original 4 infected balmorrollowing inoculation, a
liver biopsy as well as serum was obtained fromheaafcthe 4 baboons weekly.
The serum was used to measure ALT, isocitrate delygthase (ICD) and
gamma-glutamyltranspeptidase (gGT) levels as veeltie detection of HBsSAg,
HBeAg, anti-HBe, anti-HBs and anti-HBc.
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Original Baboons

Baboon Baboon Baboon Baboon
9712 9732 9733 9734

Baboon 4

Baboon 1

Naive Baboons

Figure 12: Infection of experimentally naive baboons.Serum from 4 of the original 10
baboons wild-caught in the Eastern Cape Province wgad to infect four experimentally
naive baboons. This diagram indicates from whithhe original baboons serum was
obtained to infect the naive baboons

Twenty five weeks post inoculation, the study wesninated and the baboons
euthanized. At necropsy, liver tissue, snap frozehquid nitrogen, as well as
serum was obtained from each baboon and these esamvple shipped on dry-ice
to Professor Kew at the Molecular Hepatology Regeémit in Johannesburg for
further testing. DNA was extracted from the semusing the QIAGEN QIAam%
DNA Blood Mini Kit (section 2.3.1) and from the sise using the phenol-
chloroform extraction method (section 2.3.4). Sarbgmic regions of the HBV
genome were amplified by nested PCR (section 2.513)e amplified products
were either subjected to Southern blotting anal{sestion 2.11) in the case of
serum extracts or, in the case of the tissue d@straequenced (section 2.8). The
sequences were aligned manually using the Genegrgm and a phylogenetic
tree generated (section 2.9) to confirm that theusviextracted from the

experimentally naive baboons was the same asabatlfin the original baboons.
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3. Results

HBV DNA was detected in the sera of Chacma babobgs Southern
hybridization. The prevalence of HBV in the Soutliriéan baboon Rapio
ursinus orientali} population was determined by extracting DNA frtma serum
of 69 wild-caught baboons and amplifying four diffet regions — the
precore/core, core, polymerase and surface regiaristhe viral genome. If a
sample amplified for three or more of these regi¢ims baboon was considered to
be HBV-DNA positive. The complete viral genome wssguenced using
overlapping subgenomic fragments amplified from HBWA isolated from the
liver tissue of baboon 9732. Viral antigens weeéedted in the liver tissue using
immunohistochemistry, and liver function tests,luding alanine and aspartate
aminotransferase levels, were performed using sefusm this baboon.
Replication of the virus was demonstrated by eximgcRNA from the liver
tissue, reverse transcribing it and amplifying srmgnic regions of the viral
genome off this cDNA. Replication was further domed by the detection of
cccDNA in the baboon liver tissue using real-timéRPanalysis. HBV-positive
sera from four baboons was used to infect four exgpntally naive baboons to

demonstrate transmission.

3.1 Prevalence of HBV in South African baboons

3.1.1 Detection of HBV by nested PCR amplification

Initially DNA was extracted from the sera of tenldvcaught baboons from the
Eastern Cape Province (figure 14). HBV DNA coulat be amplified using a
single round of PCR, indicating that HBV DNA wasegent at low levels in
baboon serum. Using nested PCR of four differegtons of the HBV genome,
HBV DNA was amplified successfully (figure 13). &lprecore/core gene region
(panel A) amplified for most samples and the sufgene region (panel D) for

the least samples.
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=204 bp
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=293 hp

252 bp

Figure 13: Nested PCR amplification of four different regionsof the HBV genome. DNA
extracted from the serum of ten wild-caught babosas used as template for a nested PCR of
four different regions of the HBV genome. Thesephoons were resolved on a 1% EtBr
agarose gel alongside a 100 bp DNA ladder.

Panel Ashows the amplification of a 204 bp region of phecore/core gene (1765F — 1968R).
Panel Bshows the amplification of a 170 bp region of thee gene (2267F — 2436R).

Panel Cshows the amplification of a 293 bp region of plodymerase gene (2566F — 2858R).
Panel Dshows the amplification of a 252 bp region of sheface gene (459F — 710R).
Abbreviations: M — 100 bp DNA ladder; Blank 1 aBihnk 2 — single and double round PCR
amplifications respectively, containing best qualivater instead of DNA; -ve control -
negative extraction control which used DNA extrdcfeom HBV-negative human serum as
template; +ve control - positive control using DAtracted from HBV-positive human serum
as template.

Samples positive for HBV are marked with an askeff¥ and those positive for all four regions
are boxed.
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Figure 14: Map of South Africa. This map indicates the nine South African provinces
and the regions from which wild baboons were cagatur

% - The region from which the original ten babs were captured.

% - The regions from which baboons were subsetiy captured.

The samples from baboons 9712, 9732 and 9734 aedpkiuccessfully for all
four regions tested and the samples from baboo®8 @hd 9735 amplified
successfully for three of the four regions (figd/®). The samples from baboons
9713, 9718, and 9736 amplified for only one or tiidhe regions tested, whereas
samples from baboons 9720 and 9731 failed to aynptf any of the four
regions. Repetition of the amplification yieldée tsame results.

HBV DNA-positive sera from baboons 9712, 9732, 9é8d 9734 were negative
for both HBsAg and anti-HBc. Alanine and aspartaiginotransferase levels
were normal and, following high speed centrifugatend treatment with anti-

HBs, no viral particles were observed in the seasing electron microscopy.
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Figure 15: Dendogram of precore/core region amplicons (nt I® — 1961) from the sera of
six different baboons. Representative samples of all eight HBV genotygesvell as the non-
human primate hepadnaviruses are included. Sampéesumbered according to their GenBank
accession numbers followed by their country of iorgnd a letter indicating which genotype they
cluster with. The samples from the baboons arbligigted in yellow.
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Fifty nine additional serum samples were subsedy®ehtained from both adult
and juvenile baboons in the Limpopo and WesterreGapvinces (figure 14) and
tested for HBV DNA by nested PCR. Using the criterof at least three of the
four regions being PCR-positive, in total 11/49 ,828) adult and 4/20 (20%)
juvenile wild-caught baboons were positive for HBWML.aken together the overall
prevalence of hepadnaviral DNA in baboons was 21(I/3469).

3.1.2 Phylogenetic analysis of HBV precore region

In order to confirm the specificity of the ampldition, representative samples of
the HBV precore region (nt 1800 — 1961) amplifigtiNA extracted from the
sera of six different baboons were sequenced aalysed phylogenetically. The
baboon isolates clustered with genotype A (figusg 1
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Figure 16: Southern slot blot of baboon serum samplesBaboon sera were blotted onto
a nylon membrane and hybridized with an HBV-spegifiobe.

Panel A shows the slot blot template. Abbreviations: ABerum sample from a patient

suffering from acute hepatitis (positive controB; — adult baboon serum sample; J —
juvenile baboon serum sample; VIM — serum samptenfivervet monkey (negative

control); Probe — HBV specific probe diluted in HB¥gative serum (positive control).

The samples that hybridized to the HBV-specificligrare highlighted in yellow.

Panel Bshows the autoradiograph of the slot blot afteeen day exposure. HBV DNA

positive sera, as well as the positive controls,imadicated.
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3.1.3 Detection of HBV DNA by Southern hybridizati  on

Using Southern blot analysis, serum samples weateddor HBY DNA. Of the
39 samples shown in figure 16, four were positivdonger exposures to
autoradiography film did not improve the detectairHBY DNA. Sera from all
sixty-nine baboons were screened for HBV DNA ussogithern blot analysis, but

only five were found to be positive.

The low viral loads meant that the complete HBV ajae could only be
amplified subgenomically. Because of the smaluwtés of sera available, liver
tissue obtained from a single baboon (9732), whiels euthanized for medico-

ethical reasons, was used to further charactdreseiBV present in baboons.
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3.1.4 Summary of HBV DNA prevalence study

A summary of the results of the initial prevalerstedies for the 11 adult and 4
juvenile HBV DNA positive baboons is shown in taBle The remaining 38 adult
and 14 juvenile baboons tested did not meet theriaito be considered positive
for HBV infection.

Table 8: Summary of results for HBV DNA positive baboons

. X . Nested PCR
Baboon Origin SH Polymerase | Core |Surface Prig‘;gre/
B9712 E. Cape + + + + +
B9732 E. Cape] + + + + +
B9733 E. Cape - + + - +
B9734 E. Cape + + + + +
B9735 E. Cape + - + + +
B9768 W. Caps - + + + +
B9770 W. Capg - - + + +
B9775 W. Caps - + + + +
B97116 Limpopo - - + + +
B97118 Limpopo - - + + +
B97122 Limpopo - + + + +
Jo747 W. Capd - - + + +
J9752 W. Cape - + - + +
J9758 W. Capd + + + + +
J9761 W. Caps - + - + +

@ Prefix of B indicates an adult baboon and prefixJdndicates a juvenile
baboon

PE. Cape — Eastern Cape province ; W. Cape — WeSk&pe province

¢ SH — Southern Hybridisation
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Figure 17: Micrograph of liver tissue from baboon 9732 showig lobular hepatitis.
Liver tissue obtained from baboon 9732 at necropag fixed in formalin, embedded in
paraffin and sectioned.

Panel Awas stained with hematoxylin and eosin. It shewscus of mild lobular hepatitis
but there is no evidence of interface hepatitisodging necrosis. The portal tracts are
normal. Magnification: 400x

Panel B the section is stained with immunoperoxidase gisinpolyclonal antibody to the
HBV core antigen. HBcAg can be detected in theasmmnal hepatocyte nucleus.
Magnification: 400x
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3.2 Immunohistology of HBV DNA positive baboon liv  er

tissue

Histological examination of liver tissue from bamo9732 showed the presence
of mild focal lobular hepatitis, but no evidence ioferface hepatitis, bridging
necrosis, dysplasia of hepatocytes, cirrhosis,ematocellular carcinoma (figure
17, panel A). Immunohistochemical staining of tiver tissue detected HBCAg
in the nuclei of some of the hepatocytes, with tipadistribution (figure 17,
panel B). HBsAg and 42nm enveloped (Dane) pagiatere not detected in the

cytoplasm.
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3.3 Extraction of DNA from liver tissue

3.3.1 Quality control and quantification of the DN A extracts

Using phenol chloroform, DNA was extracted from tliv@r tissue samples from
baboon 9732 and from an extraction blank. The @D/280 ratio for both
samples was 1,82 indicating that the DNA was oéy Wigh quality. The quality
and quantity of the DNA extracts were confirmed regolving 20ug of each

extract on a 0,8% agarose gel overnight (figure 18)
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Fiqure 18: Confirmation of the quality of the phenol-chloroform DNA extractions.
This composite figure shows the phenol-chloroforidAextracts from the liver tissue of
baboon 9732 that were resolved overnight on a (886 agarose gel. For each extract
20pg of DNA was resolved. Both extractions are ofhhiguality and quantity and the
extraction blank shows no evidence of contamination
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3.3.2 ldentification of HBV DNA in the liver tissu e extracts

The presence of hepadnaviral DNA in the extracts eanfirmed by nested PCR
of two viral genomic regions, namely a portion lo¢ forecore/core gene (nt 1763-
1966) and a portion of the surface gene (nt 460-{figure 19). The PCR
worked well for both regions, without any signsashplification in the negative

controls.

Figure 19: Amplification of HBV DNA from baboon 9732 liver extracts. Amplicons of
two different regions of the HBV genome were resdlon a 1% agarose gel.

Panel Ashows the amplification of a 252 bp portion of sheface gene (459F — 710R).
Panel B shows the amplification of a 204 bp region of frecore/core gene (1765F —
1968R).

Phenol chloroform extracted DNA from the liver tissof baboon 9732 was used as
template either neat, diluted 1 in 5, or diluteich 10.

Abbreviations: Blank 1 - single round PCR contagnbest quality water instead of DNA,;
Blank 2 — double round nested PCR containing beality water instead of DNA; Extn -
extraction.
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3.4 Genotyping of the HBV

The HBV extracted from the baboon liver tissue sfagwn to belong to genotype
A using the method described by Linethal.in 1997 (figure 20).

A)
541 bp
B) B 9732 Extn 1 B 9732 Extn 2
bé o BO732Extn1 1in10 B 9732 Extn 2 1in10
--‘§'} ‘?‘b@ '-h'\‘ '-h'\‘ f-A-\\ f-A-,\\
$& oF o8 o8 & F
S NG & 48 & o & 1o

bp

T 500
1000

~270hp
~240 hp

~210hp
=130 hp

~120 bp
~50 bp

Figure 20: Lindh Genotyping of B 9732 liver extracts.

Panel A— The 541 bp nested PCR amplicons (nt 256 — 7@8¢ wesolved on a 1% EtBr
agarose gel to confirm successful amplificationNADextracted from the liver tissue of

baboon 9732 was used as template either neatubedil in 10.

Panel B — The restricted amplicons were resolved on a 3%r Bgarose gel. When

compared to the patterns described by Liadhl (1997), the HBV from baboon 9732 was
genotype A.

Abbreviations: Blank 1 - single round PCR contagnbest quality water instead of DNA,;
Blank 2 — double round nested PCR containing beatity water instead of DNA; Extn -

extraction.
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3.5 Amplification and sequencing of the HBV genome from

the baboon

3.5.1 Amplification of the HBV genome

Attempts to sequence the entire genome of babooN,HBing full genome
amplification (Guntheret al, 1995), or amplification of two overlapping
subgenomic fragments (Takahashi al 1998), proved unsuccessful. The
amplicons generated by either of these methodsdfaid hybridize to a HBV
DNA probe following Southern hybridization.  Furthere, when these
amplicons were gel extracted and cloned into thRb&L-TOPO® vector using
the TOP@ XL PCR Cloning Kit (Invitrogen), HBV DNA could ndie amplified

off the resulting clones.

3.5.2 Amplification of the viral genome by nested PCR amplification

of numerous overlapping subgenomic fragments.

In order to obtain the sequence of the complete HiEviome, a number of
different nested PCR amplifications of overlappsupgenomic fragments were
attempted (table 6, section 2.5.3). The regioms #&mplified successfully and
were sequenced to generate the complete sequettoe dfus are summarised in

figure 21 with the amplicons shown in figures 22-24
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Figure 21: Amplification of the HBV genome using overlaping subgenomic fragments This schematic shows the eight overlapping
subgenomic fragments, amplified by nested PCR, lwhiere used to generate the complete HBV sequantated from the liver tissue of

baboon 9732. The first round of the nested PG$hasvn in yellow and the second round in blue.
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Fragment 8 Fragment 1

712 bp

Fragment 2

Figure 22: Nested PCR of overlapping regions of the HBV preBpreS2/S open
reading frame. Subgenomic fragments amplified by nested PCR, uBiNé extracted
from the liver tissue of baboon 9732, were resoleada 1% EtBr agarose gel. Both the
primers and thermocycling conditions described loyeHal. (2000) were used.

Panel A— PCR 1: 2800F — 1101R; PCR 2: 2853F — 409R

Panel B— PCR 1: 2853F — 1101R; PCR 2: 58F — 730R

Panel C— PCR 1: 58F — 1450R; PCR 2 409F — 1101R

Abbreviations: Blank 1 - single round PCR contagnbest quality water instead of DNA;
Blank 2 — double round nested PCR containing beatity water instead of DNA; Extn -
extraction.
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The nested PCR of fragment 7 gave two distinct aop$ of equal intensity —
one at the expected size of 880 bp and the otlsanaller fragment of ~520 bp
(figure 23). The fragments were cloned into th& AR/T plasmid vector using
the Fermentas cloning kit. Clones containing itssevere screened for HBV
DNA by PCR. Only the clones containing the largdérthe two fragments
amplified successfully indicating that only thedgar fragment was hepadnaviral,
whereas the smaller fragment was of chromosomagimrias shown by

sequencing.
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Fragment 7

Figure 23: Nested PCR amplification of the 2440F — 58R regioof the HBV genome.
This nested PCR (PCR 1: 1860F — 409R; PCR 2: 244%8R) which includes a portion of
the surface gene of the HBV genome, was expectgitltd a 881 bp fragment. When the
products were resolved on a 1% EtBr agarose geletery two fragments — one the
expected size of 881 bp and the other a smallgnfeat of ~520 bp - were observed. The
fragments were excised individually, cloned intsw@table vector and subjected to an
additional round of subgenomic PCR using primetsrimal to the 2440F — 58R region.
Only the larger of the two fragments amplified. g8encing of the clones confirmed that
only the 881 bp fragment was HBV.

Abbreviations: Blank 1 - single round PCR contagnbest quality water instead of DNA;
Blank 2 — double round nested PCR containing beality water instead of DNA; Extn -
extraction.
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The remaining regions of the hepatitis B viral gmeovere amplified by applying
the thermocycling conditions described by Efual (2000) to combinations of
primers used routinely in the laboratory (figure.24 o avoid the interference of
non-specific amplicons with downstream automateplisacing, the correct sized
fragments were gel purified.
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Figure 24: Agarose gel electrophoresis of nested PCR amplite Subgenomic
fragments amplified off DNA extracted from babooi32 by nested PCR, using the
thermocycling conditions described by Hual. (2000), were resolved on 1% EtBr agarose
gels.

Panel A— PCR 1: 409F — 1800R; PCR 2: 730F — 1575R

Panel B— PCR 1: 1528F — 1921R; PCR 2: 1552F — 1803R

Panel C— PCR 1: 1732F — 2045R; PCR 2: 1765F — 1968R. OD\aA extracts were both
diluted 1 in 10 before being used as templateHerfirst round of amplification.

Panel D— PCR 1: 1860F — 58R; PCR 2: 1898F — 2898R

Abbreviations: Blank 1 - single round PCR contagnbest quality water instead of DNA;
Blank 2 — double round nested PCR containing beality water instead of DNA; Extn -
extraction.
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3.5.3 Phylogenetic analysis of the HBV from baboon s

The overlapping subgenomic amplicons covering thigree HBV genome were
aligned and a sequence for the complete HBV gen@ukated from the liver of
baboon 9732, determined. Translation of the 4 @GR$Howed them to be well
conserved relative to the consensus sequence ajesatype A2 with the
following exceptions:

* T380C= rtV84A in conserved region A of the polymerase

= C76R in HBsAg

* A2019G = E40G core protein

+ C1470T= P33G in the X protein

* T1765C= P145S in the X protein

Mean nucleotide divergence calculations (tablen@waed that the HBV from the
baboon was closely related to subgenotype A2 amsl wlas confirmed by
phylogenetic analyses of the complete genome, dk agseeach of the four
individual open reading frames, (figures 25 — 27).

Table 9: Mean nucleotide divergence.

Baboon vs Al Baboon vs A2
Complete Genome | 4,52 +0,42 (3,85 - 6,041? 1,00 £ 0,55 (0,50 — 3,49)
Polymerase 4,60 + 0,31 (4,09 — 5,52& 0,87 £ 0,57 (0,28 — 4,[18)
Pre-S1/S2/S 3,61+0,42(2,78—-4,81) 0,84 +0,46 (0,17 —2,42)
Precore/core 4,04 +£0,95 (2,96 -7,64) 0,98 +0,69 (0,31 — 3,11)
X 3,34+0,74 (2,16 - 5,62) 1,49 +0,66 (0,43 — 4,}0)

The mean nucleotide divergences (expressed ascanpage) for the complete and the
individual open reading frames were calculated  gisin DAMBE
(http://dambe.bio.uottawa.ca/dambe)aspThe sequences compared are those shown in
Appendix 1l (51 subgenotype Al and 51 subgenotyk2 sequences). The mean
nucleotide divergence is followed by the standaaviation with the range given in
parentheses.
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Figure 25: Dendogram of the complete HBV genome isolated fro baboon 9732.
Samples representative of all eight HBV genotyjpssyell as the primate hepadnaviruses,
have been included. Samples are numbered accotdindpeir GenBank accession
numbers, followed by their country of origin. Thample from baboon 9732, highlighted
in yellow, clusters strongly with the genotype Adlates (bootstrap value of 100).
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Figure 26: Unrooted dendogram showing the complete HBV genanisolated from
baboon 9732 relative to other subgenotype A2 straén

Fifty one subgenotype A2 samples, isolated frone fdifferent continents, have been
included. The GenBank accession numbers, as wealbantry of origin for each of these
samples, are shown in the table below.

Genbank Genbank
. Country of . Country of
Accession Origin Accession Origin
Number Number
1 | V00866 27| L13994
2 | S50225 28] AB205118 Japan
3 | X0276: USA 29 | AY90277¢ USA
4 | X7018¢ German 30 | AB11608( Japal
5 | Z3571; Polanc 31 | AB11607¢ Japal
6 | AY233286| South Africa 32| AB116078 USA
7 | AY233280| South Africa 33| AB116077 USA
8 | AF297624| South Africa 34 AB116076 USA
9 | AF090838| Belgium 35 AB116081 Japan
10| AF09084:. | Belgiumr 36 | AB12658( Russi:
11| X5197( German 37 | AY15272¢ USA
12| AF090839 | Belgium 38| AY738142 Germany
13| AF090840| Belgium 39] AY738141 Germany
14 272478 Germany 40 AY738140 Germany
15| AB064314| USA 41 | AY862868 China
16| AF537371| USA 42| AY862867 China
17| AF53737: | USA 43 | AB22270¢ Uzbekistal
18| AB01437( | Japal 44 | AM28298¢ New Zealan
19| AJ344115| France 49 EF208113 Germany
20| AY034878| USA 46 | DQ788725 Germany
211 AJ309370 | France 491 AB222707 Uzbekistan
22| AJ309369 | France 44 AM295797 France
23| AJ30937: | Franct 49 | AB24633¢ Japal
24| AY12809z | Canad 50 | AB24633: USA
25| AF53652« | USA 51 | AY73813¢ German
26| AJ012207 | Germany v | Baboon 9732 | South Africa
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Figure 27: Dendograms of the four individual HBV open readingframes
A portion of each dendogram, showing the genotypisdiates, is shown. Samples are
numbered according to their GenBank accession nignifi@lowed by their country of

origin. The sample from baboon 9732, highlighted/éllow, clusters within genotype A
for all four ORFs.

Panel Ashows the polymerase ORF (nt 2307 — 1623)

Panel Bshows the preS1/preS2/surface ORF (nt 2854 — 835)
Panel Cshows the precore/core ORF (nt 1814 — 2458)

Panel Dshows the X ORF (nt 1374 — 1838)
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3.5.4 Screening for recombination in HBV from the baboon

Possible recombination with other human and/or @tém genotypes was
investigated by aligning the complete HBV genom@aited from the liver of
baboon 9732 with HBV genomes from 228 non-recomtiindBV isolates and
running a GroupScan analysis using Simmonic. Theas no evidence of
recombination in the strain isolated from babooB82X7vith the HBV sequences

deeply embedded in genotype A (figure 28).
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Figure 28: Recombination analysis of complete HBV genome fro baboon 9732. A
grouping scan using the Simmonic software packagéhe HBV strain from baboon 9732
versus 228 selected non-recombinant HBV genotypleremce strains grouped by
genotype, was performed. The X-axis shows the ménposition and the Y-axis indicates
the mean distances between the baboon HBV andefeeence groups. Values close to 1
onthe Y-axis indicate that a sample is deepbyed in that genotype.

Abbreviations: Chimp — chimpanzee; WM — woolly rkew.
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3.6 Expression of HBV RNA in baboon liver tissue

3.6.1 Extraction of RNA from liver tissue

RNA was extracted from the liver tissue from bab®332 and the quantity and
quality assessed. ThedAgo ratios for all the extracts were in the expected
2 £ 0,05 range. The quality of the RNA was furthesessed by resolving a@
aliquot on a 1% agarose gel (figure 29).

& & &
mégs‘hﬁ?,s@ﬁ?

sESESE

288

18S

Figure 29: Assessment of the quality of the DNasel treated N\ extracts. RNA
extracted from different starting amounts (50 n@f) ing and 200 mg) of liver tissue, from
baboon 9732, was treated with DNasel and resolved ©% denaturing agarose gel. For
each extract, fg of sample was resolved. For all three extrahess RNA appears visually
to be of very good quality as no degradation diegithe 28S and 18S rRNA subunits can
be seen.
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3.6.2 Assessment of the messenger RNA quality

One microgram of each of the three DNase treated Rkracts was reverse
transcribed using the Superscript Ill Reverse Teapson System from
Invitrogen. The resulting cDNA was amplified bysted PCR using HBV
specific primers, to confirm the presence of hepadal RNA. Prior to this

amplification however, the quality of the messer@BIA within the extracts was
assessed by amplifying a portion of the glycerajdeh— 3 — phosphate
dehydrogenase (GAPDH) gene using the cDNA as al&denffigure 30). All

three of the RNA extracts amplified successfullyd ao amplification of the non-
reverse transcribed RNA extracts or any of the rotiegative controls was

obtained.

~550 bp

. AN J

Y Y
Reverse transcribed Non-reverse transcribed

Figure 30: Amplification of GAPDH gene to assess mRNA qualt A ~550 bp region
of the glyceraldehyde — 3 — phosphate dehydroge(@&®DH) gene was amplified using
the DNasel treated reverse transcribed RNA extetemplate and resolved on a 1% EtBr
agarose gel. Non-reverse transcribed extractsvlith DEPC-treated water was added
instead of enzyme during the reverse transcripteaction) were amplified as negative
controls. The amplification worked perfectly fdt three samples with no amplification in
any of the negative controls indicating that the MdRwas of good quality and free of
contamination.

Abbreviations: Blank - PCR negative control conitagn best quality water instead of
cDNA; DNasel Blank - DNasel treatment negative coinivhere DEPC-treated water was
added instead of RNA; RT Blank - reverse transmipiegative control where DEPC-
treated water was added instead of cDNA; Extn raexibn.
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3.6.3 Amplification of subgenomic regions of HBV u sing reverse
transcribed cDNA

Following successful amplification of the GAPDH gefrom all three samples,
two different regions of the viral genome — paiftshe precore/core (1765 - 1968)
and surface (459 — 710) open reading frames — aengified by nested PCR
using the cDNA as template (figure 31). Amplificat of the precore/core region
was only successful when the cDNA template wadetild in 5 (figure 31, panel
B). Identical results were obtained when the aficplion was repeated on
reverse transcribed and non-reverse transcribed BiNked 1 in 5. Sequencing
of these amplicons found them to be identical te sequences of the DNA
isolated from the liver of baboon 9732.
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Figure 31: Nested PCR amplification of subgenomic regions ém cDNA. The reverse
transcribed, DNasel treated cDNA products were #Himgl by nested PCR and the
amplicons resolved on a 1% EtBr agarose gel. Mepfrse transcribed samples (in which
DEPC-treated water was added instead of enzymaglthie reverse transcription reaction)
were included as negative controls.

Panel A— PCR 1: 255F — 759R; PCR 2: 459F — 710R

Panel B— PCR 1: 1723F — 2045R; PCR 2: 1765F — 1968Ris dmplification was only
successful when the cDNA was diluted 1 in 5.

Abbreviations: Blank 1 - single round PCR contagnbest quality water instead of cDNA,;
Blank 2 — double round nested PCR containing beslity water instead of cDNA; DNasel
Blank - DNasel treatment negative control where DEfeated water was added instead of
RNA; RT Blank - reverse transcription negative cohivhere DEPC-treated water was
added instead of cDNA,; +ve control - PCR positieatcol using DNA extracted from the
liver tissue of baboon 9732 as template; Extn ragtion

104



Small amounts of liver tissue were obtained frowe fadditional wild-caught
baboons. RNA was extracted from ~1,2 g of thisuésusing the Promega SV
total RNA isolation kit. The RNA extracts were eese transcribed using the
Qiagen Sensiscript reverse transcriptase systemaaratjion of the core open
reading frame (2267 - 2436) amplified by nested PCRhe products were
resolved on an agarose gel (figure 32, panel A)aaptbduct was visible only for
the PLC/PRF5 positive control. In order to incredéise sensitivity of detection,
Southern hybridisation was performed on the neddR amplicons and

expression of HBV RNA was demonstrated in babod@8l@gure 32, panel B).
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170 bp

Figure 32: Nested PCR of HBV core region from RNA.

Panel Ais a composite figure of a 2% EtBr agarose gewbich nested PCR amplicons
(1689 — 2509 in the first round and 2267 — 243thesecond round), using RNA extracted
from the liver tissue of wild-caught baboons as pkte, were resolved. The only
amplicon visible was from the positive RNA extracticontrol from PLC/PRF-5 cells. The
amplicons were therefore subjected to Southern ithigation to detect low levels of
amplification.

Panel B shows a portion of the autoradiograph of the Seuthhybridization for the
samples resolved in panel A. The RNA extractiositp@ control from PLC/PRF-5 cells
hybridized as expected and there was no hybridizdt any of the negative controls. The
sample extracted from the liver tissue of B 185®dlybridised, indicating that there was
amplification of the core open reading frame of HB\Mhis baboon.

Abbreviations: Blank 1 - single round PCR contagnbest quality water instead of cDNA;
Blank 2 — double round nested PCR containing beality water instead of cDNA; Non-
RT - Non-reverse transcribed negative controls iictv DEPC-treated water was added
instead of enzyme during the reverse transcriptieaction; RT Blank - reverse
transcription negative control where DEPC-treatedewwas added instead of cDNA.
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3.7 Identification of covalently closed circular D NA in the

liver tissue of the baboon

3.7.1 Extraction of DNA for cccDNA analysis

As a positive control for the cccDNA PCR, DNA wadracted from HBV DNA
positive tumourous and non-tumourous human IN2KA was extracted from rat
liver tissue to be used as a negative control. &ffieiency of the extractions was
assessed by resolving an aliquot of each extracotiemight on a 1% agarose gel
(figure 33). Relatively lower levels of DNA wergteacted from the baboon liver
tissue compared to the controls. The non-tumouhomsan liver tissues showed
the highest levels of DNA per extract followed by trat liver.

Figure 33: Assessment of DNA extracted using the QIAmp DNA Mi Kit. DNA
extracted from the liver tissue of baboon 9732,durous and non-tumourous human liver
tissue and rat liver tissue was resolved on a 86 agarose gel. Five of each extract
was resolved. All the extractions had DNA of gapdhlity as shown by the abundance of
intact high molecular weight DNA. Extractions frdire baboon liver tissue yielded much
lower concentrations of DNA than the control tissue



3.7.2 Real Time PCR analysis using SYBR ®-green

cccDNA was detected in the liver tissue of babod82using real time PCR with
SYBR®-green dye (table 10). The melting temperatureash sample (Tm) was
determined by performing a dissociation curve atéhd of the PCR. The HBV
cccDNA positive controls (human tumourous and nomdgurous HBV DNA
positive liver tissue and plasmid DNA containingraater than full length HBV
genome) had melting temperatures of between 82,a3@€ 84 °C while the
negative controls (HBV DNA negative rat liver tiesand extraction and reagent
blanks) had melting temperatures below 80,0 T@e samples extracted from the
baboon liver tissue showed similar melting tempees to the positive controls
indicating that HBV cccDNA was present. The amgdifion plots showed that
the baboon extracts reached log phase after ~36scgompared to the positive
control liver samples, which reached log phaser af8® cycles and the plasmid
positive controls, which reached log phase aftercy@les. This low cccDNA
concentration in the baboon liver was also appaierthe dissociation curves
(figure 34).
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Table 10: Real Time cccDNA SYBR green detection results

Sample Name Detector |Tm

B 9732 Extraction 1 SYBR 83.1
B 9732 Liver 10 mg - Extnl SYBR 83.1
B 9732 Liver 10 mg - Extn2 SYBR 83.9
B 9732 Liver 25 mg - Extnl SYBR 83.1
B 9732 Liver 25 mg SYBR 82.7
Tumour 10 mg SYBR 82.7
Tumour 25 mg SYBR 83.9
Non-Tumour 10 mg SYBR 83.1
Non-Tumour 25 mg SYBR 82.7
Rat 10 mg SYBR 79.5
Rat 25 mg SYBR 79.1
Reagent Blank SYBR 711

B)

Sample Name Detector |Tm

B 9732 Liver Pooled - 1 SYBR 82.7
B 9732 Liver Pooled - 2 SYBR 82.3
B 9732 Liver Pooled - Blank SYBR 78.1
B 9732 Liver Re-eluted — 25 mg SYBR 82.7
B 9732 Liver Re-eluted — 50 mg SYBR 83.1
B 9732 Liver Re-eluted - Blank SYBR 78.1
Tumour — 10 mg SYBR 83.1
Tumour — 25 mg SYBR 83.1
Non-Tumour — 1 Omg SYBR 83.1
Non-Tumour — 25 mg SYBR 83.1
Extraction Blank SYBR 78.1
Rat Liver — 25 mg SYBR 79.4
Rat Liver — 50 mg SYBR 79.8
Rat Liver - Blank SYBR 76.0
Plasmid diluted 1 in 10 SYBR 84.0
Plasmid diluted 1 in 25 SYBR 84.0
Water Blank SYBR 78.6

Abbreviations: Tm — melting temperature; Tumour NAextracted from human tumour
liver tissue was used as template for the real-tf@R; Non-Tumour — DNA extracted
from non-tumourous human liver tissue; Rat — DNA@sted from rat liver tissue; Plasmid
— DNA extracted from a plasmid containing a grediemn full length HBV genome was

used as template.
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Figure 34: Dissociation curve of Real Time PCR amplicons.The dissociation curve
was performed after a real time selective PCR foratently closed circular (ccc) DNA
using SYBR-green for detection. The samples shown in tljaré include two positive
controls extracted from tumourous and non-tumourdiBYV positive liver tissue

respectively and two negative controls - a Rat MegaControl and a Reagent Blank using
best quality water instead of DNA. The B 9732 fliwample was extracted using the

phenol-chloroform extraction method and the B 9T8&r pooled sample was from ten
identical extractions performed using the QIAmp DNAni Kit, which were pooled and

re-extracted using a salt-ethanol precipitatiorhe Bamples from the baboon liver tissue
show a similar melting temperature to the posithemtrols, although the heights of the

peaks indicate that they are at a much lower cdretgon.
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3.8 Transmission of HBV to experimentally-naive ba  boons

Transmission of the HBV found in baboons to expentally naive baboons was
performed by Professor R. Purcell at NIH in Ameri¢@ur experimentally naive,
domestically raised baboons were each injected sétium from one of four of
the original HBV DNA positive baboons. Prior taogulation, blood was drawn
from the baboons to determine their baseline ASOT And IGG levels and for
PCR analysis to show that they were not HBV DNAipas at baseline. Post
inoculation, serum was drawn and a liver biopsygrared on each baboon on a
weekly basis to determine the ALT, ICD and gGT Ilsvas well as serological
markers HBsAg, HBeAg, anti-HBc, anti-HBe and anBdHlevels. The baboons
were transiently positive for a number of these kaes, as shown in figure 35.
Baboon #1, inoculated with serum from baboon 9Ti&2, an increase in the level
of HBsAg 9 weeks post inoculation with smaller mases 2, 19 and 21 weeks
post inoculation. This baboon also had increasehe levels of anti-HBs and
HBeAg 7 and 4 weeks post inoculation respectivdaboon #2, inoculated with
serum from baboon 9732, showed an increase in HBa#&bHBeAg levels 9
weeks post inoculation. Moreover, this baboon stbva coincident sharp
increase in both ALT and HBsAg levels 17 weeks pastulation, with the levels
of both these markers being intermittently elevdtadthe following four weeks.
Baboon #3, inoculated with serum from baboon 97&3®wed an increase in
HBsAg levels 2, 9, 10 and 17 weeks post inoculatiamincrease in anti-HBs 24
weeks post inoculation and an increase in HBeAgl#0 weeks post inoculation
as well as 8 and 20 weeks post inoculation. Bab#hninoculated with serum
from baboon 9734, had increased levels of HBsAge®ks post inoculation.
Anti-HBs levels in this baboon increased dramaltycab weeks post inoculation
and remained elevated for the next 6 weeks. Adtermonths (26 weeks), the
four baboons were sacrificed and serum and livesug obtained from each
baboon.
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Figure 35: Relative levels of ALT and HBV serological markes in experimentally-
naive baboons

Using serum obtained from experimentally-naive lmaiso the ALT and HBV serological
marker levels were measured at weekly intervals$ ipoegulation and computed relative to
baseline level. The baseline level was taken tdhbeaverage of the values obtained at
weekly intervals for the month prior to inoculatio®erum for ‘Week 0’ levels was drawn
just after inoculation.
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3.8.1 Identification of HBV in the serum of infect  ed baboons

DNA was extracted from the serum collected at etste point using the
QIAamp DNA extraction kit (Qiagen) and nested PQRilgsis for the surface
gene (459 — 710) was performed. The PCR amplia@ne visualised by agarose
gel electrophoresis and subjected to Southern dliglation analysis with an HBV
specific probe both to confirm that the amplicoresevHBV and to detect any low
levels of amplification, too faint to be visualised the agarose gel. The results
for all four baboons are shown in table 11. Theas no correlation between the
serology results shown in figure 35 and the timmfgoat which HBV DNA was
detected.



Table 11: Amplification of surface gene (nt 459 — 710) fronnfected baboons

Week Baboon | Baboon | Baboon | Baboon
#1 #2 #3 #4
Baseline - - - -
1 - - + -
2 - + - -
3 - - +
4 - - -
5 + - + -
6 - + - +
7 - - - -
8 - - - +
9 - + -
10 - - -
11 - + -
12 - + - -
13 - - - -
14 + + + -
15 - - - +
16 - - - -
17 - - + -
18 - + + +
19 - - + -
20 - + - -
21 + - + -
22 - - - +
23 - - - -
24 - + - -
25 - - -
26 - - + -
Necropsy - + - +

DNA was extracted from serum drawn from the infdd@boons each week and a nested
PCR amplification (255-761 in the first round areP4710 in the second round) for a 252
bp region of the surface gene performed. Baboow&4 inoculated with serum from
baboon 9712, baboon #2 with serum from baboon 9BaBpon #3 with serum from
baboon 9733 and baboon #4 was inoculated with sémm baboon 9734. The (+) in the
table indicates that the sample amplified succéigsditithis time point and the (-) indicates
that the PCR failed.
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3.8.2 Identification of HBV in the liver tissue of experimentally
infected baboon #2

DNA was extracted from the liver tissue of babodh (thoculated with serum
from baboon 9732), using the phenol-chloroformaotion method and a portion
of the surface gene (409 — 1101) was amplified ésted PCR (figure 36). The
amplicon was sequenced using automated sequenecthgha sequence aligned
with that obtained from baboon 9732. The seque&fdbe virus extracted from
the liver tissue of baboon #2, six months aftercuiation, was identical to the

HBV sequence of this region found in the originabbon 9732.

712 bp =

Figure 36: Amplification of a portion of the HBV surface gere from infected baboon
#2. A nested PCR amplification (58 — 1450 in thetfaeund of amplification and 409 —
1101 in the second round) of a 712 bp region ofgsidace gene was performed using
DNA extracted from baboon #2 (inoculated with serfrom baboon 9732). Although
three identical DNA extractions were performed,yotwio of them (extractions 1 and 3)
amplified successfully.

Abbreviations: Blank 1 - single round PCR conitagnbest quality water instead of DNA;
Blank 2 — double round nested PCR containing beatity water instead of DNA; Extn —
extraction.



4. Discussion

The results of previous studies carried out in @loratory intimated to the
possibility that baboons may be infected with atigenous strain of HBV. In the
first study, four Chacma baboons, which were HBVADNegative at baseline,
were inoculated with human serum and shown to beepiible to HBV infection,
with no biochemical evidence of liver injury at astage and with normal liver
histology at necropsy, 52 weeks post-inoculatiored#a et al, 2000). The
inoculum was pooled serum from three patients wetlute hepatitis B, and
contained both genotype A and non-A (most likelysBains of HBV (Baptistat
al., 2003). The baboon sera were negative for HBsAd anti-HBs using
conventional assays but positive for anti-HBc awieks post inoculation. In a
follow up study, very low concentrations of HBV DN#&ere found in the serum
of the infected baboons and genotypes A and nonefevdetected in varying
concentrations in four baboons for the entire 52kviollow up period (Baptista
et al, 2003). Two baboons were excluded from theseleduaecause they were
HBV DNA-positive at baseline, prior to inoculatioand we therefore proceeded

to determine the prevalence of HBV in wild-caugabbons.

4.1 Prevalence of HBV DNA in Chacma baboons

The Chacma baboorPgpio ursinus orientaljsis widely distributed in South
Africa, ranging from the Cape Peninsula to justtmosf the Limpopo River
(Marais, 1971). Sixty nine wild caught Chacma hkaiso- forty nine adults and
twenty juveniles - from three distinct geographicadions of South Africa were
screened to determine the prevalence of HBV inetlpBnates. Serum samples
from seven vervet monkeysCércopithecus pygerythruswere initially also
screened for HBV but, were found to be negative dbrfour regions and,

thereafter used as negative controls.
Two different extraction methods, the QIAGEN QIAaNA Blood Mini Kit

and GeneReleasewere used to extract DNA from the primate serummas

and this DNA used as the template for the nested-B@plification of four non-
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overlapping regions of the HBV genome. Although GeneReleastsystem is
more economical, time effective and requires a Enamount of serum, it is
more prone to false-negative results when HBV DN#aentrations are low
(Kramvis et al, 1996). It is however slightly more sensitivertitae QlAamfS
kit for detecting HBV DNA at low-titres. In the @sent study, the efficiency of
DNA extraction from the baboon sera did not ditfetween the two methods.

Although nested PCR increases the sensitivity eéadion in samples with low
titres of HBV, there is an increased risk of fasmesitivity because of inadvertent
contamination. All the necessary controls and guéons recommended by
Kwok and Higuchi (1989) were therefore strictly adéd to. Moreover, the
amplifications were repeated at different times, different researchers, in
independent laboratories. The variation shown qdwsmhetically between the
precore/core sequences of a representative numbesamples (figure 15)
furthermore confirmed that there were differencesthe HBV strains from

individual baboons, ruling out the possibility o€antaminant.

HBV DNA was detected in five baboon sera using Beut hybridization (figure
16). This detection of HBV in baboon serum samplgsSouthern hybridization
is an important control because it eliminates tbhesbility that the sera were

contaminated in the laboratory during subsequeallyaas.

Samples were only considered to be positive for HBVA if they amplified for
at least three of the four regions of the HBV geromniJsing this criterion, 15 out
of 69 baboon sera were HBV DNA positive giving averall prevalence of
21,7%. Considering that less stringent criteria fiested-PCR amplification of at
least two out of three different regions (Caccietaal, 1999; Raimondet al,
2007)) are used to detect HBV in serologically nirgaindividuals and that we
did not determine the prevalence of HBV in the ijv¢his may be an

underestimation of the prevalence of HBV in babo@ibneyet al, 2008).

Using commercially available ELISA assays, the sérbour HBV DNA positive
baboons were tested and found to be serologicafijative for HBsAg and anti-

HBc. On the other hand, immunohistochemical stajrof liver tissue from one
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of these baboons did detect HBcAg in several hegtgauclei (figure 17, panel
B) but could not detect HBsAg in the cytoplasm. isTtietection of HBcAg and
the detection by others of HBsAg and/or HBcAg inuenber of naturally infected
non-human animals including chimpanzees, gibbongngutans, woolly
monkeys, Beechy ground squirrels and tree squir(®larion et al, 1980;
Feitelsonet al, 1986; Lanfordet al, 1998; Warreret al, 1999; Huet al, 2000;
Lanford et al, 2000) excludes the possibility that the lack efedtion of HBsAg
and anti-HBc was a result of the lack of cross-iedg between the human and
baboon antigens. The baboon immune system isagindl that of humans
(Murthy et al, 2006) and antigenic cross-reactivity to a nundfeother viruses
including HIV and simian immunodeficiency virus \§lhas been demonstrated
in baboons (Langaet al, 1999). Moreover, interspecies cross-reactiviy t
human immunoglobulins and to three distinct epitope human plasminogen has
been demonstrated in baboons (Cummetgsl, 1984; Shearest al, 1995).

In the present study, we could not detect HBV inéet using serological tests
alone, concurring with the findings of previousdiés in baboons (Blumbergt
al., 1972; Deinhardt, 1976; Michaets al, 1994). In contrast HBSAg positivity
has been reported in 6,7% of chimpanzees, 4,6%oiag, 20,7% of gibbons,
21,3% of orang-utans and 53,8% of woolly monkegset (Sa-Nguanmoet al.
2009 and references therein). On the other hasithgunucleic acid testing,
hepadnaviral infections were detected in 19,5% bimpanzees, 15,1% of
gorillas, 37,5% of gibbons, 27,3% of orang-utand &0% of woolly monkeys
(Sa-Nguanmoet al. 2009 and references therein). Michastisl. (1996) failed
to detect HBV DNA in four experimentally infectedtmoons but, since no details
are given on the regions amplified or whether age®CR amplification was
used, it is difficult to gauge whether the ampiition used was sensitive enough
to detect low levels of viral DNA. Keddeat al. (2000) detected HBV DNA in
experimentally infected baboons, 52 weeks posttida using nested PCR. In
the present study, the first large scale crossaswdtstudy of the prevalence of
HBV DNA in wild-caught baboons, we found 21,7% ofldscaught Chacma
baboons to be positive for HBV DNA, a prevalenauikir to that found in other

non-human primates (Sa-Nguanmataal, 2009).
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Histological examination of the baboon liver tisft@mn a single baboon showed
mild focal lobular hepatitis but no interface heist bridging necrosis or other
signs of liver injury (figure 17, panel A). This isimilar to what has been
observed in chimpanzees and Barbary macaques mqslly infected with
human HBV that develop characteristically mild syomps of liver disease
(Feitelson and Larkin, 2001; Gheit al, 2002).

4.2 Amplification of the complete HBV genome

Both Keddaet al. (2000) and Baptistat al. (2003) showed that HBV DNA levels
in experimentally infected baboons are very lowmifrly, in the present study,
the fact that HBV DNA could only be amplified usingsted PCR indicated that
low viral levels were found in the sera of natwratifected baboons. These low
levels made amplification of the complete genomelehging. It has previously
been shown that the best source of hepadnaviral DNArriers with low titres of
virus is liver tissue and that the maximum amouwifthigh quality nucleic acids
can be recovered using proteinase K digestion i@th by phenol chloroform
extraction and precipitation with ethanol (Michaktkal, 2007; Raimondet al,
2008a). Therefore in order to ensure optimal kwdlHBV DNA to allow for
downstream sequencing, DNA was extracted fromittee tissue of baboon 9732

using this method.

In 2000, Huet al. successfully amplified the complete hepatitis Bavgenome

from the sera of two of thirteen chimpanzees usimgrlapping sub-genomic
fragments but only a portion of the surface gerenfrthe remaining eleven
chimpanzees. The primers used in that study alealed to very conserved
regions of the viral genome and were synthesisdabih the forward and reverse
orientations so that they could be used as eitherard or reverse primers. Using
these primers together with primers designed aerd usutinely in our laboratory
(table 6), the complete genome of HBV isolated frbaboon 9732 liver was

successfully amplified by the nested PCR of eigleriapping fragments.
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4.3 Sequencing and phylogenetic analysis of baboon HBV

Phylogenetic analysis of the complete genome (@gw@5), as well as each of the
four open reading frames (figure 27), of the HBVWladed from the liver of
baboon 9732, showed it to belong to genotype Atarduster with subgenotype
A2. The relatedness of the HBV isolate from thédmn to subgenotype A2
isolates is reinforced by a mean nucleotide divergeof 1,0% across the
complete genome compared to 4,5% when the babadatdsis compared to
subgenotype Al. Phylogenetic comparison of theballHBV sequence with 51
other subgenotype A2 complete HBV genomes showeadliis subgenotype does
not cluster according to geographical locationuffeg 26). The baboon isolate
branched with one of three subgenotype A2 isolfates South Africa for which
complete sequences are available, but separatety thhe remaining two (figure
26). Subgenotype A2 is rarely detected in SouthicAf where subgenotype Al
predominates (Kimbeét al, 2004).

GroupScanning analysis showed no evidence of rer@tibn in the baboon
HBV isolate. The Simmonic software used tests de how deeply a query
sequence lies within each clade formed by a pdaticgenotype with values
ranging from close to 0 (showing no grouping) téie query sequence is buried
deep within a specific genotype) (Simmonds and Miglg2005). The values for
the baboon HBYV isolate never fell below 0,96 intliog a strong association with

genotype A.

Analysis of the nucleotide sequence of the comph& genome isolated from
the baboon liver showed that it contained the sigleptide insertion in the core
ORF as well as a C at nucleotide position 1858 lebiaracteristics of genotype
A. The 1858C variation is important as it staledighec stem-loop structure by
preventing a G to A mutation at position 1896 (latkal, 1994).

The baboon HBV sequence included variations théréntiate subgenotype A2

from Al at both the nucleotide and amino acid IsvelThese variations are

concentrated in the pre-S1 region overlapping thignperase spacer domain and
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in the pregenome signal (Kimbiet al, 2004; Sugauchet al, 2004; Datteet al,
2009). The pre-S region, particularly peptidest@147 are involved in the
binding of the virus to the hepatocytes (Neurattal, 1986) and the signal is
essential for the replication and biological fuons of HBV (Kramvis and Kew,
1998b). The “a” determinant of the HBsAg did nohtain any mutations that
could lead to conformational changes affectingtartty binding and hence cannot
be implicated in the failure to detect HBsAg inlbtthe serum and liver tissue of
the baboon (Pawlotsky, 2005; Laelal, 2006).

In contrast to other subgenotype A2 sequencesbésic core promoter and
precore regions of the baboon HBV isolates conthithee G1809T / C1812T
double point mutation as well as the G1888A mutatidhe former is found in
subgenotypes Al and A3 and latter only in subggre#l (Kimbiet al, 2004;

Kramviset al, 2008). The 1809 / 1812 double nucleotide suligiit is upstream
of the precore initiation codon at position 181Mucleotides 1808 — 1817 (5’ —
AGCACCATGC - 3’) are well conserved in genotypes A — H aodfarm to the

Kozak sequence (5’ - Gig CCATGG — 3'), which is optimal for the initiation of

translation (Ahnet al, 2003). The 1809 / 1812 variation changes thipieace
to: 5’ — ATCATCATGC — 3’ (initiation codon underlined; substitutiocinsbolded
italics) and results in a more than 20% reductibriBeAg expression through a
ribosomal leaky scanning mechanism (Abt al, 2003). This reduction in
HBeAg expression is thought to facilitate earlyos@nversion to anti-HBe and is
accompanied by a striking reduction in the repigabf HBV. Nucleotide 1888
is found on the upper stem of the encapsidationasignd the G to A mutation
creates a Watson-Crick pair with T1871 stabilisitngs structure (figure 7)
(Kimbi, 2005). This mutation also affects translatof the core protein as it
introduces an out-of-frame start codon that playsl@ in modulating translation
of the core protein by a leaky scanning mechanisimifi, 2005). This decrease
in core protein is thought to result in a less sewemune response and hence to

less liver damage and possible persistence ofiths.v

Four other mutations differentiated the baboorirstbAHBV from the majority of

previously sequenced human subgenotype A2 isoldteese included mutations:
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T380C (rtV84A in conserved region A of the HBV palgrase and C76R in
HBsAQ), C1470T (P33G in the X protein), T1765C (B34n the X protein) and
A2019G (E40G in the core protein). The mutationsthe polymerase and X
proteins are not predicted to cause any significamformational changes. The
cysteine (C) to arginine (R) mutation at positich af HBsAg could affect this
protein as the C residues are known to form didelfbond cross linkages
important in the tertiary structure of protein€76R on the other hand, located in
the first hydrophilic loop, would not be expecteal Have a significant effect
because the antigenicity and infectivity of theusirare mainly affected by
residues 101 to 172 of HBsAg (Salisse and Sure@@9)2 Furthermore, C76 is
not essential for assembly and secretion of theo&im (Mangoldet al, 1995).
The A2019G mutation causes an E40G substitutiothéncore protein. This
could lead to conformational changes in the cootgim as this mutation results in
the replacement of a negatively charged polar sitEn with a non-polar one.
Further functional studies would be necessary tierdene the effect of these

changes found in the baboon HBYV isolate.

4.4 Replication of HBV in the baboon liver

Hepadnaviruses replicate by the reverse transoniptf an RNA intermediate
from cccDNA. The presence of both cccDNA and MRBIA was therefore used
to demonstrate viral replication in the baboonrlibecause the detection of HBV
DNA alone does not necessarily correspond to iidac(Hollinger and Sood,
2010). Moreover, HBV DNA positive baboons did nshow significant
biochemical or histological evidence of liver dammagnd thus identification of

viral replication was important to show infectivity

Using real-time PCR, HBV cccDNA was detected in thaboon liver. This
selective cccDNA PCR, originally devised by Koekal. (1996), differentiates
between intracellular HBV cccDNA, virion open citau DNA and other HBV
replicative intermediates by using the fact that tHBV genome is partially
double-stranded, while the cccDNA molecule has ksithnds complete. The
primers are designed to selectively amplify a regiorresponding to the gap and

incomplete regions of the viral genome, and thugldication is unhindered in
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cccDNA but, because of the gap found in this regiotme other forms of HBV, it

is inefficient in these forms.

Extracted samples were treated with Plasmid-SafeT™P-Bependent DNase,
which hydrolyses linear double stranded DNA intaxdaucleotides without
affecting either closed circular, supercoiled ocked circular double stranded
DNAs (Epicentre biotechnologies). Bowdem al. (2004) noted that extracts
treated with Plasmid-Safe™ ATP-Dependent DNase &albg reduction in
background amplification, so a 1000-fold excesaai-ccc HBV DNA would be

needed in order to make a significant contributmthe HBV cccDNA assay.

HBV DNA levels in the baboon are very low and sarly, low levels of cccDNA
were detected in the liver tissue with the samplaly reaching log phase after
more than 35 cycles. The real-time PCR made u&¥&R"-green for detection
and so a dissociation curve was used to confirrhlibth the samples extracted
from the baboon liver and the positive controls Has same melting temperature
(figure 34).

Detection of transcripts from both the core andaa& ORFs showed that the
virus is transcriptionally active in baboon hepsates (figure 31). Maximum
amounts of high quality RNA were obtained from theboon liver using the
guanidinium-acid-phenol extraction method. Thisvi@und to be more efficient
that the Promega SV total RNA isolation kit, whicbuld only detect amplified
products by Southern hybridisation (figure 32). trBgts were treated with
DNasel to prevent any HBV DNA carryover and to easthat only HBV
transcripts were detected (Maseinal, 1998).

4.5 Transmission of the virus to experimentally na  ive baboons

Transmission of the HBV found in baboons was dermatesd by successfully
infecting four domestically raised, experimentaillgive baboons with sera from
infected baboons. Serum samples were collectechaalysed on a weekly basis
for 26 weeks post-inoculation. At 26 weeks poseiration, the baboons were

sacrificed and liver tissue obtained at necrop3yansient HBsAg and HBeAg
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seroconversion provided serological evidence of HBNection in all four
baboons as illustrated in figure 35. HBsAg and M@ederived from the
inoculum have only been reported to persist ingbum of inoculated rhesus
monkeys Macacca mulatafor up to three weeks post inoculation (Lazizdan
Pillot, 1993). Therefore, we did not consider aléns in the levels of the HBV
serological markers within the first four weeks pagculation as an indication of
infection.  There was however an increase in HB$&vels in all four of the
inoculated baboons nine weeks post inoculatiorcatdig successful transmission

of the virus to the experimentally naive baboonshiy stage.

HBV DNA was detected intermittently in the serumadf four baboons for the
entire six month period of follow-up (table 11).hd& length of time following
inoculation during which detectable HBV DNA frometimocula can be detected
in the recipient serum, is contentious. On thewared, Lanforcet al. (2003) used
the detection of WMHBYV DNA in the serum of a spidronkey six weeks post
inoculation as evidence of replication whereas ziai al. (1993) amplified HBV
DNA in rhesus monkeys, which are resistant to HB#égtion, for a maximum of
three months post-inoculation but not thereaftarour case the time of follow up
was longer than three months and since HBV DNAadd detected six months

post inoculation, this did not represent persistarfcthe inoculum.
The sequence of the HBV isolated from the livebaboon #2 at necropsy was

identical to the sequence of the inoculum, dematisty successful transmission

of the virus to experimentally naive baboons.
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Table 12: A comparison of hepadnavirus infection in the woodhuck and baboon (modified
from Michalak et al, 2007).

Woodchuck Model

Characteristic Primary Occult Secondary Occult Baboon
Infection Infection
Serology:

* WHVsAg Negative Negative HBsAg Negative

* Anti-WHVc Negative Positive HBcAg Positive

e Anti-WHVs Negative  Positive or NegativqAnti-HBs Negativg
WHV-DNA load

* Serum <1C*vge/ml  <1C° vge / ml Low levels

« PBMC <1C®vge/ug  <10C° vge /ug nd*

* Liver Not detectable <1(3 vge /ug Low levels
Longewty i Unknown Life-Long Life-Long
Persistence
Infectivity Yes Yes Yes
Spectrum of Organs
Involved:

* Lymphatic System Yes Yes nd*

* Liver No Yes Yes

Intermittent minimal
to moderate .
Liver Histology Normal  inflammatory changq Mild rf]ocal ](_)bular
) : : epatitis
with periods withou
alterations
Hepatocellular
Carcinoma Unknown ~20% ?

Development

* nd — not determined
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4.6 Characterization of the baboon HBV infection

Michalaket al.(2007) defined as occult HBV infection as:
“the existence of HBV DNA in serum, lymphoid c@®IBMC) and / or the liver
and virus genome replicative intermediates (i.e.atently closed circular DNA
(cccDNA) and / or mRNA) in lymphoid and / or hepéissue in the absence of

serum HBV surface antigen, symptoms and biochemigdénce of liver injury”.

Using this definition, it is evident that the HBfection found in wild-caught
baboons meets the criteria of an occult infectiBecause OBIs in humans occur
in asymptomatic carriers of the virus, who are fejuently screened, the
woodchuck model, which has been extensively stydievides a good
alternative model system. We therefore compared dharacteristics of the
infection in the baboon with this animal model (&h2). The baboon infection
had the same characteristics of infection definedsecondary occult in the
woodchuck model. The baboon had low viral loadshm serum and the liver,
was serologically negative and exhibited mild fockdbular hepatitis.
Furthermore, HBV DNA was detected in both juvendad adult baboons,
demonstrating the lifelong persistence of the virusThe infection was
successfully transmitted to experimentally naivebdmns using HBV DNA-

positive serum.

This study is the first to report an OBI in a namfan primate, which is similar to
the seronegative OBI seen in humans. These OBlslaracterised by a lack of
all serological markers and very low or even unctetde levels of circulating
HBV DNA (Raimondoet al, 2010), with HBV DNA detected more frequently
intrahepatically rather than in the serum (Hu, 200Bhe detection of HBV DNA
in liver biopsies is therefore considered to bedhly reliable marker of this type
of infection (Raimondcet al, 2008b; Raimondet al, 2010). OBIs in humans
without liver injury have not been extensively sadland therefore our current
knowledge of OBIs comes mainly from the woodchuakdel. The detection of
an OBI in the baboon may provide a good alternatioelel system in an animal

closely related to humans and not endangered.
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4.7 Origins of HBV infection

The HBV genome has a very complex organisation witire than 67% of the
genome coding for multiple proteins and regulatomyctions within overlapping
open reading frames (Mizokaret al, 1997). A synonymous change in one ORF
therefore could result in a non-synonymous changehé overlapping ORF and
so, in order to maintain its functionality, evoturti of the HBV genome is
constrained. The HBV polymerase enzyme lacks preadling activity and has
mutation rates similar to those of the relatedongtuses or other RNA viruses

(Simmonds, 2001). If evolution of the genome, I tabsence of immune
pressure, is taken to b@1x10™° substitutions per site per year, it can be

extrapolated that the HBV genotypes evolved froobemon ancestor between
2300 and 3100 years ago. The identification of HB&X¥&ins in wild caught

chimpanzees, gibbons and orang-utans, equidistdintftom each other and from
the human genotypes, would mean that if the santation rate is adhered to, the
primate associated HBV strains would also haveiraigd in the last 2000 —
3000 years (Simmonds, 2001). Humans are the qu#gies known to have
travelled between continents during this period smdhey would have had to be

the vectors that spread the disease to other specie

An alternate hypothesis is that HBV co-evolved witbhdern humans when they
migrated from Africa approximately 100 000 year® dflorderet al, 1994;

Magnius and Norder, 1995). The difficulty withghtheory is that the distribution
of the HBV genotypes does not correspond betweenahupopulation groups
(e.g. genotype F is found in the Native Americapulation whereas genotypes B
and C are found in their nearest genetic relatittessMongoloid northeast Asians)
(Simmonds, 2001). The other problem with this tlidge the close relationship
between the human and non-human primate stramshid scenario, the primate
viruses should be far more divergent from the hurarants and from each other

given the much longer period of primate co-speaiaf{lSimmonds, 2001).

A third hypothesis for the origin of HBV speculatibsit the non-human primate

HBV variants coevolved with their primate hosts oaeperiod of 10 - 35 million
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years (MacDonal@t al, 2000). The numerous genotypes found in humansgdvo
have resulted from multiple zoonotic transmissidram several non-human
primate species infected with different speciesz#jmestrains. This hypothesis is
supported by the fact that in areas of high HBVenitity, there is close contact
between humans and primates increasing the chaonfesross species
transmission (Simmonds, 2001). Transmission bytipielzoonotic events is not
unprecedented. HIV type 1 has been shown to haignated from three
separate cross species transmissions from chimesuazel HIV type 2 originated
through multiple contacts with sooty mangabeys (6aal, 1992; Gacet al,
1999). Supporting this theory is the fact that thest divergent of the human
HBV genotypes, genotype F, and the most divergérthe® non-human primate
HBV strains, the woolly monkey HBV, are both foumd South America.
Furthermore, hepadnaviral isolates from the gibbod orang-utan resident in
east Asia grouped closest to isolates from genoBpevhereas isolates from
chimpanzees in Africa grouped closest to genotgpewhen ~60% of the
polymerase ORF and the overlapping S gene was aechp@&immonds and
Midgley, 2005). In both cases, these are the pnémnt human HBV genotypes
found in humans sharing the natural habitats ofdghprimates. The recently
described “genotype J” isolate was found to cluptedogenetically with isolates
from the gibbon and the orang-utan, both of whickhun in Borneo, where the

patient is presumed to have been exposed (Tatersiid2009).

A shortcoming of the “non-human primate origin” poyhesis has been that, apart
from one HBV genotype E strain in a wild-caughtropanzee (Takahasht al,
2000), there have been no reports of an HBV gemotyping shared by both
humans and primates and thus the actual specielv&a/in transmission of HBV
to humans has so far remained unidentified (Simmep2@01). The identification
in the present study of the occult HBV infection wiild-caught baboons with
subgenotype A2 share by humans strengthens themargufor a non-human

primate origin of HBV infection and may provide eykto the puzzle.

The nucleotide divergence of genotype A is higihegtfrica (4%) than elsewhere
(2,96%) leading to the hypothesis that genotyperigimated in Africa and then
spread to the rest of the world (Kramvis and Ke@Q72 Andernaclet al, 2009a).
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The relatively large nucleotide divergence betwsebgenotypes Al and A2
suggests that they diverged more than 2000 years @be low variability seen

within the circulating strains of subgenotype AZhieh is characterized by a
relatively slow evolutionary rate~09x10™) (Zehenderet al, 2008), suggests

that this subgenotype arrived in Europe from Africathe last 500 years, most
likely by the Portuguese sailors who first cameSimuthern Africa in the late
1400s (Hannoumet al, 2005). Subgenotype A2 has been shown to prefelign
be transmitted sexually especially in men-havingrsgh-men (De Maddalenat
al., 2007) The greater intragroup genetic diversityABfican subgenotype A2
strains (1,97%) compared to A2 strains from the wfsthe world (1,17%)
(Andernachet al, 2009a) supports this hypothesis.

The finding of subgenotype A2 in the HBV isolaterfr the liver of baboon 9732
may seem paradoxical as subgenotype Al is the predot strain presently
circulating in South Africa. One possible explamatfor this is that subgenotype
Al has over time become more predominant than sutgee AZ2. An

analogous trend may have occurred in the Mediteaa region where genotype
D now predominates over genotype A (Nordeal, 1993). Similarly a change in
the prevalent HBV genotype in central and westefmicA has been postulated to
have occurred over the past 200 years, with thetgpa E expanding in the
human population (Andernaddt al, 2009a; Forbiet al, 2010).  Genotype E,
which was originally restricted to the west codsAfysica, has now spread over a
large crescent stretching from The Gambia, throNgjeria and the Democratic
Republic of Congo into Namibia and Mozambique (Amdeh et al, 2009a).

This recent spread is supported by the low sequdiveggence (1,75%) of this
genotype (Muldergt al, 2004; Kramviset al, 2005b; Forbiet al, 2010) and by

the very sporadic detection of genotype E outsid&foca (Singhet al, 2009;

Alvarado Moraet al, 2010), suggesting that this genotype was ravfrica at

the time of the forced migration of African slawesthe New World between the
16" and 19 centuries (Andernacét al, 2009a; Forbet al, 2010). Instead, the
subgenotypes found in descendants of Africans utlfSAmerica are subgenotype
Al in Brazil (Araujoet al, 2004) and subgenotype A2 in Venezuela (Quinétro
al., 2002).The higher nucleotide divergence of Africarbgenotype A2 strains
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relative to non-African strains intimates that seibgtype A2 may be of African
origin (Hannouret al, 2005). However, since only three complete sobtygpe
A2 HBV genomes from Africa have been published vétfew partial genomes

from Kenya (Mwanggt al, 2008), no firm conclusions can be drawn.

4.8 Cross species transmission of HBV between huma ns and

baboons

HBYV is highly contagious virus and is approximatéy times more contagious
than HCV and a hundred more times contagious tH&n(WHO, 2008). HBV is
transmitted through the exchange of blood and gdtlids including via bites
and saliva (Scotet al, 1980; Stornello, 1991). Documented close lingsnveen
humans and baboons mean that cross species tramsmisf the virus is

extremely plausible.

In Africa, primates are often slaughtered for bushtnso this could be another
source of exposure to the virus (Robertson, 200$)mian foamy virus, for
example, regularly infects hunters of bushmeataawian influenza and Hendra
viruses (Wolfeet al, 2005). These viruses show little to no evideoichuman-
to-human transmission but it is hypothesised thaiugh repeated transmissions,
they will gradually adapt and ultimately evolveantiral strains capable of being
transmitted by humans. This is what is believetidwe happened with SIV and
HIV. SIV naturally infects the red-capped mangalegrcocebus torquatyisind
the greater spot-nosed monkegZe(copithecus nictitans (Lovgren, 2003).
ChimpanzeesRan troglodytesacquired SIV by eating these monkeys giving rise
to a hybrid form of the virus. This hybrid virusas/ transmitted to humans as
HIV-1, probably through the hunting and butcherrighimpanzees for bushmeat
(Lovgren, 2003).

Zoonotic transmissions of viruses are common. Awdluenza A virus (subtype
H5N1) can be spread to domestic cats, tigers, lelspand of course humans
(Keawcharoeret al, 2004; Kuikenet al, 2006). Human influenza A viruses can
be transmitted to ferrets, guinea pigs and chimpas{Ferber, 2000; Lowest

al., 2006) and the influenza B virus, supposedly sl to humans, has been
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found in harbour seals (Osterhatsal, 2000). The herpes simplex virus can be
passed from humans to various species of ape ingupbrillas, chimpanzees and
apes (Eberle and Hilliard, 1989) and an outbreathefhuman measles virus in
gorillas in Rwanda killed six of these primates rifeg, 2000). Other human
viruses have simian origins, for example the hunfacell leukaemia virus
(HTLV) is the counterpart to the simian T-cell |eghknia virus (STLV)
(Courgnaudet al, 2004). Among the hepatitis viruses, hepatitieaS zoonotic
tendencies and is found in humans, domestic pagents, deer and macaques
(Hirano et al, 2003; Christenseat al, 2008). Baboons are susceptible to STLV
(Takemureet al, 2002) and are one of only a few non-human prim#tat when
infected with HIV, develop an AIDS-like disease @beret al, 2003). This latter
fact, together with the fact that the baboon immwystem, like its human
counterpart, has all four IgG subclasses makebsabheon an ideal animal model

system for human infections and vaccine developrfiestheret al, 2003).

In Africa, the majority of HBV carriers are HBeAgegative, and in these
individuals, the spread of HBV is mainly horizonramvis and Kew, 2007). In
South Africa, HBsAg positivity peaks between fivedasix years of age (Kew,
1996; Vardast al, 1999). In baboons, their natural habits meahn hbazontal
baboon to baboon transmission of HBV is highly Ifjke Baboons are very
sociable animals living in troops of between 20 4B0 animals (Barrett, 2000).
Bonds are strengthened by daily grooming with saveslated and unrelated
partners including offspring (Cheney and Seyfa2®Q7). Infant baboons hold
immense attraction for both adult and juvenile fessavho gather round to touch,
hug and examine the infant. Young baboons, lik& thuman counterparts, spend
much of the day playing together. The games cawrbe quite physical often
leading to mock fights. This behaviour is gengraiblerated by the other
members of the troop although the occasional oléerhas been observed to
heavily punish youngsters who disturb him (Mardi871). There is a strict
hierarchy within troops of baboons, which is adiivenforced. Although
physical fights amongst both males and femalegae they are not unknown.
Alpha males especially tend to be very aggressinkdisplays of dominance and

chases are a daily occurrence. An alpha male eldets in that position for
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more than a year and the new alpha male will ofifininfants fathered by the

male they have just usurped (Cheney and Seyfady,)2

Subgenotype A2, which was found in the baboon hasihusual characteristic of
being confined to the peripheral blood leukocytBL(s) of Indians, a population
where subgenotype Al and genotype D predominatattgBt al, 2009). The
active replication of the virus in the PBLs may thee result of differential
immune pressures, which allow different viral gigito evolve independently
(Datta et al, 2009). Although the results of the study by Bat al. were
challenged as being the result of contaminatidnqEt al, 2010) , the authors
defended their work by explaining the necessarggurgons and controls taken to
prevent contamination. They also pointed out tH&V has a much slower
mutation rate than RNA based viruses such as HiM, $o the publication of
HBV sequences from unrelated isolates that areticiror differ in only one or
two nucleotides is quite common. This unique cormpantalization of
subgenotype A2 in the PBLs may explain the sprembt@nsmission of HBV in

baboons but further studies are necessary.

From the results of the present study, it is imjimssto determine whether the
HBYV found in baboons initially came from humansjfdrumans were infected by
baboons. However, as noted by Michael Lai, a viaxgsert at the University of
Southern California, Los Angeles, “When we exposeselves to exotic animals,
there is always a risk of being exposed to somgthitknown...When we perturb
the existing peace between human beings and nater@re opening a Pandora

box, which may contain surprises.” (Lovgren, 2003).
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5. Conclusion

The detection of HBV DNA in the sera of two Chacrbaboons prior to
inoculation with human HBV intimated that baboons ehronically infected with
HBV. The objective of the present study was teedetne the prevalence of HBV
in wild caught Chacma baboons and to molecularra&tterise the virus isolated

from these animals.

Using nested PCR of four separate genomic regiand,taking a sample to be
positive only if it amplified for three or more tiiese regions, HBV DNA was
detected in the serum of 11/49 adult and 4/20 jiweraboons resulting in an
overall prevalence of 21,7%. This prevalencenslar to the HBV prevalence in
humans and other non-human primates in highly erdaneas, including sub-
Saharan Africa. Serologically, the baboons weggatiee for all markers of HBV
infection, although HBcAg was detected in liveistis by immunohistochemical
staining. The detection of low levels of HBV DNA the baboon liver tissue, as
well as the serum, in the absence of HBsAg classithis infection as occult
(Raimondoet al. 2008a). The lack of any serological markers ofVHBfection
further distinguishes this as a seronegative OBDBIs are a common
consequence of the resolution of acute hepatitesciions but may also occur

after asymptomatic exposures to HBV (Michadlal. 2007).

The complete HBV genome isolated from the liveraof adult male Chacma
baboon, baboons 9732, was amplified by the nes@® Bf eight overlapping
subgenomic fragments. A 160 bp portion of the grefcore region of the viral
genome was also successfully amplified and seqdensiag DNA isolated from
the serum of baboon 9732 as well as five other o Phylogenetic and
GroupScanning analysis of the baboon HBV isolatewsd it to belong to
genotype A, clustering with subgenotype A2, an peeked result considering
that subgenotype Al predominates in South Africkhe baboon HBV had
mutations in both the basic core promoter and peecegions not found in
subgenotype A2. These mutations included the GIL809C1812T double

mutation in the Kozak sequence preceding the peeqootein start codon



characteristic of subgenotypes Al and A3, and GA8BB8the precore region
unique to subgenotype Al. The G1809T / C1812T douhltation and the
G1888A mutation affect the translation of the precand core proteins,
respectively, by a leaky scanning mechanism, riegulh reduced expression of
both proteins (Ahret al. 2003; Kimbi 2005). Four additional mutations het
polymerase, surface, X and core regions of the dmaibtBV strain differentiated
the baboon isolate from the majority of previousBguenced subgenotype A2
isolates.

Low levels of cccDNA were detected in the liverstis of baboon 9732 using a
selective real-time PCR and SYBRreen detection. The low levels were clearly
demonstrated by length of time taken for the labHBV isolate to reach log
phase (~35 cycles) when compared to isolates froth the tumorous and non-
tumorous controls (~30 cycles). RNA extracted fritra liver tissue of baboon
9732 was reverse transcribed and regions of the ldB¥ore/core and surface
ORFs amplified by nested PCR. This detection oD&¢A and viral RNA in the
liver tissue of baboon 9732 shows that the HB¥éicating at low levels in the

baboon liver, , a characteristic of occult infengo

The HBV found in baboons was successfully transaitb four experimentally
naive baboons by injecting them individually wittrem from four HBV DNA
positive baboons. The inoculated baboons werssigatly seropositive for both
HBsAg and HBeAg and had intermittent increases UT Aevels. HBV DNA
was detected at various time points post inoculatiroughout the 26 week
period and amplification of a portion of the HBVngene isolated from the liver
tissue of one of the baboons post inoculation skow® be identical in sequence
to the inoculum. This demonstration of transmidisybof the baboon HBV is
important as it shows that the virus is not onlgsaent in baboons but, taken
together with the evidence of viral replicationtadsishes infectivity of the virus.
The HBV found in baboons can therefore be clashi@s an occult HBV
infection (Hollinger and Sood, 2010).

The well documented interactions between humans mlmbons make cross

species transmission of this virus a possible everthe identification of
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subgenotype A2 in the baboon when subgenotypesndllA8 predominate in
Africa, may indicate that subgenotype A2 is an pld&ain that previously
circulated on the African continent. There is ai@ty of sequencing data for
subgenotype A2 from Africa, with only four completebgenotype A2 genomes
from South Africa deposited in GenBank. Shortebganomic sequences of
subgenotype A2 from South Africa (Bowyer and Sin®@@Q Tunisia (Meldakt
al. 2009) and Kenya (Mwangit al. 2008) have also been deposited. It is possible
that more extensive molecular epidemiological ssdn Africa may uncover a
higher circulation of subgenotype A2 in more remigions. Furthemore, in a
recently published study it was shown that, in dpndisubgenotype A2
preferentially infects the peripheral blood lympyies as opposed to the liver
(Datta et al. 2009). Subgeneotype Al is the major strain ofoggre A
circulating in India. Therefore the possibility ists that this alternative
compartmentalization of the subgenotype A2 infectias resulted in the lack of
detection of this subgenotype in Africa. This pbitity, which was not explored
in the present study because of ethical and timstcaints, should be investigated

by extracting DNA from the PBL compartment of bbttboons and Africans.

The detection of HBV in both adult and juvenile bab sera, albeit at low levels
is an indication of the lifelong persistence ofsthirus in these animals. HBV
DNA was detected in the absence of serological erarkan indication of
secondary occult infection (Michalagt al. 2007). The detection of cccDNA and
HBV RNA in the liver tissue of baboons provided d=ice of replication of the
virus and the infection was transmitted to expentally naive baboons.
Although secondary occult infection has been dernatesl in the woodchuck
animal model, to our knowledge, this is the fitsidy to demonstrate, a naturally

occurring occult HBV infection in a non-human pries

13¢



Appendix |

Animal ethics clearance certificate from the Unsirof the Witwatersrand:

AESC 3

STRICTLY CONFIDENTIAL

UNIVERSITY OF THE WITWATERSRAND, JOHANNESBURG

ANIMAL ETHICS SCREENING COMMITTEE

CLEARANCE CERTIFICATE NO:

97 88 1
APPLICANT: Professor M C Kew
DEPARTMENT : Medicine
PROJECT TITLE: Are baboons naturally infected with a
hepadnavirus? =
Species Number Expiry Date

10 ml baboon blood

10

5 December 1999

First-time users of the CAS
available.

The use of these animals is
use and care of animals, to
application form, and to:

nil.

ta——

SIGNED —

should contact the Director of the
CAS in order to familiarise themselves with the facilities

subject to AESC Guidelines for the
the procedures specified in the

(Chairman: Animal Et
Screening Committee

hics

)

14C
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Animal ethics clearance certificate from the Nadibimstitute of Health,
Bethesda, USA:

ORIGINAL

Leave Blank

NATIONAL INSTITUTES OF HEALTH
Proposal # LID 65 .
Approval Date 5/99 ]

ANIMAL STUDY PROPOSAL
Expiration Date 5/0_2r

Annual Review Due:

Ist Year 5/00 .
2nd Year 5/01

Please Type

A. ADMINISTRATIVE DATA:

Institute, Center, or Division NIAID

Principal Investigator Robert H. Purcell, M.D.

Building/Room 7/202

Telephone 301-496-6227

Fax/Email 301-402-0524 / rpurcell@niaid.nih.gov

Division, Laboratory, or Branch Hepatitis Viruses Section, LID

Project Title Studies of human hepatitis viruses and other viruses related to studies of pathogenesis and
vaccine development in Old World primates.

Initial Submission[ ] Renewal [ X] or Modification [ ] of Proposal Number__LID 65

List the names of all individuals authorized to obtain animals under this proposal and identify personnel (*) anticipated to have substantial animal
contact:

NIAID: Randy-Elkins (removed 5/02), DVM* Sue Emerson* (added 12/01)
Bioqual*: Richard Bradbury, DVM, MS Floyd Cesler Marisa St. Claire, DVM, MS
Tammy Tobery Boris Skopetts, DVM, Ph.D. Betty Libby Max Shapiro

B. ANIMAL REQUIREMENTS:

Species Old World monkeys, including Macaca, Cercopithicus, Cercocebus, Papio spp.
Macaque, African Green, Mangabey, Baboon

Stock/Strain
Juveniles and Adults

Age/Weight/Size

Sex Male/Female

Source(s) Morgan Island, Three Springs Scientific, Mannheimer Foundation, and other NIH approved
sources

Animal Holding Location(s) Bioqual , Inc., 2501 Research Blvd., Rockville, MD 20850

Animal Procedure Location(s) Bioqual , Inc., 2501 Research Blvd., Rockville, MD 20850

Number of Animals To Be Used Species Year | Year 2 Year 3 Total
Old World species 0/80 80 80 240

NIH-0000-0 LID 65 1999
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PROPRIETARY
DO NOT DUPLICATE
December 1, 1998 DO NOT D‘?THIBUTE 98-B-428

Protocol 98-B-428: Attempt to transmit hepatitis B virus to baboons.

Purpose: Despite numerous attempts to transmit HBV to a variety of primate species, the
chimpanzee remains the only useful animal model for this purpose. The list of primate
species for which attempts to transmit HBV were unsuccessful includes baboons.
However, recently Dr. Michael Kew discovered evidence of natural infection of baboons
with a hepatitis B-like agent. He has partially characterized this agent but, because baboons
in South Africa may have been infected and because the level of replication is low and
difficult to document in some cases, he has requested that we collaborate with him on
attempts to transmit the HBV he has recovered from South African baboons to domestically
raised baboons. We have obtained four baboons from a domestic breeder. These all
appear to be negative for markers of HBV replication. We will attempt to transmit a
hepatitis B-like agent from the serum of South African baboons to the domestic baboons.
They will be monitored with tests for HBV replication and samples will be sent to Dr. Kew
for comparison with results of South African experiments.

Procedure:
Baboons . Inoculum Dose/Route
1 Bab. 9712 0.5ml1vV
2 Bab. 9732 0.5ml/IV
3 Bab. 9733 0.5ml/TV
4 Bab. 9734 0.5ml/TV

Pre- and Post-Inoculation: See attached sheet.

Duration: Six months or until terminated by Ir. Purcell

J;

Assurances:

i There is at present no animal model except the chimpanzee for the study of
infection with hepatitis B virus. Specifically, cell culture systems, computer
models, etc., are inappropriate and incapable of yielding the necessary information
to be derived from this protocol. Recently, Dr. Michael Kew, of South Africa, has
obtained evidence for the natural infection of baboons with a hepatitis B-like agent.
Preliminary sequence analysis suggests that it is very similar, if not identical, to
certain human strains of HBV. Since the purpose of this protocol is to attempt to
confirm Dr. Kew’s findings and to characterize the baboon as a potential animal
model for HBV studies, the species of animal assigned to this protocol has been
considered and deemed to be the most appropriate for these studies. The number
of animals on this protocol (4) has been considered and deemed to be appropriate
in terms of interpretability of the anticipated data and conservation of animals.
Additional animals will be added at a later date if the data warrants such an
addition. The procedures used in this protocol have been approved in previous
blanket protocols and are described in the Standard Operating Procedures of the
facility housing animals.

o

A search of the literature (MEDLINE) and consultation with other individuals
having expertise in the field have failed to yield alternatives to the procedures
described herein or evidence that the research is unnecessarily duplicative of
previously reported research.
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3. Justification for single housing: Animals are housed socially in pairs when
possible. Exceptions to pair housing may include the following and appropriate
reasons in this experiment are checked: (1) Incompatibility (aggressiveness, size
differential, etc.) [ ]; (2) The animals are receiving different infectious inocula [X];
(3) Inadyvertent transmission to a cage mate would make the results uninterpretable
[ 1; (4) Titration of virus stocks (pair housing would require twice as many animals
as single housing) [ ]; (5) Collection of excreta (feces or urine from individual
animals must be collected separately) [ ]; (6) Only one animal is being inoculated
with an infectious agent: pair housing would expose a cage mate to inadvertent
infection [ ]. Animals may be pair housed before and after the experiment.

Distribution: Drs. Purcell, Emerson, Gerin, Elkins (2 copies, one for Sec., NIAID
ACUC) Bradbury, St. Claire, Skopets, Sibal (chimps only); Mr. Shapiro, Engle;
Mrs. Wong

Others: Dr. Kew

Draft:
Final:

Revisions: PROPR!ETA;‘:{V
st : ) DO NOT DU ATE
Distributed ) L e
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Appendix I

0,7% or 1% or 3% Agarose gel

0,7 g (0,7%) or 1 g (1%) or 3 g (3%) Agarose

100 ml 1 x TBE buffer

Dissolve agarose in 1 x TBE buffer by heating imigrowave oven for
~4 minutes, swirling occasionally, until all the aagse particles are
completely dissolved. Care must be taken that cesibe the high
percentage gels do not boil over.

Cool to ~60 °C.

Add 10l mg / ml Ethidium Bromide and swirl to mix.

Pour into a prepared casting tray and allow todgglicompletely at room

temperature.
0,8% Agarose gel with Crystal Violet

0,89 Agarose

100 ml 1 x TAE buffer

Dissolve agarose in 1 x TAE buffer by heating im&rowave oven for
~4 minutes, swirling occasionally, until all the aagse particles are
completely dissolved.

Cool to ~60 °C.

Add 30ul 20 mg/ml Crystal Violet solution and swisl mix.

Pour into a prepared casting tray and allow toddfglicompletely at room

temperature.
24:1 Chloroform: isoamyl alcohol
To a sterile bottle, add:
48 ml  Chloroform

2ml Isoamyl alcohol

Mix thoroughly before using and store at room temagure.
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0,5 M Ethylene diamine tetra-acetic acid (EDTA) (pH8.0)

18,61 g Ethylene diamine tetra-acetic acid
80 ml  Distilled water

Stir vigorously on a magnetic stirrer.

Adjust pH to 8.0 with 10 M Sodium hydroxide.
Adjust volume to 100ml with distilled water.

Sterilize by autoclaving and store at room tempeeat

Luria-Bertani (LB) medium

10g Tryptone

5¢ Yeast

109 Sodium chloride

Adjust volume to 1000ml with distilled water.

Sterilize by autoclaving and store at 4 °C.

LB agar plates

10g Tryptone

5¢ Yeast

109 Sodium chloride

159 Bacteriological agar

Adjust volume to 1000ml with distilled water.

Sterilize by autoclaving.

Cool to approximately 50 °C before adding 1 ml aher 50 mg/ml
ampicillin or 50 mg/ml kanamycin as required.

After pouring, allow plates to solidify completebt room temperature

before storing at 4 °C.

14¢



5 x MOPS buffer

41,86 g 3-[N-morpholino]-2-hydroxypropanesulphoacid (MOPS)
4,12 g Sodium acetate

10 ml  0,5M EDTA (pH 8.0)

800 ml Distilled water

Adjust pH to 7.0 with 10 M Sodium hydroxide.

Adjust volume to 1000 ml with distilled water.

Add 1 ml DEPC and stir at room temperature ovérnig

Sterilise by autoclaving and store at room tentpeea

Phosphate Buffered Saline (PBS) (pH 7.4)

8¢9 Sodium chloride

0,29 Potassium chloride

1,449 NaHPO, (Di-sodium hydrogen orthophosphate)
0,24g KHPO, (Potassium di-hydrogen orthophosphate)
800 ml Distilled water

Adjust pH to 7.4 with hydrochloric acid.

Adjust volume to 1000 ml with distilled water.

Sterilise by autoclaving and store at room tempeeat

Phenol chloroform extraction lysing buffer

7M Urea
0,3M  Sodium chloride
10 mM EDTA

10 mM Tris base

Sterilise by autoclaving and store at room tenipeea
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RNA extraction Solutions

49:1 Chloroform: isoamyl alcohol

To a RNase free, sterile bottle, add:
49 ml  Chloroform
1 mi Isoamyl alcohol

Mix thoroughly before using and store at room teragure

Diethyl pyrocarbonate (DEPC) treated water

Prepare a 0,1% solution of DEPC in distilled water.
Stir overnight at room temperature.

Sterilize by autoclaving and store at room tempeeat

75% Ethanol

To a RNase free, sterile bottle, add:
75 ml  Absolute ethanol

25 ml  DEPC treated water

Store at -20C.

2M Sodium acetate

16,42 g Sodium acetate

35ml  Glacial acetic acid

Adjust volume to 100 ml with distilled water.

Add 100ul DEPC and stir overnight at room temperature.

Sterilize by autoclaving and store at room tempeeat



0,75 M Sodium citrate

22 g Sodium citrate
Adjust volume to 100 ml with distilled water.

Sterilize by autoclaving and store at room tempeeat
Solution D

47,28 g Guanidinium thiocyanate
3,33 ml 0,75 M sodium citrate (pH 7.0)
5ml sarcosyl
700ul  B-mercaptoethanol
Adjust volume t0100 ml with distilled water.
Add 100pul DEPC and stir overnight at room temperature.

Sterilize by autoclaving and store at room tempeeat

Water saturated phenol

10 ml  UltraPure™ Phenol: Water (3,75 : 1 vinyitrogen)
1,3ml RNase free water (Invitrogen)
Mix thoroughly.

RNA gel loading buffer

5ml Glycerol

20 ul  0,5M EDTA (pH 8.0)

0,04 g Bromophenol Blue

0,04g Xylene Cyanol

Adjust volume to 10 ml with DEPC treated water.

Store in 1 ml aliquots at room temperature.
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10 mg/ml Salmon sperm DNA

100 mg Salmon sperm DNA

Adjust volume to 10 ml with TE buffer (pH 8.0).

Dissolve overnight.

Sonicate 10 times (2 minutes on, 30 seconds off)demature by boiling

for 10 minutes.
Store frozen at -20 °C in 1 ml aliquots.

5% Sephadex

59 Sephadex G50
100 ml TE buffer (pH 8.0)
Allow to stand overnight to equilibrate.

Sephadex spin columns

Plug the bottom of a 1 ml syringe with fish woobgrlace the syringe in a
10 ml collection tube.

Pipette 5% Sephadex into the syringe until full acentrifuge at
35 000 x g for 5 min, discard the filtrate anduratthe syringe to the
10 ml collection tube.

Repeat until the swollen sephadex is compacte®® ml in the syringe.

Equilibrate the column by adding 100 pl TE bufferthe column and
centrifuge for 5 min. Discard the filtrate, retutre syringe to the 10 ml
collection tube and repeat.

Place the syringe in a clean 10 ml collection tw#ul] 100 pl TE buffer to
the column and centrifuge for 5 min.

Check that the volume of filtrate in the collectitube is 100 pl. If not,
repeat the final step until 100 ul is eluted.
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Slot Blot Denaturing Solution
5 mM Tris-HCI (pH 8,0)
2,5 mM EDTA
0,125% (w/v) SDS

250pg / ml - Proteinase K

Filter sterilise and use immediately.
10% Sodium dodecyl sulphate (SDS)
109 SDS

Adjust volume to 100 ml with distilled water.

Filter sterilise and store at room temperature.

0,4 M Sodium Hydroxide (NaOH)

16 g Sodium hydroxide

Adjust volume to 100 ml with distilled water.

10 M Sodium Hydroxide

40 g Sodium hydroxide

Adjust volume to 100 ml with distilled water.
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Southern blot Church and Gilbert (C&G) hybridisatio n buffer (Church
and Gilbert, 1984)

12,78 g NgHPQO, Di-sodium hydrogen orthophosphate
4,20g NakPO, Sodium di-hydrogen orthophosphate
17,59 SDS

5 ml 0,5 M EDTA (pH 8.0)

200 ml Distilled water

Adjust pHto 7.2

Adjust volume to 250 ml with distilled water.

Filter sterilise and store at room temperature.

Southern blot denaturation solution

87,66 g Sodium Chloride
20 g Sodium hydroxide
Adjust volume to 1000 ml with distilled water.

Sterilise by autoclaving and store at room tenipeea

Southern blot depurination solution

22 ml  Hydrochloric acid
978 ml Distilled water

Store at room temperature.

Southern blot neutralisation solution

175,2 g Sodium Chloride

120 g  Tris base

800 ml Distilled water

Adjust pH to 7.5 with concentrated HCI.

Adjust volume to 1000 ml with distilled water.
Sterilise by autoclaving and store at room tentpeea
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Southern blot first wash buffer

50ml 20 x SSC
5ml 10% SDS
Adjust volume to 500 ml with distilled water anseuimmediately.

Southern blot second wash buffer

25ml  20x SSC
5ml 10% SDS
Adjust volume to 500 ml with distilled water anseuimmediately.

Southern blot third wash buffer

2,5ml  20x SSC
Adjust volume to 500 ml with distilled water anseuimmediately.

2 x Saline sodium citrate (SSC)

100 ml 20 x SSC
800 ml Distilled water
Mix thoroughly.

20 x SSC

88,23 g Tri-sodium citrate

175,32 g Sodium Chloride

800 ml  Distilled water

Adjust pH to between 7.0 and 8.0 with concentr&t€dl
Adjust volume to 1000 ml with distilled water.

Sterilise by autoclaving and store at room tenipeea

15z



1 x TAE buffer

100 ml 10 x TAE Buffer
900 ml Distilled water
Mix thoroughly.

10 x TAE buffer

48,4 g Tris base

11,4 ml Glacial acetic acid

379 EDTA

Adjust volume to 1000 ml with distilled water.

Sterilise by autoclaving and store at room tenipeea

1 x TBE buffer

100 ml 10 x TBE Buffer
900 ml Distilled water
Mix thoroughly.

10 x TBE buffer

108 g  Tris base

55¢g Boric acid

93g EDTA

Adjust volume to 1000 ml with distilled water.

Sterilise by autoclaving and store at room tenipeea
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TE Buffer (pH 8)

2ml 0,5M EDTA

10ml 1 M Tris-HCI (pH 8.0)

800 ml Distilled water

Adjust pH to 8.0 with concentrated HCI.
Adjust volume to 1000 ml with distilled water.

Sterilise by autoclaving and store at room tentpeea

1 M Tris-HCI (pH 8.0)

121,19 Tris base

800 ml Distilled water

Adjust pH to 8.0 with concentrated HCI.
Adjust volume to 1000 ml with distilled water.

Sterilise by autoclaving and store at room tenipeea
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Appendix Il

GenBank accession numbers and countries of oragithie subgenotype Al and A2

isolates used to calculate the mean nucleotidegivees shown in table 8.

Subgenotype Al

AB076678 - Malawi AY233279 - South Africa
AB076679 - Malawi AY233281 - South Africa
AB116082 - Bangladesh AY233282 -South Africa
AB116083 - Bangladesh AY233283 -South Africa
AB116084 - Bangladesh AY233284 -South Africa
AB116085 - Bangladesh AY233285 -South Africa
AB116086 - India AY233287 - South Africa
AB116087 - India AY233288 - South Africa
AB116088 - Nepal AY233289 - South Africa
AB116089 - Nepal AY233290 - South Africa
AB116091 Philippines AY373432 -India
AB116092 Philippines AY903452 - South Africa
AB116093 Philippines AY934765 - Somalia
AB116094 Philippines AY934766 - Somalia
AB241114 Philippines AY934767 - Somalia
AB241115 Philippines AY934768 - Somalia
AB246335 India AY934769 - Somalia
AB246336 South Africa AY934770 - Somalia
AF297621 South Africa AY934771 - Somalia
AF297625 South Africa AY934772 - Uganda
AY161140 India AY934773 - Tanzania
AY233274 South Africa AY934774 - Philippines
AY233275 South Africa DQ020002 -Congo
AY233276 South Africa DQO020003 -United Arab Emirates
AY233277 South Africa M57663AP - Philippines

AY233278

South Africa
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Subgenotype A2

AB014370
AB064314
AB116076
AB116077
AB116078
AB116079
AB116080
AB116081
AB126580
AB205118
AB222707
AB222708
AB246337
AB246338
AF090838
AF090839
AF090840
AF090841
AF297624
AF536524
AF537371
AF537372
AJ012207
AJ309369
AJ309370
AJ309371

Japan
USA

USA

USA

USA
Japan
Japan
Japan
Russia
Japan
Uzbekistan
Uzbekistan
USA
Japan
Belgium
Belgium
Belgium
Belgium
South Africa
USA

USA

USA
Germany
France
France
France

AJ344115
AM282986
AM295797
AY034878
AY128092

AY152726

AY233280

AY 233286

AY738139

AY738140

AY738141

AY738142
AY862867

AY862868
AY902775

DQ788725
EF208113
L13994

S50225A
VOO866A
X02763
X51970

X70185A

Z35717

272478

-France
- New Zealand
- France
- USA
- Canada
-USA
- South Africa
- South Africa
- Germany
- Germany
- Germany
- Germany
- China
-China
- USA
- Germany
- Germany

- USA
- Germany
- Germany
-Poland
- Germany
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